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VII 

PREFACE 

The Seventh International Symposium on Foundations of Quantum Mechanics in the 
Light of New Technology (ISQM-Tokyo '01) was held on August 27-30, 2001 at the 
Advanced Research Laboratory, Hitachi, Ltd. in Hatoyama, Saitama, Japan. The symposium 
was organized by its own Scientific Committee under the auspices of the Physical Society of 
Japan, the Japan Society of Applied Physics, and the Advanced Research Laboratory, Hitachi, 
Ltd. A total of 126 participants (26 from abroad) attended the symposium, and 23 invited oral 
papers, 18 contributed oral papers, and 30 poster papers were presented. 

Just as in the previous six symposia, the aim of this symposium was to link the recent 
advances in technology with fundamental problems in quantum mechanics. It provided a 
unique interdisciplinary forum where scientists from the very different disciplines, who would 
otherwise never meet each other, convened to discuss basic problems of common interest in 
quantum science and technology from various aspects and "in the light of new technology." 

Quantum Coherence and Decoherence was chosen as the main theme for the present 
symposium because of its importance in quantum science and technology. This topic was 
reexamined from all aspects, not only in terms of atom optics, quantum optics, quantum 
computing, quantum information, and mesoscopic physics, but also in terms of the physics of 
precise measurement and other fundamental problems in quantum physics. We were delighted 
that many active and well-known researchers in these fields accepted our invitation. 

We are now very happy to offer the fruits of the symposium in the form of the 
proceedings to a wider audience. As shown in the table of contents, the proceedings include 
66 refereed papers in ten sections: quantum computing; quantum information, quantum 
teleportation, and entanglement; quantum optics; Bose-Einstein condensation and atom 
interferometry; mesoscopic magnets; single electronics and superconductors; nanoscale physics 
and atomics; quantum transport; precise measurements; fundamental problems in quantum 
physics. Here we will just mention some of the important key words to give the flavor of the 
proceedings: quantum computation, qubits, quantum dots, Bose-Einstein condensates, 
single-electron transistor, mesoscopic spins, magnetic domain wall, nanowire, Josephson 
junctions, and dynamics of vortices in high-temperature superconductors. We hope that the 
proceedings will not only serve as a good introductory book on quantum coherence and 
decoherence for newcomers in this field, but also as a reference book for experts. 

In conclusion, we thank the participants for their contribution to the symposium's 
success. Thanks are also due to all the authors who prepared manuscripts, and to the referees 
who kindly reviewed the papers. We also thank the members of the Advisory Committee and 
Organizing Committee, without whose kind cooperation the symposium would not have been a 
success. Finally, we would like to express our deepest gratitude to the Advanced Research 
Laboratory, Hitachi, Ltd. and its General Manager, Dr. Nobuyuki Osakabe, for providing us 
with financial support and an environment ideal for lively discussion, and to his staff members, 
in particular Naoyuki Chino and Akemi Tsuchida, for their efforts in making the symposium 
enjoyable as well as fruitful. 

May 2002 

Yoshimasa A. Ono 
Kazuo Fujikawa 
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OPENING ADDRESS 

HIDETOSHI FUKUYAMA 

Chair of the Organizing Committee, ISQM- Tokyo '01 
Institute for Solid State Physics, the University of Tokyo 

Kashiwa, Chiba 277-8581, Japan 

Good morning, ladies and gentlemen, 
and dear friends. On behalf of the Orga
nizing Committee, I would like to welcome 
you to this International Symposium on the 
Foundations of Quantum Mechanics in the 
Light of New Technology (ISQM). This is the 
7th Symposium of the series, which orignally 
began in 1983 under the leadership of Profes
sor Sadao Nakajima, Director of the Institute 
for Solid State Physics at the University of 
Tokyo, and Dr. Yasutsugu Takeda, General 
Manager of the Central Research Laboratory, 
Hitachi, Ltd. 

It is an honor and a great pleasure for me 
to open this Symposium, which hosts more 
than 126 scientists. In particular, I want to 
thank the 31 participants from abroad, who 
flew long distance from 11 different countries 
despite the vacation season. 

As you know, this Symposium is unique 
in the sense that scientists from the very dif
ferent disciplines, who would otherwise never 
meet each other, are convening to exchange 
information and cultivate common scientific 
interests in order to deepen their understand
ing of quantum mechanics. This kind of col
laborative spirit has been a hallmark of this 
Symposium from the very beginning, as ex
emplified by the initial achievements of Dr. 
Akira Tomomura, who obtained experimen
tal verification of the Aharonov-Bohm effect, 
and by the strong scientific support provided 
to the first Symposium by Professor Chen 
Nin Yang, who unfortunately is not be able 
to attend this time. We miss him very much. 

As you all know, quantum mechanics, 
together with the theory of relativity, has 
changed the entire realm of physics dramati

cally and has led to many great developments 
in science and technology over the last cen
tury. This is particularly true with respect 
to modern technologies. A typical exam
ple is the semiconductor, which is the main 
component of computers and is truly one of 
the essential yet invisible constituents of our 
daily life. Nowadays, activities in almost 
any branch of science—not to mention of I T -
are supported by computers: for example, 
consider the sequence analyzers used in ge
nomics, the sensitive detectors used in cos
mic telescopes, and the instrumentation used 
for making all kinds of precise measurements. 
The understanding of such semiconductor de
vices has been possible only through the use 
of quantum mechanics. 

That close link between basic science and 
technology will escalate in this new century, 
and I hope that forums like this one will con
tinue to contribute to the development of 
such a connection. I think both Professor 
Nakajima and Dr. Takeda had good foresight 
and made an excellent choice in their decision 
to host the first Synmposium 18 years ago. 

Last but not least, we should thank 
the Advanced Research Laboratory, Hitachi, 
Ltd., headed by Dr. Nobuyuki Osakabe, for 
their supporty in enabling this forum to hap
pen. We also owe a great debt to Dr. Yoshi-
masa A. Ono for his painstaking efforts over 
the past few months. 

I hope you enjoy the presentations and 
discussions. 

Thank you for your attention. 
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WELCOMING ADDRESS 

NOBUYUKI OSAKABE 

Advanced Research Laboratory, Hitachi, Ltd. 
Hatoyama, Saitama 350-0395, Japan 

Good morning, distinguished guests, 
ladies and gentlemen. On behalf of our labo
ratory, let me welcome you to Hatoyama and 
ISQM-Tokyo '01. It is a great pleasure for us 
to host this event for you all here today. 

This symposium was initiated in 1983. 
The motivation for Hitachi to host and spon
sor the first ISQM came from Dr. Akira 
Tonomura's successful verification of the 
Aharonov-Bohm effect. In his study, new 
micro-fabrication technology developed in 
the semiconductor industry and an electron 
microscope technology developed at Hitachi 
were successfully combined to verify the im
portant concept of the gauge field. In ad
dition, through the strong thrust of Profes
sor Chen Ning Yang, Hitachi decided to hold 
the first ISQM, i.e., the International Sympo
sium on Foundations of Quantum Mechanics 
in the Light of New Technology. The aim of 
the symposium has been to discuss the foun
dation of quantum mechanics achieved by us
ing new technologies based on industrial in
novation and to contribute to the scientific 
community in general. 

Eighteen years have past since then. 
The site of the symposium has moved from 
the Central Research Laboratory to the Ad
vanced Research Laboratory, Hitachi, Ltd., 
here at Hatoyama. Many new areas in 
physics have been discussed over the years. 
Today those fundamental quantum phenom
ena are now being used in the world of 
technology: Single electron charges can now 
be controlled to make a new semiconduc
tor memories to breakthrough the barrier of 
modern device performance. Quantum en
tanglement will be used to secure future com
munication. Macroscopic quantum tunnel

ing and coherence will be the basis for quan
tum computing. The foundation of quantum 
mechanics will leverage industrial companies. 
Thus, because of all these intriguing possibil
ities, we found enormous value in hosting and 
sponsoring the symposium here again. 

I hope all of you find the symposium re
warding. Before concluding, I would like to 
thank all the members of the Organizing and 
Advisory Committees for putting together 
such an exciting program. I also would like 
to thank all the invited speakers for coming 
to share their latest findings with the par
ticipants here. I very much look forward to 
hearing them. 

Thank you very much for your attention. 



3 

DECOHERENCE A N D DEPHASING IN SPIN-BASED SOLID STATE 
Q U A N T U M COMPUTERS 

XUEDONG HU, ROGERIO DE SOUSA, AND S. DAS SARMA 

Department of Physics, University of Maryland, College Park, MD 20742-4111 

We discuss the operational definition of decoherence in various solid state systems. In particular, we 
review, in the context of spin-based solid state quantum computation, the introduction of T\ and T2 to 
describe decoherence in a two level system. We provide a perspective on recent experiments involving 
the manipulation of spin coherence in semiconductors, and discuss specific decoherence and dephasing 
issues in electron spin-based quantum dot quantum computer architectures.1 

1 Introduction 

A quantum eigenstate of a particular Hamil-
tonian is by definition a stationary state, in 
which the wavefunction might vary spatially, 
but does not decay in time. A quantum sys
tem can be in a superposition of its eigen-
states with definite phase and amplitude re
lationships among the basis states. Such a 
superposition of states with definite phase re
lationships is called quantum coherence. De-
coherence refers loosely to how a system loses 
these quantum coherence features. For ex
ample, it can refer to the amplitude decay 
(often exponential) and the associated dis
appearance of a quantum eigenstate in time 
(by virtue of it interacting with a surround
ing bath, for instance). Or it may refer to 
the loss of electron phase coherence, because 
the definite phase relationship between the 
superposing states disappears over time lead
ing to dephasing. 

In an isolated quantum system decoher
ence could only arise from the dynamical 
degrees of freedom neglected in the origi
nal Hamiltonian used to define the quan
tum state. In a system coupled to an exter
nal bath, decoherence could arise naturally 
from the coupling between the system and 
the bath as the quantum eigenstate (presum
ably slowly) leaks to the environment (the 
bath) due to energy exchange between the 
system and the bath. Note that the bath or 
the environment does not need to be phys

ically separated from the "system"—it is a 
standard practice in physics to divide a large 
system into sub-systems which are "reason
ably isolated" (in some well-defined opera
tional sense) from each other, i.e. the inter
action Hamiltonian coupling the various sub
systems is "weak" in a precisely defined man
ner. In situations like this (which are com
monplace in condensed matter physics) the 
"system" and the "bath" can be two compo
nents of the same system (such as electrons 
and phonons of a crystal lattice). 

Decoherence in quantum mechanics has 
received a great deal of recent attention in 
the context of current interest in quantum 
computation and information processing.2 In 
a quantum computer (QC), a computation 
is typically performed by applying unitary 
operations on an array of two level systems 
(qubits) that carry quantum information.2 

These qubits must be isolated from the other 
degrees of freedom, i.e. decoherence in a QC 
must be much slower than a typical quantum 
gate operation for successful quantum com
putation. The ratio between gate time and 
decoherence time needs to be smaller than 
10 - 3 ~ 10~6, which is the current quantum 
error correction limit.2 Thus the control of 
decoherence is a crucial aspect of quantum 
information processing. 

In condensed matter physics, terminolo
gies such as decoherence, dephasing, relax
ation, scattering, etc, are often used quite lib
erally (and somewhat confusingly) due to the 
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diversity of physical systems and phenomena 
studied. With the many existing proposals 
for solid state QC architectures (e.g. refer
ences 3 and 4), there is obviously a need to 
accurately understand decoherence issues in 
each particular scheme. Most QC propos
als involve quantum two level systems (TLS) 
serving the role of qubits. The basic QC al
gorithm involves dynamic manipulations of 
these TLS using external means to perform 
one and two qubit operations. It is there
fore imperative that the decoherence time in 
the dynamics of these TLS is much larger 
than the qubit operation times. Because of 
the two-level nature of these systems, it is 
possible to describe their decoherence using 
just two dephasing times (2\ and Ti(< 7\)), 
which give a phenomenological description of 
the population and phase relaxation in these 
systems. For an ensemble of TLS, another 
time scale T2* < T2 should also be denned, 
since some spins may rotate faster than oth
ers leading to loss of coherence between them. 
The two time scales T2 and T2 should be care
fully distinguished, as the current QC pro
posals mostly involve single TLS so that T% 
is the relevant quantity, while in macroscopic 
measurements the observed quantity is often 
T* 

In this paper we first review and discuss 
the definitions and significance of relaxation 
times T\,T2, and T2* in the context of a TLS. 
We then review measurements of these re
laxation times in semiconductors, which are 
projected to be of potential use in several 
proposed solid state QC architectures. We 
also discuss some specific features of decoher
ence in a solid state QC, particularly aspects 
of gate induced decoherence in the form of 
non-adiabaticity, electrical circuit noise, and 
field inhomogeneity. We conclude with a brief 
discussion of electronic decoherence in meso-
scopic systems. 

2 Decoherence in a two level 
system 

Two relaxation time scales, T\ and T2, were 
introduced and used extensively in the fields 
of NMR,5 ESR,6 and quantum optics,7 in 
which either the applied static magnetic field 
(which causes Zeeman splitting along the 
field direction) or the natural TLS (e.g. for 
photons, where the longitudinal and trans
verse polarization occurs naturally) defines a 
longitudinal and a transverse direction. T\ 
and T2 are then respectively the longitudinal 
and transverse relaxation times for magneti
zations in NMR and ESR, or the population 
difference and polarization in quantum op
tics. Note that using T\ and T2 to character
ize decoherence applies only to TLS dynam
ics. 

The definition of T\ and T2 is quite sys
tem specific—in fact, the strict definition of 
T\ and T2 applies specifically to magnetic 
resonance measurements. An arbitrary de-
coherence phenomenon might require more 
or less parameters to describe the dephasing 
process. In general, in the absence of mag
netic field and in isotropic systems, T\ = T2. 
In weak localization related mesoscopic ex
periments, a single electron dephasing time, 
which parametrizes the loss of quantum in
terference, is sufficient to characterize the re
sults. We would also like to point out that T\ 
and T2 are purely phenomenological param
eters (characterizing longitudinal and trans
verse relaxation respectively), to which many 
different decoherence mechanisms could, in 
principle, contribute. Although two param
eters may not completely describe TLS de-
coherence, experience (particularly in NMR, 
ESR, and optical pumping experiments) sug
gests that T\ and T2 are often quite sufficient 
in characterizing TLS decoherence in many 
diverse situations and are therefore extremely 
important TLS parameters. 

We first discuss how Ti and T2 are in
troduced for a particular TLS—an electron 
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spin in an external magnetic field. Consider 
an electron subjected to a constant field in 
the z direction By = By z, and a rotat
ing field in the xy plane with frequency v, 
Bx = B±[cos(ut)x.+sin(i't)y}. The spin den
sity matrix elements satisfy 

if>n = A(Pn~Pn), (!) 

if>U = tPU + A(PU - Ptt)- (2) 

where d — u> — v is the detuning frequency, 
w = neB\\/h is the Zeeman splitting, and 
2A = 2fj,eB±/h is the Rabi frequency. The 
evolution of this rotating or precessing elec
tron spin is unitary since we are considering 
a single isolated spin without any dephasing 
or decoherence. However, an electron spin is 
never isolated in a solid. It couples to the 
electron orbital degrees of freedom, the sur
rounding nuclear spins, the crystal lattice, 
the magnetic impurities, and to other elec
tron spins. All these "environmental" degrees 
of freedom need to be included in the equa
tions for the spin density matrix. A simple 
approach to tackle this problem is to add ex
ponential decay terms to the right hand sides 
of the two equations above: —ip^/T\ to Eq. 
(1) and —ip-fi/T2 to Eq. (2) to mimic de-
coherence phenomenologically. This is sim
ilar to adding a friction term proportional 
to velocity in the classical Newton's equa
tion. The two time constants can be calcu
lated if sufficient information about the bath 
is available. The corresponding equations 
for the macroscopic magnetization are the 
Bloch equations,5 which are quite success
ful in describing many experiments, ranging 
from NMR and ESR to quantum optics, al
though actual explicit calculations of Ti and 
T2 are generally quite difficult. 

To describe an ensemble of spins, which 
may in general possess different Zeeman split
tings Tvbj (for example, by virtue of inhomo-
geneities in the applied magnetic field and/or 
in the electron g-factor) and thus having dif
ferent detunings 5 in the rotating field, ad
ditional ensemble averaging needs to be per

formed. This averaging leads to a different 
time constant T2 (< T2) to describe the width 
of the magnetic resonance signal, but it does 
not affect the longitudinal direction. Note 
that T2 (or T2) describes the dephasing pro
cess (T2 is often called the dephasing time), 
and Ti (> T2) is the inelastic spin-flip or spin-
lattice relaxation time. Often T2 is also called 
the spin-spin relaxation time for reasons to be 
discussed below. 

Spin-flip processes cause both population 
relaxation and dephasing, contributing to 
both rates 1/Ti and 1/T2. However, there ex
ist pure dephasing processes which affect only 
T2 but not Xi. One example is the molecules 
in an optically active gaseous medium. The 
molecules constantly collide with each other, 
most of the time elastically. These collisions 
lead to random shifts in the molecular energy 
levels, and cause a pure dephasing effect that 
only contributes to T2, but not to T\. An
other well-known example of pure dephasing 
is the dipolar spin-spin interaction in NMR, 
which produces effective local magnetic field 
fluctuations and hence contributes essentially 
only to T2 (the corresponding effect on T\ is 
extremely small). 

What is important for dephasing is that 
some change in the state of the environment 
must occur due to its interaction with the 
system—dephasing does not necessarily re
quire an explicit inelastic scattering process 
for the system, although all inelastic scatter
ings necessarily produce dephasing. In fact, 
as mentioned before, Ti in the context of ESR 
and NMR is often called the spin-spin relax
ation time because the most important in
trinsic effect contributing to I/T2 is the dipo
lar interaction among various spins in the sys
tem, which, while transferring energy among 
the spins themselves, does not lead to over
all energy relaxation from the total spin sys
tem. By contrast, spin-lattice interactions 
lead to energy relaxation (via spin-flip pro
cesses) from the spin system to the lattice, 
and thus contribute to Xi_1, the spin-lattice 
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relaxation rate. We note in this context that 
Ti sets the time scale for the spin system 
to achieve equilibrium within itself whereas 
T\ sets the time scale for the global thermo
dynamic equilibrium between the spin sys
tem and the lattice. It should be emphasized 
that all inelastic processes contributing to 7\ 
also automatically lead to dephasing, but in 
many circumstances there may be additional 
dephasing processes (e.g. dipolar spin-spin 
coupling in NMR and ESR) which contribute 
only to T2 (and not to Tx), therefore Tx > T2 

in general. 

3 Measuring Tu T2, and T2* of 
electron spins in semiconductors 

In metals and doped semiconductors there 
are three major spin relaxation mechanisms 
for conduction electrons:8,9 the Elliot-Yafet 
mechanism, the Dyakonov-Perel' mechanism, 
and the Bir-Aronov-Pikus mechanism. At 
the lowest temperatures, where relaxation 
times are extremely long, dipolar and nu
clear coupling become comparatively impor
tant. A detailed review of these mechanisms 
and their experimental observations in met
als and semiconductors have been discussed 
in reference 9. We only mention here that 
in general electron spin relaxation in GaAs 
is weak due to its relatively weak conduc
tion band spin-orbit coupling—a simple ma
trix element estimate indicates that the spin 
relaxation time is of the order of 10-100 ns 
at low temperatures (T ~ 4 K), and one 
should approximately have 7\ ~ T2 in high 
quality GaAs. Such a "long" relaxation time 
(T2) has recently been directly measured in 
ESR experiments.10 We should emphasize 
that this relaxation time (~ 10-100 ns) is 
"long" only in a relative sense compared with 
electron-electron scattering times (~ fs) or 
momentum relaxation times (~ ps)—electron 
spin relaxation in GaAs should be rather 
slow due to very weak conduction band spin-
orbit coupling, and the observed relaxation 

times are not long in any absolute sense. In 
fact, low temperature electron spin relaxation 
times in metals are also very long (~ fis).9 

Coherent manipulation of electron spins 
and the study of electron spin relaxation have 
a long history going back to the first ESR 
experiments half a century ago,6 and ESR 
remains a key technique to determine elec
tron spin relaxation and study electron spin 
dynamics.10 Below we focus on some of the 
recent experiments that employ alternative 
optical approaches to study electron spins in 
semiconductors, especially on optical orienta
tion and related measurements of spin relax
ation, which may have particular relevance 
to solid state quantum computation, where 
externally controlled optical pulses may be 
used to coherently manipulate electron spin 
dynamics in zinc-blende semiconductor struc
tures. 

3.1 III- V semiconductors 

The method of optical orientation can be 
used to measure spin relaxation (T\) in bulk 
III-V semiconductors like GaAs8. Typical 
values for T\ in p-doped GaAs are 10 ps 
to 1 ns, depending on the sample tempera
ture and impurity concentration. The hole 
spin relaxation rate is relatively fast in GaAs, 
consistent with its strong valence band spin-
orbit coupling. Optical measurements have 
recently been used to measure T2* in n-doped 
bulk GaAs, using pump-probe and Faraday 
rotation techniques.11 At B = 1 T, T = 5 
K, and doping concentration n = 101 6cm - 3 , 
a spin decoherence time T2* of approximately 
10ns was measured11. Furthermore, T2* = 
130 ns is obtained at B = 0, which is one 
order of magnitude larger than the value at 
B = l T. These values of the relaxation time 
are consistent with the direct ESR measure
ment of the linewidth (~ 50 MHz) in GaAs 
heterostructures.10 

Time-resolved Faraday rotation was also 
used to study spin precession in chemically 
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synthesized CdSe quantum dots12. T2
/nft 

(which contains averaging not only for the 
many electrons in one quantum dot (QD), 
but also over many QDs) was measured rang
ing from 3ns at B = 0 to less than 100 ps at 
B = 4 T. It was suggested that this strong 
field dependence comes from the fact that the 
QDs have varying g factors ranging between 

1.1 and 1.7. To measure the decoherence time 
T2 of the many electrons in a single QD one 
could in principle use the spin echo technique 
to constantly realign the spins and observe 
the time decay of the transverse magnetiza
tion, hence extracting T2* from the data of 
an ensemble of QDs. This experiment has 
not yet been performed, although the tipping 
technique required by spin echo type of ex
periments has recently been demonstrated.13 

3.2 Single spin in a quantum dot 

Since a spin-based quantum dot quantum 
computer (QDQC) has been proposed,3 it is 
desirable to have estimates of 7\ and T2 for 
single electron spins in a QD, and to confirm 
the estimates experimentally. It is important 
to mention in this context that the single spin 
decoherence times should be longer than the 
macroscopic (averaged over many spins) val
ues of Ti and Ti, which should thus serve as 
an upper limit. 

Phonon-assisted spin flip rates due to 
spin-orbit coupling in a single electron GaAs 
QD have been calculated.14 It was pointed 
out that the spin-orbit relaxation mecha
nisms mentioned above are strongly sup
pressed in a QD, leading to a long spin-flip 
time: Ti ss 1 ms for B = 1 T and T = 0 
K. This result is consistent with recent trans
port measurements,15 which indicate that for 
T = 150 mK and B = 0-2 T, spin relaxation 
times (T\) in a many-electron QD (less than 
50 electrons) are longer than at least a few 
[is. This is encouraging from the perspective 
of the spin-based solid state QC architecture 
where spin relaxation times of fis or longer 

are most likely necessary for large scale QC 
operation. 

ESR combined with transport techniques 
in principle could be used to probe T% in a 
QD in the Coulomb Blockade regime. It has 
recently been proposed16 that magnetic res
onance will lead to a peak in the stationary 
current through a single electron QD. The 
peak width will yield a lower bound on T<i-
This is in essence an ESR measurement with 
a transport readout. 

It is desirable that X2 for an electron in 
a single QD is a factor of 104 or so greater 
than the typical gating time in a QDQC.2 

For B = 1 T, the Zeeman splitting in a 
QD is about 0.03 meV, which yields 100 ps 
for the precession time of one spin, which 
can be used as the one qubit gate (the two 
qubit gate time is shorter, h/J ~ 50 ps for 
J ~ 0.1 meV). Therefore for quantum error 
correction to be performed reliably, T2 for the 
trapped electron spin needs to be on the [is 
time scale, which may very well be the case at 
low enough temperatures in a single electron 
QD. We note that the existing experimental 
estimates of free electron spin relaxation time 
T2 (or T2*) in GaAs (for T = 1-4 K) is around 
10-100 ns, which is obviously a lower bound 
since one expects on rather general ground 
the spin relaxation time of individual elec
trons confined in QD structures to be longer. 
Much of the current optimism in the feasibil
ity of spin-based QDQC architecture arises 
from the expected long electron spin relax
ation times (many /is or longer at low tem
peratures) of GaAs electrons confined in high 
quality QDs. 

4 Decoherence in a quantum dot 
quantum computer 

In a spin-based QC, the spin up and down 
states are the TLS for a qubit. It is then cru
cial to explore all relevant degrees of freedom 
in the solid state environment that couple 
to the electron spins and determine whether 
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they are sufficiently weak (or can be made so 
by suitable means) for a QC to work. 

Trapped in an ideal QD in a perfect 
heterostructure, an electron is sitting at the 
bottom of the conduction band. The ma
jor environmental influences come from spin-
orbit coupling (therefore phonons) and nu
clear spins in the material, assuming dipolar 
coupling to other electron spins to be weak; 
otherwise dipolar coupling to other spins has 
to be accounted for as well. 

When we bring two QDs close to each 
other in order to perform exchange gate op
erations required for quantum computing,3 

there are additional external influences on 
the system. One concern is whether Heisen-
berg exchange Hamiltonian is a complete de
scription of the low energy dynamics of a 
double dot. Indeed, inherent spin-orbit cou
pling in 2D QDs leads to an anisotropic ex
change, whose effects have to be controlled 
and, if necessary, corrected.17,18 It is self-
evident that the environmental influences for 
both single and double QD structures will 
have to be carefully studied before a func
tional QDQC (even with just a few qubits) 
can be fabricated. 

To operate a QC, we inevitably need to 
manipulate the spins (or other form of qubits) 
using external means: gate voltages, applied 
magnetic fields, light, microwave, etc. When 
we introduce these external influences, we in
evitably introduce unwanted perturbations. 
These can be called gate errors, and can be 
regarded as a form of decoherence. For ex
ample, in performing exchange gates in spin-
based QDQC, the potential barrier between 
two neighboring QDs needs to be lowered to 
allow the exchange interaction to take effect. 
However, the mixing of the two electrons nat
urally leads to the possibility of exciting the 
previously frozen orbital degrees of freedom. 
It has been pointed out that adiabatic oper
ation of the exchange gate can help suppress 
the errors caused by the state mixing.19'20 Of 
course, the adiabatic condition can never be 

satisfied exactly in any real situation, there
fore the important issue is to estimate the 
amount of mixing of the higher energy states 
under realistic conditions. We have recently 
done a calculation21 of the time evolution of 
a two-electron double dot system when the 
central barrier between the dots is varied, so 
that we can quantitatively determine the adi
abatic condition that a spin-based QDQC has 
to satisfy. Our results show21 that for a typ
ical configuration22,23 of the double dot sys
tem for quantum computing, the leakage rate 
would be reasonably small (< 10 - 6) for gate 
operation times longer than 50 ps. Thus adi
abatic condition is not overly stringent and 
should not hamper the operation of a QDQC. 
Note that the optimum value of the gate op
eration time is constrained from below by the 
adiabatic condition (i.e. gates should not be 
too "fast") and from above by the spin relax
ation time (i.e. gates should be much faster 
than the typical spin relaxation time). Our 
most optimistic reasonable estimate of the 
applicable range of gating time for spin-based 
QDQC operations is 50 ps to 1 ns, which is 
not an unrealistic operation regime. 

As the exchange coupling J (the singlet-
triplet splitting) is tuned22 by changing ex
ternal gate voltage in a QDQC, fluctuations 
in the gate voltage V will lead to fluctua
tions in J , thus causing phase errors in the 
exchange-based swap gate which is crucial for 
two-qubit operations. We have estimated this 
error by assuming a simple thermal (white) 
noise.22 Under reasonable experimental con
ditions, the phase error accrued during a 
swap gate is about 0.01%. This is at the 
threshold of the currently available quantum 
error correction codes. To further lower this 
error rate, one can lower the experimental 
temperature and set up the gate architecture 
in such a way as to decrease the sensitivity of 
the exchange coupling J on the gate voltage 
V in the operation of a QDQC. 

Another possible error in the two-
qubit operations of the QDQC architec-
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ture is caused by inhomogeneous magnetic 
fields.24,25 Magnetic field directly affects spin 
through Zeeman coupling. In an inhomoge
neous field, the Zeeman terms do not com
mute with the exchange term in the spin 
Hamiltonian. We have done a detailed 
analysis24'25 on how to achieve swap with 
such a Hamiltonian, and found that there is 
at the minimum an error proportional to the 
square of field inhomogeneity in the swap. 
We have estimated24 that in GaAs a Bohr 
magneton can lead to an error in the order 
of 10 - 6 , which is within the capability of 
currently available quantum error correction 
schemes. 

In concluding this section, we mention 
that many of the techniques developed over 
the last fifty years in the context of NMR 
and ESR studies should be useful in con
trolling decoherence (and carrying out error 
corrections) in spin-based QDQC operations. 
These include the spin echo and refocusing 
techniques. In fact, our best estimates for the 
electron spin relaxation time in GaAs QDs 
(~ us), the exchange coupling (~ 0.1 meV), 
and the gating time (ps to ns) make us guard
edly optimistic that a spin-based QDQC ar
chitecture may very well be developed in the 
future. It should, however, be kept in mind in 
this context that QC architectures2 based on 
atomic physics (e.g. trapped ions) and liquid 
state NMR have extremely long natural de-
coherence times (T2 ~ /is-ms; Ti ~ minutes-
hours) because of the extremely weak envi
ronmental coupling in these systems. The 
main problem in these architectures is not de-
coherence, but scaling up to more than a few 
(2-10) qubits which should be relatively easy 
in semiconductor solid state systems.4 

5 Mesoscopic decoherence 

Finally, we provide a very brief discussion on 
the issue of electronic decoherence in meso
scopic electronic materials (e.g. metals, semi
conductors). Our discussion is necessarily 

brief (done only in the context of quantum 
computing), and certainly will not do justice 
to the vast literature and the great deal of 
current activity in the subject. We provide 
this discussion only for the sake of complete
ness, restricting ourselves entirely to rather 
elementary considerations. 

Electronic decoherence in mesoscopic 
materials is often characterized by dephasing 
(or the phase relaxation) time r̂ , which shows 
up in electronic phase coherent processes (i.e. 
quantum interference phenomena) such as 
weak localization, conductance fluctuations, 
and various quantum interference oscillations 
(i.e. h/e and h/2e oscillations in connected 
structures). In general, each quantum coher
ent phenomenon may involve a slightly dif
ferent (but closely related) definition of r^, 
but in all cases r̂ , indicates the typical de-
phasing time over which quantum interfer
ence memory is lost in the system.26 The de-
phasing time T0 in the many-body electronic 
system is similar in spirit to the dephasing 
time T2 in the TLS case although, in contrast 
to TLS dynamics, the concept of a trans
verse relaxation time (as T2 is in the TLS 
case) is not germane to the mesoscopic prob
lem. The inelastic scattering (or relaxation) 
time Ti (sometimes also called quasiparticle 
lifetime) in the electronic many-body system 
corresponds loosely to the inelastic spin-flip 
relaxation time Ti in the TLS problem. Ac
tually, the loose analogy between T% and r̂ , 
on the one hand and Ti and r; on the other 
hand could be further elucidated. Just as one 
of the main contributions to \fT% at low tem
peratures is the spin-spin (dipolar) interac
tion, the main contribution to 1/T^, at low 
temperatures is the electron-electron inter
action. Similarly, if one restricts to energy 
loss from the whole electron system (and not 
just the individual electrons), then electron-
phonon interaction is the main inelastic scat
tering mechanism in electronic systems, just 
as spin-lattice relaxation is the inelastic spin-
flipping mechanism in T\. 
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While Tj is an inelastic lifetime related 
to the inverse of the one-electron self-energy, 
T,/, relates directly to the dephasing process. 
They are closely connected, but not neces
sarily the same, particularly at low tempera
tures and in low dimensional systems. In gen
eral, elastic scattering by impurities (where 
the impurities are considered static and im
mobile) does not directly contribute to either 
Tj or T0. The presence of impurity scattering 
does, however, have strong indirect influence 
on both Tj and T^, since the electronic mo
tion in mesoscopic systems is diffusive (with 
a finite transport mean free path) in the pres
ence of impurity scattering. For example, in 
a 3D metallic system the electron-electron 
scattering contribution (which is expected 
to dominate at low temperatures where the 
phonons are frozen out) to Tj is T ^ 1 ~ T2 

for a ballistic system, and TT1 ,T~X ~ T3 /2 

in a diffusive system. Note that in a diffusive 
3D system T^ ~ TJ for electron-electron scat
tering (this is also true for electron-phonon 
scattering which is important at higher tem
peratures). This approximate equality of TJ 
and T<£ for 3D systems follows primarily from 
the fact that large energy transfer (~ ^ T ) 
scatterings dominate both Tj and T^ in 3D 
systems. In lower dimensional systems, how
ever, this is not true in general, and we can 
have Tj 3> T4, with TT1 being dominated by 
very small energy scattering processes which 
in general do not much affect T~X . The cal
culated temperature dependence of Tj and T^ 
due to electron-electron scattering in 2D dif
fusive systems are, however, the same up to a 
logarithmic correction: T " 1 ~ T\nT ,T71 ~ 
T. In ID, on the other hand, T ^ 1 ~ T2 /3 and 
T~1 ~ T1/2 . For electron-phonon scattering 
one typically finds27 Te-Ph w T̂ , ~ T~p with 
p « 1-4 depending on systems and dimen
sionalities. Usually electron-electron scatter
ing dominates T$ for T < 10 K and electron-
phonon scattering dominates at higher tem
peratures. It may be worthwhile to point 
out that just as the existence of T<i (with 

I/T2 7̂  0) is essential in defining a spin tem
perature Ts (through spin-spin interaction) 
in ESR and NMR measurements,5'6 electron-
electron scattering is essential in defining an 
electron temperature Te in an excited elec
tron gas. The final equilibrium to the lattice 
temperature TL (i.e. Ts -> TL or Te -> TL) 
is achieved in both cases through the inter
action with the lattice (i.e. l / 7 \ ^ 0 or 
1 / T e - p ^ O ) . 

The strong temperature dependence of 
T0 (~ T - 3 / 2 in 3D, T - 1 in 2D, and T~2/3 

in ID) at low temperatures is only observed 
over a rather limited range of temperature in 
experiments where the measured T^ in many 
different (particularly, low dimensional meso
scopic) systems always seems to saturate at 
low enough temperature and cross over to 
a constant value of the order of 1 ns (with 
the crossover temperature of the order of 100 
mK).28 Neither the saturation temperature 
nor the saturated value of T^ seems to have 
any obvious universal behavior. Whether this 
low temperature T̂ , saturation has any funda
mental significance or not is currently being 
debated in the literature. We have nothing 
to add to this controversy other than to point 
out that even in the much simpler problem of 
NMR, actual quantitative calculations of T2 
are rather difficult because so many different 
processes could cause dephasing at low tem
peratures. In the T,/, problem, such dephasing 
processes include, for example, electron heat
ing, magnetic impurities, background radia
tion, unknown inelastic channels at very low 
energies, finite system sizes, and actual slight 
movements of the impurity atoms which are 
considered to be static in the theory. Indeed, 
at low enough temperatures, where the de-
phasing time is already relatively long, any 
weak coupling to the environment will cause 
(weak) decoherence and lead to apparent sat
uration of T^ at finite effective electron tem
peratures. 
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Quantum coherent properties of an artificial two-level system in a Josephson-junction circuit were 
studied experimentally. Responses of the quantum state to a sequence of gate-voltage pulses were 
measured in time-ensemble measurements, and free-induction decay and "charge echo" signals were 
obtained. It was found that the decoherence of the two-level system is dominated by the dephasing 
due to low-frequency charge fluctuations. 

1 Introduct ion 

Quantum coherence has turned out to be 
an important concept not only in fundamen
tal physics but also in applications such as 
quantum computation and quantum com
munication, which are expected to have 
much more power compared to their classi
cal counterparts.1 However, the apparent dif
ficulty for their implementations is the fact 
that quantum information processing should 
be completed coherently. Even with an aid 
of quantum error correction scheme,2,3 the 
requirement for the coherence in the quan
tum bit (qubit) would be very strict. There
fore, regardless of the physical systems for 
the implementation of a qubit, it is impor
tant to know their coherent properties and 
to find a way to preserve the coherence for 
a longer time. Two-level systems such as 
those found in atomic states and nuclear spin 
states, have a long coherence time and have 
been used to demonstrate quantum-gate op
erations among a few to several qubits.4 '5 On 
the other hand, many kinds of solid-state im
plementations and integrations of qubits have 
been proposed with emphasis on the possi
ble scalability to a large-scale processor.6 But 
generally those solid-state qubits are coupled 
to their environment rather strongly, and we 

have to check their coherence in real devices. 
Josephson-junction qubit is one of the 

most promising candidates for a solid-state 
qubit.7 There are two types of qubit depend
ing on which, either charge or phase, de
gree of freedom is used in the two-level sys
tem. Both of them can be fabricated with 
the present nanotechnology and are expected 
to have relatively long coherence time. The 
charge qubit, a Cooper-pair box, uses two 
distinct charge states in a small supercon
ducting electrode connected to a reservoir via 
a Josephson junction,8 '9 '1 0 while the phase 
qubit uses two phase states in a small su
perconducting loop intersected by Josephson 
junction(s).1 1 '1 2 , 1 3 Coherent superposition of 
the two charge states1 4 '1 5 and that of two 
phase states1 6 '1 7 have been observed. Re
cently, coherent control of the charge qubit 
has been also demonstrated.1 8 However, the 
decoherence time and the decoherence mech
anism are not yet fully understood and need 
to be studied in detail. 

To determine the decoherence time, an 
ensemble of quantum-state measurements is 
necessary. Because a single measurement on 
a single quantum state gives us only a prob
abilistic answer, we have to take the statis
tics. For example, in nuclear magnetic res
onance (NMR) experiments,19 a large num-

mailto:yasunobu@frl.cl.nec.co.jp
mailto:pashkin@frl.cl.nec.co.jp
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ber of identical spins are used, and an aver
age magnetization signal of the ensemble is 
measured. However, as an expense of the en
semble measurement, there could be an ad
ditional contribution of inhomogeneities to 
the observed coherence signal; because of the 
spatial inhomogeneities in the magnetic field, 
spins precess with different velocities and the 
ensemble is dephased. This "inhomogeneous 
dephasing" does not directly mean the deco-
herence of each spin. However, even if it were 
possible to use only one spin for a quantum 
operation, the result would be effectively de
cohered in a probabilistic sense, if we are not 
able to precisely calibrate the external pa
rameters (like the magnetic field) in advance 
of the quantum operation. 

On the other hand, in our experiments we 
utilize a single two-level system in a Cooper-
pair box. For an ensemble, identical quantum 
operations are repeated on identical initial 
states, and read-out signals of the final states 
are averaged over the repetition. So, this is 
a time-ensemble measurement, and thus, in 
addition to the intrinsic decoherence, there 
could be dephasing due to temporal inho
mogeneities, tha t is, time-dependent fluctu
ations of the parameters. Even if the fluctu
ation is very slow, it results in uncertainty in 
the parameters and thus gives rise to an error 
in the quantum operation, unless the parame
ters are calibrated just before the operation. 
Therefore, this inhomogeneous dephasing is 
relevant in the context of quantum comput
ing and should not be ignored. 

In NMR, a clever technique called spin 
echo was invented by Hahn half a century 
ago. 20 In this technique, the dephasing due 
to inhomogeneities is cancelled out by using 
a phase-flip operation, and the intrinsic de-
coherence time is observed. In the present 
work, we adapt the idea to our two-level sys
tem involving two charge states and call it 
"charge echo".22 We find that the dephasing 
in the time ensemble is also cancelled, but not 
perfectly. The possible origins of the fluctua

tions and the prospects for implementations 
of quantum computing will be discussed. 

2 Exper iment 

2.1 Cooper-Pair Box 

A Cooper-pair box device18 consists of a 
small superconducting "box" electrode con
nected to a reservoir electrode via a Joseph-
son junction and a gate electrode capacitively 
coupled to the box. This device works as 
a qubit.8 The relevant two states are the 
two lowest-energy charge-number states, say, 
\n = 0) and |1), which differ by one Cooper 
pair in the box. Here n represents the excess 
number of Cooper pairs in the box. Other 
charge-number states with different number 
of Cooper pairs have higher energies and thus 
can be neglected as long as the Josephson 
energy Ej and the thermal energy ksT are 
much smaller than the single-electron charg
ing energy EQ of the box. Moreover, quasi-
particle tunneling across the Josephson junc
tion is suppressed because of the supercon
ducting gap in the electrodes. 

An effective Hamiltonian of the system is 
given as 

H = ^6E(Q0)az - ^Ejax, (1) 

where SE(Qo) = 4Ec (Qo/e — 1), and az 

and ax are Pauli matrices. The energy dis-
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Figure 1. Energy-level diagram of a Cooper-pair box. 
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persion of the two-level system AE(Qo) — 
^5E(Q0)

2 + E'j is shown in Fig. 1 as a func
tion of the gate-induced charge Qo which is 
given by a product of the gate capacitance 
and the applied gate voltage. 

2.2 Initialization 

Initialization of the quantum states is real
ized by applying a gate charge far away from 
the degeneracy point at Qo = e. The upper 
state |1) eventually relaxes into the ground 
state |0) via an inelastic Cooper-pair tunnel
ing process or, more efficiently, via the mea
surement process described below. 

2.3 Quantum-State Manipulation 

The quantum state is nonadiabatically ma
nipulated by applying a fast gate-voltage 
pulse.18 As it is clear from Eq. (1), evolu
tion of the quantum state can be mapped 
on the motion of a fictitious spin-^ in an ef
fective magnetic field B = (Ej, 0, —SE(QQ)). 

For example, if the gate charge QQ is sud
denly brought to e, i.e., if 5E(QQ) = 0, then 
the spin precesses around x-axis, while, if 
\8E(Qo)\ S> Ej, the spin rotates approxi
mately around 2-axis. By combining a se
quence of gate-voltage pulses and delay times 
between them, complicated quantum-state 
manipulations can be realized. 

2.4 Read-out 

The quantum state after the manipulation 
is measured by using an additional probe 
electrode attached to the box via a highly 
resistive tunnel junction. The probe elec
trode is voltage-biased appropriately so that 
two quasiparticles tunnel out from the box 
only from the |1) state but not from the |0) 
state. Therefore, the two charge states can 
be distinguished. Moreover, after the read
out process, the quantum state is initialized 
to the |0) state automatically. The probe is 
always active even during the manipulation 

of the quantum state. So, in order to avoid 
too much decoherence due to the read-out, 
the quasiparticle tunneling rate through the 
junction should be small enough. 

The read-out signal, only two electrons 
tha t tunnel through the junction, is too small 
for a single-shot measurement. Hence, the 
read-out process has to be repeated on iden
tically prepared quantum states in order to 
accumulate the tunneling electrons and to 
obtain a measurable dc current through the 
probe junction. Therefore, the measured re
sult is an average over a time-ensemble of 
quantum-state manipulations, although our 
experiment is on a single two-level system. 
The averaging number is typically 105 —106.21 

3 Resu l t s and Discuss ions 

3.1 Coherent Oscillations 

First we measured a response to a single-
pulse manipulation.18 The pulse was ad
justed to bring the system to the point where 
5E(Qo) = 0 during the pulse width At . The 
final state is expected to be a superposition of 
|0) and |1) states, and the measured current 
signal proportional to the population of the 
|1) state, or to (<r2) + 1 in the spin representa
tion, shows oscillating behavior as a function 
of At (Fig. 2), reflecting coherent oscillations 
between the two charge states. The oscilla
tions are visible up to nearly 5 ns, although 
the decay envelope is not clearly seen. 

4 , . , . 1 . , • , • 1 

0 I , 1 , 1 , 1 , 1 , 1 

0 1 2 3 4 5 

Pulse width (ns) 

Figure 2, Pulse-induced current as a function of the 
pulse width in the single-pulse experiment. 
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3.2 Free-Induction Decay 

In contrast t o the above experiment, a free-
induction decay (FID) experiment provides 
information about the quantum-state evolu
tion at gate charges Qo far from the degener
acy point. In the FID experiment, two pulses 
are used. The first pulse prepares a fifty-fifty 
superposition of the two charge states. Dur
ing the delay time tj between the pulses, the 
quantum state acquires phase AE(Qo)td/h 
due to the energy difference between the two 
eigenstates. The second pulse projects the 
phase information on the measurement basis, 
i.e., erz-basis. 

Figure 3 shows the FID signal as a func
tion of the delay time. The oscillation period 
is about 15 ps, which agrees with h/AE(Qo). 
The signal decays quite rapidly within a few 
hundred picoseconds. This time scale is much 
shorter than that observed in the above ex
periment. The large difference can be ex
plained if dephasing due to charge fluctu
ations is a dominant origin of the decay. 
At the degeneracy point, the energy disper
sion is flat (Fig. 1), and the phase evolu
tion velocity is immune to the charge fluc
tuations. On the other hand, at the point 
far from the degeneracy, AE(Qo) is sensi
tive to the charge fluctuations, and thus the 
system is strongly dephased by the fluctua
tions. Because our measurement is a time-
ensemble measurement averaged over a long 
data-acquisition time (20 ms in the present 
experiment), even very low-frequency fluctu
ations down to about 50 Hz can contribute to 

6 i 1 i 1 

o 
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0 200 400 600 

Delay time (ps) 

Figure 3. Free-induction decay signal. 

the dephasing as temporal inhomogeneities in 
the time-ensemble. 

3.3 Charge Echo 

In order to suppress the spurious dephasing 
in the ensemble, we performed echo experi
ment by using a pulse sequence consisting of 
three pulses. In between the two pulses we 
used in the FID experient, we insert a pulse 
which reverses the phase accumulated in the 
first half of the delay time. The phase evolu
tion is cancelled by the one during the second 
half of the delay time as long as the charge 
fluctuation during the delay time is constant. 
Thus, we can eleminate the dephasing due to 
low-frequency fluctuations. 

In Fig. 4(a), a charge-echo signal is shown 
as a function of the temporal position of the 
second pulse. As the position is shifted from 
the middle of the delay time between the first 
and the third pulses, the compensation of the 
phase becomes incomplete, and the signal os
cillates and decays (in a few-hundred picosec
onds, data not shown). The amplitude of the 
echo signal is plotted in Fig. 4(b) as a func
tion of the delay time. The decay time is 
lengthened compared to that of the FID ex
periment, indicating that the echo technique 
works successfully and that the effect of a 
low-frequency part of the fluctuations is can
celled. In other words, these results clearly 
show that the dephasing of the present two-
level system is dominated by low-frequency 
charge fluctuations. 

The echo signal decays within about 5 ns. 
It is worth comparing the result with es
timations of decay due to several possible 
reasons.22 Decoherence of the system due to 
the read-out process is expected to take place 
at the quasiparticle tunneling rate through 
the probe junction. This rate is estimated 
as about (8 n s ) - 1 , which is longer than the 
observed time scale. Estimation of deco
herence due to electromagnetic environment 
of the device gives a decay time of about 
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Figure 4. (a) Charge-echo .signal as a function of the 
shift of the second pulse, (b) Decay of the amplitude 
of the charge-echo signal as a function of the delay 
time. The fit is a gaussian curve. 

100 ns. In addition, the well-known 1 / / 
background charge noise,23 ,24 which is be
lieved to be caused by fluctuations of charges 
in the substrate and/or the tunnel barrier, 
may give rise to the dephasing. Although re
ported measurements of the 1 / / noise have 
been restricted to the low-frequency range, 
we assume that the 1 / / spectrum extends to 
the infinite frequency and calculate the de-
phasing properties.25 In the case of a 1 / / 
spectrum, the coherence decays in a gaussian 
manner similar to the observed decay, and a 
typical amplitude of the 1 / / spectrum leads 
to a time scale consistent with the experimen
tal result. These observations suggest that 
the 1 / / charge noise is a dominant dephas
ing source in the present two-level system. 

3.4 Prospects for Two-Qubit Gates and 

others 

In the echo experiment, the charge qubit is ef
fectively decoupled from the external fluctu
ations by the second pulse which reverses the 
phase evolution. This is a primitive demon
stration of a technique known as the decou
pling in NMR2 6 or as the bang-bang con

trol proposed by Viola et al.27 Although the 
decoupling is not perfect, the decoherence 
time of the qubit is elongated by a large 
amount. Two-qubit gates, which are key 
elements for universal quantum information 
processing and seemed to be very difficult be
cause of the short dephasing time observed 
in the FID experiment, may be successfully 
demonstrated if the echo technique is com
bined with the pulse sequence for the two-
qubit gate. 

On the other hand, the echo technique 
is not so effective for high-frequency fluctua
tions. If the 1 / / noise really extends to the 
high frequency, the dephasing time even af
ter applying the echo technique cannot be so 
long. The only way to achieve long coherence 
time required for quantum computing would 
be to reduce the amount of the 1 / / noise. 
It is important to clarify the exact origin of 
the 1 / / noise and find a way to eliminate the 
noise. 

The decoherence due to electromagnetic 
environment is relatively easy to be dealt 
with. By designing the environment ap
propriately, the decoherence time could be 
as long as microseconds.7 In addition, noise 
from the biasing circuit should be completely 
filtered. Attention should be paid not only to 
the high-frequency filtering to suppress relax
ation processes but also to the low-frequency 
filtering to avoid additional dephasing. 

The measurement probe we used is not 
ideal because it cannot be switched off dur
ing the quantum-state manipulations and de
coheres the system eventually. A detector 
which can be switched on and off at will 
is needed and is under development.28 ,29 '30 

Such a detector is also expected to have a 
good resolution for a single-shot read-out, 
which is important for measuring entangled 
states. 
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4 Conclus ion 

We have demonstrated quantum-state ma
nipulations in a Cooper-pair box and in
vestigated decoherence in the two-level sys
tem. In the charge-echo experiment, coher
ence was recovered largely compared to the 
case in the FID experiment, indicating that 
low-frequency energy-level fluctuations con
tribute to the dephasing in the time-ensemble 
measurement. It is suggested that 1 / / back
ground charge noise is a source of the fluctu
ations. 
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We discuss parameters that quantify efficiency of devices suggested as detectors of the quantum state 
of Josephson-junction charge and flux qubits. These parameters are used to compare various detectors. 
We estimate the dephasing rate by a turned-off detector and show that for a dc-SQUID and a SET it 
vanishes very fast at low temperatures, suggesting their possible use in experiments. 

1 Introduction 

Low-capacitance Josephson junctions offer a 
particularly promising way to realize quan
tum bits x for quantum information process
ing. They can be embedded in electronic 
circuits and scaled up to large numbers of 
qubits. Two kinds of devices, which exploit 
the coherence of the superconducting state, 
have been proposed: they use either charge 
or flux/phase macroscopic quantum degree of 
freedom. Single- and two-qubit quantum ma
nipulations can be controlled by gate voltages 
or magnetic fields, by methods established for 
single-charge devices or the SQUID technol
ogy, respectively. In flux qubit devices an im
portant milestone, the observation of super
positions of different flux states in the system 
eigenstates, has been achieved. 2 '3 In charge 
qubits even coherent oscillations between the 
eigenstates have been demonstrated in the 
time domain. 4 Further work concentrated on 
understanding the decoherence mechanisms 
in these devices and on the design of Joseph-
son circuits that diminish the dephasing ef
fect of the environment, enable manipula
tions of many qubits and further release re
quirements on the circuit parameters. 

A crucial issue is the development of 
quantum detectors, the devices that perform 
the measurement of the qubit's state. 1 They 
are needed to read out the final state af

ter a quantum computation or in the pro
cess of quantum error correction. Moreover, 
even in first experiments with simple systems 
high-quality detectors are required to demon
strate the result of manipulations. The detec
tors used so far had the advantage of being 
easy to realize but they lacked some proper
ties needed for reliable and accurate quantum 
measurement. In this paper we discuss the 
relevant figures of merit that can be used to 
assess the quality of quantum detectors and 
analyze several proposed devices in terms of 
these parameters. 

Fig. 1 presents typical flux and charge 
detectors. In Fig. l a a dc-SQUID is shown, 
which is widely used as a sensitive magne
tometer. The critical current of the SQUID 
is controlled by the magnetic flux through its 
loop. Hence it is sensitive to the state of a 
flux qubit coupled inductively to the SQUID 
as in Fig. la. Applying a current above the 
critical value allows one to read the qubit's 
state from the voltage response. 

As an example of a quantum charge de
tector consider a single-electron transistor 
(SET; see Fig. lb). When a transport volt
age above the Coulomb blockade threshold is 
applied, a dissipative current starts to flow. 
Its value is sensitive to the state of a charge 
qubit, capacitively coupled to the SET's cen
tral island, thus allowing the measurement. 

In the next section we discuss the de-
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Figure 1. Quantum detectors of (a) flux (dc-SQUID) 
and (b) charge (SET). 

scription of the quantum measurement based 
on the linear amplifier theory and the mas
ter equation for the density matrix. Using 
this description we consider several charge 
and flux readout devices and compare their 
properties. In particular, we analyze the ef
fect of the detectors on the qubit state dur
ing manipulations, when in real devices the 
qubit-detector coupling cannot be switched 
off completely. 

2 Linear amplifiers and the master 
equation 

Three time scales characterize a quantum 
measurement process. 1 During a quantum 
measurement a detector is coupled to a qubit 
in such a way that the value of a macro
scopic observable of the detector is influenced 
by the qubit's state (the charge or flux influ
ences the output current or voltage). Moni
toring the output signal for a sufficiently long 
measurement time rmeas allows one to distin
guish between two qubit's states. Further, 
the coupling introduces an additional noise 
from the detector into the qubit's dynam
ics which disturbs its quantum coherence. A 
proper quantum measurement requires the 
existence of a preferred qubit basis in which 
the measurement is performed. 5 In this basis 
the off-diagonal entries of the qubit's density 
matrix (DM) vanish after a short dephasing 
time TV . The occupations of the basis states 
are changed by detector-induced transitions 
only after a longer mixing time rmix > TV. 
Quantum mechanics requires that the read

out destroys coherence of the quantum state, 
"Was > T<p- On the other hand the read
out should be performed before the informa
tion about the initial occupations of the basis 
states is lost. Hence a good measurement is 
achieved if 

"?V — ^"rneas ^ ''"mix • 

2.1 Linear amplifiers 

One of the approaches used to analyze the 
mutual influence of the qubit and detector 
treats the latter as linear amplifiers. This ap
proach was developed in the context of quan
tum optics and applied to nanodevices only 
later. 6 '7 It links the relevant characteristics 
of a detector to its noise properties. 

Consider an amplifier with the output 
signal / and input signal <j>, which is cou
pled to an observable Q of the detector via 
a term <f>Q (the notations are motivated by 
the case of a SET, see Fig. lb). The linear 
response of the output signal to variations at 
the input is characterized by the gain coeffi
cient A = d(I)/d<j). When used as a detector, 
the device is usually operated in a dissipative, 
nonequilibrium regime. With the coupling to 
a qubit turned on, the input signal is <f> <x crz, 
and the coupling is cazQ (with c being a cou
pling constant). First, consider the case when 
the tunneling between the basis states is sup
pressed, 7iqb = —\b.Eoz. In this case the 
fluctuations of Q dephase the qubit with rate 

r^1 = ^SQ . (1) 

The symbols SQ and Si (introduced below) 
stand for the noise power of the correspond
ing observable if the amplifier is decoupled 
from the qubit: SQ = 2 {Q^} and 5/ = 
2 (i^). Here we assume a white-noise spec
trum at the relevant frequencies. The two 
basis states of the qubit produce output sig
nals I0'1 =I±AI/2, differing by 

A / = 2cA . (2) 
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They can be distinguished after the measure
ment time 

r-1 = ^ £ (3) 
meas A a ' ^ ' 

Hence, the two times are related by 

Trneas SQSI _ SQS<£ 

rv ~ h2\* ~ h2 ' l ' 

In the last form of Eq. (4) S^ = Si /A2 is the 
output noise in terms of the input, i.e., the 
noise which should be applied to the input to 
produce the noise Si at the output. 

If the tunneling is turned on, %qb = 
— | A£(cos X] <JX +sin r) az), both the measure
ment rate (3) and the rate of pure dephasing 
(1) acquire an additional factor cos2 rj, while 
their ratio (4) persists. Apart from that, the 
finite tunneling introduces mixing, with rate 

c2 

T mix = ^ 2 SQ S i n 2 f • (5) 

The quantity ^SQS^ is proportional to 
the "noise energy", discussed in Ref. 7, mea
sured in units of the energy quanta at the 
given frequency. For the noise spectra SQ 
and S,p one can obtain an inequality, simi
lar to the Heisenberg uncertainty principle: 8 

SQS<P >h2. By virtue of Eq. (4) this relation 
coincides with the constraint 

T<p S Tineas • (P) 

The quantum limit is (nearly) reached in sev
eral measurement devices: For a quantum 
point contact, an overdamped dc-SQUID, a 
resistively shunted superconducting SET, or 
a normal SET in the cotunneling regime 9 

the following two relations hold under certain 
conditions: 

SISQ « | 5 / Q | 2 (7) 

and 

A w I m S / Q . (8) 

These requirements for a quantum limited 
measurement device are not valid in general. 
E.g., the « sign in (7) should in general be 

replaced by the > sign. Even for the detec
tors where they were found they break down, 
e.g., at finite temperatures or at bias voltages 
close to the Coulomb blockade threshold 9 . 

Eq. (8) implies a vanishing reciprocal re
sponse coefficient A', i.e., no response of the 
input to the output. While in equilibrium 
Onsager's relations imply A = —A', such an 
asymmetry can arise in a nonequilibrium sta
tionary state. It is a characteristic feature of 
linear measuring devices. 8 

2.2 Master equation 

The application of the above formulae re
quires a calculation of the noise power of the 
detector. It can be performed in the linear-
response approximation 6 as long as the lat
ter applies. Apart from the requirement of 
the operation in the linear regime, the linear 
amplifier theory needs that the response time 
of the detector is much shorter than other 
relevant time scales. 6 In a more general sit
uation careful analysis of the time evolution 
of the density matrix of the coupled system 
(qubit+detector) is needed. This can be car
ried out through the derivation of the mas
ter equation for this time evolution. Appli
cations to the measurement by a quantum 
point contact (QPC) or a SET demonstrate 
that one can go beyond the linear approxima
tion (consider measurements near a threshold 
bias) and to time scales shorter than the tun
neling time of electrons in the QPC or SET 
(its response time) and still describe the evo
lution by compact equations. Furthermore, 
the derivation of the master equation and 
its solution allow one to understand how the 
states of the qubit and the detector become 
entangled and the information is transfered 
between them. 

For instance, in the case of a QPC (and 
a SET in certain limits) tracing out micro
scopic degrees of freedom one arrives 10'5 at 
a closed set of equations for the entries py ' (m) 
of the reduced DM, which are diagonal in 
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m, the charge that has tunneled through the 
contact (i,j refer to the qubit's charge ba
sis). If T0/1 = f ± A r / 2 are the tunnel
ing rates through the QPC for two qubit's 
states, the equation for the Fourier transform 
p(k) = S m e~lkmp(m) reads 

| P + £ P W I = Tp+^AT{az,p} 

(e-
-ik 1 

l)-pve-ik{<rz,[az,p]}i9) 

where 7^ = | (VT° — VT*)2. From a solution 
p(m,t) we can obtain by further reduction 
the 2 x 2 DM of the qubit, J2mP(mi*)> the 
charge distribution P(m,t) = trp(m,t), and 
other statistical characteristics of the cur
rent. 5 

An additional advantage of the master-
equation approach is that it allows one to 
derive 11,1 the so called conditional master 
equation. 12 This approach aims at the de
scription of the qubit's dynamics conditioned 
on the values of the output signal I(t) at ear
lier times. As a consequence this approach 
allows one to produce typical, fluctuating 
current-time patterns that one can identify 
in a given experiment. 

3 Efficiency of a quantum detector 

Recently, several devices performing quan
tum measurements have been analyzed. 
Apart from SETs in the sequential tunnel
ing regime 13 they include SETs in the co-
tunneling regime, 9 superconducting SETs 
(SSETs) and dc-SQUIDS, 6 as well as quan
tum point contacts (QPC). 14 All these de
vices have a common characteristic feature: 
they are dissipative systems whose response 
(conductance, resistance) depends on the 
state of a qubit coupled to them. 

The efficiency of a quantum detector has 
several aspects. From a practical point of 
view the most important is the ability to 
perform a strong, single-shot measurement 
which requires that the mixing is slower than 
the read-out, Tmix 3> rmeas- In the SET 

this limit can be reached as was demon
strated in recent experiments with an rf-SET 
in Chalmers. 15 At the same time for flux 
qubits the currently discussed detectors re
quire many measurements ("shots"). 18 

A further important figure of merit is 
the ratio of the dephasing and measurement 
times. Indeed, the ratio Tmix/T<p is to a large 
extent fixed by qubit's properties. Hence to 
achieve an accurate measurement (rm e a s <C 
Tmix) the detector should be optimized to be 
close to the quantum limit rmeas = TV. For 
a SET coupled to a charge qubit the dephas
ing time is (much) shorter than the measure
ment time. This means that the informa
tion becomes available later than it would be 
possible in principle. In this sense the effi
ciency of the SET in the sequential tunneling 
regime is less than 100%. 13 '12 The reason 
for the delay is an entanglement of the qubit 
not only with the output degree of freedom 
(current) but also with microscopic degrees of 
freedom in the SET. To illustrate this point 
consider a situation where the initial state of 
the system (a|0) + 6|1)) |x) \m = 0) evolves 
into a\0) |xo> |m0) + 6|1) |xi) l™i), where |x) 
stands for the quantum state of the uncon
trolled environment. One can imagine a sit
uation when mo = mi , but |xo) and |xi) are 
orthogonal. Then the dephasing has occurred 
but no measurement has been performed. It 
is interesting to note that the ratio T^/T^HS 

grows if the SET is biased in an asymmet
ric way, creating a strong asymmetry in the 
tunneling rates, e.g. TL -C TR. In other mea
surement devices the ratio T<plTme&s may be 
close to 1. This includes quantum point con
tacts 14 as well as SETs in the co-tunneling 
regime. 9 The common feature of these three 
examples is that the device consists of one 
junction or effectively reduces to it. It should 
be kept in mind, however, that a large ratio 
of dephasing and measurement times is not 
the only figure of merit. For instance, in a 
SET in the cotunneling regime the current is 
low and more difficult to detect as compared 
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to a SET in the sequential tunneling regime. 
Another desired property is a low back-

action noise of the meter in the off-state. The 
corresponding dephasing rate r°ff is discussed 
in the next section. 

4 Dephasing in the off-state 

For nano-electronic realizations of quantum 
bits, it is hard to realize a coupling between 
the qubit and the detector that can be turned 
on and off when needed. Rather, one can 
switch between the dissipative and equilib
rium states of the detector. When the detec
tor is in a non-dissipative state it only weakly 
affects the qubit whereas in a dissipative state 
(i.e., during the measurement) the dephas
ing of the qubit's state is enhanced. Still, 
even when the transport voltage or current, 
which controls the detector, is switched off, 
the noise of the meter dephases the qubit. In 
this section we analyze this characteristic of 
the device. 

One example, where the estimate of the 
corresponding dephasing rate is important, 
is the dc-SQUID used as a quantum detec
tor of the flux state. Two approaches have 
been discussed, which use either an under-
damped or an overdamped SQUID. In an un-
derdamped SQUID the shunt (see Fig. la) 
is absent or has a high resistance, i?s ^> 
^/Ec/Ej RK, where Ej and EQ are the char
acteristic Josephson and charging energies of 
the SQUID. The higher the resistance Rs, 
the lower is the noise of the SQUID in the 
superconducting regime (when no measure
ment is performed). Therefore, in spite of 
the permanent presence of the SQUID, the 
coherent dynamics of the qubit suffers only 
weak dephasing. To read out the state of the 
qubit, the current in the SQUID is ramped, 
and the value of current is recorded where the 
SQUID switches to the dissipative regime. As 
this switching current depends on the flux 
through the SQUID, information about the 
state of the qubit is obtained. Unfortunately, 

the current switching is a random process, 
fluctuating even when the external flux in the 
SQUID is fixed. For currently available sys
tem parameters this spread is larger than the 
difference in switching currents correspond
ing to the two states of the qubit. There
fore only statistical (weak repeated) measure
ments are possible in this regime. 3 '18 

The second strategy is to use over-
damped SQUIDs, with R* < yjEc/Ej RK. 
When the bias current exceeds the critical 
value, the voltage which develops across the 
shunt resistor depends on the external flux 
in the SQUID. Thus by measuring this volt
age one learns about the state of the qubit. 
Recently Averin 6 analyzed continuous mea
surements in this regime and obtained the 
input and output noise characteristics which 
determine the relevant time scales r^, rmeas, 
Tmix- The main disadvantage of this strat
egy is that the SQUID induces dephasing 
during the periods of coherent manipulations 
when no measurement is performed. The 
question still remains to be settled whether 
a reasonable compromise between the un-
derdamped and the overdamped limits can 
be found. Hence the estimate of the de-
phasing effect of the overdamped SQUID in 
the off-state is an important issue. Tak
ing into account the equilibrium fluctuations 
of the SQUID's flux degree of freedom cou
pled to the environment, we obtain 16 the 
dephasing rate (rf)'1 = (12/7r2)((7C;t -
Ic^

2/eIc)(RK/R)2(T/&nE3)
3 at low tem

peratures. Here Ic^, Ic,i are the critical cur
rents for two qubit states. 

The rate scales as the third power of 
temperature and therefore assumes very low 
values as T —*• 0. The same temperature 
dependence of the dephasing time can be 
found for a charge qubit, which is capaci-
tively coupled to a SET 17,9, where r " 1 = 
(2EltTy3TT2E4

c)(RK/RT)2. Here Eint is the 
coupling energy, Ri is the resistance of the 
SET's junctions in the normal state, and Ec 
is the charging energy needed to increase the 
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charge Q of the central island by e. This ex- Ref 
pression assumes that decreasing Q e requires 
a much higher energy. In the opposite limit, *•• 
when this energy is equal to Ec, the dephas-
ing rate scales as T5 (cf. Ref. 1 9) . 2. 

This should be contrasted with a qubit 
coupled to an Ohmic environment which "-*• 
enforces the dephasing rate linear in T. 
For instance, the tunneling in a QPC 4-
can be controlled by the qubit, HT = 
(1 + KUZ) J2kk>[akbk' + h.c], and the de- ^. 
phasing rate in the off-state is T^"1 = 
(2K2/TT)(RK/RT)T. 6 -

We argue that the cases of the dc-SQUID ' • 
and the SET are similar: a qubit is coupled 
nonlinearly to an Ohmic oscillator bath. In °-
the case of the SQUID this is realized by 
quadratically coupling the qubit to weak fluc
tuations of the SQUID's flux, which in turn "• 
are coupled (linearly) to the Ohmic electro- *"• 
magnetic environment. In the SET the two 
levels of the central island, Q = 0, e, can be *•*•• 
viewed as two lowest levels of an oscillator 
(the effect of the higher levels is of higher or- *•*-
der in the qubit-detector coupling). This fic
titious oscillator is coupled quadratically (ca- lc5-
pacitively) to the qubit and linearly (via the 
tunneling in the SET's junctions) to the bath I4-
of quasiparticle excitations. The system can 
be described by the Hamiltonian I**. 

H = eaz+ ftbath + ^ - (53. XHi^j . (10) 16. 

Here the first term describes the qubit (we ne- -, j 
gleet the tunneling between the basis states), 
the bath Hbath = Z)i(m«w?x? +Pi/mi)/2 n a s 

the Ohmic spectrum J(u) = ^ 2m L ^(^ ~~ 
uji) = 7W, and the last term is the coupling ig. 
between the qubit and the bath. The dephas
ing rate for this system can be estimated as 

" i i 

where {(Zi^Xi)l) = J(w)[l+coth(ftw/2T)]. 
At low temperatures this rate vanishes as 
r " 1 = (47r/3h2T3 /£g, i.e., faster than in a 
system coupled to an Ohmic bath linearly. 
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We have fabricated coupled double quantum dots, each with a diameter of around 40nm, using trench 
isolation. A range of transport measurements have been performed on various double quantum dot 
systems at temperatures down to 20 mK. Peak splitting in the Coulomb oscillations has been clearly 
observed at 4.2 K due to the capacitative coupling of the two dots. An advantage of the trench isolation 
approach to fabricating coupled quantum dots is that secondary structures, such as single electron 
electrometers can be fabricated close to the dots quite easily. We present measurements showing that 
an electrometer 50 nm away from the double dot can detect a single hole added to one of the dots. 

1 Introduct ion 

It is widely believed that useful quantum 
computers must be constructed in the solid 
state. Multiple quantum dot structures are 
a candidate system where the ability to ma
nipulate and measure the states of each quan
tum dot is possible1,2 ,3. Most studies of later
ally coupled double quantum dots have been 
performed in GaAs:AlGaAs heterostructures 
using surface gates selectively to deplete a 
two-dimensional electron gas 4>5'6'7>8. These 
structures have shown charge delocalisation 
and interdot Coulomb interaction manifested 
as peak splitting in the Coulomb oscillations. 
The ability to control the size of the tun
nel barrier between the dots in principle al
lows charge superposition states to be set up 
across the dots, a requirement for charge-
state quantum computation. However, in 
these surface gated structures it would be 
difficult to measure the charge state of the 
quantum dots (another requirement), since 
the surface gates must surround the dots for 
good definition, leaving little or no room for 
further surface gates to define a single elec

tron electrometer. 
We have fabricated coupled quantum 

dots using trench isolation to define the struc
ture. The advantage of this approach is 
that secondary structures such as extra gates 
or single electron electrometers can be fab
ricated close to the dots. This allows the 
charge state of the double-dot structure to 
be measured. 

2 Device Layout 

Figure 1 shows a double quantum dot de
vice, fabricated using electron beam lithog
raphy followed by trench isolation. The ma
terial used consists of a 30 nm Sio.aGeo i 
layer grown on a silicon-on-insulator sub
strate. The SiGe layer is doped to I0lacm~i 

with boron (p-type). The quantum dots 
shown in figure 1 have a lithographic diame
ter close to 50nm, but due to surface deple
tion the conducting diameter of the dots is 
closer to 30 nm. The constrictions between 
the dots are less than 20nm wide lithograph
ically, and so form tunnel barriers due to the 

mailto:pac36@cam.acuk
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Figure 1. A double quantum dot device fabricated 
by trench isolation in a 30nm SiGe layer grown on 
an SOI wafer. The dark areas are where the SiGe 
has been etched away, revealing the oxide layer be
low. Adjacent to the double dot structure are two 
single quantum dot structures (ell, el2) which act as 
single-hole electrometers to measure the charge on 
the double-dot. 

Figure 2. Two sets of Coulomb oscillation measure
ments taken consecutively and for the same source-
drain bias of 1 mV, but offset from each other for 
clarity. The degree of peak splitting suggests that 
the inter-dot capacitance is similar to the dot-lead 
capacitances. The two sets of data overlap very well, 
except at the far right of the upper curve, and the far 
left of the lower curve where two random telegraph 
switching events have occurred. 

surface depletion. 
Adjacent to the double-dot structure are 

two single quantum dot structures intended 
to be used as single hole electrometers (la
belled ell and el2). They can also be used as 
gates for the double quantum dot structure 
by applying an offset voltage to their source 
and drain. The third gate (g2) is positioned 
between the dots to vary the size of the tunnel 
barrier by depletion. Previous measurements 
on a similar double dot structure in this ma
terial have shown that the tunnel barriers can 
be raised and lowered if sufficient voltage is 
applied (although this has not always been 
possible if the tunnel barrier is naturally very 
large or very small) 9. 

3 Measurements at 4.2 K 

Preliminary measurements at 4.2K on a 
structure similar to that in figure 1 revealed 
that the device operated in the Coulomb 
blockade regime. The device on which these 
measurements were performed differs slightly 
from that in figure 1 in that it had two more 
gates instead of the electrometers. Figure 
2 shows measurements of the Coulomb os

cillations as the voltage applied to gate g2 
is swept. The oscillations clearly split into 
pairs of peaks, as expected if the two dots 
are coupled 10 . This effect has only previ
ously been seen at millikelvin temperatures in 
surface gated GaAs:AlGaAs structures 5 '7 '8 . 
The degree of peak splitting is related to the 
strength of inter-dot coupling (parameterised 
as the inter-dot capacitance, Ci„t « 22aF), 
and in this case the splitting is in an interme
diate regime, where the inter-dot capacitance 
is similar to the capacitance between the dots 
and the source/drain regions. Measurements 
on other similar structures have sometimes 
shown a very high level of interdot coupling, 
as well the ability to adjust the size of the 
interdot tunnel barrier with the applied gate 
voltage3. 

4 Electrometer measurements at 
20 m K 

Measurements on the device in Figure 1 were 
made in a dilution refrigerator at a base tem
perature of 20 mK. Using gate g2, single pe
riod Coulomb oscillations were observed in 
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current between the source (S) and drain (D). 
The period of the oscillations was twice the 
average period of those observed in the first 
device shown in Figure 2. This indicates that 
one of the outer constrictions denning the 
double dot is not fully depleted, so that only 
one quantum dot is present. Further mea
surements using ell and el2 as gates indicated 
that only the left quantum dot is present. 
Single period Coulomb oscillations were also 
observed in ell by sweeping the voltage ap
plied to gate g2. 

In order to measure the level of interac
tion between the electrometer and the 'dou
ble dot ' structure, the Coulomb oscillations 
in each were measured simultaneously while 
the voltage to gate g2 was swept. Figure 
3 shows both measurements for source-drain 
bias of lmV and 3mV on the 'double dot' 
and ell respectively. Every time an extra 
hole is added to the 'double dot' structure (by 
passing through an oscillation) a kink in the 
electrometer current is observed due to the 
change in the local electrostatic field. The 
size of the kinks is equivalent to a 30 mV 
change in the gate voltage Vg2- This is cal
culated to be a change in the electrochemical 
potential on the electrometer quantum dot of 
Q.lmeV. Although this change is quite small, 
it is easily resolved at 20 mK in a dilution re
frigerator (where kDT « 0.002meV). 

The measurements show that this system 
may be useful for silicon-based quantum com
putation. A superposition charge state across 
the two dots could in principle be formed by 
first introducing a single hole to one of the 
two dots using the peak-split Coulomb oscil
lation as a guide. A Hadamard gate could be 
then be realised by pulsing the gate voltage 
to the central gate (g2) in order to lower the 
interdot tunnel barrier for a specific time. A 
subsequent measurement using the electrom
eters should find the extra charge on either 
dot with equal probability9. The decoherence 
time for the charge states may be short due 
in part to the electromagnetic environment, 

j i , 1 1 1 c 
-1.1 -1.05 V N -1 -0.95 -0.9 

Figure 3. Measurements of the electrometer current 
for ell (solid) and the double dot current (dotted) 
as the voltage to gate g2 is swept. Vja = 3mV and 
Vds(ell) = 4mV. The field from the extra hole in
duced onto the double dot after passing through an 
oscillation affects the potential on the electrometer, 
reducing the effective gate voltage. 

although no measurements of this have been 
performed. A modified version of this system 
could also be useful in a spin-based qubit ap
proach, where the ability to adjust the inter
dot coupling allows the interaction between 
neighbouring spins to be controlled3. 

We have shown that silicon based cou
pled quantum dots formed by trench isolation 
can exhibit similar coupling effects previously 
observed in surface gated GaAs:AlGaAs 
based structures. We have also shown that 
electrometers can be fabricated very close to 
the double quantum dot and can measure an 
extra hole on the island, and the strength of 
the interaction is likely to be enough to de
termine on which of the two dots the hole 
resides. This approach therefore provides a 
practically realistic route to fabricating a sin
gle qubit in silicon. 
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A strategy to obtain a quantum bit (qubit) having a longer coherence time is discussed. If the main 
origin of the decoherence is the weak and continuous interaction with a macroscopic bath, we can 
make one qubit decoherence time longer with plural two-level systems and the appropriate interaction 
between them. The "appropriate" interactions can be chosen from the policies of usual Quantum 
Error Correction Codes (QECC). The redundancy introduced by using plural two-level systems gives 
a Hilbert space that is much larger than that necessary for a single qubit. The two states of lower 
energies are assigned as the two states of the qubit ("coding space"). The interaction is chosen so as 
to bring the other states t o higher energies. The "errors" correspond to t he escapes from the lower 
energy states to higher energy states. Then the escapes are strongly suppressed by the interaction 
energy, which results in a longer coherence time when the plural two-level systems are used as a single 
quantum bit. 

1 Introduction 2 Quantum error correction and 
Decoherence-Free Subspace 

After the quantum Fourier transformation 
algorithm was reported1, quantum compu
tations became very hot topics, in physics, 
information science, and many other disci
plines. Before we can realize a quantum com
puter, we must first make a quantum bit 
(qubit) having a long coherence time because 
all quantum computation processes should be 
completed during the coherence time. 

The ideas for overcoming this prob
lem proposed are based on the quantum 
error correction methods, such as, error-
correction code (QECC), error-avoiding code, 
automatic correction, and Decoherence-Free-
Subspace (DFS)2. However, the error cor
rection processes must be complicated if the 
intrinsic coherence time of one qubit is short 
because the correction process should be ac
complished with the time interval shorter 
than the coherence time. 

In this paper, we propose another way to 
get a qubit having a longer coherence time. 
It involves two two-level systems (two qubits) 
interacting with each other. Artificially ap
plying an interaction between them makes it 
possible to get a longer coherence time of the 
coupled system as one qubit. 

When n(> k) qubits are used for keeping the 
quantum information of k qubits, the Hilbert 
space spanned by the n qubit states is much 
larger than that of the k qubits. A part of 
the larger Hilbert space is allocated for the 
"coding subspace", which is the size of the 
k qubit Hilbert space. The rest of the sub-
space corresponds to the erred states. If an 
error occurs, the state of the n qubit escapes 
from the coding subspace. The escape can 
be detected by the syndrome measurement. 
When one uses enough redundant qubits, the 
error can be corrected by the correcting pro
jections, and the erred state comes back into 
the coding subspace. This is QECC. 

For example, consider a two-qubit er
ror detection code. Suppose that an original 
qubit in the state 

|Vv)=ao |0)+&o| l ) (1) 

is given. This qubit information is dis
tributed to two-qubit system as 

Hcode) = -^ao(|00> + | l l » + - ^ 6 o ( | 0 1 ) - | 1 0 ) ) , 

(2) 
through the quantum circuit in Fig. 1. This 
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original qubit 

Controlled-NOT Controlled-NOT 

* ©— 
pure state 10) 

- ^ - H2 
encoded 

\fc two qubits 

Hadamard gate 

Figure 1. Coding of a two-qubit error detection code. 

code can detect any one bit-flip error (|0) <-*• 
|1)), because any erred state is orthogonal 
to any correct code. One can detect and 
correct various errors by using more redun
dant qubits. However, this method is not 
very useful for the decoherences caused by 
a weak interaction between the qubits and 
environment because such an interaction in
vokes small but many errors. 

The idea of DFS is to find an appro
priate "coding subspace" in a given larger 
Hilbert space. For a given environment, some 
states of the large qubit system cannot be en
tangled with the environment by the qubit-
environment interaction. If it is possible to 
make a subspace spanned only by such states, 
that space will be decoherence-free. Using 
the subspace as the coding space, one can re
alize a decoherence-free qubit system. How
ever, it is often difficult to find the DFS for a 
given physical system. 

3 Decoherence caused by the 
environment 

We adopt a model in which decoherence is 
caused by the unwanted weak interactions be
tween the qubit system and the environment. 
The Hamiltonian of the system and the bath 
is given by 

Htot = H$ + HB + Hdis, (3) 

HB = ^2?iu!kblbk,Hdis = ^2hax(gkbl+glbk) 
k k 

(4) 
where Hs is the one qubit Hamiltonian 
(huio/2)crz, gk,9% a r e the coupling constants, 

Figure 2. Decoherence in a single qubit interacting 
with a Boson bath, (a) Time evolution of t he fidelity 
F(t). (b) Time evolution of the state vector on the 
Bloch sphere. 

and bk(b'k) is the annihilation (creation) op
erator of the Boson of the mode k. Eq. (4) 
means the decoherence is produced through 
an operator ax of the qubit. This interac
tion creates an entangled state between the 
system and the bath. Tracing out the micro
scopic degrees of freedom of the bath creates 
a mixed state of the qubit system resulting 
in the decoherence. 

The result of a numerical calculation for 
single qubit case based on this model is shown 
in Fig. 2. The reduced density operator of 
the qubit at the time t, ps(t), is calculated by 
solving a perturbative master equation3 with 
a frequency-independent £Zfc \gk\2S(to — Wk)-
The fidelity is given by 

F(t) = MnlpsWIV'm), (5) 

where \ipin) = ( | -f [)/y/2 is the initial wave 
function of the qubit. The decrease of the 
amplitude of the oscillation in F(t) corre
sponds to the decoherence. 

4 Decoherences in strongly 
interacting coupled qubits 

We propose in this section, a strategy to ob
tain one qubit from a coupled qubits strongly 
interacting with each other. The method is a 
modification of the ideas of QECC, and DFS. 
Our idea is to make a pseudo-DFS by artifi
cially introducing an appropriate and strong 
interaction between two qubits. 

Figure 3 shows examples of the inter
action between two qubits and the environ
ments. In Fig. 3(a), two qubits interact with 
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Figure 3. Models of the interaction between qubits 
and environments, (a) Collective interaction, (b) 
Local interactions. 

one environment through a collective variable 
of the two qubit system. In Fig. 3(b), each 
qubit interacts with a different environment. 

Protecting qubit information under the 
collective interaction model in Fig. 3(a) has 
been discussed, and the use of a logical ba
sis in which the collective variable is not 
given a large amplitude, has been suggested. 
We found a concrete example, which realizes 
making such a basis. Introducing a qubit-
qubit interaction that "squeezes" the collec
tive variable is very effective3. 

A more interesting situation is the lo
cal interaction model in Fig. 3(b). Usu
ally introducing more redundant qubits in
duces stronger decoherence because addi
tional qubits are affected by their own en
vironments. All environments additively de
stroy the coherence of the system of plural 
qubits. This situation corresponds to the lo
cal interaction model in Fig. 3(b). There
fore, it might seem that using two-qubits for 
one-qubit information is not promising. How
ever, a given interaction with the environ
ments does not destroy all of the coherence 
in the two-qubit system. As described below, 
a part of the coherence is robust under such 
a condition. 

The Hamiltonian of the system is given 

by 

Htot = Hsi 4- Hs2 + Hint + HB + H,as, (6) 

where 
hu>n 

H. Sn (n = l,2) (7) 

HB = ] P Mci&fcAi + 5Z ^u)k2bf
k2bk2, (8) 

Hdis = ^2 ^aix (^fcl&fcl + 9klbkl) 
fcl 

+ Y^ n < J2x (Sfc2&fc2 + 9*k2bk2) , (9) 
fc2 

Since the two baths are not correlated, their 
microscopic degrees of freedom are traced out 
separately. This gives a quite different deco
herence from the single bath model. 

One appropriate interaction for protect
ing the qubit information from the unwanted 
interaction Eq. (9) is 

Hint = -tiUint(crixCr2x ~ 2(7iy(T2y)- (10) 

In this case, taking wj = o>2 = wo, the 
eigenenergies of the coupled qubits are 

£o "V^O2 +9f / i n t
2 ,£ i = -Uint, 

£2 = Uint,s3 = yw 0
2 + 9Uint

2. (11) 

And the corresponding eigenstates are 

- q j 0 + y ^ o 2 + 9Uint
2 „ 

N ) = 577 TT + U , 

|ei) = ( U - U ) / V 2 , |e2) = ( U + iT)/>/2, 

C3 
-wo - V ^ O 2 + 9C/j„t2 

3U, int 
TT + II, (12) 

fci fe2 

where, for example, J.T. means that the qubit 
1 is in its down-spin state and qubit 2 is in its 
up-spin state in their spin representations. 

We take the states |eo), |ei) as the logical 
basis. Then, under the condition £/int S> u>o, 
the erred states induced by the interaction 
with the environments are 

<7ix|eo) ~ |e2),<rix|ei) ~ |e3), 

0-2x|eo) ~ |e2),cr2x|ei) ~ |e3). (13) 

The erred states coincide with the two high
est energy states: |e2) or |e3). Therefore, the 
error process should make a state of higher 
energy and that is orthogonal to the correct 
states. This is strongly suppressed by the sys
tem Hamiltonian Hs + Hint itself. The intro
duction of the qubit-qubit interaction makes 
two of the four eigenstates of the two-qubit 
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Figure 4. Time-evolution of the two-qubit system in 
the local interaction model. Fidelity of the decoded 
wave function. 

system robust for the decoherence caused by 
the environment. 

Using the state |eo), \e\) as the logical ba
sis means that the coded two-qubit wavefunc-
tion is a superposition of 

|</we) = 4fo(TT + II) + 4|MTI - IT). 
(14) 

If we put the basis as 

|oo) =TT, |oi) =TI, |io) =IT, | n ) =11, (15) 

the state in Eq. (14) is almost the same as the 
state for the two-qubit error detection code, 
Eq. (2). Therefore, the quantum circuit in 
Fig. 1 can be used to make an initial state 
for our two-qubit system. 

After this coding, the two-qubit system 
interacts with the two Boson baths. The time 
evolution of the reduced density operator of 
the two-qubit system is calculated by solving 
the perturbative master equation3. The fi
delity of the decoded state is shown in Fig. 
4. All of the parameters of the strength of 
the interactions with the environments are 
the same as in the single-qubit case in Fig. 
2. The Larmor frequencies of the qubits are 
renormalized so that the Rabi frequency is 
the same as the single-qubit calculation. The 
strength of the qubit-qubit interaction Uint is 
set to be the same as the Larmor frequencies 
of the qubits. The decrease of the oscilla
tion amplitude is very slow compared to the 
single-qubit result. 

This is the quantitative demonstration of 
our idea for getting a qubit with a longer co
herence time. 
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5 Conclusion 

We investigated decoherences on one-qubit 
information put on two interacting qubits. 
The decoherences in the models are caused by 
the unwanted weak interactions between the 
coupled qubits and the macroscopic Bosonic 
heat baths. When an appropriate qubit-qubit 
interaction whose magnitude is comparable 
to other relevant energies is introduced, two 
of the four states of the two-qubit system be
come robust in their interaction with the en
vironments, we get the result that the fidelity 
of the quantum information is kept against 
the deocoherence. Although it is difficult to 
give such a spin-spin interaction if the qubits 
are real spins (for example, electron spins 
or nuclear spins), we expect that it is possi
ble for superconducting flux qubits or charge 
qubits. 
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DEPHASING OF A QUBIT COUPLED WITH A POINT-CONTACT 
DETECTOR 
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The dephasing of a qubit coupled with a point-contact detector is theoretically studied. We calculate 
the time evolution of the reduced density matrix of qubit by using the perturbation expansion. We 
show that the dephasing rate is proportional to the temperature at zero bias-voltage, while it is 
proportional to the bias-voltage when the bias-voltage is large. We also evaluate the dephasing rate 
by using the real time renormalization group method and show that the higher order processes of the 
particle-hole excitation enhances dephasing of qubit. 

Much attention has been devoted in re
cent years to quantum computation and 
quantum information, which are the new 
technology of information processing based 
on quantum mechanical principles1. The 
dephasing2 of a qubit is one of the funda
mental problems in quantum information sci
ences. Gruvitz has studied the dephasing 
and collapse of a qubit in a double-dot(DD) 
caused by the continuous measurement by 
a point-contact (PC) detector3'4. He showed 
that the collapse and the role of the observer 
in quantum mechanics can be resolved ex
perimentally via a non-destructive continu
ous monitoring of a single quantum system. 
However, extensive theoretical studies on the 
dephasing of qubit, such as the temperature 
dependence and bias-voltage dependence, are 
needed to construct the reliable quantum in
formation processing system. 

In this paper, we study the dephasing of a 
qubit coupled with a PC detector. Using the 
lowest order approximation, we show that the 
dephasing rate is proportional to the temper
ature at zero bias-voltage while it is propor
tional to the bias-voltage in the limit of large 
bias-voltage. We also evaluate the dephasing 
rate by using the real time renormalization 
group method developed by Shoeller5'6 and 
show that the dephasing rate is enhanced by 
the higher order processes of the particle-hole 
excitation. 

The system we consider is a DD coupled 
with a PC detector. The PC is placed near 
the upper dot as shown in Fig. I3 , 4 . The 
barrier height of the PC, therefore the tun
neling current through PC, is modified by the 
electron state of DD. We assume that current 
can flow if and only if the electron in the DD 
occupies the lower dot. In our system, the de-
phasing of qubit is caused by the interaction 
between the qubit and the PC. 

r L • teV 
— \iR — • * — 

H • 
Figure 1. The double-dot (qubit) coupled with a 
point-contact detector. /J.L and /XR are the chemi
cal potential of the left and right reservoirs of point-
contact and eV is the difference between them. The 
filled circle represents the electron in a double-dot. 
The height of the potential barrier of the point-
contact is modified by the electron state of the 
double-dot. The current through the point contact 
flows only when the electron occupies the lower dot. 

We can map the electron state of the DD 
into that of the equivalent two-level system 
and the Hamiltonian of the DD can be ex
pressed in terms of Pauli spin matrices er. 
The electron state with upper(lower) dot oc-

mailto:yoshiaki@cmt.is.tohoku.ac.jp
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cupied corresponds to the eigenstates of az 

| t> {°z = 1) (I 4) (ffz = - ! ) ) • The total 
Hamiltonian of the system is given by 

H = Hqb + HL + HR + Hial, (1) 

where 

H, qb f°z, (2) 

HL = ^ e , c | c i , ffij = ]T ]e r 4c r , (3) 
J r 

ffi„t = ^(ff* + l ) 5 ^ ( n C I C r + h-C-)- (4) 
l,r 

Here ifg&, -^L(.R)
 a n d ffmt are the Hamilto-

nians of the qubit, the left(right) reservoir of 
PC and qubit-PC interaction, respectively. 
ej(r) are the energy levels in the left(right) 
reservoir, and il is the tunneling matrix ele
ment of the PC. When the upper dot is oc
cupied (az = — 1), the tunneling current does 
not flow through the PC. Since our interest 
is in the dephasing of the qubit, we neglect 
the tunneling between upper and lower dots. 

We consider the following reduced den
sity matrix of the qubit: 

p = TrpCpu*=(PnPn)1 (5) 

where ptot is the density matrix of the total 
system consisting of the qubit and PC, TVpc 
denotes tracing out the degrees of reservoirs. 

The time evolution of the total density 
matrix ptot(t) is described by the von Neu
mann equation, ihp = [H, p]. Due to interac
tion with the detector, the time evolution of 
the reduced density matrix p(t) is not unitary 
and it approaches the statistical mixture rep
resented by the diagonal matrix in the limit 
of t -4 oo. Therefore, we can evaluate the de-
phasing of the qubit by calculating the time 
evolution of the off-diagonal element of re
duced density matrix p^i(t). 

We assume that the density matrix of the 
total system at the initial time t = 0 is in 
product form and the qubit and reservoirs of 

PC are decoupled, and the reservoirs are in 
thermal equilibrium2,7. We then have 

Ptot(O) = p(0) <g> PLO ® PRO, 

where 

PLO 

PfiO 

e -E l ( £ l -ML)c /c i / f eBT 

TrLe~ Eite-MiJcJci/fcBT' 

e - £ r K - M 0 4 c / f c B T 

(6) 

(7) 

(8) 

The time evolution of the off-diagonal el
ement pfi(t) obeys the generalized master 
equation defined by 

d .e c pn(t)Jdt'pn(t')E(t-t'), (9) 
Jo 

where £ is a 'self-energy' which describes the 
qubit-detector interactions8'9. 

We first calculate the self-energy E(£ — 
t') by using the perturbation expansion with 
respect to the interaction term Hint- In the 
lowest order approximation, the self-energy is 
given by 

E(i - t') = exp[-iec(t - f)]j(t - t'), (10) 

where "/(t — t') is the propagator of the 
particle-hole excitation defined as 

2 
{7TkBTY 

cos[eV(t - t')/h] 

sinh^[7rA;BT(« - t' - i/D)/h] 
(11) 

Here D is the high frequency cutoff and a 
is the dimensionless conductance of the PC 
defined as a = 2S12NLNR, where NL^R) is 
the density of states in the left (right) reser
voir. Suppose that the reduced density ma
trix varies very slowly compared with the 
time scale of the life time of the particle-hole 
excitation h/k^T, pi^(t) is written as 

P i t ( * ) = P 4 t ( 0 ) e - ^ t / V rt 

where 
/ • O O 

/ dtE(t). 
Jo 

(12) 

(13) 



34 

The dephasing rate, or the decay rate of 
p^l(t), is given by Rer. Since the dephas
ing is caused by the particle hole excitation 
in reservoirs, it depends on the temperature 
T and bias-voltage V as shown in Fig. 2. 

0.3 

a 0.2 
a 
o 0.1 

1— jUllllv *s^ 
- 7MO0mK / / 

r=150mK/'^ 

<0r 

50 100 
V[fiV] 

150 

Figure 2. Dephasing rate of the qubit as a function 
of bias-voltage V applied to the point contact. Solid, 
dotted and dashed lines represent the dephasing rate 
for T = 50,100 and 150mK, respectively. The high 
frequency cutoff is assumed to be KD = 20K. 

It is easy to show that, in the lowest or
der approximation for the self-energy, the de-
phasing rate at V = 0 is given by 

R e T a- (14) 

and is proportional to the temperature T as 
shown in Fig. 2. This can be explained as 
follows. The dephasing rate is determined by 
the number of particle-hole excitations in the 
reservoirs which interact with the qubit. The 
number of particle-hole excitations at V = 0 
is proportional to the temperature T. On 
the other hand, the number of particle-hole 
excitations for eV » k^,T is proportional to 
the bias-voltage V. Indeed, the dephasing 
rate for eV ^> k&T is given by 

ReT = a—— 
leV 

a 2 l T (15) 

and is proportional to V as shown in Fig. 2. 
Next we go beyond the lowest order ap

proximation. We employ the real time renor-
malization group (RTRG) method developed 
by Schoeller5'6. Following Shoeller, we intro
duce the short-time cutoff tc in the propaga

tor of the particle-hole excitation by 

ltc(r)=j(r)e(T-tc), (16) 

where 6{t) is a step function. In Laplace 
space, the self-energy E(z) is expressed by 

E(z) = E t c (*)+.Ft c ) (17) 

where E t c(z) includes only the time scales 
which are precisely smaller than tc and Ttc 

consisting of the other time scales is the func
tional of renormalized correlation function 
7tc, vertex gtc and frequency u>tc 

Let us increase the cutoff by an infinites
imal amount tc —> tc + dtc- The change of 
7tc(

T) is given by 

d 7 ( r ) = 7tc(r) - 7t0+dtc(T) 

= 7(tc)<J(T - tc)dtc. (18) 

The change of the self-energy E t c + d t c (z) 
caused by drf{r) can be expressed by d^y, gtc 

and Wtc- The change of gta and uitc due to 
dj(r) can also be represented by dj. As we 
increase tc, the long time scale of 7 is renor
malized. Since 7(7-) is a decreasing function 
of r with the life time h/k-e,T, Tt0 is zero for 
tc —> 00. Therefore, the self-energy E(z) in 
Laplace space is expressed as 

E ( z ) = lim E t c(z). (19) 

The renormalization group (RG) equa
tions is obtained by calculating the renormal
ization of uitc, gtc and T,tc due to the infinites
imal deviation d"ytc • The straightforward cal
culation leads to the following RG equations: 

^ M ^ f d < ^ ) W - ( ^ ( 0 ) (20) 

^:=i[dt{^){t)9tM9tM (21) 

£ = 0 (22) 
atc 

x latXt)9tM9tc(t')-gt<:(t)atc(0)gtc(t')} (23) 

£~jr*/>(£>-i 
x<ft=(*)<fce(0)MO, (24) 
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where 

d7t. 
dic 

(r) = 7(*c)<5(r - tc). (25) 

We numerically solve the above RG equa
tions with the initial condition w = ec/h and 
g = a = b = 1 at tc = 0. Once we obtain the 
self-energy in Laplace space, the off-diagonal 
element of reduced density matrix in Laplace 
space is given by 

Pit(0) 
P4.t(z) = 

z — ier 
E(z)-

(26) 

Finally, we obtain pif(t) by performing an 
inverse Laplace transformation. 

We define the dephasing time Tdep as 
the time when the absolute value |/?4.t(*)l ^e" 
comes one-half of its initial value |p4.f(0)|. In 
Fig. 3 we plot the dephasing rate defined as 
1/Tdep at V = 0 as a function of a. For small 
a, the result agrees well with that obtaind by 
the lowest order approximation. For a ^ 0.2, 
however, the dephasing rate becomes larger 
than that calculated in the lowest order ap
proximation. As shown in Fig. 3, the higher 
order processes of the particle-hole excita
tion enhances the dephasing rate, since the 
number of particle-hole excitations increases 
due to the quantum fluctuation described by 
those higher order processes. 

50 mK (RTRG) 
lOOmK(RTRG) 
50 mK (LO) 

lOOmK(LO) y 
8-

Figure 3. Dephasing rate calculated by using the 
real time renormalization group (RTRG) method at 
kBT = 50(100)mK is plotted by the solid(dotted) 
line against the dimensionless conductance a. Thin 
solid(dotted) line represents the dephasing rate ob
tained by using the lowest order (LO) approximation 
at kBT = 50(100)mK. The high frequency cutoff is 
assumed to be hD = 4K. 

In conclusion, we have studied the de-
phasing of a double-dot qubit coupled with a 
point-contact detector. The time evolution of 
the reduced density matrix of the qubit is cal
culated by using the perturbation expansion. 
In the lowest order approximation of the self-
energy, we show that the dephasing rate is 
proportional to the temperature at V = 0, 
while it is proportional to the bias-voltage at 
large bias-voltage, eV » k&T. The real time 
renormalization group method is also applied 
to evaluate the dephasing rate of the qubit. 
We show that the dephasing rate is enhanced 
by the higher order processes of the particle-
hole excitation. 
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QUANTUM GATES IN CAPACITIVELY COUPLED QUANTUM DOTS 
AND MEASUREMENT PROCEDURE 
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Coulomb blockade effects in capacitively coupled quantum dots can be utilized for constructing an 
iV-qubit system with antiferromagnetic Ising interactions. Starting from the tunneling Hamiltonian, 
we theoretically show that the Hamiltonian for a weakly coupled quantum-dot array is reduced to that 
for nuclear magnetic resonance (NMR) spectroscopy. Quantum operations are carried out by applying 
only electrical pulse sequences. A possible measurement scheme in an N-qubit system is quantitatively 
discussed. 

Quantum computers have been widely 
investigated from many perspectives 1. A 
quantum-dot array is a promising candi
date for the basic element of a quantum 
computer from the viewpoint of technologi
cal feasibility2'3'4'5. Although a spin-based 
quantum dot computer has been intensively 
discussed2, it seems that the quantum dot 
system using charged states is more accessi
ble because the latter will be able to be con
structed of various materials other than III-V 
group materials such as GaAs. 

In this paper we advance the analysis 
of the quantum computer based on charged 
states and show a general iV-qubit scheme 
including measurement procedure using field 
effect. Starting from tunneling Hamilto
nian in the Coulomb blockade regime, we 
demonstrate that the Hamiltonians for one-
and two-dimensional arrays of weakly cou
pled quantum dots are reduced to those for 
standard nuclear magnetic resonance (NMR) 
spectroscopy6. This enables any quantum 
computation to be described by electric pulse 
sequences. We set e=l and &B = 1-

A qubit based on charged states is com
posed of two quantum dots coupled via a 
thin tunneling barrier and a gate electrode 
that is attached on a thick insulating ma
terial (Fig. 1). The quantum dots are as
sumed to be sufficiently small for charging 
effects to be observed7'8'9. Nai and Npi are 

(/-1) th qubit / th qubit (/+ l)th qnbit 

Figure 1. Schematic of the capacitance network of a 
one-dimensionally coupled quantum-dot array. The 
capacitances CAT, CBI , and Ca, the gate Vgi and 
the two quantum dots constitute the ith qubit. The 
electron transfer between qubits is prohibited. 

the numbers of excess electrons from the neu
tral states in two quantum dots. One excess 
charge is assumed to be inserted from a sub
strate first and to stay in the two-coupled 
dots (CBI > Cci)- When the excess charge 
exists in the upper dot and lower dot, we call 
them |0) = | t ) state and |1) = | 4-) state, 
respectively. 

Here we show the Hamiltonian of the one-
dimensionally arrayed coupled quantum dots 

mailto:tetsufwni.tanamoto@toshiba.co.jp
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for quantum computation by starting from 
the tunneling Hamiltonian: 

N 

i+eaia\ai+epib\bi) + Hch, 
t=i 

where dj (bj) describes the annihilation oper
ator when the excess electron exists in the up
per (lower) dot, and ea, (epij shows the elec
tronic energy of the upper (lower) dot. H^ is 
the charging energy that includes the inter
action between qubits and analyzed by min
imizing the general formulation of the charg
ing energy: 

N f 2 

+ 2CbT<?Ai^i 

C2
ci and Qv = CAiVgi+Cm-iVgi-i+CiiVsi+i. 

Qys includes eai and epi and shows the gate 
voltage when the |0) and |1) degenerate (on 
resonance). Prom the definition of fij, we 
define the characteristic charging energy of 
the system as Ec = Cb/(2D). We control 
the time-dependent quantum states of the 
qubits in the vicinity of on resonant gate bias 
by applying a gate voltage such as VJ(T) = 
V[es + Vi(r) where V™ is the gate bias of 
on resonance. In this on resonant region, a 
transformation of the coordinate: 

ii i2Coi 2CEi 2°Fi 2Cai J 

+ 

with constraints (i = l,..,iV) — Nai =qAi — 

QBi + QDi - <lDi-l + QEi - QFi-l + QHi-1 + Q\i 

and -Npi - qm - qa + qGi - qGi-i - «E»- I + 

qpi- It is assumed that the coupling be
tween qubits is smaller than that within a 
qubit and we neglect higher order terms than 
(C^/Z) j ) 2 (< 1). We consider the gate volt
age region, where the n, = Nai — Np{=-1 
state and rij=l state are near-degenerate as 
in References3'4'10, and we have: 

N J V - 1 

H=J2[ta\bi+t*blai+Cliiiz}¥^2 hi+ihzh+iz, 
i = l t = l 

(2) 
where | t i ) = K = 1) and | U) = |n* = - 1 ) , 

iiz=(a\&i-b\bi)/^^i = ^CalDilQv-QT] 
and 

Cbi Cb j+i Cei+1 + Cc { Cci+1 Cdi+l 
Ji,i+1 — ' (3) 

2DiDm 

with Cai = CAi+CCi+±CBi +2(CDi+CEi)+ 
Cm + Cn, CH = CAI+ Oct +2(Ca+ CE%) 

+2(CDi-i+CEi-i}\-CHi+-Cii, CCi = Cc—CAI 

+CHI+CH, Cdi = CDi+CEi, Cei = CDI — CEI 

{Coi — CGI, CEI = CFI) and Di = CaiCbi — 

*(»-*-*G-0-"> 
is convenient (we neglect the phase of ti for 
simplicity). Then the Hamiltonian given by 
Eq.(2) can be described as 

N J V - 1 

H{T)=Y}2ui'zi-^(T)i'xi]^£ JiMJ'x& 
i = i 

t A 

xi+1 

(5) 
where I'xi = (&\i&-i +01^+^/2 and I'zi = 

(a\_ia+i-a*_i&-i)/2. and 

A . ( T ) = jC*£ci[vi{T) + dv.cr{r)l ( 6 ) 

Here 6vicr(T) = [Cm-i Vi-i(r) + Cn vi+i(r) 
\\CA% is a cross-talk term and indicates an 
effect of other gate electrodes. The Hamil
tonian given by (5) is an NMR Hamiltonian 
when we regard u>i = 2t j as a Zeeman energy 
and Aj(r) = A0j COS(CJJT + Si) as a transverse 

magnetic field, if w > Ao » J. Thus, quan
tum operations of the coupled quantum dot 
system can be carried out in a manner similar 
to that of operations in NMR quantum com
puters. Similarly, we can discuss the Hamil
tonian of the two-dimensionally coupled dots. 

Here we summarize the criterion for real
izing the above-mentioned scheme. In view of 
time-dependent operation, the excess charge 
is assumed to be affected by the electronic 
potential generated by the capacitance net
work. Therefore, all quantities concerning 
time evolution should be smaller than the 
CR constant of the network. Here we take 
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CR = dnt-Rint where Ci„t(= D/Cb) and Rmt 

are capacitance and resistance of the inter-
dot tunneling barrier in a qubit, respectively. 
Thus, we have the following condition for the 
operation: 

T « J « A 0 < t < ( C i l ) - 1 . (7) 

We can roughly estimate this criterion by 
taking typical values, ro =2.5 nm (radius of a 
quantum dot), dA—S nm, ds= 1.5 nm, dc= 
2.5 nm, and the distance between qubits do 
is 12 nm (eox =4 (Si02) and eSi=12), re
flecting several experimental data 8 '9. Using 
relations, CA,c=^eoxr^/(dAtC + (<WeSi)n>) 
and CB = 27T€oxr0

!/(dB +2(eox/esi)n)), we ob
tain Ec ~ 13meV(150K), t ~ 0.4meV and 
J ~ 0.1 meV. If Rint is of the order of MH, 
we obtain (Cint-Rint)-1 is about 3.1THz and 
greater than t( ~ 100GHz). Thus, the condi
tion (7) is satisfied if the operational temper
ature should be much smaller than IK. If we 
could prepare ro = 0.5nm, ds = 1.2nm and 
dD - 2nm, we obtain t ~120 K and J ~ 90K 
and quantum calculations can be expected to 
be carried out at around liquid nitrogen tem
perature. The effects of cross-talk, which are 
of the order of CHIICAX ~ dAi/doi, can be 
controlled by adjusting the 6viCr term. 

At the near-degeneracy point, the system 
becomes a two-state system and the estima
tion of the decoherence (in order of jusec) dis
cussed in Ref.5 may be applicable. Although 
we do not have any corresponding experimen
tal data at present, we can say that various 
methods developed in NMR spectroscopy, 
such as the composite pulse method6, can 
be utilized to reduce the imperfections of the 
pulse and coherence transfer. In addition, 
if the speed of quantum computations can 
be increased to more than the shortest de-
coherence time, rc ~w~1(~ 10 - 1 4 s), group-
theoretic approaches 12 for decreasing the de-
coherence will be effective. Thus, the ef
fects of imperfections and decoherence of the 
system will be reduced by developing above-
mentioned contrivances. 

Next, we quantitatively illustrate the 
reading out process based on an FET 
structure of the one-dimensionally arrayed 
qubits(Fig.l). Measurement is carried out, 
after quantum calculations, by applying a fi
nite bias Vb between the source and drain5. 
The detection mechanism is such that the 
change of the charge distribution in a qubit 
induces a threshold voltage shift AVth of the 
gate voltage above which the channel cur
rent flows in the substrate. The AVth is 
of the order of edg/eox.(dq is a distance be
tween the centers of two quantum dots in a 
qubit). The effect of AVth differs depend
ing on the position of the qubit, because the 
width of the depletion region in the substrate 
changes gradually from source to drain. A 
model of a metal-oxide semiconductor field-
effect-transistor (MOSFET)11 is used for the 
current that flows under the ith qubit 

M)_ . \yst-VttMVi-Vi-i)-W)rii(V?-V?-i) 

(8) 
where A = Z^IQCQ/LO (Z is the channel 
width, /xo is the mobility, Lo is the channel 
length of one qubit, and Co is the capacitance 
of the gate insulator), rn = 1 + Ci where Ct is 
determined by the charge of the surface de
pletion region, 0 indicates a velocity satura
tion effect, and Vi is the voltage of ith qubit 
to be determined from VN = Vb and Iv' = 
1^ = • - • = ID

N). The threshold voltage of ith 
qubit Vthi is given by Vthi = Vth(C») + ^Khi-
Figure 2 shows the ratio of the current change 
|/j-70 |/7o as a function of Vb in 8 qubits with 
Ci = 0, where 7o is the initial current and 7, is 
the current when Vgj-Vthi of ith qubit changes 
by 10%. This ratio is largest for a qubit near 
the drain (i = 8) because it has the narrowest 
inversion layer. To show how to distinguish 
qubits, we compare the current where only 
the ith qubit shifts its threshold voltage with 
that where only the (i+l)th qubit shifts its 
threshold voltage. Figure 3 shows the results 
for (i)i=l, (ii)i=iV/2, and (iii)i=iV - 1, with 
the same voltage shift as in Fig.2. The maxi-



39 

VG-VU,=2.0 [V] 

8th qubit i 

V D [ V ] 

Figure 2. The ratio of current change |/; — Jo|//o as 
a function of VJJ in an 8-qubit quantum computer 
(i = 1, i = 4, and i = 8). Ii represents the current 
where only the ith qubit shifts its threshold voltage 
Vth(0) +AVthi- Jo represents the current where all 
qubits have the same threshold voltage V ĥCO). Vg — 
V th=2V and G=0.3 V - 1 . The threshold shift is 10% 
of Vs ~ Vth. 

mum allowable number of arrayed qubits de
pends on the sensitivity of the external cir
cuit to the channel current. To construct a 
large qubit array, additional dummy qubits 
are needed over the source and drain so that 
separated qubits on different FETs are con
nected. 

In conclusion, we have theoretically 
shown that the Hamiltonian for a weakly 
coupled quantum-dot array in the Coulomb 
blockade regime is reduced to that for NMR 
spectroscopy. The flexible quantum infor
mation processing developed in the NMR 
quantum computer and a variety of error-
correction methods in conventional NMR are 
applicable to the quantum-dot system that 
is considered to be the most feasible system 
in view of the present technology. Recently, 
nanofabrication of two-dimensionally dis
tributed self-aligned Si doubly-stacked dots 
has been successfully realized in the form of a 
non-volatile memory device9 and the detailed 
analysis of the behavior of electrons, such as 
an artificial antiferromagnet, is expected to 
be performed. 

M>=1.5 [V] 
VC-VM,=2.0 |V] 

(N-l)th qubit. 

Figure 3. The ratio of change |/j — Ii+\ | /Io as a func
tion of the number of qubits, in the case i = l(near 
source), i = N/2 (middle) and i = N — l(near drain) 
at VQ = 1.5V. The same notation and parameter re
gion as Fig.2. 
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This paper addresses a quantum channel identification problem: given a parametric family {Tg}g 
of quantum channels, find the best strategy of estimating the true value of the parameter 6. As 
illustrative examples, we present statistical estimation of a depolarizing channel and a unitary channel 
acting on a two-level quantum system. 

1 Introduction 

Let H b e a Hilbert space that represents the 
physical system of interest and let S(H) be 
the set of density operators o n H . It is well 
known that a dynamical change V : S(TC) —> 
S(H) of the physical system, called a quan
tum channel, is represented by a trace pre
serving completely positive map1 . But how 
can we identify the quantum channel that we 
have in a laboratory? A general scheme may 
be as follows: input a well prepared state 
a to the quantum channel and estimate the 
dynamical change a H-> T(a) by performing 
a certain measurement on the output state 
r(cr). It is then natural to inquire what 
is the best strategy of estimating a quan
tum channel. The purpose of this paper is 
to study this problem from a noncommu-
tative statistical point of view. For math
ematical simplicity, we restrict ourselves to 
the case when the quantum channel to be 
identified lies in a smooth parametric family 
{Tg;9 = (#i,...,#„) e 0 } of quantum chan
nels. When Tt is finite dimensional, this is 
not an essential restriction2. 

Once an input state a for the chan
nel is fixed, we have a parametric family 
{Tg(a)}geQ of output states, and as long as 
the parametrization 9 i—> Tg(a) is nondegen-
erate, the problem of estimating the quantum 
channel is reduced to a parameter estima
tion problem for the noncommutative statis
tical model {Tg(a)}g^@ of density operators. 
As a consequence, the parameter estimation 

problem for a family {Tg}g€Q of quantum 
channels amounts to finding an optimal in
put state a for the channel and an optimal 
estimator for the parametric family {Tg(a)}ff 
of output states. 

Now that each channel Tg is completely 
positive, it can be extended to the composite 
quantum system 1i®Ti. In view of parameter 
estimation, there are two essentially different 
extensions that have the same parametriza
tion 9 as Tg: one is IV <g> Id : S(H <g> H) -> 
S(H®7i), where Id denotes the identity chan
nel, and the other is Tg®Tg : S(H <g> H) -> 
S(H®Ti). A question arises naturally: what 
happens when we use an entangled state as an 
input to the extended channel? In the sub
sequent sections, we demonstrate nontrivial 
aspects of this problem. 

This article is a summary of our recent 
works. All the proofs omitted here are found 
in Fujiwara3, where more detailed discussions 
are also presented. 

2 Depolarizing channel 

Let H := C2 and let the channel Tg : S{H) -> 
S{H) be a depolarizing channel having a pa
rameter 9 that represents the magnitude of 
isotropic depolarization. To ensure that Tg 
is completely positive, the parameter 9 must 
lie in the closed interval 0 := [—1/3,1]. We 
thus have a one parameter family {Tg; 9 € 0 } 
of quantum channels, and our task is to es
timate the true value of 9. In view of the 
Cramer-Rao inequality for a one-dimensional 

http://ac.jp
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quantum statistical model, our task is re
duced to finding an optimal input for the 
channel that maximizes the symmetric loga
rithmic derivative (SLD) Fisher information 
of the corresponding parametric family of 
output states. 

Let us start with the maximization of 
the SLD Fisher information of the family 
{Tg(a)}g with respect to the input state a <E 
S(H). An important observation is that the 
maximum is attained by a pure state. Since 
our channel Tg is unitarily invariant (i.e., 
isotropic in the Stokes parameter space), we 
can take without loss of generality the op
timal input to be a = |e)(e| where (e| = 
(1,0). The corresponding output state is 

, and the SLD 
0 1 — 0 

Fisher information becomes Jg = 1/(1 — 02). 
We next study the extended channel Tg® 

Id : S(H ® H) -> S{H ®H). In this case we 
can use a possibly entangled state as the in
put. For the same reason as above, we can 
take the input to be a pure state: a = \ip){ip\ 
where I/J € 7i® 7i. By the Schmidt decompo
sition, the vector tp is represented as 

Pe •= r«(cr) = \ 

|^) = v / n ^ | e 1 ) | / 1 ) + v ^ | e 2 ) | / 2 } , (1) 

where a; is a real number between 0 and 1, and 
{ei,e2} and { / i , / 2} a r e orthonormal bases 
of H =• C2. Since the channels Tg and Id are 
both unitarily invariant, we can assume with
out loss of generality that the optimal input 
takes the form (1) with (ei| = ( / j | = (0,1) 
and (e2J = (/2I — (1,0). The constant x 
remains to be determined. By a direct com
putation, the SLD Fisher information of the 
corresponding output state fig := Fg 0 Id(<r) 
becomes 

Je 
1 + 30 + 8s(l - x) 

( l - 0 2 ) ( l + 30) ' 

When x = 0 or 1, the above SLD Fisher 
information Jg is identical to Jg. This is a 
matter of course: the input state is disentan
gled in this case and no information about 

the parameter 0 is available via the indepen
dent channel Id. When i ^ O and ^ 1, the 
SLD Fisher information Jg diverges at 0 = 1 
and —1/3. This is because the complete pos-
itivity of the channel Tg breakes across these 
values. Now let us specify the optimal input 
state. For every 0, the SLD Fisher informa
tion Jg takes the maximum 3/(1—0)(1+30) at 
x = 1/2. Therefore the optimal input for the 
channel Tg ® Id is the maximally entangled 
state. The implication of this result is deep: 
although we use the channel Tg only once, ex
tra information about the channel is obtained 
via entanglement of the input state. In par
ticular, the use of entanglement improves ex
ceedingly the performance of estimation as 0 
approaches —1/3. 

Let us proceed to the analysis of the 
other extension Tg & Tg : S(7i <g> H.) —> 
S{7i ®H). As before, we can take the in
put to be a pure state a = \ip){i>\ where rp 
is given by Eq. (1) with (ei | = (fx\ = (0,1) 
and (e2 | = </2 | = (1,0). The SLD Fisher in
formation of the corresponding output state 
fig :=Tg® Tg(a) becomes 

_ 404 + 502 - 1 882x(l-x) 
e~ 202(l-04) + 1 - 0 4 

1 - 0 2 

+ 202(1 + 02)(1 - 02 + 1602 x(l - x))' 

When x = 0 or 1, the above SLD Fisher in
formation Jg becomes 2/(1 — 02), which pre
cisely doubles the Jg. Again this is a matter 
of course: the input state is disentangled in 
this case and the same amount of information 
about the parameter 0 is obtained per inde
pendent use of the channel Tg. When x ^ 0 
and ^ 1, the SLD Fisher information Jg di
verges at 0 = 1 but does not at 0 = —1/3. 
This is because the requirement of positiv-
ity for the channel Tg ® Tg is strictly weaker 
than that for the channel Tg ® Id (i.e., the 
complete positivity for Tg). Now we exam
ine a rather unexpected behavior of the op
timal input state. For l/-\/3 < 0 < 1, the 
SLD Fisher information Jg takes the max-
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Figure 1. SLD Fisher information Jg versus x, for 
6 = 0.7 (dashed), 6 = l / \ / 3 (solid), and 6 = 0.3 
(chained). 

imum 1202/(1 - 02)(1 + W2) at x = 1/2, 
while for - 1 / 3 < 9 < 1/V5, it takes the 
maximum 2/(1 — 92) at x = 0 and 1. (See 
Figure 1.) Namely, the optimal input state 
"jumps" from the maximally entangled state 
to a disentangled state at 0 = l / \ / 3 . It is sur
prising that the seemingly homogeneous fam
ily {r^je of depolarizing channels involves a 
transitionlike behavior. 

3 SU{2) channel 

Suppose an unknown operation T acting on 
<S(C2) is noiseless, in that there is a unitary 
operator U € SU(2) such that T(=: IV) : 
p i—> UpU*, and our problem is to estimate 
the unknown U. The group SU(2) is a 3-
dimensional manifold and is parametrized, 
for example, as 

U = U, (*>a,/3) 
-e1'3 sine 

e l^sin< 

where 0 < <j> < TT/2, and 0 < a,0 < 
2-7T. Since, for any p £ <S(C2), the family 
{rV(p);£/" e SU(2)} of output states is at 
most 2-dimensional, we must extend Tu on 
an enlarged Hilbert space (C2)®n, (n > 2), 
in order for the parametrization of output 
states to be nondegenerate. In this section, 

we study the extension A[/ := IV ® Id, i.e., 

Aue : a ^ (Ue ® I)a(Ue ® / ) * (2) 

where 9 := (dl,02,63) := (<j>,a,/3). Obvi
ously this is regarded as a continuous ana
logue of the dense coding. Since A_j/ = 
Au, we might as well express that our 
problem is to estimate the parameter 6 of 
SU(2)/{±I} ~ SO(3). Consequently, the es
timation of SU{2) operation must be a lo
cal one: the domain 0 of the parameter 9 
to be estimated forms a local chart of SU{2) 
on which the parametrization 9 i—> A[/e (<r) is 
one-to-one. 

Letting Je(c) be the SLD Fisher informa
tion matrix for the output family {hue{cr)}o, 
it is shown that the Cramer-Rao lower bound 
Jff(a)~1 takes the minimum if and only if a is 
a maximally entangled state. This fact hints 
that the optimal input is a maximally en
tangled state. However, it alone does not 
lead to a decisive conclusion, because the 
Cramer-Rao lower bound Jg(cr)~1 is not al
ways achievable for a multi parameter quan
tum statistical model. Here we say that the 
Cramer-Rao lower bound is achievable at 8 if 
there is a locally unbiased estimator M that 
satisfies Ve[M] = Je(a)~l, where V0[M) de
notes the covariance matrix. In this sense 
the next result is the key to the conclusion 
that a maximally entangled state is in fact 
the optimal one: Letting a = |0)(V'| where ip 
is given by Eq. (1), the Cramer-Rao lower 
bound Jg(a)"1 is achievable if and only if 
x = 1/2, i.e., if and only if a is a maximally 
entangled state. The implication of this re
sult is profound. The existence of an esti
mator that achieves the Cramer-Rao lower 
bound implies the existence of compatible ob-
servables that correspond to the parameters 
of SU(2). The above result thus asserts that 
the noncommutative nature of the SU(2) pa
rameters is "suppressible" (at least locally) 
by using a maximally entangled input. 

In order to get a deeper insight into the 
role of entanglement, we next explore dif-
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ferential geometry of the manifold of out
put states, i.e., the orbit of SU{2) action 
ip H-> (JJ (g> I)ip on the 3-dimensional com
plex projective space CP 3 . We regard C P 3 

as a 6-dimensional real Riemannian mani
fold equipped with the SLD Fisher metric g, 
which is identical to the Fubini-Study metric. 

The volume element of the SU(2) orbit 
that passes through the vector (1) is 

u> = &^fx{l — x) sin 24> d(f>dad(3. 

This simple formula already offers some in
formation about the relation between entan
glement and the geometry of orbits: an orbit 
maximally inflates at x = 1/2, and collapses 
as x —> 0 and —> 1. Note that the scaling fac
tor \/x{l — x) is identical, up to a constant 
factor, to the concurrence. 

The Riemannian curvature R of the Levi-
Civita connection is completely determined 
by the following six components: 

#1212 = "4COS2 <j> [1 + (1 - 2x)2 

x { 3 - 4 ( 1 + X-X2)cos2<?!>}] 

i?i3i3 = -4sin2(/.[l + ( l - 2 x ) 2 

x { 3 - 4 ( l + x - x 2 ) s i n 2 0 } ] 

#2323 = -16x 2 ( l - x)2 sin2 20 

P1213 = -4(1 - 2x)(l + x - x2) sin2 2<p 

#1223 = #1323 = 0 

where Rijkl := g(R(di,dj)dk,d[) with dt = 
d/d9l. It is shown that the orbit is Einstein 
if and only if x = 1/2 or x = 0,1. The scalar 
curvature p = 2(1 —x + x2) indicates that the 
closer to 1/2 the parameter x is, the "flatter" 
the orbit becomes on average. Let us take a 
closer look at this point. 

The sectional curvature with respect to 
the subspace spanned by {di,d2} is given by 

(9i2r -9U922 
8z(l -x) 

~ l + 4 x ( l -x) - ( 1 - 2 x ) 2 c o s 2 0 ' 

This is independent of <j> if and only if x = 1/2 
or x = 0,1. When x = 1/2, the orbit turns 

out to be a space of constant positive curva
ture 1/4, in that Rijkl = \{gjk gu - gik g^), 
for all i,j,k,l = 1,2,3. Since the funda
mental group of the orbit is Z2, it is the 3-
dimensional real projective space R P (2) of 
radius 2, i.e., 5 3 (2) /{±7}. It is also impor
tant to observe that for x ^ 1/2, (and ^ 0,1), 
the orbit is not isometric (though diffeomor-
phic) to RP3. Since the manifold SU(2) 
equipped with the Cartan-Killing metric is 
isometric to S3 , these facts could be para
phrased by saying that the "shape" of the 
Riemannian manifold SU{2)/{±I} ^ SO(3), 
the coordinates of which are to be estimated, 
comes into full view only through the SU(2) 
action tp 1—> (U ® I)ip on a maximally entan
gled ip. 

When x = 0 or 1, on the other hand, the 
orbit collapses to a lower dimensional mani
fold in which 82 = 83. In this case, the only 
independent component .R1212 of the Rie
mannian curvature tensor satisfies #1212 = 
(fl'12)2 — <?n<722- Since the collapsed manifold 
is simply connected, it is the 2-dimensional 
sphere S2 of unit radius. This is, of course, 
in accordance with the known isomorphism 
between C P 1 and S2. 
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Entanglement swapping in its most fundamental form is the teleportation of a quantum state that is 
itself entangled t o another quantum system. This connection to teleportation provides us with a tool 
to demonstrate and verify the non-local nature of the teleportation procedure. In this work the non-
locality is experimentally confirmed by a violation of Bell's inequality using teleported entanglement. 

Within the field of quantum information 
and quantum communication a very promi
nent position is taken by the quantum tele
portation protocol. It is the only known way 
in which quantum information could be sent 
to a different place without actually sending 
a physical object that carries the quantum 
information. Not only does this open a com
pletely new way of communication for future 
quantum computers, but also it can enhance 
the efficiency of potential linear optics real
izations of quantum information processing. 

If one were to assess the quality of a cer
tain teleportation1'2'3'4 device there are two 
fundamental criteria. One is the efficiency of 
the apparatus, that is the percentage of cases 
in which the procedure is completed success
fully, after an input has been provided to the 
machine. The other important parameter is 
the fidelity, which is defined as the overlap be
tween output and input states.0 If we restrict 
ourselves to pure input states the fidelity F 
can be calculated as follows. 

^ = ( * i n | p o u t | * i n ) , ( 1 ) 

where |\Pin) is the (pure) input and pout is the 
output density operator. A fidelity of 0.5 cor-

aFrom a particular teleportation point of view this 
fidelity applies to our experiment only conditioned 
on the actual detection on the receiver's side due 
to present technical limitations.5 '6 In the entangle
ment swapping experiment presented here, however, 
the particles must be detected in order to test the 
entanglement. Therefore the fidelity will naturally 
be conditioned on detections of particles 0 and 3 (see 
Fig. 1). 

responds to random output, whereas a value 
1 indicates perfect operation. 

There are two other important thresholds 
for the teleportation fidelity, the first one be
ing the limit of classically teleporting an un
known quantum state. Its maximum possible 
fidelity of 2/3 is the state estimation limit 
for a single copy of an arbitrary pure qubit 
state.7 A possible realization, is to measure 
in an arbitrary basis, communicate the result 
and prepare the state on the other side cor
responding to the measurement result. 

Even though this limit cannot be sur
passed by classical physics, a local hidden 
variable theory could in principle do better. 
Yet, such a theory in turn has to obey the 
limit of (1 + y/2)/V& « 0.854 according to 
Bell's inequality. If hidden variables are con
sidered to be a part of classical physics, then 
this value is the boundary above which a 
teleportation device performs provably non-
classical. 

The fidelity could be measured for a set 
of possible input states by comparing input 
and output for a large number of sample 
transmissions. Another method is to use 
entanglement swapping8 to probe the input 
state space uniformly. Here a quantum state 
that is itself entangled with an ancilla is tele-
ported and the entanglement of the output 
with the ancilla is observed. Measuring this 
"teleported entanglement"6 we can calculate 

b Of course one does not actually teleport an entangled 
state but only the relation of the input to the ancilla. 
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Figure 1. Entanglement swapping or equivalently 
teleportation of entanglement. The quantum state 
" 1 " is teleported to mode " 3 " , (except for the missing 
application of a unitary transformation) or, by sym
metry, state "2" is teleported to mode "0". It turns 
out, that if the outputs of "0" and "3" are selected 
according to the result of the Bell-state measurement 
(BSM), it is not necessary to actually perform the 
unitary transformation that is part of the teleporta
tion protocol. 

the fidelity without varying the input state. 
Depending on the quality of the original en
tanglement the whole input state space is 
probed at once. In the following we will 
therefore only consider entanglement swap
ping, which was demonstrated first by Pan 
et al.9 

As shown in Fig. 1 (right) we can think 
of entanglement swapping as a general pro
cedure to redistribute entanglement within a 
collection of quantum systems. This is com
pleted by entangling a subset of previously 
separable particles via a projection onto an 
entangled state basis. In Fig. 1 only the most 
basic protocol for two two-particle entangled 
states is shown, which can be generalized to 
higher numbers of particles.10 

If we restrict ourselves to start out with 
two entangled two-particle systems, then en
tanglement swapping reduces to a Bell-state 
measurement between two initially separable 
particles. Consider Fig. l(left): here we start 
out with the two entangled systems 0-1 and 
2-3. Let their quantum states be |^oi) and 
| * ^ 3 ) , where I*1*1}, l ^ ) denote the maxi
mally entangled two qubit basis (Bell-basis, 
Bell-states). The joint state of the four par
ticles is consequently | *oi) <8> | *23) • ^ n e ^e^~ 
state measurement on particles 1 and 2 will 
then yield one of the four results |\Pj^), l^j^) 
with equal probabilities. The action of the 
Bell-state measurement is most easily seen in 

a basis of entangled states between particles 
2 and 3. Then the state reads 

*totaI = \ [|*0+3> | *£> - 1*03) |*r2> -

- | * 0 3 > | * » > + | * 0 3 > | * r 2 > ] - ( 2 ) 

Whenever we measure a specific Bell-state for 
particles 1 and 2 particles 0 and 3 will end up 
in exactly the same state. 

To subsequently assess the produced en
tanglement in our experiment we chose to 
do a Bell-inequality test. Another possibil
ity would be to do a tomography of the two-
particle space to recover the full two-particle 
density matrix. 

Figure 2. Experimental apparatus to perform tele
portation of entanglement created by spontaneous 
parametric down-conversion from a pulsed laser. 
Bell-state measurement is performed with the help of 
a beam-splitter and detectors D l and D2, while po
larization is analyzed on the other side with polariz
ing beam-splitters followed by detectors DO H / V and 
D3 H/V. Due to spurious birefringence in the single-
mode optical fibers polarization controllers have to 
be used to align the various analyzer bases. 

Our experimental apparatus is depicted 
in Fig. 2. We use spontaneous paramet
ric down-conversion from a fs UV laser in a 
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double-pass configuration inside a nonlinear 
optical crystal to create two |\I>~) entangled 
photon pairs. The photons are coupled to 
single mode optical fibers. Photons 1 and 
2 are overlapped on a fiber beam-splitter. 
Coincidence detection after the beam-splitter 
projects destructively on to the state |*i2)-
In turn particles 0 and 3 are also projected 
onto a l * ^ ) state whenever the Bell-state 
measurement was successful. 
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Figure 3. Two photon interferometry of independent 
photons conditioned on the detection of four photons 
as used for the Bell-state measurement of * / • Po
larization anticorrelation shows up as a dip in the co
incidence rate for parallel polarizer setting (circles) 
as the relative delay to the beam-splitter is scanned 
across the point of indistinguishability. For orthogo
nal polarizers the rate stays constant (squares). 

Projection on to the mentioned state of 
particles 1 and 2 can only be achieved if their 
indistinguishability is assured. In the experi
ment we vary the difference between the opti
cal paths of either photon in order to contin
uously vary the degree of distinguishability. 
Typical interferograms can be seen in Fig. 3. 
They are already verifications of entangle
ment swapping. At matching delay (zero dif
ference) four fold coincidence between all out
puts show a clear dip in the curve when we 
look at identical polarizer outputs for parti
cles 0 and 3. In a | * _ ) state we expect the 
coincidences to go to zero. 

The finite experimental visibility V (V = 
2F — 1) reflects two separate imperfections. 
On the one hand the initial entanglement be
tween particles 0-1 and 2-3 will never be per
fect and also the Bell-state measurement in 
practice falls short of perfection. The nature 

of our source makes the quality of the ini
tial entanglement basis dependent. In the 
vertical-horizontal basis we observe higher 
contrast than in any other basis. The crit
ical visibility is therefore measured at 45° off 
horizontal (or at circular polarization alter
natively) . 
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Figure 4. The experimentally achieved fidelity as a 
function of the absolute analyzer angle. The solid dot 
shows a measurement for which the Bell-state mea
surement was delayed until after the other two pho
tons had been detected. Within experimental errors 
there is no difference in fidelity. The photon pairs 
are originally produced as HV or VH pairs in the 
parametric down-conversion crystal. Only by careful 
compensation are the two components made coher
ent. The perfection of this compensation is, however, 
limited by group dispersion and transverse ("walk-
off") effects. These imperfections show up in mea
surements at 45°, where we observe reduced corre
lation for the individual pairs, which transfer to a 
reduced correlation for the teleported entanglement 
if measured at 45°. Comparing the correlation mea
surements taken for individual pairs and the above 
data we conclude that the fidelity of our Bell-state 
measurement must be better than 97%. 

In our experiment we achieved a fidelity 
that was higher than 0.89 for any basis. The 
results are shown in Fig. 4. This, for the 
first time made it possible to violate Bell's 
inequality by a teleportation experiment, i.e. 
by particles that did not interact locally. For 
this purpose the correlation is evaluated at 
the following linear polarization analyzer an
gles (particles 0, 3): (0°,22.5°), (0°,67.5°), 
(45°,22.5°), and (45°,67.5°). The values of 
the correlation function were determined to 
E n = -0.6281 ± 0.0461, E12 = +0.6766 ± 
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0.0423, E2i = -0.5407 ± 0.0454, and E22 = 
-0.5748±0.0472 respectively. When we eval
uate the Bell inequality11 

S=\En-E12\ + \E21+E22\<2 (3) 

with this data we get S = 2.421 ± 0.091, 
which is 4.6 standard deviations above the 
limit for any local realistic theory, provided 
the fair sampling assumption is obeyed by the 
theory. Also, the values within reasonable 
experimental error agree with the quantum 
physical predictions when the imperfections 
of the apparatus are taken into account. 

Because entanglement swapping and 
teleportation are two aspects of a fundamen
tal quantum communication protocol the ap
pear in various situations. They are part of 
quantum repeaters, enable basic forms of en
tanglement purification and lately it has been 
discovered that they can also enhance quan
tum operations with linear optics to obtain 
scalability.12 
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Recent improvements in the ability to generate entangled states of trapped ions have permitted the 
application of entanglement to several problems. First, entangled ions were used to demonstrate a vio
lation of Bell's inequality, marking the first such demonstration with high detection efficiency. Second, 
a pair of ions was used to store a quantum bit of information in a decoherence-free subspace, allowing 
the qubit to resist environmental decoherence. Third, an entangled state was used to demonstrate 
improved spectroscopic resolution. These results are summarized here. 

1 Introduction 

Quantum mechanics allows for many-particle 
wave functions that cannot be factorized into 
a product of single-particle states, even when 
the constituent particles are entirely distinct. 
Such entangled states explicitly demonstrate 
the non-local character of quantum theory1 

and have potential applications in quantum 
communication and computation. Entangle
ment has been explored in a variety of phys
ical systems, ranging from gas to liquid to 
solid state.2 One promising system consists 
of atomic ions confined in a trap. Strong 
coupling of the ions is obtained through the 
Coulomb potential, but the ions remain well-
isolated from their environment, allowing a 
high degree of coherence and control. 

The experiments described here were 
performed using a pair of 9 Be + ions confined 
along the axis of a linear radio-frequency 
trap. The axial center-of-mass oscillation fre
quency was v = 2n x 5 MHz. Two ground hy-
perfine states, |0) = |F = 2, mj? = — 2) and 
|1) = \F = l,mF = — 1) were coupled by a 
Raman transition, and formed an effective 
two-level system. The Raman beams were 
tuned near the 25 «-)• 2P transition at A = 
313 nm, and were perpendicularly oriented 
with their wave vector difference lying along 
the trap axis. The beams therefore only cou

pled to ion motion along the axis. This mo
tion was cooled to near its ground state.3 

The linewidth of the Raman transition 
was small compared to the oscillation fre
quency, so that the vibrational states of the 
motion were resolved. Thus by tuning the dif
ference frequency of the Raman beams to the 
hyperfine splitting wo « 2-zr x 1.25 GHz, the 
carrier transition \0,nc,ns} *+ \^-,nc,ns) 
could be driven, where nc and ns are respec
tively the number of quanta in the symmetric 
center-of-mass and the antisymmetric stretch 
vibrational modes. Alternatively, if the dif
ference frequency was tuned to UQ ± v, the 
blue or red sideband transitions |0, nc, ns) «-> 
| 0 , n c ± l , n s ) were driven. Similar transi
tions occur at the stretch mode frequency of 

vs = y/$v-
The carrier transition corresponds to in

dividual rotations of the effective spin-1/2 
particles, described by 

R(6,4>) = 
cos(0/2) e* sin(6>/2) 

- e ~ ^ sin(0/2) cos(0/2) 

(1) 
in the interaction picture. The rotation angle 
8 is given by fit, where t is the duration of 
the laser pulse and fi is the Rabi frequency 
2 (0| V |1) /h for interaction V. Typically fi 
was 2ir x 500 kHz. 

The angle <j> appearing in (1) is the phase 

mailto:david.wineland@boulder.nist.gov
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of the beat note of the Raman beams at the 
position of the ion, and is given by 

4> = <j>0 + 21/2kz (2) 

where <po is the phase at an arbitrary refer
ence position, z is the axial displacement of 
the ion from this reference, and k = 2ir/\. 
The uniform part <j>o can be controlled by 
adjusting a microwave oscillator from which 
the difference frequency is derived. The spa
tial dependence of 4> can be used to perform 
independent rotations of the two ions. Inde
pendent rotations are most easily achieved by 
applying separate laser beams to each ion,4 

but this is technically difficult here because 
the ions are separated by only 3 /mi. In
stead, rotation of a single ion is achieved in 
three steps. First, a laser pulse is used to 
rotate both ions by 9/2. The trap electrode 
voltages are then adjusted so that one ion re
mains fixed but the other is displaced by an 
amount d = 7r/(\/2fc), changing <j> by •K. A 
second laser pulse identical to the first then 
completes the rotation of the first ion but re
verses the rotation of the second ion. Using 
this technique, operation fidelities of about 
0.95 can be obtained. 

Entanglement of the ions is achieved by 
the technique of M0lmer and S0rensen.5'6,7 

Three laser beams are applied, with differ
ence frequencies of LJ0 + vs + 6 and UJ0 — us — S. 
This drives the red and blue stretch side
bands simultaneously, but the detuning 6 pre
vents the |0) +-> |1) transitions from strongly 
occurring. However, the double transition 
|00) -o- |11) is resonant, with Rabi frequency 

2 o 2 

n = rfn (3) 

for Lamb-Dicke parameter 77 w 0.16. By ap
plying the lasers for a time 7r/(2f2), the en
tangling operator 

E = 7T 

' 1 0 0 * ' 
0 1 J 0 
0 i 1 0 
i 0 0 1 

(4) 

ouu-
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Figure 1. Histogram showing detection of two 9 B e + 

ions. When the ions repeated prepared in state ip 
are illuminated with the detection laser beam, ion i 
fluoresces brightly with probability \(tp \0)i |2 . (In or
der to suppress fluorescence from the |1) state, the 
population of the |1) = |1, — 1) state is transferred to 
the |1,1) hyperfine state before detection.) On aver
age, approximately 60 photons are detected from each 
fluorescing ion, but shot noise causes this number to 
fluctuate according to Poissonian statistics. The his
togram shows the results obtained when the ions are 
identically prepared and detected 2 x 104 times in 
succession. The three peaks correspond to the pos
sibilities that 0, 1 or 2 ions were found in state |0), 
and from the areas under the peaks, the respective 
probabilities can be determined. 

is realized, in the {|00), |10), |01), |11)} ba
sis. A phase convention is chosen such that 
the laser phase at each ion is zero. The ex
perimental fidelity of the operation is about 
0.9, and is limited by spontaneous emission, 
laser technical noise, and heating of the ions.8 

Effects of heating are minimized by using 
the stretch mode.3 The M0lmer and S0rensen 
technique has also been used to produce a 
four-ion entangled state.7 

After manipulating the ions, their 
states can be measured by applying a 
laser tuned to the 25 \F = 2,mF = -2 ) «->• 
2P\F = 3,mp = - 3 ) cycling transition. An 
ion in state |0) will fluoresce brightly in re
sponse to this light, while an ion in |1) re
mains dark. This allows detection of an in
dividual ion with efficiency of about 99%. 
When two ions are equally illuminated, it is 
impossible to distinguish the states |01) and 
|10), as seen in Fig. 1. However, this distinc
tion is unnecessary for many applications. 
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2 Bell's Inequality 

Bell's inequalities have long been used to con
tradict the notion of local realism. Loosely, 
this is the idea that objects have definite 
properties whether or not they are measured, 
and that these properties are not affected 
by events taking place sufficiently far away. 
Bell and others showed that all local realistic 
measurement predictions must obey certain 
inequalities, whereas quantum mechanics al
lows the inequalities to be violated.9'10'11 

Many experiments have since demonstrated 
violations of the inequalities.11'12 

Experiments to date, however, have been 
subject to one or more significant loopholes, 
allowing local realism to retain some viability. 
For instance, if the required measurements 
are not performed in a relativistically sepa
rate way, then it is possible for an unknown 
subluminal signal to affect the observed re
sults. This locality loophole has been the 
subject of much experimental effort using en
tangled photon sources, starting with Aspect 
et al.13 and more recently in the Geneva14 

and Innsbruck15 experiments. Whether these 
experiments have conclusively closed the lo
cality loophole is still a matter of debate,16 

but it seems clear that they have made local 
realistic theories increasingly implausible. 

The second main loophole is due to the 
low detection efficiency of most experiments, 
which makes it possible that the totality 
of the events satisfies Bell's inequality even 
though the subensemble of detected events 
violates it.11 Because ion states can be mea
sured with near unit efficiency, the trapped-
ion experiment closes this detection loophole 
for the first time. However, no experiment 
yet has simultaneously closed both loopholes, 
so again all that can be made is a plausibility 
argument. 

The ion experiment tested the CHSH 
form of Bell's inequality.10 Generically, the 
argument applies to a pair of spin-1/2 parti
cles, prepared in an arbitrary state. A clas

sical rotation of fa is applied to particle 1, 
and fa to particle 2. The spin projection of 
each particle along a fixed axis is then mea
sured, and a correlation function q is assigned 
the value +1 if the two results agree, and 
— 1 if not. This procedure is repeated many 
times for four combinations of rotation an
gles. Bell's inequality then states that the 
quantity 

B = \(q(Sul2)) -{q(au l2))\ 

+ \(q(S1,P2)) + (q(aup2))\ (5) 

must satisfy B < 2. Here a.\, Si, P2, and 
72 are rotation angles, and (q{fa,fa)) is the 
average correlation obtained using angles fa 
and fa. 

In the experiment, the entangled state 

-^ ( |00) +i |11)) (6) 

was generated by the M0lmer and S0rensen 
technique. Rotations were applied using (1) 
with 8 fixed at 7r/2. The phases fa played 
the role of the angles a, /?, 7 and S, and were 
independently varied by adjusting the ion po
sitions. Detection was performed as in Fig. 1, 
with simple discriminator levels used to de
termine the number of ions in the bright |0) 
state for each experimental run. This number 
specified the value of q according to whether 
it was even or odd, since there is no need to 
distinguish which particle is in which state. 

Quantum theory predicts Bell's inequal
ity to be maximally violated for ai — fi2 = 
-7I-/8 and'Ji = j 2 = 3TT/8, with B = 2\/2. 
The experimentally obtained value was B = 
2.25±0.03, which is consistent with the quan
tum prediction given experimental imperfec
tions in state preparation, rotations, and de
tection. 

3 Decoherence Free Subspace 

Ultimate applications of quantum logic will 
likely rely on a variety of error correction 
and error avoidance methods to protect quan
tum data from weak interactions with a noisy 
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environment.17 One such method is to encode 
a qubit of information into a decoherence-
free subspace (DFS) of several particles.18'19 

This protects the information from an envi
ronment which couples to each of the phys
ical particles in the same way. For exam
ple, trapped-ion quantum states suffer deco
herence due to fluctuating ambient magnetic 
fields, which introduce an uncontrolled phase 
shift between |0) and |1). In this case, a 
DFS exists for two ions, spanned by the states 
|01) and 110), since any superposition of these 
states is unaffected by a uniform phase shift 
| l ) - > e * | l ) . 

In order for a DFS scheme to be useful, 
it must include a way to encode a qubit from 
the natural basis to the DFS. This can be 
accomplished for two ions using the M0lmer-
S0rensen operation E. A two-qubit state of 
the form |0) (o |0) + 6|1)) was first prepared 
using the individual addressing technique of 
Section 1. Here the second ion holds the ar
bitrary qubit to be encoded, and the first 
serves as an ancilla qubit. Encoding was per
formed by applying E~l, and then the op
erator Ei(7r/2,7r/2) <g> R2(TT/2,0), where R{ 

is the rotation operator (1) applied to ion i. 
The net effect is to transform the test state 
to the encoded state 

A ( | o i ) + i | 1 0 » + -^ ( |01>- t | 10>) , (7) 

which is in the DFS. The E'1 operator was 
implemented by applying E three times, since 
EA = 1. Decoding is achieved by revers
ing these steps, applying RI{TT/2,-TT/2) <g> 
R2(TT/2,IT) and then E. 

The encoding procedure was tested using 
Ramsey's method of separated fields. First, 
in a control experiment, the second ion was 
rotated with R2(TT/2, /?), held for a fixed time, 
and then rotated again with a different phase, 
R2(n/2,^'). The first ion remained in |0) 
throughout. The probability for the second 
ion to ultimately be in state |0) then oscil
lates as sin (/? — /?'), and the contrast of this 
oscillation gives the coherence of the opera

tions. Decoherence was introduced by illumi
nating both ions with a noisy laser beam that 
induced random ac-Stark shifts to the states. 
As seen in Fig. 2, the dephasing that resulted 
caused the contrast to rapidly decay as the 
duration of the noisy pulse was increased. 

To see the effect of the DFS, the same 
experiment was performed, but the state of 
the second ion was encoded into the DFS be
fore applying the noise, and decoded after. 
As the figure shows, in this case the noise 
had negligible effect. The unsealed contrast 
for the test state was 0.69 in the absence of 
noise, and for the encoding state it was 0.43. 
The encoding/decoding fidelity was therefore 
about 0.6, roughly consistent with the entan
gling fidelity of 0.9 since E was applied four 
times. 

Resistance of the encoded state to nat
urally occurring decoherence was also ob
served, by performing the same two experi
ments but without the noisy pulse and with 
a variable time between the initial and final 
rotations. The unprotected state was found 
to decay with a time constant of 120 ± 20 ^s, 
consistent with ambient magnetic field noise 
of several mG. The encoded state decay time 
was 450 ± 6 0 /us, which was due to degra
dation of the decoding fidelity as the ions' 
motion was heated by the environment. 

4 Spectroscopy 

An important motivation for studying entan
glement is the possibility to increase the sen
sitivity of quantum-limited measurements.20 

This is a very general effect: if a measurement 
O can be made on a single particle with accu
racy AC = ((O2) - (O)2)1 /2 , then typically 
a measurement using N uncorrelated parti
cles can reduce the uncertainty to AO/vN. 
If the N particles are entangled, however, 
in some cases an uncertainty of AO/N can 
be achieved. This is the minimum possible 
value, termed the Heisenberg limit. 

A demonstration of this effect was made 
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Figure 2. Decay of the test state (crosses) and DFS 
encoded state (circles) under applied noise. Noise is 
applied for a fraction of the 25 /is delay between en
coding and decoding, and the contrast of the Ramsey 
interference is measured. Contrasts are normalized to 
their values for no applied noise, to remove the effects 
of imperfect encoding operations. 

using two 9 Be + ions. A variety of methods 
for reducing measurement noise have been 
proposed, and several were investigated by 
Meyer et al.21 We discuss here one used to 
demonstrate improved spectroscopic resolu
tion of the 9 Be + hyperfine frequency.22 

The experiment is essentially a Ramsey 
experiment of the type described in the pre
vious section. If the initial and final rota
tion pulses are driven at a fixed frequency ui 
which is detuned from the carrier frequency 
w0, then a phase $ = (u — u>0)T accumulates 
during the variable time T between the two 
pulses. The final state oscillates with this 
phase, and by observing this oscillation, the 
detuning and thus uo can be determined. For 
one measurement of a single ion, the phase 
can be determined with an accuracy of 1 rad, 
giving a frequency accuracy of 6u = T~l. For 
two unentangled ions, this is reduced by \/2-

To improve this resolution, a state of the 
form(|01) + |10))/v^ was produced by apply
ing E to 100) followed by the uniform carrier 
rotation R(n/2, TT/4). The first Ramsey pulse 
R(TT/2, 0) then yields the state 
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Figure 3. Scheme for measurement of 9 B e + hyperfine 
frequency using entanglement. A Ramsey experiment 
is performed using the initial state ([01) + jl0))/-v^2^. 
(a) The parity n is detected, and oscillates as cos 2 $ , 
where 3> is equal to (ui — a>o)T for drive frequency 
u> and resonant frequency wo- (b) The phase accu
racy <M>, determined from the measured parity vari
ance AIT and measured sensitivity dH/d$. When 
<J$ < 2 - 1 / 2 (the grey line shown), the frequency de
tuning u> — u>o is determined with an accuracy better 
than ( T \ / 2 ) _ 1 , which is the best accuracy that can 
possibly be achieved using unentangled ions. At the 
optimum time, c5<j> = 0.62 ± 0.01. 

which precesses to 

1 
7I ( | 0 0 ) - e " - 2 i * 

11)) (9) 

The final Ramsey pulse is again R(ir/2,0), 
and the resulting state is 

- ^ [ • - c o s * ( | 0 1 > + |10>) 

+«sin$( |00) + | l l > ) ] . (10) 

Although the average number of ions in state 
|0) is constant, the parity 

n = J^i-iyPj 
3=0 

(11) 

^=(100) - |H)) (8) 

oscillates as cos 2$. Here Pj is the probability 
for j ions to be detected in state |0). Anal
ogous to the single-ion signal, the phase of 
the parity oscillation can be determined with 
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an accuracy of 1 rad, but since the parity os
cillates twice as fast, the resulting frequency 
accuracy is 5w = (2T) _ 1 . 

The experimental result is shown in 
Fig. 3. The top graph shows the oscillation of 
the parity, while the bottom shows the phase 
accuracy 

**=-£L (i2) 
As can be seen, a region exists where the ob
served accuracy is below the limit achievable 
without entanglement. This technique may 
ultimately be directly applicable to atomic 
clocks based on trapped ions. 

5 Conclusions 

As the above experiments demonstrate, 
trapped ion entanglement experiments have 
reached a stage where basic operation can 
be performed with some degree of reliabil
ity and repeatability. These tools have been 
sufficient to demonstrate applications includ
ing closure of the detection loophole in Bell's 
inequality, a decoherence-free subspace en
coding scheme, and improvements in spec
troscopic resolution. This work was sup
ported by the U.S. National Security Agency 
and the Advanced Research and Develop
ment Agency under contract MOD-7171, by 
the U.S. Office of Naval Research, and by the 
U. S. Army Research Office. This is a work 
of the U. S. Government and is not subject 
to copyright. 
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Quantum entanglement and a teleportation experiment of continuous-variables are briefly reviewed, 
and the plans of our teleportation and related research are presented. 

1 Introduction 

Quantum teleportation is a method of quan
tum state transportation with a classical 
channel and a quantum channel. In this tech
nique, only the "information" contained in a 
quantum state is transferred from a sending 
station (Alice) to a receiving station (Bob), 
with the original quantum state thereby re
constructed at Bob's place with the received 
information and previously shared entangle
ment. 

Quantum teleportation was originally 
proposed by Bennett et al.1, with two-
dimensional systems (e.g., the states of spin 
\ particles) having received the greatest at
tention. On a different front, quantum tele
portation with continuous variables in an in
finite dimensional Hilbert space was first pro
posed by Vaidman.2 His proposal was fur
ther investigated theoretically by Braunstein 
and Kimble, who introduced a teleporta
tion scheme with non-singular squeezed-state 
entanglement.3 This latter scheme was exper
imentally demonstrated by the Quantum Op
tics group at Caltech in 1998.4 Somewhat re
markably, in this scheme complete Bell-state 
measurements can be performed by way of 
quadrature-phase measurements with homo-
dyne techniques whose detection efficiency 
can be close to unity. The high detection 
efficiency of this scheme together with the 
EPR entanglement generated via summing 
of independent squeezed beams enabled the 
boundary between the classical and quantum 

teleportation to be crossed for the first time. 
More specifically, a teleportation fidelity of 
0.58 ± 0.02 was obtained for the teleporta
tion of coherent states, where the relevant 
quantum-classical boundary is 0.50 for this 
experiment.5 

In this article, I will briefly review the 
EPR entanglement and the teleportation ex
periment of continuous-variables, and present 
our plans for the teleportation and related re
search. 

2 Quantum entanglement 

Quantum entanglement is the most impor
tant resource for quantum teleportation. In 
quantum optics, one of the easiest (but some
how unrealistic) way to create quantum en
tanglement is the usage of a half beam split
ter and a single photon (a single-photon state 
jl)). When a single photon is an input (state) 
for one of input ports of the half beam splitter 
and a vacuum is the other input, the output 
state of the half beam splitter |EPR2) can be 
written as 

|EPR2) = - L ( | 0 ) A | 1 ) B + |1)A |0>B), (1) 

where the subscripts A and B denote the two 
output modes. This output state |EPR2) is 
fully entangled and can be a good resource 
for two-dimensional teleportation. 

By using the similar way with a half 
beam splitter, can we make some entangle
ment of continuous variables? The answer is 
"Yes", but it is a rather complicated story. 

http://ac.jp
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When a coherent state \a) is used instead of 
a single photon in the above scheme, the out
put state \<j>) can be written as 

The output state \<j>) is separable even when 
the input is in "single-photon level" or \a\ = 
1. For getting some entanglement, one of the 
input has to be a squeezed state at least. In a 
simple case, both inputs are squeezed states. 
The two-mode squeezed state |EPR) can be 
written as 6 

oo 

|EPR) = v ^ ^ ^ g ™ | n ) A | n ) B ; ( 3 ) 

n=0 

where q = tanh r and r is a squeezing param
eter. Note that some amount of entanglement 
always exists when r > 0. Also note that a 
single-photon state |1) is an ultimate ampli
tude squeezed state in some sense and the 
situation for the single-photon input is very 
similar to the case of squeezed-state input. 

The two-mode squeezed vacuum can be 
written with the Wigner function as well. 
The Wigner function WEPR can be written 
as 3 

WEPR(OIA; aB) 

= — exp{-e_2r[(xA - xB)2 + (PA + PES)2] 

-e+2r[(xA + xB)2 + (pA~pB)2}}, (4) 

where ctj = Xj + ipj and (XJ,PJ) are canoni-
cally conjugated variables like "position" and 
"momentum" of A and B. When r —> oo, Eq. 
(4) becomes C5(xA + xB)8{pA — pB) which is 
precisely the EPR state. 

We used this type of entanglement for the 
experiment of continuous-variable teleporta
tion. 

3 Teleportation experiment 

We generated a two-mode squeezed vacuum 
or EPR beams via summing of indepen
dent squeezed beams. The EPR beams were 

shared with Alice and Bob. The Wigner func
tion of the output state of the teleportation, 
Wout, c a n be written with the input Wigner 
function W\n as 3 

Wout = WinoGa, (5) 

where o denotes convolution and Ga is a com
plex Gaussian distribution of (x, p) with vari
ance cr = e~2r. 

The experimental result is shown in 
Fig.(l) with the Wigner function. The out
put state with the EPR beams is more "sim
ilar" to the original input state compared to 
the case without the EPR beams. Thus we 
declared the success of teleportation. 

We are now trying to generate the GHZ 
state of continuous variables.7 The GHZ 
state enables us to do teleportation in three 
parties.7 
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Figure 1. Experimental results of teleportation of a coherent state. The arrows represent displacements. 
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We discuss deterministic extraction of Bell pairs from a finite number of partially entangled pairs by 
using local operations and classical communication. The maximum number of Bell pairs extracted 
with certainty is derived. It is shown that the optima! deterministic entanglement concentration can be 
performed by successive two-pair collective manipulations instead of manipulating all entangled pairs 
at once. Finally, this scheme reveals an entanglement measure that quantifies the exactly distillable 
entanglement. 

1 Introduction 

Quantum entanglement is a valuable resource 
in quantum information theory. In quantum 
teleportation1, Alice and Bob communicate a 
quantum state via an entangled state, 

\$+)AB = fy\W)AB + \H) AB), (1) 

where qubits A and B are possessed by Al
ice and Bob, respectively. It is essential that 
they share a Bell pair, \&+)AB, in advance. 
If Alice and Bob initially share partially en
tangled pairs, they need to prepare Bell pairs 
from the initial pairs only by operating lo
cally on their respective systems and commu
nicating classically. Extraction of maximally 
entangled pairs from partially entangled pairs 
by using local operations and classical com
munication (LOCC) is generally called en
tanglement concentration. (Note that nei
ther global operations on the whole system 
nor transmission of quantum systems is al
lowed in the process.) Various studies on its 
limitations and efficiency have been carried 
out2 '3 ,4 ,5 '6 ,7 . All the proposed entanglement 
concentration processes are probabilistic for 

a finite number of entangled pairs. 
We will discuss an entanglement concen

tration scheme within the framework of ex
act (deterministic) transformations8. Our 
scheme converts a collection of two-qubit 
partially entangled pairs having different 
amounts of entanglement into a bunch of Bell 
pairs with probability 1. Whereas the above 
probabilistic concentration processes run the 
risk of losing all the entanglement contained 
in the initial states with certain probability, 
our concentration scheme answers the ques
tion of how many Bell pairs can be distilled 
from partially entangled pairs without gam
bling. 

2 Determinist ic entanglement 
concentration of two pairs 

We begin with the deterministic entangle
ment concentration of two pairs, which will 
turn out to be the building blocks of the n-
pair concentration. 

In this paper, we deal with bipartite pure 
entangled states, which can be written in a 
standard form called Schmidt decomposition: 

mailto:fumiaki@will.brl.ntt.co.jp
mailto:koashi@soken.ac.jp
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WAB = Y.iV^il^Al^B, where {\i)A} and 
{|f)s} axe the orthonormal bases of respec
tive systems. 

Suppose Alice and Bob wish to extract 
a Bell pair form the following two partially 
entangled pairs shared between them: 

W = v / S | 0 0 ) + v / T ^ 5 | l l ) , ( ) 

\<t>)=Vb\00) + VT=b\ll). K) 

Without loss of generality, we can set 

- < a < b< 1. (3) 

By using Nielsen's theorem9, we can 
prove the following two cases in the deter
ministic entanglement concentration of two 
pairs8,10. 

Case (a): | < ab < i . In this case, 
Alice and Bob can extract a Bell pair from 
\tp) ® \<j>) and keep the residual entanglement 
in another entangled pair such that 

\UJ) = V2ab |00) + Vl - lab |11>. (4) 

Thus they perform 

M®I0)-I*+>®I<">- (5) 
Alice and Bob cannot retain more entangle
ment in the residual pair than in \u>), which 
means that this is the optimal concentration 
in a deterministic way. 

Case (b): A < ab < 1. It is impossible 
for Alice and Bob to extract a Bell pair with 
certainty. The best they can do is gather en
tanglement of two pairs into one pair such 
that 

|w) = Va~b |00) + Vl-ab |11), (6) 

in order to make an entangled pair as close 
to a Bell pair as possible. Thus the concen
tration in this case becomes 

|V) ® |0) - \LJ) ® |00>. (7) 

Note that the product of the larger am
plitudes of each entangled pair, yfab, is con
served before and after the transformations 
in both cases. This fact is the crux of the 
optimality of the deterministic concentration 
presented in Sec. 3. 

3 T o u r n a m e n t - l i k e c o n c e n t r a t i o n 
of n pa i r s 

Suppose Alice and Bob share n partially en
tangled pairs \ipi) ® • • • ® IVVi), where 

Hi) = V ^ | 0 0 ) + V l - a i | l l ) (i = l , . . . , n ) , 

(8) 
with 

2 < «i < !» (9) 

and wish to extract as many Bell pairs as 
possible from these entangled pairs by LOCC 
with certainty. 

If Alice and Bob obtain k Bell pairs and 
(n — k) disentangled pairs, the concentration 
becomes 

IV-l) ® • • • ® IV>n) - • ®fc |$ + ) ® n _ f c |00). (10) 

With Nielsen's theorem, it can be proved that 
this concentration is accomplished if 

ai •••an < r p (11) 

Inequality (11) gives the maximum number 
of Bell pairs extracted from the partially en
tangled pairs given by Eq. (8), 

kraax = L~ l o g 2 ( O l ' ' ' <*n)J , ( 1 2 ) 

where [x\ represents the largest integer equal 
to or less than x. 

At first glance, the optimal n pair con
centration seems to require a collective ma
nipulation of all pairs. However, with Eq. 
(12), we can prove that the optimal deter
ministic concentration can be constructed 
out of two-pair concentrations. The maxi
mum number of Bell pairs, fcma:c, is deter
mined only by the product of the lager am
plitudes of each pair to be concentrated, i.e., 
y ^ i • • -a n . Furthermore, we found in Sec. 2 
that the product never changes during the 
optimal deterministic concentration of two 
pairs. Therefore, we can perform the optimal 
deterministic concentration of n pairs simply 
by successive two-pair concentrations with
out losing any Bell pairs we are to distill from 
the initial state. 
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Let us look at the concentration proce
dure in detail. First Alice and Bob choose 
two arbitrary entangled pairs. Then they 
perform a two-pair concentration on them. 
If they obtain a Bell pair [case (a) in Sec. 
2], it is put aside, and the residual entangled 
pair will be reused in a later pairwise concen
tration. If the selected two pairs are insuffi
cient for a Bell pair [case (b) in Sec. 2], they 
gather the entanglement contained in the two 
pairs into a partially entangled pair, which 
will be reused in a later pairwise concentra
tion. They repeat these operations until they 
achieve the maximum number of Bell pairs. 

After going through the above process, 
Alice and Bob finally share kmax Bell pairs, 
(n — kmax — 1) disentangled pairs, and one 
partially entangled pair. Since the product of 
the larger amplitudes of each pair, y/ai • • • an, 
remains unchanged throughout these concen
tration processes, the residual partially en
tangled state becomes 

\UJ) = V2 f c ' »"a i - - -a„ |00) 

*ai • • • a n | l l ) , (13) 

where | < 2 fcmalai • • • an < 1. This residual 
entangled pair can be used in another pair-
wise concentration if Alice and Bob obtain an 
extra partially entangled pair to be concen
trated together later. Therefore, they do not 
waste any potential entanglement that can be 
distilled in a future concentration. 

As seen in the above, in each pairwise 
concentration, at least one of the pairs be
comes a Bell pair or a disentangled pair, 
which does not proceed to the next concen
tration. Thus, we perform a pairwise concen
tration at most n—1 times in a process similar 
to elimination in a tournament. The pairwise 
nature of this tournament-like concentration 
is useful in a practical sense too. Even if we 
fail in the manipulation of two pairs, or if 
some error occurs in the concentration, only 
the two pairs are affected. The other pairs 
remain intact in spite of such unexpected ef
fects. This contrasts sharply with other pro

posed concentration schemes that require col
lective manipulation of all pairs. 

4 E n t a n g l e m e n t m e a s u r e for t h e 
d e t e r m i n i s t i c c o n c e n t r a t i o n 

We can rewrite the formula for the maximum 
number of Bell pairs [Eq. (12)] as follows: 

Kmax — ^2 - log2 at 

Li=l 

(14) 

This implies that the contribution from a 
partially entangled state \ipi) = y/ai |00) + 
v7! — a,i 111) can be described as 

D(i>i) = - log2 a* ^<Oi<l). (15) 

It is easily seen that D(3>+) = 1 and 
D(|00)) = 0. Thus D(ip) does not diverge 
in A < at < 1. 

The quantity D(if>) is an entanglement 
measure for the deterministic concentration. 
It satisfies the following conditions for en
tanglement measures M(ip) in deterministic 
transformations of pure states: 

(i) M(tp) = 0 iff \ip) is separable. 

(ii) M(ip) remains unchanged under lo
cal unitary transformations. 

(iii) M(tp) cannot be increased by deter
ministic LOCC. 

These conditions are modified versions of the 
conditions for entanglement measures pro
posed by Vedral et al.11-12. The restriction 
of deterministic transformations makes the 
third condition weaker than the counterpart 
in the original versions11 '12, which requires 
the non-increasing property of the expected 
value of the measure when the final states are 
not unique. Note that if we allow probabilis
tic transformations, the expected value of our 
measure can be increased in some cases. 

The measure D(ipi) quantifies the num
ber of Bell pairs contributed by the state \tpi) 
in the deterministic concentration of a finite 
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number of entangled pairs. For example, if 
Alice and Bob share two pairs, |^ i) and \ip2), 
where -D(^i) = 0.7 and D(ip2) = 0.6, then 
they can obtain a Bell pair and a residual 
state \<jj) with D(w) = 0.3, because 0.6+0.7 = 
1 + 0.3. On the other hand, another entan
glement measure2 

E(ipi) = -at log2 a, - (1 - a,) log2(l - a,) 
(16) 

represents the amount of entanglement per 
one partially entangled pair in the concentra
tion of an infinite number of identical copies 
of \ipi). The strong restriction of determin
istic transformations makes our concentra
tion scheme less efficient than the original 
Schmidt projection method2, which attains 
E(ip) in the asymptotic limit. Therefore, the 
quantity D(tp) does not converge on E(tp) 
even in the asymptotic limit. 

The most fascinating property of the 
measure D(ip) is additivity. The additivity 
shows that the tournament-like concentration 
procedure does not depend on the way of 
pairing entangled pairs, because we can al
ways attain the optimality as long as the sum 
5^j D(ipi) is conserved. That is, the initially 
shared partially entangled pairs are finally 
lead to a bunch of Bell pairs and a bunch 
of disentangled pairs by any pairwise manip
ulation that conserves ^ D(tpi). 

5 Conclus ion 

We have studied a deterministic entangle
ment concentration scheme for a finite num
ber of partially entangled pairs consisting of 
two qubits. We derived the maximum num
ber of Bell pairs extracted by LOCC, and 
proved that it can be attained simply by a 
series of two-pair manipulations. The opti
mality requires only tournament-like manip
ulations instead of collective manipulations 
of all entangled pairs. Furthermore, this con
centration scheme revealed an entanglement 
measure for the deterministic concentration, 
which quantifies the amount of entanglement 

that we can use with certainty. 
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We analyze the loss of fidelity in continuous variable teleportation due to non-maximal entanglement. 
It is shown that the quantum state distortions correspond to the measurement back-action of a field 
amplitude measurement 

1 Introduction 2 Continuous variable 
teleportation 

Quantum teleportation transfers a quantum 
state to a remote location using shared en
tanglement and classical communication l. 
Ideally, this procedure does not change the 
transmitted state at all, even though classi
cal information is obtained in an irreversible 
measurement. This is only possible if the 
classical information is completely indepen
dent of the teleported state. In the case of 
continuous variable quantum teleportation 2, 
only non-maximal entanglement is available. 
As a result, the classical information obtained 
in the measurement does depend on the in
put state, and a corresponding measurement 
back-action is observed in the output. In the 
following, this limitation of fidelity in contin
uous variable teleportation is discussed using 
the recently introduced transfer operator for
malism 3. 

In continuous variable teleportation, an un
known input state | ^>m) of the input field a 
is transfered by a precise measurement of the 
field difference a — ft = (3 between a and a 
reference field f. The reference field f is en
tangled with the remote field b. This entan
glement is obtained by squeezing the vacuum 
to suppress the fluctuations of b — ft « 0 be
low the standard quantum limit. Therefore, 
the measurement result (5 is approximately 
equal to the field difference between the un
known input field a and the output field b. 
The original quantum state of the input field 
can then be restored by b + (3 « a. 

The most serious technical limitation of 
this teleportation scheme is the amount of 
squeezed state entanglement available. At 
present, it seems unrealistic to assume a noise 
suppression of more than 10 dB. While it may 
be possible to raise this limit in the future, 
maximal entanglement would require the un
realistic limit of infinite squeezing. Non-
maximal entanglement is therefore a funda-
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mental feature of continuous variable telepor-
tation. The quantum state of non-maximal 
squeezed state entanglement can be formu
lated in the photon number basis as 

| EPR{q)) = y/TT^^q71 | n>® | n). (1) 
n 

The entanglement parameter q is related to 
the squeezing factor s by q = (1 — s)/(l + s). 
For example, a noise suppression by one half 
(3 dB) would correspond to q = 1/3. 

With this definition of the initial state, it 
is possible to describe how the measurement 
of a — ft = (3 conditions the output state of 
b. Using the properly normalized eigenstates 
of a — ft 4, the projection reads 

Initial state 

V l - 9 2 E „ 9 " IV'in) ® | n > ® | n ) 

Measurement projection 

7 = E „ <n I D(-/J) ® <n I 

Conditional output state 

\f^T.n1
n (n\D(-(3)\^n) | n ) . 

(2) 
For q —> 1, the conditional output 
state is equal to the displaced input state 
D{—(3) | ^ m ). The effect of q < 1 reduces 
the contributions of states with high photon 
numbers. 

In the final step of quantum teleporta-
tion, the displacement is reversed by modu
lating the output field b. This modulation 
is proportial to (3 and can be described by a 
displacement operator D(g/3), where the gain 
factor g permits an amplification or attenu
ation of the output amplitude. The process 
of continuous variable quantum teleportation 
can then be described by a transfer operator, 
such that both the probability distribution 
P(/3) of the measurement results and the nor
malized conditional output states | ?/>out(< )̂) 
are described by 

VW) I 0out(/?)> = f(0) I VW 
with 

f((3) = 

—S-Y,^ t){9H)\n){n\b{-(3). 
n=0 

(3) 

The transfer operator T(/3) establishes the 
general relationship between the measure
ment information (3 obtained in the telepor
tation and the conditional quantum state dis
tortions caused by this measurement for arbi
trary input states. In particular, the informa
tion obtained about the unknown input state 
| 0 m ) is characterized by a positive operator 
valued measure given by 

P{(3) = <Vin | Tt(/J)f(/J) | V in) 

with 

P(0)f(l3) = 

i 2 _ ° ° . 

- ^ - £ q2nD(P)\n)(n\D(-P). 
n=0 

(4) 

The eigenvalues of this positive operator val
ued measure are the displaced photon num
ber states D{(3) | n ). In phase space, 
these displaced photon number states can 
be associated with concentric circles of ra
dius y/n + 1/2 around (3. The higher n, the 
greater the difference between the actual field 
value and (3. T(/3) therefore describes a finite 
resolution measurement of the complex field 
amplitude a. 

3 Coherent state teleportation 

The properties of the transfer operator are 
best illustrated by applying it to typical in
put states. For a coherent state input | a), 
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the quantum teleportation process is charac
terized by 

f (/3) | a) = 

x exp I (1 - gq) 1 

x \qa + (g-q)P). 

(5) 

This result consists of a probability factor 
y/P((3) describing a Gaussian probability dis
tribution centered around (3 = a, a phase 
factor important only if a superposition of 
coherent states is considered (e.g. cat states 
or squeezed states), and finally the modified 
coherent state, with an attenuated original 
amplitude of qa and a measurement depen
dent displacement of {g — q)(3. 

Note that equation (5) may be applied to 
any input state if that state is written as a 
superposition of coherent states. The phase 
factor is then crucial in determining the co
herence of the output. For a simple coherent 
state, however, the distortions of the output 
state are best characterized by defining the 
measurement fluctuation <j> = /3 — a. The 
probability distribution over (f> is then given 
by a Gaussian centered around 0 = 0, and 
the output statistics are described by 

P{4>) = l ^ ! e x p ( - ( l - g 2 ) | 0 | 2 ) 

l ^ o u t ( 0 ) ) = \go< + (g-q)4>)-

(6) 

The correlation between the measurement 
fluctuation <f> and the output amplitude go. + 
(g — q)<f> is given by the gain dependent factor 
g — q. In particular, g > q indicates a positive 
correlation between the measurement fluctu
ation and the output amplitude, while g < q 
indicates a negative correlation. In the spe
cial case of g = q, the output amplitude 

does not depend on the measurement result. 
At this gain condition, continuous variable 
quantum teleportation simply attenuates the 
coherent state to an amplitude of qa. As 
pointed out by Polkinghorne and Ralph 5 , 
this situation corresponds to the attenuation 
of the signal at a beam splitter. Our formal
ism allows a generalization of this analogy to 
back action evasion measurements using feed
back compensated beam splitters 6. 

4 Photon number state 
teleportation 

It is possible to identify the beam splitter 
analogy more directly by examining the ef
fects of the Transfer operator on the creation 
operator d*. For g = q, 

fg=q{H)a) = ((1 - q2)p* + qfit) fg=q((3). 

(7) 

Effectively, Tg=q (/?) attenuates d* by a factor 
of q and replaces the loss with a complex am
plitude of y/l — q2/3*. The attenuated am
plitude can be identified with the component 
transmitted by a beam splitter of reflectivity 
R — 1 — q2 and the j3* dependent addition 
can be interpreted as the measurement back-
action from the reflected parts of the input 
field. In general, the teleportation of a pho
ton number state can then be described by 

r(/3)-L(dt;no) = 

D((g - q)H) 

x((i^2)/r + ( ? d t ) n | o ) . 

(8) 

The measurement back-action causes photon 
losses and introduces coherence by replacing 
a component of the creation operators with a 
complex amplitude. This corresponds to the 
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loss of photons at a beam splitter and the 
measurement back-action of a projection on 
coherent states, e.g. by eight port homodyne 
detection. 

5 Conclusions 

The transfer operator T(/J) provides a com
plete description of the measurement infor
mation extracted and the quantum state dis
tortions in continuous variable teleportation. 
The correlations between the errors caused 
and the information obtained correspond to 
the back-action of a non-destructive quantum 
measurement of the coherent field amplitude. 
In particular, the distortions correspond to 
the attenuation of the original signal ampli
tude and a measurement back-action condi
tioned by the field information obtained from 
a measurement of these losses. 
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W e inves t iga te the changes t o a s ingle p h o t o n s t a t e c a u s e d by t h e n o n - m a x i m a l e n t a n g l e m e n t in 

c o n t i n u o u s variable q u a n t u m t e l e p o r t a t i o n . I t is shown t h a t t h e t e l e p o r t a t i o n m e a s u r e m e n t i n t r o d u c e s 

field coherence in t h e o u t p u t . 

Measurement of 
^ x_+ i y+ 

Beam 
Input " splitter 
state 

F igu re 1. T h e s c h e m a t i c figure for t h e c o n t i n u o u s 

var iab le t e l e p o r t a t i o n . 

1 Introduction 

Quantum teleportation is a method for Al
ice (sender) to transmit an unknown quan
tum input state to Bob (receiver) at a distant 
place by sending only classical information 
using a shared entangled state as a resource 
1. In continuous variable quantum teleporta
tion 2>3'47 the available entanglement is non-
maximal, limited by the amount of squeezing 
achieved. Fig.l shows the setup of a contin
uous variable quantum teleportation. Alice 
transmits an unknown quantum state | 4>)A 
to Bob. Alice and Bob share EPR beams in 
advance. Alice mixes her input state with 
the reference EPR beam by a 50% beam
splitter and performs an entanglement mea
surement of the complex field value /3. After 
Bob gets the information of the field mea
surement value p from Alice, Bob applies a 
displacement to the output state by mixing 
the coherent field of a local oscillator with 
the output EPR beam B. 

As has been shown previously 6 , the 
properties of this transfer process can be 
summarized by the transfer operator Tq(f3) 
which describes both the probability distri

bution P(f3) of measurement results /3 and 
the normalized conditional output state 

I ^out(^)) f° r a n y inPu*- state | ^'jn), such 
that 

VPW)\*<mt(P)) = t9{l3)\tl>l (1) 

In its diagonalized form, this transfer opera
tor reads 

W) = J2<lnD(f3)\n}BA(n\D(-P). 
n = 0 

(2) 
The non-maximal entanglement is described 
by the parameter q, which is 0 for a non-
entangled vacuum and 1 for maximal entan
glement. In the following, this operator will 
be applied to characterize the teleportation 
of a single photon input state, with special 
consideration of the field coherence created 
in the output by the teleportation process. 

2 Teleportation of a single photon 
state 

The output of a one photon input state is 
characterized by 

l e - ( i - . J ) f W ) 11) = y 

£>((1 - 9)/3)((l - ^2)/5* | 0) + g i 1}). (3) 

The normalized output state is then given by 

I V>out(/3)> =£>((!-<?)/?) 
V V + ( 1 - 9 2 ) W 

( ( l - g
2 ) / T | 0 ) + 9 | l » . (4) 

The output state can be described by a dis
placed coherent superposition of a zero pho
ton and a one photon component. Both the 
displacement and the coherence depend on 
the complex measurement value /?. They 
therefore represent a measurement induced 
coherence of the output state. We character
ize this coherence by the expectation value of 
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the complex field ampli tude, 3 C o n c l u s i o n s 

<?2 + ( i - < ? 2 ) 2 « | /9 + ( l - 9 ) / 3 . 

(5) 

cn|/?|) 

101 
Figure 2. The absolute value of /? dependence of the 
field amplitude dq

1) (/?) in the case of q = 0.5. The 
curve is approaching ?/ = 0.5</. 

Fig.2 illustrates this dependence of Cq 

on f3 for q — 1/2. For low values of /?, C9 

rises sharply, levelling off around |/?| ss 0.5. 

At higher values of |/?|, Cq slowly approaches 

(l—q)/3, as indicated by the dot ted line. Since 

the input photon number state has a field ex

pectat ion value of zero, the field coherence 

in the output is a consequence of the mea

surement f3. As has been argued elsewere 6 , 

(3 corresponds to the result of a field mea

surement performed on the input s ta te . This 

measurement creates coherence by projection 

onto displaced photon number states as indi

cated by the diagonalized form of Tq{(3) in 

equation (2). Since the photon is the quan

tum mechanical equivalent of field intensity, 

each photon represents an addition of one 

quantum unit to the field fluctuations. The 

measurement then converts the field fluctua

tion into an actual field. This process is re

sponsible for the rapid increase in coherence 

at low values of (3. 

We have investigated the effects of continous 

variable quan tum teleportat ion on a single 

photon input s ta te . Because of the non-

maximal entanglement used in the telepor

tat ion, the measurement of j3 introduces co

herence into the output state. We have quan

tified this coherence, t racing its origin to the 

field fluctuations of the single photon input . 
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Retrievable, usable quantum information is transferred in a scheme which, in a striking contrast to 
quantum teleportation, requires no external channel and does not involve the transfer of a quantum 
state from one subsystem to another. The process uses a three particle system in which the information 
is transmitted from 3 to 1 even though 1 and 3 never interact but are both entangled with 2. Tha t 
this scheme implies a previously unexplored form of quantum nonlocality is also demonstrated. 

Quantum entanglement is used as a re
source for transferring and processing infor
mation. Most work, starting from1, has been 
on studies of quantum teleportation (QT). In 
QT the information transfer from one wing to 
another involves a maximally entangled state 
in conjunction with a Bellbasis measurement 
in one wing with an external channel through 
which information about the outcome is clas
sically communicated to the other wing. The 
information is transferred by transporting a 
quantum state in which it is encoded. 

We show that the quantum formalism 
permits a different protocol involving a tri
partite entanglement in which the informa
tion transfer does not require any external 
channel and does not involve the transfer of 
a quantum state from one system to another. 
In it, the Bellbasis measurement is replaced 
by an interaction between two subsystems, 2 
and 3, in one wing while 2 is entangled with 
subsystem 1 in the other wing. The exter
nal channel is replaced by a long range in
teraction between 1 and 2 which, along with 
entanglement, transports the information. 

In this ipso-information transfer (IIT) 
scheme, particles 1 and 2 are first prepared in 

an entangled state. They separate but con
tinue to interact via a long-range residual in
teraction, V R ( 1 , 2 ) . While V R ( 1 , 2 ) acts an 
independent interaction, Vjv(2,3), between 2 
and 3 may be switched on by Alice. If Alice 
switches it on then the joint state of 1, 2 and 
3 becomes entangled. Then, after all the par
ticles have separated and ceased interacting, 
1 and 3 are entangled with each other because 
both are in turn entangled with 2. The pair 
of single particle states of 2 are not orthogo
nal. Hence this tripartite entangled state is 
not Schmidt decomposable, and so it is not 
asymptotically equivalent to a GHZ state 2 . 

We note that there are two levels of infor
mation transferred from Alice to Bob: l.The 
yes/no decision taken by Alice whether to 
turn on the interaction, V}v(2,3). 2. Con
tingent on a yes decision, information about 
the final states of 3 given by their inner prod
uct. Provided that Bob knows the initial 
entangled state of 1 and 2 and the form of 
V/v(2,3), he can determine both the strength 
of V/v(2,3) and if the initial state of 3 has 
been changed. Both are obtained from the 
expectation values of certain observables of 
1. The difference in the expectation values 

mailto:jvc@ics.mq.edu.au
mailto:dhom@boseinst.emet
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measured by Bob when Alice has or has not 
turned on the interaction is proportional to 
the inner product of the final states of 3. For 
this protocol to work, as well as the tripartite 
entanglement, both the interactions V R ( 1 , 2) 
and V)v(2,3) are necessary. But it does not 
require any extra communication between Al
ice and Bob as is required in QT. 

The other significant feature of this ex
ample is that it implies a form of quantum 
nonlocality which is quite different from those 
previously studied. 

1 Communicating through an 
entangled tripartite state 

To illustrate the way the information is trans
ferred from Alice to Bob, consider the follow
ing scenario: before t\, Alice prepared the 
entangled state, \I/(1,2), of 1 and 2. 

* ( 1 , 2) = a</>+(l)<M2) + H- (1)4>- (2), (1) 

where each of the single particle wave func
tions is normalised and (ip+(l)\%l>-(l)) = 0, 
however, (</>+(

2)l</>-(2)) = 72 ^ 0. We take 
\a\2 + \b\2 = 1 so *o( l ; 2) is also normalised. 

Alice sends particle 1 off towards a dis
tant observer Bob at some time t>t\. As a 
result 1 and 2 separate spatially but continue 
to interact through V R ( 1 , 2 ) whose strength 
diminishes as the separation grows. Alice 
must decide whether and when to switch on 
an interaction, VN(2, 3), between 2 and 3. 
If Alice switches on V/v(2,3) during the pe
riod from £2 to £3, while V R ( 1 , 2 ) is still non-
negligible compared to the kinetic energy, 
then a tripartite entangled state is formed. 

The tripartite entangled state is the nor
malised wave function \P/(1,2,3), given by, 

a<Ml)<M2)X+(3) + W-(l)0-(2)x-(3). 
(2) 

Each single particle wave function in it 
has norm 1, but only (t/>+(l)|i/>_(l)) = 0, 
whereas, (0+(2)|0_(2)) = 7 2 / 0 and 
(x+(3)IX-(3)) = 73 may be non-zero. 

At times t > £3, 2 and 3 cease interacting 
and move apart. At a later time £4, when Bob 
receives 1, V R ( 1 , 2 ) is also negligible in com
parison with the kinetic energy terms and the 
particles 1, 2 and 3 are all non-interacting. 

At a time t > £4, Bob measures 
an observable ^4(1) of 1, that satisfies 
(^+(1)|A(1)|V-(1)> = a £ 0. The expec
tation value of A(l) in <&/(l,2,3) is 

| a | 2 ( ^ + ( l ) | A ( l ) | ^ ( l ) ) 

+ |6|2(V-(1)I^(1)I^-(1)> 
+2Ke 0672730;. (3) 

If particles 2 and 3 had not interacted 
the tripartite system would have a final state 
*^(1,2,3) = *(1,2)xo(3) where Xo(3) is nor
malised and ^(1,2) is given by equation (1). 
The expectation value of A(l) in #^(1,2,3) 
differs from that in ^ ( 1 , 2 , 3 ) , ie (3), by 5 

5 = 23?e 0672(1 - 73)a. (4) 

Once Bob knows a and \&(1,2), ie a, b and 
72, he can determine 73 from 8. 

Hence Bob can determine which choice 
Alice had made by measuring the expecta
tion value of A(l). Therefore, information 
of whether Alice switched on Vjv(2,3) and, if 
she had, about the value of 73 is transferred 
to Bob without 1 ever interacting with 3 and 
after 1 has ceased interacting with 2. Alice 
and Bob need no communication channel ex
ternal to the tripartite system. 

2 The preparation of the 
entangled states 

The explicit dynamical model of the IIT 
scheme that we employ is based upon the 
von Neumann model of measurement3 and 
uses time-dependent coordinate wave func
tions. The position coordinate space is one 
dimensional to simplify the notation. 

The initial state of particle 1 is 

C(qi,t) = aip+(qi,t)+brp-(qi,t), (5) 

is normalised when |a|2 + |6|2 = 1. The 
support of I/J+ (qi > t) is the interval I+ while 
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V>-(<7i, t)'s support is the interval J - , with a 
distance d > 0 between the intervals. 2 has 
the initial wave function (f>o(q2,t). 

The von Neumann interaction, V}v(l,2) 
is turned on at time *o-

VN(l,2) = g(l,2)(qvP2). (6) 

1 and 2 also interact through a weaker, long 
range potential V R ( 1 , 2 ) . The unitary evolu
tion of 1 and 2 is governed by the Hamilto-
nian H, 

H=^- + 1^- + VR(l,2) + VN(l,2). (7) 
2mi 2r7i2 

We assume that 5(1,2) is so large that 
both V R ( 1 , 2 ) and the kinetic energy terms 
can be neglected in comparison with Vpr(l, 2) 
so that the total Hamiltonian is effectively 

H = VN(l,2). (8) 

Given an initial wave function 
*(9i,92,to) = C(«i,*o)0o(«2.*o) the solution 
of the Schrodinger equation with Hamilto
nian H (8), is an entangled bipartite state, 

*(9i.92>*i) = aip+(qi,to)<j>+{q2,t0) 

+&^-(«i , io)M«2,to) (9) 

where (/>s(q2,to), for s = ±, are given by 

weighted shifts in q2 of <j)o(Q2,to), 

4>s(q2,to) = / IMgi,*o)l2<£o(g2-gi,*o)dgi-

(10) 
with gi = g(l,2)(ti -t0)qi4. The interaction 
V}v(l,2) is impulsive. 

At a time t2 > t\, while 1 and 2 are still 
interacting through VR(1, 2), 2 and 3 interact 
through Vj\r(2,3). The Hamiltonian for the 
system is , 

H P* +^- + ^ - + VN(2,3) + VR(l,2). 
2m\ 2m2 2rri3 

(11) 
VN(2,3) is given by 

VN(2,3) = g(2,3)(q2p3). (12) 

g(2,3) is so large that while V^(2,3) is acting 
the total Hamiltonian is effectively 

V/v(2,3) acts impulsively and prepares an en
tangled wave function ^(qi,q2,q3,t3) 4-

After £3, the wave function evolves under 
the Hamiltonian H, 

H = P\ 
+ 

vl Pi + ; P - + Vfe(l,2) (14) 

H = VN(2,3). (13) 

2mi 2m2 2m3 

until a time when V R ( 1 , 2) becomes negligible 
in comparison to the kinetic energy terms in 
H then Bob can measure the observable A(l). 

3 Summary of the IIT protocol 

It is crucial that 1 and 2 continued to inter
act while 2 and 3 were interacting. If VR(1, 2) 
was negligible compared to the kinetic energy 
terms when V/v(2,3) was acting, the final en
tangled state, \I/^(1,2,3), given by (2), could 
not be formed by a unitary dynamics because 
the states of 2 are not orthogonal5. The mag
nitude of VR(1 , 2) is irrelevant as long as it is 
not negligible compared to the kinetic energy. 

The IIT scheme is robust in that param
eters like g(l,2) and #(2,3) can be varied 
and information is still tranferred. It is se
cure against eavesdropping by Alice. By lo
cal measurements on particle 2, Alice cannot 
detect any change after or even while the in
formation is transported from Carol to Bob 
because the reduced density matrix of 2 re
mains unchanged. 

Furthermore, the two levels of trans
ferred information in the IIT scheme exhibit 
different responses to variations of the param
eters. The first level is not sensitive to vari
ations provided that 72 is non-zero but the 
second level is. The information contained in 
73 can be analysed in terms of binary infor
mation, for example using a binary tree. 

4 A novel form of quantum 
nonlocality 

Consider the following scenario; After the en
tangled state (1) has been prepared, particle 
1 goes towards Bob and particle 2 goes to 
Alice. As well, Alice receives particle 3 from 



71 

Carol who has prepared 3 in a certain initial 
state. Then Alice switches on the interaction 
V/v(2,3) forming the tripartite entanglement. 

Subsequently, Bob measures an observ
able A(l). If Carol varies the initial state of 
3 but Alice keeps V/v(2,3) unchanged, then 
the value measured by Bob will change. 

Thus a local change made by Carol at a 
region spatially distant from Bob affects the 
statistical result of a measurement performed 
by Bob. The key point is that although the 
particle 3 send by Carol eventually interacts 
with 2, which in turn interacts with 1, the 
information from Carol's initial state prepa
ration sector is not simply transported in a 
classical way by the interactions VR(1 , 2) and 
V/v(2,3). The reduced density operator of 2 
remains unchanged during the process so that 
Alice has no access to the information that is 
being transported. Moreover there is no di
rect channel between Carol and Bob. 

Such an effect is therefore nonlocal, be
cause according to any local model, the re
sults of local measurement on particle 1 are 
determined entirely by the initial entangled 
state (1) of 1,2 and their interaction V R ( 1 , 2 ) 

because the states of 2 in the tripartite state 
(2) are unaffected by changes in the initial 
state of 3. This requirement is not satisfied 
in the IIT example, thereby implying a new 
form of quantum violation of Einstein's lo
cality condition, viz."...the real factual sit
uation of the system 52 is independent of 
what is done with the system 51 which is 
spatially separated from the former"6. This 
form of non-locality is independent of how 
"realism" is specified or what form of "hid
den variables" is used in a local model. 

In IIT, nonlocality is discernible through 
statistical measurements in one of the wings 
without needing to use correlations between 
observations in the different wings. This con
trasts with the usual arguments for quan
tum nonlocality (whether or not a Bell-type 
inequality is used)7. Long range interac
tions in conjunction with kinematic entan

glement produce this type of non-locality in 
non-Schmidt decomposable states. Further 
studies of the properties of the interactions 
needed to implement the scheme are planned. 
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We compute the time evolving reflection probability of a wave packet incident on a potential barrier 
while its height is reduced. A time interval is found during which the reflection probability is larger 
(superarrivals) compared to the unperturbed case. To explain this essestially nonclassical effect, a 
wave function acts as a "field" through which a disturbance resulting from the boundary condition 
being perturbed propagates at a speed depending upon the rate of reducing the barrier height. This 
phenomenon suggests a hitherto unexplored application for secure information transfer. 

1 Introduction 

Several interesting applications of wave-
packet dynamics have been pointed out in 
recent years1. In this paper we investigate a 
new effect revealed in a time-dependent situ
ation. Generally, the reflection/transmission 
probabilities for the scattering of wave pack
ets by potential barriers are calculated after 
a complete time-evolution when asymptotic 
values have been attained. Here we study a 
phenomenon that occurs during the time evo
lution. For this purpose we consider the dy
namics of wave packet scattered from a bar
rier while its height is reduced to zero before 
the asymptotic value of reflection probability 
is reached. 

If an initially localysed wave packet 
tp(x, t = 0) moves to the right and is scat
tered from a rectangular potential barrier of 
finite height and width, the time evolving re
flection probability obtained at the left of a 
point x' is given by 

\R(t)\2= r \^(X,t)\2dx (i) 
J — oo 

Note that xl lies at the left of the ini
tial profile of the wave packet such that 

J* |^»(a;,t = 0)| dx is negligible. Let us 
now consider the case if during the time evo
lution of this wave packet the barrier is per
turbed by reducing its height to zero. Let this 
height reduction take place within a small in
terval of time compared to the time taken by 
the reflection probability to attain its asymp
totic value |.Ro| • We compute effects of this 
perturbation on |.R(t)| . 

We find that there is a time interval 
during which |i?(t)| is remarkably larger 
in the perturbed case even though the bar
rier height is reduced. We call this effect 
"superarrivals"2. We showed in 2 that this es
sentially nonclassical phenonenon can be ex
plained in terms of the dynamical kick im
parted on the wave packet by the time evolv
ing barrier. The time interval and the mag
nitude of superarrivals depend on the rate at 
which the barrier height is made zero. In
formation about barrier perturbation reaches 
the detector with a finite speed (signal veloc
ity, ve) which is also proportional to the rate 
at which the barrier is reduced. Here we sug
gest a scheme for secure information transfer 
using superarrivals. 

mailto:archan@boson.bose.res.in
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2 S u p e r arrivals t h r o u g h barr ier 
p e r t u r b a t i o n 

Let us consider an initial wave packet given 

by 

^ ( * , t = 0) = 

2w{a0y 
1/4 exp 

(X — Xp) 
-ip0x (2) 

with width OQ centered around x = XQ and its 

peak moving with a group velocity vg = -^ 

towards a rectangular potential barrier cen

tered at a point xc. (We set h = 1 and 

m = 1/2. The numerical values of all quan

tities are evaluated in terms of these units.) 

The point XQ is chosen such tha t ip (x,t = 0) 

has a negligible overlap with the barrier. For 

computing \R(t)\ given by Eq. (1) the t ime 

dependent Schrodinger equation is solved nu

merically. Height of the barrier (V) before 

per turbat ion is so chosen tha t the asymptotic 

value of reflection probability is close to 1 for 

the static case. |-R(i)| is computed according 

to Eq. (1) by taking various values of x' sat

isfying the condition x' < XQ — 3ao/V2. The 

computed evolution of | i?(t) | corresponds to 

the building up of reflected particles with 

t ime. It means tha t a detector located within 

the region —oo < x < x' measures |i?(f)| by 

registering the reflected particles arriving in 

tha t region up to various instants. First , we 

compute | i? s ( i ) | f ° r the wave packet scat

tered from a stat ic barrier. Next we com

pute the time evolution of |i?p(t)| in the 

per turbed case by choosing different rates of 

barrier reduction. In all cases the barrier re

duction s tar ts a t a t ime tp and the barrier 

height is reduced to zero linearly in t ime. tp 

is chosen such tha t a t t ha t instant the overlap 

of the wave packet with the barrier is signifi

cant. The time interval during which the bar

rier is per turbed is denoted by e. We choose 

values for which e <C to, *o being the t ime 

required for \R(t)\ t o a t ta in the asymptotic 

value \RQ\ • Figure 1 shows the evolution of 

\R(t)\z for various values of e. One sees tha t 

Figure 1. | f i( t) |2 is plotted for various values of e. 
The top curve corresponds t o the static case. The 
other curves correspond to the perturbed cases with 
different rates of reduction. As one increases e, the 
magnitude of superarrivals decreases. 

during the t ime interval td < t < tc, 

|J2p(t)|2 > \Rs(t)\
2 (3) 

tc is the instant when the two curves cross 

each other, and td is the time from which the 

curve corresponding to the per turbed case 

s ta r t s deviat ing from tha t in the unper turbed 

case. A detector placed in the region x < x' 

would therefore register more counts during 

this t ime interval A t = tc — td even though 

the barrier height had been reduced to zero 

prior to tha t . 

In order to demonstrate the quan tum 

mechanical nature of superarrivals, one could 

consider a probabilistic distribution of part i 

cles given by the initial wave packet in terms 

of the spreads in both position and momen

tum. Solving the classical Liouville equation 

for the same time-varying potential and ob

taining | i ? s ( t ) | 2 and |i?p(t)|2 for the classical 

case shows tha t there are no superarrivals . 

The magnitude of superarrivals can be 

defined by a quanti ty 77, given by 

V = 
•Lp *S 

(4) 

where the quanti t ies Ip and Is are given by 

Ip= f \Rp{t)\2dt (5) 
JAt 
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Is= f \Rs(t)\
2 dt (6) 

JAt 

Now we consider the question as to how fast 
the influence of barrier perturbation travels 
across the wave packet. Note that the infor
mation content of a wave packet does not al
ways propagate with the group velocity vg of 
a wave packet which is usually identified with 
the velocity of the peak of a wave packet. A 
local change in potential affects a wave packet 
globally, the global effect being manifested 
through time evolution of the packet. The 
action due to a local perturbation (barrier 
height reduction) propagates across the wave 
packet at a finite speed say, ve affecting the 
time evolving reflection probability. Thus a 
distant observer who records the growth of 
reflection probability becomes aware of per
turbation of the barrier (starting at an in
stant tp) from the instant td when the time 
varying reflection probability starts deviating 
from that measured in the unperturbed case. 
Thus ve is given by 

It has been shown2 that the duration of su-
perarrivals At, magnitude of superarrivals T), 
and the signal velocity ve all decrease mono-
tonically with increasing e (or decreasing rate 
of barrier reduction). The reducing barrier 
imparts a kick (the magnitude of which is 
proportional to the rate of reduction) on the 
wave packet. This disturbance is propagated 
accross the wave packet to reach the detector. 

3 A scheme of secure information 
transfer 

We have seen from our above analysis that a 
perturbation in the boundary condition (po
tential barrier) affects the dynamics of a wave 
packet reflected from it. The reduction of 
barrier height provides a kick to the wave 
packet, breaking it up into a reflected and 
a transmitted portion. An analysis of the 

2 I . 1 , 1 . , , 1 
0.16 0.21 0.26 0.31 0.36 

e/100 

Figure 2. The duration of superarrivals At is plot
ted versus e. The three different curves denote three 
different values of the detector position. 

profile of the wave packet shows that the re
flected part has a secondary peak which is 
shifted towards the detector2. We have also 
seen that information about barrier pertur
bation taking place at the location xc and 
starting at the time tp propagates through 
the wave packet and reaches the detector lo
cated at x' at the time td with a finite velocity 
ve. It is interesting to investigate the details 
of this information transfer occuring through 
quantum superarrivals. 

A lot of interest is being currently de
voted to study and develop new schemes 
of quamtum information transfer (see, for 
instance Alber et aP). Let us see, how 
the present scheme of superarrivals could, in 
principle, be used for such a purpose. In or
der to do so, it is important to focus on the 
variation of At = tc — td (the duration of su
perarrivals) as a function of e (the time taken 
for barrier reduction). This is plotted in Fig
ure 2 for three different values of the detector 
position x'. Note that At decreases monoton-
ically with increasing e for a wide range of 
values of e. Now suppose a particular curve 
in Figure 2 (functional relation between At 
and e for a fixed value of detector position 
x') is chosen as a key which is shared by two 
persons Alice and Bob who want to exchange 
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information. Alice is at the barrier and re

ceives a continuous inflow of particles whose 

wave function is given by the initial Gaus

sian. Alice has t h e choice of reducing the 

barrier height a t completely random differ

ent rates. She chooses one particular value 

of e for a single run of the experiment, and 

she wants Bob who is at the detector t o be 

able t o decipher this value of e. Bob monitors 

the t ime evolution of |i?p(t)|2 through the de

tector counts and is able to decipher tc, t^, 

and hence At by comparison with the curve 

| i? s( i ) | for the static case. He then uses his 

key to infer the exact value of e corresponding 

to the particular value of A t he has measured. 

The whole procedure can be repeated with 

different rates of barrier reduction as many 

times as required by Alice and Bob. In this 

way an exchange of information takes place 

between Alice and Bob. This exchange is se

cure because it would not be possible for any 

eavesdropper to decipher Alice's chosen value 

of e without having access to the key. It is 

important to note tha t information transfer 

takes place in this scheme without any shared 

entanglement between the two players Alice 

and Bob. Also, the variable e can vary con

tinuously in the allowed parameter range. 

In conclusion, we have suggested a 

scheme of secure transfer of continuous in

formation by the use of the phenomenon of 

quantum superarrivals recently pointed out 

by us . Our method is inherently nonclassi-

cal in the sense tha t the quantum wave func

tion acts as a medium or "carrier" through 

which information about perturbation of the 

boundary condition propagates. The objec

tive "field-like" characteristic of the quan tum 

wave function is exploited in this scheme of 

information transfer, which makes it rather 

distinct from the other schemes available in 

the literature. The most natural and widely 

used form of a localised wave function is of a 

Gaussian type. Since our work is of the first 

type in exploiting a time-varying boundary 

condition and also the objective "field-like" 

property of the wave function for the pur

pose of information transfer, we have chosen 

an initially localised Gaussian wave packet 

having negligible overlap with the barrier . 

Of course, the experimental viability of our 

scheme is contingent upon the robustness of 

the key (Figure 2) against distort ion of the 

initial wave packet. A comprehensive s tudy 

is required to check thoroughly this feature. 

Nevertheless, our preliminary results indicate 

t ha t the key is quite stable against small 

distortions of the width and the location of 

the initial wave packet, provided its Gaussian 

profile is maintained. Further investigations 

wi th more varied sets of parameters and dif

ferent types of per turbat ion in boundary con

ditions are necessary to test the feasability of 

single particle experiments 4 for realizing such 

a scheme. 
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We investigate the condition in order to perform a high fidelity teleportation from experimental view
point. Our scheme referred to the analysis suggested by P. Kok et al [4]. and added our ideas to their 
analysis. As a result, it is possible to demonstrate an experiment of high fidelity teleportation without 
receiver's feedback using a visible light photon counter and high visibility entangled photon sources. 

1 In t roduct ion 

Quantum teleportation using photons is the 
cornerstone of the quantum communication 
and information. The protocol of the quan
tum teleportation uses a pair of two entan
gled photons, each of which is shared by Al
ice and Bob. In order to teleport the state 
of the original photon to Bob, Alice performs 
Bell state measurement on the original pho
ton and the one of the Einstein-Podolsky-
Rosen (EPR) pair shared by Alice. She tells 
the result of the measurement to Bob. Ac
cording to result, Bob performs the appro
priate unitary transformation on the other of 
the EPR pair, and then the original state is 
reconstructed. 

In 1997, D. Bouwmeester et al. demon
strated an experimental quantum teleporta
tion of polarized photons [1], and reported 
high fidelity in the experiment. Later, it was 
pointed out by Braunstein and Kimble that 
the fidelity might be lower than 1/2 when the 

output of vacuum states was taken into ac
count [2]. They also suggested that the em
ployment of a so-called detector cascade will 
improve the fidelity including the effect of the 
vacuum states. 

In our opinion, the definition of the fi
delity may change according to the experi
mental setup and the supposed usage of the 
output state. In this sense, we think both 
of the "fidelities" are reasonable according to 
circumstances. In a sense, it may be said that 
Bouwmeester et al. improved the fidelity us
ing the receiver's feedback. 

For some applications of the quantum 
teleportation, we have to decrease the vac
uum state in the output. In this sense, 
an experimental demonstration of "high fi
delity quantum teleportation without re
ceiver's feedback" is a challenging theme. 

In this paper, we clarify the required pa
rameters to perform the demonstration using 
a "visible light photon counter (VLPC)" in-

mailto:tsujino@es.hokudai.ac.jp
mailto:takeuchi@es.hokudai.ac.jp
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Figure 1. Scheme of a teleportation experimental 
setup. 

stead of a detector cascade. This detector 
has a high quantum efficiency of 88%, and 
the ability to distinguish the number of in
cident photon [3]. Following the previously 
reported analysis by P. Kok et al.[4], we con
sidered the situations where the EPR twins 
are in the mixed state and the combination 
of different type of detectors. 

2 Background 

2.1 Innsbruck Experiment 

Figure 1 shows the scheme of an experimen
tal setup. The EPR source S\ and the EPR 
source S2 are parametric down-converters 
[1,5]. One of the photons of an EPR pair 
emitted into the mode b from the source Si 
carries the original state. The original state is 
determined by the measurement of the other 
photon in mode a. The EPR pair created 
from the source 52 corresponds to the EPR 
pair in the original proposal of Bennett [6]. 

The parametric down-converter gener
ates not only one EPR pair, but also two EPR 
pairs simultaneously. Unfortunately, in Inns
bruck experiment the detectors couldn't dis
tinguish one photon incidence from several-
photon incidences. Therefore, teleportation 
fidelity was smaller than 2/3 [4] when the 
vacuum state was also included in the "tele-
ported" density matrix. 

2.2 P. Kok's analysis 

P. Kok et al. [4] reported the calculation of 
the fidelity of the teleportation when a de
tector cascade is used in the experiment, the 
calculation was performed as follows. 

In Fig.l, the state of the photons before 
the detectors is given by 

IxXxl = UcasUeUBsUsrc2USrci\0) 

x(o\ulclulc2ulsuluL, (i) 
where |0) is a vacuum state. The Usrci, 
UsrC2 are unitary transformations to gener
ate a wavepacket states of the EPR pairs 
from the sources Si and 52, respectively. The 
UBS, U$ and Ucas are the unitary transfor
mations of the beam splitter(BSo), the po
larization rotator and the detector cascade, 
respectively. The detection of the photon 
is described by the projection operator val
ued measures (POVM's). Taking the partial 
trace over the detected modes, the outgoing 
state is given by 

Pout 

x(xWEvE„Ecas], (2) 

where Ecas is the POVM that corresponds to 
the detection of a x-polarized photon in the 
detector cascade and no ?/-polarize photon. 
The Eu and Ev are the POVMs which corre
spond to the detection event of the detectors 
in the mode u and v. 

3 Teleportation fidelity 
using the VLPC with EPR pairs 
in the pure states 

The Visible Light Photon Counters are the 
alternative unique detectors. S.Takeuchi et 
al. [3] showed that VLPCs have high quan
tum efficiencies (88.2%±5%) and can distin
guish between a single-photon incidence and 
two-photon incidence [3]. With our estima
tion, a VLPC is equivalent to a detector cas
cade with several hundred detectors. Here 
we calculate the fidelity of our future experi
ment using the VLPCs. 
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Figure 2. Theoretical curves of the teleportation fi
delity F of Eq.(4) for cascading detector of n = 1 , 4 
and oo, p\ = P2-
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Figure 3. Curves of teleportation fidelity F of Eq.(4) 
for the ratio probability of creating one entangled 
photon pair from two source, pi/p2-

In addition to the Kok's analysis, 
we added the phase shifter between x-
polarization and y-polarization in Eq.(l) be
cause we can decrease the critical value of 
the fidelity from 3/4 to 2/3. According to 
the actual setup developing, we considered 
the combination of detectors that have differ
ent quantum efficiencies between x-polarized 
photons and y-polarized photons. 

The probability of one entangled pho
ton pair creation of the parametric down-
conversion at 5i(52) is Pi(p2)- We calculated 
the output state up to the order p2 (i.e., p\ 
or P1P2) and found 

Pi 
Pout oc —[1 + n( l - T)y) + (2n - 1)(1 - rjx)] 

'IOXOI+P2I0X0I, (3) 

where \<j>) = cos#|0, l)+eiv sin0|l, 0) is initial 
state send to Bob. Quantum teleportation 
fidelity F is given by 

1 

- f i + U .^ ) + ( 2 - i ) ( l 

(4) 

where r\x and r\y are quantum efficiencies of 
the x-polarized photon on mode a and the 
y-polarized photon on mode a, respectively. 

The functional behavior of the fidelity F 
is shown in figure 2 for the case p\ = p^. Even 
in this condition, it is possible to achieve high 

fidelity teleportation without receiver's feed
back using the VLPC; otherwise, it is im
possible to achieve high fidelity using detec
tor cascade with conventional detectors (i.e. 
SPCMs) or a photon number indistinguish
able detector with the quantum efficiency 77 = 
1. This result shows that both of the features 
(high quantum efficiency and multi-photon 
distinguishability) contribute to the fidelity. 

Figure 3 shows the teleportation fidelity 
F when P1/P2 is changed. In this situation 
the rate of the teleportation is sacrificed to 
improve the fidelity. It is shown that the rate 
is much larger when the VLPC is adopted. 

4 Teleportation fidelity 
using the VLPC with E P R pairs 
in the mixed states 

In this section, we calculate the fidelity for 
the case where the EPR pairs are in the 
mixed states. We consider the states which is 
a simply mixture of the pure EPR pair state 
and the state of the randomly polarized pho
tons. Within the order up to p2 (i-e., p\ or 
P1P2), the density matrix of the pair is given 
as follows : 

/9src = 7[/ s r c |0)<0|t/] r c + ( l - 7 ) [ | 0 ) ( 0 | 

+ P ^ + P 2^|2 ,0) |2 ,0)(2,0 | (2 ,0 | 

+ • • • ] , (5) 
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where I is the identity operator and 7 is a 
mixing parameter. 

Under these conditions, we calculated the 
output state following the calculation shown 
in the previous section; the density matrix of 
the output state p'out is given by 

p'out oc 2pi[ i + (1 - rjy) + (2 - i ) ( l - r)x)] 

x ( 3 - 6 7 + 47
2)|0>(0| 

1 
+2p2Y\4>)(4>\+2p2(l-r)21- (6) 

Therefore, the teleportation fidelity is calcu
lated as follows. 

(l + 72)/2 
F' = 

| p „ ( 3 - 6 7 + 4 f ) + l 
(7) 

where 

P„ = [^ + ( 1 - % ) + ( 2 - i ) ( l - i j x ) ] . (8) 

Figure 4 shows the required parame
ters to performe the "quantum" teleporta
tion. The weakly shaded area shows the re
gion where VLPC (infinite detector cascade, 
77=88%) is fully utilized, and dark area shows 
the region where the effective efficiency is re
duced to 80% by the loss at the filters. 

This result shows that it is possible to 
perform a "receiver's feedback free quantum 
teleportation" using the VLPCs with the re
ported EPR source (7 > 85%). 

5 Conclusion 

We expanded the experimental parameters to 
perform the high fidelity teleportation with
out a receiver's feedback. In addition to the 
previously reported analysis, we considered 
the combination of the different detectors and 
also the EPR pairs in mixed states. The 
VLPC can be distinguished between one- and 
several photons. 

We succeeded to clarity the experimental 
parameters to perform the "receiver's feed
back free quantum teleportation" using the 
VLPC with a reasonable experimental time 
when the effective quantum efficiency of the 

0 0.2 0.4 0.6 

P\IP2 

Figure 4. Teleportation fidelity F' of Eq.(7) under 
the condition that mixed states are generated from 

VLPC is reduced to 80% due to some losses 
in the actual setup. We can perform the 
experiment using the reported EPR sources 
(7=85%). 
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Recently, seemingly conflicting results were obtained for the efficiency of the transmission of classical 
signals over quantum channels. In one study, it was shown that entangled states can improve the 
transmission of classical information in a two-Pauli channel. However, in another study, Bruss et al 
showed that entanglement cannot possibly improve transmission of classical information in a depo
larizing channel. By studying the Holevo information in a general quantum channel, we analyze the 
efficiency of such transmission of classical states. 

1 Introduction 

Quantum entanglement1 has always been an 
important and useful tool in quantum in
formation and communication theory. In
deed, a good understanding of quantum en
tanglement can vastly improve our knowl
edge regarding optimal capabilities of quan
tum channels. A quantum channel permits 
quantum information to be transferred from 
a sender to a receiver. If such transfer of in
formation is free from noise or disturbance 
due to decoherence effects, the quantum in
formation remains faithfully intact. However, 
most practical channels do not conform to 
this class of ideal channels. Real channels 
are always plagued by some form of noise, 
typically through depolarization, amplitude 
damping and dephasing. 

For noisy channels, the efficiency of the 
transmission of information is an impor
tant issue in quantum information theory. 
Analogous to the classical Shannon cod
ing theorem, a quantum version has been 
formulated2'3 several years ago. The quan
tum coding theorem concerns the transmis
sion of an unknown quantum state from a 
sender to a receiver. On the other hand, it is 
also possible to envisage the transmission of 
classical information as a sequences of zeros 
and ones using quantum states. Such consid

eration has given rise to several rich and in
teresting information-theoretic notions based 
on the idea of von Neumann entropy4. It is 
interesting to note that quantum states in
volved in classical information need not be 
orthogonal to each other. 

It is always possible to transmit clas
sical information through a noiseless quan
tum communication channel using orthogo
nal signal states. However, the situation be
comes slightly more complicating for non-
orthogonal states. In this case, it is often in
structive to look at the maximum amount of 
information that a message can be recovered 
in a measurement performed on the system. 
One such measure of the recovered informa
tion is the notion of mutual information4,5'7 

or Holevo information. 
Recently, it has been pointed out that 

entangled states can improve the transmis
sion of classical information in a noisy chan
nel, specifically the two-Pauli channel8'9. 
However, a seemingly conflicting result was 
reported for the case of a depolarizing 
channel10. Specifically, it has been shown 
that such mutual information cannot be en
hanced in a memoryless depolarizing channel. 

In a previous work11, by generalizing pro
totype channels so that the new modified 
channel can straddle between the two-Pauli 
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channel and the depolarizing channel, we see 
why these apparent conflicts arise within the 
parameter space. Since the two-Pauli chan
nel permits the transmission of classical infor
mation via entangled states while the depo
larizing channel forbids such transmission ef
ficiently, our modified channel provides a for
malism for studying the transition from one 
channel to the other using a tuning parame
ter. 

In section 2, we first introduce the gener
alized channel and compute the Holevo infor
mation for equal probable states associated 
with the channel. In section 3, we briefly con
sider parametrizations of the modified chan
nel with one single parameter, q, so that in 
the limit q = 0, we get the depolarizing chan
nel whereas in the other limit of q = 1, we get 
the two-Pauli channel (Sect. 3.1). This result 
has been reported elsewhere n . Moreover, 
for any arbitrary one-parameter parametriza-
tion, it is also very instructive to consider 
t) — q plots for the channels where 77 is a 
parameter for the noise in the channel. In 
section 4 we consider more generally a possi
ble multi-parameter extension of the previous 
model. Finally, in section 5, we summarize 
some of our main points in the paper. 

2 Modifying the channel 

In this section, our generalized channel is de
scribed by the following Krauss operators 

M0 = y/l-ril (1) 

Mi = ^ ( l + Vi)^ (2) 

where at, (i = 1 • • • 3) are Pauli matrices and 
771+772+773 = 0. Also, the parameter 77 mea
sures the amount of noise within the channel. 
It is easy to check that the operators satisfy 
the relation '^M\Mi = 1. Notice that if 

i 

T?I = V2 = V3 = 0) w e get the usual depolariz
ing channel and if ?7i = 772 = | , J?3 = — 1, we 
get the two-Pauli channel. 

The action of a memoryless channel on n 
arbitrary signals Wi is described by10 

4>{^) = J2 (M*> 
k\ ,ko 

** ( < 

Mk 

- < ) (3) 

Further, if the input ensemble of states is the 
set £ = {pi,ni} with Pi "> 0 and T J p i = 1, 
the mutual information, In(S) is defined as 

n 

In(£) = S(p)-J2PiS&M) (4) 
i=i 

where the index n denotes the number of 
channels, p = 2~]Pi(l){'Ki) a n d 

S(x) = - t r (xlog2x) (5) 

is the von Neumann entropy. 
We next consider the following set of 

equally probable input states 

ITTO = c o s 0 |OO)+sin0 | l l ) (6) 

|TT2) =sin6» |00)-cos6» |11) (7) 

|7r3) =cos/3 |01>+sin/3 (10) (8) 

|TT4) = sin/3 |01) -cos/3 |10) (9) 

which becomes maximally entangled for 0 = 
TV 

(3 = — and becomes completely un-entangled 

for 0 = j3 = 0. 
For the quantum state |7i"i), the cor

responding output density matrix, in the 
{|00), |01), |10), | l l)}isgivenby 

<K*i) 
1 
4 

(it o o 6 \ 
o 6 & o 
o & 6 o 

U J 0 0 £"/ 

(10) 

where $f = 1 ± 7 cos 20 + j 2 , £2 = sin 26 (a2 + 
62), & = 1 - 7

2 and & = sin20(a2 - 52), 
a = 1 - 4/3?7 + 2/377771,6 = 1- 4/377 + 2/377772 
and 7 = 1—4/377+2/377773. The eigenvalues of 
the density matrix 4>(TTI) can be easily found 
to be 

Ai,2 = - (1 - 72 ± (a2 

A3,4 = (l + 7 2 ± « ) -

52) sin 20) (11) 

(12) 
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where K = ^4rf- cos2 20 + (a2 + 62 sin2 26). 
A similar computation can also be done on 
the other input states, namely <j>(iTi),i = 
2,3,4. Suppose the input states iX{ occur 
with equal probability in the set £. It is then 
possible to calculate the mutual information, 
I2(£;0,/3) for the set, £' = {1/4, TTJ}, i = 
l , ---4. For a fixed values of 77 and TJJ, it 
turns out that the mutual information ex
hibits periodic extremal values at various val
ues of 6 and /3. By computing 4^- = 0 and 
^ = 0,we see that the only solution to 
these equations occurs when sin 26 cos 26 = 
0, sin2/3cos 2/3 = 0 yielding 0 = mj, /3 = 

n— for some integers, m and n. 
~r 

3 One-Parameter 
Parametrizations 

3.1 A special parametrization 

For simplicity and convenience, we confine 
ourselves to the simplest non-trivial case of 
two channels and compute the mutual in
formation l2{£) and choose the parameters, 
Vi — )̂«'• — 1) 2 and 773 = —q, so that we get 
the depolarizing channel for q = 0 and the 
two-Pauli channel for q = 1. 

The variation of the mutual information, 
h(6,/?) for q = 1/2 = 77 as a function of 6 
and (3 is plotted in Fig. 1. Notice that the 
mutual information is maximal or minimal 
for 6 = m— and (3 = n— for some integers, 
m, n as shown earlier for the general case. In 
particular, we see that for q = TJ = 0.5, the 
mutual information for maximally entangled 
states (6 = (3 = TT/4) is greater than that for 
un-entangled states (6 = (3 = 0) whereas for 
q = 0.5 and r\ = 0.2, the behavior is reversed 
so that the mutual information for maximally 
entangled state is now less than that for un-
entangled ones. 

It is also useful to consider the differ
ence between the mutual information for 
maximally entangled states and un-entangled 

Figure 1. Variation of the mutual information, 
I2(9,0) for (a) q = 0.5 = r; and (b) g = 0.5, JJ = 0.2 
as a function of 8 and /3. 

Figure 2. Difference between mutual information for 
unentangled and maximally entangled states ( 9 = 
7r/4 and j3 = 7r/4) as a function of rj for q = 0 (depo
larizing), q = 0.5 and q = 1 (two-Pauli channel). 

states, A/ 2 , defined by 

Al2(q,r,) = {l2)\t=o=0-(l2)\t=„t=(,. (13) 

In this way, maximally entangled states can 
only enhance to classical communication and 
transmission if AI = A2I < 0. In particu
lar, we have plotted the variations of AJ as 
a function of 77 for various values of q (q = 0, 
q = 0.5 and q = 1) in Fig. 2. The figure 
clearly shows that for q = 0, AI > 0 but as 
q —> 1, there is an increasing dip in the curve 
with a maximal dip of about -0.143443 at 
77 = .368807 for q = 1. The three-dimensional 
variation of AI as a function of both q and 77 
is shown in Fig. 3. 

Thus, as 77 and q vary, the region on the 
77 — q plot in which A7 < 0 provides an in-
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0.6 -~~^**&m& /y 

Figure 3. Diiference between mutual information for 
unentangled and maximally entangled states as a 
function of J? and q. 

Figure 4. Contour plot of the difference in mutual in
formation as a function of r) and q. The shaded por
tion denotes the region in which entangled quantum 
states has a distinct advantage over classical trans
mission. 

dication of the possibility of classical trans
mission using maximally entangled quantum 
states. Such a plot is shown in Fig. 4. 
Clearly for q = 0 (depolarizing channel), it 
is never possible to increase mutual infor
mation using quantum entangled states, but 
for q = 1 (two-Pauli channel), it is possi
ble to do so for certain values of 77, namely 
0 < n < j]0, //o « 0.585795 (see Fig. 2). It 
is also intriguing to note that for arbitrary q, 
(say q = 0.5), some noise seems to aid rather 
than impede classical transmission of infor
mation. 

.2 GA 0 6 0 8 1 

(a) 
17, =q/2; ^ 2=q/2; *j3=-q (b) '1 = " q : ' 2 = 2 q : ' 3 = - c l 

1] =2 q; 72=- q: 7?3=-q 

0 0 2 0.4 0.6 0 8 1 

(C) 
17, = q / 3 ; J7 2 =2q /3 ; 77 3=-q 

0 02 04 0.6 0.8 1 

q 

(d) ' 1 = " q ' 3 : ' 2 = " 2 q / 3 ; ' 3 = q 

Figure 5. Contour plots of A / as a function of 77 and 
<? (V — Q plots) for various parametrizations. Note 
that except for (a) (included for comparison) which 
is the case discussed in this paper, the other rj — q 
plots do not straddle between the depolarizing and 
usual two-Pauli channel. In the limits q = 1, case (b) 
and case (c) become asymmetric two-Pauli channels. 

with different 77;, i = 1,2,3 are also possible 
and the rj — q plots for these parametrizations 
are shown in Fig. 5. Note also that, except 
for 771 = 772 = q/2 and 773 = — q as in the case 
discussed earlier, other parametrizations do 
not in general straddle between the depolar
izing and two-Pauli channel. It is interesting 
to note the changes in the 77 — q plots for 
case (c) and (d) since -qf' = —77} for each 
i — 1,2,3. In the limit q —> 1, although case 
(c) becomes an asymmetric two-Pauli chan
nel (and similarly for case(b)), case (d) con
tinues as an asymmetric depolarizing chan
nel. Note that in our plots, we recover the 
depolarizing channel in the limit q —> 0. 

4 Extension with two or more 
parameters 

It is easy to extend the previous analysis to 
a more general channel, for instance by set
ting rji = qiti = 1 , 2 and 773 = -qi - q2. 
Fig. 6 shows the graph of the difference 

two-Pauli channel. Other parametrizations between mutual information for unentangled 

3.2 Other parametrizations 

In the previous section, we have considered 
a particular modification of the depolarizing-



84 

References 

Figure 6. Difference between mutual information for 
unentangled and maximally entangled states as a 
function of q\ and 92 for 77 = 0.6. 

and maximally entangled states for n = 0.6 
as a function of q± and q?,. Despite the ad
ditional complications due to the introduc
tion of extra parameters, the behavior ap
pears similar. 

5 Concluding remarks 

In summary, we note that by modifying the 
depolarizing channel so that it can smoothly 
interpolate between the two different chan
nels, we study and understand how mutual 
information changes from one type of chan
nel to the another. By considering the mu
tual information, we find that the mutual in
formations in all modified channels are ex-
tremized for either completely un-entangled 
states or maximally entangled states. More
over, the modified channel shows that there 
exists a large class of possible channels which 
can provide transmission of classical informa
tion via quantum entanglement. 
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ENTANGLEMENT MANIPULATION WITH ATOMS A N D P H O T O N S IN A 
CAVITY 
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We review experiments in which entanglement is engineered and manipulated in a system made of 
circular Rydberg atoms interacting with microwave photons in a superconducting cavity. 

1 Introduction 

Engineering entanglement in systems made 
of several particles acting as quantum bits 
has become a very active research field at the 
border between physics and information sci
ence 1. In this paper, I briefly review ex
periments performed with a cavity QED set
up involving Rydberg atoms and microwave 
photons in interaction. These experiments 
demonstrate various aspects of entanglement, 
as well as the deep relationship between en
tanglement and complementarity. We give 
here only a sketchy description of experi
ments published elsewhere in more details. 
A recent review article 2 provides more in
formation on our experimental procedures. 

2 Experimental set-up 

Our apparatus manipulates individual Ryd
berg atoms and microwave photons interact
ing in a controlled and coherent way in a 
high Q superconducting cavity. The set-up, 
sketched in Fig. 1, comprises a cavity C made 
of two spherical superconducting mirrors fac
ing each other. It stores microwave photons 
(51.1 GHz frequency, 6 mm wavelength) for 
up to 1 millisecond and let them interact with 
velocity selected atoms prepared by a pulsed 
process into a circular Rydberg state (in box 
B). The atoms, excited according to a Pois-
sonian process with an average atom number 
per pulse of the order of 0.1, cross one at a 
time the cavity. The set-up is cooled to about 
1 K to minimize thermal radiation noise. The 

atom are detected by the field ionization de
tector D after they have crossed the cavity. 
Some experiments are performed by directly 
detecting the atomic final energy state. In 
other experiments, atomic state superposi
tions are used. These superpositions are pre
pared, before the atoms cross C, by apply
ing to them an auxiliary microwave classical 
field pulse (produced in zone Ri, see Fig. 1). 
Another pulse, produced in R2, is used to 
mix again the atomic energy states after the 
atom has interacted with C. The successive 
application of these two pulses constitutes a 
Ramsey interferometer. Interference fringes 
are obtained in the probability for finding the 
atom in a given final state either when the fre
quency of the Ri — i?2 fields is swept across 
a transition between two Rydberg levels, or 
when the energy gap between these levels is 
tuned by a Stark effect induced by a variable 
electric field applied across the cavity mir
rors. We study how the fringe phase and am
plitude is affected by the presence of photons 
in the cavity and we gain in this way useful 
information on the atom-photon interaction 
process. 

3 Two-particle entanglement via 
resonant and non-resonant 
processes 

Atom-field entanglement is achieved by ex
ploiting the Rabi oscillation at frequency fi 
which occurs when an atom interacts reso
nantly with a cavity mode containing 0 or 1 
photon. Let us call e and g the upper and 

mailto:haroche@lkb.ens.fr
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Cavity C 

Figure 1. Scheme of Cavity QED experimental set-up 

T 
lower circular Rydberg states of the transi
tion resonant with the cavity mode (corre
sponding respectively to electronic principal 
quantum numbers 51 and 50). The Rabi os
cillation brings, after an interaction time t, 
the atom-field system in the linear superpo
sition cos(fii/2)|e,0) +sin(nt/2) |5,1), where 
the two states correspond to an atom in level 
e (g) with 0 (1) photon respectively in the 
cavity. In our set-up, Q/2ir = 50 kHz, so 
that the Rabi period is much shorter than 
the cavity field relaxation time. The inter
action time t is adjusted by Stark switching 
the e — g atomic transition out of resonance 
while the atom flies across the cavity, thus 
freezing the system evolution when the de
sired value of the "pulse area" fit has been 
achieved. When fit = it/2, maximum atom-
field entanglement is obtained 3. When the 
pulse area is 7r, the atom and the field fully 
exchange their energies 4. This process can 
be used to swap excitation between the atom 
and the field and to transform atom-field en
tanglement into an atom-atom one. The ex
periment involves two atoms crossing the cav
ity one after the other, the first initially in 
level e, the second in g. The first atom un
dergoes a 7r/2 Rabi pulse and gets entangled 
with the cavity mode. The second is submit
ted to a IT pulse, copying the cavity state and 
getting entangled in the process with the first 
atom. This entanglement has been checked 
by performing various measurements on the 
final states of the two-atoms and analyzing 

their correlations 3. This massive pair of par
ticles, of the Einstein-Podolsky-Rosen (EPR) 
type, could be used for Bell's inequality tests. 

The above atom-atom entangling proce
dure relies on the transient real emission of 
a photon in the cavity. It is also possible 
to entangle two atoms directly, via a colli
sion process assisted by non-resonant cavity 
modes 5 . The first atom (Ai) is again initially 
in e and the second (A2) in g. The atoms have 
now different velocities, so that the second 
catches up the first at cavity center, before 
exiting first from C. The two closest cavity 
modes are now detuned from the e — g tran
sition at frequency w by amounts 61,82 > &• 
Due to energy non-conservation, no real pho
ton emission can occur in this case. Atom A\ 
can however virtually emit a photon immedi
ately reabsorbed by A<z- This leads, as in the 
resonant case, to atom-atom entanglement. 
The system ends up in a superposition of the 
\e,g) and \g, e) states. The quantum ampli
tudes associated to these states are periodic 
functions of the collision duration (which de
pends on the atoms velocities). The oscilla
tion frequency associated to this second or
der collision process is (0 2 /4 ) ( l /5 i + l/fo)-
By repeating the experiment, we reconstruct 
the probabilities Peg and Pge for finding fi
nally the atom pair in states \e,g) and \g,e). 
We plot these probabilities versus the dimen-
sionless parameter 77 = ui(l/6i + I/62) (see 
Fig. 2). The oscillations of Peg and Pge as a 
function of 77 are well accounted for by theo-
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Figure 2. Joint detection probabilities Peg and Pge versus the parameter 77. Points are experimental. Solid 
lines for small 77 values correspond to a simple analytical model based on second order perturbation theory. 
The dashed lines (large 77) present the results of a numerical integration of the system evolution (adapted 
from 5 ) 

retical models (solid and dashed lines in Fig. 
2). We have realized the situation of max
imum entanglement by adjusting 77 to the 
value corresponding to Peg = Pge = 0.5. 
We have also checked the coherent nature 
of the two-atom state prepared in this way 
by performing measurements of observables 
whose eigenstates are superpositions of en
ergy states. This new method to entangle 
atoms might be used to demonstrate elemen
tary steps of quantum logic, essentially im
mune from noise due to cavity photon decay 
or thermal field background. 

4 Quantum gates and non 
destructive measurement of 
photons 

We now come back to the resonant atom-
cavity case. After a full cycle of Rabi oscilla
tion (2n pulse), the atom-field system comes 
back to its initial state, with a TT phase shift 
of its wave function. If the system is initially 
in the \g, 1) state, it ends up in the state 
—1<7,1) = exp(wr)|<7,1). This is reminiscent 

of the sign change of a spin state undergoing 
a 2TT rotation. When the cavity is initially 
empty, the sign of the state is unaltered, the 
\g, 0) state remaining unchanged. If we view 
the atom and the field as qubits, the 2ir Rabi 
pulse couples them according to the dynam
ics of a quantum phase gate. We have shown 
that this gate works in a coherent and re
versible way 6. We have also applied this 
gate to perform a non-destructive measure
ment of a single photon 7. The phase change 
of the atomic wave function when it under
goes a 2it Rabi pulse in C can be translated 
into an inversion of the phase of the fringe 
pattern of the Ramsey interferometer sand
wiching the cavity (see Fig. 1). By setting 
the interferometer at a fringe extremum, we 
correlate the photon number (0 or 1) to the 
final state of the atom. The atom is then a 
"meter" measuring, without destroying it, a 
single photon in C. The same photon can 
be measured repeatedly by successive atoms, 
without being absorbed. This is quite differ
ent from ordinary absorbing photon counting 
procedures. 
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5 Mult ipar t ic le entanglement 

By combining quantum Rabi pulses of var
ious durations and auxiliary Ramsey pulses 
on successive atoms, one can generate and 
analyse entangled states involving more than 
two particles. By applying a TT/2 Rabi pulse 
on a first atom, one entangles it to a 0/1 
photon field. A second atom then under
goes a 2TT Rabi pulse combined to Ramsey 
pulses, in order to measure this field in a 
non destructive way. Before this atom is de
tected, a three-part entanglement involving 
the two atoms and the photon field is gen
erated. The field state is finally copied on 
a third atom, initially in the lower state of 
the transition resonant with the cavity mode 
(a 7r Rabi pulse is used for this copying pro
cedure). The characteristics of this three-
particle entangled state are analyzed by per
forming various measurements on the three 
atoms 8. These measurements involve the ap
plication of auxiliary Ramsey pulses after the 
atoms have interacted with the cavity. The 
procedure could be generalized to situations 
of increasing complexity, with larger numbers 
of atoms. 

6 Complementarity and 
entanglement at the 
quantum-classical boundary. 

We have also used our set-up to perform a 
complementarity test very closely related in 
its principle to the double slit experiment 
described by Bohr in his 1927 discussions 
with Einstein. Bohr had analyzed a situa
tion where particles are crossing a Young in
terferometer in which one slit is carried by a 
light assembly, free to move independently of 
the other. In an ordinary Young design with 
fixed slits, interference fringes reveal the wave 
nature of the particle. In this design, the 
momentum imparted to the moving slit by 
the deflected particle provides a "which path" 
information, suppressing the fringes and re

vealing the corpuscular aspect. In this ex
periment, the quantum moving slit and the 
particle are in fact the two components of 
a correlated EPR system. The trajectory 
of the particle gets entangled to the motion 
of the slit. Observing (really or virtually) 
this motion lifts the ambiguity of the parti
cle path and suppresses the interferences. In
termediate situations can be considered, by 
varying for example the mass of the movable 
slit. There is a continuous transition from 
the quantum slit case (very small mass) to 
the classical one (infinite mass). In between, 
we expect fringes with a limited contrast, re
flecting the partial degree of entanglement 
between the slit and the particle. 

A Young double slit experiment with an 
ultra-light quantum slit would be very diffi
cult to realize. This gedanken experiment can 
however be translated into an easier to per
form cavity QED experiment, presenting the 
same conceptual features 9. We use, instead 
of a Young device, our double oscillatory field 
Ramsey interferometer, in a slightly modi
fied version. The field pulses, resonant on 
the e — g transition act as atomic beam split
ters transforming these states into superposi
tions. The first resonant field, instead of be
ing produced by R\, is now a small coherent 
field injected through a wave guide inside the 
long lived cavity mode C. Depending upon 
the average photon number n in this field, 
it can be considered either as a microscopic 
or macroscopic "beam splitter". The second 
pulse is produced downstream in R?,. This 
latter pulse, produced by photons fed into a 
low Q field mode and recycled at a very fast 
rate, can always be considered as macroscopic 
and classical. The first and second pulses are 
thus equivalent to the movable and fixed slits 
of Bohr gedanken experiment. If n is large, 
Ramsey fringes with maximum contrast are 
expected. When n gets smaller, the one pho
ton change produced by the atomic transition 
from e to g leads to atom-field entanglement, 
in the same way as the recoil of the slit in 
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Figure 3. a) Ramsey fringes obtained for different mean photon numbers n in the first coherent field pulse. 
The phase $ is swept by Stark tuning the atomic energy levels, b) Fringe contrast as a function of n. The 
points are experimental. The line represents the theoretical predictions corrected for the imperfections of the 
interferometer (adapted from 9 ) 

the Young apparatus leads to slit-particle en
tanglement. Fringe contrast is then expected 
to be reduced. The experimental signals are 
shown in Fig. 3a. We observe that the fringe 
contrast becomes smaller and smaller as n 
decreases. At the limit where the field in 
C is the vacuum, the fringes vanish, reveal
ing maximum atom-field entanglement in C. 
Fig. 3b shows the fringe contrast versus n. 
The points are experimental and the curve is 
a theoretical fit. 

We have performed other entanglement 
experiments, based on the use of dis
persive non-resonant atom-field interaction. 
Schrodinger cat like states of the field have 
been produced in this way and their deco-
herence studied 10. All these experiments 
illustrate fundamental concepts of quantum 
theory and demonstrate the feasibility of el
ementary logical steps in quantum informa
tion processing. We are considering various 
improvements of our set-up and procedures, 
in order to be able to increase the number of 
atoms and photons involved in these experi

ments. 
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Current quantum cryptography systems are limited by the Poissonian photon statistics of a standard 
light source: a security loophole is opened up by the possibility of multiple-photon pulses. By replacing 
the source with a single-photon emitter, transmission rates of secure information can be improved. 
A single photon source is also essential to implement a linear optics quantum computer. We have 
investigated the use of single self-assembled InAs/GaAs quantum dots as such single-photon sources, 
and have seen a hundred-fold reduction in the multi-photon probability as compared to Poissonian 
pulses. An extension of our experiment should also allow for the generation of triggered, polarization-
entangled photon pairs. 

1 Introduction 

Quantum cryptography has emerged as a sig
nificant field of study over the last fifteen 
years, because it offers the promise of private 
communication whose security is assured by 
the laws of quantum mechanics. Most imple
mentations of quantum cryptography so far 
have used a protocol introduced by Bennet 
and Brassard, generally known as BB84 *. 
The message can be encoded on the polariza
tion state of single photons, with a random 
choice between two non-othogonal polariza
tion bases when the photons are sent and re-
cieved. 

However, sources of single photons have 
not been generally available. Experimen
tal implemetations of BB84 have used pulses 
from lasers or light-emitting diodes, attenu
ated to the point where the average photon 
number per pulse is significantly less than one 
2. However, the number of photons in these 
pulses is described by Poissonian statistics, so 
that there is always a possibility of more than 
one photon being sent in a given pulse. Such 

pulses are vulnerable to a photon-splitting 
attack, where the eavesdropper removes one 
photon from the pulse, leaving the remaining 
photons undisturbed 3. 

A pulse stream with reduced multi-
photon probability compared to the Pois
sonian case is said to be antibunched, and 
can only be described only quantum mechan
ically. Mathematically, such non-classical 
photon statistics can be described using the 
second-order correlation function g^(r), de
fined as follows: 

9 (r)= ww2 ' ( ) 

A pulsed source with Poissonian statistics 
will have a g^2\r) function consisting of a 
series of peaks with unit area, when normal
ized by the pulse repetition period. This can 
be seen in Fig. 1, which shows a measured 
second-order correlation function for atten
uated pulses from a mode-locked Ti:Al203 
laser. This reflects the fact that the probabil
ity of detecting a photon in a given pulse is 
independent of whether a photon has already 
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Figure 1. Measured photon-photon correlation func
tion for pulses from a mode-locked Ti:Sapphire laser 
with a 13 ns repetition period. The numbers above 
the peaks are the normalized areas. 

been detected. For an ideal single-photon 
source, the central peak at r = 0 is absent, 
indicating that, once a single photon has been 
detected in a pulse, another one will never be 
detected. An antibunched source will have 
a zero-delay peak with an area between zero 
and one. This area gives an upper bound on 
the probability P(rij > 2) that two or more 
photons are present in the same pulse: 

2P(nj>2)/(n)2< 9{2\r)dT. (2) 

where (n) is the mean photon number per 
pulse, T is the pulse repetition period. 

Excitons in quantum dots are promising 
as single-photon sources, since they behave 
as single emitters. It has been shown that 
the fluorescence from a single quantum dot 
exhibits antibunching 4. We have achieved 
triggered generation of antibunched photons 
from a single quantum dot by exciting with a 
pulsed laser and spectrally filtering the emis
sion 5 . The normalized area of the g^(0) 
peak can be as low as 0.03. This system 
for generating single photons, which has also 
been reported by other groups 6 is stable over 
long periods of time, and is compatible with 
mature semiconductor technologies. This al
lows for the possibility of injecting carriers 
into the dot electrically instead of optically, 
producing arrays of sources, and integrating 
into larger structures 7. 

Figure 2. Atomic-force-microscope image of sparse 
self-assembled InAs quantum dots grown on GaAs. 

The single quantum dot can serve as a 
source of other non-classical radiation states. 
For example, there may be the possibil
ity to create triggered pairs of polarization-
entangled photons 8 . Generation of single 
photons and entangeld photon-pairs is also a 
key for quantum computation and network 
based on photonic qubits. Optical quan
tum computation based on nonlinear Fred-
kin gates 9 '10 and linear optical elements u 

requires the synchronized parallel production 
of many single photons. 

2 Single InAs /GaAs Quantum 
Dots 

Semiconductor quantum dots are small re
gions of a low-bandgap semiconductor inside 
a crystal of a larger-bandgap semiconductor. 
The bandgap difference acts as a potential 
barrier for carriers, confining them inside the 
dot. Quantum dots are small enough that 
the carriers form standing waves inside the 
confinement region, and can only occupy dis
crete energy levels. When InAs is deposited 
on GaAs, a strained planar layer, known as 
a wetting layer, initially forms. The strain 
energy that builds up in this layer is even
tually partially relieved by the formation of 
nanometer-scale islands on the surface. The 
islands form without defects, and can subse
quently be covered with a capping layer of 
GaAs. 
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We grew InAs/GaAs quantum dots by 
molecular beam epitaxy (MBE). The samples 
used in our experiments were grown under 
conditions that give relatively sparse dots, 
with a surface density of 11 - 75 /mi~2. Fig. 2 
shows an atomic-force microscope image of 
dots similar to the dots used in our experi
ments, except for the absence of a GaAs cap
ping layer. Single dots are isolated by etching 
mesas in the MBE-grown sample. The mesas 
are fabricated by electron-beam lithography 
and dry etching. Fig. 3 shows PL spectra 
from the quantum dot used to generate single 
photons. With continuous-wave (CW) exci
tation above the GaAs bandgap, the emis
sion spectrum displays several lines. We be
lieve that these lines all come from a single 
dot, because other mesas show nearly identi
cal emission pattern (peak heights, spacings 
and widths), except for an overall wavelength 
shift, suggesting that this pattern is not ran
dom. When the laser is tuned to an absorp
tion resonance at 857.5 nm of an excited but 
QD confined state, thus creating excitons di
rectly inside the dot, emission peaks 3 and 4 
almost disappear. We therefore believe that 
they represent emission from charged states 
of the dot. We identify peak 1 as ground-
excitonic state emission after the capture of 
a single exciton, and peak 2 as "biexcitonic" 
emission after the capture of two excitons. A 
biexcitonic energy shift of 1.7 meV is due to 
electrostatic interactions among carriers. 

Assignment of the different peaks is sup
ported by the dependence of the emission line 
intensities on pump power. We can see lin
ear growth of peak 1 and quadratic growth 
of peak 2 in the weak-pump limit, as ex
pected for excitons and biexcitons, respec
tively. Further support for the peak inden-
tification comes from time-dependent spec
tra, as collected by the streak camera. The 
camera produced two-dimensional images of 
intensity vs. wavelength and time after excit
ing with a laser pulse. Integration times were 
about 5 minutes, corresponding to about 20 
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Figure 3. Photoluminescence spectra from a single 
InAs/GaAs self-assembled quantum dot. For ( a ) , the 
pump laser had energy above the GaAs bandgap. For 
(b) , the pump energy was resonant with a higher-
order transition in the dot, so that excitons are cre
ated only in the dot. 

billion pulses. Time resolution as determined 
by the spectrometer is about 25 ps. The im
ages were corrected for background counts, 
non-uniform sensitivity, and a small number 
of cosmic ray events. By integrating inten
sity within frequency windows corresponding 
to the peaks shown in Fig. 3, time-dependent 
intensities are obtained for the different lines. 
The results are shown in Fig. 4 for different 
pump powers. 

Under weak excitation, the single-exciton 
line (line 1) appears quickly after the exci
tation pulse, and then decays exponentially. 
This decay time has been measured accu
rately under resonant excitation to be 0.47 
nsec. Under higher excitation power, how
ever, line 1 reaches its maximum only after a 
long delay. Most of the emission immediately 
after the excitation pulse now comes from 
line 2. A simple explanation for this behav
ior is that, since the laser pulse now initially 
creates several exciton-hole pairs on average, 
some time is required before the population 
of the dot reduces to one electron-hole pair, 
and only then can the single-exciton emission 
occur. 

In an even high excitation power, the bi
excitonic emission is delayed and the third 
peak (tri-excitonic emission at a slightly 
longer wavelength than the bi-exciton line) 
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Figure 4. Time-dependence of luminescence intensi
ties of the single-exciton line 1 (black) and the biex-
citon line 2 (gray) after pulsed excitation above the 
GaAs bandgap. Hollow lines show model fit results, 
with the parameter values for the fits shown in the 
figures. The pump powers are (a) 27 /xW, (b) 54 
iAV, (C) 108 ^W, and (d) 432 /xW. 

appears immediately after the excitation 
pulse. 

3 Generation of Single Photons 

The emission from a quantum dot containing 
a single and last exciton has a distinct wave
length due to multi-particle interaction effect. 
There should be only one photon emitted at 
this energy for each excitation laser pulse, re
gardless of the number of electron-hole pairs 
originally created inside the dot. Spectral fil
tering was used to select this last photon, re
sulting in only one photon per pulse. 

The Hanbury Brown and Twiss-type con
figuration was used to measure the second-
order correlation function. A beamsplitter 
sends photons towards one of two single-
photon detectors. The detectors are EG&G 
"SPCM" avalanche photodiodes, which have 
efficiencies of 40% at 877 nm and 0.2 mm-
wide active areas. The electronic pulses 
from the photon counters were used as start 
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Figure 5. Photon-photon correlation functions for 
emission from a single InAs quantum dot under 
pulsed, resonant excitation. The numbers above the 
peaks represent the normalized peak area p j . 

(ii) and stop (£2) signals for a time-interval 
counter, which recorded a histogram of de
lays T = t2 — t\. Normalized histograms are 
shown in Fig. 5. 

In the limit of low collection and detec
tion efficiency, these histograms approximate 
the second-order correlation function. The 
T = 0 peak shows a large reduction in area, 
indicating strong anti-bunching. The num
bers printed above the peaks indicate the 
peak areas, properly normalized by dividing 
the histogram areas by the photon count rate 
at each detector, the laser repetition period, 
and the measurement time. For the num
bers shown, the only background counts sub
tracted were those due to the known dark 
count rates of the photon counters (130 s - 1 

and 180 s _ 1 ) , which are small compared 
to the total count rates (19800 s _ 1 and 
14000 s_ 1) for the two counters at 0.88 mW 
pump power. When only counts within 
2.8 ns of r = 0 were included, a normalized 
g(2)(r = 0) peak area of 0.03 was obtained 
at 0.88 mW. Subtracting the constant back
ground floor seen in the data gave an even 
lower value of 0.01. 

The residual non-zero probability of hav
ing more than one photon per pulse is be
lieved to be primarily due to imperfect spec-
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Figure 6. A new micro-post DBR microcavity struc
ture. 

tral filtering. As well, there is a broad
band emission background that contributes 
some spurious photons. By reducing the filter 
bandwidth, we believe another fivefold reduc
tion in the g^ (0) peak should be possible. 

4 Coupling Single Quantum Dots 
to Micropost Microcavities 

A single quantum dot has been shown to be a 
good source of single photons. However, the 
usefulness of the source for quantum commu
nication or other quantum information ap
plications is limited by its efficiency. Only 
one out of approximately every 3000 photons 
emitted from the dot was ultimately detected 
by the single-photon detectors. The largest 
cause of this inefficiency is the fact that the 
dot emits primarily into the semiconductor 
substrate, and only 0.6% of the emission is 
collected by the aspheric lens in front of the 
cryostat window. 

In order to increase an output coupling 
efficiency, a three-dimensional microcavity is 
incorporated into a single QD, as shown in 
Fig. 6 12. 

The expected spontaneous emission rate 
can be calculated according to the following 
equation: 

Figure 7. Photoluminesence lifetime vs. wavelength 
for isolated quantum dots in a micropost microcavity 
with a top diameter of 0.5 ^im. The points are mea
sured values, while the dashed line is the predicted 
result. The thin, solid line represents the photolumi-
nescence intensity at the same wavelengths. 

where 70 is the (experimentally-determined) 
spontaneous emission rate of a quantum dot 
without a cavity, Ac is the cavity resonant 
wavelength, AAC is the cavity linewidth, and 
(A — Ac) is the detuning of the dot emission 
wavelength from the cavity resonance. /70 is 
the spontaneous decay rate into leaky modes 
(i.e., emission is incident on the post edges 
at an angle larger than the critical angle for 
total internal reflection). 

Fig. 7 shows the spontaneous emission 
lifetime for a cavity with top diameter of 0.5 
/mi. There is now a single quantum dot on 
resonance with the cavity mode. A signifi
cant reduction in the spontaneous emission 
time, to 0.28 ns, is seen. The dashed line is 
the theoretical result. 

The spontaneous emission lifetime can be 
converted into a spontaneous emission cou
pling coefficient (3, the fraction of light that 
is captured in the fundamental cavity mode: 

0-- 7 ~ 7o ~ 7c 

7 
(4) 

1_ 
7o 

Q\l AA? 
27r2n3ffVQ AA? + 4(A - Ac)< + / , (3) 

where 7 is the enhanced spontaneous emis
sion decay rate into the fundamental mode 
of the cavity, 70 is the spontaneous emission 
decay rate in the absence of a cavity, and 7C 

is the fractional spontaneous emission decay 
rate into the solid angle of the cavity mode in 
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the limit that the mirror reflectivity, R —>• 0. 
Since this solid angle is at most a few degrees 
in our case, j c -C 70- Using this formula, we 
determine that 78% of the light from a single 
quantum dot is collected by a single mode. 

5 Entangled Photon-Pairs from a 
Single Quantum Dot 

A fundamental nonlinear effect in a QD is 
the saturation of a single energy level by two 
electrons and holes of opposite spins due to 
the Pauli exclusion principle. We propose a 
device that produces regulated pairs of en
tangled photons using this effect 8 . 

The two photons arise from the decay of 
the biexcitonic ground state of the QD, where 
the correlated electrons and holes have op
posite spins. For quantum wells in direct-
gap materials with a cubic lattice, any pho
tons emitted are circularly polarized, because 
the Jz = ±1/2 electron recombines with the 
Jz = ±3/2 heavy hole 13. In the case of a 
QD, the strong confinement introduces level 
mixing and the hole ground state may have 
contributions from the Jz = ±1/2 hole states. 
Accordingly, when a Jz = +1/2 electron ra-
diatively recombines with a hole in a QD, the 
emitted light is predominately o+ polarized, 
but may also have a cr~ component. Thus, 
the two photons that arise from the decay 
of the biexcitonic ground state are not neces
sarily perfectly anticorrelated with respect to 
o+ and o~ polarization. An asymmetric dot 
shape, strain, and piezoelectric effects further 
reduce the anticorrelation. However, there is 
experimental evidence from polarized photo-
luminescence 14 and two photon absorption 
measurements 15 that the anticorrelation in 
<r+ and a~ polarization is preserved in QD's. 

We point out that a previous single pho
ton turnstile device relies on the relatively 
small Coulomb splitting 7. This limits the 
operation of this device to very low temper
atures (40 mK) in order to guarantee that 
thermal energy fluctuations are negligible. In 

the proposed device, the turnstile operation 
is maintained up to much higher tempera
tures due to the very large splitting between 
the electron and hole ground and excited 
states. Electron and hole tunneling could 
be controlled merely by the Pauli exclusion 
principle, even if the Coulomb blockade ef
fect were absent. 

We now focus on the production of pairs 
of entangled photons at well-defined time in
tervals. Starting from the biexcitonic ground 
state of the QD, a first electron can recom-
bine with a hole and emit a a+ or a er~ 
photon. Then, the second electron of op
posite spin recombines with a hole, and a 
photon of opposite polarization is emitted. 
This situation is very similar to a two-photon 
cascade decay in an atom 16. The two-
photon state has the same form in any ba
sis and is a maximally entangled (Bell) state: 
\ip) = ^(W+)i\a-)2 + \a-)1\a+)2). Because 
of additional binding energy, the biexcitonic 
ground state has a smaller energy than twice 
the excitonic ground state. Therefore, the 
first emitted photon 1 and the second emit
ted photon 2 have different energies. 

The advantage of the proposed structure 
compared to other sources of entangled pho
tons, such as two-photon cascade decay in 
atoms or parametric down-conversion in non
linear crystals, is that entangled photon pairs 
are provided one by one with a tunable rep
etition rate of up to 1 GHz by a compact 
semiconductor device. The source is electri
cally pumped and the photons are emitted in 
resonant modes of an optical resonator, which 
greatly improves, e.g., the efficiency of subse
quent fiber coupling. 
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We report a new method to generate parametric fluorescence into two small spots. Because the 
generated twins are concentrated to the spots, we observed a high single count rate and coincidence 
count rate per pump power. We also observed that the ratio of coincidence count rate to single count 
rate was 80%, where the loss at niters and the quantum efficiency of detectors were compensated. We 
also investigated the photon number distribution of the ' single photon pulses' using gated parametric 
down conversion with several types of detectors including our high-quantum efficiency multi-photon 
detectors. We found that the unity fraction of the single photon pulses is achievable using a CW laser 
pumped PDC, where the fraction of the two photon pulses are small enough. 

1 Introduction 

People started to apply the basic concepts 
of quantum mechanics for information pro
cessing to realize some functions that can 
never be obtained using classical mechanics. 
The uncertainty principle makes it impossible 
for an eavesdropper to get any information 
without leaving any evidence of his existence. 
This concept is so called 'quantum cryptog
raphy'. A quantum computer, which uti
lizes quantum superposition states in a huge 
Hilbert space of entangled quantum particles 
for parallel processing, may solve a problem 
in a minute which can never be solved by a 
super computer in billions of years. 

Our group has been working on the ex
perimental demonstrations of such concepts 
and development of basic techniques to re
alize them. An experimental demonstration 
of a quantum computation algorithm using 
linear optics and a single photon x'2, an ex
perimental demonstration of quantum cryp
tographic system over 1km 3 are the exam
ples. 

For the practical use of these concepts 
using photons, single photon generators are 
indispensable elements. Among the candi
dates to realize them, the methods that uti
lize the twin photons generated by paramet
ric down conversion (PDC) have the following 

unique features: wide wavelength tunability, 
controlled directivity, and so on. 

In the followings, we report a new 
method to generate twin photon beams for 
single photon generation using PDC4 . Be
cause the generated twin photons are con
centrated to the spots, we observed a high 
single count rate and coincidence count rate 
per pump power. We also observed that the 
ratio of coincidence count rate to single count 
rate was 80%, where the loss at filters and the 
quantum efficiency of detectors were compen
sated. 

We have also been developing high-
quantum efficiency multi-photon counting 
systems using Visible Light Photon Coun
ters ( VLPCs ) 5 '6, which can distinguish the 
number of incident photons with the quan
tum efficiency of 88 ± 5 %. In this paper, we 
also discuss the photon number distribution 
of the ' single photon pulses' using the gated 
PDC with several types of detectors includ
ing our high-quantum efficiency multi-photon 
detectors7. 

2 Beamlike twin photon 
generation using parametric 
down conversion 4 

The creation of twin photons by use of spon
taneous parametric down conversion (PDC) 

mailto:takeuchi@es.hokudai.ac.jp
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(a) 

Figure 1. (a) The schematic of the experimental 
setup, (b) The image parametric fluorescence ob
served with Peltier-cooled CCD camera. The inten
sity distribution of the image is shown on the right 
side. 

has been a very important tool to explore the 
non-local feature of quantum mechanics, and 
recently for experiments in quantum informa
tion technology. The demonstration of quan
tum teleportation using photons is an exam
ple. In the field of quantum cryptography, 
PDC should be an indispensable technique 
for generation of single photon pulses, quan
tum repeaters and so on. The bit rate of these 
experiments was limited by the small conver
sion efficiency of the previous sources. This 
was mainly because the photon pairs are radi
ated to a widely spreading region and it was 
difficult to utilize all of them. In addition, 
the intensity distribution of the selected pho
tons by an iris was not symmetrical, which 
caused difficulties in the experiments. 

We developed a new method to generate 
parametric fluorescence into two small spots 
( 0.9° ). We investigated the so called tun
ing curves, which are plots of the signal and 
idler wavelengths as a function of the crystal 
output angles. The tuning curves changes ac
cording to the angle of the nonlinear crystal 
to the pump, and we found that when the 
angle is adjusted such that the tuning curves 
are tangent to the line at the degenerate wave 
length, the generated twins are concentrated 
to the spots (Fig. 1). We also observed a 
high single count rate and coincidence count 
rate per pump power ( 8000 cps was observed 
with 150mW pump, 5mm BBO crystal, with 

Figure 2. Real-time trace of photon detection signal 
recorded by a 5GS/s digitizing oscilloscope. Modi
fying the optical path length changes the time delay 
between the two beams. The trace shifted vertically 
for clarity, (a) Single photon detection signal, (b) 5 
ns delay (c) 3ns delay (d) Zero delay. 

0.32nm FWMH filters). We also observed 
that the ratio of coincidence count rate to 
single count rate was 80%, where the loss at 
filters and the quantum efficiency of detectors 
were compensated. This result is important 
for the application of this method to the sin
gle photon generator because we may be able 
to find a single photon in a gated pulse with 
up to 80% probability. 

3 High quantum efficiency multi 
photon counter5'6 

A high quantum efficiency single-photon 
counting system has been developed. In this 
system, single photons were detected by a vis
ible light photon counter operated at 6.9 K. 
The visible light photon counter is a solid 
state device that makes use of avalanches 
across a shallow impurity conduction band in 
silicon. Threefold tight shielding and view
ports that worked as infrared blocking filters 
were used to eliminate the dark count caused 
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by room-temperature radiation. Corrected 
quantum efficiencies as high as 88.2% ± 5% 
at 694 nm were observed, which we believe is 
the highest reported value for a single-photon 
detector. The dark count increased as the 
exponential of the quantum efficiency with 
changing temperature or bias voltage, and 
was 2.0 x 104 cps at the highest quantum 
efficiency. Visible light photon counters fea
ture noise-free avalanche multiplication and 
narrow pulse height distribution for single 
photon detection events. Such a well-defined 
pulse height distribution for a single photon 
detection event, combined with the fact that 
the avalanche multiplication is confined to a 
small area of the whole detector, opens up 
the possibility for the simultaneous detection 
of two photons. We investigated this capa
bility using twin photons generated by PDC. 
Figure 2(a) shows an electrical pulse resulting 
from a single photon detection event. Figures 
2(b) and 2(c) show the cases when the opti
cal delay between the two beams is 5 and 3 
ns, respectively. The heights of the pulses are 
almost identical, indicating that the number 
of electrons released per single photon detec
tion event is well denned. Finally, Fig. 2(d) 
shows when the optical delay is reduced to 
zero. The two pulses resulting from the two 
photon detection events completely overlap 
in time, and the pulse height is twice that of 
a single detection event. 

4 Single photon sources using 
gated P D C 7 

In this section, we discuss on the single pho
ton source using gated parametric down con
version (GPDC). The basic concept of GPDC 
is shown in Fig. 3. When a pair of photons 
is created using PDC, both of the photons 
are emitted at the same time. Therefore, De
tecting one of the photons make it possible 
to monitor the existence of the other photon 
and gating the emission of the photon into 
the output mode using a high speed shutter. 

pumping laser 
beam Q^e 

— ^g]-o 1— 
Twin * | 
Photons ~ ] 

Detector | | 

Discriminator Controller 

Figure 3. A schematic of the single photon source 
utilizing parametric down conversion. 

In this paper, we analyze two GPDC 
methods. In one of the methods, we use a 
femto-second (fs) pulse laser as a PDC pump
ing source and monitor the number of created 
pairs in a pulse using a multi photon detec
tor like the VLPCs. In the other method, we 
adopt a constant wave (CW) laser for pump
ing. 

4-1 femto-second laser pumping with 
multi photon detector 

Conventional fs-lasers can generate 108 opti
cal pulses of 100 fs pulse width. When the 
nonlinear crystal is pumped with the laser, 
some pairs of photons are created in a pulse. 
The number of created pairs follows the Pois-
son distribution according to the pumping 
power. In this case, we use a detector which 
can distinguish the number of incident pho
tons to monitor the number of created pairs 
in a pulse. Only when the signal of the detec
tor shows the 'single photon incidence event', 
we open the shutter for a short time. 

Figure 4 shows the ratio of the single pho
ton pulses according to the average number 
of pairs created in a pulse N. Let us consider 
the case that the quantum efficiency (QE) of 
the detector is unity, whose result is shown 
by the solid line. One interesting but natural 
result is that the maximum value of the ratio 
is 0.36, which can be obtained when N — 1. 
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Figure 4. Photon number distributions for the case 
using a fs-laser and the multi photon detector, (a) 
The ratio of single photon pulses to the total pulses 
according to the average number of twin photons 
from the source in a pulse. The solid line is for 
the case where the quantum efficiency (QE) of the 
multi photon counter is 1, and the dotted line is for 
QE = 0.8. (b) The ratio of two photon pulses to 
the total pulses(jP(2)). The horizontal line shows the 
case where P(2) = 0.005. 

The increase in N causes the increase in the 
fraction of the pulses which contains more 
than two photons and the decrease in those of 
one photon. The dotted line shows the case 
QE = 0.8. Even in this case we can achieve 
the maximum ratio 0.36 by increasing N. 

However, non-unity quantum efficiency 
have a bad influence on having small prob
ability of two photon states. The fraction of 
two photon pulses (P(2)) are shown in Fig. 
4(b). As shown here, P(2) increases rapidly 
with a slight decrease of QE. In order to keep 
the quantum cryptographic system secure, 

P(2) should be small. The demonstrations of 
quantum cryptography have been performed 
using weak light pulses with average photon 
number of 0.1, where P{2) were 0.005. As 
shown in Fig. 4(b), It seems difficult to have 
some improvements in the fraction of single 
photon pulses with keeping P(2) lower than 
0.005. 

Although this method is not suitable for 
quantum cryptography, there are some ad
vantages. First, the single photons are emit
ted in a very short time (lOOfs) synchronized 
with the pump pulses, this feature is impor
tant for quantum information processing us
ing photons, which requires good time cor
relation between photons. Second feature is 
that it will be possible to generate multi-
photon state, which will lead to the artificial 
manipulation of the photon number distribu
tion. 

4-2 CW pumping with conventional 
detector 

Next, let us analyze the case that a CW laser 
is used as a pumping source. In the previous 
subsection, the width and the timing of the 
single photon pulses are determined by the 
fs-laser. In this case, these parameters are 
determined by an inner/outer clock pulses. 

The mechanism of this method is as fol
lows. With CW pumping, the photon pairs 
are emitted at random in time. We adjust the 
experimental parameters to have some pho
ton pairs created in a pulse. Then, according 
to the signal by the detector, the controller 
opens the shutter for a short time when the 
first photon created in a pulse passes the gate, 
and close the shutter to block the other pho
tons in the pulse. 

The photon number distribution of the 
output state using this method is shown in 
Fig. 5. Figure 5(a) shows the case the shut
ter opening time is almost negligible when it 
is compared to the pulse width. The fraction 
of the zero photon pulses (.P(O)) and that of 
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the single photon (P(l)) are shown by the 
solid and dotted lines respectively. The im
portant result is that we can achieve the unity 
fraction of the single photon pulses when we 
increase the average number of twin photons 
from the source. 

When we want to have a high repetition 
rate, the ratio of shutter opening time to the 
pulse width is increased. Figure 5(b) shows 
the case that the ratio is 0.2. As shown in 
the figure, probability of two photon pulses 
(P(2)) increases as the average number of 
photons increases. This is because the other 
photons may pass the gate during the shut
ter opening time. However, please note that 
we can decrease P(2) as much as we need by 
adjusting the ratio of shutter opening time 
to the pulse width. These features are useful 
for the single photon source of the quantum 
cryptography. 

5 Conclusion 

In this paper, we reported a new method 
to generate parametric fluorescence into two 
small spots . Because the generated twins 
are concentrated to the spots, we observed a 
high single count rate and coincidence count 
rate per pump power. We also observed that 
the ratio of coincidence count rate to single 
count rate was 80%, where the loss at filters 
and the quantum efficiency of detectors were 
compensated. This result is important for 
the application of this method to the single 
photon generator because we may be able to 
find a single photon in a gated pulse with up 
to 80% probability. 

We also discussed the photon number 
distribution of the single photon pulses using 
gated parametric down conversion ( G-PDC 
). We found that the unity fraction of the 
single photon pulses is achievable using the 
G-PDC with a CW pump laser, where the 
fraction of the two photon pulses are small 
enough. This result shows that this method 
is a good candidate for the photon source 
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Figure 5. The solid line (P(0)) shows the ratio of 
no photon (empty) pulses to the total pulses accord
ing to the average number of twin photons from the 
source in a pulse. P ( l ) is for the percentage of single 
photon pulses and -P(2) is of the two photon pulses, 
(a) When the ratio of the shutter opening time to the 
pulse width is 0.001. (b) The ratio is 0.2. 

of quantum cryptography. We also analyzed 
the photon number distribution of the output 
state of the G-PDC with a fs-laser and multi 
photon counter and found that this method 
might not be suitable for quantum cryptogra
phy but for manipulating the photon number 
distribution in a pulse. 
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MEASUREMENT OF THE PHOTONIC DE BROGLIE WAVELENGTH OF 
PARAMETRIC DOWN-CONVERTED PHOTONS 

USING A MACH-ZEHNDER INTERFEROMETER 
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We propose and demonstrate the measurement of photonic de Broglie wavelength of an entangled 
photon pair state (a biphoton) generated by parametric down-conversion utilizing a normal Mach-
Zehnder interferometer. The observed interference manifests the concept of the photonic de Broglie 
wavelength. 

1 Introduction 

Recently, interferometric properties of multi-
photon states and their application have been 
attracting much attention. Jacobson et al.1 

proposed the concept of "photonic de Broglie 
wave" in multiphoton states. They argued 
that the photonic de Broglie wavelength of 
an ensemble of photons with wavelength A 
and average number of photons N can be 
measured to be X/N using a special interfer
ometer with "effective beam splitters" that 
do not split the multiphoton states into con
stituent photons. Fonseca et al.2 measured 
the photonic de Broglie wavelength of a two-
photon state using a kind of Young's dou
ble slit interferometer. Boto et al.3 proposed 
the principle of "quantum lithography", uti
lizing reduced interferometric diffraction of 
non-classical TV photon states. Very recently, 
a proof-of-principle experiment of the quan
tum lithography was demonstrated.4 

We propose and demonstrate the mea
surement of photonic de Broglie wavelength 
for N—2 in a very simple and straight
forward manner, utilizing entangled photon 
pairs ("biphotons") generated by paramet
ric down-conversion and a normal Mach-
Zehnder (M-Z) interferometer. We dis
cuss the nature of the biphoton interference, 
which is essentially governed by the frequency 
correlation between constituent two photons. 

II / 

Figure 1. Schematic experimental setup of the bipho
ton interference. KN: KNbC>3 crystal, BS1~3: beam 
splitters, IF: interference niters, APD: avalanche pho-
todiodes. 

2 Experiment 

Figure 1 shows the schematic view of our ex
perimental setup. Pairs of entangled pho
tons were generated by spontaneous paramet
ric down-conversion (SPDC) in a 5 mm long 
KNbOs (KN) crystal, pumped by the second 
harmonic light of a single longitudinal mode 
Ti:sapphire laser (linewidth Av0 ~ 40 MHz) 
operating at Ao=861.6 nm. We selected de
generate photon pairs, each wavelength of 
which was centered at Ao, using two pinholes 
after the SPDC. The M-Z interferometer was 
composed of two 50/50% beam splitters (BS1 
and BS2). Biphotons were generated at ei
ther arm of the interferometer when a pair of 
down-converted photons simultaneously en
tered at both input ports of a beam split
ter (BS1), as a result of Hong-Ou-Mandel 
(HOM) interference.5 The path-length differ
ence between the two arms of the M-Z in
terferometer was controlled by a piezoelec-

mailto:eda@mp.es.osaka-u.ac.jp
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Figure 2. Coincidence counting rate detecting the 
photons after the two output ports of BSI as a func
tion of the optical path-length difference ( A t i ) be
tween the two paths from KN and BSI in Fig. 1. 

trie positioner. The two paths are combined 
together at the output beam splitter (BS2), 
and the biphoton interference was measured 
at one of the output ports of BS2. The bipho
ton interference pattern was recorded by a 
two-photon detector, consisting of a 50/50% 
beam splitter (BS3) and two avalanche pho-
todiodes (APD) followed by a coincidence 
counter. In front of each APD, we put an in
terference filter (center wavelength Ac = 860 
nm, bandwidth AA = 10 nm). As a whole, 
the interferometer was designed to measure 
the photonic de Broglie wavelength of the 
biphoton without using any special "effec
tive beam splitters". For comparison, we also 
measured the usual one-photon interference 
using a single detector and blocking one of 
the input ports. 

It is worth discussing interference pat
terns expected in our experiment. For sim
plicity, we consider only single frequency 
(monochromatic) photons. The monochro
matic treatment is adequate to predict the 
most distinct properties of the interfer
ence patterns, although spectral distribution 
should be considered to discuss more detailed 
phenomena such as coherent length of the in
terference. The one and two-photon counting 
rates (i?5 and R55, respectively) at one of the 

output ports of the interferometer are 

Rb oc {ipo,ip\\a\ah\i}0,iJ}i), (1) 

•R55 oc (V'o,V'i|a54a5a5|V'o,V,i)I (2) 

where a5 and 05 are photon creation and an
nihilation operators at the output port, /̂>o 
and ipi denote the quantum states of the two 
input ports. The photon operators at the 
output ports are connected to those of the 
input ports through the scattering matrices 
of the beam splitters and the optical path-
length difference.6 Thus we can calculate the 
counting rates (1) and (2) for arbitrary input 
states of light. The resultant two-photon in
terference pattern for the case \ipo, ipi)=\l, l)i 
i.e., both inputs are iV=l Fock states, is 

R55 oc 1 — cos 2(f>, (3) 

where <fi=2-KAL2 /'A is the optical phase dif
ference in the two arms, AL2 the path-length 
difference, and A the wavelength of the input 
light. The corresponding one-photon inter
ference for the case |^OJ ipi)=\0,1) is 

R5 oc 1 — cos <f>. (4) 

From Eqs. (3) and (4), we see that R55 will 
have the oscillation period A/2, while R5 has 
the period A. This oscillation period A/2 
for the two-photon counting rate R55 is at
tributable to the photonic de Broglie wave
length X/N for the biphoton (iV=2) state. 

3 Results and Discussion 

The HOM interference, i.e., coincidence 
counting rate detecting the photons after the 
two output ports of BSI as a function of 
the optical path-length difference (ALi) be
tween the two input ports, is presented in 
Fig. 2. The visibility of the HOM interfer
ence was 0.97, guaranteeing that the pho
ton pair was almost perfectly traveling to
gether along either arm of the interferome
ter at ALi=0. Figure 3 shows the measured 
interference pattern for both one-photon (up
per graph) and two-photon (lower graph) de-
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Figure 3. Interference patterns in the one-photon 
(upper) and two-photon (lower) counting rates at 
path-length difference around 0 ^im. 
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Figure 4. Interference patterns in the one-photon 
(upper) and two-photon (lower) counting rates at 
path-length difference around 400 fim. 

tection, as a function of path-length differ
ence (AL2) between the two arms of the in
terferometer, around AI/2~0 /im. Note that 
one of the input ports of the interferometer 
was blocked when measuring the one-photon 
counting rate, otherwise no interference is ex
pected. One can see that the interference 
patterns for the one- and two-photon count
ing rates are well reproduced by Eqs. (4) and 
(3), respectively, and that the interference in 
the one-photon counting rate has a period of 
approximately 860 nm, whereas the interfer
ence period in the two-photon counting rate 
is approximately 430 nm. This result clearly 
indicates that the biphoton state exhibits the 
interference as a "wave" with half wavelength 
of the one-photon state. Thus, we have ob
served the photonic de Broglie wavelength of 
the biphoton state. 

Furthermore, we have also observed the 
difference of the coherence length between 
the one- and two-photon counting rates as 
demonstrated in Fig. 4. Although the oscil-
lational interference in the one-photon count
ing rate disappear at AL-2~400 /jm, the inter
ference of the two-photon counting rate still 
remains for much larger path-length differ
ence, indicating that biphotons have much 
longer coherence length than the single pho
tons. Since the spontaneous parametric 

down-converted photons have considerably 
wide spectral width, the coherence length of 
the single-photon counting rate is governed 
by the spectral bandwidth AA of the inter
ference filters placed in front of the detec
tors. Thus, the coherence length of the single-
photon counting rate becomes very short 
(Aji/AA ~ 70 /jm). On the other hand, the 
coherence length of the two-photon counting 
rate is governed by the spectral width of the 
sum frequency of signal (vs) and idler (vi) 
photons, that is identical to the frequency of 
pump photons (2^o) of the parametric down 
conversion. Since we used the second har
monic of the single longitudinal mode con
tinuous laser as the pump source, its coher
ence length is very long (c/Ai/0 ~ 400 cm). 
As a result, clear interference fringe was ob
served for the two-photon counting rate even 
at AZ/2~400 ^m, whereas almost no fringe 
was observed for the one-photon counting 
rate. This is the direct consequence of the 
frequency correlation: 

vs + ^ = 2v0 (5) 

between the constituent signal and idler pho
tons of the biphoton. Thus, the fringe inter
val and coherence length of the two-photon 
counting rate consistently indicate that the 
biphoton is associated with the photonic de 
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Broglie wavelength: 

\ - c - c - X° (R\ 

where refractive index dispersion is neglected. 
So far, there have been a number 

of works concerning two-photon interfer
ence using parametric down-converted pho
tons and a Mach-Zehnder or Michelson 
interferometer.7'8'9'10 However, the previous 
experiments did not intend to observe the 
photonic de Broglie wave. Most of these 
experiments7'8'10 detected two photons at 
both output ports of the interferometer. In 
our experiment, by detecting the two-photon 
counting rate at one of the output ports, we 
directly showed that the observed biphoton 
interference manifests the concept of pho
tonic de Broglie wavelength. Finally, we 
note the relationship between our experiment 
and the non-local nature of the correlated 
two photons, i.e., biphotons, generated by 
parametric down-conversion or atomic cas
cade fluorescence. As previously proposed11 

and demonstrated,12'13 two-photon quantum 
interference occurs for biphotons even us
ing two spatially separated interferometers. 
Thus, we understand that the interferometric 
properties of the biphoton originate from its 
non-local quantum correlation between the 
constituent photons, but not from the spa
tial closeness of the two photons. 

In conclusion, we have successfully mea
sured the photonic de Broglie wavelength of 
the biphotons generated by parametric down-
conversion utilizing a Mach-Zehnder interfer
ometer, and showed that the nature of bipho
ton interference is essentially governed by 
the frequency correlation between the con
stituent two photons. 
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We investigate the non-resonant interaction between the high-density excitons in a quantum well and a 
single mode cavity field. An analytical expression of the physical spectrum of the excitons is obtained. 
We study the spectral properties of the excitons which are initially prepared in the number states by 
the resonant femtosecond pulse pumping experiment. We numerically analyze the physical spectrum 
and mainly discuss the detuning effect on it. 

1 Introduction 

Recently, the optical properties of the low 
dimensional semiconductor structure (LDSS) 
have been investigated intensively both in 
experimental and theoretical works. This 
field is quite fascinating because of its re
lated subjects, such as semiconductor mi-
crocavity (SMC) quantum electrodynamics 
(QED) l<2, quantum dot microlaser and turn
stile devices3, quantum computer with quan
tum dot 4 , s etc. 

It is known that the interaction between 
the light and these semiconductor micro-
structures, for example quantum well, may 
occur via exciton. In this paper we will dis
cuss the detuning effect on the physical spec
trum of the high density excitons in a quan
tum well surrounded by a micro-cavity. 

2 Theoretical model and analytical 
solution 

We assume that the cavity finesse is ex
tremely high, and the cavity is in a extremely 
low temperature circumstance. The exci
ton operators are described approximately as 
hypothetical bosonic operators. The devia

tion of the exciton operators from the ideal 
bosonic model is corrected by introducing an 
effective non-linear interaction between these 
hypothetical ideal bosons, and the phase 
space filling effect is neglected. Then under 
the rotating-wave approximation, the Hamil-
tonian for the excitons and a single-mode cav
ity field can be written as: 

H = huio)a + huztfb + hg{o)b + 6fa) + H' 

(1) 
with H' = hAtftfbb where 6* (6) are creation 
(annihilation) operators of the excitons with 
frequency u>2- They are assumed to obey 
the bosonic commutation relation [b,tf] = 1. 
a^(a) are the creation (annihilation) opera
tors of the cavity field with frequency LJI. 
g is coupling constant between exciton and 
single mode cavity field. A represents an ef
fective interaction constant between the exci
tons, and is assumed as a positive real num
ber. Using the Schwinger's representation of 
the angular momentum by two bosons, we 
can construct the angular momentum opera
tors 

Jx = -{ah + tfa),Jy = —(o}b-tfa), 

Jz=
l-(a+a-b+b),J2 = j ( j + l) (2) 
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from the ladder operators a^,a of the cavity 
field and the exciton operator tf, b, where the 
total number operator N = a+a + b+b is the 
constant of motion. Then the Hamiltonian 
HQ = H — H' can be simplified into 

HQ = HQN + hG{sin0Jx + cos8Jy) 

= HN + HGe-iej» Jze
iejy (3) 

in terms of an 50(3) rotation e*%Jy of h£lN+ 
hG(sin6Jx + cosOJy) with G = y/A2+4g2, 
tgO = %,Sl = i(wi + wa), and A = \{u>x -
o>2) • For any fixed total particle number A/", 
the common eigen-states of J 2 and Jz are 

\jm) = 
t y + m ^ t y - m (aty+ro(&t> 

y/{j + m)\(j -m) 
•|0) (4) 

with the eigenvalues j' = =y, and m = 
— ̂ , . . . , ^ . Using above expressions, the 
eigenfunctions and eigenvalues of the Hamil
tonian (3) can be written respectively as 

l l ® = e-i6J» \jm), £$> = h(MQ + mG). 
(5) 

The eigenvalues and eigenfunction of the 
whole Hamiltonian are obtained by pertur
bation theory as 

Ejm = E™ + hA(jm\eiejybttfbbe-iejy\jm), 

(6) 
and 

i^-t) = \rjk')+^}2 p(o) F(O) i^i-n)-
n^k E 

(0) r(°) 

Then the time evolution operators of the sys
tem can be easily written as 

U(t) = e-* ±Ht 

j=0 m=—j 
\^jm)(t jm\ 

(8) 
The time-dependent wave function can be ob
tained as \i>(t)) = U(t)\ip{0)). 

3 Radiation spectrum of exciton 

Under the assumption of ideal cavity and ex
tremely low temperature the only broadening 

mechanism comes from the detecting spec
trometer for which the physical spectrum can 
be defined as 6 

S(u) = 2 7 / dti / dt2 { 

x e-^+iuj)it-tl)G(t1,t2)} 

-(•y-iu>)(t-t2) 

(9) 

where 7 is the half-bandwidth of spectrome
ter, t is time length of the excitation in the 
cavity, the dipole correlation function of the 
excitons G(ti,*2) = <V(0)|6+(i2)&(*i)|V'(0)) 
with initial state \ip(0)) of the system. Taking 
into account the fact that b(t) = U^(t)bU(t), 
we can give the stationary physical spectrum 
which is similar to reference 7 as 

2 7 5M= £ 
j,l,k,m 

12 + (U}-Ljjlikm)2 

mmMiM^km)? (10) 
with u>jitkm = (Eji - Ekm)/fi. The selection 
ruler for Eq.(lO) is j = k + | and / = m — | . 
The difference of the eigenvalues Eji — Ekm 

determine the position of the spectral com
ponent and \{ip(0)\ipji\2\{ipji\tf\ipkm}\2 deter
mine the intensity of the spectral lines. When 
the system is initially in the bare exciton 
states such as in a single exciton state, the 
physical spectrum from TV = 1 to TV = 0 can 
be obtained as 

S(w) 
2 7 ( s m f ) 4

 | 27(cosf)4 

7
2 + (w-n-f) V + ^ - n + f) 

(11) 
(7) with double peaks which locate in fi + ^ and 

Q — y . From eq.(ll), we find when the cav
ity field interacts resonantly with the exci
tons, the two peaks have the same height 
which is exactly equal to that of the two-
level atomic system. But in the non-resonant 
case, the detuning makes them having differ
ent height and enlarges the distance between 
them. With the increase of the detuning 
quantity A, the height of the peak locating 
in Q. + ff is reduced gradually, but the height 
of the peak at Q, — ^ is increased. When the 
detuning quantity A and the coupling con
stant g satisfy the condition A ~^> 2g, then 
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Figure 1. S(u>) is plotted as a function of the fre
quency u) — fi for a set of parameters g = 5 meV, 
A/g = 0.6, 7 = 0.01 meV A = 2 meV. 

400 

Figure 2. S(UJ) is plotted as a function of the fre
quency u> — Cl for a set of parameters g = 5 meV, 
4 / 9 = 0.6, 7 = 0.01 meV, A = 200 meV. 

6 fa 0, the physical spectrum has approxima-
tively one peak. 

When the exciton number becomes high, 
the emission spectrum of the system becomes 
complexity. The physical spectra are plotted 
in Fig. 1 when the system has initially two 
excitons. The positions of the six peaks are 
labelled as p\, p2-...pe in the spectrum of Fig. 
1. Numerical results show that with the in
crease in the detuning, the frequency differ
ence between p2 and p^ becomes so small that 
they can not be resolved. Peaks p\ and pe, 
respectively, shift to more positive and neg
ative sides of the spectrum, and the height 
of pi becomes so small that we cannot ob
serve this peak. The positions of p^ and ps 
are interchanged with increasing A, and after 

this interchange their relative positions are 
kept the same. We find four peaks in Fig. 
2. If the detuning increases more and more, 
the numerical results show that the height of 
peaks p 2 , p 3 and p$ gradually becomes small. 
But the height of ps becomes the highest one, 
the height of p± is lower than that of ps, both 
of them is so close that we almost cannot re
solve them. In this case only one main peak 
is kept. 

4 Conclusion 

The physical spectrum of the non-resonant 
interaction between the high-density excitons 
in a quantum well and a single mode cav
ity field is investigated. The model and the 
discussions presented in this paper are valid 
only when the excitons and cavity field have 
zero linewidth. Comparing the resonant in
teraction between the cavity field and the ex
citons 8 , we find when the system initially 
has one exciton, the non-resonant interaction 
will change both the heights of peaks and 
the frequency difference between them, and 
if the detuning becomes larger, then only one 
peak can be found. But in the resonant case, 
we always can find two peaks with the same 
height. When the system initially has two ex
citons, the physical spectrum becomes com
plex, with the increase of the detuning the 
positions of some peaks are interchanged, the 
heights of some peaks are reduced. 
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We discuss the preparation of qubit states of the form Co|0) + C\ |1) using quantum scissors device, 
which exploits projection synthesis and prepares the desired state by truncating a coherent light. A 
feasible experimental scheme is proposed and optimized to obtain the desired qubit state with the 
highest attainable fidelity by tuning the intensity of the input coherent light. 

1 Introduction 

Quantum engineering of light offers promis
ing ways to improve manipulation and trans
mission of information. Quantum states con
taining a definite number of photons and/or 
their superposition play a key role in quan
tum optics and quantum information pro
cessing. Such states show the quantum na
ture of light and are necessary for a theoreti
cal study of a wide range of optical phenom
ena. Besides, they can be used for more ap
plied phenomena such as teleportation, quan
tum dense coding and quantum cryptogra
phy all of which have first been realized in 
the quantum optical domain. Superposition 
of vacuum and single-photon states in a cer
tain optical mode can be used to implement a 
qubit, which is the basic ingredient in quan
tum computation and information process
ing. Among a large variety of proposals put 
forward for the generation of qubit states, 
the scheme of Pegg, Phillips and Barnett1 

of the so-called the quantum scissors device 
(QSD) is very promising. In this scheme, a 
weak intensity coherent state is truncated up 
to its single-photon state generating a super
position of vacuum and single-photon states, 
which has the same relative phase and am
plitude as those of the input coherent state. 
Recently, we have proposed a feasible exper

imental scheme to realize the state trunca
tion with QSD and shown that QSD can be 
implemented with high fidelity and efficiency 
by using current level of photon detection 
and single-photon-state generation2. In this, 
study, we will discuss the preparation of arbi
trary superposition states using this scheme, 
and study their fidelity to the desired ones. 

2 Experimental Scheme 

The proposed scheme is depicted in Fig. 1. 
The scheme consists of a parametric down 
conversion crystal (PDCC) for a type-I phase 
matching to emit photon pairs of the same 
polarization in two modes. The output of 
the three conventional photon counting de
tectors, which can only discriminate between 
the presence and absence of the photons but 
not discriminate between the presence of n 
and n + 1 photons, are used to realize condi
tional measurement. D\ is used as a gating 
detector, where recording a "click" ensures 
the presence of photons at one of the input 
ports of the BS1, the other port of which is 
left at vacuum. One of the output ports of 
BS1 is used as an input to BS2 whose sec
ond input port is fed by a weak intensity co
herent state. Both output modes of BS2 are 
detected by the photon counters. Depend
ing on the observed result, different condi-
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Figure 1. Schematic diagram of the QSD scheme. Key: PL - pulsed laser; FD - frequency doubter; PDC -
parametric down conversion crystal; Att - strong attenuator; A — aperture; f - narrow band filter; L - lens; 
CCL - coincidence counter and logic; ptrunc - prepared output state; BSl and BS2 are beam splitters; and 
£>i, £>2, and D3 are photon counters. 

tional output states Ptrunc are obtained at 
the output port of BSl. The event of detect
ing one "click" at D2 and no "clicks" at D3 
corresponds to the preparation of the qubit 
Co|0) + Ci | l ) . The relative phase between 
the vacuum and one photon components is 
equal to the phase of the input coherent state. 
This coherent light is obtained by weaken
ing the output light of the pulsed laser be
fore it is frequency doubled. The frequency 
doubled portion of the light from the laser 
source is used as a pump for the PDCC. The 
input to the QSD scheme can be written as 
Pin = P(o1,c1)®|0)Q2 o2(0|®|a)&3 63 (a\ where 
the output of the PDC is a mixed state given 
by 

P(a1,c1)= (1 -7 2 ) [ |00) (00 |+7 2 |H)<11 | 

+7
4 |22)<22| + . . . ] (1) 

with 72 being the single-photon-pair gener
ation rate, and \a)t,3 is a weak-intensity co
herent state. Then the state just before pho-
todetection is given as /5out = #2-Ri(/5(ai,ci) ® 
|0)a2a2(0| ® \a)a3a3{a\)R\Rl with Rt and R2 

being the forward action of the BSl and BS2, 
respectively. Then the conditional output 
state upon detection becomes 

Ptrunc — 
Tr{cuC2,C3)(n?ni>nc

03pout) 
Tr(&i,ci,c2,c3)(niin1

2riQ3pout 
, ( 2 ) 

no= X > - " ( i - » ? ) n » H 

IIi 1 - LTo . (3) 

with III1 > n i 2 a n d n o 3 b e i n S t h e de
ments of the positive-operator-valued mea
sure (POVM) for the detectors Di, D2 and 
D3, respectively; 0 and 1 correspond to the 
number of clicks recorded at the detectors. 
Mean dark count and efficiency of the detec
tor are represented by v and r/, respectively. 

This scheme has been shown to work 
with high fidelity and efficiency to truncate a 
coherent state up to its single-photon number 
state. For the numerical simulations in this 
study, we assumed that the pump had a rep
etition frequency of 100 MHz, O^2) = 10~4, 
v = 100 and terms higher than 7 s are ne
glected. In Fig. 2, we depict the effects of in-
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Q|2 = 0 . 4 

2-2 

Figure 2. Effect of detector efficiency on the marginal distributions of the output states generated by truncating 
coherent states of different intensities. Solid curve is for the perfect QSD, and dash-dotted, dotted and dashed 
curves are for 77 = 0.5,0.7 and 1, respectively. 

tensity of the coherent light |ct|2 and r\ on the 
quasi-distributions of the states prepared by 
the experimental scheme. We observe that 
for |Q|2 < 1.0, detector losses and source im
perfections do not have a significant effect on 
quasi-distributions. Non-classical structure 
of the states can be observed even for very low 
77, however with increasing |a|2 , the 77 effect 
becomes stronger. When the coherent state 
is a strong light, the quasi-distributions of the 
states prepared by the proposed scheme dif
fer strongly from those of the ideal case sug
gesting that the truncation process is more 
efficient and closer to the ideal case for weak 
intensity coherent lights. 

3 Preparation of arbitrary optical 
qubit states by tuning the 
intensity of input coherent light 

In this scheme, the ratio C1/C0 of the coeffi
cients of the superposition state Co|0)+Ci|l) 
can be adjusted either by using tunable beam 
splitters or by tuning of the intensity of the 
input coherent state. The first method can 
be realized by replacing the beam splitters 
BS1 and BS2 by Mach-Zehnder interferome
ters as was done by Paris3. This will result 
in a more complicated set-up and will intro
duce the problem of controlling the stability 
and balance of the interferometers. The lat
ter method can be realized without introduc
ing additional components except a control

lable tuning of the intensity of the coherent 
light. In that case, we choose BS1 and BS2 
as 50 : 50 beam splitters because they give 
the highest probability and fidelity for state 
truncation using the ideal QSD scheme. The 
highest fidelity in generating arbitrary qubit 
states from a coherent state can be achieved 
if arg(a) = arg(Ci), which is assumed to be 
the case in this study. 

Figure 3 shows the results of numerical 
simulations. It is seen that balanced super
position of vacuum and single-photon states 
can be prepared with high fidelity even for rj 
as low as 0.1 if the intensity of the coherent 
light is kept as \a\2 

optimum value for 
< 1. For 77 = 0.5, the 

\a\2 is found as 0.72 to 
prepare a balanced superposition state with 
the highest fidelity value of 0.89. Prepara
tion rate of such a state is found as 4533 s _ 1 

with the simulation parameters given in the 
previous section. Increasing rj from 0.5 to 0.7 
will increase the generation rate to 8524 s _ 1 

when the optimum value of |a |2 = 1.06 is 
used. Fidelity is changed only by 0.11%. 

It is understood that for a given 77, one 
can always find an optimum value for \a\2 

which will result in the highest fidelity for the 
desired \CI/CQ\, however the fidelity value 
may not be close to one. The fidelity of the 
qubit state preparation depends heavily on 
the relative weights of the vacuum and single-
photon states in the superposition, as seen in 
Fig. 3(b). If the vacuum is heavily weighted 
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Figure 3. (a) Effect of detector efficiency 7/ and intensity of the coherent light | a | 2 on the fidelity of preparing 
balanced superposition |C i | / |Co | = 1 of vacuum and single-photon states; (b) Optimized intensity of the 
coherent light (marked by squares) to prepare arbitrary qubit states with the maximum attainable fidelity 
(circles) at r) = 0.5. 

in the desired qubit state, then fidelity val
ues higher than 0.9 can be obtained for 77 as 
low as 0.1. For 77 = 0.5 (77 = 0.7), fidelity of 
preparing a qubit state of |Ci/Cn| = 0.5 is 
0.979 (0.983) with the optimum \a\2 = 0.21 
(|a|2 = 0.23). However, when the weights 
of vacuum and single photon are reversed, 
|Co/Ci I = 0.5, the fidelities drop to 0.740 and 
0.764, respectively, for 77 = 0.5 and 77 = 0.7. 

4 Conclusion 

We have proposed a scheme for generating ar
bitrary qubit states. The scheme is based on 
QSD and tuning of input coherent light in
tensity enables the preparation of the desired 
qubit. We have presented the effects of the 
input coherent light intensity and the realis
tic photon counting process on the marginal 
distributions of the generated output state. 
It is observed that fidelity of the generated 
states strongly depends on the weights of the 
vacuum and single-photon states in the qubit. 
Superposition states, for which vacuum com
ponent is much stronger than the one-photon 
component, can be generated with high fi
delity using this scheme. 
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QUANTIZED VORTICES IN A BOSE-EINSTEIN CONDENSATE 
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When a superfluid medium is forced into rotation, Quantum Mechanics imposes strong constraints on 
its velocity field. The superfluid is set into motion through the nucleation of lines of singularity or 
vortex lines, where the density vanishes and around which the circulation of the velocity is quantized. 
We report the observation of such vortices in a gaseous Bose-Einstein condensate of 8 7 R b atoms, which 
is stirred using a rotating laser beam. We characterize the phase and the angular momentum of a 
single vortex, and we discuss the maximal number of vortices which can be nucleated in this system. 
Finally we address the problem of the critical rotation frequency at which the first vortex appears. 

1 Introduction 

Superfluidity, originally discovered and stud
ied in the context of superconductors and 
later in the system of superfluid liquid He
lium, is a hallmark property of interacting 
quantum fluids and encompasses a whole 
class of fundamental phenomena1,2. With 
the achievement of Bose-Einstein condensa
tion in atomic gases3, it became possible to 
study these phenomena in an extremely di
lute quantum fluid, thus helping to bridge 
the gap between theoretical studies, only 
tractable in dilute systems, and experiments. 

A striking consequence of superfluidity 
is the response of a quantum fluid to a ro
tating perturbation. In contrast to a nor
mal fluid, which at thermal equilibrium ro
tates like a solid body with the perturba
tion, the thermodynamically stable state of a 
superfluid involves no circulation, unless the 
frequency of the perturbation is larger than 
some critical frequency, analogous to the crit
ical velocity1'4. When the superfluid does cir
culate, it can only do so by forming vortices 
in which the condensate density vanishes and 
for which the velocity field flow evaluated 
around a closed contour is quantized: 

/
v • dr = n— (1) 

M 
where n is an integer and M the mass of a 
particle of the fluid. 

In this paper, we report the observation 
of vortices in a stirred gaseous Bose-Einstein 

condensate (BEC) of atomic rubidium. We 
present a direct observation of the phase of 
a rotating condensate and we show that the 
angular momentum per atom jumps from 0 
to h at the threshold for the nucleation of 
the first vortex. We also study the situa
tion where several vortices are nucleated in 
the condensate, and we show that the veloc
ity field obtained in this case is close to the 
one corresponding to a rigid body rotation. 
Finally we discuss the mechanism for vortex 
nucleation in our setup which is observed to 
occur via a dynamical rather than thermo-
dynamical instability of the condensate in a 
rotating potential. 

2 Exper imen ta l se tup 

For the preparation of the condensate5 we 
start with 109 87Rb atoms in a cylindrically 
symmetric Ioffe-Pritchard magnetic trap at 
a temperature ~ 200 [iK. The oscillation fre
quency of the atoms along the longitudinal 
axis of the trap (horizontal in our experi
ment) is WZ/2-K ~ 10 Hz. For the results pre
sented here, the transverse frequencies LU±/2TT 

have been varied between 100 and 200 Hz by 
adjusting the bias field at the center of the 
trap. 

The standard experimental sequence 
consists in three steps: (i) condensation via 
evaporative cooling, (ii) vortex nucleation, 
and (iii) characterization using absorption 
imaging after a time-of-flight (TOF) expan-
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Figure 1. Density profile of a stirred condensate after 
time-of-flight. (a) Rotation frequency below the crit
ical frequency fic. (b) Rotation frequency just above 
f2c. (c) and (d) Rotation frequency notably above 
fl c . On fig. (d), the triangular structure of the vor
tex array is clearly visible (Abrikosov lattice). The 
size of an image is ~ 300 /xm. 

sion of 25 ms. The probe laser for the imaging 
propagates along the z—axis, and the image 
gives the transverse xy distribution of atomic 
positions after the expansion. Prom each im
age we extract the temperature of the cloud, 
the size of the condensate in the xy plane, 
and the number of vortices which have been 
nucleated. 

We evaporatively cool the atoms with 
a radio-frequency sweep. The condensation 
threshold is reached at 550 nK. We con
tinue the evaporative cooling to a temper
ature below 80 nK at which point approxi
mately 3 x 105 atoms are left in the conden
sate. This number is evaluated from the size 
of the condensate after expansion. 

After the end of the cooling phase we 
switch on the stirring laser beam, which is 
parallel with the long axis (z) of the conden
sate. The position of the stirring beam in 
the transverse plane (z = 0) is controlled by 
two acousto-optic modulators, and the tem
poral variation of the stirring laser intensity 
and position is chosen to create a dipole po

tential well approximated by the harmonic 
terms Mcj2

±(exX
2 + eYY2)/2 with ex = 0.05 

and ey = 0.15. The X, Y basis rotates at 
constant angular frequency ft with respect 
to the fixed x,y basis, so that the time de
pendent stirring potential 5U (proportional 
to ex — ey) is in the laboratory frame: 

SU oc (x2 - y2) cos{2Ut) + 2xy sin(2Hi) . (2) 

The stirring phase lasts up to 900 ms which 
is well beyond the typical vortex nucle-
ation time found experimentally to be about 
450 ms. This transposition to a gaseous BEC 
of the famous rotating bucket experiment2 

has also been implemented successfully by 
other groups using either a laser stirrer6 or 
a magnetic one7,8. Another method for nu
cleating a single vortex uses a combination 
of a laser and a microwave field to print the 
desired velocity field onto the atomic wave 
function9. 

Fig. 1 shows typical time-of-flight images 
as a function of the stirring frequency. For a 
stirring frequency H lower than a threshold 
value Oc, the condensate is not affected by 
the stirring laser (Fig. la) . Just above this 
critical frequency (within 1 or 2 Hz), a den
sity dip appears at the center of the cloud, 
with a reduction of the optical thickness at 
this location which reaches 50% (Fig. lb) . 
When we stir the condensate at a frequency 
notably higher than fic, more vortices are nu
cleated (Fig. lc,d). 

3 The single vortex state 

3.1 Phase pattern 

In order to measure the phase pattern of 
the single vortex state shown in Fig. lb , 
we use an interferometric method10 '11 '12 '13. 
We divide the wave function of the conden
sate into two components separated in posi
tion and momentum. In the location where 
these components overlap, a matter-wave in
terference fringe pattern is produced which 
reveals the phase difference between the two 
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components14. This homodyne detection of 
the phase pattern of a vortex state is com
plementary to the heterodyne detection9 per
formed in Boulder in 1999. 

To realize the amplitude splitting inter
ferometer, we use a succession of two radio 
frequency (rf) pulses, which resonantly drive 
transitions between different internal states 
of each rubidium atom. These pulses co
herently split and recombine the condensate 
cloud. The atomic rubidium condensate is 
initially polarized in the F = m = 2 Zee-
man substate. The first rf pulse couples this 
magnetic spin state to the four other Zeeman 
substates of the F — 2 manifold. Among 
these four, only the m = +1 is also mag
netically trapped. However, due to gravity, 
the center of its confining potential is ver
tically displaced with respect to the center 
of the m = +2 trap by an amount Azo = 
g/u>]_ « 6 [im (wj_/27r = 192 Hz in this ex
periment). After this first pulse, the atoms 
are allowed to evolve in the harmonic trap
ping potential. During this time, those atoms 
driven into the other Zeeman substates fall or 
are ejected out of the trap. What remains are 
the two trapped clouds now with slightly dif
ferent momenta and positions as determined 
by their respective phase space trajectories. 
When the second rf pulse is applied, each 
trapped state generates a copy in the other 
trapped Zeeman sublevel making a total of 
four wave packets present in the trap (two 
in m = +1 and two in m = +2). We then 
perform the TOF expansion and we record 
the atomic interference pattern between the 
overlapping wave packets of a given internal 
Zeeman spin state. 

We have first measured the interference 
pattern in the absence of any vortices. As 
expected, this pattern consists in straight 
fringes, and a typical result for the m = +2 
channel is shown on Fig. 2a. When we stir the 
atomic cloud at a frequency of 130 Hz (close 
to the critical frequency for these experimen
tal parameters), a well centered, single vor-

Figure 2. Interference pat tern resulting from an ho
modyne detection of the phase of condensate, (a) 
Fringe pattern obtained when no vortex is present, 
(b) Phase pattern obtained with a single vortex. 
The fringe dislocation reveals the 2-zr phase winding 
around the vortex line. 

tex is created in the condensate. The result 
from an interference experiment performed in 
this case is shown on Fig. 2b. This pattern, 
which is very different from the one obtained 
with no vortex, clearly shows the telltale "H" 
shape characteristic of the 2ir phase winding 
due to the presence of a vortex. We repeated 
this experiment many times for the same ini
tial condition, and have found that the in
terference patterns produced have a similar 
shape but with a relative phase between the 
two components which fluctuates from one 
shot to another so that the bright and dark 
regions in Fig. 2b can be exchanged. Note 
that this technique can be used as a very sen
sitive tool to diagnose the presence of vortices 
generated by the fast motion of a macroscopic 
object in a condensate. This was demon
strated very recently at MIT, in an experi
ment where the interference pattern between 
a condensate with vortices and a condensate 
at rest has been recorded15. 

3.2 Measurement of angular momentum 

In order to measure the angular momentum 
of the condensate along the symmetry axis 
z of the trap, we study the two transverse 
quadrupole modes16 '17 '18 '19 carrying angular 
momenta of m = ±2 along the z axis. In the 
absence of vortices, the frequencies co±/2n of 
these two modes are equal as a consequence of 
the reflection symmetry about the xy plane. 
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By contrast, for Lz ^ 0, this degeneracy is 
lifted by an amount16: 

uj+-uj- = 2Lz/(Mrl) , (3) 

where r\ stands for the average value of 
x2 + y2 for the condensate. Consequently the 
measurements of w+ — o;_ and of the trans
verse size of the condensate provide the an
gular momentum of the gas20. 

In order to measure the frequency dif
ference w+ — w_, we excite the transverse 
quadrupolar oscillation using the dipole po
tential created by the stirring laser now on 
a fixed basis (X, Y = x,y) and with a 10-
times larger intensity. This potential acts on 
the atoms for a 0.3 ms duration at the end of 
the vortex nucleation phase. The transverse 
quadrupolar mode excited is a linear super
position of the m = ±2 modes. The lift of 
degeneracy between the frequencies of these 
two modes causes a precession of the eige-
naxes of the quadrupole mode at an angular 
frequency given by 9 = (w+ — w_)/4. There
fore the measurement of 6 together with the 
size of the condensate gives access to Lz. 

To determine 6 we let the atomic cloud 
oscillate freely in the magnetic trap for an ad
justable period r (between 0 and 8 ms) after 
the quadrupole excitation. We then perform 
the TOF + absorption imaging sequence. A 
typical result is shown in fig. 3. For this 
measurement the measured number of atoms 
was 3.7 105. The transverse frequency UJ^JITI 

equals 171 Hz, and the threshold frequency 
J7c/27r for nucleating a vortex is 115 Hz. The 
sequence of pictures in fig. 3 corresponds to 
r = 1,3 and 5 ms for which the ellipticity in 
the xy plane is maximum. They have been 
obtained after stirring the condensate at a 
frequency fi/27r = 120 Hz for which a single 
vortex is systematically nucleated. 

As expected, the axes of the quadrupole 
oscillation precess. The precession rate 0, ob
tained from the analysis of sequences of im
ages taken every 0.5 ms, is 5.9 degrees per 
millisecond. The fit of the image of the con-

Figure 3. Transverse oscillations of a condensate with 
a single vortex, with N = 3.7 105 atoms, ui±/2% = 
171 Hz and H/27T = 120 Hz. The fixed axes indicate 
the excitation basis and the rotating ones indicate 
the condensate axes. We deduce from these images 
that the angular momentum per particle is ~ h. 

densate after expansion gives an average ra
dius equal to 103 (±6) /mi from which we de
duce the value before expansion r± = 2.0 pm. 
Equation 3 then yields Lz/h = 1.2 (±0.1). 
The average angular momentum per particle 
is thus of the order of h when a single vortex 
is visible in the condensate. 

4 The many-vortex state 

We now turn to the discussion of the vortex 
pattern obtained for larger stirring frequen
cies. The regularity of the vortex lattices ob
tained in this case (see figs, led) is a conse
quence of the balance between the repulsive 
interaction between two vortex lines and the 
restoring force that acts on a vortex line cen
tering it on the condensate. 

In the large vortex number limit, the den
sity of vortices can be deduced from the cor
respondence principle. In this limit21, the 
coarse grain average (on a scale larger than 
the distance between two vortices) of the 
quantum velocity field should be the same 
as that for classical, rigid-body rotation v = 
il x r. 

In order to recover this linear variation 
of the velocity field with the distance from 
the rotation axis, the surface density of vor
tices pv must be uniform. The circulation of 
the velocity field $v-dr on a circle of ra
dius R centered on the condensate is then 
Af(R) h/M, where Af(R) = pv-nR2 is the 
number of vortices contained in the circle (see 
Eq. 1). This is equivalent to the rigid body 
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Figure 4. Nucleation of vortices in a stirred BEC. The time after stirring is indicated in ms. These pictures 
show first the transverse profile of the elliptic state generated by the laser stirrer, and then the nucleation and 
ordering of the resulting vortex lattice. 

circulation 27ri?2f2 if 

2Mfl 
Pv = 

h 
(4) 

Consider for instance the vortex lattice 
shown in fig. Id, which contains M = 12 visi
ble vortices. Before the time-of-flight expan
sion, the condensate has a radius R = 5 jum 
and the stirring frequency is fi/27r = 77 Hz 
(u>j_/2ir = 103 Hz in this case). This yields 
the ratio between the average velocity v on 
the circle and the velocity vr corresponding 
rigid body rotation: 

v Afh „ _ ... 
— = s- — 0.7 . (5) 

This shows that the coarse grain average ve
locity field of the condensate shown in fig. Id 
is indeed close that of a rigid body rotating 
at the stirring frequency fl. 

Using much larger condensates (5 107 

sodium atoms) and therefore much larger 
radii, the MIT group has recently succeeded 
in nucleating large arrays of vortices (up to 
150), also in good agreement with the num
ber M expected for a rigid body rotation6. 

5 The critical rotation frequency 

For very weak stirring intensities, corre
sponding to ex,£y <S 1, we observe that 
we can nucleate vortices only in a small do
main of stirring frequencies VI. This region is 
centered on the value WQP/2, where WQP = 
wi y/2 is the quadrupole oscillation frequency 
of the condensate. This coincidence indicates 
that the mechanism for vortex nucleation in 
our experiment involves the resonant excita
tion of the rotating quadrupole mode at fre

quency WQP by the time dependent perturba
tion at frequency 2Q created by the stirring 
laser (see equation (2)). 

More precisely we observe that during 
the first stage of the stirring phase, the con
densate deforms in the xy plane and that it 
acquires a very strong ellipticity (see the first 
three pictures in fig. 4). This elliptical ro
tating state22 corresponds to an irrotational 
flow of the condensate with a phase pattern 
proportional to XY. We observe that this 
rotating state possesses an intrinsic dynam
ical instability22'23'24 and that this instabil
ity leads to the transformation of the ellip
tic state into a state of one or more vortices 
(last four pictures of fig. 4). This scenario 
is confirmed by a numerical simulation of the 
Gross-Pitaevskii equation25 '26. Note that the 
ordering of the vortices leading to the regular 
lattice shown in the last picture of fig. 4 is 
found numerically only if one adds a dissipa-
tive term to the Gross-Pitaevskii equation26. 

The fact that vortex nucleation seems to 
occur only via a dynamic instability explains 
why the frequency range over which vortices 
are generated is notably smaller than that 
expected from thermodynamics27 '28. When 
a vortex state is thermodynamically allowed 
but no dynamical instability is present, the 
time scale for vortex nucleation is probably 
too long to be observed in this system. When 
a stirring potential is used for which the 
non-harmonic terms are significantly large, 
the frequency domain of vortex nucleation is 
larger due to the possibility of exciting higher 
order, rotating multipole oscillations which 
can also disintegrate into vortex states29 '30. 



121 

For this reason, when many of the higher or
der terms contribute significantly to the stir
ring potential, one might expect to recover 
a nucleation domain which approaches the 
thermodynamic prediction. 

6 Conclusion 

We have presented in this paper a study of 
states of a gaseous Bose-Einstein condensate 
with one or several vortices. We have char
acterized the phase pattern and the angu
lar momentum of a single vortex state, and 
we have related the maximum number of 
vortices which can be observed in this ex
periment to the rigid body rotation veloc
ity field. We have also shown that the nu
cleation of vortices in this system occurs via 
the excitation of a rotating quadrupolar state 
of the condensate. A natural extension of 
this study concerns the dynamics of the vor
tices themselves, such as the lifetime of these 
objects31'5'8 and their possible oscillations 
(Thomson modes1). We plan to address this 
subject in a future work. 
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V O R T E X E X C I T A T I O N S IN A B O S E - E I N S T E I N C O N D E N S A T E 

S. INOUYE*, J.R. ABO-SHAEER, A.R CHIKKATUR, A. GORLITZ, S. GUPTA, 
T.L. GUSTAVSON, A.E. LEANHARDT, C. RAMAN, T. ROSENBAND, 

J.M. VOGELS, K. XU, D.E. PRITCHARD, AND W. KETTERLE 

Department of Physics, MIT-Harvard Center for Ultracold Atoms and 

Research Laboratory of Electronics, MIT, Cambridge, MA 02139, USA 

We experimentally studied vortex excitations in a dilute gas Bose-Einstein condensate. First, the 
phase profile of a vortex excitation was observed using an interferometric technique. Vortices were 
created by moving a laser beam through a condensate, and they were observed as dislocations in the 
interference fringes formed by the stirred condensate and a second unperturbed condensate. Secondly, 
we have observed the formation of highly ordered vortex lattices in a rotating Bose-condensed gas. 
These triangular lattices contained over 100 vortices with lifetimes of several seconds. Individual 
vortices persisted up to 40 seconds. The gaseous Bose-Einstein condensates can be a model system 
for the study of vortex matter. 

Quantized vortices play a key role in 
superfluidity and superconductivity. Mag
netic fields can penetrate type-II supercon
ductors only as quantized flux lines. Vor-
ticity can enter rotating superfluids only in 
the form of discrete line defects with quan
tized circulation. These phenomena are di
rect consequences of the existence of a macro
scopic wavefunction, the phase of which must 
change by integer multiples of 2-K around 
magnetic flux or vortex lines. 

Recently, vortices in a Bose-Einstein 
condensate have been realized experimen
tally 1 '2 , 3 . This gives a unique opportunity to 
study this quantum mechanical phenomenon, 
since the low density of the gas allows di
rect comparison with first principle theories. 
Here, we studied both the static and the dy
namical properties of vortex excitations in 
condensates. The phase profile of a vortex 
was observed using an interferometric tech
nique 4 , and the formation of highly ordered 
vortex lattices in a rotating condensate was 
also observed 5 . 

1 T h e phase profile of vortex 
exci tat ions 

Bose-Einstein condensate is characterized 
by a macroscopic wavefunction i^if) = 

y/p(r) exp(i0(r)) , which satisfies a non-linear 
Schrodinger equation. The density p{f) and 
the velocity field vs(r) in the hydrodynamic 
equations can now be replaced by the square 
of the wavefunction (p(r) = IV'WI2) a n d the 
gradient of the phase of the wavefunction 

w,(0 = - W O , (i) 
m 

where m is the mass of the particle. 

, Vortex core 

Flow 
:(bj 

Figure 1. Density (a) and phase (b) profile of a mov
ing condensate with singly-charged (n = 1) vortex. 
The density profile shows the vortex core, whereas 
the phase pattern features a fork-like dislocation at 
the position of the vortex. Interference between two 
initially separated, freely expanding condensates pro
duces exactly the same pattern as shown in (b), if one 
of the condensate contains a vortex. 

The line integral of Eq. (1) around a 
closed path gives the quantization of circu
lation: 

/ 
v(r) • dr = - {ct>{n) - 4>{n)). (2) 

m 



123 

If t he path is singly connected, there is no 
circulation. If the path is multiply connected 
(like around a vortex core) the circulation can 
take values nh/rn (integer multiples of h/m), 
since the phase is only defined modulo 2ir. As 
a result, the phase accumulated between two 
points A and B can be different depending 
on the path (Fig. 1). The integer quantum 
number n is called the charge of the vortex. 
When the phase gradient is integrated along 
a path to the left of the vortex (path ACB), 
the accumulated phase differs by 2wr from 
the path to the right (ADB). 

This phase difference can be visualized 
with interferometric techniques. When two 
condensates with relative velocity v overlap, 
the total density shows straight interference 
fringes with a periodicity h/mv. If one of 
the condensates contains a vortex of charge 
n, there are n more fringes on one side of the 
singularity than on the other side (Fig. lb) . 
The change in the fringe spacing reflects the 
velocity field of the vortex. An observation 
of this fork-like dislocation in the interference 
fringes is a clear signature of a vortex 6 '7 . 

Our setup for the interferometric obser
vation of vortices is essentially a combina
tion of two experiments conducted in our lab 
in the past 8 '9 . Briefly, laser cooled sodium 
atoms were loaded into a double-well poten
tial and further cooled by rf-induced evap
oration below the BEC transition temper
ature. The double-well potential was cre
ated by adding a potential hill at the cen
ter of a cigar-shaped magnetic trap. For 
this, blue-detuned far off-resonant laser light 
(532 nm) was focused to form an elliptical 
75/xm x 12^m (FWHM) light sheet and was 
aligned to the center of the magnetic t rap 
with the long axis of the sheet perpendicular 
to the long axis of the condensate. The con
densates produced in each well were typically 
20 /xm in diameter and 100 fim in length. The 
height of the optical potential was ~ 3 kHz, 
which was slightly larger than the chemical 
potential of the condensate. A more intense 

light sheet would have increased the distance 
between the condensates, thus reduced the 
fringe spacing 8 . 

After two condensates each containing 
~ 1 x 106 atoms in the F = l,mp = — 1 
state were formed in the double-well poten
tial, we swept a second blue-detuned laser 
beam through one of the condensates using 
an acousto-optical deflector (Fig. 2). The fo
cal size of the sweeping laser beam (12 ^xm x 
12 /urn, FWHM) was close to the width of the 
condensate. The alignment of this beam was 
therefore done using an expanded condensate 
in a weaker t rap where the beam profile cre
ated a circular "hole" in the condensate den
sity distribution. 

' i | ; I ' • i I! i 
r r v i i r i 

Figure 2. Schematic (a) and phase-contrast images 
(b) of the condensates used for the experiment. A 
blue-detuned laser beam (not shown in the figure) 
was focused into a light sheet separating the two 
condensates in the magnetic trap. Another tightly 
focused laser beam was swept through one of the 
condensates (the upper one in image (b)) to excite 
vortices. The intensity of each laser beam was a fac
tor of four higher than in the experiments to enhance 
the depleted regions in the images. The images in 
(b) have a field of view of 100 ^m x 380 jxm. Each 
image was taken with a stationary stirrer, which was 
advanced from left to right in steps of 5 /an. 

After sweeping the beam once across the 
"sample" condensate, the magnetic and op
tical fields were switched off and the two 
condensates expanded and overlapped dur
ing 41ms time-of-flight. The atoms were 
then optically pumped into the F = 2 hyper-
fine ground state for 80 [is and subsequently 
probed for 20 fis by absorption imaging tuned 
to the F = 2 to F' = 3 cycling transition. 

Images of interfering condensates show a 
qualita
tive difference between stirred (Fig. 3(b-d)) 
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Figure 3. Observation of the phase singularities of 
vortices created by sweeping a laser beam through 
a condensate. Without the sweep, straight fringes 
of ~ 20)im spacings were observed (a), while after 
the sweep, fork-like dislocations appeared (b-d). The 
speed of the sweep was 1.1/tm/ms, corresponding to 
a Mach number of ~ 0.18. The field of view of each 
image is 1.1 mm x 0.38 mm. Fig. (d) shows a pair of 
dislocations with opposite circulation characteristic 
of a vortex pair. At the bottom, magnified images of 
the fork-like structures are shown (dl) with lines to 
guide the eye (d2). The orientation of the conden
sates is the same as in Fig. 2(b). 

and unperturbed states (Fig. 3(a)). Fork-like 
structures in the fringes were often observed 
for stirred condensates, whereas unperturbed 
condensates always showed straight fringes. 
The charge of the vortices can be determined 
from the fork-like pattern. In Fig. 3(b), vor
tices were excited in the condensate on top, 
and the higher number of fringes on the left 
side indicates higher relative velocity on this 
side, corresponding to counterclockwise flow. 
Fig. 3(c) shows a vortex of opposite charge. 
The double fork observed in Fig. 3(d) rep

resents the phase pat tern of a vortex pair. 
Multiply charged vortices, which are unsta
ble against the break-up into singly charged 
vortices, were not observed. 

Interferometric techniques have previ
ously been applied either to simple geome
tries such as trapped or freely expanding con
densates 8 '1 0 '1 1

J or to read out a phase im
printed by rf- or optical fields 1<12<13_ Here 
we employed the interferometric technique to 
visualize turbulent flow. This technique is 
suited for the study of complicated superfluid 
flows, e.g., when multiple vortices with oppo
site charges are present. 

2 Vortex latt ices 

A condensate can be subjected to a rotat ing 
perturbation by revolving laser beams around 
it. This technique was used to study surface 
waves in a trapped BEC 14, and subsequently 
for the creation of vortices 2 . In 1997, we 
tried unsuccessfully to detect quantized cir
culation as a "centrifugal hole" in ballistic 
expansion of the gas 6 '1 5 . Theoretical calcu
lations 1 6 '1 7 '1 8 and ultimately the pioneering 
experimental work 2 showed that vortices can 
indeed be detected through ballistic expan
sion, which magnifies the spatial structure of 
the trapped condensate. 

Experiments were performed in cylindri
cal traps with widely varying aspect ratios. 
Most of the results and all of the images were 
obtained in a weak trap, with radial and ax
ial frequencies of vr — 84 Hz and vz = 20 Hz 
(aspect ratio 4.2), respectively. In this weak 
t rap inelastic losses were suppressed, result
ing in larger condensates of typically 5 x 107 

atoms. Such clouds had a chemical potential 
(fi) of 310 nK (determined from time-of-flight 
imaging), a peak density of 4.3 x 1 0 1 4 c m - 3 , a 
Thomas-Fermi radius along the radial direc
tion (R) of 29 fxm, and a healing length (£) 
of about 0.2 fim. 

Vortex lattices were produced by rotat
ing the condensate around its long axis with 
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the optical dipole force exerted by blue-
detuned laser beams a t a wavelength of 532 
nm, A two-axis acousto-optic deflector gen
erated a pattern of two laser beams rotating 
symmetrically around the condensate at vari
able drive frequency u 14. The two beams 
were separated by one Gaussian beam waist 
(w = 25 mm). The laser power of 0.7 mW in 
each beam corresponded to an optical dipole 
potential of 115 nK. This yielded a strong, 
anharmonic deformation of the condensate. 
After the condensate was produced, the stir
ring beam power was ramped up over 20 ms, 
held constant for a variable stirring time, and 
then ramped down to zero over 20 ms. The 
condensate equilibrated in the magnetic t rap 
for a variable hold time (typically 500 ms). 
The t rap was then suddenly switched off, and 
the gas expanded for 35 ms to radial and ax
ial sizes of lr > 1000 fim and lz > 600 ^m, 
respectively. We probed the vortex cores us
ing resonant absorption imaging. To avoid 
blurring of the images due to bending of the 
cores near the edges of the condensate, we 
pumped a thin, 50 to 100 ^/m slice of atoms 
in the center of the cloud from the F = 1 
to the F = 2 hyperfine state 8 . This sec
tion was then imaged along the axis of rota
tion with a probe pulse resonant with the cy
cling F = 2 —> 3 transition. The duration of 
the pump and probe pulses was chosen to be 
sufficiently short (50 and 5 /xs, respectively) 
to avoid blurring due to the recoil-induced 
motion and free fall of the condensate. We 
observed highly ordered triangular lattices of 
variable vortex density containing up to 130 
vortices (Fig. 4). A striking feature is the ex
treme regularity of these lattices, free of any 
major distortions, even near the boundary. 
Such "Abrikosov" lattices were first predicted 
for quantized magnetic flux lines in type-II 
superconductors 19. Tkachenko showed that 
their lowest energy structure should be trian
gular for an infinite system 20. For a trapped 
condensate with maximum vortex density, we 
infer that the distance between the vortices 

was ~ 5 lira. The radial size of the conden
sate in the time-of-flight images was over 10% 
larger when it was filled with the maximum 
number of vortices, probably due to centrifu
gal forces. 

Figure 4. Observation of vortex lattices. The exam
ples shown contain approximately (a) 16, (b) 32, (c) 
80, and (d) 130 vortices. The vortices have "crys
tallized" in a triangular pattern. The diameter of 
the cloud in (D) was 1 mm after ballistic expansion, 
which represents a magnification of 20. Slight asym
metries in the density distribution were due to ab
sorption of the optical pumping light. 

The vortex lattice had lifetimes of several 
seconds. The observed stability of vortex ar
rays in such large condensates is surprising 
because in previous work the lifetime of vor
tices markedly decreased with the number of 
condensed atoms 2 . Theoretical calculations 
predict a lifetime inversely proportional to 
the number of vortices 2 1 . Assuming a tem
perature ICBT > fx, where ks is the Boltz-
mann constant, the predicted decay time of 
> 100 ms is much shorter than observed. Af
ter 10 s, the number of vortices had dimin
ished considerably. In several cases we ob
served a single vortex near the condensate 
center after 30 to 40 s. This dwell time is 
much longer than that observed for elongated 
clouds (1 to 2 s) 2 and for nearly spherical 
condensates (15 s) 2 2 . We estimate that dur-
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ing its lifetime, the super-fluid flow field near 
the central vortex core had completed more 
than 500,000 revolutions and the lattice itself 
had rotated ~ 100 times. 

Our experiments show that vortex forma
tion and self-assembly into a regular lattice is 
a robust feature of rotating BECs. Gaseous 
condensates may serve as a model system to 
study the dynamics of vortex matter. Of par
ticular interest are collective modes of the lat
tice. In liquid helium, transverse oscillations 
in a vortex lattice ( Tkachenko oscillations) 
have already been investigated 2 3 '2 4 . Further 
studies may address the nucleation, ordering, 
and decay of lattices, in particular to delin
eate the role of the thermal component 2 1 , 
and possible phase transition associated with 
melting and crystallization. 
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COLLAPSING DYNAMICS OF T R A P P E D BOSE-EINSTEIN 
CONDENSATES WITH ATTRACTIVE INTERACTIONS 
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E-mail: hsaito@stat.phys.titech.ac.jp 

The dynamics of collapsing and exploding trapped Bose-Einstein condensates triggered by switching 
the sign of the interaction from repulsive to attractive is studied by numerically integrating the Gross-
Pitaevskii equation with atomic loss. Our simulations reproduce some experimental results, and 
predict new phenomena. 

1 Introduction 

The static and dynamical properties of 
Bose-Einstein condensate (BEC) of trapped 
atomic vapor crucially depend on the sign of 
the interatomic interaction. When the inter
action is attractive, BEC in a spatially uni
form 3D system is unstable to collapse into a 
denser phase. In a spatially confined system, 
on the other hand, the quantum pressure aris
ing from Heisenberg's uncertainty principle 
counterbalances the attractive force, allow
ing metastable BEC to be formed if the num
ber of BEC atoms is below a certain critical 
number (typically ~ 1000) above which BEC 
collapses1. The BEC with attractive interac
tions, therefore, has been restricted to a small 
and uncontrollable number of atoms2. 

In recent experiments performed at 
JILA3,4, the interaction was controlled in 
both strength and sign using the technique 
of the Feshbach resonance. Using this tech
nique, almost pure condensates with large 
number of atoms can be obtained, since they 
are prepared in the repulsive regime, and 
then the interaction is switched to attractive. 
This technique enabled us to study the col
lapse of BEC with large number of atoms, 
which exhibits explosive atomic ejection from 
collapsing BEC. This phenomenon is called 
"Bosenova", and its theoretical explanation 
is controversial5,6,7. 

In this paper, we study the collaps
ing dynamics of BEC in such situation by 

numerically integrating the Gross-Pitaevskii 
(GP) equation with atomic loss. We show 
that our simulations reproduce the "Bosen
ova" and some accompanying phenomena ob
served in the experiments4, suggesting that 
our method is at least qualitatively valid. 
We find that the collapse is not a single 
and collective one but a sequence of localized 
implosions that occur rapidly and intermit
tently. We also predict pattern formation in 
the atomic density caused by the switch of 
the sign of the interaction. 

2 The Gross-Pitaevskii equation 
with atomic loss 

We consider a system of Bose-condensed 
atoms with mass m and s-wave scattering 
length a, confined in a trap potential Vtrap-
We assume that the mean-field or GP approx
imation is applicable, and employ the GP 
equation with atomic loss processes as5 

+ — H V - y W r V , ( i ) 
m 2 

where A'3 is the loss-rate coefficient of three-
body recombination (including the Bose-
statistical factor 1/6). The last term of the 
right-hand side of Eq. (1) describes atomic 
loss in proportion to cube of the density. We 
assume that the high energy (~ 1 mK) atoms 
and molecules produced by three-body re
combination escape from the trap without af-

mailto:hsaito@stat.phys.titech.ac.jp
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fecting the condensate. The values of A'3 far 
from the Feshbach resonance are measured 
for several atomic species, which agree with 
the theoretical predictions within a factor of 
ten. However, just near the Feshbach reso
nance, behavior of A'3 is not well understood, 
and no precise values are available8. 

3 Numerical analysis of collapsing 
dynamics 

We performed numerical integration of the 
GP equation (1) using the method in Ref. [1]. 
Initially we prepared the ground-state wave 
function for the s-wave scattering length 
ainit > 0, and at t = 0 the interaction is sud
denly switched to attractive acouapse < 0. For 
simplicity, we used the spherically symmetric 
trap Vtrap = mw2r2/2 with u> = 12.8 x 27r Hz, 
which is the geometric mean frequency of the 
cigar-shape trap in the experiments3,4. 

3.1 Intermittent implosion and atomic 
decay 

Figure 1 shows time evolution of the peak 
height \tp(r = 0)| of the wave function, the 
total number of atoms in the trap Ntot&i, and 
the number of BEC atoms left at the center 
of the trap Ncenter = J0 4irr2\ip\2dr, where 
we adopt R = ft^h/miS)1!2. The initial num
ber of BEC atoms (85Rb) is N0 = 6000, and 
ainit = 0 is switched to aconapSe = —30ao at 
t = 0, where ao is the Bohr radius. The 
three-body recombination rate is assumed to 
be A 3 = 10-2 8 cm6/s. 

The striking feature in Fig. 1 is that 
the sequence of rapid implosions occurs over 
~ 10 ms intermittently6. The implosion oc
curs very rapidly (< 0.1 ms) within a very 
localized region (< 0.1 /xm). This behavior 
is explained as follows: When the conden
sate shrinks towards the central region and 
the peak density becomes 4wh a\ip\2/m ~ 
7JA3 |V>|4/2, i.e., | ^ | 2 ~ 8Trha/(mK3), the 

collisional loss rate becomes comparable to 
the accumulation rate of atoms at the cen-

0.5 

10 20 30 40 
([ms] 

Figure 1. Time evolution of the peak height of the 
wave function normalized by the initial one \ip(r = 
0)\/\if>o(r = 0)| (referring the left axis), the fraction 
of the number of atoms in the trap Ntotlii/No, and 
the fraction around the center of the trap iVcenter/ATo 
(referring the right axis), where the initial number of 
8 5 Rb BEC atoms is No = 6000. At t = 0 the s-wave 
scattering length is changed from 0 to —30ao, where 
ao is the Bohr radius. 

ter. Since the kinetic and interaction ener
gies are proportional to the atomic density 
and its square, respectively, the total energy 
increases upon the loss of atoms. The atoms 
near the center of BEC thus acquire outward 
momentum, and are ejected as atomic burst. 
After the implosion and explosion, inward 
flow outside the region of the implosion re
plenishes the peak density, inducing the sub
sequent implosion. 

The number of atoms in the central 
BEC -/Venter remains constant for some time 
and suddenly decays, since the implosions 
suddenly begin. This duration in which 
-^center is constant decreases with increasing 
|«coiiapse|, and our numerical results quantita
tively agree with those of the experiment6. In 
each implosion, several tens of atoms are lost 
from the trap due to three-body recombina
tion, and then iV"totai decreases in a step-like 
manner. The number of BEC atoms remain
ing at the center of the trap Ncenter gradu
ally decays in addition to the step-like de
crease because of the ejection of the atomic 
burst, where the number of burst atoms is 
given by iVtotal - Center- The behavior of 
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Figure 2. The one-dimensional density distribution 
p(z)/po(z == 0) (solid curve) and the radial density 
10|t/>(r)|2/ |iMr = °)P (dotted curve) at t = 30 
ms in the same condition as Fig. 1, where p(z) = 
/ \ip\^dxdy, and po(z = 0) and \ipo{T = 0) |2 are 

the initial ones at the center of the trap. The 
dashed curve shows the Gaussian fitted to the tail 
(z > 20 (im) of the solid curve. 

iVcenter shown in Fig. 1 well describes the ex
perimental observation4, suggesting that the 
intermittent implosion occurs in the experi
ments. 

3.2 Atomic burst 

In Fig. 1, implosions revive due to the re-
focus of the burst, which occurs at the cen
ter of the trap in the spherically symmetric 
trap. Since the cigar-shape trap is used in the 
experiments4, on the other hand, the axial 
and radial refocuses occur alternately. When 
the radial refocus occurs, the burst cloud be
comes like a stripe along the trap axis, and 
this image was taken in the experiments4. In 
order to compare this burst distribution with 
our result, we show the one-dimensional den
sity distribution p(z) = f \if}\2dxdy in Fig. 2, 
where the data was taken after the sequence 
of implosions (t = 30 ms in Fig. 1). The 
curve of p(z) is very similar to that of the 
experiment4, in that there is a distinction 
between the burst and remnant atoms, and 
the burst part is well fitted by the Gaussian 
(dashed curve in Fig. 2). This indicates that 
the burst energy can be described by "tem-

10|im 

1=0 t=6.2 t=7.0 

t=9.0 t=9.7 t=11.0[ms] 

Figure 3. Time evolution of the column density of 
8 5 Rb BEC, where the initial number of atoms is No = 
5 X 104, and at t = 0 the s-wave scattering length is 
switched from a;nj t = 400ao to aCollapse = —310ao, 
where ao is the Bohr radius. The three-body recom
bination rate is A j = 8 X 1 0 _ 2 6 c m 6 / s . 

perature", since the thermal distribution is 
given by exp[—mw2z2/(2^sT)]. In the case 
of Fig. 2, the temperature of the burst atoms 
is estimated to be T ~ 160 nK. There are 
shoulders in the remnant part of p(z), which 
originate from the fringe in the radial density 
as shown in the dotted curve in Fig. 2. 

3.3 Pattern formation 

We next consider the case of larger JVo> a;nit, 
and |acoiiapse| than the current experimen
tal parameters. Figure 3 shows time evolu
tion of column density of 85Rb BEC, where 
TVo = 5 x 104, and the s-wave scattering 
length is switched from amit = 400ao to 
^collapse = —310ao. The three-body recom
bination rate is A'3 = 8 x 10 - 2 6 cm6/s at this 
acoiiapse8- When the interaction is switched 
to attractive, the condensate expanded by the 
repulsive interaction begins to shrink, and 
ripples in the atomic density arise. These 
ripples become pronounced, and grow to the 
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concentric spherical shells at t = 7.7 ms in 

Fig. 3. The ripples are caused by the interfer

ence between the atoms going inward and the 

inside atoms, and the growth of the ripples is 

at t r ibuted to the self-focusing effect due to 

the attractive interaction. The shells go in

ward and collapse one by one at the center 

of the t rap . After the all shells collapse, an

other shell is formed from the remaining BEC 

at t — 11 ms in Fig. 3. We note tha t such 

shell s tructure should be distinguished from 

the density oscillation as shown in Fig. 2 (dot

ted curve). The oscillation in Fig. 2 arises as 

a result of violent implosion and explosion, 

while the shell-structure formation occurs in 

the process of shrinking. 

In the case of an axi-symmetric t rap , the 

pat tern of the atomic density is sensitive to 

the asymmetry of the t r ap 6 . For a cigar-

shape t rap , compression of BEC by change 

in the sign of the interaction is larger in the 

radial direction than in the axial direction. 

Hence, the ripples arise in the radial direc

tion, which results in a cylindrical shell struc

ture. For a pancake-shape trap, the ripples 

arise in the axial direction, leading to a lay

ered structure. Once the implosion occurs, 

various pat terns such as rings and clusters 

can be formed in axi-symmetric systems. In 

our preliminary simulations for a cigar-shape 

t rap, atomic clusters are formed along the 

t rap axis, which suggests the occurrence of 

the multiple implosions. This might be re

lated with the multiple jets observed in the 

experiment4 , which are manifestations of lo

cal spikes in the atomic density formed along 

the t rap axis. 

The resolution limit of the imaging sys

tem in the experiment4 is 7 fim FWHM, and 

then somewhat inadequate for observing the 

pat terns . Since expansion of BEC before 

imaging will blur out the pat terns, improve

ment of the in situ imaging method or en

largement of pat terns by use of larger size of 

BEC is required to observe the pat tern for

mation. 

4 C o n c lu s io n s 

We studied the collapsing and exploding dy

namics of BEC by numerically in tegra t ing the 

G P equation with atomic loss. We showed 

tha t the G P equation describes the experi

mental results4 well, and found two new phe

nomena: in termit tent implosion and pa t t e rn 

formation. We believe that the in termi t ten t 

implosion is the origin of the exper imental 

observations, such as exponential decay of 

BEC atoms and burs t production. 
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With modified Bogoliubov replacement a* -> y/No + a*, we study the fluctuation in number of the 
trapped condensate particles around the average JV0 S> 1, taking interaction among them into account. 
A criterion is obtained for the stability of the fluctuation, thus also for the Bose-Einstein condensation. 
In the case of weak interaction, the condensation takes place if the interaction is in a sense repulsive, 
and probably the condensation does not take place if attractive. 

1 Introduction 

It is well-known that the free Bose gas con
denses in momentum space at sufficiently low 
temperature and 'high' (actually low) den-
sity such that p\3 > 2.162, where A = 

\f2Tth2/mlcsT. Then, what if the interac
tions among particles are present? 

It is customary to treat the Bose-
Einstein condensate by replacing its annihila
tion/creation operators by a c-number, y/No, 
with NQ being its average occupation num
ber (Bogoliubov approximation1) violating 
the canonical commutation relations. Under 
what conditions is this approximation valid? 

We address ourselves to these two ques
tions in the case of the Bose particles in a 
trap. In 1965, one of the authors (H.E.2' 3) 
proposed to use y/N^ + af for the annihi
lation/creation operators of the condensate 
mode with operators satisfying [ao,ao] = 1, 
and examine under what conditions the fluc

tuations of these variables a* remain small 
in comparison with T/NQ. But, in the in
finite volume case, the Goldstone theorem 
prohibits the energy gap at zero momentum, 
making the fluctuation of a* infinitely large, 
so that we were confronted with a difficult 
task of estimating the finite volume effects. 
We now consider the same problem in the 
case where the Bose system is trapped in a 
finite volume. 

For the Bose particles in a trap and at 
sufficiently low temperature and 'high' den
sity, we shall show that, roughly speaking, if 
the interaction V(x) among particles is re
pulsive (in a sense to be specified in the fi
nal section), then o* are effectively of the 
order of N0' , which is much smaller than 

1/2 

iV0 when TVo 3> 1, justifying the Bogoli
ubov approximation. It then follows that 
the Bose-Einstein condensation takes place. 
If on the contrary the interaction is attrac
tive, the effective Hamiltonian we construct 

mailto:hiroshi.ezawa@gakushuin.ac.jp
mailto:watanabk@phys.meisei-u.ac.jp
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for a* has no lowest energy eigenstate, imply
ing that the the Bogoliubov approximation 
invalid. It seems in this connection that the 
failure of the Bogoliubov approximation im
plies the failure of the Bose-Einstein conden
sation, since if the condensation would take 
place then seemingly the Bogoliubov approx
imation should work. If this is the case, then 
the criterion for the validity of the Bogoli
ubov approximation is at the same time the 
criterion for the Bose-Einstein condensation. 
Some further discussions will be given in the 
final section. 

2 Hamiltonian 

In terms of the Bose field operator (J>A{X), the 
Hamiltonian of the system is given by 

H 
h2 

= J dx^A(x){ - —A + v(x) - (I}4>A(X) 

+^ ( dxdx'<t>A{x)<l>\(x')V{x-x') 

x4>A(x')<j)A(x), (1) 

where v(x) is the trap potential and V{x) = 
V(—x) the interaction, the former varying 
much more slowly than the latter and fi is 
the chemical potential. 

Suppose tentatively that the system has 
i V o > l condensate particles in average in the 
lowest single particle mode uo(x) to suggest 
the use of \/No + af for the mode. Then, the 
field operator takes the form, 

below. Namely, we rewrite (1) as 

U = Jdx<f>{(x){- — A + v(x)+vH(x) 

-fi}cf>A(x) + - dxdx'<t>\{x)4>\{x') 

xV(x - x')<j)A(x)<t>A{x') 

- I dx<j>\(x)tyR{x)4>A{x) (4) 

by adding and subtracting the term with the 
Hartree potential, 

vH(x) := N0 f V(x -x')u2
0(x')dx'. (5) 

For un's (n > 0), we take the solutions to 

+N0 f dx'V(x-x')u2
0(x')}un(x) 

= enun(x). (6) 

We note that (6) is different from the Gross-
Pitaevski equation4 in that it gives a com
plete orthonormal set < un(x) n = 0, • • • >. 
After putting (2) in (4), the Hamiltonian are 
arranged in powers of A = \/y/N^\ 

% = A " 1 ^ - 1 ' +H(0> + \HW +\2rt2\ (7) 

and the chemical potential is expanded ac
cordingly, 

(8) 

(9) 

where 

4>A(X) = VNoUo(x) + 4>{x). 

^(x) - ^2,anu„{x). 

(2) 

(3) 

with a complete set of orthonormal system 
{un(x)}. 

If we put (2) in (1), then terms linear in 
4>{x) arise, which can be eliminated by intro
ducing the Hartree potential va as defined 

We have 

-H^ = (e0-^)(aUao), 

n 

mn 

+y~] Jno(ai + an)(al + a0) 

+ 2 J o o ( 4 + a o ) 2 - M ( 1 ) ( a o + ao), (10) 

and the terms Ti^ and 'H(-2\ cubic and quar-
tic respectively, in a* and af, where the 



134 

prime on the summation symbol V , i saY> 
n 

means excluding n — 0-term from the sum, 
and 

Jmn = N0 dxdx'um(x)un(x') 

xV(x-x')u0{x')u0(x). (11) 

Since u„'s are normalized, it is of the order 
of (volume of the system) - 1 /2 , so that 

J - o f ^ M 
\ volume/ 

= O(number density of the condensate), 
which we assume to be of 0(1) with respect 
to N0 -> oo. 

3 Diagonalizing the 
Non-Condensate Part of H{0) 

In the following, we shall construct an effec
tive Hamiltonian for the condensate fluctua
tion by a perturbation theory. At each order 
j of the perturbation calculation, the chemi
cal potential /jW is determined such that the 
terms linear in a J + ao (= b'0 + bo in terms of 
the operators (15) to be introduced later) are 
removed. So, in the lowest order, (9) gives 

where 

so that 

M ( 0 ) =eo, 

rt-v = o. 

(12) 

(13) 

We diagonalize H^ with respect to the 
non-condensate (k / 0) modes to 

Hw = Yl'^bih + ̂ Joibl+bof-^Hbl+bo) 
k 

(14) 
by a transformation, 

o-n = 2 J (cknbk - Sknb\) - an(b0 + b0) 
k 

ao=b0-^Pk(bl-h), (15) 

Cfcn 

Skn — n \ \l . 

1 r-sr'XkT 

Pk = 

2 

1 Xk 
1 3 / 2 ' 

k " * 

(16) 

with 

k ~ y_j J-kny/tnJn (17) 

and an orthogonal matrix Tkm satisfying 

mn 

(18) 
The third term in (14), linear in 6j + 60 is 
removed by putting 

/i (1 ) = 0. (19) 

Then, we rewrite the Hamiltonian (7) in 
terms of 6*'s, and regroup the terms in the 
following way: 

•H = H$\bt) + n£Hbt) 
+XH^{b*,b*) + \2n^{b*,bi) (20) 

where b* stands for those with k ^ 0, and 
"Wg' and wc' are given by the first term and 
the second term in (14), respectively. 

Let the eigenstates of HB be \n). 

4 Effective Hamiltonian for the 
Condensate Fluctuation 

To construct the effective Hamiltonian for the 
condensate fluctuation, we follow Ezawa and 
Luban3. 

Let the Hilbert space of the condensate 
(k = 0) be He and the Hilbert space of 
the non-condensate (k ^ 0) be HB, then the 
Hilbert space of the total system is given by 
HB® Hc-

We solve the eigenvalue problem in HB, 

'Htpn = VVjAn, (21) 
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by perturbation theory as 

1pn = (l + XU„1) + X2U^ + ---)\n), 

t(o) (i) V 2 A ( 2 ) 

(22) 

An = A r + A A ^ + A 2 A ^ + --

/W'= where Un 's are operators on HB ® He involv
ing both bf and bf, and ^„ a state vector in 
HB and operator on He involving 6*. 

An, an operator on He, is the effective 
Hamiltonian for the condensate fluctuation 
for the case where the unperturbed state of 
the non-condensate is \n). If \Xni) is the 
eigenstate of A„ with eigenvalue Eni, then 
ipnlxm) is the eiegenstate of the total Hamil
tonian. In fact, by (21), 

KlpnlXn) = ^nK\Xnl) = Enl1pn\Xnl) • (23) 

The reaction of the condensate fluctuation on 
the state of the non-condensate is included in 
V'nlXni) since ipn is a state vector in HB and 
at the same time an operator on He-

Note that ipn and An are not unique, as 

# , = V„V, A; = V+AV (24) 

can also satisfy the equation, where V is any 
unitary operator on He- It can be shown 
that, using this freedom, we can require that 

(n |W ( 1 ) |n )=0, (25) 

and 

<n|W<a>|n) = (n|Z/2>V>- (26) 

Then, we find 

AS»=en+74°> 
A ^ = (n\HU\n) (27) 

A-2) = | £X < n | * ( 1 ) | m > < m | w » 1 ) | n > + h-c0 
m 

+{n\n(2)\n) 

where (m\U^\n) is determined from 
(e„-em)<m|W (1) |n> 

= (m\n^\n) + [«<?>, (m|W(1)l">]- (28) 

When \n) is the ground state |0) of %B , 

we find 

A0 = A { ^ l (fr2+»720 + u2j 

Ae + ^e + %* 
+ -^r)t2V+0 

v3)' 
(29) 

where 

£ = -L(bi + b0), v = -j=(bl-b0), (30) 

which satisfy 

and 

[!?,£] = - t , (31) 

A = Jo0 - 2^Jn0an (32) 

with Jmn and an being given in (11) and 
(16), respectively, and B2,---,C are also c-
numbers of 0(1) with respect to 

v = 2V2iVo, (33) 

and are related to the matrix elements like 
Jmn of the interaction potential. Miracu
lously, A has no T]2 term. 

By a unitary transformation U, and 
change of variable by 

v px 
T) = — sinh —=, 

P V" we have 

U*AU = 
A' 

dx 
X ^ + vVciyfix) 

(34) 

(35) 

where 

vVc(y/vx) 

4i/cosh (px/i/is) 

v3 smb.6 (px/,/v) p2 

p2 cosh2'{pxI'y/v) 4i/ ' 

A' = A + O 

and 

9 a + 3/t3 
P = 3 

(36) 

(37) 

(38) 
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Figure 1. Effective potential 

with 

a = 2J( 00 8Ja + 8 J ' K £ 
'A. Zk 

Uk 

«3 = 2J00 - l2Ja + 16J° 

+8J'aa - 16Kaaa 

(39) 

Here, Jaa, J'aa,Kaaa, and A3k are of 0(1) 
with respect to (33), and 0(g3) or even higher 
if the strength of the interaction is of order 
fl->0. 

For v > 1, we have 

vVc{y/vx) = p V + const. (40) 

and the potential is quite like a square well 
potential (Fig.l, drawn for p2 = 8; see (51) 
below). 

Therefore, the effective Hamiltonian for 
the condensate fluctuation has a discrete 
spectrum if 

If further 

p2 > 0 . 

A' >0, 

(41) 

(42) 

the spectrum is lower bounded, implying that 
the condensate is stable. 

These two conditions, (41) and (42), 
comprise the criteria for Bose-Einstein con
densation. In fact, when these two conditions 
are met, the extension of the condensate wave 
function in x space is of 0(1), so that 

n = 0{y/v) = O(JV0
1/4) (43) 

by (34), and then £ = 0(N~1/4). Thus, 

b* is effectively O(iV0
1/4), (44) 

which is much smaller than A^0' if AT0 3> 1. 
Since the excitation energies of the conden
sate fluctuation are small, it is important to 
notice for finite, but low temperature that the 
potential Vc(x) is like a square well potential 
if p2 > 0, A' > 0 and therefore that the ex
tensions of the wave functions are almost con
stant in any excited states which could mix 
with the ground state at non-zero tempera
ture. 

5 Conclusion 

One remark was in order before we had stated 
the criteria of the Bose-Einstein condensation 
in the previous section, because, while we 
have started in Introduction by saying that 
the effective smallness of a* in comparison 

1/2 

with iV0' would give the criteria for the con
densation, we have ended up with the criteria 
for smallness of bf. 

If we rewrite the field operator (2) in 
terms of bf and &*'s 

<?A{X) 

= T/Ni)U0(x) + {u0(x) - ^2 anun(x)}b0 

n 

~(^2 anUn{x)}b\ 
n 

+ X] {^2 cknUn(x) + PkU0(x)}bk 
k n 

- ^ {^2 sknUn(x) + /3kuo(x)}b{ (45) 
k n 

The (average) total number of particles in the 
ground state of the system ?/>o|0)|xoo) is given 
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roughly by the expectation value, 

JVtot = (xoo\(0\ jcf>{{x)Mx)dx\0)\Xoo)-

(46) 
Then, the number of condensate particles is 
given by the expectation value at |xoo) of 

/ [^/No~uo(x) + {u0(x) - w(x)}bl - w(x)b0] 

x[\/~No~u0(x) + {U0(X) -w(x)}b0 - w(x)bl] 

xdx 

= N0 + y/No(bl + b0) + (1 + 2 ] T ' c £ )blb0 

n 

-C£<xl)(blb0 + b0bo), (47) 
n 

of which N0 dominates if the criteria we ob
tained are met, where 

which, if written out explicitly by (11), means 

J00 = / V(x-x')ul(x)ul(x')dxdx' > 0. 

(53) 
Thus, in the case where the Bose particles 
interact weakly, the system at sufficiently low 
temperature and high density undergoes the 
Bose-Einstein condensation if the interaction 
is repulsive in the sense of (53), and probably 
does not otherwise. 

Appendix 

Coefficients of Ao 

We list here the coefficients of A0 to 0(g2), 
where g is the strength of the interaction gV. 

w » = ^2 ocnun(x). 
A' = A+^, 

Thus, our criteria serves to guarantee the 
Bose-Einstein condensation. 

Of the two criteria, (41) and (42), for the 
Bose-Einstein condensation at low tempera
ture and 'high' density, (42) is rather simple: 

pz = 8 - 48 

A — Joo 

Ja 

2Ja, 

Ji oo 
where 

K2 = 2(27Ja - 5r), T = J2'jCkl 

A' ~ A = Joo - 2 ^ Jn0an > 0, (48) J * = ^ a n J n 0 , J"k = T"! ckrncknJ„ 

but the other one, (41), involves a complex 
quantity (38). 

So, let us see what these conditions mean 
in the weak coupling limit where the interac
tion is replaced by gV(x) with g -¥ 0. 

Since Jm„,J'mn = O(g), we have 

an = 0(g), (49) 

so that to the first order in g we have 

.4 = Joo, K3 = 2J0o, o = 2 J00. (50) 

Therefore, in the weak-coupling limit, one of 
the criteria (41) become trivial, 

?2 = ~ ^ + O ( 5
2 ) ~ 8 > 0 , (51) 

and the other (42) turns out to give 

A' ~ A ~ Joo + 0(g2) > 0, (52) 
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GIANT Q U A N T U M REFLECTION OF NEON ATOMS FROM SILICON 
SURFACE 
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Cohent reflection of a cold atomic beam with macroscopic dimension from a solid surface caused by 
attractive van der Waals potential has been studied experimentally. The reflectivity of an ultra-cold 
metastable neon atomic beam from a silicon surface was measured as a function of normal incident 
velocity. The reflectivity was shown to improve drastically when the flat surface was changed to a 
grating structure with narrow ridges. As an example of practical applications the atomic beam was 
manipulated by a reflective hologram encoded on the silicon surface. 

1 Introduction 

Diffraction and interference have been one of 
the most important physical phenomena to 
verify the wave nature of matter. Interference 
of even a complex particle such as an atom 
or a molecule was experimentally confirmed 
shortly after the establishment of quantum 
mechanics1. Owing to recent technical ad
vances in laser cooling, the interference of 
atoms is used not only for a demonstration 
of the rule of modern physics but also for 
practical applications such as an extremely 
sensitive metrological instrument2. A wave 
has another basic property, ie reflection at 
a sharp boundary of refractive index or lo
cal wave vector, which has been almost com
pletely neglected in the field of matter waves. 
This is a sharp contrast to the optical wave 
for which the reflection at a boundary of re
fractive index has been the most important 
mechanism to construct stable and highly ac
curate optical instruments widely available 
today. 

The reason is obvious. It is not possible 
to produce a large potential step within the 
de Broglie wavelength of the matter wave in 
free space. However, it has been realized for 
some time that the attractive van der Waals 

potential near a solid surface can function as 
a step to cause reflection of neutral atoms. 
This reflection has been called quantum re
flection and was verified subsequently from 
the reduction of sticking coefficient of light 
atoms on superfluid liquid helium surface3'4, 
and from a sharp increase on reflectivity of 
helium atoms from liquid helium surface as 
the kinetic energy of the colliding atom ap
proaches zero5,6. We have recently measured 
the reflectivity of a laser-cooled neon beam 
from a flat silicon surface and confirmed the 
quantum reflection on a solid surface7. The 
reflectivity from a flat surface, however, is 
usually extremely small. We invented sub
sequently a technique to increase the reflec
tivity drastically. 

In the next section we describe charac
teristics of quantum reflection due to van der 
Waals potential. In the third section we dis
cuss a technique to improve reflectivity and 
describe our experimental result. Then, we 
show the reflective type atom hologram as 
a first demonstration of a complex coherent 
atom optical element that uses a solid sur
face. 
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2 Quantum Reflection 

A wave feels potential variation sufficiently 
steep when the variation of its wave vector 
within the distance of its wavelength is larger 
than the wavevector itself. 

where k = Wfc2, — 2mU/h2 is the local 
wavevector, U is the potential, z the distance 
from the solid surface, fco is the wave vector 
in the potential free region, and ko is assumed 
to be positive over entire z in consideration. 
For a power low potential U — —Cn/r

n with 
n > 2, such as van der Waals potential, 
<f> takes maximum <pmax at a finite distance 

Z — Z-max • 

1 (n + lXn-2) 1 / 2 

*ma'~ zmaxko 3'/2nV2 ' {I) 

zmax=U'{^Y~\ (3) 
This means that an atomic wave is partially 
reflected at around zmax on the negative 
slope of van der Waals potential. Its reflec
tivity is a function of (j>max which diverges as 
&o —> 0 and, therefore, approaches unity as 
the atomic velocity goes towards zero. When 
the velocity is increased the reflectivity drops 
off rapidly. For most atoms the maximum 
velocity to obtain a measurable reflectivity is 
extremely low. Since atoms on earth are con
stantly accelerated by gravity it is not prac
tical to provide such low velocity atoms. 

To overcome this problem we measured 
the reflectivity by shooting a well collimated 
atomic beam at a very small angle to the 
surface. Metastable neon atoms in the l s 5 

state were cooled and trapped in a magneto-
optical trap with a large magnetic field gra
dient. A high gradient provided an intense 
small cloud of neon atoms. A focused laser 
beam at 598nm was sent into the cloud of 
the neon atoms and optically transfer to the 
l s 3 ( J = 0) metastable state. The 1S3 atom 

does not interact with trapping laser or mag
netic field and is accelerated downwards by 
gravity. A silicon plate was placed 44 cm be
low the trap and also immediately below a 
0.1 mm</> pinhole. With this atomic beam we 
could measure the reflectivity at a minimum 
angle of 0.5 mRad and the normal incident 
velocity of as slow as 1.5 mm/s. The atoms 
were detected by a micro-channel plate de
tector (MCP) that was placed 112 cm below 
the atomic source. The coherently reflected 
atoms formed a diffraction limited spot on 
the MCP and were easily distinguished from 
diffusive scattering. Figure 1 shows the re
flectivity as a function of normal incident ve
locity of neon atoms. The van der Waals po
tential at close distance from the surface is 
—C3/Z3. At a larger distance it changes to 
—C4/Z4 due to the retardation of interacting 
photons. We fitted the data in Fig 1 by using 
a model potential 

rj 
Uint — ~~, ; 777; TT' \*) 

(r + \J2-K)rs 

We numerically integrated one dimensional 
Schroedinger equation with the above poten
tial and obtained the values of C4 and A. 
The range within a confidence was 6.7 — 
8.4 x 10-5 6 Jm4 for C4 and 0 - 4.7 /un 
for A. For a conductor C4 can be calcu
lated from the polarizability of the atom us
ing the Casimir's formula. This C4 give a — 
2.0 —2.5 x 10~39 Fm2, which is approximately 
in agreement with the value 2.8 x 10 - 3 9 Fm2 

determined from DC Stark shift. 

3 Giant Quantum Reflection 

The quantum reflection provides means to 
make a reflector for an atomic wave with 
macroscopic dimension. However, the reflec
tivity from a flat surface is too small for a 
practical applications. We describe in this 
section a technique to improve reflectivity by 
modifying the surface8. As it is understood 
from Eqs. (2) and (3) 4>, therefore, the re
flectivity increases as the potential constant 
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Figure 1. Reflectivity vs normal incident velocity of 
Ne atoms from silicon surface. The solid line is the 
calculated reflectivity for the Casimir van der Waals 
potential. 

Cn decreases. Since Cn is approximately pro
portional to the density of the solid near sur
face, a higher reflectivity is expected if the 
effective density near the surface is reduced. 
This peculiar behavior results that the atom 
is reflected not at the distance where the po
tential gradient is maximum. For the power 
law potential with n > 2 the potential gets 
steeper as the atom approaches the surface. 
However, the fractional change of the wave 
vector <f> takes a maximum at a finite dis
tance because of the positive kinetic energy 
of the atom. When C„ is large, the distance 
of <f>max is also large. Therefore, the atom is 
reflected at a distance where <f> is small, and 
the reflectivity is small. When Cn is small, 
the peak approaches the surface, and <f>max 
become large. As a result the reflectivity in
creases. The simple estimate from Eqs. (2) 
and (3) shows that the wave vector k with 
the same reflectivity varies as C^1 for n = 3 

— 1/2 

and C4 for n = 4. Figure 1 indicates 
that the reflectivity is approximately 10% at 
the incident angle of lmRad. We can expect 
the same reflectivity at the incident angle of 
0.1 Rad, if the effective density is reduced to 
1%. 

As a simple method to reduce the effec

tive density we etched the silicon surface to 
form a narrow-ridge grating structure. Fig
ure 2 shows the structure. The original sil
icon surface had the (0,0,1) face. The grat
ing structure was formed by using differen
tial etching technique. The ridge was formed 
along the (1,1,0) direction. The wall of the 
ridge was of the (±1, ̂  1,1) face. The top of 
the ridge was the original face and was kept 
flat. We made various samples with the peri
odicity of the ridge ranging 10 to 100 /zm, the 
width of the top of the ridge 30 nm to 10 /xm 
and the height of the ridge was 1 and 5 fim. 
In the reflectivity measurement the atomic 
beam was sent at a small angle to the surface 
and perpendicular to the ridge of the grat
ing. Figure 3 is an example of the reflectiv
ity measurement. The general characteristics 
are similar to that of the flat surface. The 
reflectivity approaches unity as the velocity 
goes to zero, and decreases monotonically as 
the velocity is increased. The slope, however, 
was much smaller than that for a flat surface. 
For the sample with a large width-of-the-top 
to periodicity ratio (~ 1 : 100) the slope was 
nearly an order of magnitude smaller. As a 
result the reflectivity was more than two or
ders of magnitude larger. 

4 Reflection Type Hologram for 
Atoms 

We show in this section an example of a co
herent reflective atom-optical element that 
uses enhanced quantum reflection described 
in the previous section. A binary amplitude 
hologram was encoded on a silicon surface 
and an atomic beam reflected from the sur
face draw a pattern on the screen. We used 
the difference of the reflectivity between the 
flat and grating surfaces to encode the bi
nary pattern. Figure 4 shows a part of the 
hologram. The pattern was composed by a 
50 x 100 /im rectangular cell. The cell that 
represent absorbing area was a flat surface. 
The reflecting cell was composed of eleven 
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Figure 2. Scannig microscope photograph of the grat
ing structure. The spacing of the ridges was 10 /jm. 

— • — i — ' — i — ' — i — ' — i — i — r ^ — i — • — i 
0 5 10 15 20 25 30 35 

Normal incident velocity (mm/s) 

Figure 3. Reflectivity vs normal incident velocity of 
Ne atoms from the grating structure for various spac-
ings and the top of the ridge. The spacing and the 
width of the ridge were, circles: 100 /im and 11 /*m, 
stars: 100 /im and 1 /im, crosses: 30 /im and 100 nm, 
squares: 10 /im and 30 nm, respectively. 

ridges with the periodicity of 10 ^m parallel 
to the 50 nm side. Since the hologram was 
used at glazing angle, the hologram pattern 
cannot be calculated by simple Fourier trans
form of the object pattern. We expressed the 
black and white object by an aggregation of 
white spots. Then, the complex amplitude 
A(i,j) of each cell was calculated by sum
ming the contributions from all bright spots 

A(i,j) =J2ei*r°nd{k)e~i*k(iJ)D(xi - Xk), 
k 

(5) 
where (i,j) represents the cell numbers of the 
hologram perpendicular (x) and parallel (y) 
to the direction of the atomic beam, Xi is 
the coordinates of the cell i, X>. is the co
ordinate of the fcth bright spot on the image 
plane. $ r a n j (^ ) is a random phase factor as
signed for the white spot k, <&k(hj) is the 
accumulated phase of the atomic path from 
the source to the fcth spot on the image plane 
through the cell (i,j). D(xi — Xk) is the am
plitude of the diffraction pattern from a cell of 
the hologram along the x axis. This allowed 
us to write a pattern with an arbitrary size 
along the x axis. The position of the reflect
ing cell was determined by setting a threshold 
on A as 

Tl(A(i,j))>ath, (6) 

where the threshold ath was typically 1/10 
of the peak amplitude. Figure 5 shows the 
atomic pattern constructed from the holo
gram shown in Fig. 4. The hologram was 
10 cm long along the y axis and approxi
mately 5 mm along x axis. The atomic beam 
hit the hologram with an incident angle of 2.5 
mRad. The object was the series of capital 
letters "SURFACE" that are drawn by lines 
of white spots separated by approximately 
100 /im. The horizontal length of the atomic 
image on the MCP was approximately 8 mm. 
Since the diffraction from a single cell of the 
hologram spread the atom along the x direc
tion only for 100 /im, the image was formed, 
the pattern along the x direction was close to 
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Figure 4. A part of the hologram pattern. Actual 
size of a cell was 100 p m for vertical (y) direction 
and 50 /im for holozontal (x) direction. 

the projection image from the hologram. The 
pattern along the Y direction was made from 
interference from all reflecting cells along the 
y direction. 

5 Conclusions 

We have shown for the first time coherent re
flection of an atomic wave from a solid surface 
that is caused by an attractive interaction of 
van der Waals force. We invented a technique 
that improves reflectivity more than two or
ders of magnitude by forming a grating struc
ture with narrow ridges on the surface. As an 
example of practical application, we demon
strated holographic manipulation of atoms by 
a hologram that was encoded on a silicon sur
face. 

The quantum reflection from a —C3/Z3 

potential scales with the inverse of the po
tential constant C3 and the square inverse 
of the atomic mass m. The present result 
on neon atom should be improved more than 
one order of magnitude if helium or hydro
gen atoms are used, and a practical reflector 
that functions at much larger angle is possi-

Figure 5. Reconstructed atomic pattern. The upper 
thick black line was the pattern specularly reflected 
from the surface. (Zeroth order image.) The lower 
line was made by atoms that did not hit the sur
face. Effective accumulation time was approximately 
2 hours. 

ble. The quantum reflection is also an useful 
tool to study characteristics of solid surfaces. 
The distance of reflection can be adjusted 
from micrometers to nanometers by changing 
the normal incident velocity of the colliding 
atom. This changes the depth from the sur
face that affects the reflection many orders of 
magnitude, and therefore variety of physical 
processes can be studied. Present result on 
the giant quantum reflection shows the sensi
tivity of the reflection itself on the structure 
of the surface. 
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A DC STARK FREE ATOM INTERFEROMETER HAVING TW O A R M S 
WITH DIFFERENT ZEEMAN SUBLEVELS FOR M E A S U R E M E N T OF THE 

AHARONOV-CASHER EFFECT 
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Faculty of Science and Technology, Science University of Tokyo, 2641 Yamazaki, Noda-shi, 
Chiba 278-8510, Japan 

We have observed the Aharonov-Casher effect using a dc Stark-free atom interferometer whose 
wavepackets are in the different magnetic sublevels. A novel atom interferometer using a thermal 
Ca atomic beam is comprised of two separated light fields, each of which consists of two laser beams 
with differnt polarizations and frequencies, and yields Ramsey fringes as a function of detuning of the 
Zeeman shift frequency. Quantitative dependence of the phase shift on the electric field agree with 
theoretical prediction of AC effect within 5%. 

1 Introduction 

In 1984, Aharonov and Casher predicted that 
a neutral particle with a magnetic moment /j. 
traveling a closed path around a line charge 
experiences a phase shift given by 

M>AC = ^ 2 f ^ x E ' dr> W 

where E is the electric field due to the line 
charge [1]. This Aharonov-Cahser (AC) effect 
is analogous to the Aharonov-Bohm effect [2], 
in which an electro-magnetic vector potential 
can shift the phase of the de Broglie wave of 
charged particles even if classical forces are 
absent. 

At the first, the AC effect was demon
strated using a neutron interferometer with 
an experimental accuracy of 16 % [3], and 
the measured value agree with the theoreti
cal value within nearly twice as much as stan
dard deviation. In contrast to neutrons, the 
use of atoms have two advantages to mea
sure the AC effect with regard to reduction 
of the uncertainty. First, the magnetic mo
ment is about two thousand times larger than 
those of neutrons. Secondly, atomic beams 
with high flux are easy to obtaine. In a Rb 
atomic system, A. Gorlits et.al. measured 
the AC phase shift using the ground state 
of F = 3 with Am = 2 spin coherence [4]. 
Their value was in good agreement with pre

dictions within 1.4%. The AC effect of atoms 
was also measured by K. Zeiske et. al. us
ing a Ca atom interferometer [5], where the 
frequency shift of an optical Ramsey reso
nance in a homogeneous electric field is equiv
alent to the phase shift of the AC phase and 
dc Stark phase which is ten thousands times 
larger than the AC phase. As a result, the 
accuracy enough to verify the AC shift was 
obtained at an integration time of as much 
as 8000 s per a data. Furthermore, these ex
periments required the information of atom's 
velocity in order to estimate the phase shift. 

The present authors have already devel
oped symmetrical Ramsey-Borde atom in
terferometers composed of three or four co-
propagating traveling laser beams and have 
achieved a visibility of 0.25 using a Ca atomic 
beam [6,7].These symmetrical atom inter
ferometers work like white-light interferom
eters, and offer us to measure the atomic 
phase without atom's velocity. In principle, 
the phase shift of these interferometer does 
not depend on laser frequency. Therefore, 
the symmetrical Ramsey-Borde interferom
eter promise to detect a small phase shift, 
such as the AC effect which needs a long in
tegration time to measure. However, in or
der to measure the AC effect accurately, two 
electrodes with oppsite electric fields must be 
applied to two arms in the symmetrical inter-
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feroemter to eliminate dc Stark effect. In our 
simple experiment it was revealed that an im
perfect symmetry between the two eletrodes 
introduces a residual dc Stark phase shift 
that washes out fringes as a result of disper
sion. 

To eliminate dc Stark shift perfectly, 
the atom interferometer with m — +1 and 
m = — 1 magnetic states in its arms is re
quired. In this study, we report on devel
opment of a novel atom interferometer com
posed of two seperated light fields, each of 
which has two different a+ and a~ polar
izations. The atomic wavepackets are split 
into m — +1 and m = — 1 states at the first 
interaction, and combined into m = + 1 or 
m = — 1 state at the second interaction. This 
interferometer eliminates the dc Stark phase 
shift perfectly under the single electric field, 
since two atomic wavepackets move the same 
path. Then the AC effect can be measured 
without dc stark phase. 

2 The dc Stark free Ca atom 
interferometer 

Figure 1 shows the configuration of our new 
interferometer. We consider the Ca atom as 
a two-level state atom. The ground state is 
the 1SQ state and the excited state is the 
3 Pi state with a life time of 0.57 ms. The 
atomic beam in the ground state moves in the 
x direction and interacts with the two laser 
beams, which propagate along the z direc
tion, through a homogeneous magnetic field 
also applied in the z direction. Each laser 
beam has two components, one of which is 
circularly <r+ polarized and shiftted in fre
quency +Av from the carrier frequency of 
the laser, ui, another is circularly a~ polar
ized and shifted in frequency —Av from v^. 
The frequency shift Av is close to the Zee-
man frequency shift AVE = MB-S/'1- I n the 
first excitation zone, an atom interacts with 
two components of the laser beam, and a part 
of wavepacket is excited to the 3 Pi , m = ±1 

m=\ 
Laser Beams 

Frequency 

Figure 1. Configuration of the dc Stark free atom 
interferometer, and level diagram of calcium. Solid 
line, ground state ; broken black lined, excited m = + l 
state ; broken white line, excited m = - l state 

states with recoil velocity. After the atom 
moves the same path for beam spacement D 
in the homogeneous magnetic field, the atom 
interacts with the second laser beam with the 
same components as the first laser beam. In 
the second excitation zone, the wavepacket in 
the 3 Pi , m = ±1 states, as is an orthogonal 
state each other, is combined by the second 
laser beam to the m = + 1 or m = - 1 state. 
Recently we have developed one of such an 
atom interferometer using a pair of two op
posite circularly polarized laser beams which 
are tuned to each resonance frequency [8]. 
The phase difference of this interferometer 
can be calculated based on the phase shift 
arising from the interaction of the atom with 
light and the phase shift due to the free evolu
tion of atoms between interactions. The total 
phase shift Aip is given by 

2D 
Atp = 2TT {AV - AvB) — (2) 

vx 

where vx is the initial velocity of atoms in 
the x direction. Figure 2 shows a typical in
terference Ramsey fringes obtained from sin-
gal of the fluorescence after two interactions 
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Figure 2. Ramsey fringe as a function of detuning 
of the Zeeman frequency; Beam spacing D=8.3mm; 
Signals are detected at an integration time of 20ms 
every 2kHz. 

Av-AvB (kHz) 

Figure 3. Derivative Ramsey fringes as a function of 
the detuning of the Zeeman frequency shift at a beam 
spacing D of 24.9mm; Signals are detected at an in
tegration time of Is every 500Hz. 

with a beam spacement D of 8.3mm. Around 
the resonance of Av — AVB, a saturation dip 
appears with a depth of about 15% and a 
FWHM of about 400kHz, which corresponds 
to the transit width. Near the center dip, the 
Ramsey fringes with a period of about 50kHz 
appears. If there is a nondispersive phase 
shift, the pattern of the Hamseys fringes will 
change, and the phase shift results in the sig
nal change at the center of the fringe. 

3 Measurement of the 
Aharonov-Cahser effect 

As noted before, according to the original AC 
configuration, two arms in the same state 
enclose the fine charge. In our case two 
arms with the different magnetic moment are 
placed through a uniform electric field ap
plied in the y direction, as shown in Fig 1. In 
such an electric field, the atom in each arm 
acquires the phase shift Aip (m — ±1) given 

by 

A ^ (m = ±1) 
/AaE2D fiED\ 
\ 2hvx fie2 J ' 

(3) 
where the first term represent the dc Stark 
shift, and Aa is the difference of polariz-
ability between atomic state of two arms. 
The phase difference of the interferometer in 

the electric field is given by Aip (m = +1) — 
Aip(m — —1), that is the reason why we 
can cancel the dc Stark shift completely. It 
should be noted that even if the inhomogeous 
electric field is applied, it can be canceled out, 
becuase two wavepackts travel the same tra
jectory. Figure 3 shows a typical derivative 
signal of the interference Ramsey fringes ob
tained from the fluorescence after two inter
actions with a beam spacement D of 24.9mm. 
Around the resonance of Av—Ai/g, the Ram
sey fringes with a period of about 15kHz ap
pears. The intensity of the fluorescence of the 
excited atoms was recoreded at an integration 
time of Is. Figure 4 shows an example of the 
phase shift at an applied electric field of +10 
kV/cm and -lOkV/cm for measurement time 
of 30s. 

At first we obtained the maximum and 
minimum signal in the fringes, the difference 
of which is equivalent to the phase of w. This 
experimental result provides us the AC phase 
shift of 150±6 mrad at an electric field of 
20kV/cm. Figure 5 shows the measured AC 
phase shift vs the applied electric field. The 
fine is obtained by a least-squares fit to the 
data. In our preliminary experiment, the 
value of the slope has been determined to be 
7.5 mrad/(kV/cm) without the information 
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Figure 4. Typical experiment result of determination 
of the AC phase shift at an electric field of 20kV/cm 

Electric field (kV/cm) 

Figure 5. AC phase shift vs electric field together 
with a fitting line 

of the velocity of atoms. The ratio 

x p = 1.03 ± 0.05 (4) 
^theory 

verifies the absolute magnitude of the AC 
phase shift with an uncertainty of 5%. 
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4 Summary 

We have measured the Aharonov-Chaser 
phase shift in a calcium atomic interferom
eter with an uncertainty of 5%. The exper
imental result will be improved by the com
ing more precise experiment. We also have 
demonstrated the Ramsey-Borde atom inter
ferometer having two arms with different Zee-
man sublevels, and that allows us to measure 
the AC effect free from the dc Stark shift. 
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ATOMIC MULTIPLE-BEAM INTERFEROMETER PHASE-SHIFTED B Y 
T H E MULTIPLE MAGNETIC PULSE FIELDS 
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26^1 Yamazaki, Noda-shi, Chiba 278-8510, Japan 

The interactions of a number of co-propagating stimulated Raman pulses with trapped atoms can 
make the Ramsey type multiple atom interferometer, as the effective wave number vector k e / / of 
Raman beams is nearly zero. The interference fringes were obtained by shifting the atomic wave phase 
using the perturbation of weak magnetic pulse fields applied between the adjacent Raman pulses. 

1 Introduction 

Recently, precise measurements using the 
atomic interferometer have been studied 
prosperously [1]. The de Brogue wave length 
of an atom is shorter than the light wave, 
so that a higher sensitivity can be obtained. 
The Ramsey-Borde atom interferometer can 
be found using the interaction of a ther
mal atomic beam with two separated laser 
fields. Furthermore, the development of an 
atomic multiple beam interferometer such as 
a Fabry-Perot interferometer in the field of 
light optics, is expected so that the sensitivity 
of the phase measurements will be remark
ably improved. However, the spatial and ap
paratus limitation limit the number of fields. 

On the other hand, recent technologies 
of laser cooling and trapping atoms have en
abled fabrication of the time domain atom in
terferometer. The atoms that were trapped 
at a point in space are excited by pulsed laser 
beams separated in time. Hinderthtir et al. 
succeeded to observe clear sharp Airy peaks 
with a finesse of 140 in the optical Ramsey 
geometry [2]. 

We have developed the atomic multi
ple beam interferometer comprised of co-
propagating stimulated Raman pulses us
ing laser cooled and trapped sodium atoms, 
and demonstrated interference fringes with 
a finesse of 180 with 200 successive Raman 
pulses, as shown in Fig.l[3]. 

However, in the above experiments the 
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Figure 1. Typical atomic multiple interference sig
nals obtained from 200 laser pulses. Pulse width and 
pulse separation are 3/Lts and 7/xs, respectively. 

phase is different between two arms of the 
interferometer results and the interactions of 
atoms with the laser beams. Now, we study 
the multiple atomic beam interference fringes 
versus a real atomic phase shift by applying a 
weak magnetic field. To our knowledge, there 
is no report on time domain atom interferom
eter phase-shift by the magnetic pulse fields. 
To do this experiment, we applied the homo
geneous magnetic field to atoms in order to 
select the Zeeman sublevel and then applied 
weak magnetic pulses to change the phase of 
the atoms. 

In this paper, we describe the principle 
of this interferometer and introduce the pre
liminary experimental results. 
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F'= 2 

Figure 2. Interaction geometry of Ramsey atomic in
terferometer comprised of n laser pulses and n-1 weak 
magnetic pulse fields. The solid line and dotted line 
show ground and excited states, respectively. 

2 Principle 

Figure 2 shows the interaction geometry of 
the Ramsey atomic interferometer comprised 
of n laser pulses and n-1 weak magnetic 
pulse fields between the adjacent laser pulses. 
When the trapped atoms in the ground state, 
which are moving in the x direction, interact 
with light pulses propagating in the z direc
tion, the trajectory of the atom splits into 
two paths and the excited atomic state gets 
a recoil velocity in the z direction. We as
sume that the excitation probability is very 
weak. In this case, the atomic trajectory in 
the excited state splits into n paths, as shown 
in Fig. 2. 

We consider that a weak magnetic field 
B is applied to atoms during the time of T M -
Then the phase of atomic wave shifts by a 
quantity given by 

ip = exp [-igFfiBMFBTM/h} 

= exp [-i<pM], (1) 

where /xB is Bohr magneton, g^ is Lande's g 
factor, mi? is the magnetic quantum number, 

Figure 3. Energy diagram of sodium atom with Ra
man transition and each polarization of two photons. 

and h is Planck's constant. From Eq. (1), if 
the atom interferometer is composed of the 
excited and ground states with different mj? 
or gF, it makes the phase different between 
the wavefunctions of the excited and ground 
states. Therefore, each path of the excited 
state has a different phase because the time 
of the applied magnetic pulse fields in the ex
cited state are different. As we use the co-
propagating stimulated Raman pulse, the ef
fective wave number vector ke/y = ki-k2 is 
nearly zero. Therefore those paths overlap 
after the interactions with the n laser pulses 
and they generate the interference fringes. 

In order to avoid the shift of resonance 
frequency, depending on the magnetic field, 
we apply a magnetic pulse field when the laser 
pulses absent. 

As a result, the probability of the ex-
icited atoms after interaction with n laser 
pulses and n-1 weak magnetic pulse fields un
der weak laser power, bb* is given by 

, .2n-2 ,o2 bb* ~ aIn-'(3 
n - 1 

n + YJ 2m cos [(n — m) <j> M\ 
z=l 

-(2) 

where j3 is the probability amplitude that de-
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Figure 4. Zeeman splitting of sodium hyperfine struc
ture. 

fleets the atomic trajectory, while a is the 
probability amplitude that does not change 
the trajectory. It is found that the probabil
ity consists of many cosine functions with pe
riods of 2TT (the fundamental period), 7r, . . . , 
and to 27r/(n-l). Therefore we obtain the in
terference fringes like an Airy function[4]. 

3 Experiment and result 

Figure 3 shows the partial energy diagram of 
a sodium atom under a weak magnetic field. 
The states we used as the ground and excited 
states in the interferometer were 3Si/2,F=l, 
m f = l state and 3Sx/2,F=2, rap—2 state. 
The phase difference between both states un
der the magnetic field B with a duration of 
T M was 1 .5/XBBTM/?I- Both states were cou
pled coherently by a stimulated Raman tran
sition. In order to select these states we 
used a half-wave plate which rotated the az
imuth of a linear polarization by 45° from the 
quantitized axis, so that laser beams acted as 
cr+ and 7r polarization of stimulated Raman 
beams, as shown in Fig. 3. The two Ra
man frequency is generated by electro optical 
modulater. 

0 5 10 15 20 25 

B (mG) 

Figure 5. Interference fringes with two pulses of 
beams due to the dynamical magnetic phase shift, 
the solid line is the experimental result and the dot
ted line is the theoretical calculation . 

The homogeneous magnetic field applied 
the trapped atomic cloud which was made 
from the Helmholtz coil. Figure 4 shows the 
Zeeman splitting of the stimulated Raman 
transition of the F = l to F=2 under a ho
mogeneous magnetic field of 0.4 G. At first, 
we tuned the frequency different between two 
laser beams to the resonance frequency of the 
Zeeman splitting within 1 kHz. 

The sodium atomic ensemble in the 
3S1 / 2 , F=2 state with a density of 5x l0 1 0 

atom/cm3 was created by the conventional 
magneto-optical trap and cooled down to 
240 /JK by a polarization gradient cooling. 
After the sodium atoms were trapped, the 
quadrupole magnetic field and optical mo
lasses beams were switched off. Then sodium 
atoms were optically pumped to the F = l 
state by applied optical pumping pulse. Af
ter this initialization, the Raman laser pulse 
and magnetic pulse field applied to the atoms 
sequentially. 

Figure 5 shows the interference fringes 
as a function of the magnetic field strength 
when two Raman pulses and one magnetic 
field pulse were applied to the atom. The 
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Power lOmW 

Figure 6. Multiples Interference fringes with four 
pulses of laser beams, the solid line is the experi
mental result and the dotted line is the theoretical 
calculation. 

Raman beam power was about 35 mW and 
pulse width was 20 /JS. The strength of mag
netic pulse field with a pulse width of 60 
/us was varied over 25 mG. The interference 
fringes with a period of 7.8 mG were clearly 
observed, according to the theoretical sinu
soidal curve. 

On the other hand, Figure 6 shows the 
interference fringes when the four Raman 
pulses and three magnetic field pulses were 
applied to the atoms. The Raman beam 
power was 10 mW and pulse width was 5 yus. 
The magnetic field pulse width was 20 fis and 
the strength was varied over 35 mG. The in
terference fringes with a period of 23.4 mG 
were observed. The pattern was consistent 
with the theoretical curve for (3 = 0.48. These 
results show that we succeeded in shifting the 
phase of atomic wave by applying the mag
netic pulse field between the adjacent laser 
beams for the sodium atomic ensemble. 

magnetic pulse fields and demonstrating the 
interference fringes of the atomic' multiple-
beam. In the future we shall remove the influ
ence of the inhomogeneous field, increase the 
number of magnetic pulse fields and demon
strate the high-finesse multiple-beam inter
ference signal which will be highly sensitive 
to the magnetic field. 
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4 Summary 

We could change the phase of the time do
main atom interferometer by applying weak 
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EFFECTS OF DECOHERENCE ON ENTANGLED ATOMIC WAVE 
FUNCTIONS IN MICROCAVITIES 
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E-mail: archan@boson.bose.res.in 

N. NAYAK 

Department of Physics, Texas A&M University, College Station, Texas 77843-4242, USA 
E-mail: nayak@atlantic.tamu.edu 

We consider an experimental set-up where two-level atoms are streamed through a microcavity in 
such a manner that at most one atom is present inside the cavity a t any instant of time. The 
interaction of a single atom with the cavity photons leaves an imprint on the steady-state cavity 
density operator. The wave function of the next atom that passes through the cavity gets entangled 
with the cavity photons and subsequent secondary correlations develop between two or more atoms in 
this way. After leaving the cavity the atoms pass through an electromagnetic field that is tuned to give 
a 7r/2 pulse to the atoms with varied phase for different atoms. The atoms are then detected in either 
of their upper or lower states. The secondary correlations between two or more subsequent atoms 
can be exploited to formulate Bell-type inequalities for their detection probabilities. We investigate 
the effects of decoherence on atomic entanglement brought about by both atomic decay and cavity 
dissipation through interaction with their respective reservoirs. We show by using realistic models 
for the micromaser as well as the microlaser that effects of decoherence on the Bell sum can be 
experimentally monitored and observed in a controlled fashion. 

1 Introduction 

Micromaser dynamics is a natural candi
date for studying varied aspects and con
sequences of entanglement of atomic wave 
functions with cavity photons1. In this ar
ticle we consider the violation of a Bell-type 
inequality using a realistic model for the 
micromaser2. Our formalism also enables us 
to similarly analyse the microlaser within the 
same framework but with different choices of 
the parameters. Our purpose is to study the 
effect of both cavity dissipation and atomic 
decay towards diminishing atom-photon en
tanglement in an actual experiment3. 

The generation of correlations between 
the wave functions of two or more atoms 
is achieved in the following way. A two-
level atom initially in its upper excited state 
|e > traverses a high-Q single mode cavity. 
The cavity is in a steady state and tuned 
to a single mode resonant with the transi
tion \e >—> \g >. The emerging single-atom 

wavefunction is a superposition of the upper 
|e > and lower \g > state, and it leaves an 
imprint on the photonic wavefunction in the 
cavity. After leaving the cavity, the atom 
passes through an electromagnetic field which 
gives it a 7r/2 pulse the phase of which can 
be varied for different atoms. The atom then 
reaches the detector, placed at a sufficient 
distance, capable of detecting the atom only 
in the upper or lower state. This process is 
repeated for a similar second atom. Though 
there is no spatial overlap between the two 
atoms, the entanglement of their wavefunc-
tions with the cavity photons can be used to 
formulate a Bell-type inequality on the detec
tion probabilities for the two atoms1: 

B<0 (1) 

with the Bell sum B given by 

5 = 1 ^ ( ^ 1 , 0 2 ) - ^ ( ^ , ^ 3 ) 1 

+ sign(E0)[E\cf>2,<f>3)-Eo) (2) 

where A is the hidden variable and c/>'s are 

mailto:archan@boson.bose.res.in
mailto:nayak@atlantic.tamu.edu
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the phases of the 7r/2 pulse. Ex {(j)\ ,<f>2) is the 
ensemble average for double-click events in a 
local realist theory with Eo = Ex{<f>i = (/>2). 
The quantum mechanical analog of E is given 
by 

E(<P1:<j>2) = Pee{<l>l,<h) + Pgg{<t>l,4>-2) 

-Peg{<h.,<h)-Pge((l>l,<h)&) 

where Peg{<t>i,<h) stands for the probability 
that the first atom is found to be in state |e > 
after traversing the ir/2 pulse with phase cf>\, 
and the second atom is found to be in state 
\g > with the phase of the ir/2 pulse being 
(j>2 for its case. 

The combination of atomic and photonic 
statistics plays a key role in the setting up of 
entanglement. The initial state of the cavity 
is built up by the passage of a large number 
of atoms, but only one at a time, through it. 
The values of the cavity pump parameter and 
the atom-photon interaction time determine 
the resultant photonic wavefunction which in 
turn controls the nature of entanglement be
tween two successive experimental atoms de
tected in their upper or lower states by the 
detector. Our aim is to control the dissipa
tion due to the interaction of the pumping 
atoms with their reservoir, as well as the loss 
of cavity photons, and study their effect on 
the statistics of detected atoms. 

2 Dissipation and decoherence in a 
real micromaser and a 
microlaser 

Our purpose first is to calculate the Bell sum 
using a realistic model for the micromaser 
and see how it behaves as a function of the 
cavity parameters and decay rates. For doing 
so we consider the standard atom-cavity field 
interactions with their reservoirs and solve 
the equation 

P Platom—reservoir V / 

+ f>\field —reservoir ~r P\atom —field (5) 

where the first two terms on the r.h.s are 
given respectively by 

atom—reservoir — 

- 7 ( 1 + nth)(s+s~p - 2s~ps+ + ps+s~) 

-jnth(s~s+p - 2s+ps~ + ps~s+) (6) 

and 

P\ field—reservoir = 

—K(1 + nth){o^ap — 2apa) + pa)a) 

—Knth(aa^ p — 2a)pa + paa)) (7) 

where 7 and K are the atomic and cavity de
cay constants, respectively, and nth is the av
erage number of thermal photons. The atom-
field interaction is governed by the standard 
Jaynes-Cummings Hamiltonian. 

The dynamics for an intial steady-state 
cavity density operator has been solved2. 
This solution can be used to calculate the 
probabilities in the Bell sum treating cav
ity dissipation and atomic decay in a realistic 
fashion, in the following way. The experimen
tal atoms on which we plan to test the Bell's 
inequality (BI), encounter this steady state 
radiation field pt • The probability of de
tection of the first experimental atom in the 
upper state |e > and the lower state \g > can 
be written respectively as 

Pe = Tr. fPe 

Pg = Tr . fP s (8) 

with 

Ve=\[APf
SS)A+Vpf)tf 

Vg = ^[Apf
ss)A^+Vp(fs)V^ 

+ {e-^Ap^V* + ei,plVpf
ss)A1}}{9) 

where trace is taken over the cavity field and 
the operators .4 and T> are given by 

A = cos(gt\/a^a + 1) 

p = _ , Q t s m ( g f y ^ T I ) 

Va+o + 1 
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After the passage of the first atom through 
the cavity and its detection in, for example, 
the state |e >, the second atom encounters 
the cavity field with density operator p\' 
given by 

pf = AP
{
f
ss)A + Vp^tf 

-{e-^Ap^V* + e^Vp(
f
ss)A} (11) 

(since Tr.f"Pe = 1/2). The phase of the TT/2 
pulse is set to fa for the second atom. Ve for 
the second atom is given by 

TM = \[ApfA + Vpfvi 

-{e-^Apfv^ + e^Vpfrf}] (12) 

The conditional probability Peei^i, fa) is 
thus given by 

Pee(<l>l,<j>2)=Tl.fVW (13) 

Pgg is obtained similarly, and using the 
relations E(fa,fa) = 2P(fa,fa) ~ 1 and 
P(fa,fa) = Pee(4>i, fa) + Pgg{fa,fa) o n e ob
tains the values of E in the Bell sum (1). 

We are able to take into account dissipa
tion even during the short atom-field interac
tion time. This is important since decoher-
ence effects are inherent in the build up of the 
cavity field to its steady state as it encoun
ters a large number of atoms over the time 
required for the steady state to be reached. 
The resultant steady-state photon statistics 
in our model is clearly different and more 
realistic compared to the micromaser model 
used by Lofner et al1 where cavity decay and 
atomic loss is neglected during the atom-field 
interaction times. 

3 Results and discussion 

We compute the Bell Sum numerically with 
the values of the phases set to fa = 0, 
fa = TT/3, and fa = 27r/3. The steady-state 
dynamics for microcavities considered here is 
suitable for describing both the micromaser 
as well as the microlaser. However, their dis
tinctive features are manifested in the choice 

Figure 1. Violation of Bell's inequality in a micro
maser. The pump rate N, the number of individual 
atoms tha t pass through the cavity in a photon life
time, = 20 (full), 50 (broken), and 100 (dotted). 

of parameters which we use to study the vi
olation of BI in both separately. While con
sidering micromaser dynamics, one can safely 
set atomic decay to zero. This is because the 
Rydberg levels involved in the micromaser 
have a lifetime of about 0.2s, whereas the 
atomic flight time through the cavity (atom-
field interaction time) is typically 35/is. How
ever, atomic decay is an important factor in 
the microlaser where atomic levels at opti
cal frequencies are involved. Although decay 
is unimportant for the dynamics of a single 
atom interacting with the field up to a cer
tain interaction time, its accumulated effect 
for a large number of atoms is crucial for the 
evolution of the microlaser field to a steady 
state. Furthermore, the interaction time of 
the atom with the -K/2 pulse (in this case it 
is gt = 7r/2) is far less compared to even indi
vidual atom-field interaction times of interest 
in microlaser dynamics. For this reason the 
effect of atomic decay can be neglected during 
interaction of the atom with the n/2 pulse. 
Our results for the micromaser and the mi
crolaser are presented separately in Figures 1 
and 2 respectively. 

In figures 1 and 2 the Bell sum B is plot
ted versus the pump parameter D = fa/N 
where the Rabi angle <f> = gr. B decreases 
with the increase of pump rate N for a 
large range of interaction times r . Dissipa-
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Figure 2. Violation of Bell's inequality in a micro-
laser. We take N = 100, -y/g = 0.1 and nth = 0. 
The cavity leakage rate is n/g = 0.01 (full), 0.001 
(broken) and 0.0001 (dotted). 

tive effects creep into the dynamics through 
two parameters N and r 2 . For shorter val
ues of single atom interaction times we find 
that the correlations build up sharply with 
T, and the peak value of B signifying maxi
mum violation of BI is larger for higher val
ues of TV, (as a magnification of Figure 1 
reveals4). The maximum violation (the value 
of B at its second peak) is 0.5812 for N = 20 
(full line), 0.6079 for N = 50 (broken) and 
0.6241 for N = 100 (dotted) This feature 
is a curious example of multiparticle induced 
nonlocality5.For short interaction times, nat
urally the effects of decoherence are too small 
to affect the correlations. 

To conclude, our study serves to high
light the fact that systems such as the 
micromaser3 and the microlaser6 can be ef
fectively used to study fundamental problems 
of quantum theory like entanglement and de-
coherence. 
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Quantum Theory of Continuous-Wave Atom Laser 
by non Born-Markov Approach 
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The Heisenberg picture approach of the continuous-wave atom laser with an output coupler 
was investigated theoretically. The mechanism of the output coupler will be considered 
without using the so-called Born-Markov Approximation. The quantum theoretical treatment 
of the continuous-wave atom laser in this paper will demonstrate that it is a self-sustained 
oscillator. 

1. Introduction 
Nowadays the realization of a Bose-Einstein 
condensation (BEC) becomes a standard 
technique in the laboratory. First, a pulsed 
atom laser was realizedl), and recently the 
experiments for the continuous-wave (CW) 

atom laser have been reported2). 
Since 1995, several theoretical studies on 

the atom lasers have been reported on the 
basis of the Born-Markov Approximation 
(BMA) which have been used frequently in 
the field of the quantum optics 3). However, 
it has been pointed out that the assumption 
of the BMA is inadequate for the real 
parameters of atom lasers4). 

The total Hamiltonian of the atom laser 
for this three level model can be written in 
the Heisenberg picture(HP) as follows. 

In this report, we study a CW atom laser 
with an output coupler with the two case; 
the non BMA and the Born approximation 
with the non-Markov process. 
2. Model of a CW Atom Laser 
The two-body elastic collision model with 
the evaporative cooling by Holland et al. 3), 
is modified by taking into account of an 
output coupler as shown in Fig. 1. 
This is an open system model, which 
contains three reservoirs. In this scheme, the 
BMA is assumed for the reservoirs 1 and 2. 
However, the BMA is not adapted for the 
reservoir 0 which is the external space. 

Htot = Htr + Him + Hext + 2 Hj +2 H a j , 

J = l ,2 , (1) 

reservoir 1 

1 

~ % 
< \ 

evaporative 
cooling 

G* / I 

* / do Z 
s ^ y' coupler 

K0&) 

K2 

reservoir 2 

reservoir 0 
Fig.l Model of a CW atom laser with an output coupler 



Htr = Zft(oiait(t)ai(t) + V(t), 

V(t)= ih-Z gijkl ait(t)ajt(t) ak(t)ai(t) , 

i ^ j , k ^ 1, (2) 

Hext=/dkfcMkbkt(t)bk(t), (3) 

Hint = -i^rl/2/dk{ko(k)bk(t)a0t(t) 

- KO*(k)bkt(t)a0(t)}, (4) 
where Htr is the Hamiltonian of the 
harmonic trap. This consists of the 
oscillation energy at frequency coj and the 

interaction Hamiltonian V(t) which 
describes the redistribution of the atoms by 
elastic collisions. The operator aj is the 

second quantized annihilation operator for 
the mode i, and the coefficients g represent 
the total transfer rates between levels by 
collisions. 
Using the rotating wave approximation we 

can reduce the interaction term V(t) to the 
energy conservation terms. Some terms of 
them can be ignored, because the level 2 
decays very fast by the effect of the 
evaporative cooling. 
The term Hext is the Hamiltonian for the 

out-put reservoir and Hint represents the 

interaction between the laser mode ao and 

the output free space field bk-

The coupling constant, K (k) = T^KoCk), 

depends on k and its dispersion relation is 

expressed by cok = fck2/2M (M is the mass 

of the atoms) which differs from that for 
the light. Hence, we treat this coupling to 
the external free fields without the BMA, 
and assume that the external field is empty 
at the initial time, since initially there is no 
matter. The term Hj is the Hamiltonian of 

the reservoir j 0 = 1. 2), and Haj is the 
interaction energy between the reservoir j 
and the atoms in the trap level j , in which 
the BMA is assumed. 
3. Fundamental Equations in HP 

3.1 Quantum Mechanical Langevin 
Equations 

First, eliminating the operators of the 
reservoirs 1 and 2 from the Heisenberg 
equations for each operator, we obtain the 
coupled quantum mechanical Langevin 
equations of the annihilation operators 
a2,ai,ao a n (l Dk for the higher, pumping, 
and lasing modes, and the external field, 
respectively. In Fig.l, K^and KJ are the 

decay rates of the higher mode &2 and of the 

pumping mode ai, respectively. 

In order to build up a condensate in the 
ground state, it is necessary for the rates to 
obey the inequality 

K2»Kl»K0- (6) 

Under the condition (6), we derive the 
equation of the lasing mode ao(t) by 

eliminating a2 and &\ adiabatically as 

follows: 

Stepl: let aj(t) = ai(t)e-imit, i =0,1,2 and 

eliminate a2 adiabatically from both 

equations of Si and ao. 

Step 2: Eliminate the pumping mode Si 

adiabatically from the equation of fin. 

Having performed these steps, we finally 
obtain the following Langevin equation of 
the lasing mode SQ, 

da0(t)/dt = -Yo'(t)+ (a+iQ 2)^0(1) 

- (p+i£20)no(t) ao(t) - £(t)+F0t (t), (7) 

YO'O) = Y0 (0 - KO , 
YO(t) = r/f(t-t')ao(t')dt, (8) 

f(t)=/dk|k0(k)|2e-i8kt, (9) 

§(t) =/dkK0(k)e-i&k0-1 o) h>k(t0), (10) 

5k = a)k-coo» (11) 
where 

a =A (K/KI)2 - KO, 

P = 4A(K/KI)(KO/KI) , 

Qo=2gOOOO, Qi=(K/Ki)gi010, 

A = |g021l|2/K2. 

Here, a is the effective gain coefficient, (3 
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is the self saturation coefficient of the gain, 
A is the transition rate from the pumping 
mode to the laser mode, and QQ Q^ present 

the self energy shift, respectively , which 
affect the spectra] property of the atom 
laser. In the coefficients a and p, K is the 
pumping rate from the reservoir 1 to the 
level 1 in the trap , and it is introduced 
phenomenologically in the equation of the 
pumping mode aj. 

Equation (7) is the fundamental equation of 
the lasing mode, which contains time 
convolution term YO(0 due to non Born-
Markovian coupling to the external field. 
The terms YO 0) and §(t) correspond to the 

damping factor and the fluctuation 
operator, respectively, which appear in the 
usual laser theory. 

On the other hand, the equation of the 
external field bk(t) is solved directly and the 

solution is given by 

bk(t)=bk(t0)e-i&kt 

+r1/2K0*(k) S dt'ao(t')eiok(t-t'). (12) 

The Heisenberg equation of the expectation 
value of arj(t) is obtained from Eq. (7), 

d<arj(t)>/dt = -<y'o(t)>- [a- i (corj+Ql) 

- (i Qo + (3n0)] <a0(t)>- T < §(t)> . (13) 

When the BMA is valid, we obtain 

d<a0(t)>/dt= [(a -ico0)- pn0]<a0(t)>, (14) 

where QQ and £2j are ignored for simplicity 

when we are interested only in the 
occupation number of the ground state. 
The Heisenberg equations (13) and (14) of 

the lasing mode show 
l)Equation (13) contains the effects of non 

Born-Markovian output coupler. 
2) Equations (13) and (14) show that a 

CW atom laser behaves as a self-sustained 
oscillator, since they have a third-order non
linear saturation term. Similar discussions 
from another approach have been reported 
independently by Scully5). 

3) It is worth noting that Eq.(14) is closely 
analogous to the single mode laser equation. 
3.2 Solution 
For simplicity, we ignore the fluctuation 

force operator Fot from the Markovian 

reservoirs 1 and 2, and the nonlinear 
saturation term. In order to solve the 
Langevin equation, Laplace transformation 

£[g(s)]=/g(t)e"stds and inverse Laplace 

transformation, £~ [ ] are applied to the 
final Eq. (7). The solutions for the laser 
mode and output mode are given by 

aVt)=a(o)£-[{a'0(0)-£[§(s)]} 

{s+(iQ ra)+r£[?(s)]n, (15) 

bkO) = bk(t0) e-i<%t 

_ri/2ko*(k)ao(0)eiwOth(t) 

- TK0*(k) e-i^V Jh(t-t')§(t')dt', (16) 

h(t) = £-[(s+5k)-1{s+(iS2ra) 

+r£[f(s)]}-l](t). (17) 
The expectation value of the output inten

sity <nk(t)> is obtained from Eq. (16) as 

<nk(t)>=<bkt(t)bk(t)> 

= r|k0(k)|2< a0t(0)a0(0) > |h(t)|2, (18) 

where initially external reservoir is empty 
i.e., <bk(0)> = 0. 

For a pulsed atom laser, we can ignore 

the pumping mechanism, so we put 
a = 0 and p = 0. In addition we ignore Qi 

for simplicity. Then the solution is given by 

<ao(t)> = <ao(0)> e-too* 

£-l[s+ £[f(s)]]-l(t). (19) 
There is no further restrictions except 

<%(0)> = 0, or <bk(0)> = 0. 

In this stage, we do not assume the BMA. 
4. Projection Operator Approach by the 
Heisenberg Picture (HP) 
In this section, We assume Born approxi
mation with the non-Markovian process. 
We treat the simplest model of the atom 



laser without the pumping by using the time 
convolution decomposition method with the 
projection operator in the HP, which have 

been recently reported^). 
The Hamiltonian of this system is given by 

H = Ho + Hi , (20) 

Ho = ftooaofao +/dkfccokbktbk, 

Hi = - iSr1/2/dk{K0(k)bkat 

- KO*(k)bktao}. 
The starting point is the Liouville-von 
Neumann equation for an operator A(t) of 
the atom laser system, for example, A(t) = 
ao(t) or bk(t). The Liouville-von Neumann 

equation is expressed as 
dA(t)/dt = iL(t)A(t) = i(L0 + Li)A(t), 

Li = fc-l[Hi,A(t)] i =0,1 . (21) 

We transform Li and A(t) into the 

interaction picture as follows: 

Li = eiL0(t-t0)Li(t)e-iL0(t-t0) , 

A(t) = U_(t,t0)A, 

U. (t, t0) = T. [exp{/dt'iLi(t')}], (22) 
where the symbol T. indicates an increasing 
time ordering from the left to the right. 
Starting with the time evolution equation 

dO.(t,t0)/dt =U-(t,t0)iLi(t), (23) 

we obtain the fundamental equation of A(t) 
in the time convolution decomposition. 
When A = ao, we obtain as follows. 

da0(t)/dt = U.(t,t)Pii:i(t)ao 

+£f dtif dt2 —/dtn_i U.(tn_i,t0)PiLi(tn_i) 

QiLi(tn-2) - .Q it?i(t) ao + f- ( t ) , (24) 
where P represent the projection operator in 
HP, and Q=l-P and P2=P. The operation of 
P takes the role of an appropriate averaging 
operation on a system and on a reservoir. 

Here, each term of Eq. (24) is expressed as 
follows. 

PiLi(t)ao = 0 , 

P iLi(ti)Q iLi(t)ao, 

= - r /dk |K0(k)|2exp[-i5k(t - ti)]a0, 

PiLi(tn)Q iLi(ti)QiLi(t) a0=0 , n>2 

and 

J-l= QiLi(t)a0 = 

- r l /2 /dk K*(k)exp[i5k(t - ti)]bk, 

J_2=/dtiQi£i(ti)QiLi(t)ao, 

= ( l -P)r /dk|k 0(k) |2a 0 , 

J.n = 0, for n > 3. 

Finally, we obtain 

d<a0(t)>/dt = -r/dti/dk|K(k)|2 

e -i8k0 - ti)<a0(ti)>. (25) 

Solution: Initial condition is same as that 

for Eq. (15) 

<ao(t)> = <a0(0)> e-iMol 

X£-l[s + £[f(s)]]-l(t). (26) 
6. Concluding Remark 
1) We obtained the quantum mechanical 

Langevin equation of the lasing mode for 
the CW atom laser with the output coupling 
without the Born-Markov approximation. 
2) We demonstrated that CW atom laser is 

a self-sustained oscillator using the 
Heisenberg equation. 
3) The simplest case, pulsed atom laser, we 
chose the projection operator approach by 
the HP under the Born Approximation with 
non-Markovian process. It is noted that the 
solution (26) is accord with that of Eq. (19) 
and Ref. 3 when the reservoir 0 is initially 
empty. 
4) The detail investigations of the section 
3,4 and the property of the coherence will 
be published elsewhere. 
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We describe what we learnt these last years on quantum reversal of large magnetic moments, us
ing mainly conventional SQUID or micro-SQUID magnetometry. Beside the case of ferromagnetic 
nanoparticles with 103 — 105 atoms (e.g. Co, Ni, Fe, Ferrites), most fruitful systems appeared to be 
ensembles of magnetic molecules. These molecules, generally arranged in single crystals, carry rela
tively small magnetic moments (S = 10 in Mni2-ac and Fes). They are sufficiently apart from each 
other not to be coupled by exchange interactions. The ground multiplet is split over an energy barrier 
of tens of kelvin (fa 67 K for Mni2) by a strong local crystal field, leading to an Ising-type ground-state. 
Only weak inter-molecular dipolar interactions are present, as well as intra-molecular interactions, such 
as hyperfine interactions. Quantum properties of molecule spins are crucially dependent on their mag
netic environment of electronic and nuclear spins (the spin bath). Energy fluctuations of the spin bath 
of about 0.1 K are important, especially at very low temperatures. In particular, they are much larger 
than the ground-state tunnel splitting of large-spin molecules in low applied fields, of about 10—8 K 
or even less (such a low value is due to the presence of large energy barriers). Theoretical predictions 
are experimentally checked for tunneling effects in the presence of non-equilibrated or equilibrated 
spin-energy distribution. It is also shown that the phonon-bath plays no role in low field, except when 
the temperature approaches the cross-over temperature to the thermal activation regime. In fact, 
spin—phonon transitions can play a role only if the tunnel splitting is not too small in comparison 
with fcsT. This is the case both for large-spin molecules in a large magnetic field (e.g. Mni2-ac in 
a few tesla) and for low-spin molecules, as shown with the study of the molecule V15 (Hilbert space 
dimension as large as 2 1 5 and spin 1/2). We also give our latest results on the extension of these stud
ies beyond molecular magnetism. Single-ion slow quantum relaxation is observed in rare- earth Ho3+ 
ions highly diluted in an insulating matrix L1YF4. This relaxation is due to the coherent tunneling 
of individual H o 3 + spins strongly coupled to their nuclear spins, leading to electro-nuclear entangled 
states at avoided level crossings. In fact tunneling of the spin system is induced by the hyperfine cou
pling. Together with the important role of the "spin bath", the roles of cross-spin and spin-phonon 
relaxations are also considered. All these results confirm the emergence of a new field of research: 
"mesoscopic magnetism". 

1 Introduction 

Quantum tunneling of the magnetization 
(QTM1) is one of the most striking features 

observed in nanomagnets with a large uni
axial anisotropy2. It is associated with low-
frequency quantum fluctuations in the mag
netic system, leading to staircaselike hystere-
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sis loops at very low temperatures. This phe
nomenon is now evidenced both in molecular 
magnets (Mni2, Fe8, Mn4,...) and in highly 
diluted rare-earth ions in a nonmagnetic sin
gle crystal. Furthermore, the dynamics of the 
magnetization reversal can also be limited by 
couplings to the phonon bath as shown in 
molecular magnets (V15 and other low-spin 
molecules) or in diluted rare-earth ions. 

The paper is divided in three parts. 
We begin with the low temperature study 
of the high-spin molecule Mni2-ac, show
ing the crossover from thermally assisted 
quantum tunneling to ground-state tunnel
ing, when decreasing the temperature. In 
the second part, we present some hystere
sis loops measured in the low-spin molecule 
V15, underlying the relevance of spin-phonon 
transitions for large tunneling gaps. Fi
nally, single-ion slow quantum relaxation in 
L1Y0.998H00.002F4 points out an intermediate 
case with two disctinct regimes showing ei
ther QTM or the role of spin-phonon and 
spin-spin transitions, both resulting in spe
cific hysteresis loops at low temperatures. All 
the measurements were performed on single 
crystals. 

2 Low temperature study of the 
high-spin molecule Mn^-ac 

The system Mni2-ac is constituted of mag
netic molecules with 12 Mn ions (spins 3/2 
and 2), strongly coupled by super-exchange 
interactions. The resulting spin S = 10 is 
defined over « lnm3 , with 103 atoms of dif
ferent species (Mn, O, C, H). The Hilbert 
space dimension is huge: 108. However, 
in the mesoscopic approach where the spin 
S = 10 is assumed to be rigid, a Hilbert 
space dimension reduced to 25 + 1 = 21, 
which is sufficient to account for most ob
servations. Due to a large energy barrier be
tween rri = - 1 0 and m = 10 (-DS2-BS* « 
67 K, for second and fourth-order anisotropy 
from EPR3), the zero-field tunnel splitting of 

Figure 1. Hysteresis loops of Mni2-ac, extracted 
from torque measurements with an applied field along 
the c—axis (sweeping rate r = 11 mT/s ) . Below a 
temperature depending on the involved resonance, 
the curves are temperature-independent, indicating 
tunneling from the ground-state. Transition widths 
result from the distribution of dipolar fields. 

the ground state is extremely small (about 
10~10 K). Quantum relaxation is thus slow 
and must be influenced by environmental de
grees of freedom. Above 1.5 K, a single crys
tal of Mni2-ac shows staircaselike hysteresis 
loops when the magnetic field is applied along 
the c—easy axis of magnetization4 and ref
erences therein (for oriented powder experi
ments see5). Tunneling rates deduced from 
relaxation and ac-susceptibility experiments 
show maxima precisely at the fields where 
hysteresis loops make steps: Hn « 0.44n, 
with n = 0,1,2, . . . 4 . These measurements 
give strong evidence for thermally assisted 
tunneling in Mni2-ac and allow to study the 
role of spin-spin and spin-phonon transitions 
in the tunneling mechanism and the passage 
to the classical regime6,7. 

The results presented here, in the low 
temperature regime, determine the nature 
of the transition between thermally assisted 
tunneling and ground state tunneling and 
show some interesting effects of the spin and 
phonon baths on quantum relaxation. For 
that our measurements are extended in high 
fields and subkelvin temperatures. The mag
netization of a small single crystal of Mni2-
ac was obtained from magnetic torque ex-
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periments performed at the High Magnetic 
Field Laboratory in Grenoble (LCMI) below 
1.4 K. The way to extract the longitudinal 
or transverse magnetization (parallel or per
pendicular to the easiest c—axis) is analyti
cal and unambiguous8. Figurel shows sev
eral hysteresis loops obtained in a longitudi
nal field (the positive field part is rigorously 
symmetrical). The fields Hn are larger than 
those observed above 1.5 K. Moreover, they 
become independent of temperature below a 
crossover temperature Tc{n)9. These features 
suggest that tunneling takes place from the 
ground-state TO' = —10 to m = 10 — n10 '11 . 
In our case n = 7, 8, 9 and 10. In Fig. 2, we 
visualize more clearly the resonances n = 7, 
8 and 9, by plotting the field derivative of 
the hysteresis loops dM/dBo vs. -Bo, mea
sured at three different temperatures. Each 
resonance consists of two resolved peaks of 
widths s=s 0.15 T, a value close to the width 
of the distribution of dipolar fields ED-
Contrary to the high temperature case, where 
spin-phonon transitions at energy « A « 
ED, give homogeneous line broadenings7, 
here resonance linewidths result from in-
homogeneous distributions of dipolar fields 
(with A < < ED)- Regarding peaks position, 
a comparison between measured and calcu
lated Hn makes their interpretation obvious. 
Calculated Hn are given by level crossings 
in Fig. 3b). Intercepts of the ground-state 
m' = —S = —10 with levels TO = 3, TO = 2, 
TO = 1 and TO = 0 give the Hn indicated by 
straight lines in Fig. 3a (-10 -> 3, - 1 0 ->• 2, 
—10 —• 1 and —10 -> 0; respectively noted as 
(7-0), (8-0), (9-0), (10-0) in Fig. 3). They 
coincide very well with the first peaks ob
served at low temperatures. Similar inter
cepts of TO' = —9 with m = 2, m = 1, 
TO = 0 and TO = —1 are indicated by —9 —• 2, 
—9 ->• 1, —9 —>• 0 and —9 -» —1; these are 
noted as (7-1), (8-1), (9-1), (10-1) respec
tively, in Fig. 3. The agreement with the 
second peak is also very good. The over
all agreement shows unambiguously that each 

B0m 

Figure 2. Derivative dM/dBo of the hysteresis loops 
of Fig.l at different temperatures. Each measured 
resonance, with n=7 , 8 and 9, is split in two: tun
neling from the ground-state m ' = —10 or from the 
first excited state m' = —9. For instance, below 
X = 0.85 K, the resonance n = 7 only shows one 
peak (the higher field one) associated with ground-
state tunneling. In the same trend, above T = 1 K, 
the resonance n = 9 only shows one peak (the lower 
field one) associated with thermally assisted quantum 
tunneling. 

resonance, corresponding to a given value of 
n, is in fact a "group of resonances". In 
each group, only two resonances are well re
solved. The first one is associated with tun
neling from the ground-state m' = —10 while 
the second is associated with tunneling from 
the first excited level TO' = —9. The third 
resonance (tunneling from ml = —8) is also 
seen in the temperature dependence of Hn for 
n = 7, 8 and 9. The other ones, m' = —7, 
- 6 , - 5 . . . get closer and closer (Fig. 3b) 
and cannot be resolved experimentally. This 
is the reason why Hn appears to be depen
dent on temperature in the high temperature 
side of Fig. 3a. Note that the Hn can also 
be calculated analytically from the equality 
condition E(m) = E(m' = — n — TO), with 
E(m) = —Drn? — Brni—gfiB'fnHz. (the corre-
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T(K) B0 (T) 

Figure 3. a: Position of peak maxima vs. tem
perature. The lines indicate fields at which level 
crossings (-n-m, m) are calculated, b : Energy lev
els spectrum calculated by exact diagonalization in 
a longitudinal field, for a spin S = 10 in a crystal 
field of tetragonal symmetry, with the Hamiltonian: 
H = -DSl - BSA

Z - C(S% + Si) - gno»BSzHz. 
We used the parameters D = 0.56 K, B = 1.1 mK, 
C = 3 • 10~5 K obtained in EPR. The diagonal 
anisotropy term of fourth order shifts the resonances 
belonging to the same n and with different m to the 
left (lower fields) when m decreases. 

sponding Hamiltonian is given in the caption 
of Fig. 3b 3 ) . The result for Hn(m) is given 
by 

Hn(m) = — [l + ^ ( ( m + n)2 + m2)] (1) 

which shows that shifts in Hn for the same 
n, are important only if m is large, i.e. at 
low temperature. At a higher temperature, 
resonances Hn{m) with smaller m are close 
to each other and superposed. This is why 
they can be fitted to a single Lorentzian7'12. 

Regarding peak intensities, the area of 
deconvoluted peaks in each resonance group 
(n fixed) determine the fraction of tunnel
ing events taking place from the ground state 
(Nw) or from the first excited state (Ng). 
Since the tunneling rate is proportional to 
A2/(2m — n) 13, we obtain 

, Nio £ 1 0 - 9 , 0 1 A i o , , 
l n " i V 9 - R i ^ ^ + 2 1 n A 9 - ( 2 ) 

where £10-9 is calculated through the ex
act diagonalization of the Hamiltonian (see 

Fig. 3b). Systematic temperature depen
dences of tunnel fractions, analysed with the 
above expression, show that all the observed 
resonances have comparable tunneling gaps. 
We consider here only the case of the res
onance n = 8 where quantum relaxation 
is dominated by the transverse fourth order 
crystal field term C (n being even, trans
verse magnetic fields have a negligible influ
ence). Figure2 shows that the areas Ng and 
Nio become equal at « 0.93 K. This tem
perature is at the crossover between tunnel
ing from m' = —10 and m' = —9. It is 
given by kTc(n = 8) w £10-9/2ln(A 9 /Ai 0 ) . 
The calculated value for E\o-g is approxi
mately equal to 7.3 K for n = 8, which 
gives ln(Ag/Aio) ~ 3.88 corresponding to a 
transverse field of « 0.31 T (which is asso
ciated with a misalignment of w 4.5°). It is 
worth noting that this cannot be attributed 
to our experimental misalignment, which is 
less than three degrees, so that the discepan-
cies with the results obtained from the Hamil
tonian used in the calculations come from 
a lack of accuracy in the knowledge of this 
Hamiltonian. Actually, the S4 point symme
try of Mni2-ac leads to the full Hamiltonian: 
H = B$O% + B$Ol+B°O0

4 + BjOj + B2O2
5 + 

5g0g + B | 0 | + ... where 0,m are the Steven's 
equivalent operators. Interestingly, the addi
tional odd terms have no diagonal contribu
tion, which is consistent with the good agree
ment we obtain regarding the resonance po
sition. This also shows that diagonal terms 
of order > 6 are negligible. However, Cor-
nia et al.15 pointed out very recently the ex
istence of local distortions, breaking the S4 
symmetry. Including a second-order trans
verse anisotropy term in our calcuation gives 
tunneling gaps of about 10 - 5 K for odd val
ues of n (e.g. -10 -> 3 , - 1 0 -> 1, - 9 -> 2, 
—9 -^ 0), as observed experimentally. 

All these results give evidence that the 
transition from ground-state tunneling to 
thermally activation is not abupt, as in 
standard models and specific applications to 
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Mni2-ac14, but is of a new nature. Further
more, if the applied field is perpendicular to 
the easiest axis of magnetization, the bar
rier remains symmetrical and we have shown 
11 that ground-state to ground-state tunnel
ing takes place. In addition, magnetic relax
ation experiments both in longitudinal and 
transverse fields, show that tunneling takes 
place while the spin system is not at equi
librium with the bath at short time scales 
M oc yjTgqt, and recovers equilibrium after 
a certain delay M oc exp — (Texpt)

 u>13. The 
important effect of phonon recovery in the 
tunneling-induced relaxation was also dis
cussed. 

3 Hystresis loop measurements in 
the low spin molecule V15 

In this section we discuss the molecular com
plex K6[V^As6042(H20)]-8H20 (so-called 
V15) 16. Despite the absence of an energy 
barrier, magnetic hysteresis is observed over 
a timescale of several seconds in this spin 
1/2 molecular complex. Such hysteresis loops 
can be understood on the basis of a dissi-
pative two-level model, in which fluctuations 
and tunnel splittings are of the same energy, 
under a phonon bottleneck regime. Thus, 
spin-phonon couplings lead to long relaxation 
times and to a particular "butterfly" hystere
sis loop. The crystal is made of molecules 
with fifteen VIV ions of spin S = 1/2, placed 
in a quasi-spherical layered structure formed 
of a triangle, sandwiched by two hexagons. 
The unit-cell contains two V15 clusters, and 
it is large enough so that dipolar interactions 
between different molecules are negligible (a 
few mK). All intra-molecular exchange inter
actions are antiferromagnetic, resulting in a 
S = 1/2 total spin for each molecule. Such 
a small spin has zero energy barrier and a 
relatively large splitting in zero applied field 
(~ 10~2 K). Although the spin entanglement 
results in 215 eigenstates per molecule, the 
magnetization curves can be interpreted in 

B0(T) 

Figure 4. Measured (top) and calculated (bottom) 
hysteresis loops for three temperatures and for a 
given field sweeping rate 0.14 T / s . The plateau is 
more pronounced at low T. The inset is a schematic 
representation of a two-level system Sz = ± 1 / 2 with 
repulsion due to non-diagonal matrix elements. In a 
swept field the switching probability P is given by the 
Landau-Zener formulae. The two-levels are broad
ened by the hyperfine fields and the absorption or 
the emission of phonons can switch the polarization 
state of spins. 

terms of a dissipative two-level model17 '18 '19, 
as shown in Fig. 4. 

The measurements were performed with 
the micro-SQUID technique 21. Only the 
positive parts of hysteresis loops are given 
(the other ones being rigorously symmetri
cal). When the field increases, coming from 
the negative saturation, the magnetization 
curve passes through the origin of the coordi
nates, reaches a plateau and then approaches 
saturation. This leads to a winged hystere
sis loop characterized by the absence of irre
versibility near zero field, as shown in Fig. 4. 
Nevertheless, the initial susceptibilities being 
larger the faster sweeping field (see Fig. 5), 
the magnetization is out of equilibrium also 
near zero field where it appears to be re
versible. 
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The wings depend sensitively on tem
perature T and field sweeping rate r. In 
Fig.4a, where three hysteresis loops are pre
sented at three different temperatures for a 
given sweeping rate, the plateau is higher and 
more pronounced at low temperature. The 
same tendency is observed at a given tem
perature and faster sweeping rates (Fig.5a). 
When compared to its equilibrium limit (dot
ted curve in Fig.5), each magnetization curve 
shows a striking feature: the plateau inter
sects the equilibrium curve and the magneti
zation becomes smaller than that at equilib
rium. Equilibrium is then reached in higher 
fields near saturation. 

Contrary to the case of a 2-level system 
described by the Landau-Zener model18 in 
the non-adiabatic regime, the plateau of Fig.5 
increases if the sweeping rate is increased. 
Taking the typical value r = 0.1 T/s and the 
zero-field splitting A0 = 0.05K22'24'25'23, one 
gets a ground-state switching probability P 
very close to unity: in the absence of dissi
pation the spin 1/2 must adiabatically follow 
the field changes. Extremely large sweeping 
rates (« 109 T/s) would be needed to get into 
the quantum non-adiabatic regime P < 1. 
The mark of the V15 system is that the dis-
sipative spin-phonon coupling is acting also 
near the zero applied field because Tuo « Ao 
is of the order of the bath temperature, which 
is not the case for large spin molecules where 
Ao < < kgT. The spin temperature Tg is 
such that n i /n 2 = exp(Aif/fcsTs), where 
AH = ^/A2, + (2nBB0)

2 is the two-level 
field-dependent separation, and n i ^ n i ^ e g ) 
is the non equilibrium (equilibrium) level 
occupation numbers. In the magnetization 
curves at 0.1 K (Fig.5a), the spin tempera
ture Ts is significantly lower than the bath 
temperature T (m > n\eq, Ts < T) at 
fields between —0.3 T (when the magnetiza
tion curve departs from the equilibrium one) 
and 0.15 T (the field at which the magneti
zation curve intersects the equilibrium one). 

After this intersect, Ts is larger than 

B0(T) 

Figure 5. Measured (top) and calculated (bottom) 
hysteresis loops for three field sweeping rates at T = 
0.1 K. The observed plateau is more pronounced at 
high sweeping rate. The equilibrium curve can be ap
proximated by the median of the two branches of the 
low sweeping rate hysteresis loop (dotted curve). In 
the top inset is plotted the spin and phonon temper
ature Ts = Tptl for T = 0.1 K and r = 0.14 T / s , 
when the field is swept from negative values. Tg 
decreases until zero-field and then increases linearly 
within the plateau region. Then it overpasses the 
bath temperature to finally reach the equilibrium. In 
the bottom inset the calculated number of phonons 
with hw = A J J is plotted vs. the sweeping field mod
ulus (note the arrows) at equilibrium (Tp^ = Ts = T, 
dashed line) and out-of-equilibrium (raj* h = nT=Ts 1 
r = 0.14 T/s , black line). The difference between the 
two curves (thick segment Aw) suggests the moving 
hole in the phonon distribution, while their intersec
tion gives the plateau intercept of the equilibrium 
magnetization curve. 
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the bath temperature {n\ < nieq, Ts > T), 
and at sufficiently high fields (about 0.5 T) 
it reaches the equilibrium value (n\ = n\eq, 
Ts = T). 

In a direct process, the spins at the tem
perature Ts should relax to the phonons tem
perature within a timescale T\, the phonons 
being at the bath temperature. However, 
even with a silver sample holder, it is not 
possible to maintain the phonon temperature 
equal to the temperature of the bath. This is 
because in V15 below 0.5 K, the heat capac
ity of the phonons Cph is very much smaller 
than that of the spins Cs, so that the en
ergy exchanged between spins and phonons 
will very rapidly adjust the phonons temper
ature Tph to the spin one T5. Furtheremore, 
the energy is transfered from the spins only to 
those phonon modes with HLJ = A # (within 
the resonance line width). The number of 
such lattice modes being much smaller than 
the number of spins, energy transfer between 
the phonons and the sample holder must be 
very difficult. This is a phenomenon known 
as the phonon bottleneck 26>27. 

To conclude with this part, the V15 
molecular complex constitutes an example 
of a dissipative two-levels system of meso-
scopic size. The total spin 1/2 being formed 
of a large number of interacting spins, its 
splitting results from the structure of the 
molecule. Due to the multi-spins charac
ter, the ground-state is formed of two dou
blets. Intra-molecular Dzyaloshinsky-Moriya 
interactions, allowed by the symmetry of the 
molecule, should split each doublet in two 
singlets of the same energy at zero field. 
This scenario, explaining our first observa
tion of a zero-field splitting with a half-
integer spin, is not in contradiction with the 
Kramer's theorem, due to the fact that the 
degeneracy of the non-splitted ground-state 
is larger than 25+1, where S is the ground-
state spin. Furthermore, the observed split
ting is rather large (a fraction of Kelvin), 
due to the abscence of barrier (whereas in 

H0H7(mT) 

Figure 6. Splitting of the electronic ground-state 
doublet by the hyperfine interaction (Aj/ks ~ 
38.6 mK; see below). The level crossings occur for 
resonant values of the longitudinal field Hn (—7 < 
n < 7). Some are avoided level crossings and hyper
fine levels repulsion is then induced by the electronic 
level repulsion in the excited states. 

large-spin molecules the presence of large en
ergy barriers lowers the splittings by orders of 
magnitude). Spin-phonon transitions within 
the tunneling gap are thus important, and 
the V15 system shows spin rotation under 
a strong coupling to the phonon bath con
trary to large-spin molecules where resonant 
phonon transitions are irrelevant, unless be
tween states at different energies 28 or in the 
presence of a transverse field large enough to 
create a tunnel splitting of the order of the 
temperature energy scale 29. 

4 Single ion slow quantum 
relaxation in LiYo.998Hon.oo2F4 

Staircaselike hysteresis loops of the mag
netization can also be observed in a 
L1Y0.998H00.002F4 single crystal, at subkelvin 
temperatures and low field sweep rates30. 
This behavior results from quantum dynam
ics at avoided level crossings of the energy 
spectrum of single Ho3 + ions in the presence 
of hyperfine interactions. 

The crystal has a tetragonal scheelite 
structure with a S4 point symmetry group at 
Ho3 + (for LiHoF4, unit cell parameters are 
a = b = 5.175 A and c = 10.74 A 3 1 ) . Be-
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cause of a very strong spin-orbit coupling, 
each magnetic ion of 165Ho is characterized 
by its J = 8 ground-state manifold (gj = 
5/4), split through the crystal field effects. 
These give rise to a large uniaxial magnetic 
anisotropy, leading to an Ising-type system 
with an energy barrier hindering the mag
netic moment reversal. The isolated mag
netic moments are weakly coupled by dipolar 
interactions (/zo#diP ~ few mT) so that this 
very diluted insulator exhibit a nearly single 
ion quantum behavior. At very low temper
atures, the system should be equivalent to a 
two-level system, but this picture is strongly 
modified when hyperfine interaction with the 
rare-earth nuclear spin is taken into account 
(Aj ^ 0), leading to the following Hamilto-
nian: 

H = B°2Ol + BlOl + B\<0\ + B°0° + B%0\ 

+Aj~J • I - gjfioHB~J • H (3) 

where 0 ;
m are the Steven's equivalent oper

ators. This results in a more complex dia
gram in the electronic ground-state, showing 
several level crossings for resonant values Hn 

( - 7 < n < 7) in Fig. 6. The transverse hy
perfine contribution ^Aj(J+I- + J-I+) in
duces some avoided level crossings between 
|V>r,/zi > and |Vtf,J*2 >, with A / = \Iz2 -
Iz\ |, only when A7/2 is an odd integer so 
that the two electronic low-lying states j Vi > 
are coupled through nondegenerated excited 
electronic levels. Note that the degeneracy 
of the other level crossings is also removed 
by internal fields fluctuations. 

Magnetic measurements were made at 
0.04 < T < 1 K and for /z0# < 2 T, with a 
micro-SQUID magnetometer 21 allowing field 
sweep rates up to 1 T/s. The crystal is 
first saturated in a large positive field applied 
along the c—axis noHsa,t ~ 0.3 T, and then 
the field Hz is swept between ±Hsat. At slow 
field sweep rates, an isothermal process oc
curs, leading to staircaselike hysteresis loops 
at T < 200 mK. These well-defined steps 

' " ^ — • — i — • — i — • — i — • — i 
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H0Hz(mT) 

Figure 7. a: Zeeman diagram of the split electronic 
ground-state doublet by the hyperfine interaction 
(low-energy part), b : Hysteresis loops at T ss 40 mK 
and for r = 0.11 m T / s showing quantum tunneling 
of the magnetization. The resonant values of the lon
gitudinal field H„ coincide with the level crossings 
shown above. 

come from quantum relaxation at avoided 
level crossings. At T = 40 mK, the lowest 
energy level is mainly populated and magne
tization steps are observed for — 1 < n < 3, 
as shown in Fig. 7b. The QTM in zero field 
is mainly associated with the dynamics of the 
lowest avoided level crossing (the first excited 
crossing is at AU/fce = SeffMBMo-^i/^B ~ 
205 mK, assuming #eff ~ 13.332). The ampli
tude of the next step, the resonance n = 1 
at HQHI = 23 mT, is much larger, sug
gesting a larger tunnel splitting A. Indeed, 
Fig.7a shows that the hyperfine induced tun
nel splitting of the third excited avoided level 
crossing is large enough to render the barrier 
transparent (A ss 25 mK). The relaxation 
time is thus simply given by thermal activa
tion T = Toexp(2Ai?/fcBT), with a long TQ 
because spin-lattice relaxation time T\ can 
be hours at very low temperatures and/or as 
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Figure 8. Hysteresis loops in a constant transverse 
field at T = 50 mK and for r = 0.55 mT/s . A 
transverse field enhances the quantum fluctuations 
in zero longitudinal applied field leading to a larger 
magnetization step. Inset: details of the Zeeman dia
gram around zero field. Thermally activated tunnel
ing shows two possible channels over the first and the 
third, more efficient, excited avoided level crossings. 

a result of internal fields fluctuations. It is 
worthy to note that the width of the reso
nant transitions is about /zoA-ff = 2 — 3 mT, 
which is expected from dipolar broadening. 
Similarly to molecular magnets, quasi-static 
fields due to dipolar interactions lead to a dis
tribution of internal fields whereas field fluc
tuations, essentially of F - nuclear spins, give 
homogeneous level broadening. 

The quantum relaxation is strongly en
hanced by a constant transverse field, as a 
result of an increase of the tunnel splittings 
(see Fig. 8). This allows the study of the rel
ative magnitude of tunnel splittings. In zero 
longitudinal field, the small tunnel splittings 
rapidly increase and hysteresis vanishes. A 
saturation of the magnetization at M « 0 
is observed in transverse fields larger than 
100 mT, when the barrier is nearly transpar
ent, and the small "overshot" with an oscilla
tion in M may be due to spin-phonon tran
sitions. As expected for a large tunnel split
ting, sensitivity to a small transverse field is 
very weak for the resonance n = — 1. 

At faster sweep rates, nonequilibrated 
spin-phonon and spin-spin transitions, me
diated by weak dipolar interactions, lead 

to magnetization oscillations and additional 
steps. A hysteresis loop measured at T = 
50 mK for a much faster field sweep rate 
(r = 0.3 T/s) is shown in Fig.9a. A suc
cession of equally spaced large and weak 
magnetization steps occur at fields Hn, with 
—14 < 2n < 14. The larger ones, with in
teger n, are associated with several equally 
spaced level crossings and the smaller steps, 
with half integer n, fall just in between when 
the levels are equally spaced (see Fig.6). The 
dm/dH is used to determine the Hn values 
plotted in Fig.9a inset. From the slope, we 
accurately obtain fj,oHn = n x 23 mT. The 
electronic ground doublet is thus split by 
hyperfine interaction in eight doublets over 
an energy range of about 1.44 K. We de
duce Aj/k-Q « 38.62 mK, to be compared 
to Aj/kB « 40.95 mK32. The observed 
hysteresis loops depend sensitively on sam
ple thermalization, showing that the spin-
phonon system is not at equilibrium with the 
cryostat, leading to a phonon bottleneck26,27. 
At a fast field sweep rate r = 0.3 T/s, the 
system enters such a regime at T K, 1 K 
(moderate sample thermalization) showing 
hysteresis without any magnetization steps 
down to T w 600 mK. When the field is 
swept back and forth, a stationary regime 
occurs and hysteresis loops become nearly 
temperature-independent below a tempera
ture Tc(r) depending on sample thermaliza
tion (Tc « 200 mK for r = 0.3 T/s). Be
low T « 600 mK, a nearly adiabatic pro
cess occurs, due to a much longer spin-
lattice relaxation time T\. The spin sys
tem becomes more and more isolated from 
the phonon bath, and energy exchange be
tween electronic and nuclear spins is only pos
sible at fields Hn. Equilibrium within the 
spin system is due to either quantum fluctu
ations at avoided level crossings (integer n) or 
to spin-phonon transitions and/or cross-spin 
relaxation, allowed by weak dipolar interac
tions, when energy levels are almost equally 
spaced (integer and half integer n)3 3 . Spin-
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Figure 9. a: Hysteresis loops at T = 50 mK and 
for r = 0.3 T / s . Several magnetization steps are ob
served for resonant values of the applied field /J.oHn Rs 
n x 23 mT [see inset; Hn values are deduced from 
Fig. 9b)]. b : Derivative of the loop shown in a for a 
decreasing field. The two additional measured steps 
shown in the inset, for n = 8 and n = 9, are associ
ated with cross-spin relaxation only. 

spin interactions allow two additional steps 
for n = 8 and n = 9, at fields with equally 
spaced levels but no level crossing [Fig.9b in
set]. A small transverse applied field only 
increases the zero-field magnetization step, 
showing the weak effect of enhanced quan
tum fluctuations on hysteresis loops in this 
regime. Other resonances and small magne
tization steps, dominated by cross-spin re
laxation, are not affected by a small trans
verse field, if small enough (/XO#T < 80 mT). 
If the field sweep is suddenly stopped, the 
spin-phonon system exchanges energy with 
the cryostat and the magnetization relaxes 
toward the equilibrium curve. 

We thus have shown that diluted rare-
earth ions in a nonmagnetic insulating single 
crystal are very suitable to study the possible 

entanglement of nuclear and electronic mo
ments, when tunneling occurs. Very diluted 
Holmium doped L1YF4 is indeed a model sys
tem to study tunneling of an electronic mo
ment strongly coupled to its nuclear spin. 
Similarly to the case of high-spin molecules, 
the quantum rotation of weakly coupled mag
netic moments of Ho3 + ions can be driven, 
and even monitored in this case, by hyper-
fine couplings at very low temperatures. In a 
constant transverse field, the magnetization 
steps, associated with incoherent tunneling 
at the avoided level crossings, increase very 
rapidly, as a consequence of the increase of 
the tunnel splittings. At faster field sweep 
rates, additional magnetization steps are ob
served and attributed to cross-spin relaxation 
and spin-phonon transitions in a phonon bot
tleneck regime, showing the relevance of cou
plings to the phonon bath in the fast sweep 
rate regime. 

Conclusion 

We have shown that the new field of "meso-
scopic magnetism", which studies the tunnel
ing of large magnetic moments in the pres
ence of phonons and spins, can now be stud
ied in very versatile systems such as molec
ular complexes or highly diluted rare-earth 
ions. The problem of quantum dynamics of a 
two-level system coupled to an environment 
(boson or fermion bath), which is at the core 
of mesoscopic physics 17, can thus be investi
gated in details. In particular, after the first 
studies on the large-spin molecules Mni2-ac 
4,5,34 a n ( j p e g 35 ̂  ^.jjg r o j e 0 f t ^ g S p j n b ^ h o n 

the tunnel mechanism was shown 7>13>36>37. 
In molecules as well as in diluted rare-earth 
ions, quasistatic fields due to dipolar interac
tions between molecules lead to a distribution 
of internal fields, and field fluctuations, essen
tially of nuclear spins, give homogeneous level 
broadening allowing the restoration of tun
neling in a finite energy window, at low tem
perature (this broadening being much larger 
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than the phonon one, it is more relevant to 
induce tunneling). This mechanism is effi
cient unless all nuclear spins of the molecule 
are frozen, which occurs only below the mK 
scale. In low-spin molecules, large tunnel
ing gaps favor spin-phonon transitions. Al
though the hyperfine induced level broaden
ing is the same as in large-spin molecules, the 
phonon bath becomes as important as the 
spin bath 20. Both regimes, that is the de
cay out of a field-induced metastable state 
(QTM) or the decay of a field-induced out-of-
equilibrium state mediated by spin-spin and 
spin-phonon transitions, were observed in a 
0.2% Holmium doped LiYF4 single crystal. 
In all these cases, the role of field fluctuations 
was clearly evidenced. 
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RESISTANCE OF GEOMETRICALLY CONFINED MAGNETIC DOMAIN WALL 
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Small contact structure between two NiFe wires was fabricated by an electron beam lithography and a 
lift-oft method and the magnetoresistance was measured. The magnetization switching process was 
artificially controlled by engineering the sample geometry, and a single domain wall was trapped in the 
small contact area. The contribution of the domain wall to the resistance was negative, which can be 
attributed to the anisotropic magnetoresistance. At low temperatures, the resistance increases as the 
temperature decreases, and the resistance with the domain wall shows almost the same temperature 
dependence as that without the domain wall. 

1 Introduction 

Magnetism and transport on mesoscopic 
materials have attracted considerable 
attention due to developments in lithography 
and nano-technology. How do the quantum 
coherence and decoherence emerge in nano-
magnets? One of the interests is the effect of 
the magnetic domain wall on the electric 
transport phenomena in ferromagnetic wires. 

Theories predict a large positive 
contribution of the domain wall to the 
electrical resistance if the domain wall is 
thin enough compared to the Fermi wave 
length of the conduction electrons1"3. Since 
the Fermi wave length of metal is very small, 
this condition requires a domain wall with 
several atomic length. Such a thin domain 
wall can be realized only for materials with 
huge magnetocrystalline anisotropy or very 
small exchange stiffness constant. However, 
this situation is changed, if the magnets have 
a very small constriction. As theoretically 
proposed by Bruno4, the domain wall is 
geometrically confined in such a small 
constriction, and the width of the domain 
wall becomes as small as the size of the 
constriction. Garcia et al. experimentally 

observed large magnetoresistance up to 
300 % at room temperature for point 
contacts between two macroscopic Ni wires5. 
They insist that their results can be 
attributed to the formation of the domain 
wall where the spin rotation finishes within 
several atoms3. The switching of quantum 
conductance by the external magnetic filed 
of Ni point contacts reported by Ono et al. 
seems also related to a trapped domain wall 
at the point contacts6'7. However, there is no 
clear evidence for the existence of the 
domain wall at the contacts in above two 
experiments. To elucidate the relation 
between the wall resistance and the wall 
width, experiments on a well-defined 
domain wall are needed. 

On the other hand, in diffusive transport 
region, it has been pointed out from the 
theoretical viewpoints that the domain wall 
suppresses the quantum interference effects, 
such as weak localization and electron-
electron interaction effects8'9. The confined 
domain wall is a good candidate to 
investigate these theoretical predictions, 
since the phase coherence of electron should 
be comparable to the domain wall width at 
low temperatures. 

http://ac.jp
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In this contribution, we report the 
geometrical confinement of a domain wall in 
a nano-contact between two NiFe wires, 
which was fabricated by an electron beam 
lithography and a lift-off method. The 
results of the magnetoresistance 
measurements can be interpreted as the 
anisotropic magnetoresistance (AMR) effect 
caused by the confined domain wall. At low 
temperatures, the resistance increases as the 
temperature decreases, and the resistance 
with the domain wall shows almost the same 
temperature dependence as that without the 
domain wall. 

2 Experiment 

A schematic illustration of the sample 
structure is shown in Fig. 1. The width of 
the wires connected with each other is 
different. Furthermore, the wire with wider 
width is connected to a pad (large area) at an 
end10, and the wire with narrower width has 
a sharp-pointed shape at an end11. These 
special shapes are introduced for the purpose 
of the control of magnetization switching 
process12. The expected switching process is 
as follows. When the magnetic field is 
applied parallel to the wire axis, a single 

92 nm 39 nm 

hi 
1 \im 

Fig. 1 Typical sample shape for resistance 
measurement. The size parameters were estimated 
from the SEM image. 

Fig. 2 SEM image of a small contact. 

domain wall is injected from the pad and the 
magnetization reversal takes place in the 
wider wire. The domain wall is trapped at 
the small contact between two wires until 
the magnetic field increases up to a critical 
value. The sharp end prevents a domain wall 
from nucleating at this end. When the field 
exceeds the critical field, the domain wall is 
depinned from the contact area and all the 
switching process is completed. 

The samples were prepared on thermally 
oxidized Si substrates using an electron 
beam lithography and lift-off process. Many 
samples with different designed distance 
between two wires were patterned on one 
substrate. After deposition and a lift-off, 
some samples incidentally connected with a 
very small contact can be obtained. For 
example, the size of the contact shown in 
Fig. 2 is 15 X 20 nm2. The thickness of the 
prepared samples for the magnetoresistance 
measurements is 7 nm. The samples have 
four current-voltage probes made of a 
nonmagnetic material, Cu, in order to 
prevent the influence from magnetic probes. 
The distance between voltage probes is 1 
|xm. 

3 Results and Discussion 

Figure 3(a) shows a typical 
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Fig. 3 Hysteresis loop of magnetoresistance at 50 K. 
(a) Full hysteresis from -5 to 5 kOe. 
(b) Minor curve: (A) and (B) correspond to the state 
without and with a domain wall, respectively. 

magnetoresistance curve measured at 50 K. 
The contact size of the sample is 22 X 34 
nm2. Prior to the measurement, a magnetic 
field of -5 kOe was applied parallel to the 
wire axis in order to align the magnetization 
in one direction and then the field was swept 
to the counter direction. Abrupt negative 
jump was observed at +65 Oe and the 
reistance gradually decreases until the field 
reaches +172 Oe, where the resistance 
suddenly changed to almost the same value 
as that before the negative jump at +65 Oe. 
Similarly two jumps were observed for the 
measurement from +5 to -5 kOe. The 
negative jump at +65 Oe can be interpreted 
as the injection and the trapping of the 
domain wall. 

Schematic illustrations of the inferred 
domain structures from the 

Fig. 4 Schematic illustratoins of the inferred magnetic 
structures around a small contact from the 
magnetoresistance measurements, (a) and (b) 
correspond to the state (A) and (B) in Fig. 3(b), 
respectively. 

magnetoresistance measurements are shown 
in Fig. 4. Figs. 4(a) and 4(b) correspond to 
the state (A) and (B) in a minor loop shown 
in Fig. 3(b), respectively. Here, the magnetic 
field was decreased from +150 Oe before 
the positive jump as shown by arrows in the 
figure. In the state (B) in Fig. 3(b), the 
magnetic moments around the contact turn 
transversely to the wire axis in the sample 
plane, and a 180 degree domain wall is 
confined in the small contact. 

The gradual change in resistance 
between +65 and +150 Oe is almost 
reversible, indicating the reversible rotation 
of the magnetic moments in the domain wall. 
The resistance at zero field returning from 
+150 Oe is smaller than that at zero field 
from -5 kOe. This difference in resistance 
between the point (A) and the point (B) both 
at zero field is due to the existence of the 
domain wall. The domain wall decreases the 
resistance. The value of the domain wall 
resistance, AR = -0.513 Q, can be 
understood on the basis of the AMR, since 
the trapped domain wall has the magnetic 
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moments tilted transversely to the current 
direction, resulting in the decrease in 
resistance due to the AMR effect. For rough 
estimation, we assume that the resistance 
change originates from magnetization 
rotation of only the narrow part around the 
small contact. The resistance of the narrow 
part is estimated to be 185 Q. The ratio of 
the AR to 185 Q corresponds to -0.3 %. The 
AMR ratio of -1.1 % was obtained for the 
same sample from a magnetoresistance 
measurement, where a magnetic field was 
applied perpendicular to the wire axis in the 
sample plane. Therefore, the change in 
resistance less than 1.1 % can be explained 
only by the AMR effect. 

The resistance of the sample decreases 
with a decrease of temperature down to 20 K 
and then starts to increase. Figure 5 shows 
the temperature dependence of the resistance 
at low temperatures. The circles and crosses 
indicate the results with and without the 
domain wall, respectively. The observed 
logT dependence of the increase in 
resistance is consistent with the theory of 
two-dimensional weak localization or of 
two-dimensional electron-electron 
interaction (EEI) effect. The increase in 
resistance at low temperatures may be due to 
the EEI effect13, which was also observed in 
Ni wires with 20 nm in width14. The 
resistance with the domain wall shows 
almost the same temperature dependence as 
that without the domain wall. 

Temperature (K) 

Fig. 5 Temperature dependence of resistance. The 
circles and crosses indicate the results with and 
without the domain wall, respectively. 

measured resistance can be understood on 
the basis of the AMR effect. The wall in the 
investigated sample is not thin enough to 
obtain large positive magnetoresistance 
effect. The resistance of the sample 
decreases as the temperature decreases. The 
effect of the domain wall on the temperature 
dependence of the resistance could not be 
observed. 
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4 Conclusion 

In conclusion, we succeeded in confining a 
domain wall in a small contact fabricated by 
an electron beam lithography and a lift-off 
method. The resistance with the domain wall 
confined in the small contact was lower than 
that without the domain wall. This negative 
contribution of the domain wall to the 
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We show that the quantum dynamics of a domain wall in a quasi-one dimensional mesoscopic ferro-
magnet is equivalent to that of a Bloch particle within a one-band basis. Collective degrees of freedom 
of the domain wall, namely the center position and the chirality, correspond to position coordinate 
and periodic momentum operators, respectively, which are mutually canonically conjugate. Due to 
the periodicity of the momentum of the Bloch particle, it is shown that position coordinate of the 
domain wall is quantized in unit of a/2S, where a is the lattice constant of the spin chain and S is 
the magnitude of spin. Various dispersion relations of energy-band for the domain wall are derived 
from transverse anisotropy or external magnetic field perpendicular to the easy axis. As an expected 
phenomenon, under a uniform magnetic field, the domain wall oscillates along the chain. This corre
sponds to the Bloch oscillation. Using the spin-coherent state path integral on the basis of stationary 
action approximation, we show how this oscillation manifests itself in the transition probability. 

1 Introduction 

Recent nanostructure technology enables us 
to study mesoscopic magnetic domain wall, 
which has stimulated our interest in macro
scopic quantum phenomena (MQP) 1. In ex
isting literature for MQP, the domain wall 
has been treated as a usual quantum mechan
ical particle, which is described by the rel
evant collective degrees of freedom, namely, 
the center position and the chirality 2. While, 
a Bloch particle (electron), (we mean by a 
Bloch particle the one whose state is confined 
to the space of a single band), is a purely 
quantum-mechanical particle because its po
sition is quantized in unit of the lattice spac
ing, while the canonically conjugate variable 
to the position is the quasi-momentum which 
has a periodicity ?. Recently, Braun and Loss 
4 proposed an analogy between a domain wall 
and the Bloch particle. They assumed a pe

riodic pinning potential in the magnetic sys
tem for the domain wall to obtain an energy 
band. While, Kyriakidis and Loss 5 showed 
that magnetic solitons in anisotropic spin-
1/2 chains exhibit Bloch oscillations 6 un
der an external magnetic field. In fact, we 
have found that a magnetic domain wall in 
a spin chain formed of spins with an arbi
trary magnitude S inherently has the prop
erty of a Bloch particle even in the absence 
of periodic pinning potential. In this pro
ceedings, we demonstrate the equivalence be
tween the quantum dynamics of a domain 
wall and that of a Bloch particle, and show 
that the magnetic domain wall is found to 
exhibit the Bloch oscillation under a uniform 
external magnetic field. This oscillation is 
quantized into equally spaced energy levels, 
yielding the so-called Wannier-Stark ladder 
7 
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2 Quantum dynamics of a domain 
wall 

We replace a quasi-one-dimensional ferro-
magnet by a chain of spins, each with magni
tude S. We take the x axis in parallel to the 
spin chain and assume that the easy and the 
hard axes of the ferromagnet are parallel to 
the z and x axes, respectively. Accordingly, 
we adopt the following Hamiltonian which is 
justified in the quasi-continuous regime: 

H 
rL/2 dr( 

-\Ja2dxS{x)-dxS{x) J-L/2 a 

K. z £2 Si(x) + *ySl(x)} + #ext, (1) 

where L is the length of the ferromagnet, a is 
the lattice constant of spin chain, J is the ex
change coupling constant, while Kz and Kx 

are longitudinal and transverse anisotropy 
constants, respectively. These parameters 
are all assumed to be positive. The sec
ond term of the right-hand side of (1) is the 
Hamiltonian representing the effect of a uni
form external magnetic field: 

HK 
rL/2 dx 

-9HBB • / —S(x), (2) 
J-L/2 a 

where g is the g-factor and fin is the Bohr 
magneton. In the absence of the trans
verse anisotropy and the magnetic field, a do
main wall is defined as a classical stationary-
solution for the Hamiltonian. It has two pa
rameters, Q and cf>, which specify the cen
ter position and the chirality, respectively 
(Fig.l); the chirality is the azimuthal angle 
around the z axis of each spins in the region 
of the domain wall projected onto the x-y 
plane. The width of the domain wall is given 

by A = . / „Jra~Si\- The energy of the domain 

wall is given by Euw := 2NB\vKzS(S-1/2), 
where A^DW : = A/a stands for the num
ber of spins in the domain wall. Note that 
ADW 3> 1 in the quasi-continuous regime, 
where A > a . 

Figure 1. A domain wall in a quasi-one-dimensional 
ferromagnet; Q and <f> represent the center and the 
chirality of the domain wall, respectively. 

For the quantum-mechanical treatment 
of the domain wall, we construct the domain 
wall state 8 by use of the spin coherent state 
9 at each site as 

\z) 

?{x;z) exp (-1 + 0 

(3) 

(4) 

where z := Q/X + i<j>, £s(x;z) represents the 
domain wall configuration related to the one-
soliton solution as £s(x;z) = e*^tan#(a; — 
Q);0(x -Q)= a r c t a n e - ( x - Q ) / \ 

In Refs. 7 and 9, the quantum dynam
ics of the domain wall is discussed for the 
Hamiltonian (1) without the magnetic field, 
by using the method of collective degrees of 
freedom in spin coherent state path integral. 
The main result is that the spin variables 
are transformed into collective variables and 
environmental variables, where the collective 
variables are the center position and the chi
rality of the domain wall. Alternatively, the 
complex variable z = Q/X + i<j> can be used 
as the collective variable. According to the 
result in Refs. 7 and 9, the transition am
plitude between the two domain wall states, 
\z\) and |2F)> is written in the discrete-time 
path-integral formalism as 

{z¥\e -iHT/h 
Zl) lim 

N—>oo 

- J V - 1 

j n ^w^ 
dzndz* 

x exp 
2ni 

-S[z*, (5) 
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— 7 — >.(knr + K - i r + 2znzri_1) 
^ n = l 

V^ e< ?if2 cosh Azn — a cosh —— 
7 1 = 1 ^ 

- i(3smh —- + hwB(Zn + zn_i) L (6) 

n - K x fa l \ - 9VBBZ 

ft = M 2j' WB = ~ ^ ' (7) 

Az„ = x * - z n _ i , (8) 

where e (:= T/N) is the infinitesimal time, 
£»i (:= Qn/^+i4>n) is the value of the variable 
z at the discrete time ne, and the parameters 
a and (3 are proportional to Bx and By, re
spectively. The symbol ~ in (??) means that 
the environmental degrees of freedom are ig
nored in the right-hand side, which is justi
fied in the case of weak transverse anisotropy, 
Kx <C Kz, and the quasi-classical situation, 
5 ^> 1. Note that our formula formally coin
cides with the coherent-state path integral for 
a conventional particle 1X. However, there is 
an important difference between the two for
mulae. When we express the action (6) with 
the real variables, Qn and <j>n, the chirahty 
variable <j>n appears in the form of the differ
ence, (f)n — <f>n-i, which must be interpreted 
to be A„ := <f>n — <f>n-i — 2nm, where m is 
an integer chosen so that A„ belongs to the 
interval [—ir,ir]. This modification is derived 
from the periodicity of the chirahty, which is 
different from the case of the coherent state 
path integral for a conventional particle. 

Furthermore, this formula formally coin
cides with the coherent state path integral for 
the Bloch particle within a one-band basis 12. 
The equivalence of the two path integral for
malisms means that the quantum mechanics 
of a single domain wall is equivalent to that of 
the Bloch particle, where the center position 
and the chirality of the domain wall corre
spond to the position coordinate and the di-
mensionless quasi-momentum, which are mu

tually canonically conjugate. Also, the do
main wall state \z = Q/\ + i<p) corresponds 
to a sort of coherent state for the Bloch par
ticle. The mean value of the position and the 
quasi-momentum are given by Q and <j>, re
spectively, while their spreads by ^Ja\/{2S) 
and \/a/{2S\), respectively. 

From this equivalence, the corresponding 
Hamiltonian for (6) may be reduced to the 
following form: 

Hcdi/NiyffS = Ml cos 2(p — a cos (p 

-0 sin <p + 2hu>BX/X, (9) 

where X and <p are the position and the di-
mensionless quasi-momentum operators, re
spectively. They should obey the following 
commutation relation: 

lX,e-i*} = ^e-i*. (10) 

Hence, the position of the domain wall as a 
quantum mechanical particle is quantized in 
unit of a/2S 13. It is natural that the posi
tion is related to the z component of the to
tal angular momentum, Jz := f_L,2 ^Sz(x), 
which is quantized in unit of 1. The com
mutation relation (10) is also derived from 
[JZ,J±] = ± J ± . Furthermore, from (9), we 
find that the dispersion relation of energy-
band for the domain wall are derived from the 
transverse anisotropy and the external mag
netic field perpendicular to the easy axis. In 
the case of a = (3 = 0, the Hamiltonian (9) 
is formally equivalent to the Hamiltonian of 
the Bloch particle under a uniform electric 
field along the crystal axis. Thus, the mo
tion of the domain wall exhibits "Bloch os
cillations" 3 '6. The frequency of this oscilla
tion is given by 2WB whose factor 2 is due 
to the dispersion relation derived from the 
transverse anisotropy. Also, the amplitude, 
which is called to be "localization length", is 
given by LQ := AQ/WB-

Let us demonstrate this phenomena 
through the transition probability on the ba
sis of stationary action approximation 8 . We 
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obtain 

(zF\e 

x exp 

-iHT/h Zl)\ 

NDWS 
J 1 (QF - Q(T))2 

\A2 1+C2(T) 

!} 
Q (T) •= 

Qi - L& sinu)BTsm(<f>F + 4>i), 

C (T) := 
A 

sinwB^cos^F + <j>\)-

(11) 

(12) 

(13) 

It is noted that the last term of the exponent 
in the right-hand side of (11) must be inter
preted to be <J>Y — (pi + U)QT — 2-Km as previ

ously mentioned. The transition probability 
is regarded as a function of Qp, 4>p, Q\, <j)\, 
and T. For a given initial condition (Qi> 0i), 
the wave packet centroid in the extended 
phase space, QY-4>¥, exhibits the Bloch os
cillations along the position axis. While, the 
time-dependence of the spreads of the wave 
packet in the phase space are given by 

SQ(T) = ^ ( l + C ^ T ) ) , ^ = ^ 1 4 ) 

along the position and the momentum axes, 
respectively. Thus, the wave packet along the 
position axis exhibits a breathing behavior 
similar to the behavior of the squeezed state 
of the harmonic oscillator. Since 8(f> -C 1, 
we can substitute <j>i — UJBT for (pp. Thus, 
the transition probability can be regarded as 
a function of Qp and T. We depict this in 
Fig.2. 

If the Bloch oscillation is treated quan
tum mechanically, we obtain equally spaced 
energy levels, which is called a Wannier-Stark 
ladder 7. The level spacing is given by AE = 
fkVB, which is identical to the Zeeman split
ting. 
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On the basis of the density-functional theory, we calculated the interfacial magnetism of the slab 
model in ferromagnetic tunneling junction Co/Al-oxide/Co. We found that in the Al/Co interface the 
interfacial Al layer exhibits a positive spin polarization (SP) and that both the sign and value of SP 
in the Al layer are in agreement with the experimental data. This result suggests that in the junction 
Co/Al-oxide/Co, the tunneling of s-character electron in Al is favored. Based on a model exhibiting 
the positive SP at the interfacial Al layer, we calculated the tunneling conductance. It was found tha t 
a change from the tunneling magnetoresistance (TMR) scheme to the giant MR (GMR) scheme occurs 
only for an ultra-thin film insulator. 

1 Introduction 

Since the discovery of large tunneling mag
netoresistance (TMR) effect at room temper
ature in ferromagnetic tunneling junctions,1 

this research area has been intensively stud
ied aiming at many possible applications in
cluding new magnetic sensors and random-
access memory elements. Using the density of 
states (DOS) model,2 the magnetoresistance 
(MR) ratio in the TMR at low temperature 
is expressed by 2PLPR/(1+PLPR), where Pj, 
(PR) is the spin polarization (SP) for the left 
(right) side of the ferromagnetic metal (FM) 
attached to oxide barrier. SP is defined as 
P = (£>t - Di)/{Dt + £>;), where £>t(I>4.) 
is the DOS with "f (4-) spin at the Fermi en
ergy. When we adopt the DOS model us
ing the SP obtained by the experiments of 
FM/A^Os/superconductor junctions,3 the 
MR ratio in the TMR is explained qualita
tively. However, the sign of the observed SP 
for Co is positive, which contradicts the neg
ative sign for the bulk Co predicted by elec
tronic structure calculations. 

In this study, we calculate the interfa
cial magnetism of the slab model including 
Al/Co interface by the first-principles elec
tronic structure calculation, and obtain the 
SPs at the interfacial layers. It is found that 
the electronic structure of interfacial Al layer 

is modulated by the hybridization of Al s-
and Co d-orbitals, and that the SP at Al 
layer is positive. This result suggests that the 
insulating layer plays important roles in in
terfacial magnetism and tunneling current in 
real junctions, and it is necessary to consider 
the positive SP and the tunneling process 
due to s-character electrons. Previously, the 
TMR effect in Co/Al-oxide/Co junctions was 
discussed theoretically based on the tight-
binding model where only the d-orbitals of 
Co contribute to the tunneling electrons. In 
additin, we discuss the TMR effect qualita
tively by applying the Landauer approach to 
a simple model reflecting the result of the cal
culated electronic structure. 

2 Interfacial Magnetism 

We have examined the electronic and 
magnetic structures of TMR junction, 
Co/Al-oxide/Co, by the first-principles elec
tronic structure calculation using the full-
potential augumented plane waves (FLAPW) 
method.4 Since we are interested in the 
interfacial magnetism of the junction, we 
adopt the simple slab model shown in Fig.l 
which contains the interface with Al and fee 
Co(OOl). In this model, the unit cell length 
a(= b) is set as 2.51 A. We construct the su-
percell structure by adding the vacuum re-



183 

< ^ = ^ 

<.<&=*,*> 

1.90/tf c ^ = ^ > 

&^7~&£'o°-c 

Co-I 

Co-11 

Figure 1. Unit cell of slab model. Open circles repre
sent Co atoms. Closed and shaded circles represent 
Al and 0 atoms, respectively. 

tion, the SP for the Al layer is positive with 
a value of +39%, which is in agreement with 
the experimental value,3 while the SP for the 
Co layer is in contrast to -69% for Co layer. 
At the Al layer, angular momentum is decom
posed into +58% in the s-orbital and +23% 
in the p-orbital. These results suggest the 
folloing : 1) The insulating layer yields in-
terfacial magnetism and tunneling current in 
the real junctions in addition to being an in
sulating barrier. 2) In the junction Co/Al-
oxide/Co, the tunneling of s-character elec
trons in Al is favored over that of d-character 
electrons in Co. 

gion which is three times as long as the fee 
Al unit cell (12.15 A). The vacuum region 
is sufficiently large, since no essential differ
ence could be observed in the results between 
three and five times of this unit cell. The re
sulting lengths of unit cells c is 26.85 A. No 
surface/interface reconstruction was consid
ered for the present calculation. 

The self-consistent electronic structures 
have been obtained.5 The magnetic moment 
of interfacial Co (Co-I) and Al layers are 
1.11/is and -0.08/iB, respectively. The Co-
I layer possesses a reduced magnetic moment 
compared with the fee bulk Co (1.70/XB). Al
though the magnetic moment at the interfa
cial Al layer is very small in absolute value, 
this shows the opposite direction to the mag
netic moment at the Co-I layer. 

We present the calculated result of SP 
at interfacial layers, here the DOS with each 
spin is averaged over the energy range of ± 
0.1 eV around the Fermi energy. This aver
aging is required due to the position of the 
Fermi energy in the energy interval of about 
0.02 eV and the oscillating behavior in DOS. 
This average range of energy corresponds to 
seven sampling points in our DOS calcula
tion. 

As shown in Fig. 2, the hybridization of 
Al s- and Co d-orbitals modulates the local 
DOS at the interface. Due to the hybridiza-

up-spin / Co-l_d 

V 
1 

jfl 
\ 

down-spin / Co-l__d 

y& 

(a) 

E P 

v_ 

. r 

down-spin / A l s 

Figure 2. Spin-dependent local density of states for 
(a) d band in Co-I layer, and (b) s band in Al layer. 
The Fermi energy is denoted by the vertical lines. 

The value of SP at the Al layer is in a 
quantitative agreement with the experimen
tal result of the C0/AI2O3/superconductor 
junction.3 We may conclude that the inter
facial magnetism is dominated by the cou
pling of Co and Al even though we take into 
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account the amorphous structure in the Al-
oxide barrier. 

3 Transpor t proper t ies 

Based on a simple tight-binding model ex
hibiting the positive SP at the interfacial Al 
layer, the TMR effect can be qualitatively 
discussed in the linear response regime us
ing the Landauer approach. In the present 
model, the Al layer is regarded as the termi
nating layer of ferromagnetic electrode, and 
the s-character electrons in the Al layer be
haves as the tunneling electrons. The struc
ture of the model is Co/Al/insulator/Al/Co. 
For simplicity, the Co layers are set to include 
ten monolayers in a simple cubic structure. 
An Al monolayer in a square lattice structure 
is stacked at the hollow sites on a Co (001) 
surface. The n insulating layers, represented 
by a single orbital at each site, are stacked on 
the Al layer. We take into account the Al s-, 
Co s-, and five degenerate Co d-orbitals. The 
exchange potential due to the local moment 
of Co atoms is included in the on-site energy 
of Co d-orbitals in the present tight-binding 
model. 

With the use of the Landauer formula,6 

the tunneling conductance for spin a at zero 
temperature is written as Ta = J^k Ta (k) = 
Ek(4e2//i)|T(7(k)|2Im[GL,ff(k)]Im[GR,CT(k)], 
with k = (kx, ky), where the conservation of 
k should be kept in mind. The GJ](T(k) (j=L 
or R) is the Green's function of the inter
facial Al layer adjacent to the left or right 
side Co electrodes, and is given by Gj,a (k) = 
($A 1(k) |(£F - Uj,a + iO+)-1|$Ai(k))! where 
I^Ai(k)) is the Bloch wave of the Al s-orbital. 
Here, %j,a is the tight-binding Hamiltonian 
of j side electrode. The |TCT(k)|2 represents 
the transmission coefficient, and can be eval
uated in an analytic form using GJt<T(k) and 
<7ij(k), where <7ij(k) (i,j=l or n) is the bare 
propagator between i- and j - t h layer in the n 
insulating layers. The TCT(k) is approximately 
composed of <7in(k) in a numerator and the 

self-energy correction in a denominator, and 
the self-energy correction include the product 
of Gj>(k) &nd gij(k).7 

We calculated insulator thickness depen
dence of the TMR ratio, defined by ( r P + 
I* - Tfp - r * p ) / ( I ^ + TP). Here, r p and 
T£p denote the conductance for spin a in 
parallel (P) and anti-parallel (AP) magneti
zation configurations, respectively. Figure 3 
shows the TMR ratio as a function of in
sulator thickness with the specific values of 
bare insulating barrier height and hybridiza
tion between Al and insulating layers. In the 
inset the experimental result of R. Arai et al., 
(unpublished.) is shown. Figure 3 shows that 
the TMR ratio decreases rapidly as the insu
lator becomes thinner (n < 3), although it 
has a nearly constant value for a thick insu
lator (n > 3).7 
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Figure 3. The TMR ratio as a function of insulator 
thickness. The inset shows the experimental result 
[R. Arai et al., unpublished.]. 

In order to study the decreasing TMR 
ratio, we decomposed |TCT(k)|2 for each k. 
We focused on the |TCT(k*)|2, where k* gives 
a predominant component of ^^ (k ) ! 2 , and 
found that iT^k*)!2 does not show expo
nential decay with respect to n in a thin
ner insulator (n < 3), although |g l n(k*) |2 

shows exponential decay with n. Such be
havior of |TCT(k*)|2 is explained by focusing 
on the self-energy correction in TCT(k) due 
to the electrodes,8 which includes multipli
cation of 3in(k) and Gji<T(k). With the par
allel magnetization configuration of the two 
electrodes, the self-energy correction becomes 
larger, and the deviation from exponential 
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decay of |TCT(k*)|2 also becomes larger, com
pared with the anti-parallel case. This re
flects the relatively larger hybridization be
tween the Al monolayer and the electrode, i.e. 
relatively larger local DOS at the Al mono
layer. Then this behavior of ^ ( l c* ) ! 2 with 
the parallel configuration reduces the TMR 
ratio. We can regard the transport through 
the ultra-thin insulator as metallic condunc-
tion, i.e. the giant MR (GMR) seen in junc
tions FM/normal metal/FM. Since we have 
assumed here the tunneling process with con
servation of k and this reduction of TMR is 
induced mainly by k*, we suppose that the 
reduction of TMR effect should be observed 
in the experiment with high-quality junctions 
prepared by single crystal.9 

4 Concluding Remarks 

We examined the interfacial magnetism of 
the slab model including Al/Co interface, 
on the basis of density-functional theory. 
We obtained the local magnetic moments 
and spin polarizations (SPs) at the inter
facial layers. The interfacial Al layer ex
hibits positive SP although the sign of SP 
at the interfacial Co layer is negative. The 
value of SP at the Al layer is approxi
mately +40%, and the decomposition of an
gular momentum is +58% in the s-orbital, 
and +23% in the p-orbital. The sign and 
value of SP at the Al layer show a quantita
tive agreement with the experimental values 
of the ferromagnet/A^Os/superconductor 
junction.3 For the ferromagnetic tunneling 
junction Co/Al-oxide/Co, our result sug
gests that the insulating layer yields inter
facial magnetism and spin-dependent tunnel
ing current in the real junctions in addition 
to being an insulating barrier. It is neces
sary to take into account the positive SP and 
the tunneling of s-character electrons, for an 
analysis of transport properties. Based on 
the tight-binding model reflecting the above 
requirement, we studied the tunneling con

ductance qualitatively in the linear response 
regime using the Landauer formula. In the 
present model, the Al layer is regarded as the 
terminating layer of ferromagnetic electrode, 
and the s-character electrons in Al layer be
haves as the tunneling electrons. It was found 
that a change from the tunneling magne-
toresistance (TMR) scheme to the giant MR 
(GMR) scheme takes place for an ultra-thin 
film insulator, since the self-energy correction 
becomes large for the parallel magnetization 
configuration. This change of scheme shows 
the qualitative agreement with the experi
ment. 
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We present results of spin density functional calculations for the electronic structure of small (TV ~ 
30 — 50), GaAs-AlGaAs quantum dots in a transverse magnetic field. We demonstrate that two types 
of reconstruction of the dot ground state, for N even, can occur when the single particle levels near the 
Fermi surface cross. In the first case, typically at lower B, the dot reconstructs anti-ferromagnetically, 
with the total spin remaining zero. In the latter case, a more standard Hund coupling occurs and the 
dot reconstruction results in the total dot spin increasing to unity. 

In recent years, quantum dots have func
tioned as unique, small laboratories where 
fundamental quantum mechanical ideas are 
explored and tested. At the same time nan-
otechnology, has begun to employ quantum 
dots for a wide variety of practical applica
tions; both with regard to their transport and 
optical properties. Future applications, from 
digital processing electronic devices to, per
haps some day, quantum computers, are also 
envisioned. Thus, the confluence of new tech
nology and foundations of quantum mechan
ics is perhaps nowhere more pronounced than 
it is in the study of quantum dots. 

One aspect of quantum dot electronic 
structure that is currently exciting the nan-
otechnology community is the behavior of 
spin. Here too, one of the focii of research has 
been pure, fundamental physics as exempli
fied by the Kondo effect in transport through 
Coulomb blockaded quantum dots. Addition
ally, however, the potential for future applica
tion of quantum dots to magneto-electronics 
and to spintronics has led to substantial in
creases in research funding in these areas *. 

Recently we have shown, using spin den
sity functional theory (SDFT), that small 
(electron number N ~ 50) lateral, GaAs-

AlGaAs heterostructure-based quantum dots 
exhibit a rich pattern of ground state spin as 
a function of a transverse magnetic field B 
and N 2. In particular, we have investigated 
the low B regime (B ~ 1.5 T) and found that, 
for N even, the spin fluctuates in a quasi-
periodic fashion between zero and one, the 
so-called "singlet-triplet" (S-T) transition 3 . 
These fluctuations occur, as B increases, due 
to the development of incipient Landau levels 
which result in level crossings (or close anti-
crossings) at the Fermi surface. To the extent 
that the confinement can be approximated by 
a circular, parabolic well, the crossings ex
hibit a complex regularity (in the extreme, 
symmetric dot case we have the Darwin-Fock 
spectrum 4) and, consequently, so do the re
gions of spin polarization. In addition, in re
gions where three or more orbitals come close 
together at the Fermi surface it is also possi
ble, for N odd, to observe a transition from 
a spin 1/2 ground state to a spin 3/2 ground 
state. Obviously these occurrences are more 
rare than for the N even, S-T transitions. 

However, for N even, the spontaneous 
polarization to S = 1 is not the only type of 
exchange-induced reconstruction that can oc
cur. We have also determined that, typically 
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Figure 1. Typical potential contour (effective 2D, i.e. 
lowest subband) for small dot from reference [1]; 
TV = 36, B = 0 T. Potential bottom at dot cen
ter about —1.3 Ry*\ contours unevenly spaced (in 
percentiles). Potential at QPC saddle points about 
0.5 Ry*. Contour of Fermi surface (energy zero) is 
indicated. 

at lower fields, the dot can, in the vicinity 
of level crossing or, generally, any close level 
spacing at the Fermi surface (energy EF), un
dergo an internal spin polarization. It is the 
purpose of this paper to illustrate and con
trast these two types of spin reconstruction. 

In figure 1 we illustrate a typical exam
ple of the effective 2D confining potential for 
electrons in the dot. The growth profile and 
gate pattern are taken from the experimental 
device of van der Wiel et al. 5. We have as
sumed that the device is in the electric quan
tum limit, i.e. all electrons are confined to 
the lowest subband in the z (growth) direc
tion. Thus what is plotted in figure 1 is the 
energy of the lowest subband as a function 
of position in the x — y plane. The princi
pal feature to note is that the dot is far from 
circular symmetry. Hence the effective single 
particle states are not eigenstates of angu
lar momentum and, further, any degeneracy 
due to circular symmetry is lifted (although 
there remains an approximate parity symme
try with respect to the vertical center line of 
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Figure 2. (a) Kohn-Sham energy levels, as a func
tion of B, for spin up electrons (only plotted for 
clarity). Development of Landau levels and resulting 
level crossings are clearly seen. Energy zero is Fermi 
energy of the leads, which, by choice of gate voltages 
is close to that of the dot. (b) Anti-ferromagnetic 
reconstruction showing the evolution of the angular 
momenta and eigenenergies of the highest two occu
pied (18th) and lowest two unoccupied (19t/i) states. 
In lower panel: solid line spin up, broken line spin 
down; in upper panel, solid triangle p — 18 f, DOX 

p = 18 4-i open triangle p = 19 f> cross p — 19 4-
Note that at all B the spin remains zero, (c) Ferro
magnetic reconstruction where the level crossing re
sults in the total dot spin increasing to S = 1. Note 
that anti-crossings of the separate spin orbitals also 
occur, but here, the up spins are full and the down 
spins are empty. 
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the dot). 
In figure 2a we plot the Kohn-Sham levels 

for the electrons confined in the dot as a func
tion of uniform magnetic field applied trans
verse to the structure (parallel to z). The 
Fermi surface of the leads is the energy zero. 
The dot is constrained in this case to con
tain TV = 36 electrons. The gate voltages are 
set to large enough (negative) values so that 
the quantum point contacts (QPC) separat
ing the dot from the source and drain leads 
(and an additional two dimensional electron 
(2DEG) seen at the bottom of figure 1) are 
fully depleted and we have a well-defined 
eigenvalue problem for the electrons in the 
dot. In the calculation, the charge density in 
the leads is included through a 2D Thomas-
Fermi approximation 6. The level energies 
bear some resemblance to the Darwin-Fock 
spectrum for a pure 2D parabolic potential 2, 
however there are clear distortions due to the 
non-circularity as well as fourth order terms 
in the radial confining potential. Nonethe
less, the beginning of the development of Lan
dau levels can clearly be seen. It is therefore 
clear that B induces a fairly systematic se
ries of level crossings (or close anti-crossings) 
at Ep- Furthermore, each such crossing will 
typically involve two states which are of dif
fering angular momentum m. Such states are 
developing into different Landau levels and, 
therefore, will also have differing radial dis
tribution. The state which is decreasing in 
energy with B will be the lower Landau level 
with higher m and vice-versa for the state 
increasing in energy with B. 

Two examples of level anti-crossings are 
shown in figures 2b and 2c. In both cases we 
show the (expectation value of) the angular 
momentum in the upper panel and the Kohn-
Sham energy levels in the lower panel. We 
show only the 18th and 19th levels. These are 
the highest two occupied and the lowest two 
unoccupied levels (recall N = 36). The solid 
lines are spin up and the dashed lines are spin 
down. Note that for figure 2b, where the anti-

crossing occurs around B « 0.52 T, the spin 
remains zero throughout the plotted region 
(of the lower two levels, one is always spin 
up and the other is always spin down; the 
"core" states of the remaining 34 electrons 
have net zero spin). This contrasts with the 
anti-crossing that occurs around B « 0.95 T, 
where, from B « 0.93 T to 0.99 T, there are 
two spin up states filled and two spin down 
states empty. Thus, in this latter case, there 
is a net spin 5 = 1 through this interval. 

Note, however, that a different type of 
transition occurs in figure 2b. In particu
lar, the character of the filled up spin state 
(as revealed by its angular momentum) inter
changes with that of the empty up spin state. 
This occurs near B « 0.49 T. At still higher 
B « 0.55 T , t h e down spin states change 
character as well. (It should be noted that 
the sign of B is such that the Zeeman energy 
of the up spin states is lower than that of the 
down spin states, although that energy here 
is only of order 0.005 Ry* in 2b and 0.01 Ry* 
in 2c. This splitting is actually visible at, say, 
B = 0.6T in 2b and B = 0.9 T in 2c). 

It is simple to understand what is occur
ring in these two cases by referring to figure 
3. On the left hand side we begin (top) with 
two electrons occupying the level with angu
lar momentum m = mi , with presumably 
m\ < m2 and the eigenstate corresponding 
to mi located closer to the center of the dot 
than that of rri2- The direct Coulomb energy 
penalizes the double occupancy of any partic
ular spatial orbital and so when the levels mi 
and rri2 approach, one of the two electrons 
invariably redistributes to the outer, higher 
m state before the second electron does so. 
In the left hand case of figure 3 (correspond
ing to figure 2b) the spin of the redistributed 
electron remains anti-parallel whereas on the 
right hand side, which typically occurs at 
higher B, the spin flips to become parallel 
with the spin of the electron left behind. Due 
to the different spatial distributions of mi 
and 7B2 there is still an internal polarization 



which develops even when the total spin re
mains zero (left side), hence the description 
"anti-ferromagnetic." 

While the results of SDFT calculations 
are remarkably trustworthy, they are not al
ways fully intuitive. Thus while it is clear 
what is happening in these two cases, it is 
by no means obvious why. In the most ele
mentary approximation, where we focus on 
only these two electrons at the Fermi sur
face, we might expect the singlet (i.e. anti-
ferromagnetic) reconstruction to dominate at 
low B due to the reduced kinetic energy of 
the spatially symmetric two-body state. Fur
ther, at sufficiently high B the triplet recon
struction must prevail simply due to Zeeman 
energy. However this is essentially a hydro
gen molecule type of ansatz and does not take 
into account the type of shell degeneracy ef
fects related to Hund's first rule for atoms. 
For example, for two electrons in a degener
ate shell in an atom, even at zero field, we ex
pect the spins to align. It is obvious that two 
electrons in higher orbitals of a many-body 
system is a fundamentally different problem 
from the two-body problem in a fixed exter
nal potential, due to density of states con
siderations. The Hund's coupling argument, 
which is generally applicable in atomic sys
tems, would seem to be the more reasonable 
departing point for understanding the elec
tronic structure at either low or high B. 

The question is then why is the singlet 
state ever lower in energy than the triplet 
state, which would seem to benefit from the 
reduced Coulomb energy manifested in ex
change (i.e. Hund's coupling) ? It is plausible 
that the interaction of these two "valence" 
electrons with the core of other electrons in 
the dot results in a reduction in energy when 
there is an overall spin density wave within 
the dot. In the limiting case if one imagined 
segmenting all the up spins from the down 
spins, while keeping the total spin fixed at 
zero, then the local Hund's coupling would 
lower the energy of all electrons, since all 
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Figure 3. Schematic representation of the two re
constructions shown in figure 2. The "inner" level 
has angular momentum m\ and it is assumed that 
" i l < 7^2 • In the anti-ferromagnetic case the transi
tion, which results from the direct Coulomb cost of 
doubly occupying a single orbital, occurs from S = 0 
to S = 0, i.e. the spin of the redistributing electron 
remains the same. In the ferromagnetic case, Hund's 
energy and/or Zeeman energy lead to a ground state 
of total spin S = 1. 

electrons would be localized in a group of 
electrons of parallel spin and would therefore 
have less overlap and lower Coulomb energy. 
This kind of reconstruction of all the levels 
in the dot is obviously extreme, but to the 
extent that there can be a tendency for in
ternal polarization, it is clear that the den
sity of states must be high rather than low. 
This is because, reasoning from a perturba
tion theory viewpoint, it is necessary for each 
eigenstate to have admixtures of higher eigen-
states in order for the wavefunctions of the 
two spin species to diverge. Possibly in the 
region of higher magnetic field the constraint 
for the eigenstates to encompass integer num
ber of flux quanta reduces the ability of the 
core states to polarize and thereby leaves the 
Hund coupling, triplet state as the best alter
native. 

While this interpretation is somewhat 
speculative, it would be interesting to at
tempt to test the results of this calcula
tion experimentally. The recent observation 
of a chessboard pattern in the conductiv
ity through quantum dots in the Coulomb 
blockade regime, which is believed to result 
from Kondo (anti-ferromagnetic) coupling of 
the dot electrons to the leads, might pro
vide some insight into the anti-ferromagnetic 
versus ferromagnetic reconstruction scenar-
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ios for the electrons within the dot. It is 
important to note that both of the recon
structions described in this paper are likely 
to permit a Kondo coupling to the leads for 
even N. This is because in both cases the 
electron which is much more strongly cou
pled to the leads is the single electron in the 
outer, m = m^ state. In the limit where the 
tunneling through the inner eigenfunction is 
completely negligible (due to that eigenfunc-
tion's distance from the QPCs), the Kondo 
effect represents simply the flipping of the 
spin of the outer electron (or, in a different 
way of speaking, the screening of the spin of 
the outer electron by the spins in the leads). 
If, however, either the singlet or the triplet 
ground state becomes strongly favored, then 
the Kondo effect becomes inelastic, since the 
state to which the system returns after a vir
tual excitation to N ± 1 electrons must have a 
different spin (in that outer orbital). There
fore, if the Kondo effect is to proceed through 
the outer orbital alone, with the inner orbital 
remaining inert, it is essential that, whichever 
state, singlet or triplet, is the ground state, 
the other state must be nearly degenerate in 
energy. To put this another way, the Kondo 
temperature will, in this picture, be a sen
sitive function of the splitting between the 
ferromagnetic and anti-ferromagnetic states. 

As a final note, it is worth pointing out 
that in the case of a vertical dot we could ex
pect an entirely different transport signature, 
even if the evolution of the ground state, and 
the reconstructions which we have discussed, 
are the same. This is due to the fact that we 
would expect, generally, the coupling of the 
inner and outer m levels to be equal (or at 
least much closer) for vertical tunneling. In 
this case it is more likely that some type of 
cooperative Kondo effect would occur due to 
the additional phase space provided by the 
proximity of the singlet-triplet degeneracy 7. 

In conclusion, we have presented re
sults from spin density functional calcula
tions which have shown that, for N even, 

as a function of magnetic field, two different 
kinds of reconstruction within the dot can oc
cur. One of these reconstructions, which oc
curs more frequently at higher B, is a typi
cal Hund rule type of reconstruction wherein 
the dot sacrifices kinetic energy when single 
particle levels approach one another in order 
to gain exchange energy due to an increase 
in the total dot spin. In the other case, the 
dot spin remains equal to zero, but due to 
the direct Coulomb term and the concomi
tant redistribution of electrons in the dot, a 
local spin polarization develops and the cou
pling of the electrons at the Fermi surface can 
be regarded as anti-ferromagnetic. We have 
attempted to understand, from a more fun
damental perspective, the physical origin of 
these different reconstructions, and we have 
suggested that some features of the singlet-
triplet splitting might be observable in the 
transport properties through the dot in the 
Coulomb blockade regime. 

References 

1. X. Hu, R. de Sousa and S. Das Sarma, 
cond-mat/0108339. 

2. M. Stopa, Physica E, 10, 103 (2001). 
3. S. Tarucha, D. G. Austing, Y. Tokura, 

W. G. van der Wiel and L. P. Kouwen-
hoven, Phys. Rev. Lett. 84, 2485 
(2000). 

4. C. G. Darwin, Proc. Cambridge Philos. 
Soc. 27, 86 (1931). 

5. W. G. van der Wiel et al, Science 289, 
2105 (2000). 

6. M. Stopa, Phys. Rev. B, 54, 13767 
(1996). 

7. S. Sasaki et al, Nature 405, 764 (2000). 



191 

A SINGLE-PHOTON DETECTOR IN THE FAR-INFRARED R A N G E 
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Single-electron transistor (SET) operation of a quantum dot (QD), fabricated in a GaAs/AlxGai_a;As 
heterostructure crystal is demonstrated to serve as an extremely high sensitivity detector of far-infrared 
(FIR). When the single QD is placed in a high magnetic field, the resonant conductance through the 
SET switches on (off) upon the excitation of just one electron to a higher Landau level inside the 
QD, thereby enabling us to detect individual events of FIR-photon absorption (A = 0.17 - 0.22 mm). 
Additionally, we demonstrate that the SET consisting of two parallel QDs operates as a high sensitivity 
detector of FIR approaching the single-photon counting level in the absence of magnetic fields. 

1 Introduction 

The single-electron transistor (SET) is ex
tremely sensitive to its electrostatic environ
ment. This gives us a unique opportunity 
to realize the detection of individual photons 
by utilizing single-electron photo-excitation 
mechanisms. Here, we explore (i) cyclotron 
resonance photo-excitations1'2 and (ii) Kohn-
mode plasma resonance excitations at the 
characteristic frequency of the parabolic bare 
confinement potential in the quantum dots 
(QDs) by measuring transport through QDs 
operated in the SET regime. 

2 Single-photon Detection by 
Quantum Dots in High Magnetic 
Fields 

The electron energy profile of a relatively 
large QD in high magnetic fields B is well 
described by discrete Landau levels (LLs). 
When the QD is illuminated by far-infrared 
(FIR) radiation at nearly the cyclotron fre
quency, OJC, photons are resonantly absorbed, 
so that electron-hole pairs are excited on two 
consecutive Landau levels. This gives rise 
to an internal charge polarization inside the 
QD, which, in turn, strongly affects the con
ductance through the QD in SET regime. 
Each event of photon absorption can thus be 

recorded as a dramatic change of the conduc
tance. 

A simplified picture of the processes is 
shown in Fig. 1 (a). Let us choose the 
magnetic field so that the first Landau level 
(LL1) is completely filled, while the sec
ond Landau level (LL2) is only slightly oc
cupied in the QD. The Landau levels are 
bent by the electrostatic confining poten
tial, whereby LL1 and LL2 form an "outer-
ring" and an "inner-core", respectively, at 
the Fermi level3 (here, we neglect spin split
ting which is much weaker than the cyclotron 
energy huic). Conductance through the QD 
takes place predominantly via the tunneling 
through the "outer-ring", which has stronger 
coupling to the external reservoirs. The tun
neling is affected by the Coulomb blockade ef
fect, and, when the gate voltage Vg is swept, 
the conductance has a resonance peak ev
ery time when an electrochemical potential 
of the "outer-ring" lines up with that of the 
external reservoirs. When an FIR photon 
is absorbed, an electron is excited into the 
higher LL2. The excited electron and hole 
in the lower LL1 rapidly release their ex
cess energy to the lattice and, eventually, re
lax into the spatially separated "inner-core" 
and "outer-ring". This makes the QD charge 
polarized. As a result, the electrochemi
cal potential of the "outer-ring" shifts by 
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A/x « -e 2 C 2 /Ci 2 (Ci + C2), where Cj and 
Cjj are capacitances denoted in Fig. 1 (a) 
(C12 3> Ci + C2). As a result, each Coulomb 
peak is expected to shift towards a posi
tion of more negative Vg by AVj = aA.fi, 
a/\e\ > 1, as it is shown in Fig. 1 (b). A 
simple estimation shows that the shift can 
be as large as 20% of the spacing between 
the original Coulomb peaks. The shift of 
the Coulomb peak is maintained until the ex
cited electron-hole pair recombines. This life
time can be extremely long due to the space 
separation between the "inner-core" and the 
"outer-ring". When a second electron-hole 
pair is excited inside the QD, while the first 
excited electron-hole pair is still present with
out recombination, the induced polarization 
will be doubled, yielding the Coulomb peak 
at a doubly shifted position 2AV9. We report 
here the observation of the single-photon de
tection due to the mechanism described in 
the above in the wavelength range of 0.17 -
0.22 mm. 

An inset of Fig. 2 (a) shows SEM mi
crograph of the sample, which is 0.7 /jm-size 
QD fabricated on a GaAs/AlxGai_xAs het-
erostructure (/z = 80 m2/Vs and ns = 2.4 x 
1011 c m - 2 at 4.2 K). The two-dimensional 
electron gas (2DEG) is confined to form the 
QD by negatively biasing the metal gates on 
top of the heterostructure. We estimate ~ 
300 electrons are trapped in the QD. The 
electrical leads to the metal gates of 100 /im 
length serve as a dipole antenna for the the 
FIR radiation. The QD sample is placed 
in the mixing chamber of a dilution refrig
erator with a base temperature of 0.05 K. 
As a source of FIR, we use a high-mobility 
GaAs/AlzGai_xAs 2DEG Hall bar situated 
at about 2 K within the same cryostat, which 
emits relatively narrow cyclotron radiation. 
The frequency LJC = eBe/m* (m* is the ef
fective electron mass) is tunable by scanning 
the magnetic field Be for the emitters4. To 
guide the FIR from the emitter to the sam
ples we use an optical scheme similar to that 

External reservoirs 

(b) Gate voltage, Vg 

Figure 1. (a)Schematic picture of the QD in a mag
netic field. Two edge states, "inner-core" and "outer-
ring", are formed from LL2 and LL1, respectively. An 
electron-hole pair is excited in the QD via absorption 
of a FIR photon, huic- The electron and the hole relax 
to the "inner-core" and the "outer-ring" polarizing 
the QD. Ci denotes the mutual capacitance, (b) con
ductance of the QD as a function of Vg; conductance 
has the Coulomb resonance peaks when the electro
chemical potential of the reservoirs lines up with that 
of the QD. The peak pattern shifts to the left by AV9 

when the electron-hole pair is excited in the QD. 

previously described in Ref. 2. The FIR 
power incident on the effective antenna area 
(~ 100 x 100/jm2) does not exceed ~ 0.01 fW 
in this experiment. The SET conductance is 
measured with an ac-voltage (25 /iV and 1 
kHz) by standard lock-in technique. 

Striking photo-response is observed in 
the magnetic field range B = 3.4 - 4.2 T, 
where the LL2 is slightly occupied. In the 
absence of FIR-illumination, the conductance 
shows regular Coulomb peaks when Vg is 
scanned (upper trace in Fig. 2 (a)). The 
picture drastically changes when the QD is 
illuminated by weak FIR: the ground-state 
peaks become unstable, exhibiting switching. 
At the same time, the conductance spikes 
appear at positions shifted from the orig
inal one by -0.6 mV and -1.2 mV, form
ing new peaks (lower trace in Fig. 2 (a)). 
The first shifted peak in Fig. 2 (a) corre
sponds to the excited state with one electron-
hole pair inside the QD, while the second 

http://aA.fi
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Figure 2. Conductance of the QD as a function of 
the gate voltage Vg at B = 3.67 T. Initially stable 
Coulomb resonance peak without FIR (upper trace) 
becomes unstable under the FIR-radiation, exhibit
ing switching. At the same time, conductance spikes 
forming new peaks appear at the positions shifted by 
-0.6 mV and -1.2 mV from the original peak (lower 
trace), (b) Conductance time trace measured at the 
position of the original conductance peak. When the 
FIR-radiation is turned-on, the conductance exhibits 
switches, each of which corresponded to an event of 
the single-photon absorption. 

shifted peak to the state with two electron-
hole pairs. The observations are consistent 
with the model discussed above. The rate of 
switching increases with increasing dissipated 
emitter power Pem. If Vg is fixed at the po
sition of the original Coulomb peak, the ran
dom telegraph type switches are observed as 
it is shown in Fig. 2 (b). The switching be
havior is clearly discerned up to T = 0.4 K, 
although the amplitude of the switches de
creases. 

On average a lifetime of the excited dot 
strongly increases as magnetic field increases 
from 1 ms at B = 3.4 T (the instrumen
tal time constant = 3 ms) up to 20 min
utes at B = 4.0 T, above which it rapidly 

drops to a level below 1 ms. With increas
ing B, the LL2 depopulates through elec
tron transferring from the "inner-core" to the 
"outer-ring", reducing the size of the "inner-
core". This increases spatial separation be
tween them, so that the probability of the re
combination of the excited electron-hole pair 
decreases. 

3 High Sensitivity Detection by 
Double Quantum Dots 

Although single-photon counting in the FIR 
has been demonstrated by QDs in high mag
netic fields, it is highly desirable to realize de
tection without magnetic fields and to extend 
the wavelength range. Here, we demonstrate 
another mechanism of FIR detection by QDs 
in the absence of magnetic fields with an ex
tremely high sensitivity close to the single-
photon detection level. 

The mechanism is described by Figs. 3 
(a) - (c). The schematic device structure 
shown on Fig. 3 (a) is reminiscent of a lat
eral double-QD SET studied earlier by differ
ent groups5'6. Adjacent to the first QD (Dl) 
that forms an SET, the second QD (D2) is 
placed and capacitively coupled to Dl . D2 
is coupled to incident FIR by a planar dipole 
antenna. 

As depicted in Fig. 3 (b), if an electron 
in D2 gains an excess energy E* through the 
excitation by FIR, the excited electron es
capes either to Dl or to the electron reservoir 
adjacent to D2 so that the number of elec
trons, N2, in D2 decreases by one (AA^2 = 
-1). The electron then rapidly releases its ex
cess energy (via phonon emission or electron-
electron interaction) relaxing to the Fermi 
level, EF- The potential barriers, in turn, 
prevent the " cold" electron from returning to 
D2, thereby realizing a relatively long lifetime 
T; of the ionized state of D2. Letting C\2 be 
an inter-QD capacitance and d (i = 1 and 
2) capacitances between Di and the environ
ments, the ionization of D2 (AA^ = -1) de-
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Figure 3. Schematic representations of the FIR pho
ton detection in double QD-geometry. (a) An SET 
consisting of parallel double QDs. (b) Mechanism of 
D2 ionization, (c) Conductance peak shift induced 
by the ionization. 

creases the electrochemical potential of Dl, 
fi\, by A/ii « —e2C\2/CiC2 (e is the unit 
charge), where Cu C C i and C12 <^ C2 hold 
in the experimental condition. This will re
sult in a shift of the SET conductance peak 
by A/u/ecfc « - C i 2 / C 2 = - ( 3 ~ 15)% in 
the sweep of Vai, yielding a detectable con
ductance change as shown in Fig. 3 (c), where 
ecft = e2/Ci is the charging energy of Dl that 
determines the period of the Coulomb con
ductance oscillations. 

The inset of Fig. 4 (a) schematically 
shows the device fabricated on the same wafer 
as the QD discussed in the previous section. 
Light areas indicate metal gates deposited on 
top of the crystal. Negatively biasing the 
gates depletes the two-dimensional electron 
gas (2DEG) below the gates and forms Dl, 
D2, the source (S), the drain (D) and the 
reservoir (R). The lithographic size of each 
QD is 0.5 x 0.5 /1m2, with about 200 elec
trons in it. The gate B12 defines the inter-QD 
potential barrier. The control gate, G2, con
trols not only the electrochemical potential of 
D2, H2, but also defines the potential barrier 
between D2 and R. Metal leads for G2 and 

10 15 20 25 30 0.0 0.5 1.0 
v(crrf1) t(sec) 

(b) (c) 

Figure 4. (a) Conductance peaks, Eo, without FIR 
(solid line) and the photoresponse, E = E — Eo (dot
ted line), as a function of VQI, studied with W = 
0.3 fW and VG2 fixed at -628 mV. The inset shows 
schematic view of the device, (b) The excitation 
spectrum of AE, studied with W = 0.15 fW in the 
same gate bias condition as that of the Vfei -position 
marked by the arrow in (a), (c) A real-time trace of 
the conductance at W = 0.15 fW, where the square 
waveform indicates on-and-off of the FIR. 

B12 extend over 200 /im in length, forming a 
dipole antenna for D2. A coupling efficiency 
between antenna and the dot is expected to 
be high because D2 impedance for the present 
sample is about 30 0, (the impedance value is 
of the order of dc resistance of 2DEG bar with 
1:1 aspect ratio) being close to estimated an
tenna impedance, which is of the order of 100 

n. 
We apply weak FIR power, W, incident 

on the effective antenna area for D2 (about 
200 /im diameter), which is roughly esti
mated to be W « 1 fW or 3 x 106 photons 
per second in a band width of 0.6 ± 0.2 mm 
when electrical input power Pj n = 1 mW is 
fed to the n-InSb emitter. The SET conduc
tance is measured with an ac-voltage (25 fiV 
and 1 kHz) while FIR is typically applied in a 
square waveform at a lower frequency of 7 Hz. 
We represent the photoresponse by the differ-
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ence between the dark conductance Eo and 
the conductance E with FIR, AS = E — E0, 
and study it via a double lock-in technique. 

Figure 4 (a) shows a typical photore-
sponse signal, AE, along with Eo in a sweep 
of VGi, where VB12 = -532 mV, W = 0.3 fW 
and the effective time constant of the mea
surements of 1 sec. The curve of AE versus 
VGI shows that the FIR causes the conduc
tance peak to shift towards the negative di
rection of VGI by 3 - 5 %, strongly suggesting 
the ionization of D2 (AiV2 = -1). Though not 
shown here, we have carefully confirmed that 
the shape of the AE versus VGI curve is kept 
unchanged with increasing W up to 4 fW. 
The negative peak shift as well as its ampli
tude, together with the fact that these fea
tures are independent of W, definitely indi
cate that AE arises from the switch between 
the ground state (iV2) and the ionized state 
(N2 - 1), as we have expected in Figs. 3. On 
the other hand, the amplitude of AE, linearly 
increases with increasing W only in a limited 
weak range of W but is saturated at higher 
levels. The saturation can be reasonably in
terpreted as a consequence that the rate of 
photon absorption at D2 exceeds the inverse 
lifetime, r,_1, at W > 1 fW. 

An excitation spectrum is studied by 
tuning the wavelength of the cyclotron emis
sion line (Au « 1.5 cm - 1 ) from the emit
ter over a range 5 cm - 1 < v < 100 cm - 1 . 
The radiation intensity is chosen to be in a 
linear response regime (W « 0.2 fW). Fig
ure 4 (b) shows the Bemit-dependence of AE 
at the peak position of the data in Fig. 4 (a), 
where Bema is converted to the frequency, 
v = eBemit/(2irm*). Distinct resonance is 
found at v = 17 cm - 1 (hv = 2 meV or A « 0.6 
mm) with a FWHM of VFWHM ~ 3.5 cm - 1 . 
We identify v = 17 cm - 1 as the Kohn-mode 
plasma resonance, because the value agrees 
with the calculation of the bare confinement 
potential for D2 as well as with the extrap
olation of the (plasma-shifted) cyclotron res
onance studied in our previous experiments 

on QDs in high magnetic fields (see Eq. (13) 
in Ref. 2). We suppose that the initially 
excited collective motion of electrons is very 
rapidly transferred to a single-electron exci
tation (within a lifetime of 1/2-KAVFWHM ~ 
2.2 ps), so that the excited electron with E* 
= hv = 2 meV escapes from D2. 

The detector sensitivity is extremely 
high, approaching the single-photon detec
tion level. This is additionally confirmed by 
the study of a real-time trace of E. As shown 
in Fig. 4 (c), photoresponse arises as irregular 
conductance spikes. Here, the data are taken 
with a time constant of 3 ms at W = 0.15 fW 
in the same gate bias condition as that for 
the marked peak position in Fig. 4 (a). The 
density of the conductance spikes increases 
with W. The positive spikes are ascribed to 
the switches, N2 —> N2 - 1, although indi
vidual events of photon absorption cannot be 
clearly discerned because the excited state re
laxation time (0 .1 -1 ms) is shorter than the 
time constant of the measurements. Taking 
into account the switching rate we estimate 
the quantum efficiency for the present detec
tor to be of the order of 1%, which, proba
bly, can be improved by optimizing antenna 
and dot geometries. We find that the conduc
tance spikes do not completely vanish in the 
dark condition, probably because the sample 
is not perfectly shielded against 4.2 K black-
body radiation in the present work. 

4 Conclusion 

We have studied the effect of individual pho
ton absorption by the QDs in wavelength 
range of 0.17 - 0.22 mm. Each event of FIR 
photon absorption at the cyclotron frequency 
is seen as a dramatic change of the conduc
tance due to internal charge polarization in
duced by the excitation of the inter Landau 
level electron-hole pair in the QD. We also 
have demonstrated ultra-high sensitivity de
tection of FIR by using an SET consisting of 
parallel double QDs in the absence of mag-
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netic fields. 
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CORRELATION EFFECTS ON JOSEPHSON C U R R E N T T H R O U G H 
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Josephson junctions hybridized with an array of superconducting islands are studied. Assuming large 
intra-island Coulomb interaction, a Josephson critical current are calculated as functions of voltages 
of two leads based on a hard-core Boson model, which corresponds to the quantum XY model with 
boundary fields. It is shown that the boundary Josephson coupling affects the number of resonant 
peaks and phase-current relation. 

1 In t roduct ion 

Josephson junction networks have attracted 
interest for many years as interacting Boson 
systems showing zero-temperature quantum 
transitions. 1 Although transport properties 
have been studied experimentally for granu
lar superconductors and patterned Josephson 
junction arrays, it is just recently that sys
tematic control of parameters has been real
ized. 2 This experimental progress is sugges
tive of direct control of quantum states in cor
related systems. For accurate measurement 
of quantum states, we can refer recent exper
iments of resonant tunneling of a Cooper-pair 
through one superconducting island. 3 '4 '5 

In this paper, we study the effect 
of Coulomb interaction between Cooper 
pairs on Josephson currents through one-
dimensional Josephson junction arrays. The 
interaction effect on the bulk properties of 
such systems have been studied in many liter
atures. 6 '7,8 In order to clarify novel features 
of correlated quantum systems, however, it 
is also necessary to consider a finite number 
of islands and to survey the system-size de
pendences. In this paper, Josephson junc
tions hybridized to a finite number of islands 
are focused on. We show that the bound
ary Josephson couplings to superconducting 
leads are important in this system. 

Figure 1. A circuit of a Josephson junction array con
sidered in this paper. 

2 Model 

We consider a Josephson junction circuit 
shown in Fig. 1. Each island couples to its 
neighboring islands with a capacitance C and 
a Josephson energy Ej. The islands at two 
edges couple to large superconducting leads 
with a capacitance C and a Josephson en
ergy Ej.. All islands and two leads are cou
pled to the ground with capacitances denoted 
with Co, CL and C#, respectively. We as
sume Ch, CR 3> Co, and the electrostatic po
tentials V are applied to both leads. Dissi
pation due to quasiparticle tunneling is ne
glected throughout this paper. 

First, the effective charging energy is de
rived. In this paper, we restrict ourselves to 
the case C <C Co, in which only the intra-
island interaction U = (2e)2/2Co is domi
nant. The effective charging energy is ob-

mailto:kato@a-phys.eng.osaka-cu.ac.jp
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tained as 
L 

Hc = YJU{ni-n*f. (1) 
i=\ 

Here, the charge on the i-th island is de
noted with Qi = —2erii, and the offset charge 
Q* = —2en* is controlled by the gate volt
ages as n* = —C0V/(2e). We further as
sume U 3> Ej. Then, the Josephson su-
percurrent is enhanced only when the off
set charge is set near the frustration point 
n* = m+ 1/2. In this condition, each island 
can take two possible charge states, Hi = m 
and rii = m + 1. Below, without loss of gen
erality, we set m = 0, and restrict the values 
of rii to 0 and 1. In this approximation, the 
distance from the frustration point defined by 
n* = m + l /2 +An* plays a role of a chemical 
potential as n = 2UAn*. Thus, the Hamilto-
nian of the charging energy is obtained as 

L 

i=l 

Next, the Josephson energy is considered. 
We assume that the low-impedance current 
source applies a current to superconducting 
leads. In this situation, the superconducting 
phase difference between leads, <j> = </>L — </>R 
can be treated as a classical variables. Then, 
the Josephson energy is expressed as 

L - l 

- f (&i+ & ! ) - * ' ( f r t e - ^ + ^ e * ) , (3) 

where t = Ej/2, t' = E'j/2, and bts (b\s) are 
annihilation (creation) operators of Cooper 
pairs satisfying b\ = 0. 

We study the Josephson supercurrent 
based on the model Hamiltonian H = He + 
Hj. Before showing the results, we note that 
this model Hamiltonian is equivalent to a 
quantum spin-1/2 model 9 

L - l 

ff = -2 t£ ( s j s j + 1 + s;sj+1) 
i=\ 

+ M £ ( S : + 0 - H 1 - S 1 - H L - S L ( 4 ) 

where H x = (t',0,0) and UN = 
(t' cos (j), t' sin 0) correspond to external mag
netic fields applied to the boundary spins 
along the xy-plane. The effect of boundary 
fields in the 'z-direction' has been solved for 
the Xy-model, 1 0- n and for the XXZ-mode\ 
by the Bethe-Ansatz 12. However, it seems 
that the method used there is not applica
ble to the spin system with boundary fields 
along the xy-plane because the total Sz is not 
conserved. 

The spin model (4) can be mapped by 
the Winger-Jordan transformation 10 

SP+ = Sl + iS>y = c) exp (m £ c\Cl j , (5) 

to a Fermion model 
L-l 

H = -t ^T(cjci+ i + h.c.) - fxN 
i = l 

- f (ci + c{) - t' (cLe-'nN-^ + h.c.) (6) 

where N = Ylj=icjcj ^ a particle number 
operator. In the absence of the boundary 
Josephson coupling (£' = 0), the model is re
duced to a free Fermion model, and one-body 
energy levels are obtained as 

T+i)' (7) 

In the presence of the boundary Josephson 
.coupling, however, the extra factor e~,irN 

seems to play an important role. The ex
act treatment of this factor is not known at 
present. 

3 Maximum Current 

In this section, we calculate the zero-
temperature Josephson current numerically 
by 
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where EQ is a ground state energy. The max
imum current Jo = max[/((/>)] is shown as a 
function of [i for an L = 6 array in Fig. 2. For 
small t' /t, the maximum current increases 
when the chemical potential agrees with dis
crete energy levels en of the array. Hence, six 
resonant peaks can be seen for the L = 6 ar
ray. As t'/t increases, these peaks are shifted 
towards the center fi = 0, and beyond a finite 
t'/t, two central peaks marked by square dots 
in Fig. 2 disappear. To study details of this 
behavior, we show the peak positions in Fig. 3 
for L = 2,4,6 as a function of t'/t. For any 
L, the central peaks disappear at t' ~ 0.7t. 
Thus, the resonant tunneling peak is sensitive 
to the couplings at boundaries. 

0.3 

ln/t ': 

Figure 2. Maximum Josephson currents /o versus a 
chemical potential fi for an L = 6 array at zero tem
perature. The boundary Josephson coupling to leads 
is changed as t' = 0.1t,0.2t, 0.5t,t from the bottom 
to the top curve. The two peaks marked by square 
do 's disappear at t' ~ 0.7t. The dotted curve denotes 
a L = 4 array with t' — t/2, which corresponds to a 
L = 6 with t ' = oo. 

Generally, the number of resonant peaks 
of an array with L islands changes from L 
to L — 2 as t' increases. This effect can be 
understood as follows. For t' ~3> 1, the islands 
located at edges couple to the leads strongly, 
and are described as 

hfc> = 4 ? ( | 0 > + e * < | l ) ) , (9) 

1.5 

0.5 

L=6 • 
: - ~ - ^ ^ — L = 4 : 

0.5 t'/t 1.5 

y/2 

Figure 3. Resonant peak positions for L = 2 ,4 ,6 as 
a function of t'/t in the range of fi > 0. 

where i = 1 or L, and phases are given by 
<f>i = 0 and (f>L = 4>, respectively. Then, they 
play a role of new leads, and the system is 
described by an effective Hamiltonian H = 
(i>i\{'lpL\H\xf)i)\i)L} with L —2 islands. It can 
be checked that the new coupling constant 
t' is given by t/2. For comparison with the 
L = 6 array, the maximum current for L = 4 
with t' = t/2 is shown in Fig. 2 by a dashed 
curve. It can be seen that the solid curves 
for L = 6 approach this dashed curve as t'/t 
increases. 

4 Phase-Current Relation 

The boundary effect due to the coupling t' ap
pears more clearly in the phase-dependence 
of the Josephson current. In Fig. 4, the 
Josephson curr«.nt is shown as a function of 
the phase difference <f>. The lower pair of 
curves shows the t' = Q.lt case, where the 
chemical potential is taken at on- and off-
resonance point denoted with A and B in 
Fig. 2, respectively. The Josephson current 
has a maximum for the on-resonant point 
A near <j> = n, while for off-resonant point 
B near </> = 7r/2. This result is the same 
as the resonant tunneling effect in one-island 
systems (L = 1). On the other hand, the 
upper pair of curves shows the t' = t case, 
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where the chemical potential is taken at on-
and off-resonance point denoted with C and 
D in Fig. 2, respectively. For both points, 
the Josephson current has a maximum near 
(f> = n. Further, the Josephson current is al
most proportional to <j> for both C and D. 
Thus, the Josephson couplings at boundaries 
also affect the phase dependence of the su-
percurrent. 

Figure 4. Phase dependence of the Josephson cur
rent. The upper and lower pair of curves denote 
t' = t and t' = O.lt cases, respectively. Solid(dashed) 
curves correspond to the on-resonant (off-resonant) 
points shown by A and C (B and D) in Fig. 2. 

5 Summary 

Josephson junction arrays coupled to large 
superconducting leads have been studied. 
Assuming large on-site Coulomb interactions, 
the system has be.m mapped to a hard-core 
Boson model, which is equivalent to the XY 
model with boundary fields. It has been 
found that the number of resonant peaks 
changes from L to L — 2 for the array with 
L islands as the Josephson coupling t' at 
boundaries increases. It has also been shown 
that the large boundary coupling changes the 
phase-dependence of the Josephson current 
crucially. We expect that these results can 
be observed in experiments when experimen
tal parameters are properly tuned. 

In this paper, only the simplest case is 
discussed. I expect that Josephson junc
tion networks can be used to study strongly-
correlated systems such as spin systems. For 
example, by introducing nearest neighbor in
teractions, the Josephson junction network 
can be related to various types of the XXZ-
spin systems. 13 It would be a challenging 
problem to study what properties of these 
spin systems can be observed by the Joseph-
son current. These remaining problems are 
discussed in future. 
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OF DISSIPATIVE SMALL JOSEPHSON J U N C T I O N S 

TAKAHIDE YAMAGUCHI, HISAO MIYAZAKI, AKINOBU KANDA, YOUITI OOTUKA 

Institute of Physics, University of Tsukuba, 1-1-1 Tennodai, Tsukuba 305-8571, Japan 
CREST, Japan Science and Technology Corp., 4-1-8 Honcho, Kawaguchi, 332-0012, Japan 

E-mail: yamaguchi@lt.px. tsukuba. ac.jp 

We studied one- (ID) and two-dimensional (2D) arrays of small Josephson junctions in which each 
junction was shunted by a normal metal resistor. For the arrays with the charging energy EQ com
parable to the Josephson coupling energy Ej, we find a crossover from insulating to superconducting 
behavior as the shunt resistance Rs decreases. The critical value of Rs is close to dR,Q (d: dimen
sionality, RQ=h/4e2 = 6.45 kQ), which is consistent with theories of the dissipation-driven phase 
transition. We discuss the difference between the phase diagrams in the Ej/Ec — RQ/RS plane for 
ID and 2D arrays. 

1 Introduction 

Small Josephson junction arrays are model 
systems showing quantum phase transitions. 
1 - 5 It has been suggested that the compe
tition between the Josephson coupling, the 
charging effect, and the dissipation leads to 
a superconductor-insulator (SI) transition at 
zero temperature. When the charging en
ergy exceeds the Josephson coupling energy, 
quantum fluctuations destroy the global or
der of the superconducting phases, and the 
array undergoes a superconductor-insulator 
transition.1 - 3 In this scenario, the dissipa
tion plays an important role since the quan
tum fluctuation of the phases strongly de
pends on the strength of the dissipation. Ac
cording to theories,4'5 the dissipation larger 
than a critical value suppresses the fluctu
ation, leading to the superconducting state 
even for arrays with large charging energy. 
The theories also predict that the quantum 
phase transition in Josephson junction arrays 
depends strongly on the dimensionality of the 
system. 

In this report, we present the experimen
tal results on the low-temperature transport 
properties of both ID and 2D Josephson junc
tion arrays. To control the junction parame
ters (Ej and Ec=e2/2C, C: junction capac

itance) and the dissipation independently, we 
fabricated arrays in which each junction (Al-
A10x-Al)is shunted by a normal metal resis
tor (Cr). In Josephson junction systems, the 
inverse of the shunt resistance Rg represents 
the magnitude of the dissipation; the ratio 
RQ/RS is used as a measure of the dissipa
tion. 

2 Experimental results and 
discussion 

The samples were fabricated using the elec
tron beam lithography with a bilayer resist.6 

We attached a Si substrate to a bi-axis-
rotation stage in a vacuum chamber and 
evaporated Cr, Au (for good electric con
tacts between Cr and Al) and Al successively 
from different angles, without exposing the 
substrate to air in the process. We fabri
cated a set of arrays on a substrate to ob
tain arrays with nominally the same junction 
parameters and different shunt resistances. 
The shunt resistances were varied by chang
ing their lengths, and were 1—8 pm long, 
0.15 //m wide and 5 — 8 nm thick. We fab
ricated four sets of 2D arrays and three sets 
of ID arrays. The junction parameters were 
varied from one substrate to another. The 
2D arrays were 48-junctions long and 40-

mailto:yamaguchi@lt.px
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Figure 1. The zero-bias resistances of 2D arrays plot
ted as a function of temperature. The arrays have 
nominally the same junction parameters: the junc
tion normal state resistance Rj = 76.2 kfi, Ej/kB = 
0.14 K and Ec/kB = 1.1 K. 

junctions wide, while the ID arrays were 47-
junctions long. We performed a four-terminal 
measurement. The voltage probes of 2D ar
rays were 40-junctions apart in the middle 
of the array and those of ID arrays were at
tached to the ends of the arrays. In the ID 
arrays, the neighboring island electrodes are 
connected by two junctions in parallel. Such 
SQUID geometry enabled us to tune the ef
fective Josephson coupling between adjacent 
islands by applying an external perpendicu
lar magnetic field B; Bj = £°,|cos(7i\BS/$0)| 
where $o=h/2e = 20.7 gauss /im2. The area 
S of the SQUID loop was 2.4 urn2. 

Figure 1 shows the temperature depen
dence of the zero-bias resistance for a se
ries of the 2D arrays.7 They are fabricated 
on the same substrates and have nominally 
the same junction parameters but have dif
ferent shunt resistances Rs- As the tem
perature is lowered, the resistances of the 
unshunted array and the array with Rs = 
17.7 kO increase, while those of the arrays 
with smaller Rs decrease, indicating an exis
tence of superconductor-insulator transition 
at T—•0.° The IV curves of these arrays also 

a We use the term "insulating" in the sense that 

o l 1 1 1 
-0.2 -0.1 0 0.1 0.2 

F[mV] 

Figure 2. The differential resistance vs. voltage a t 
different magnetic fields B for a ID shunted array 
with Rs = 15 kfi and E^/Ec = 4.0. From bottom 
to top, / ( = B S / * 0 ) = 0.27 - 0.32, step 0.01. 

exhibit the crossover from the voltage gap 
of the Coulomb blockade to the Josephson-
current-like structure as the shunt resistance 
decreases. 

In the ID arrays we also observe changes 
of the transport properties depending on 
the shunt resistance.8 Furthermore, the IV 
curves of some arrays including both shunted 
and unshunted ones show the crossover from 
the Josephson-like behavior to the Coulomb 
blockade as the Josephson coupling energy 
is suppressed by the external perpendicular 
magnetic field. Figure 2 shows an example of 
how the differential resistance versus voltage 
changes as the magnetic field is varied. 

We performed measurements for 13 ID 
arrays and 17 2D arrays and obtained the 
phase diagrams in the EJ/EC—RQ/RS plane 
at T—>0 as shown in Fig. 3. We determined 
the phase diagram, judging from whether the 
IV curve shows the Coulomb blockade or the 
Josephson-current-like structure at the low
est temperature. The vertical lines for the ID 
arrays in Fig. 3(b) correspond to the ranges of 
the effective Josephson coupling energy tuned 

the Josephson channel of current is closed. In the 
shunted arrays, the resistance remains finite at T = 0 
even for the "insulating" case. 
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Figure 3. Phase diagram of (a) 2D and (b) ID arrays. 
The open and filled symbols show the superconduct
ing and insulating phase respectively. A change from 
an open bar to a filled one means an occurring of the 
SI transition due to the magnetic field. 

by the magnetic field. 
Several theoretical studies have been per

formed on the phase diagram. The results of 
the junction-capacitance model, where only 
the junction capacitance C is included in 
the capacitance matrix {CV,-}, are summa
rized as follows. We think the junction-
capacitance model is applicable to our ex
periment at least as a first order approxima
tion, because in real systems fabricated by 
electron beam lithography the C dominates 
the other matrix elements (C/Co~102 — 
103). In d-dimensional square arrays with 
Ej « Ec, the insulating state is located in 
RQ/RS<1/CI and the superconducting state 

is in RQ/RS>1/C1.5 In 2D arrays, the critical 

value of RQ/RS decreases as the ratio EJ/EQ 

increases, and becomes zero at Ej/Ec^l, 
which means that 2D unshunted arrays show 
an SI transition depending on the Ej/Ec-l~3 

On the other hand, the ID arrays are in
sulating when RQ/RS<1 and superconduct
ing when RQ/RS>1, irrespective of the ratio 
Ej/Ec-5'9 That is, the SI transition depend
ing on the Ej/Ec does not occur in ID ar
rays. 

The experimental results in Fig. 3 in
dicate that the critical value of RQ/RS 

for small Ej/Ec is close to 1/d in the d-
dimensional arrays. This is in good agree
ment with the results of the theories.5 Fur
thermore, as shown in Fig. 3(a), the 2D 
arrays with RQ/RS — 0 undergoes the SI 
transition depending on the Ej/Ec- The 
critical value (Ej/Ec)c is between 0.23 and 
0.84, which is consistent with the result 
{{Ej/Ec)c = 0.55-0.67) of an earlier exper
iment on unshunted arrays.10 The (Ej/Ec)c 

predicted by the junction-capacitance model 
(with no dissipation) vary from each other 
but are values somewhat smaller than l . 1 - 3 

On the other hand, the results of the ID 
arrays for large Ej/Ec differ from the ex
pectations. Figure 3(b) shows that the ar
rays with small RQ/RS and large EJ/EQ 

are superconducting. This is contrary to the 
theoretical prediction. The experiments of 
ID unshunted arrays, performed by Hav-
iland et a/.,11 also show that the transi
tion takes place at Ej/Ec = 3.0. A pos
sible origin of this discrepancy is the exis
tence of self-capacitance Co in the real sys
tem. Analyzing a model where only the Co 
is taken into account, Bradley and Doniach12 

reached a conclusion that the SI transition 
should occur at a finite value of Ej/Eco, 
where Eco=e2/2CQ. More recently, Choi 
et al. 9 considered both C and Co, and found 
that the SI transition should take place at 
Ej/Ec~(32/ir2)C/C0 for C0<Z.C. However, 
the theory does not explain the experimen-
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tal results because the observed critical value 
of Ej/Ec is much smaller than (32/7r2)C/C0 

which is 102 — 103 in the experiments of ours 
and Haviland et al. 

Thus, the obtained phase diagram for ID 
arrays is qualitatively similar to that of the 
2D arrays. However, the critical value of 
EJ/EQ for RQ/RS — 0 for ID arrays is one-
order of magnitude larger than that for the 
2D arrays, indicating the fluctuation is more 
important in lower dimensions. 

3 Conclusions 

We have determined the phase diagram of ID 
and 2D arrays of resistively shunted small 
Josephson junctions. The insulating phase 
appears when both Ej/Ec and RQ/RS are 
small. The critical values of RQ/RS for 
small EJ/EQ are close to 1/d, which is 
in good agreement with the theories of the 
dissipation-driven SI transition. We also find 
that the phase diagram of the ID arrays has a 
larger region of the insulating phase than that 
of 2D, indicating the importance of the quan
tum fluctuation in lower dimensions. There 
is, however, an unsolved discrepancy between 
the result of the experiment and theories: 
the ID arrays with RQ/R$<1 and relatively 
large EJ/EQ show no Coulomb blockade be
havior, which does not agree with the theo
retical prediction. 
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QUANTIZED CONDUCTANCE OF GOLD NANOWIRE STUDIED BY UHV-ELECTRON 

MICROSCOPE WITH STM 
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Tokyo Institute of Technology, Physics Department 

2-12-1 Oh-okayama, Meguro-ku, Tokyo 152-8551, Japan 

E-mail: takayang@surface.phys. titech. ac.jp 

Development of an UHV electron microscope and results on gold QPC are summarized. Quantum point contact(QPC) of gold 
was made by an STM installed in the UHV electron microsope to study conductance quantization of gold QPCs in relation 
with their structure simultaneously. The conductance changed in steps in the unit of 2e2/h in case that gold nanowires were 
formed at the QPC, where e is the electron charge and h, Planck constant. Long gold nanowires were found to have chiral 
structure with gold atomic rows which coil around the axis of the wire. A single strand of gold atoms synthesized was found 
to be stable even when their atomic bond distance reaches to 0.4nm. 

1. Introduction 

Quantum point contact of metals attracts much 

interest because of the conductance 

quantization even at room temperature. Many 

experiments were done using STM geometry1, 

mechanically controlled breaking junction2 and 

switching relays3. In STM geometry, metal 

nanowires are made at the contact of the STM 

tip and the substrate, and the conductance 

change is measured while the tip is retracted. 

Conductance changes in steps give an 

indication of quantization because of 

appearance of the step degitized in a unit of 

2e2lh, where e is the electron charge and h, 

Planck constant. Conductance histograms are 

examined from thousands of experiments, for 

metal QPCs of Au4"6, Ag6'7, Cu6"8, Pt6'7, Na8, A19, 

Pb10, Bi", Hg, Sn12, Fe, Co, and Ni6,7. It 

is important issue to elucidate which structure 

formed at QPCs gives conductance 

quantization. We, therefore, developed an UHV 

electron microscope with a miniaturized STM 

at the specimen stage of the electron 

microscope to make simultaneous observation 

of the structure and conductance possible. 

2. Development of UHV electron microscope 

with STM 

UHV electron microscope is specially designed 

to build a miniaturized STM at the specimen 

position. The specimen and the STM (tip and 

piezo drives) are combined at the specimen 

stage of the electron microscope. The gold 

sample was made by deposition onto a copper 

wire, and the gold tip was mechanically 

sharpened. The gold tip was dipped into the 

gold substrate several times until regular shape 

and crystallographic orientation of the contact 

was generated at the contact. The conductive 

current of the QPC was measured by the bias 

mailto:takayang@surface.phys
http://ac.jp
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voltage of 13mV for most of our experiments. 

The structure of gold QPC was observed by 

transmission electron microscopy at atomic 

resolution, being recorded on a video tape at 

every 33msec, while the tip was retracted. 

3. Conductance quantization of gold QPC 

Gold QPC had different structures depending 

on the crystallographic orientation of the 

contacting two electrodes13. When the both 

electrodes have the same orientation as [110], 

[111], or [100], one to one correspondence 

between the atomic structure and the 

conductance of QPC was analyzed in detail. As 

reported previously, QPCs formed between 

[110] electrodes showed results similar to the 

one in Fig.l14. Transmission electron 

microscope images shown in Fig. 1(a) reveal 

that a gold nanowire has uniform diameter, and 

changes in steps. For every step of the diameter 

change, conductance changes in steps. The step 

heights of the conductance are integral multiple 

of the 2e2/h, which indicates conductance 

quantizaiton of the gold QPC. This result 

indicates that each conduction channel has the 

transmission probability of unity; 7]=1 in the 

Landauer formula15, G=(2e2/h) 2 7]. 

The gold nanowire in Fig. 1(f) show a single 

dark line, while its conductance is 3(2e2/h). The 

conductance of this wire goes in the next step 

to 2(2e2/h), and further to zero. Provided that 

the nanwire in (f) had have three atomic chains 

* l ' 1 r » T » » 

I . . 

f u r 
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Fig. 1 Transmission electron microscope images of a gold 

QPC(upper panel), and the condactance change(lower 

panel). The electrodes have the [110] crystallographic 

orientation. The dark lines in the electrode are the (002) 

lattice fringes with 0.2nm spacing. The dark lines within 

the gold nanowire that bridges two electrodes indicate 

lattice sheet, since the number of atoms in the vertical 

direction to the plana of the sheet ( the direction of the 

imaging electron beam ) is not known without careful 

profile analysis of the line contrast. Dark lines of the 

nanowire disappear one-by-one, while conductance reduces 

in steps; (a) - (f) in the both panels are recorded at the 

same time in this experiment. 

connecting the both electrodes, the conductance 

could change one-by-one in steps as the atomic 

chain breaks one-by-one. We obtained the 

electron microscope images of a double chain 
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and a single chain, which gave the conductance 

of 2(2e2/h) and (2e2/h), respectively. This 

proves that the QPC of a single chain of gold 

atoms has the conductance of(2e2/h). 

4. Synthesis of chiral nanowire of magic 

number seven 

The gold nanowires formed at QPCs are breaks 

during retraction of the tip, and thin nanowires 

like in Fig.l could not be elongated over lOnm. 

To synthesize longer gold nanowire, we used 

electron beam thinning technology. A thin gold 

film (3nm thick) was made by Pashley method, 

and irradiated by very intense electron beam 

(100A/cm2, and 200keV) until the film has 

many holes. One of the bridges, which 

remained between the holes, was thinned 

further with a reduced electron beam intensity 

to turn into a regular naonowire16. When the 

regular nanowires became thin (less than 2nm), 

the nanowires presented specific electron 

microscope images which have never been 

reported or seen before17. The images show a 

few to several dark lines running along the wire 

axis and dark dots representing gold atoms. 

However, no periodic structure could be 

recognized in the images. From histogram for 

the apparent widths, W, of the nanowires, the 

widths are noticed to be peaked at W(ri)=0.0& n 

(nm), where n is an integer and W(ri) is the 

distance of the dark lines representing the 

diameter of the nanowire. 

The model structures of gold nanowires 

are shown in Fig.2: They have helical 

multi-shell (HMS) structure17 similar to that of 

the multi-wall carbon nanotubes (MWNT)19. 

While the honeycomb sheet rolls into the 

carbon nanotube, a close packed sheet rolls into 

the HMS. As schematically shown in Fig.2, the 

«-«'-«"HMS nanowires are composed of 

w-atomic rows in outer shell, w'-atomic rows in 

the middle, and «"-atomic rows in the center1: 

7-1, 11-4, 12-5, 13-6, 14-7-1, 15-8-1 HMS 

Fig.2 n-«'-n"HMS model of gold nanowires. the 

n-n'-n"HMS nanowires are composed of n-atomic rows 

in outer shell, n'-atomic rows in the middle, and «"-atomic 

rows in the center1: 7-1, 11-4, 12-5, 13-6, 14-7-1, 15-8-1 

HMS structures are shown except 12-5HMS. 
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structures were verified. The diameter D(n) of 

the n-atomic rows shell is given by D(n)=\T 

3J/sin( K In)/cosH, where helical angle H is 

given by sin/Y=wy^3/2Z,. Here, <i=0.288nm (the 

nearest neighbor distance of the gold atoms in 

an atomic row), and I is the pitch of the helical 

nanowires. Since D(ri) changes linearly with n 

(~0.80M), the apparent width of the HMS 

nanowire changes with the step of 

W(n)=0.08nm, as was observed experimentally. 

The observed «-n'-n"HMS nanowires fullfil the 

relation £>(«)-£>(«')=2 of. This relation means 

that the inner «'-atomic rows tube can be 

smoothly slide in (out) the outer w-atomic row 

tube. This relation, 0.08(/7-«')=2J, is satisfied 

only in the case n-n'-7. Thus, gold HMS 

structure has the magic number 7 for the 

outer-inner tube relation. 

The stability of the 7-1 HMS structure 

was shown theoretically18. Further theoretical 

studies are expected to understand the gold 

HMS nanowires, of their chirality ( pitch of the 

nanowire ), and conductance. 

The conductance of the HMS nanowires 

are intersting because of their chirality. 

Following to the elaborated experimental and 

theoretical works on carbon nanotubes19, 

conductance is sensitive to the chirality. Recent 

theory20 has predicted reduction of conductance 

by 2 (2e2/h) , although the theory is 

meso-scopic. 

5. A single strand of gold atoms 

The finest nanowire should be a linear chain of 

atoms. A strand of gold atoms3 was made by 

thinnig using electron beam technique as 

shown in Fig.3. The suspended gold strand has 

four atoms whose chain-end atoms bound to the 

bulk crystal. The chain-center atoms (two dark 

dots) bonded to these chain-end atoms have 

quite a large bond length reaching to 0.4 nm 

before rupture14'21. 

Several questions are given for such a long 

bond length; for the nature of bond, stability, 

and conductance. A theoretical result22 suggest 

that a gold chain may change to an insulator for 

bond lengths longer than 0.3nm. Further 

experiments and theory have to be done 

systematically for complete understanding of 

bond nature, conductance23. Particularly 

interesting is to demonstrate spin conductance 

for strands of magnetic elements24'25. 

Fig.3 Transmission electron microscope image of a gold 

single strand(left panel) and its model(right panel). The 

strand has atomic bond distance of 0.4nm before its 

rupture. The strand bonds with gold crystal (upper and 

lower dark region of the panel) which has the[001] 

orientation. 
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6. Summary 

Structure and conductance of metal QPC were 

studied by UHV electron microscopy with 

scanning tunneling microscopy. The efforts 

have confirmed that conductance quantization 

occurs when the QPC has a regular nanowire, 

and gold single strand has the conductance of 

(2e2lh). At the same time , the efforts have 

revealed gold HMS nanowires having magic 

number 7, and a gold single strand having bond 

lengths of the order of 0.4nm. 

To reveal nano-structures and their 

physical and chemical behavior, we need 

further experimental and theoretical efforts. 

Particularly important is UHV electron 

microscopy for developing nanoscience and 

technology, and without UHV condition we 

never reaches to right answer. 

The work was done at "surface particle 

project" of ERATO, Japan Science Technology, 

and by the support of Grant-in-Aid for 

Specially Promoted Research from the Ministry 

of Education, Curture, Sports, Science and 

Technoology (MEXT). 
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ATOMIC-SCALE STRUCTURES FABRICATED O N A 
HYDROGEN-TERMINATED SI SURFACE 

T. HASHIZUME, S. HEIKE, M. FUJIMORI, M. KATO AND M. ISHIBASHI 

Advanced Research Laboratory, Hitachi, Ltd., Hatoyama, Saitama, 350-0395, Japan 

Atomic-scale structures on a hydrogen-terminated Si(100)-2xl-H surface are investigated by scan
ning tunneling microscopy/spectroscopy (STM/STS). Relaxation of atomic-scale dangling-bond (DB) 
structures can be well described by a Jahn-Teller distortion. When Ga atoms were deposited on the 
surface at 100 K, we observed a characteristic one-dimensional structure (Ga-bar structure). The 
Ga-bar structure is an STM image of a rapidly-migrating Ga atom confined in a linear potential well. 

1 Introduction 

Invention of scanning tunneling microscopy 
(STM)1 and its use for atom manipulation2 

have made it possible to realize the idea of 
switching devices on the atomic and molecu
lar scale as were proposed by Feynman.3 The 
hydrogen-terminated Si(100)-2xl-H surface4 

shows semi-conductive band gap and is one 
of the promising substrates for atomic-scale 
device fabrication. Hydrogen atoms on the 
surface can be desorbed using the tunnel
ing current of the STM and atomic-scale 
dangling-bond (DB) patterning has been 
demonstrated.5,6 

We report on fabrication and charac
terization of atomic-scale structures on a 
hydrogen-terminated Si(100)-2xl-H surface. 
A row of fabricated DBs forms a one-
dimensional atomic structure. Although this 
DB structure is chemically too reactive to be 
used in practical atomic-scale devices, we ex
pect it to be an instructive example of an 
atomic-scale structure on an insulating or 
a semiconducting surface. We analyze our 
spectroscopy (STS) results based on the re
cent first-principles calculations.7 

Thermally deposited Ga atoms on the 
surface are confined in a one-dimensional po
tential well between two adjacent dimer rows 
at a narrow range of temperatures near 100K, 
resulting in a continuous linear protrusion 
(Ga-bar structure). We point out that the 
height of the Ga-bar structure maps out the 

local variation of potential energy at individ
ual adsorption sites. 

2 Experimental 

A Si(100) sample (P-doped, n-type, 7 to 18 
mfi-cm) was cut from a wafer and used as a 
substrate. An electrochemically etched (111) 
oriented single-crystal tungsten (W) wire was 
used as the STM tip. Details of surface and 
tip preparation were described previously. 6 

Hydrogen atoms were extracted by moving 
the tip at a speed of 5 nm/s along a Si dimer 
row, typically at a sample bias voltage (Vs) 
of +2.8 V and a tunneling current of 0.9 
nA. By heating a W filament with Ga metal 
to 600-650 °C, Ga atoms were evaporated in 
situ. The base pressure of the STM cham
ber was lower than 7 x l 0 - 9 Pa during the 
STM observation. Experiments were carried 
out at various temperatures ranging from 30 
to 150 K with deposited Ga of approximately 
0.002 ML (1 ML is defined as the number of 
Si atoms on the bulk-terminated ideal Si(001) 
surface: 6.78xl014 atoms/cm2). 

3 Results and Discussion 

We fabricated various-length DB structures 
composed of unpaired DBs, which are imaged 
off-center of the dimer row. In the cases of 
short DB structures, we observed interesting 
length-dependent charge redistribution. Fig
ures 1(a) through (c) show gray-scale filled-
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Figure 1. Filled-state STM images of (a) three-, (b) 
four-, and (c) five-DB structures. Curves in (d) show 
cross-sectional views obtained from the filled-state 
images and the thin line shows that from the empty-
state image of the three-DB structure. 

state STM images. Cross-sectional views of 
filled-state STM images in Fig. 1(d) reflect 
the charge redistribution. 

Distinct alternate peaks are observed in 
the filled-state images for the odd-numbered 
DB structures (Figs. 1(a) and (c)). In 
the empty-state STM image of the three-DB 
structure, the center DB appears higher than 
the edge DBs (thin line in Fig. 1(d)). The
oretical calculation of the three-DB struc
ture showed a remarkable qualitative agree
ment with the STM images.8 Almost one unit 
charge of the center DB is transferred to the 
edge DBs. In contrast, the center DB has 
higher empty states. 

In the charge redistribution process, pair
ing of the second-layer Si atoms is playing 
a crucial role (Fig. 2). When the second-
layer Si atoms pair up, the backbond angle 
becomes smaller, which lowers the DB en
ergy. The numerical calculations suggest that 
the DB character of the center Si atom be
comes more p-like because the backbonds of 
the Si atom are more sp2-like. In contrast, 
the DBs of the edge Si atoms become more 
s-like because the backbond of the Si atoms 
are more p3-like. Since the s-like orbital with 
the energy of Es-uke is energetically more fa-

Ep-likel 
J0.38 eV 

H dl 111 H "•"'' ̂  nnn 

backbond angle 

Figure 2. A ball-stick model of the three-DB struc
ture showing displacement patterns of the first- and 
second-layer Si atoms indicated by the arrows. The 
circles denote the first- and second-layer Si atoms. 
The amount of charge in the DBs are schematically 
expressed by the ovals. The dotted ovals show the 
paired second-layer Si atoms. Dashed horizontal lines 
show the center of up and down Si atoms with DBs 
relative to the unrelaxed Si atoms. The inset shows 
the energy level diagram at the V point in wave-vector 
space associated with the three-DB structure. Filled 
circles stand for electrons. The second-layer Si atoms 
are displaced 0.0016 nm laterally to form pairs. 

vorable than the p-like orbital (Ep-uke), the 
center DB ends up with nearly empty charge. 
The electronic relaxation in the DB structure 
associated with the lattice distortion may be 
called as the Jahn-Teller distortion.8 

In the filled-state image of the two-DB 
structure, the height difference between the 
DBs was small (Fig. 1(d)). However, the 
calculated result suggests a buckled atomic 
configuration, resulting in a non-equivalent 
charge distribution. The calculated flip-flop 
barrier is 48 meV, and a frequent flip mo
tion, induced even at 100 K, results in the 
equivalent height of DBs observed by STM. 
The flip-flop can be explained by the ex
change of a lone second-layer Si atom that 
is not forming a pair. The recombination of 
a pair in the second-layer Si atom effectively 
shifts the position of the lone second-layer Si 
atom. The motion is analogous to a soli-
ton in poh/acetylene9 or phason on Si(100) 
surface.10 

Figure 3(a) shows a typical gray-scale 
filled-state STM image of the Si(100)-2xl-
H surface after the Ga deposition at 100 K. 
We observe a characteristic one dimensional 
(ID) structure, which we call a Ga-bar struc-
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ture. The structure is formed parallel to the 
Si dimer rows and is located in the trough 
between two neighboring Si dimer rows. 

By the first-principles calculations, we 
find that the adsorption sites of a Ga atom 
with the lowest potential energy are located 
in the trough between two adjacent dimer 
rows. We also find a metastable adsorption 
site with a potential energy higher by 221 
meV at the pedestal site between two adja
cent dimers. We evaluate the hopping fre
quency using a simple Arrhenius' equation. 
As a result of the difference in barrier height, 
the migration becomes anisotropic. By ap
plying a voltage pulse with a large tunneling 
current on the Ga-bar structure (Vs = -3.0 V 
and tunneling current It = 0.7 nA for 200 ms, 
for example), the Ga atom moved out from 
the trough and the hydrogen-terminated sur
face was observed. 

Figure 3(b) shows an STM image after 
removing the Ga-bar structure by a voltage 
pulse, revealing that the Ga-bar structure is 
terminated by the dihydride Si dimers (ar
rows) at both ends. Two dihydrides and a 
trough form a linear potential well for Ga-
atom migration. We conclude that the Ga-
bar structure is an image of a Ga atom, 
which is confined and migrating back and 
forth in a linear well of potential energy sur
face (PES).11 We point out that the height 
of the Ga-bar structure maps out the local 
variation in potential energy at individual ad
sorption sites and 5 pm difference in height 
corresponds to approximately 1 meV in po
tential energy.11 

Another example of the cross-section of 
the Ga-bar structure showed a local maxi
mum around the middle of the Ga-bar struc
ture, which is approximately 30 pm and cor
responds to the adsorption energy difference 
of 6 meV. We found that the position of the 
local maximum coincides with the position 
of a missing dimer defect on the substrate 
1.2 nm away from the Ga-bar structure (to 
the direction perpendicular to the dimer-row 

Figure 3. (a) An STM image of a Ga-bar structure 
(7 nm x 3 nm, Vs = -2.0 V). (b) Same as (a) but af
ter removing the Ga-bar structure by a voltage pulse 
(local dihydride species are shown by arrows). 

direction). We believe that there is a lo
cal PES distortion in that region because of 
the defect. In this way, we can map out lo
cal adsorption energy variation by using the 
height variation of the Ga-bar structure. De
tailed examination of this distortion will be 
discussed elsewhere. 

A key step for measuring properties of 
the atomic structures is how we connect the 
atomic structures to the bulk electrodes.12 

We have been developing an SPM (scanning 
probe microscopy) based nanofabrication sys
tem that uses electron irradiation.13'14 In this 
system, the exposure dose is controlled by 
varying the bias voltage between the tip and 
the substrate to keep a constant dose on the 
resist film. The SPM nanofabrication system 
has been applied to fabricate 10-nm-level uni
form line-and-space resist patterns with high 
reproducibility. 

We have also developed a resist-
patterning method using an exposure con
trol method of hybrid current-voltage con
trol, which is a combination of the conven
tional constant-voltage and constant-current 
control methods. The method is superior 
to the conventional methods for drawing dot 
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patterns. We have used the drawing method 
to fabricate complex resist patterns with res
olution of 60 nm with a 50-nm thick resist 
film. We are currently developing a method 
for preparing fine electrodes connecting bulk 
electrodes and atomic structures. The results 
will be reported elsewhere. 

4 Conclusions 

In conclusion, we have reported atomic-
scale DB and Ga structures on a hydrogen-
terminated Si(100)-2xl-H surfaces. Dangling 
bonds (DBs) and DB structures are fabri
cated on the surface by STM to form DB pat
terns. Short DB structures made of unpaired 
DBs show the Jahn-Teller distortion. Migra
tion of a Ga atom at 100K on the hydrogen-
terminated Si(100)-2xl-H surface is imaged 
by STM as a continuous linear protrusion 
(Ga-bar structure). The height of the Ga-bar 
structure maps out the local variation of po
tential energy at individual adsorption sites. 
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NANOMETER-SCALE FABRICATION USING SCANNING P R O B E 
LITHOGRAPHY 

M. ISHIBASHI, S. HEIKE, M. KATO AND T. HASHIZUME 

Advanced Research Laboratory, Hitachi, Ltd., Hatoyama, Saitama, 350-0395, Japan 

We report a new form of exposure control method of scanning-probe nanolithography. It is a hybrid 
current-voltage control, which is a combination of the conventional constant-voltage and constant-
current control methods. We have used the method to fabricate complex resist patterns with a 
dot-resolution of 60 nm using a 50-nm thick resist film. We found that the new control method is 
particularly suitable for drawing dot patterns. 

1 Introduction 

New devices that use functions of a molecule 
or an atomic wire have recently been in
vestigated since a proposal by Feynman 
in 1959.2 Such devices require a fabrica
tion method that can fabricate electrodes 
and device structures of nanometer- to 
micrometer-level sizes. Scanning tunnel
ing microscopy (STM)2 and other scanning 
probe microscopy (SPM) are useful tools 
for atomic-scale and nanoscale fabrication as 
well as for surface characterization. 

In particular, SPM nanofabrication using 
an organic resist film, scanning-probe (SP) 
lithography, is a useful technique for mak
ing sub 100-nm-level structures, because var
ious methods to transfer patterns to the sub
strate, such as etching, lift-off, and plating, 
can be used. Since SP lithography using 
Langmuir-Blodgett film as a resist was first 
demonstrated,3 SP lithography techniques, 
based on STM,3,4 '5 near-field scanning opti
cal microscopy (NSOM),6 and atomic force 
microscopy (AFM), 7 - 1 1 have been reported. 

In the SP lithography, we use electron ir
radiation from the conductive AFM tip for 
patterning. A resist pattern fabricated by 
electron irradiation can have a steeper and 
higher-aspect-ratio cross-sectional shape, and 
can be fabricated faster than a pattern fabri
cated by the mechanical method.12 

We have been developing an SP lithog
raphy system, in which the exposure dose 

is controlled by varying the bias voltage be
tween the tip and the substrate to keep 
a constant current flowing through the re
sist film.10'11 The SP lithography system has 
been applied to fabricate 10-nm-level uniform 
line-and-space resist patterns. 

In this paper, we report a new form of 
SP lithography technique that can be used 
to fabricate various kinds of complex pat
terns with under-100-nm resolution. We use 
a raster scan writing method, and the re
sist patterns are fabricated by dot-array pat
terns using a hybrid constant-current and 
constant-voltage control method. 

2 Sys tem configuration 

A block diagram of the SP lithography sys
tem is schematically shown in Fig. 1. In 
the system, the tip-sample distance was con
trolled by an optical-beam reflection system 
used in a conventional contact-mode AFM. 
A current flow between the biased tip and 
the substrate through the resist film was used 
for exposure. A sample was mounted on a 
tube scanner, which controls x and y posi
tions of the sample. The feedbacked z po
sition was controlled by means of personal 
computer (PC). The exposure dose was also 
controlled through the PC. 

We built a current/voltage (IV) con
verter using an OPA111 operational ampli
fier to measure the exposure current. As an 
SPM controller we used AD converters, DA 
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Optical beam 
reflection system 

Figure 1. Block diagram of the SP lithography sys
tem used in the present study. 

converters, an exposure voltage driver, and x, 
y, and z piezo drivers. A contact-mode AFM 
cantilever, coated with 20-nm-thick titanium 
by DC sputtering, was used as the tip for SP 
lithography. 

In the constant-voltage method, a speci
fied constant bias voltage is applied between 
the tip and the substrate at the on-exposure 
points. We used a 40-V exposure bias voltage 
for on-exposure and 20-V for off-exposure. In 
the constant-current method, the exposure 
bias voltage is varied to keep the tip-substrate 
current constant. We used a 30-pA exposure 
current for on-exposure and 3-pA exposure 
current for off-exposure. 

In the hybrid current-voltage method, 
raster scan writing illustrated in Fig. 2 was 
used. The solid and open dots in Fig. 2(a) 
show an example of input data-point pat
terns. The arrows in Fig 2(b) show the tip 
trajectory and the solid dots show the expo
sure points of raster scan writing using the 
data of Fig. 2(a). 

In this method, a bias voltage required 
for a specified current needed to make a la
tent image in the resist film is determined 
by applying the constant-current method 
for each raster-scanning line in the voltage-
determining region (gray rectangles in the left 
half of Fig 2(b)) and the value is stored by 
the PC. Also the tip is raster scanned with a 

(a) 

| on-data points 
l~l off-data points 

V-
i , .L,„,, ,„,. 

v-*? 
t -
1 • 

i II 

-§--* *-. 

i 
Voltage-

determining 
region 

Drawing region 

Figure 2. Raster scan writing using a hybrid current-
voltage control: (a) an example of pattern data, and 
(b) tip trajectory (arrows) and exposure points (dark 
squares) of raster scan writing using the da ta of (a). 

specified duration time at each data point. 
When the tip is positioned over on-data 

points, the predetermined bias voltage is ap
plied between the tip and substrate; when 
the tip is positioned over off-data points, less 
than the critical bias voltage is applied in 
the drawing region. For example, the on-
exposure current was set to 30 pA, and the 
off-exposure voltage was set to 20 V lower 
than the on-exposure voltage, which is typi
cally around 40 V for the 50-nm-thick resist 
film. The duration time for the tip to remain 
at each data point was varied from 1 to 10 
ms. 

3 Results and Discussion 

When we used the constant-current method 
for rectangular solid-open array patterns, we 
found that the beginning of the each rectan
gular solid pattern did not have enough dose 



for making latent image in the resist film. 
The result indicates that the detected expo
sure current used for constant-current expo
sure feedback contained not only the current 
flowing in the resist film but also a charging 
current to the stray capacitance existing be
tween cantilever and substrate. 

If a pattern, such as a line pattern, does 
not require frequent exposure switching, the 
charging current is negligible because volt
age variation in time is small. However, if 
a pattern, such as a dot pattern, requires fre
quent exposure switching, the charging cur
rent is not negligible. Moreover, constant-
current control is unsuitable for quick expo
sure switching because it relies on closed-loop 
feedback. It is, therefore, difficult to fabri
cate dot array patterns when using constant-
current control. 

When we used the constant-voltage 
method for dot-array patterns, the dot size 
was not uniform during the raster scan. 
This suggests that the current flowing in 
the resist was not kept constant by the 
constant-voltage method because the tip 
shape changed during the raster scan. Thus, 
uniform dot pattern fabrication with high re
producibility using constant-voltage method 
may be difficult to achieve. 

Figure 3(a) shows the tip trajectory and 
exposure points of a resist pattern formed 
with the hybrid current-voltage method. The 
tip duration time at each data point was set 
to 3 ms. The distance between exposure 
points are set to 200 nm to both the x and y 
directions. The SEM micrographs (Fig. 3(b) 
and (c)) show that uniform dots with diame
ter of 70 nm were fabricated over a wide area 
when the hybrid current-voltage method was 
used. This indicates that the current flowing 
through the resist was kept constant for the 
applied constant voltage because there was 
little change in the tip shape during each hor
izontal scan. 

Rectangular resist patterns are also ob
served in the voltage-determining region. 
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(a) 

I P L 

Figure 3. Dot patterning using hybrid current-
voltage control: (a) tip trajectory and exposure 
points, and (b) and (c) SEM micrographs of formed 
resist pattern. 

These patterns were formed because a cur
rent over a critical value flowed in the re
sist film when the voltage was being deter
mined in this region. The hybrid current-
voltage method also allows rapid switching 
of the exposure because it uses open-loop ex
posure control during pattern drawing. The 
hybrid current-voltage method is, therefore, 
suitable especially for making dot patterns. 

We measured dot size dependence on the 
duration time of the tip with the hybrid 
current-voltage method. Four tips and a 50-
nm-thick resist film were used in the exper
iment. The dot size became smaller as the 
duration time was shortened, and the mini-
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Figure 4. An SEM micrograph of a resist pattern 
formed using hybrid current-voltage control. 

mum dot size of 60 nm was obtained at the 
duration time of 2 ms. 

We performed raster-scan writing for a 
relatively complicated pattern data using the 
hybrid current-voltage method. The tip du
ration time at each data point was set to 
3 ms, and the dot size formed was 70 nm. 
When the spacing between dots was reduced, 
neighboring dots overlapped and plane or line 
patterns with various width and shape were 
formed (Fig. 4). 

4 Conclusions 

A hybrid current-voltage method combin
ing a constant-current and constant-voltage 
methods is developed for fabricating dot-
array patterns using SP lithography. We used 
this method to successfully fabricate 50-nm-
thick resist patterns with a resolution of 60 
nm. 
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We study the spectral properties of one-dimensional quantum wire with a single defect. We reveal 
the existence of the non-trivial topological structures in the spectral space of the system, which are 
behind the exotic quantum phenomena that have lately been found in the system. 

With the progress of the nanotechnology, 
it has become possible to manufacture quan
tum systems with desired specification.1 The 
theoretical study of simple quantum system 
with nontrivial properties is now a legitimate 
and relevant subject in wider context outside 
of mathematical physics. It has been lately 
pointed out that one of such simple model 
systems of the idealized quantum wire with a 
single defect 2 '3 possesses the properties such 
as strong vs weak coupling duality and spiral 
spectral anholonomy,4,5 the features usually 
associated with the non-Abelian gauge field 
theories. Despite its simplicity, the model is 
a very generic one in the sense that it repre
sents the long wave-length limit of arbitrary 
one-dimensional potential with finite spatial 
support. As such, probing those phenomena 
in its precise working is worthwhile, if only 
for its mathematical feasibility. That is ex
actly what we attempt in this paper. 

We consider a quantum particle in one-
dimensional line with a single defect placed 
at x = 0. In formal language, the system is 
described by the Hamiltonian 

defined on proper domains in the Hilbert 
space H = L2(R\ {0}). We ask what the 
most general condition at x = 0 is. We de

fine the two-component vectors, 6 

Uo-),/'* \S(0-))' (2) 

from the values and derivatives of a wave 
function (fi(x) at the left x = 0_ and the right 
x = 0+ of the missing point. The require
ment of self-adjointness of the Hamiltonian 
operator (1) is satisfied if probability current 
j(x) = —ih(((p*)'ip - tp*tp')/(2m) is contin
uous at x = 0. In terms of $ and 4>', this 
requirement is expressed as 

qVt$ _ qjtqV = Q) (3) 

which is equivalent to |$ — iL0<&'\ = |3> + 
iLo&'\ with LQ being an arbitrary constant 
in the unit of length. This means that, with 
a two-by-two unitary matrix U G U(2), we 
have the relation, 

(U - I)$ + iL0(U + I)& = 0 . (4) 

This shows that the entire family f2 of contact 
interactions admitted in quantum mechanics 
is given by the group U(2). In mathematical 
term, the domain in which the Hamiltonian 
H becomes self-adjoint is parametrized by 
U(2) — there is a one-to-one correspondence 
between a physically distinct contact interac
tion and a self-adjoint Hamiltonian. We use 
the notation Hy for the Hamiltonian with 
the contact interaction specified by U € ft 
~U(2). 

http://ac.jp
mailto:fulopt@poe.elte.hu
mailto:izumi.tsutsui@kek.jp
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We now consider following generalized 
parity transformations: 

T>\ • <p(x) -> (5) 

(Pi<p){x) := (p{-x), 

V2: ?{x)^ (6) 

(Vi<p){x) := i[@(-x) - e(x)M-x) . 

Vs: <p(x)^ (7) 

{Vz<p){x) := [Q(x) - e(-x)]<p(x) . 

These transformations satisfy the anti-
commutation relation 

ViPj = Si, + itijkVk. (8) 

Since the effect of Vi on the boundary vec-
•p. 

tors $ and $ are given by $ —^ <Ji$ , 

* ' -^» <Tj$' , where {c^} are the Pauli ma
trices, the transformation Vi on an element 
Hu£ 0, induces the unitary transformation 

U OiUoi (9) 

on an element U G U(2). The crucial fact is 
that the transformation Vi turns one system 
belonging to ft into another one with same 
spectrum. In fact, with any V defined by 

3 

P : = £ c i ^ (10) 

with real Cj with constraint Ylj=i c j = 1 ) o n e 

has a transformation 

PFc /P = HUT 

where U-p is given by 

U-p :— CTC/CT 

with 

£ Cj <7,'. 

(11) 

(12) 

(13) 

One sees, from (11), that the system de
scribed by the Hamiltonians Hy has a family 
of systems H\jv which share the same spec
trum with HJJ. 

Let us suppose that the matrix U is di-
agonalized with appropriate V G SU(2) as 

U = V~lDV. (14) 

With the explicit representations 

' eie+ 0 

and 

D = Seipa* 

V 

0 

o'iJi<T2pi^o-3 

(15) 

(16) 

one can show easily that with cry := e l?c 

e-i%o2 ei%<T3a3 = ^ - ^ o n e ha s 

£/ = ay Day (17) 

which is of the type (12). One can therefore 
conclude that [A] the spectrum of the system 
described by Hu is uniquely determined by 
the eigenvalue of U, and [B] a point interac
tion characterized by U possesses the isospec-
tral subfamily 

fli {Hv-lDV\VeSU(2)}, (18) 

which is homeomorphic to the 2-sphere spec
ified by the polar angles (/x, v). 

fliso = {(M. ")IM e [0, TT], J/ G [0, 2TT)} (19) 

There is of course an obvious exception to 
this for the case of D oc / , in which case, 
ttiso consists only of D itself. 

To see the structure of the spectral space, 
i.e. the part of parameter space U(2) that 
determines the distinct spectrum of the sys
tem, it is convenient to make the spectrum 
of the system discrete. Here, for simplicity, 
we consider the line x G [—1,1} with Dirichlet 
boundary, <p(—l) = <p{l) = 0. One then has 

V >(0+)' 

v'(o+) 
-V(o_), 

with some common constant vector <I>o • From 
(4), we obtain 

V 

sinkl^o, (20) 

kcoskl^o, 

1 + kLo cot kl cot — = 0, 

1 + kLo c ° t kl cot — = 0. 

(21) 
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Figure 1. The parameter space {(6+,0-,fi,i/)} is a 
product of the spectral torus T2 specified by the an
gles (0_|-,0_) and the isospectral sphere S2 specified 
by the angles (fj,, i>). 

This means that the spectrum of the system 
is effectively split into that of two separate 
systems of same structure, each characterized 
by the parameters 9+ and 6-. So the spectra 
of the system is uniquely determined by two 
angular parameters {6+,6-}. The entire pa
rameter space f2 = {#+, 0-,fi, v} is a product 
of spectral space 2-torus 

Slap = {(9+,0-)\0+,9.£[O,2ir]} (22) 
~T2 = S1x S1, 

and the isospectral space fliSO = {M, ^} — S2 

(See Fig. 1). Note, however, that this param
eter space provides a double covering for the 
family of point inteactions Ct ~ U(2) due to 
the arbitrariness in the interchange 9+ «->• 0_. 
Accordingly, two systems with interchanged 
values for 9+ and 9- are isospectral. So 
the space of distinct spectra E is the torus 
T2 = {(9+,9-)\9± e [0,2TT)} subject to the 
identification (9+,9-) = (9-,9+). Thus we 
have 

E:={Spec(Hu)\UeQ} = t2/Z2, (23) 

which is homeomorphic to a Mobius strip 
with boundary (Fig. 2). 

Figure 2. In the top figure, the distict spectral space 
S is the triangle surrounded by edges A\ + Ai, B 
and B'. Since a subtriangle is spectrally identical 
to its isospectral image B-C-A2, £ can be repre
sented by the square A\— C-A2-C in the middle fig
ure. When the two spectrally identical edges C and 
C" are stitched together with the right orientation, we 
obtain the Mobius strip with boundary A1—A2 (the 
bottom figure). 

To relate the non-trivial topological 
structure found here and the exotic quan
tum phenomena we have alluded to in the 
introduction, the readers are referred to 
other publications.7'8'9 Here we simply ob
serve that the homotopy 7Ti(T2) = Z X Z 
is behind the double spiral anholonomy,4 

and the isospectral family S2 is the gen
eralization of the duality5 found earlier. 
Also, the existence of Dirac monopole in 
the isospectral parameter space, suggested 
by homotopy7T2(52) = Z, has been found 



numerically10 and experimentally11. 
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Magnetotransport phenomena in unidirectional lateral superlattice (LSL) systems of short and ultra
short periods have been studied. Commensurability oscillation of magnetoresitance has been observed 
in the composite fermion (CF) regime near the Landau level filling v = 3/2, which is found to be con
sistent with the one expected for fully spin-polarized CFs subjected to spatial modulation of effective 
magnetic field. Quenching of spin gap at odd integer fillings has been observed in narrow quantum 
well samples with ultrashort period LSL potential. This is attributed to combined effect of suppres
sion of exchange term due to the modulation potential and the quantum-well-thickness dependence 
of the g-factor. Reproducible quasipeirodic fluctuation of magnettoresistance has been observed in 
one of these samples. The phenomenon resembles the so-called universal conductance fluctuation in 
mesoscopic systems, although the present sample is of macroscopic size. 

1 Introduction 

Two-dimensional electron system (2DES) 
formed at semiconductor heterointerface, 
GaAs/AlGaAs in particular, offers an ideal 
experimental stage for investigation of var
ious aspects of electronic transport - most 
notably integer and fractional quantum Hall 
effects (QHEs). Lateral superlattice, namely 
periodic structure built upon 2DES, adds a 
whole new class of physics associated with 
imposed periodicity, for example geometrical 
resonance effects, miniband formation and 
sophisticated Hofstadter butterfly spectra. 

Mesoscopic periodic structures are usu
ally created by use of microfabrication tech
niques such as electron beam lithography, wet 
or dry etching, and metal evaporation/liftoff 
process. The length scale definable by such 
techniques is limited by lithographic resolu
tion and is typically ~ lOOnm. Efforts to

ward fabrication of still finer structures of
ten involve sophisticated utilization of crystal 
growth characteristics. Examples are found 
in regrowth on cleaved side face of super-
lattice, step-flow growth on vicinal surfaces, 
and formation of self-organized quantum dot 
structures. 

In this work, we investigate magne
totransport in unidirectional LSL systems 
based on GaAs/AlGaAs 2DES, with short 
and ultrashort periodicity. The samples of 
the former category have been fabricated by a 
standard lithographical method and those of 
the latter category by a special crystal growth 
technique. We show, in particular, that mag-
netotranport study of these LSL systems can 
shed light on the spin state of 2DES in quan
tizing magnteic fields 

This paper is organized as follows. In the 
next section, the method of sample prepara
tion and other experimental techniques are 

mailto:iye@issp.u-tokyo.ac.jp
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described. In section 3, the experimental re
sults for the short period (a = 92nm) LSL 
are presented and the geometrical resonance 
effect in the vicinity of v = 3/2 is dis
cussed. The composite fermion (CF) picture 
has proved extremely successful in interpret
ing behavior of 2DES in the vicinity of half 
integer fillings3. Although the CF picture at 
v = 1/2 has been extensively tested by nu
merous experiments, the corresponding prob
lem at v = 3/2 is less explored. In particular, 
there seem to exist conflicting experimental 
results concerning the spin state of v — 3/2 
CFs4 '5. We address this issue from the geo
metrical resonance effect. 

In section 4, the magnetotransport ef
fects in ultrashort period (a = 12nm) LSL 
are discussed. Here, we focus on the effect of 
LSL potential modulation on the spin state 
in the quantum Hall regime. Since the elec
tron g-factor in GaAs is small, g = —0.44, 
the bare Zeeman energy alone does not lead 
to spin-split Landau levels even in the typical 
magnetic field range where the QHE is stud
ied. The occurrence of spin-split Landau lev
els, and hence the observability of odd integer 
quantum Hall states, is attributed to the ex
change term in the total energy of 2DES6. 
The presence of potential modulation is ex
pected to drastically change the situation. 
We present a systematic study of the spin 
gap at odd integer fillings and its evolution 
with quantum well thickness, which controls 
the strength of the potential modulation. 

2 Experimental Method 

Two types of LSL samples were fabricated 
and studied in the present work. One type 
was made by writing a line-and-space pat
tern of a period on resist coating on the sur
face of a GaAs/AlGaAs 2DES wafer by elec
tron beam lithography as shown in Fig. 1(a)1. 
The carrier density and mobility were ne = 
2.1 x 1015m~~2 and /x = 76m2/Vs, respec
tively, and the 2DES plane resided 90nm be

low the top surface. A strain-induced weak 
potential modulation is generated by differ
ence in thermal contraction between the re
sist material and the GaAs crystal. In order 
to detect the effect of modulation, a plane 
2DES sample without any modulation struc
ture was also fabricated on the same wafer. 

The ultrashort period LSL quantum well 
wafers were grown at Osaka University uti
lizing step-bunching growth mode on the 
(775)B surface of GaAs2. By selecting suit
able growth conditions, one can create well-
ordered periodic faceting which results in a 
unidirectionally corrugated GaAs/AlAs in
terface with period a = 12nm, as depicted 
in Fig. 1(b). The strength of the poten
tial modulation by this periodic modulation 
of the well thickness depends on the thick
ness Lw of the quantum well layer. Four 
wafers with different quantum well thick
nesses (Lw = 4,5,7 and 10 nm) were grown. 
In order to measure the anisotropic trans
port, samples were prepared in an L-shaped 
Hall bar pattern. The carrier densities of 
the four samples were in the range of ne = 
2.8 - 3.9 x 101 5m-2 . The mobilities in the 
direction of stripes (y-direction) fell in the 
range of 6.5 — 16 m2 /Vs. Those in the per
pendicular direction (rr-direction) are lower 
by one or two orders of magnitude, and are 
lower for smaller Lw. 

Transport measurements were carried 
out by the standard low frequency ac tech
nique with an excitation current low enough 
to ensure no heating effect at the lowest tem
perature (30 mK). Magnetotransport mea
surements were carried out in a 15 T su
perconducting solenoid and a top-loading di
lution refrigerator equipped with a rotating 
sample stage. 

3 Short Period (a = 92nm) LSL 

3.1 Low Field Magnetotransport 

Low field magnetoresistance of 2DES sub
jected to a periodic potential modulation 
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Figure 1. (a)Short period LSL fabricated by litho
graphic method. (b)Quantum well structure grown 
on (775)B surface exhibiting ultrashort period LSL 
structure. 

exhibits oscillatory behavior. This phe
nomenon, known as commensurability os
cillation (CO) or Weiss oscillation arises 
from geometrical resonance between the cy
clotron motion of electrons and the modu
lation periodicity7. Minima in magnetoresis-
tance occur periodically as a function of 1/B, 
when the following commensurability condi
tion is fulfilled. 

O D 1 

— = ( » - T ) n = l , 2 , 3 , . - - (1) 
a 4 

Here, Rc = hkp/eB is the cyclotron ra
dius of electrons at the Fermi energy. Analy
sis of the CO waveform furnishes estimate of 
the amplitude of the potential modulation8. 
For the present sample, the modulation am
plitude was found to be V0 — 0.015mV, which 
is about 0.2 % of the Fermi energy. 

3.2 High Field Magnetotranport 

Figure 2 shows the magnetoresitance traces 
of the modulated and plain 2DES up to 17 T 
at 30 mK. As evident from the figure, the 
traces for the modulated and for the plain 
2DES almost coincide with each other except 
around 6 T. In this field range, which cor
responds to v = 3/2 filling, the modulated 
2DES exhibits extra structures which are in
terpreted as the CO features in the low field 
magnetotransport of CFs. 

h 1 1 

V 

m 

i i i 

=3/2 

\ \ . 1 

1 *\ - i | > 

1 1 1 -

v=2/3 

0 2 4 6 8 10 12 14 16 

B(T) 

Figure 2. Magnetoresistance traces of a short period 
LSL sample in comparison with a plain 2DES sample. 

For the interpretation of the CO effect 
of CFs, the following points should be kept 
in mind. In the CF picture, spatial varia
tion of electron density is equivalent to vari
ation of the effective magnetic field for CFs. 
Therefore, although the modulation imposed 
to 2DES is purely electrostatic, it is seen 
by CFs as magnetic field modulation. The 
CO for magnetic modulation differs from that 
for electrostatic modulation in the oscilla
tion phase9. Resistance minima for magnetic 
modulation occur at 

— = ( " + T ) n = l , 2 , 3 , - . . . (2) 
a 4 
Second point to note is that the value 

of kp for a given density ne of electrons de
pends on whether they are spin degenerate 
or not. The ordinary CO effect occurs at low 
magnetic field, so that electrons are spin de
generate and kp = \/2irne. If CFs are spin 
polarized, one should use kp = ^4nncF, ™CF 
being the density of the CFs. 

3.3 Composite Fermions at v = 3/2 

There are further complications specific 
to the v = 3/2 CFs as opposed to 
the v = 1/2 counterparts. The v = 
1/2 CFs are composite particles each 
consisting of an electron plus two ficti
tious flux quanta, so that their density 
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B(T) 

Figure 3. Magnetoresistance traces near u = 3/2 at 
three different temperatures. The figure on the right 
hand side is an expansion of the region in the vicinity 
of v = 3/2. The upper scale shows the effective mag
netic field for the CPs. The arrows marked lp , 2p, • • • 
and those marked lu, 2u, • • • show the expected po
sitions ofresistance minima of the commensurablitiy 
oscillation of CFs assuming fully spin-polarized and 
spin-unpolarized CFs, respectively. 

nCF isequaltotheelectrondensityne, and 
the effective magnetic field seen by the CFs 
is #e/7 — B ~ B(v-i/2)- By contrast, the 
CF at v — 3/2 is formed by attaching two 
flux quanta to a hole from the v — 2 state. 
The density of the v = 3/2 CFs is given by 

> = 3 / 2 ) 2eB 
" C F — ^ '-e, 

and the effective magnetic field reads 

(3) 

B. 
( i /=3 /2) 
eff = B - 2ra, ( * = 3 / 2 ) ^ 

CF 

= - 3 ( B - B ( „ = 3 / a ) ) . (4) 

Note here that the effective magnetic 
field for the n=3/2 CFs changes three times 
as fast as the external field. 

Figure 3 shows the magnetoresistance 
traces in a narrow field range near v = 
3/2 at three different temperatures. The 
black (gray) triangles indicate the expected 
positions of resistance minima of the mag
netic Weiss oscillation assuming that the CFs 
are fully spin-polarized (spin-unpolarized). 
The observed resistance minima are in good 
agreement with the the solid triangle marks, 
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Figure 4. Magnetoresistance (p x x ) in a narrow quan
tum well sample (Lw = 5nm). 

suggesting that the v 
spin polarized. 

3/2 CFs are fully 

4 Ultrashort Period (a = 12nm) 
LSL 

4-1 QHE at even fillings 

Figure 4 shows the traces of magnetoresis
tance in the sample (Lw = 5nm) with the 
current passed perpendicular to the stripes 
(Pxx)- The magnetoresistance for the paral
lel current direction (pyy) is similar in shape, 
although the absolute value differs by more 
than an order of magnitude. 

The QHE features at odd integers are 
greatly suppressed in comparison with those 
at even integers. Those corresponding to 
v = 3,5, • • • are not visible, and the activa
tion energy A from the v = 1 state is as small 
as 0.2 K. The values of A for different filling 
factors are summarized in Fig. 5. It is evident 
that the values of A at odd fillings (spin gap) 
are one or two orders of magnitude smaller 
than those for even fillings (cyclotron gap) at 
comparable magnetic field. 

TTieven -htor r. (5) 

The slope of the A(B) at the even fillings 
is close to hu)c/2, i.e. half the single parti-
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cle cyclotron gap. The negative intercept at 
B = 0 becomes large in absolute value with 
decreasing Lw, that is, increasing modulation 
amplitude. It gives a measure of (half) the 
subband width associated with the LSL po
tential, with possible contribution from ran
dom potentials. 

4.2 QHE at odd fillings 

The results shown above indicate that the cy
clotron gap at even fillings can be basically 
understood within the single particle picture. 
By contrast, many-body effect plays an es
sential role for the spin gap at odd fillings, as 
stated in the Introduction. The spin gap at 
an odd integer filling may be expressed as 

K 
dd = g'fiBB + AEe T . (6) 

Here, AEex represents the contribution 
from Coulomb exchange interaction which, 
in a simple picture, scales as e2 /£ oc \[B 
(JL = y/h/eB is the magnetic length.) The 
dependence of E°dd on Lw involves all these 
terms. The change in e and T with Lw can 
be estimated from the activation energies at 
even fillings. The changes in the bare g-factor 
g' with Lw are caused by the finite penetra
tion of electron wavefunction into the AlAs 
barrier layer. For narrow quantum wells, this 
is a substantial effect. The g-factor changes 
from the bulk GaAs value, g = —0.44, to a 
positive value as the quantum well width is 
reduced10. The many-body physics is con
tained in the exchange contribution AEex. 
How this term is suppressed by the modula
tion potential is what one hopes to calculate 
quantitatively11. 

In Fig. 5(b), the v = 3 QHE of the same 
sample is brought to different values of total 
magnetic field either by changing the elec
tron density through persistent photocarriers 
or by tilting the sample. The fact that the in
dependence of E°dd is weaker than the bare 
Zeeman term (shown by the dotted line) with 
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Figure 5. Measured values of activation energy for 
(a)even fillings and (b)odd fillings. The straight lines 
in (a) are drawn with the same slope as hu)c/2. In 
(b), the data points for v = 3 (encircled) were taken 
on the same sample. The dotted line in (b) represents 
half the bare Zeeman splitting, p / i g S / 2 with |<?| = 
0.44. 

\g\ = 0.44 suggests that the bare g-factor is 
close to zero in these narrow quantum wells. 

4-3 Magnetoresistance Fluctuation 

Figure 6 shows the low field part of 
Fig. 4. The magnetoresistance traces ex
hibit quasiperiodic fluctuation at low tem
peratures, which is reproducible as long as 
the sample is kept cold. The fluctuation pat
tern changes after the thermal cycling to the 
room temperature. The characteristic (quasi-
period of the fluctuation (correlation field) 
ABC is about 0.1 T if only major peaks are 
counted, and is about 0.05 T if smaller peaks 
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B(T) 

Figure 6. Reproducible magnetoresistance fluctua
tion observed in a Lw=5nm sample at low tempera
tures. 

are included. Reproducible fluctuation was 
also observed in the resistivity parallel to 
the stripes, although the amplitude is smaller 
and the characteristic value of the correlation 
field is smaller. The amplitude of the conduc
tance fluctuation at the lowest temperature 
is 0.1 — 0.5 e2/h. Tilted field experiments 
have verified that the fluctuation pattern is 
governed by the field component perpendic
ular to the 2DES plane. The magnetoresis
tance fluctuation vanishes at higher temper
atures. So far, the fluctuation phenomenon 
has been observed in one particular sample 
with Lw=5 nm but not in others. 

The observed phenomenon has many fea
tures in common with the so-called uni
versal conductance fluctuation (UCF) phe
nomena ubiquitously observed in mesoscopic 
systems12. However, the argument for the 
mesoscopic systems does not seem naively ap
plicable to the present case which occurs in 
a macroscopic Hall bar sample. Other pos
sible mechanisms for magnetoresistance vari
ation, such as commensurability oscillation, 
Aharonov-Bohm type oscillation, or chaotic 
transport, do not seem to apply directly to 
the present case, either. The physical origin 
of the fluctuation in the present system is not 
identified at the moment. 
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ATOMIC-SIZE POINT CONTACTS OF MULTI-BAND METALS 

K. UENO, M. ETO AND K. KAWAMURA 

Faculty of Science and Technology, Keio University 
3-14-1 Hiyoshi, Kohoku-ku, Yokohama 223-8522, Japan 

E-mail: kueno@rk.phys.keio.ac.jp 

We theoretically investigate the effect of the interband scattering on the transport through atomic-
size point contacts of multi-band metals. The conductance is evaluated, taking account of the atomic 
structures by tight-binding models. In the case of single s band, the conductance is almost quantized in 
units of 2e2/h. In the multi-band model with broad and narrow s bands, the conductance quantization 
is also observed. With broad s and narrow p bands, on the other hand, the conductance is strongly 
suppressed with an increase in the interband scattering. This is because the hybridization between s 
and p orbitals is significantly different in the leads and in the contact region, which forbids the smooth 
transport of electrons between them. 

1 Introduction 

The conductance quantization through 
metallic point contacts has attracted a lot 
of interest. The quantization of conductance 
G in units of 2e2/h has been observed ex
perimentally for Au,1 '2 '3,4 Ag,2 Cu,3 '5 '6 etc. 
The point contacts of magnetic metals have 
also been studied.2'3'6 For Ni, the conduc
tance quantization in units of e2//i has been 
reported by T. Ono et al.,6 when the magne
tization is ferromagnetically saturated under 
a magnetic field. 

Since the Fermi wavelength Ap is of 
atomic size in metals, the atomic structures 
around the contacts should be taken into ac
count to understand the quantization of G. 
For spin-polarized states, continuum models 
have been proposed,7'8 which yield the quan
tized conductance in units of e2/h. Although 
the calculated results are in accordance with 
the experimental results with Ni,6 the appli
cability of the continuum models to metallic 
point contacts is not evident for the above-
mentioned reason. 

In this paper, we examine G through 
metallic point contacts theoretically, taking 
account of the atomic structures by tight-
biding models. Other groups have inves
tigated realistic and specific situations us

ing tight-binding models 4 ' 9 ' 1 0 ' n or by LDA 
calculations,12'13 mainly for simple metals. 
In magnetic metals, broad s and narrow d 
bands coexist at the Fermi level, the effect 
of which has not been elucidated. We fo
cus on the interband scattering effect on the 
transport, taking simple models with broad 
and narrow s bands, or broad s and narrow 
p bands. We surprisingly find that the in
terband scattering can strongly suppress the 
conductance in the latter case. Based on 
the calculated results, we discuss a possible 
mechanism for the quantization unit of e2 /h 
for Ni point contacts.6 

2 Models and Calculation Method 

We adopt tight-binding models of three-
dimensional simple cubic lattice. We consider 
two geometries for the point contact: (I) the 
contact region consists of one atom, or (II) 
of 19 atoms with 3 atoms in the widest row 
(Fig. 1). The leads are semi-infinitely long in 
z direction and infinitely wide in x and y di
rection. The electron transfer is allowed only 
between neighboring atoms (solid lines in Fig. 
1). The transfer integrals are assumed to be 
constant.14 We neglect the electron-electron 
interaction. The spin degeneracy is always 
assumed and spin-flip processes are ignored. 

mailto:kueno@rk.phys.keio.ac.jp
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Figure 1. The geometries of the tight-binding models 
used for our calculations. The models consist of two 
leads and contact region which includes one atom (I), 
or 19 atoms (II). The leads are semi-infinitely long in 
z direction and infinitely wide in x and y direction. 
Spheres represent an atom which has single s orbital 
(model A), two s orbitals (model B), and s and p 
orbitals (model C). 

We study three models with (A) single 
s band, (B) broad and narrow s bands, and 
(C) broad s and narrow p bands. In model 
A, an atom has a single s orbital. The trans
fer integral between the neighboring atoms is 
denoted by ts. In model B, atoms have two 
s-like orbitals (s, s'). The transfer integrals 
are ts (tS') for s (s') orbitals and iSjS' from s 
to s' orbital. In model C, s, px, py and pz 

orbitals exist at each atom. The transfer in
tegrals are ts (tp) for s (p) orbitals15 and iSjP 

from s to p orbital.16 The on-site energies are 
fixed at zero for all the orbitals. The conduc
tance is calculated at zero temperature, using 
the Green function method.17 

It should be noted that, in the experi
mental situation of point contacts, the con
ductance is measured while the size of the 
narrowest part at the contact changes. In
stead, we calculate the conductance through 

a fixed geometry of the contact, as a function 
of the Fermi energy Ep. 

3 Calculated Results 

We begin with the transport properties in 
model A of single s band. In Fig. 2, G is 
shown as a function of E? through the con
tact I (curve a) and II (curve b). The max
imum of G is almost quantized to be 2e2/h. 
The quantization plateau of G « 2e2//i is 
more evident in the contact II than in con
tact I: As the atomic structure changes more 
gradually from the leads to the point contact, 
the electrons can be transported smoothly 
through the contact in the larger range of the 
energy. We conclude that the conductance 
is clearly quantized for single-band metals 
when the atomic structure is considered at 
the point contact in geometry II. 

Now we discuss the effect of the inter-
band scattering on the transport properties 
in the multi-band models. We present the 
calculated results only with geometry II. Fig
ure 3 shows G as a function of Ep for model 
B. We change the transfer integral between 
s and s' orbitals; tsy/ts = 0.0 (curve a), 0.2 
(curve b) and 0.4 (curve c). Despite the inter-
band scattering by £SiS', G is still quantized 
in units of 2e2/h: G « 4e2/h in the energy 
range of \Ep/ts\ < 0.1, and 2e2/h in the en
ergy range of 0.2 < | J5F/£S | < 1- Both s and 
s' bands contribute to the conductance (two 
channels) in the former, whereas only the s 
band makes the main contribution (one chan
nel) in the latter. (The energies in s and s' 
bands are \E\ < 6ts and \E\ < 0.6ts, respec
tively.) The inter band scattering does not 
seem to affect the conductance quantization 
in the case of two s-type bands. 

For model C, the behavior of G is quite 
different from that in models A and B. In 
Fig. 4, the conductance G is shown as a func
tion of EF, changing the transfer integrals be
tween s and p orbitals; tStP/ts = 0.001 (curve 
a), 0.1 (curve b) and 0.5 (curve c). The p-p 
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Figure 2. The conductance G as a function of the 
Fermi energy Ep of conduction electrons in model A. 
The geometry of atomic structure is (a) I and (b) II 
in Fig. 1. 
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Figure 4. The conductance as a function of Ep in 
model C, with geometry II. The transfer integral be
tween s and p orbitals is a tStP/ts = 0.0, b 0.1 and c 
0.5, whereas that for p orbitals is fixed at tp/ts = 0.1. 

Figure 3. The conductance as a function of Ep in 
model B, with geometry II. The transfer integral be
tween s and s' orbitals is a ts s//ts = 0.0, b 0.2 
and c 0.4, whereas that for s' orbitals is fixed at 
ts,/ts = 0.1. 

transfer integral is fixed at tp/ts = 0 . 1 . When 
there is almost no interband scattering (curve 
a), G is quantized in units of 2e2//i: G ~ 
4e2//i in the energy range of \Ep/ts\ < 0.2 
(two channels of s and pz bands) and 2e2/h 
in the energy range of 0.2 < \Ep/ts\ < 1 (one 
channel of s band: The p bands exist between 
—0.2ts and 0.2is). With increasing the in
terband scattering (curves b and c), we find 
that (i) G is strongly suppressed in the energy 
range of p band, and (ii) a lot of sharp peaks 
of G appear in the same energy range. The 
reason for them is as follows. The transfer 
integral ts,p hybridizes the s orbitals with p 

orbitals. The hybridization can be quite dif
ferent between in the Bloch states at the leads 
and in the electronic states around the con
tact region. This disturbs the smooth con
nection between them and, as a result, sup
presses the conductance significantly. This 
also generates localized states in the contact 
region. The sharp peaks of G are attributed 
to the resonant tunneling through the local
ized states. 

4 Conclusions and Discussion 

We have theoretically studied the conduc
tance through point contact of multi-band 
metals, taking into consideration the atomic 
structures by tight-binding models. For the 
single s band (model A), G is almost quan
tized in units of 2e2/h, when the connection 
of the contact region to the leads is suffi
ciently smooth. In the presence of broad s 
and narrow s' bands (model B), the conduc
tance quantization is still seen. In the case of 
s and p bands (model C), however, the inter
band scattering crucially influences the trans
port properties: The conductance is strongly 
suppressed when s and p bands coexist at the 
Fermi level. This is because the hybridization 
between s and p orbitals is considerably dif
ferent in the bulk Bloch states and in the elec-
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tronic states around the contact. This forbids 
the smooth connection between them. The 
comparison of model B and C indicates that 
the anisotropy of the orbitals is important for 
the suppression of G by the interband scat
tering. 

We find a lot of sharp peaks of G in model 
C, which are ascribed to the resonant tunnel
ing through localized states around the point 
contact. However, they should be difficult 
to observe in usual experimental situations.18 

(i) At room temperatures, the electron en
ergies are thermally smeared. When the 
resonant width is smaller than the thermal 
energy, the resonant tunneling cannot take 
place, (ii) In the experiment of point con
tact, the conductance is averaged over many 
samples. Since the localized levels are differ
ent from sample to sample, the sharp peaks 
of G should be averaged out. 

Finally we discuss a possible mechanism 
of the the conductance quantization in units 
of e2/h with Ni point contacts.6 In Ni metal, 
3d bands are fully occupied and 4s band 
is partly filled for electrons with majority 
spin, whereas both 3d and 4s bands appear 
at the Fermi level for electrons with minor
ity spin. If spin-flip processes are negligi
ble, the conductance of electrons with ma
jority and minority spins can be evaluated 
separately. Our model A with single s band 
represents the electrons with majority spin. 
They yield the conductance quantization in 
units of e2/h (half of the value in the previ
ous section where the spin degeneracy is as
sumed). Our model C with broad s and nar
row p bands might be applied to the electrons 
with minority spin. The interband scattering 
between s and d bands could suppress G for 
minority spin strongly, as in the case of s and 
p bands. In consequence the whole conduc
tance is quantized in units of e2/h. For the 
experimental situations, of course, we have 
to examine realistic structures of atoms with 
s and d bands. We have also to consider 
the electron-electron interaction particularly 

in narrow d bands, in further studies. 
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The tunnel magnetoresistance (TMR) of ferromagnetic single-electron transistors made of Ni and Co 
has been measured. We found that the TMR is enhanced by a factor about 10 between 4.2 K and 25 
mK in almost all devices including those whose junction resistance is much higher than the quantum 
resistance. This indicates that the theories based on the higher-order tunneling are not sufficient to 
explain the enhancement. 

1 Introduction 

Since Jullier1 found the so-called tunnel mag
netoresistance effect (TMR) in a tunnel junc
tion made of Fe and Co, electron transport in 
ferromagnetic tunnel junctions has attracted 
lots of interest from the aspects of both the 
basic research and the application. The TMR 
is caused because the symmetry on the spin 
direction is broken in ferromagnetic metals, 
and the resistance of the ferromagnetic tun
nel junction changes depending on the rel
ative orientation of magnetizations in both 
electrodes. While both magnetizations align 
to the direction of a magnetic field when the 
field is strong enough, they generally align 
differently at low fields. Moreover, the align
ment should vary depending on the history 
of the field change. Thus, it gives rise to the 
hysteretic magnetoresistance. The TMR is 
characterized by the TMR ratio defined as 

7=(i?Ap - RP)/RP. (1) 

Here, Rp (RAP) denotes the resistance when 
magnetizations in the electrodes are parallel 
(antiparallel). 

When one reduces the size of tunnel junc
tions, the tunneling of electron is known to 
be suppressed at low temperatures by the 
Coulomb blockade. This is because the single 
electron charging energy (EQ) that is neces
sary for an electron to tunnel into the other 
electrode is not fed from the reservoir when 

kBT « EQ. The single-electron transis
tor (SET), a double junction system with a 
gate electrode, is a device which utilizes this 
phenomenon. By applying the gate voltage, 
one can tune the electrostatic potential of 
the island electrode and control the current 
through the device. 

In 1997, Ono, Shimada and Ootuka2 re
ported experiments on SET made of Ni and 
Co. They found two novel phenomena: one 
is the magneto Coulomb oscillation and the 
other is the enhancement of TMR. The for
mer, that is, the periodic change of resis
tance as a function of external magnetic field 
is explained in the framework of the ortho
dox theory of single electron tunneling, when 
we takes the Zeeman energy of electron into 
account.3 The latter is that the low-field mag
netoresistance convincingly due to the TMR 
effect is largely enhanced when it is cooled to 
the Coulomb blockade regime. In their ex
periment, the TMR ratio that was about 4 % 
at 4.2 K grew up to 40 % at 20 mK, which 
is even larger than the maximum TMR ra
tio expected from spin polarization tunneling 
experiments.4 Similar enhancement of TMR 
was found in two-dimensional array of ferro
magnetic tunnel junction.5 Later, there also 
appeared reports on the similar enhancement 
in granular films made of ferromagnetic metal 
and insulating material, where the electron 
transport is supposed to be due to tunneling 
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between metallic small grains.6,7 

According to the orthodox theory8 of sin
gle electron tunneling, the resistance of SET 
at low temperature is essentially expressed as 
RoVx.p(Ec/kBT), where i?o being the sum of 
the tunnel resistance of two tunnel junctions, 
Ec = e2/2C, and C the island capacitance. 
Although Rf changes to some extent by the 
TMR effect, we do expect the magnetic field 
does not affect the geometrical capacitance 
C. Thus, the simple argument based on the 
orthodox theory concludes that the TMR ra
tio should remain constant, and we need a 
theory beyond the orthodox theory to explain 
the enhancement. 

There are several theoretical investi
gations on the mechanism of the TMR 
enhancement.2'9'10'11,12 All of them are based 
on the contribution of higher-order tunnel
ing. Although they predict the enhancement 
of TMR at low temperatures, the size of the 
enhancement does not seem large enough to 
explain the experiment. If the enhancement 
relates to the higher-order tunneling, the en
hancement should vary depending on the tun
nel resistance. Namely, the enhancement 
should be evident only for conductive junc
tions. In this paper, we report our recent ex
perimental results on TMR in ferromagnetic 
SET having various tunnel resistance. 

2 Experiment 

We fabricated Ni/Co/Ni-SET by following 
procedure. To begin with, gold contact pads 
lOOnm thick were made on a Si substrate 
adopting the photo-lithography and vacuum 
deposition. Next we spin-coated two layers of 
resist between which evaporated thin germa
nium film is interposed. After small SET pat
terns were drawn and developed in an upper 
resist layer through the standard electron-
beam lithography process, we transferred the 
patterns to the Ge film by CF4 reactive ion 
etching. Then, the lower resist around the 
patterns was removed by O2 plasma etch-
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Figure 1. SBM image of a Ni/Co/Ni-SET 

ing to form suspended Ge mask. Ni and Co 
films 30-45 nm thick were deposited by dou
ble angle evaporation in a vacuum chamber 
at 10"~8torr. We adopted two sorts of tun
nel barriers, AI2O3 and NiO. In the former 
case, thin AI2O3 film was vacuum-deposited 
in low-pressure O2 atmosphere (10 - 6 torr). 
In the latter case, NiO barrier was formed 
by plasma oxidation of Ni electrodes. Finally 
the films deposited onto the resist were lifted-
off in organic solvent. Figure 1 shows a SEM 
image of a device. The size of tunnel junction 
is about 0.1 fim x 0.1 /xm. 

Measurement was done at temperatures 
down to 20 mK using a dilution refrigerator. 
A magnetic field up to 2 T was applied to 
the direction parallel to the long axis of the 
electrodes. The conductance was measured 
in the dc- or ac- constant voltage mode. The 
current through the device was amplified by 
a current amplifier and detected by a digital 
voltmeter or a lock-in amplifier. The tunnel 
resistance of a junction {RT) was determined 
from the resistance at 4.2 K assuming that 
the two junctions had the same tunnel resis
tance. The single-electron charging energy 
Ec was obtained from the offset-voltage in 
the I-V characteristics at the lowest temper
ature. During the TMR measurement, the 
bias voltage was kept smaller than 2Ec/e to 
assure the zero-bias condition. 
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Figure 2. Magnetoresistance of a Ni/Co/Ni-SET at 
T = 26 mK 
The magnetic field was swept from 0.7 T to —0.7 T. 

3 Results and Discussions 

We measured eight devices, tunnel resis
tances of which ranged from 27 kfi to 3.1 
Mfi. The charging energies, Ec, were in the 
range from 20 to 80 /xeV. The TMR ratios 
measured at 4.2 K ranged from 2.2 % to 7.5 
%. We found a tendency that the SET with 
AI2O3 barriers had larger TMR ratio than 
that with oxidized nickel barriers. As bulk 
NiO is antiferromagnetic, there can be some 
magnetic interaction between tunneling elec
tron and barrier, which could cause spin-flip 
during the tunneling and degrade the TMR 
ratio. 

Fig. 2 shows a typical result of TMR mea
surement at low temperatures. The device 
has tunnel resistance RT = 39 kO, and the 
TMR ratio of 2.2 % at 4.2 K. We measured 
the resistance while sweeping the magnetic 
field H from 0.7 T to -0 .7 T and scanning 
the gate voltage VQ rather quickly. In the fig
ure, we plot all the data in R-H plane. The 
structure seen in 0 > H > —0.2 T is the 
TMR. The TMR ratio is about 22 % at 26 

mK, which is evidently much larger than the 
value at 4.2 K. Thus the TMR of this device 
is enhanced by a factor 10. 

There are several theoretical investiga
tions on the TMR enhancement. In the or
thodox theory, only the sequential tunnel
ing is taken into account. At low temper
ature, however, the sequential tunneling is 
strongly suppressed and the contribution of 
the higher-order tunneling can be important. 
Because current carried by n-th order tun
neling process is proportional to Ri~n, the 
change in Ri gives rise to a much larger 
change in the current, resulting in the large 
TMR ratio.2 '9 This can be argued from an
other aspect. We discussed the renormal-
ization of the charging energy Ec due to 
the quantum fluctuation of charge.10 The 
EQ, that characterizes the temperature de
pendence of resistance really changed in the 
magnetic field. Both theories predict the en
hancement of the TMR ratio at low temper
ature to some amount. But quantitatively, 
the prediction of the enhancement does not 
seem large enough to explain the experimen
tal results: The second order tunneling9, co-
tunneling, is apparently not sufficient to ex
plain the enhancement of factor 10 observed 
in previous2 and present experiments. The 
theory of the quantum fluctuation of charge 
predicts the renormalization of the charging 
energy much smaller than the experiment.10 

If the enhancement relates to the higher-
order tunneling, the enhancement should be 
large for conductive junctions. Figure 3 
shows how the size of the TMR ratio varies as 
a function of temperature. In order to com
pensate the variation of the TMR ratio and of 
the charging energy among devices, we plot 
the TMR ratio normalized to that at 4.2 K 
against the temperature normalized to Ec-
The temperature shown in the figure is the 
electron temperature that is determined from 
the temperature dependence of resistance. In 
Fig.3, we depict results for three devices the 
tunnel resistances of which are about 39 kf2, 
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Figure 3. Temperature dependence of TMR ratio 
The TMR ratio 7 is normalized to tha t at 4.2 K, 
and the electron temperature Te is normalized to the 
single electron charging energy Ec • 

350 kfi, and 3.1 MQ. As the quantum re
sistance RQ = h/2e2 = 12.9 kQ, they corre
spond to RT/RQ «3 , 27, and 240. We see 
that similar degree of enhancement is seen in 
all devices including those with Ri >> RQ-
Thus, the prediction based on the higher-
order tunneling fails to explain the experi
ment in the Ry-dependence, and we need an
other explanation for the enhancement. 

Wang and Brataas12 calculated the mag-
netoresistance of a ferromagnetic SET in the 
strong tunneling case where the junction re
sistance is smaller than the quantum resis
tance, and showed that there is a large en
hancement of the TMR in the strong tunnel
ing regime at a very low temperature com
pared with the weak coupling case. The most 
conductive junction we have measured had 
i?T = 27 kfi, which is a little larger than 
RQ. The TMR enhancement of this device 
was similar to those shown in Fig.3. The 
problem how the enhancement behaves in the 
strong tunneling regime is an interesting sub
ject that should be clarified experimentally. 

In conclusion, we have investigated the 
enhancement of TMR of Ni/Co/Ni-SETs 
whose tunnel resistances range from 27 kfi 
to 3.1 MQ. We found that the TMR is en
hanced by a factor of about 10 between 4.2 
K and 25 mK, and the saturation of the en
hancement in SET with Ry » RQ, which is 
expected by the theories based on the higher-
order tunneling, has not been observed. It 
means an unidentified mechanism other than 
the higher-order tunneling is responsible for 
the TMR enhancement. 
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We found that the probe-arrangement greatly affects quantum coherence in mesoscopic samples. The 
present result poses important questions on pictures on quantum decoherence and intrinsic decoherence 
at absolute zero. 

1 Introduction 

Quantum decoherence in solids, which is the 
biggest obstacle for the realization of quan
tum computers, is now one of the most im
portant issues in fundamental physics. Mo-
hanty et al.1 measured temperature depen
dence of phase-coherence time (T^,) of vari
ous systems and alleged that there is intrin
sic decoherence even at absolute zero origi
nated from zero-point fluctuation (ZPF) of 
the electromagnetic environment. This alle
gation opened debate on the origin of deco
herence at the lowest temperatures2. 

In this work, we report an experiment, 
which suggests that the quantum coherence 
in mesoscopic samples strongly depends on 
the measurement configuration. Coherent 
transport in mesoscopic conductors imposed 
us to reconsider the meaning of "probes" 
for the measurements, i.e., in the mesoscopic 
regime, we cannot define distinct bound
ary between sample and probes. Hence the 
Landauer-Biittiker (LB) formalism3 for such 
conductors, in which the probes are equally 
treated, has achieved great success in ana
lyzing experiments4. When analyzing this 
class of mesoscopic transport phenomena, 
one usually assumes T^ to be independent 
of measurement configuration. However, we 
feel that this assumption is not immune to 
scrutiny. For example, Buks et al.5 proved 
that a current that flows close to a quantum 
dot causes decoherence. Similarly if one ex

changes current probes in a mesoscopic sam
ple, that would result in some variations of 
potential fluctuation or shot-noise fluctuation 
and cause some difference in decoherence. 

2 Exper iment 

We prepared an AB ring shown in Fig.l (a) 
by wet-etching a two-dimensional electron 
gas system at an AlGaAs/GaAs heterostruc-
ture with mobility 9x l0 5 cm2/Vs and sheet 
carrier density 3.8X1011 c m - 2 . The elec
tron mean free path (le) ~ 8 /xm is larger 
enough than the length of one arm of the ring 
L ~ 2 /im, ensuring that the motion of elec
trons in the ring is quasi-ballistic. Two sam
ples (#1 and #2) with almost same geometry 
were measured, yielding almost the same re
sults. The probe configuration of the present 
devices allowed us to perform two distinct 
types of measurement. One is a conventional 
four-terminal measurement: electric current 
ii4 is applied between the terminal 1 and 
4, and then the voltage V23 between 2 and 
3 is measured as shown in Fig. 1 (b), giv
ing the resistance #14,23- The other setup 
shown in Fig. 1 (c) is referred as a non-local 
setup henceforth, yielding the signal #12,43 
(current: 1 —• 2, voltage: 4 -> 3). To min
imize the difference due to extrinsic effects 
and instrumental noise, the same instrumen
tal setup was used for both measurements. 

mailto:knsk@issp.u-tokyo.ac.jp
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b Conventional Setup 

Figure 1. (a) Scanning electron micrograph of the AB 
ring. The Au/Ti gates on top of the arms of the AB 
ring were kept open for the experiments discussed in 
this paper, (b) The conventional four-terminal setup 
(current: 1 —• 4, voltage: 2 —> 3). (c) The non-local 
four-terminal setup (current: 1 —> 2, voltage: 4 —> 
3). All the measurements were performed between 
30 mK and 4.2 K using a dilution refrigerator. The 
standard lock-in techniques were used with typically 
In = 3 nA and I12 = 15 nA for the conventional and 
non-local setup, respectively, which we have carefully 
checked to be sufficiently small to be free from any 
heating effect. 

3 Results and Discussions 

The upper part of Fig. 2 (a) shows the con
ventional resistance #14,23 obtained at 30 
mK. The AB oscillation is superposed on the 
magnetoresistance coming from the conduc
tance channels which do not encircle the ring. 
The oscillation period is AB^g = 3.1 ± 0.5 
mT, which agrees with the one expected from 
the ring size. The lower part of Fig. 2 (a) 
shows the extracted AB component (ARAB), 

whose ratio is about two percent of the to
tal resistance of the ring ~ 1 kfl. Fig. 2 
(b) represents the signal #12,43 obtained for 
the non-local setup and its AB component 
ARAB- The AB signal relative to the total 
resistance is greatly enhanced and it averages 
up to 20 % of the total signal with its maxi
mum ~ 75 % at B 0.017 T. Such an AB 

amplitude is the largest among all the AB 
experiments ever reported. 

This unique property of the non-local 
measurement can be explained by the LB for
mula. According to the formula3, #14,23 = 
(/i/2e2)(T2iT34 - T24T31)/D and #12,43 = 
(/i/2e2)(T41T32 -T 4 2 T3i) /D, where Ttj (> 0) 

is a transmission coefficient from terminal 
i to j (i,j = 1...4, i / j) summed over 
the relevant conductive channels and the de
nominator D is a function including all the 
Tij's. To include the AB effect, T^ in a sin
gle conductive channel case can be expressed 
as Tij = ctij + Pij cos(27r$/3>o + A), where 
ctij and 0ij are functions of B, temperature 
T, and electron energy E. The bias volt
age is so small in our case that E can be 
replaced by the Fermi energy Ep. $0 is a 
flux quantum and <£ is magnetic flux sur
rounded by the electron path. A represents a 
geometrical phase difference that an electron 
wave acquires along its path around the ring. 
When there exist multiple conductive chan
nels, T^ should be the sum over the incom
ing and outgoing channels. Combined with 
this expression and the above LB formula for 
#14,23 and #12,43, it can be shown that #12,43 
shows very large AB amplitude. The essence 
is that the term T21T34 in the numerator of 
#14,23 is expected to be large in magnitude 
but contains little AB component, because 
both T21 and T34 are dominated by channels 
which barely enter the ring. By contrast, the 
two terms in the numerator of #12,43 pick up 
the AB component more effectively. Thus, 
#12,43 shows enhanced AB effect even when 
[Pij/oiijl -C 1 for all the Tj/s, while the ra
tio of the AB component relative to the total 
signal in #14,23 remains of the order of this 
small value. More quantitative simulations 
with realistic Ti /s can be performed to see 
such enhanced AB effect. 

We have seen that the non-local measure
ment yields quite different result from the 
conventional one in terms of the relative AB 
component. Still, as shown above, the differ
ence is interpreted within the LB framework. 
However, there is another aspect which seems 
to suggest a fundamental difference between 
the two configurations. Figures 3 (a) and (b) 
show the resistance obtained for the two se
tups, respectively, at different temperatures. 
In Fig. 3 (c), we plot the temperature depen-
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Figure 2. (a) Typical AB oscillation obtained in the 
conventional setup. (Bottom) The AB component 
&R-AB digitally extracted from i?i4,23 by means of 
the Fourier analysis, (b) The counterpart of (a) ob
tained in the non-local setup. 

dence of the FFT intensity of the AB com
ponent derived from #14,23 and #12,43- Each 
of them is normalized to the value at 30 mK, 
which is justified as the total resistances is 
only slightly temperature dependent. Re
markably, the AB oscillation in the non-local 
setup survives at higher temperatures than 
that conventionally obtained. The data can 
be fitted to exp(—aT) with a as a fitting pa
rameter. We obtained a = 0.72 and 1.0 K _ 1 

for the two samples in the non-local config
uration, while a = 2.3 and 2.5 K _ 1 for the 
conventional case. 

There are two main factors that dimin
ish the AB amplitude. One is the thermal 
broadening of the electron wave packets. The 
other is the decoherence which contributes as 
Pij oc exp(-Ti/r^(T)) where TL = L/vj (vf. 
Fermi velocity). Since these effects are pre
sumed to be included commonly in all the 
Tij 's, the temperature dependence of the AB 
amplitude should be the same between both 
measurements as long as the same T^'s in 
the LB formula are adopted in both mea
surements. Because the thermal averaging 
in the ballistic regime is expected to occur 
in the time scale rth ~ h/ksT, TT1 is re
placed by TT1 + T~^~ and this rth would con

tribute to the AB degradation as exp(—bT) 
where b ~ 1 K _ 1 . Our observation, therefore, 
indicates that r^ oc T _ 1 with very different 
coefficients between the two setups. Judging 
from this temperature dependence and the 
fact that the AB effect is observable even at 
4.2 K in the non-local setup, the coherence is 
supposed to survive at higher temperature in 
the non-local setup than in the conventional 
setup. 

Recently, several studies on the deco
herence in the ballistic AB ring were re
ported. Casse et al.6 explained the tem
perature dependence of the AB amplitude 
as due to the thermal averaging. Hansen 
et al.7 showed that the thermal averag
ing alone cannot explain the AB degrada
tion and T^ oc T _ 1 , being consistent with 
our observation. Theoretically, Seelig and 
Biittiker8 proposed that r^ OC T _ 1 due to 
the charge fluctuations caused by a nearby 
capacitor. Here, we propose that, while deco
herence occurs mainly through the electron-
electron interaction in both setups, the ob
served configuration-dependent decoherence 
is due to the difference of the current path 
in the conventional and non-local setups. In 
the former setup, the momentum of the elec
tron is almost conserved in traversing the ring 
from the terminal 1 to 4 since the motion of 
an electron is quasi-ballistic. In the latter 
setup, however, the momenta of the electron 
incoming from 1 and that outgoing from 2 are 
opposite in direction. Possibly, it gives rise 
to the suppression of charge fluctuation in 
the ring, and hence the coherence of electron 
might be preserved in the non-local setup. 

Here two remarks are in order. Our ob
servation of T0 oc T _ 1 , which holds for two 
different setups with different coefficients, is 
not compatible with the "intrinsic decoher
ence" due to ZPF1 . Second, at this moment, 
it is not clear how much current flows around 
the ring in the non-local setup. Although 
no net current flows across the ring, current 
can flow along the conductive channel mu-
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Figure 3. (a) The conventional AB oscillation of the sample # 1 taken at different temperatures. The data at 
T > 100 mK are incrementally shifted upward by 0.02 kfi. (b) The counterpart of (a) for the non-local mea
surement. The data at T > 100 mK are incrementally shifted upward by 0.5 Q. (c) Temperature dependence 
of the FFT intensity of the AB amplitude for the two types of measurement. The results for the two samples 
(sample # 1 and # 2 ) are shown. The solid lines are fitted to the exponential decay function of temperature. 
The inset shows the result up to 4.2 K for the sample # 1 . Consistency between two different samples strongly 
indicates that this observation is not sample-specific but due to the measurement configuration. 

tually between terminals as the LB formula 
presumes. This problem looks as delicate as 
the one about the current in the edge channel 
in the quantum Hall effect. 

4 Conclusion 

Applying the conventional and non-local 
measurements to the AB ring, we have ob
served that the decoherence is dependent on 
the probe configurations. While T^ behaves 
as oc T~x in both setups, coherence survives 
at higher temperature in the non-local setup. 
We propose that the finite current across the 
ring may cause significant decoherence in the 
conventional setup. Our observation also in
dicates that the existence of intrinsic decoher
ence still disputable. The above result is not 
at all inconsistent with the LB formula, which 
has been successfully applied widely, but sug
gests that coherence is dependent on how we 
measure, the point that has been overlooked 
thus far. 
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B-factory experiments in search for CP violation in neutral B-meson decays and long baseline neutrino 
oscillation experiments are among the most important particle physics experiments either ongoing or 
in preparation. Quantum-mechanical oscillation phenomena play the central role in these experi
ments. Very recently, large CP violation has been discovered in neutral B-meson decays by the Belle 
experiment at KEK and the BaBar experiment at SLAC. The first long baseline neutrino oscillation 
experiment, K2K, is being conducted between KEK and Super-Kamiokande at Kamioka over a dis
tance of 250 km. Preliminary results are in favor of muon-neutrino oscillation. This article focuses on 
the experiments in Japan, Belle and K2K. 

1 Introduction 

The most popular and extensively studied 
quantum-mechanical oscillation phenomenon 
in particle physics has been K°-K° oscilla
tion. It should also be noted that CP vio
lation was first discovered in decays of long-
lived neutral K mesons, and until very re
cently it has been observed only in these 
decays. Recently, however, high-luminosity 
e+e~ colliders called B factories enabled par
ticle physicists to explore B°-B° oscillation 
in detail and to search for CP violation in 
neutral B-meson decays. 

Within the framework of the standard 
model, CP violation in the quark sector 
is explained by the three-generation quark 
mixing represented by the CKM (Cabibbo-
Kobayashi-Maskawa) matrix. The CKM ma
trix is a 3 x 3 unitary matrix parametrized by 
the three mixing angles and a CP-violating 
phase. The current knowledge of the CKM 
matrix predicts large CP-violation effects in 
B-meson decays. The primary purpose of 
the B-factory experiments is to explore them 
precisely and to investigate if the standard 
model reasonably accounts for the results, or 
physics beyond the standard model should be 
invoked. 

Figure 1. Schematic of the KEK-B asymmetric e+e~ 
collider. Electrons and positrons collide only at the 
Tsukuba area where the Belle detector is located. 

Recently, the Belle experiment1 at KEK 
and the BaBar experiment2 at SLAC have 
reported the discovery of large CP violation 
in neutral B-meson decays. In this paper, 
the Belle experiment and its CP results are 
presented in section 2. 

In the lepton sector, compelling evi
dences for neutrino oscillation, and, there
fore, finite neutrino mass have been obtained 
recently in atmospheric-neutrino and solar-
neutrino observations. In general, the three-
generation neutrino mixing is represented 
by the MNS (Maki-Nakagawa-Sakata) ma-

mailto:kenzo.nakamura@kek.jp
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Figure 2. Cutaway view of the Belle detector. 

trix which has the same parametrization as 
the CKM matrix. However, as Am2 relevant 
to the solar-neutrino oscillation (< 2 x 10~4 

eV2) is much smaller than Am2 relevant to 
the atmospheric-neutrino oscillation (~ 3 x 
10~3 eV2), these oscillations are decoupled 
and experimental results can be analyzed in 
terms of two-neutrino oscillations. (Note, 
however, that CP violation is a genuine three-
generation phenomenon: there is no CP vio
lation for two-neutrino oscillations.) 

The evidence of atmospheric-neutrino os
cillation obtained by the Super-Kamiokande 
experiment3 indicates v^ —> vT oscilla
tion. This oscillation mode can be investi
gated with better precision using accelerator-
produced muon-neutrino beam with energy 
E„ of order GeV and a baseline length of L ~ 
several hundred km, since the best sensitivity 
to Am2 is given by Am2 (eV2) ~ E (GeV)/L 
(km). 

The K2K (KEK-to-Kamioka) experi
ment4 is the first accelerator long baseline 
neutrino-oscillation experiment. Its primary 
purpose is to confirm the muon-neutrino os
cillation found by Super-Kamiokande3 and 
to determine the oscillation parameters 

with better accuracy. In section 3, the 
K2K experiment and its preliminary re
sults are described. Other long base
line neutrino-oscillation experiments, MI
NOS and OPERA, are under preparation in 
United States (Fermilab to Soudan mine) and 
in Europe (CERN to Gran Sasso in Italy), re
spectively, but they are expected to turn on 
in 2005. 

2 CP Violation in B-Meson Decays 

The best strategy for the B-factory experi
ments to discover CP violation in the B° de
cays has been considered to utilize the de
cay into J/tjjKg, J/ipKl, and similar states, 
which are CP eigenstates. If an initially 
pure B° is produced, it mixes with a B° 
through the second-order weak interactions, 
causing B°-B° oscillation. CP violation 
arises due to the quantum-mechanical inter
ference of the two amplitudes correspond
ing to the B° -» / and B° -> / de
cays to the same CP eigenstate / . Time-
dependent CP-violating asymmetry A(t) = 

£ ( I £ / j + ? ( f c / j = -£/sin20isinAmt is the 
relevant quantity to be measured, since the 
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time-integrated rates are the same for B° —> 
/ and B° —> / and do not show CP violation. 
Here, T is a decay rate at a proper time t af
ter production, £f is the CP eigenvalue of / , 
Am is the mass difference between the two 
B° mass eigenstates. A(t) is proportional to 
sin 2< î, where the angle 4>\ is a measure of 
the magnitude of CP violation. The problem 
is how to prepare the initially pure B° and 
B°. 

In the Belle Experiment, B°-B° pairs are 
obtained as the decay products of T(4S)'s. 
Since the pair is born with a constraint of the 
T(4S) quantum numbers, Jpc = 1 , the 
B°-B° state evolves coherently until one of 
the mesons decays. If the flavor of the meson 
that decayed at time t\ can be tagged, the 
other meson's flavor can be known at t\. In 
this way, a pure B° or B° can be prepared 
at time ti. Suppose that the prepared meson 
of known flavor decayed at time t^. Now, 
the time-dependent CP-violating asymmetry 
4̂(*2 ~h) should be measured. This method, 

therefore, requires measurement of At = t? — 

If T(4S)'s are produced at a symmetric 
e+e~ collider, they are produced at rest. In 
this case the B mesons from T(4S) decay 
can travel only 30 /an on average. This is 
too short a distance to measure with elec
tronic detectors. The solution is an asym
metric collider of 3.5 GeV e+ and 8.0 GeV e~ 
beams. This collider is called KEK-B (Fig. 
1). T(4S)'s produced at KEK-B is moving 
in the direction of the e~ beam. The decay 
B mesons are boosted in the same direction, 
and travel distances measurable with a sili
con vertex detector. The B° and B° mesons 
are nearly at rest in the T(4S) center-of-mass 
system. Therefore, At can be determined 
from the spatial separation of the two decay 
vertices. Figure 2 schematically shows the 
Belle detector. It has a silicon vertex detec
tor (SVD) as the innermost component. 

Recently, the Belle Collabora
tion reported1 the result with an integrated 
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Figure 3. At distributions for the events with q£f = 
+ 1 (filled points) and q£f — — 1 (open points). The 
results of the global fits with sin20i = 0.99 are shown 
as solid and dashed curves, respectively. 
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Figure 4. (a) The asymmetry obtained from separate 
fits to each At bin for the full data sample. The 
curve is the result of the global fit. The corresponding 
plots for the (b) (ccKs ( ^ = - 1 ) , (c) J/ipKL ( ^ = 
— 1), and (d) B° control samples are also shown. The 
curves are the results of the fits applied separately to 
the individual data samples. 
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Figure 5. Layout of the KEK neutrino beam line. An insert shows the locations of KEK at Tsukuba and 
Super-Kamiokande at Kamioka. 

liminosity of 29.1 fb_ 1 . We do not discuss 
details of the event reconstruction and event 
selection here. The interested readers are ref-
ered to Ref.1 Figure 3 shows the At distri
butions for the events with q^f = +1 and 
q£f = —1. Here, q = +1 (-1) is assigned for 
the events with the tag-side meson being 5 ° 
{B°). Without CP violation these two dis
tributions should be the same. These results 
clearly show CP violation. Figure 4 shows the 
asymmetry A(t) for (a) the combined data 
sample, (b) {ccKs (£/ = - 1 ) , (c) J/il)KL 

(t;f = —1), and (d) non-CP eigenstate control 
samples. From these data the Belle Collab
oration obtained sin 2(f>i — 0.99 ± 0.14(stat) 
±0.06(sys), concluding that there is a large 
CP violation in the neutral B-meson system. 
A competing experiment, BaBar, at SLAC 
also reported2 sin 2r>i = 0.59 ± 0.14(stat) 
±0.05(sys). 

The Belle1 and BaBar2 results are consis
tent to within the experimental uncertainties 

and established large CP violation in neutral 
.B-meson decays. 

3 Long Baseline Neutrino 
Oscillation 

K2K, the first long baseline neutrino-
oscillation experiment4 with a baseline dis
tance of hundreds of kilometers aims at con
firming neutrino oscillation v^ —> ux, in the 
Am2 range of 10~2 ~ 10~3 eV2, suggested by 
Super-Kamiokande in the atmospheric neu
trino observations.3 vx may be vT or vs. (ys is 
a sterile neutrino. The Super-Kamiokande's 
atmospheric-neutrino observation, however, 
disfavors5 v^ —> us.) 

Figure 5 shows a layout of the KEK neu
trino beam line and the locations of KEK 
and Super-Kamiokande. A muon-neutrino 
beam with an average energy of 1.3 GeV 
is produced by the KEK 12-GeV proton 
synchrotron and shot to Super-Kamiokande 
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Figure 6. The four panels on the left show the "oscillated/non-oscillated spectrum ratio" expected to be 
observed in Super-Kamiokande for the oscillation parameters indicated in the individual panels. These are 
the results of the simulation study assuming 1020 12-GeV protons impinging on the pion production target. 
Single-ring /j-like events are selected and the neutrino energy is reconstructed by assuming quasi-elastic (QE) 
scattering. Because of the non-QE background, the ratio does not reach 0 where the oscillation causes the 
maximum effect. Nevertheless, for Am2 > 0.0028 eV2 , a dip is clearly seen at the expected neutrino energy 
where the survival probability becomes 0. Each of the four panels on the right shows the survival probability 
which is calculated by assuming the same neutrino-oscillation parameters as used for the corresponding panel 
on the left. 

which is located ~ 1000 m underground in 
the Kamioka mine in Gifu Prefecture, about 
250 km west to KEK. In the K2K Experi
ment, fM —> vT is studied only in the disap
pearance mode because of the r production 
threshold (~ 4 GeV). 

The expected signal of neutrino oscilla
tion is the reduction of the muon-neutrino 
flux, namely, N0t,s/Nexp < 1 where JVobs 

is the number of muon-neutrino events ob
served in Super-Kamiokande, while -/Vexp is 
that expected for no neutrino oscillation. 
./Vexp should be determined from the neutrino 
flux measured by the near detector located at 
about 300 m from the production target. An
other method is a comparison of the neutrino 
energy spectrum measured by the near detec
tor and that measured by the far detector. 
The latter method has a better sensitivity to 
the neutrino oscillation. 

The goal of the experiment is to observe 
~ 200 charged-current events (in the case of 

no neutrino oscillation) in the 22000-ton fidu
cial volume of Super-Kamiokande with 102° 
protons on the production target. Figure 6 
shows some results of simulation studies of 
what is expected with this statistics. 

The experiment started in June 1999. 
Up to April, 2001, 44 charged-current 
events, time-correlated with the KEK neu
trino beam, were detected. This is compared 
to 63.9^6'g events expected for no neutrino 
oscillation. The probability of observing 44 
events or less as a result of the statistical fluc
tuation of the expected 63.9lgg events is less 
than 3%. These 44 events are further classi
fied into 1-ring \x- and e-like events and mul-
tiring events. The results are listed in Table 
1 and compared with the expected number of 
events with hypotheses of no neutrino oscilla
tion and neutrino oscillation with Am2 = 3, 
5, and 7 x l0~ 3 eV2 and sin2 26» = 1. As can 
be seen from this table, the observed results 
are consistent with Am2 = 3 x 10~3 eV2. 
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Table 1. K2K results up to the end of April, 2001. The observed number of events fully contained in the 
Super-Kamiokande's fiducial volume are compared with the expected number of events with hypotheses of no 
neutrino oscillation and neutrino oscillation with Am 2 = 3, 5, and 7 x l O - 3 eV2 and sin2 29 = 1. The fully 
contained events are classified into the 1-ring events (third row) and the multiring events (sixth row). The 
1-ring events are further classified into the /i-like events (fourth row) and the e-like events (fifth row). The 
uncertainties associated with the expected number of events are given only for the case of no oscillation. 

Event Type 

FC (22.5 kt) 

1-ring 

/x-like 

e-like 

multiring 

Observed 

number 

of events 

44 

26 

24 

2 

18 

Expected number of events 

No oscillation 

63.9±g;J 

38.4 ± 5.5 

34.9 ± 5.5 

3.5 ±1 .4 

25.5 ± 4 . 3 

Am2 (eV2) 

3 x l ( T 3 

41.5 

22.3 

19.3 

2.9 

19.3 

5 x lO" 3 

27.4 

14.1 

11.6 

2.5 

13.3 

7 xlO" 3 

23.1 

13.1 

10.7 

2.4 

10.0 

P r e l i m i n a r y (Sys temat i c 

errors need to be estimated) 

t tTL 
0 1 2 3 4 5 

Reconstructed Neutrino Energy (GeV) 

Figure 7. The reconstructed energy distribution ob
tained from the 24 fully-contained 1-ring jj-like events 
which were observed in the Super-Kamiokande's 22.5 
kton fiducial volume in time correlation with the 
KEK neutrino beam. The bin size is 0.5 GeV except 
for the highest energy bin where the 2.5 < E„ < 5 
GeV interval is shown as one bin. The histogram 
shows the expected v^ energy spectrum for the case 
of no neutrino oscillation, normalized to the expected 
number of events (34.9). The systematic errors asso
ciated with this spectrum have yet to be estimated. 

Figure 7 shows a preliminary result of 
the spectrum comparison. Though the sys
tematic errors associated with the spectrum 
measured by the near detector should be es
timated yet, the observed number of events 
in the 0.5 - 1 GeV bin is much less than the 
expected number for no neutrino oscillation. 
For Am2 = 3 x 10~3 eV2, the oscillation min
imum is expected at ~ 0.6 GeV. Therefore, 
the preliminary spectrum data are also con
sistent with Am2 = 3 x 10~3 eV2. 

To conclude this section, the preliminary 
K2K results are in favor of muon-neutrino 
oscillation, and consistent with the Super-
Kamiokande's atmospheric neutrino observa
tion. 
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Quantized magnetic vortices inside high-Tc superconductors were observed using the phase shift of electron 
waves passing through the vortex magnetic fields with our recently developed 1-MV field-emission electron 
microscope, which has the brightest electron beam yet attained. We were able to investigate the microscopic 
pinning mechanism of columnar defects, which are produced by irradiation of high-energy [heavy ions] and are 
regarded as one of the most effective pinning centers in high-T. superconnductors. In particular, we determined 
under which conditions individual vortex lines are trapped along tilted columnar defects in Bi-2212 thin films, 
which results in a strong pinning effect. 

1. Introduction 

When a magnetic field is applied to a 
type-II superconductor, magnetic flux 
penetrates the superconductor in the form of 
thin filaments. These filaments are called 
"vortices", because the magnetic flux is formed 
by a vortex supercurrent. These vortices hold 
the key to the practical application of 
superconductors as electrical conductors. This 
is because they begin to move when a current is 
applied due to the Lorentz force exerted on 
them by the current, eventually breaking down 
the superconductivity. Therefore, a 
dissipation-free current cannot be obtained 
unless the vortices are somehow pinned. 

Although extensive efforts have been 
made, mainly by trial and error, to develop 
practical superconducting materials with large 
critical currents, the microscopic mechanism of 
vortex pinning has not yet been fully explained, 
as vortices and pinning centers are both too tiny 
to be observed direcdy. Techniques using the 
Bitter method", scanning tunneling microscopy 
(STM)2', tiny Hall devices3', and tiny SQUIDs4), 
and other methods have been developed to 
observe individual vortices, but these 
techniques detect only vortices near the surface 
of a superconductor, not those inside the 
superconductors. 

We have long attempted to directly and 
dynamically observe both individual vortices 
and pinning centers inside superconductors by 
using electron microscopes. In 1989, the 
magnetic lines of force of vortices leaking from 
the surface of a superconducting lead film were 

observed' in the form of holographic 
interference electron micrographs6'. This 
method allows us to observe the magnetic lines 
of force but not the material defects. 

With a new transmission method using 
Lorentz microscopy, individual vortices and 
also defects in niobium thin films were 
observed in an out-of-focus image". With this 
method, the microscopic vortex pinning 
phenomena, which determine the critical 
current of superconductors, were directly 
observed through a microscope. The high 
penetration power and the high brightness of 
the electron beam of our recently developed 
1-MV field-emission electron microscope8' have 
enabled us to observe vortices even inside 
high-Tc superconductors9'. 

2. Experimental Apparatus 

Electric or magnetic fields localized in a 
microscopic region present phase objects to an 
illuminating electron beam. These phase objects 
cannot be observed as in-focus electron 
micrographs but can be observed as holographic 
interference micrographs or Lorentz 
micrographs. However, since weak phase 
objects such as superconducting vortices can be 
observed only by using a highly collimated 
electron beam, we have continued to develop 
brighter electron beams which enable a 
collimated illumination. In fact, every time we 
obtained a brighter beam, new possibilities 
opened up. With our 200-kV microscope we 
can measure an electron phase shift as small as 
1% of the electron wavelength,10' enabling us to 

http://co.jp
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carry out experiments on 
quantum-mechanical phenomena such as the 
single-electron build-up of an interference 
pattern111 and the Aharonov-Bohm (AB) effect12 

3' 14). With our 300-kV microscope, we can 
directly observe the dynamics of vortices in 
superconductors.7' 

Our next challenge is to clarify the 
unusual behaviors of vortices which reflect the 
effect of the layered structure in high-Tc 

superconductors. Although the practical use of 
high-Tc superconductors is expected to change 
our world drastically, progress, though steady, 
has been slow, because the vortices are very 
easily moved. For these vortices to be directly 
observable with our new transmission method, 
the film has to be ten times thicker because the 
magnetic radius of vortices, or the penetration 
depth, in high-Tc superconductors is ten times 
larger than in Nb film. Since we are unable to 
observe such a thick film with our 300-kV 
microscope, we developed a 1-MV 
field-emission microscope8'. 

The microscope, schematically illustrated 
in Fig. 1, is divided into three parts in order to 
minimize the vibration of the microscope 
column as well as to greatly stabilize the high 
voltage. The 1-MV high voltage is produced by 
a Cockcroft-Walton generator using an upright 
tank. This high voltage is transmitted through a 
cable to a middle tank, where electrical systems 
are installed to control the field-emission gun. 
The effects of the AC ripples of these power 
supplies are completely confined within their 
own tanks, and the ripple values are greatly 
reduced during transmission through the cables. 

This three-tank system is indispensable 
from the standpoint of a 
mechanical-vibration-free system in which the 
tiny electron source (50 A in diameter) does not 
move relative to the microscope column even 
by only a fraction of its diameter The 
developed microscope has the highest beam 
brightness, 2 X 1010A / cm2, and the shortest 
lattice resolution, below 0.5 A, yet obtained. 

High voltage generator tank 

FE-controI tank 
Lens controller 

Electron gun & Accelerator tube 

Column cuiitrollt-r 

Operation room 

Column 

Figure 1.1-MV holography electron microscope. 
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3. Experimental Method 

3.1 Lorentz microscopy 

A schematic of the experimental 
arrangement for the Lorentz microscopy is 
shown in Fig. 2. A film sample, 4000 A thick, 
was prepared by cleaving a single crystal of 
Bi-2212 (transition temperature Tc = 85 K). A 
magnetic field of up to 100 Oe was applied to 
the film, and a collimated electron beam was 
applied incident to the film, which was tilted at 
30°. We observed the vortices as defocused 
Lorentz micrographs. The electrons transmitted 
through the film were phase-shifted due to the 
AB effect of the vortex magnetic field, so they 
contained information about the spatial 
distribution of the magnetic flux, mainly inside 
the film. This phase distribution was 
transformed into an intensity distribution by 
image defocusing, so the magnetic flux 
distribution, i.e., the vortex-line arrangement, 
inside the film could be determined from 
Lorentz micrographs taken at appropriate 
defocusing distances. 

Electron beam 

Figure 2. Experimental set-up for Lorentz microscopy of 
vortices in superconducting thin film with tilted 
columnar defects. Some vortex lines are trapped 
at columns, while others penetrate the film 
perpendicularly. A collimated electron beam was 
applied incident to the film, which was tilted at 
30°. The phase distribution of the transmitted 
beam reflected the vortex magnetic field inside 
the film, so the Lorentz image of a vortex, i.e., the 
coherently defocused image, differed depending 
on whether it was perpendicular or tilted. 

3.2 Columnar defects 

We irradiated the sample with parallel 
240-MeV Au15* ions to produce tilted columnar 
defects at 70°. Such columnar defects are one 
of the most effective pinning centers in high-Tc 

layered superconductors. A vortex line in such 
superconductors tends to split into vortex 
"pancakes" in each layer, and these pancakes 
move around, especially at high temperatures 
and in high magnetic fields. Columnar defect 
can trap even such vortex lines. 

However, the trapping of a vortex line at a 
columnar defect had never been directly 
observed because previous method detects only 
vortices near the superconductor surfaces. We 
therefore attempted to distinguish between 
vortex lines trapped at columnar defects and 
those untrapped, since different Lorentz images 
should be formed if the distributions of vortex 
magnetic flux differ. 

4. Experimental Results 

4.1 Trapped vortices 

Fig. 3 shows a Lorentz micrograph of 
vortices in a Bi-2212 thin film when a magnetic 
field was applied in the direction of tilted 
columnar defects. The tiny spots, each 
consisting of bright and dark contrasting 
features, are images of the vortices. Careful 
examination shows that some are circular 
images and the others, indicated by arrows, are 
elongated images with weaker contrast. 

By using image simulation investigating 
the correspondence of the vortex images to the 
column images, we found that the circular 
images indicate vortex lines penetrating the film 
perpendicularly to the film plane and that the 
elongated images indicate vortex lines trapped 
along the tilted columnar defects. The origin of 
these images is explained by comparing an 
electron micrograph and Lorentz micrograph in 
Fig. 4. The tiny thin lines, 100 A thick and 1 urn 
long in the electron micrograph (Fig. 4(a)) 
indicate projected images of tilted columnar 
defects. When these images were defocused, the 
column images became blurred and, eventually, 
they disappeared completely by spreading out. 
However, when they were defocused even 
further, new images appeared, as shown in the 
Lorentz micrograph (Fig. 4(b)). They are the 
vortex images. The reason the vortex images 
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appeared when the images were defocused is 
that the images were produced by the phase 
contrast. The elongated images indicated by the 
arrows correspond to vortex lines trapped at 
tilted columnar defects, since they appear 
exactly at the columnar defects. The circular 
images appeared in regions without columnar 
defects. 

We then investigated whether vortex lines 
remained trapped along columnar defects, even 
when the magnetic field direction was very 
different from that of the columns. When the 
magnetic-field directions were 6 = 0°, and ±70° 
(columnar defect direction: d, = 70°), all the 
vortex lines were found to remain trapped along 
columns at T> 19 K. 
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Figure 3. Lorentz micrograph of vortices in Bi-2212 thin film with columnar defects tilted at 70°. Tiny spots are images of 
vortices. Careful examination shows that some are circular images and the others are elongated images with weaker 
contrast. 
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Figure 4. Comparison of vortices in Bi-2212 thin film, and an in-focus image of columnar defects: 
(a) electron micrograph, (b) Lorentz micrograph. Due to the low density of columnar defects, some vortices were trapped at 
columnar defects The images of untapped vortex lines perpendicular to the film plane art circular spots having bright and 
dark regions. Vortex images located at columnar defects are elongated spots (indicated by arrows) with lower contrast, since 
these vortex line; were trapped at columnar defects tilted by 70°, as illustrated in Fig. 2. 



251 

4.2 Temperature dependence of vortex-line 
arrangement 

When T was increased above 19K, 
field-cooled vortex lines were found to be 
trapped at tilted columnar defects, regardless of 
the direction of the applied magnetic field. 
When T was decreased to 12-14 K, we found to 
our surprise that the vortices trapped at the 
columnar defects began to stand up 
perpendicularly to the film plane, one after 
another. We also found that this change was not 
reversible; instead, hysteresis was observed 
when increasing and decreasing the 
temperature: when T was increased, the 
perpendicular vortices at 7 K did not begin to 
tilt at 12-14 K, but at 15-19 K. These transition 
temperatures were rather scattered for different 
trapped vortex lines. 

To investigate the reason why vortex lines 
stand up perpendicularly to the film plane, we 
observed the vortex movements at various 
temperatures. We found that the movements 
varied with the sample temperature. At T = 1 K, 
the vortices were strongly pinned by the 
background pinning. When a strong driving 
force was applied to them by changing the 
value of H, the vortices migrated very slowly. 
All the vortices moved slowly and uniformly as 
if there were no columnar defects. 

The migration speed increased with T. 
Above 16 K, some vortices began to be trapped 
at defects, while others migrated by passing 
around the trapped vortices. The migrating 
vortices sometimes stopped at defects. Then 
after a while they began to migrate again. When 
T was increased above 25 K, the vortices began 
to be trapped at specific points. By comparing 
the vortex images and in-focus images, we 
found that these points were located at 
columnar defects. When a stronger driving 
force was applied, these trapped vortices were 
depinned from the columns and began hopping. 

5. Discussion 

The observed static and dynamic 
characteristics of vortices in Bi-2212 thin films 
with columnar defects can be consistently 
interpreted as follows. Above 25 K, 
columnar-defect pinning dominates, so even 
when a magnetic field is applied from any 
direction, the vortex lines are firmly trapped, 
even along greatly tilted columns. When a 

driving force is applied to such vortices, they 
hop from one defect to another. When T is 
decreased below 25 K, the hopping movement 
gradually changes to migration movement, 
since the background collective-pinning due to 
more abundant atomic-size defects of other 
types (for example, oxygen defects) increases 
relative to the columnar-defect pinning. Here, 
the vortices, when driven, intermittendy stop 
and migrate. Since the migration speed 
increases with the rise in T, the migration is 
thought to be caused by thermally activated 
depinning of a vortex line from many 
atomic-size defects, one by one. The trapped 
vortex lines are tilted along columns. When T is 
decreased below 12 K, the trapped vortex lines 
begin to stand up perpendicularly to the film 
plane, just like untrapped vortices. At around 7 
K, all the vortices migrate or drift slowly, as if 
they were moving in a viscous medium 
containing no pinning centers, because the 
pinning of columnar defects is almost 
completely hidden by the background pinning, 
though there are still some exceptional vortices 
strongly trapped at multiple defects. 

The behavior of vortices in Bi-2212 thin 
films was thus microscopically clarified by 
direct observation. 
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PRECISION OPTICAL FREQUENCY METROLOGY USING P U L S E D 
LASERS 
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Femtosecond laser frequency comb techniques are vastly simplifying the art of measuring the frequency 
of light. A single mode-locked femtosecond laser is now sufficient to synthesize hundreds of thousands 
of evenly spaced spectral lines, spanning much of the visible and near infrared region. The mode 
frequencies are absolutely known in terms of the pulse repetition rate and the carrier-envelope phase 
slippage rate, which are both accessible to radio frequency counters. Such a universal optical fre
quency comb synthesizer can serve as a clockwork in atomic clocks, based on atoms, ions or molecules 
oscillating at optical frequencies. 

1 Introduction 

For more than a century, precise optical spec
troscopy of atoms and molecules has played 
a central role in the discovery of the laws 
of quantum physics, in the determination of 
fundamental constants, and in the realization 
of standards for time, frequency, and length. 
The advent of highly monochromatic tunable 
lasers and techniques for non-linear Doppler-
free spectroscopy in the early seventies had 
a dramatic impact on the field of precision 
spectroscopy1'2. Today, we are able to ob
serve extremely narrow optical resonances in 
cold atoms or single trapped ions, with reso
lutions ranging from 10~13 to 10 - 1 5 , so that 
it might ultimately become possible to mea
sure the line center of such a resonance to a 
few parts in 1018. Laboratory experiments 
searching for slow changes of fundamental 
constants would then reach unprecedented 
sensitivity. A laser locked to a narrow optical 
resonance can serve as a highly stable oscilla
tor for an all-optical atomic clock3 that can 
satisfy the growing demands of optical fre
quency metrology, fiber optical telecommu
nication, or navigation. However, until re
cently there was no reliable optical "clock
work" available that could count optical fre
quencies of hundreds of THz. Most spectro
scopic experiments still rely on a measure
ment of optical wavelengths rather than fre

quencies. Unavoidable geometric wavefront 
distortions have so far made it impossible to 
exceed an accuracy of a few parts in 1010 

with a laboratory-sized wavelength interfero
meter. To measure optical frequencies, only 
a few harmonic laser frequency chains have 
been built during the past 30 years which 
start with a cesium atomic clock and gener
ate higher and higher harmonics in non-linear 
diode mixers, crystals, and other non-linear 
devices5'6'7'8. Phase-locked transfer oscilla
tors are needed after each step, so that such 
a chain traversing a vast region of the electro
magnetic spectrum becomes highly complex, 
large, and delicate, and requires substantial 
resources and heroic efforts to build and op
erate. Most harmonic laser frequency chains 
are designed to measure just one single opti
cal frequency. 

In 1998, our laboratory has introduced a 
revolutionary new approach that vastly sim
plifies optical frequency measurements. We 
could demonstrate that the broad comb of 
modes of a mode-locked femtosecond laser 
can be used as a precise ruler in frequency 
space9'10. This work has now culminated 
in a compact and reliable all-solid-state fre
quency "chain" which is actually not really 
a chain any more but requires just a single 
mode-locked laser11 '12 '13 '14 '3. As a univer
sal optical frequency comb synthesizer it pro
vides the long missing simple link between 
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optical and microwave frequencies. For the 
first time, small scale spectroscopy laborato
ries have now access to the ability to mea
sure or synthesize any optical frequency with 
extreme precision. Femtosecond frequency 
comb techniques have since begun to rapidly 
gain widespread use, with precision measure
ments in Cs9, Ca15-16'4, CH4

4, H17, Hg+15>4, 

l2i2,i8,4,i9j Yb+4-20, Sr+4 and In+21 '4. 

The same femtosecond frequency comb 
techniques are also opening new frontiers in 
ultrafast physics. Control of the phase evo
lution of few cycle light pulses, as recently 
demonstrated13'22, provides a powerful new 
tool for the study of highly non-linear phe
nomena that should depend on the phase 
of the carrier wave relative to the pulse en
velope, such as above threshold ionization, 
strong field photoemission, or the generation 
of soft x-ray attosecond pulses by high har
monic generation. 

In the first experiment of its kind, we 
have applied the frequency comb of a mode-
locked femtosecond laser to measure the fre
quency of the cesium Di line9 that pro
vides an important link for a new determi
nation of the fine structure constant23 a. 
More recently, we have measured the abso
lute frequency of the hydrogen 1S-2S two-
photon resonance in a direct comparison with 
a cesium atomic fountain clock to within 
1.9 parts in 1014, thus realizing one of the 
most accurate measurement of an optical fre
quency to date15 '4. During the past few 
years, precision spectroscopy of hydrogen has 
yielded a value for the Rydberg constant that 
is now one of the most accurately known fun
damental constant24. 

2 Optical Frequency Differences 

While it has been extremely difficult in the 
past to measure an absolute optical fre
quency, a small frequency difference or gap 
between two laser frequencies can be mea
sured father simply by superimposing the two 

laser beams on a photodetector and monitor
ing a beat signal. The first experiments of 
this kind date back to the advent of cw He-
Ne-lasers in the early sixties25. Modern com
mercial fast photodiodes and microwave fre
quency counters make it possible to directly 
count frequency differences up to the order 
of 100 GHz. Since the gap between the high 
frequency endpoint of a traditional harmonic 
laser frequency chain and an unknown optical 
frequency can easily amount to tens or hun
dreds of THz, there has long been a strong in
terest in methods for measuring much larger 
optical frequency differences. 

Motivated by such problems in precision 
spectroscopy of atomic hydrogen, we have 
previously introduced a general, although 
perhaps not very elegant solution for the 
measurement of large optical frequency gaps 
with the invention of the optical frequency in
terval divider (OFID) which can divide an ar
bitrarily large frequency difference by a factor 
of precisely two26 '27. An OFID receives two 
input laser frequencies /1 and / 2 . The sum 
frequency /1 + fv and the second harmonic 
of a third laser 2/3 are created in non-linear 
crystals. The radio frequency beat signal be
tween them at 2/3 — (/1-I-/2) is used to phase-
lock the third laser at the exact midpoint. 
With a divider chain of n cascaded OFIDs, 
the original frequency gap can be divided by 
a factor of 2n . To measure an absolute optical 
frequency rather than a frequency gap the de
termination of the interval between the laser 
frequency / and its own second harmonic 2 / 
was suggested26: / = 2 / — / . 

Frequency intervals up to several THz 
can also be measured with passive optical fre
quency comb generators28 '29. These devices 
where then proposed to significantly shorten 
an OFID chain of the 2 / - / type3 0 . 

3 Femtosecond Light Pulses 

The periodic pulse train of a mode-locked 
laser can be described in the frequency do-
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Figure 1. Two consecutive pulses of the pulse train 
emitted by a mode locked laser and the correspon
ding spectrum (right). The pulse to pulse phase shift 
A<f results in a frequency offset because the carrier 
wave at fc moves with the phase velocity vp while 
the envelope moves with the group velocity vg. 

main as a comb of equidistant modes, so that 
such a laser can serve as an active OFCG. 
More than twenty years ago, the frequency 
comb of a mode-locked picosecond dye laser 
has first been used as an optical ruler to mea
sure the sodium 4d fine structure splitting31. 
This route was further pursued in the sev
enties and eighties32'33, but the attainable 
bandwidths were never sufficiently large to 
make it a widespread technique for optical 
frequency metrology. Broadband femtosec
ond Ti:sapphire lasers have existed since the 
beginning of the nineties. Our experiments 
at Garching10'14 as well as recent experiments 
at NIST35 have shown conclusively, that such 
lasers can play a crucial role in this field. 

To understand the mode structure of a fs 
frequency comb and the techniques applied 
for its stabilization one can look at the ide
alized case of a pulse circulating in a laser 
cavity with length L as a carrier wave at fc 

and an envelope function A(t). This func
tion defines the pulse repetition time T, and 
the pulse repetition frequency fr = T'1 by 
demanding A(t - T) = A(t) where T = 
2L/vg with cavity mean group velocity vg 

(see Fig. 1). Assuming the periodicity of the 
envelope function the electric field at a given 
place (e.g. at the output coupler) can be writ

ten as 

E{t) = Re(A(t)e-2*f<) 

= Re(^2Aqe-2<f'+9fA (1) 

where Aq are Fourier components of A(t). 
This equation shows that the resulting spec
trum consists of a comb of laser modes that 
are separated by the pulse repetition fre
quency. Since fc is not necessarily an inte
ger multiple of fr the modes are shifted from 
being exact harmonics of the pulse repetition 
frequency by an offset that is chosen to be 
smaller than /,.: 

fn = nfr + f0 n = a large integer (2) 

This equation maps two radio frequencies 
fr and f0 onto the optical frequencies / „ . 
While fr is readily measurable, it is not easy 
to access f0 unless the frequency comb con
tains more than an optical octave34. In the 
time domain the frequency offset is obvious 
because the group velocity differs from the 
phase velocity inside the cavity and therefore 
the carrier wave does not repeat itself after 
one round trip but appears phase shifted by 
Aip as shown in Fig. 1. The offset frequency 
is then calculated from /„ = A(p/2irT36'34. 
Note that .such a fs frequency comb has two 
free parameters which are the repetition fre
quency fr and the offset frequency f0 < fr-
Depending on the application one or both of 
them may be phase locked. 

4 Femtosecond Combs as 
Frequency Rulers 

At the high peak intensities of femtosec
ond laser pulses non-linear effects due to the 
X^3' non-linear susceptibility are consider
able even in standard silica fibers. The out
put spectrum of a femtosecond laser can be 
broadened significantly via self phase modu
lation in an optical fiber. Provided the fiber 
action is the same for every pulse, we ex
pect the above argument that led to the mode 
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structure to remain valid for the broadened 
frequency comb. To test this property we 
have used used an OFID and locked the two 
input lasers, separated by as much as 44 THz, 
to modes that where created by the fiber. We 
then measured a beat note between the out
put of the OFID at the average of the in
put frequencies and a nearby mode of the 
comb and found37 that the modes are equally 
spaced at the level of a few parts in 1018. 
Note that the coherence between the pulses 
is obviously preserved. 

For most applications it is desirable to 
phase-lock both of the comb's degrees of free
dom simultaneously. A piezo driven folding 
mirror changes the cavity length and leaves 
Aifi approximately constant as the additional 
path in air has a negligible dispersion. A 
mode-locked laser that uses two intracavity 
prisms to produce the negative group velocity 
dispersion (d2ui/dk2) necessary for Kerr-lens 
mode-locking provides us with a means for in
dependently controlling the pulse repetition 
rate. We use a second piezo-transducer to 
slightly tilt the mirror34 at the dispersive end 
of the cavity about a vertical pivot that cor
responds to the mode fm. We thus introduce 
an additional phase shift A$ proportional to 
the frequency distance from fm, which dis
places the pulse in time and thus changes 
the round trip group delay. In the frequency 
domain one could argue that the length of 
the cavity stays constant for the mode fm 

while higher (lower) frequency modes experi
ence a longer (shorter) cavity (or vice versa, 
depending on the sign of A3>). In the case 
where only dispersion compensation mirrors 
are used to produce the negative group ve
locity dispersion one can modulate the pump 
power or manipulate the Kerr lens by slightly 
tilting the pump beam14. Although the two 
controls (i.e. cavity length and pump power 
or tilt) are not independent they affect the 
round trip group delay T and the round trip 
phase delay differently and which allows us 
to control both, f0 and fr. 

5 Absolute Optical Frequencies 

For the absolute measurement of optical fre
quencies one has to determine frequencies of 
several 100 THz in terms of the definition 
of the SI second represented by the cesium 
ground state hyperfine splitting of 9.2 GHz. 
Extending our principle of determining large 
frequency differences to the intervals between 
harmonics or subharmonics of an optical fre
quency leads naturally to the absolute mea
surement of optical frequencies. In the most 
simple case this is the interval between an op
tical frequency / and its second harmonic26 

2 / . But of course other intervals can be used 
as well. 

6 Frequency Combs Spanning 
more than an Octave 

The first absolute measurement of an opti
cal frequency with a fs frequency comb11 has 
inspired further rapid advances in the art of 
frequency metrology. In collaboration with 
P. St. Russell, J. Knight and W. Wadsworth 
from the University of Bath (UK) we have 
used novel microstructured photonic crystal 
fibers38 to achieve further spectral broade
ning of femtosecond frequency combs. The 
remarkable dispersion characteristics attain
able with these fibers including zero group 
velocity dispersion well below 800 nm and 
the high peak intensities associated with the 
short pulses and the small core size, enables 
one to observe a range of unusual non-linear 
optical effects39, including very effective spec
tral broadening to more than an optical oc
tave even with the moderate output power 
from the laser oscillator. Similar experiments 
have been reported by S. Cundiff, J. Hall and 
coworkers in Boulder using a fiber fabricated 
at Lucent Technologies12'13. 

With an octave wide spectrum we can di
rectly access the interval between an optical 
frequency / and its second harmonic 2 / as 
shown in Fig. 2. This allows the direct com-
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Figure 2. To obtain the frequency offset f0 the "red" 
portion of an octave spanning comb is frequency dou
bled (SHG) and a beat note with the "blue" wing is 
observed. 

parison of radio and optical frequencies with
out the need of any optical frequency interval 
dividers or further non-linear steps11 '12 '13,14. 
Such an optical frequency synthesizer directly 
relates all optical frequencies fn contained 
within the comb to the radio frequencies fr 

and f0 which may be locked to an atomic 
clock or a GPS receiver. Our 2 / — / opti
cal frequency synthesizer is based on a 25 fs 
Tksapphire high repetition rate ring laser 
(GigaOptics, model GigaJet). While the ring 
design makes it almost immune to feedback 
from the fiber, the high repetition rate in
creases the available power per mode. The 
set-up requires only 1 square meter on our 
optical table with the potential for further 
miniaturization. At the same time it sup
plies us with a reference frequency grid across 
much of the visible and infrared spectrum 
with comb lines that may be distinguished 
with a wavemeter. This makes it an ideal lab
oratory tool for precision spectroscopy and 
a compact solid state system for all optical 
clocks3. 

To check the integrity of the broad fre
quency comb and evaluated the overall per
formance of the 2 / — / optical synthesizer 
we compared it with an earlier set-up11 that 
was based on bridging the frequency gap be
tween 3.5/ and 4 / . After averaging all data 
we found14 an agreement within 5.1 x 10 - 1 6 . 
A similar testing was recently performed by 

the NIST group35. No systematic effects were 
visible in these experiments. 

7 Outlook 

Other important applications of this fre
quency domain technique in the time do
main where the carrier offset slippage fre
quency is an important parameter and needs 
to be controlled for the next generation of ul-
trafast experiments40. In collaboration with 
F. Krausz (Vienna technical university) we 
have applied fs comb techniques to control 
the phase evolution of ultra-short pulses last
ing for only a few optical cycles22. Future 
applications of precise optical frequency mea
surements also include the search for varia
tions in the fundamental constants and the 
test of CPT invariance with anti-hydrogen 
now underway at CERN. We believe that the 
development of accurate optical frequency 
synthesis marks only the beginning of an ex
citing new period of ultra-precise physics. Fi
nally we would like to thank our collabora
tors, without their help the work presented 
here would not have been possible. 
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A gravitational wave (GW) is a rippie of the space-time propagating with the speed of light; its 
existence was predicted by Einstein in his theory of general relativity. It is now very promising that 
huge laser interferometers which are being constructed all over the world can really detect GWs coming 
from catastrophic astrophysical events such as coalescence of binary neutron stars and supernova; we 
can expect the detection within several years. In Japan, there is a project, called TAMA, in which a 
300-m interferometer has been constructed and is being improved. The current status of the TAMA 
project as well as other projects for GW detection is reported. 

1 Introduction 2 Interferometric GW detector 

A gravitational wave (GW) is a ripple of 
the space-time propagating with the speed of 
light; its existence was predicted by Einstein 
in his theory of general relativity.1 Since the 
gravitational interaction is extremely weak, 
the direct detection of the GW by a detector 
on the earth has not been realized so far even 
though the 40-year continuous effort has been 
devoted. However, it is now very promising 
that huge laser interferometers which are be
ing constructed all over the world can really 
detect GWs coming from catastrophic astro-
physical events such as coalescence of binary 
neutron stars and supernova. These interfer
ometers have the sensitivity to detect GWs 
of the amplitude (h) less than 10~21; the am
plitude of the GW is equivalent to the space 
strain or relative displacement. If we consider 
the distance between the sun and the earth 
(1.5 x 10 l xm), the induced displacement by 
the GW of h = 10~21 is on the same order 
of the Bohr radius; this shows the difficulty 
of the detection of the GW. Since GWs are 
generated by the coherent motion of a signif
icant amount of mass, the information car
ried by the GW is quite different from that 
by electromagnetic waves. Thus, the detec
tion of GWs offers the new information of the 
Universe; this means the birth of the GW as
tronomy. 

A schematic of an interferometric GW detec
tor is shown in Fig. I.2 All of optical elements 
such as mirrors and a beam splitter are sus
pended as a pendulum. These objects behave 
as a free mass for an incident GW of which 
the frequency is much higher than that of 
the pendulum resonance. The equivalent dis
placement induced by the GW (amplitude h 
with an appropriate polarization) is approxi
mately given by 

SL ~ l-hL, (1) 

for each arm (L is the length of the arm). 
Since the displacements in x and y arms are 
opposite in sign, owing to the nature of the 
GW, the signal appearing in the change of 
the fringe is doubly enhanced. The optimum 
path length is determined as the turn-around 
time of the light in the arm is the same as 
the half period of the GW. For instance, if 
one wish to detect a GW of 1kHz, the arm 
length should be chosen as 75 km. Since it is 
impossible to find a place for such an interfer
ometer, the light should be instead bounced 
back and forth, many times between two mir
rors set in each arm; this can be achieved 
by using a Fabry-Perot (FP) cavity. When 
the cavity is used, the equivalent optical path 
length is given by 2LJr/n where L and T 
are the real length and the finesse of the cav-

http://ac.jp
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Figure 1. Schematic view of an interferometric gravi
tational wave detector; this is a Michelson interferom
eter, where all of the optical elements such as mirrors 
and a beam splitter are suspended as a pendulum. 
Both arms have nearly same length (Li ~ L2 ~ L). 

ity. With high quality mirrors which are now 
available, it is easy to obtain sufficient path 
length without loosing the light power. 

Figure 2 is a schematic diagram of the de
tector. A stable laser with high output power 
is used as a light source. Currently, a laser-
diode (LD) pumped Nd:YAG laser is used be
cause of its high efficiency and stability. The 
power of the laser must be high to reduce the 
shot noise. For the initial phase of the de
tector projects, lasers of about 10-W output 
power have been developed. To obtain the 
single frequency laser oscillation, injection-
locking3,4 is usually used. Since the fluctu
ations of the intensity and frequency must be 
quite small, the elaborated stabilization sys
tems are being developed.5 

The laser light is introduced to an opti
cal cavity, called mode cleaner (MC), which is 
used for clearing the spatial mode of the laser 
light and reducing the beam pointing and ge
ometry fluctuations.6 The ring-type cavity is 
used in order to remove the backward light 
reflected from the MC. 

After the MC, the light is led to a main 
interferometer; this is a huge Michelson in
terferometer where Fabry-Perot cavities are 
installed in both arms. The real length of the 

Figure 2. Schematic diagram of the detector; this is 
a Michelson interferometer where Fabry-Perot cavi
ties are installed in both arms. A stable laser with 
high output power is used as a light source. A mode 
cleaner cavity is set between the laser and the in
terferometer for reducing the distortion of the laser 
beam. 

cavity is 3-4 km in order to realize the sensi
tivity sufficient for the detection of GWs; the 
longer cavity requires smaller bounce number 
thus is less sensitive to the mirror vibration 
induced by external disturbances or thermal 
noise force. The interference fringe between 
the reflected light beams is observed in order 
to obtain the information on the GW. 

There is a mirror, called recycling mirror, 
between the MC and the main interferometer. 
This mirror reflects the light coming from 
the main interferometer; the phase of the re
flected light is tuned to coincide with that 
of the incident light from the laser. By us
ing this mirror, the light power inside the in
terferometer can be enhanced; this results in 
the reduction of the shot noise. This scheme 
is called as power recycling. The enhance
ment factor in the light power is recycling 
gain; the recycling gain of 10-100 is expected. 
If the gain of 100 is achieved, the equivalent 
power of 1 kW can be obtained with a 10-
W laser; this is enough for detecting GW of 
/ j -10 - 2 1 . 7 - 8 ' 9 
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3 Noise source of the 
interferometer 

The fundamental noise sources of the detec
tor are as follows: seismic noise (~ 10Hz), 
thermal noise (10Hz~ 100Hz) and shot noise 
(100Hz~). 

The typical spectrum of seismic noise at 
the frequency / is considered as10 

10"7 ,— 
^ s e i s m i c = ( / / 1 H z ) 2 m / V H Z . ( 2 ) 

In order to reduce the noise, there are so 
many researches on the vibration isolation 
system.5 

Thermal noise originates from two 
parts: pendulum motion and mirror elastic 
vibration.11 The noise spectrum can be esti
mated by means of the fluctuation dissipation 
theorem with the information on the mechan
ical loss; the loss can be characterized by the 
Q-value of the resonance. The thermal noise 
spectrum at the temperature T is expressed 
as 

[¥ 
ermal 

y V 

Thus, high-<3 material search has been per
formed so far; silica and sapphire show high 
Q, larger than 107.12>13'14 The most direct 
way to reduce the thermal noise is to cool 
the system down to cryogenic temperature. 
The test system has shown that the mirror 
can be cooled to 30 K by heat conduction of 
sapphire wires.15 

The shot noise is due to the quantum 
nature of the light; the number of the inci
dent photons randomly fluctuates with Pois-
son statistics for the coherent state light. 
This noise appears at the readout stage of 
the interferometer. The minimum detectable 
phase change with the light source of wave
length A and power P is given by 

%hot = yvA / ' (4) 

where rj and A / are the quantum efficiency 
at the photon-electron conversion and the 
bandwidth of the measurement, respectively. 
Here, c is the speed of light. 

4 Big projects 

In the world, several projects are going on 
to construct large GW detectors: LIGO, 
VIRGO, GEO and TAMA. The LIGO 
project is to construct two detectors in the 
US; the sites for the detectors are Hanford, 
Washington and Livingston, Louisiana. It 
has been approved in 1991 and started in 
1992.16 These detectors have 4-km long vac
uum pipes which have been completed; sev
eral interferometers will be installed in these 
vacuum systems. At the LIGO Hanford Ob
servatory which has a 2-km arm interferome
ter and 4-km one, the shorter interferometer 
has been completed and now is being finely 
tuned to obtain the best performance. LIGO 
will start the observation at the beginning 
of 2003. After 4-year observation, the next 
phase, called LIGO II will be started. For 
this advanced detector, LIGO scientific col
laboration (LSC) has been organized; many 
research institutes and universities join this 
forum. 

The VIRGO project is the collaborative 
project between France and Italy to construct 
an interferometer whose arm length is 3km; 
the site is in Pisa, Italy.17 The outstanding 
feature of this detector is the design for de
tecting a GW of very low frequencies around 
10Hz. In order to enhance the sensitivity at 
such a frequency, an elaborated vibration iso
lation system is under development in Pisa. 
The French group is responsible for the opti
cal system design, as well as for the develop
ment of low-loss optics and a stabilized laser 
of high power. The construction of the vac
uum system will be finished at the middle of 
2002 and the start of the operation is sched
uled in 2003. 

GEO is the German and UK collabora-
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tion which is constructing a 600-m long in
terferometer at Hannover in Germany.18 The 
project has adopted a particular optical de
sign, called dual recycling19 and introduced 
advanced technologies for achieving the sim
ilar sensitivity of larger ones. The detector 
will be completed in 2001 and will perform a 
test run; this is planned as a coincidence run 
with LIGO. 

TAMA is the Japanese project and de
scribed in detail in the next section." 

5 TAMA project 

TAMA is the project to construct a 300-m 
FP-type detector (named TAMA300) at the 
Mitaka campus of national astronomical ob
servatory (NAO); this project started in 1995 
and will continue to the end of March, 2002. 
The purpose ofthis project is to show the fea
sibility for the full scale interferometer. Since 
the size of the detector is small, the attain
able sensitivity is worse than those of other 
detectors. However, we decided that the re
quired specifications should be same as those 
for full-scale interferometers. The continu
ous operation is also planned to show the fact 
that the interferometer can really work for a 
long time as an observatory. 

The design of TAMA300 is based on 
that described in the previous section. As 
a light source, we used an LD-pumped 
Nd:YAG laser with injection locking; its out
put power was 10W, obtained by an end-
pumping scheme.4 The mirrors were made 
of monolithic synthetic silica; the surface for 
the reflection was super-polished and coated 
by ion-beam sputtering.20'21 These technolo
gies are indispensable for the interferomet-
ric gravitational wave detectors. The vac
uum system consisted of chambers, ducts 
and pumping systems. The inner surface of 
the chambers and the ducts were treated by 
electro-chemical buffing; the pressure could 
be kept on the order of 10 - 6 Pa without 

a TAMA Web page is http://tamago.mtk.nao.ac.jp. 

baking.22 

The mirrors and other critical optical 
components were suspended as a double 
pendulum with an eddy-current damping 
system.23 They were set on vibration isola
tion stacks; the active vibration isolation sys
tem which supports the stack has been intro
duced to obtain further vibration isolation. 

There were many control systems for the 
length and alignment of the cavities, the 
fringe point of the Michelson interferometer, 
the frequency and intensity of the laser and 
so on as shown in Fig 3. The most sig
nificant point is to reduce the fluctuation 
without introducing any extra noises. Now, 
a computer-controlled locking system is in
stalled for long term operations. 

TAMA300 is now the only one inter
ferometer which can be used for observa
tions. Since the completion of the Phase I 
system (without recycling) in 1999, the var
ious improvements have been done. Fig
ure 4 shows the latest sensitivity with the 
history of the improvement. The highest 
one is 5 x 10 - 2 1 / \ /Hz at 700 Hz; this is the 
best sensitivity in the world.24 The operation 
is now quite stable; the interferometer can 
be operated for one day without loosing the 
locked state. We have performed the data 
taking run (DTR) several times.24 '25 The 
data-recorded time was longer than 300 hours 
from the first DTR to the fifth DTR. The 
sixth DTR is being performed from 1st Au
gust 2001 to 20th September 2001; data for 
1000 hours will be acquired during this DTR. 

6 Future plan in Japan 

Since the scale of TAMA is small, we can
not expect the detection of extra-Galactic 
GWs; for the GW astronomy in Japan, we 
need to construct the full-scale interferome
ter. Thus, we are now proposing the project, 
called LCGT;26 in this project we plan to 
construct a 3-km interferometer in Kamioka 
mine where the seismic noise is quite small 

http://tamago.mtk.nao.ac.jp
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Figure 3. Schematic diagram of the control system of TAMA300. There are many control systems for the 
length and alignment of the cavities, the fringe point of the Michelson interferometer, the frequency and 
intensity of the laser. 

because of the underground site. We are also 
willing to introduce a cryogenic technique in 
order to reduce the effect due to the thermal 
noises. Although the budget for the project 
has not been approved, the R&D projects 
are progressed. A test facility has been com
pleted and several experiments are going on 
at the campus of Institute of Cosmic Ray Re
search (ICRR), University of Tokyo. Also, 
the 20-m prototype interferometer which was 
built at NAO9'21 has been moved to Kamioka 
mine and is being operated with improved 
sensitivity. 

7 Summary 

Within a few years, several interferometers 
will be operated for detecting GWs. We 
are strongly expecting that the gravitational 
wave extends our understanding of the Uni
verse to its horizon. The detection of the GW 
is no longer a dream. This is just about to 
appear in front of us. 
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The astronomers Hanbury Brown and Twiss (HBT) were the first to observe in 1956 that the fluctua
tions in the counting rate of photons originating from uncorrelated point sources become, within the co
herently illuminated area, slightly enhanced compared to a random sequence of classical part icles1 '2 , 3 . 
This at a first glance mysterious formation of correlations in the process of propagation turns out to 
be a consequence of quantum interference between two indistinguishable photons and Bose-Einstein 
statistics4. The latter requires that the composite wave function is a symmetrized superposition of the 
two possible paths. For fermions, by virtue of the Pauli principle, no two particles are allowed to be in 
the same state. The corresponding antisymmetrized two particle wave function excludes overlapping 
wave trains, i.e., simultaneous arrivals of two fermions at contiguous, coherently illuminated detectors 
are forbidden. These anticorrelations have been observed for the first time for a beam of free electrons 
in spite of the low mean number (degeneracy) of ~ 1 0 ~ 4 electrons per cell in phase space. With respect 
to the low degeneracy, our experiment is the fermionic twin of HBT's experiment with photons. 

1 Introduction 

Correlations between successive detections of 
bosons resp. fermions are observed even if 
the emission of the two particles cannot phys
ically influence one another because, e.g., the 
emission sites have a space-like separation. In 
such a radiation field correlation builds up in 
the process of propagation. At points suffi-
cienly far from the sources the field becomes 
highly correlated. This obervation of HBT 
in 1956 seemed so strange to a considerable 
portion of the physics community that they 
declared it as physically absurd", although 
the van Cittert Zernike theorem of partial co
herence which expresses the field correlations 
(coherence) at two points in an optical field 
emerging from incoherent planar sources was 
formulated nearly two decades before. 

In essence, HBT have shown that mea
suring field correlations (2nd order coheren
ce) provides another — apart from observ
ing interference fringes — sometimes more 
handy and/or powerful method for measur-

a A lively description of the situation at that time is 
given in R. Hanbury Brown, 'The Intensity Interfer
ometer', Taylor and Francis, New York 1974, p. 7. 

ing the absolute value of the degree of coher
ence. E.g., with their stellar intensity inter
ferometer HBT were able to measure the di
ameter of Sirius, undisturbed by fluctuations 
of the refractive index of the atmosphere5. 
The reason why (anti)correlations between 
free photons (electrons) in coherent beams 
are so difficult to observe and why the fun
damentally different behaviour of free bosons 
and fermions does not at all become obvi
ous in light and electron optics — in spite of 
the extreme difference between Bose-Einstein 
and Fermi-Dirac statistics6 — is due to the 
very low occupation numbers (degeneracy) 
in phase space. Only recently, with the ad
vent of high brightness field electron emit
ters with degeneracies reaching 10~4 an ex
periment for free fermions seemed to be
come feasible6,7. The first fermionic HBT 
experiments in semiconductor devices where 
highly degenerate beams of electrons are con
veniently available8,9 have been successfully 
performed in 1999. 

6While any number of photons is allowed in one cell, 
for electrons by Pauli's exclusion principle the occu
pation of a cell is one resp. two for antiparallel spins. 

mailto:franz.hasselbach@uni-tuebingen.de
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2 Experimental procedure 

The coincidence method chosen in the 
present 'antibunching' experiment is an al
ternative to HBT's correlation procedure for 
gathering information about correlations in a 
stream of particles: Two detectors are coher
ently illuminated by an electron field emitter. 
According to the Pauli principle no two elec
trons are allowed to be in the same quantum 
state, i.e., to arrive at both detectors simul
taneously0. In other words, if our detectors 
had a time resolution corresponding to the 
coherence time Tc which is on the order of 
10~14 s, no coincidences would be observed. 
The time resolution of our fast coincidence 
counter of T r=26 ps was about three orders of 
magnitude less. For incoherent illumination 
of the detectors the electrons behave like clas
sical particles. Due to the insufficient time 
resolution a certain random coincidence rate 
is observed. When we change the illumina
tion from incoherent to coherent we expect a 
reduction of the random coincidences (by a 
factor Tc/Tr of about 10 - 3 in the present ex
periment) due to the fact that within the first 
10~14 s after arrival of an electron no second 
one is allowed to arrive. This reduction is a 
signature of antibunching. 

3 Experimental set-up 

Our experimental set-up corresponds to 
HBT's stellar interferometer: The tiny effec
tive virtual source of an electron field emitter 
illuminates via magnifying quadrupoles two 
small collectors (Fig. la, right hand side, 
rhs). With increasing magnification the ef
fective lateral distance of the collectors de
creases and their illumination changes from 
incoherent to totally coherent. In turn a con-

nt i l lumination 

c The fluctuations in orthogonal polarizations resp. 
spin directions are independent. Therefore, when 
the experiment is performed with unpolarized 
light/electron beams, enhancement resp. suppression 
of the extra fluctuations is reduced by a factor 1/2 
compared to polarized beams. 

tungsten t ip -3.5kV 

anode -2.5kV 

magnifing 
quadrupol 
duple t t 

mcp entrance -2.5kV 

mcp exit, -0.5kV 

'.oller.tors (ear th) 

Amplifier 
1 , 5 G H B 

C P T 
Star t -s ignal 

Figure 1. Electron optical set-up (top) and fast coin
cidence electronics (bottom) to measure electron an-
ticorrelations. The spherical segments emerging from 
the cathode represent single coherence volumina. Be
tween electron source and quadrupole a biprism (in
set on the left) is inserted temporarily to check the 
coherence of illumination of the collectors. 

tinuous increase of anticorrelations of arrival 
times of the electrons is expected. 

The quadrupoles produce an elliptically 
shaped beam of coherent electrons. For geo
metrical reasons less coherent electrons are 
missing the collectors compared to stigmatic 
magnification. This reduces the measuring 
time Tu largely. The collectors, 4 mm in 
diameter (impedance 50 Ohms) inserted be
tween the exit of the two cascaded channel 
plates (mcp) and the fluorescent screen, col
lect the electron avalanches initiated by sin
gle electrons. Into the actual electron optical 
set-upd an electron biprism (inset on the left 
hand side, lhs, of Fig. 1) is integrated. It 
allows to examine the state of coherence of 
illumination of the collectors6 by observing 
the overlap of the fringes with the shadows of 

dI ts construction principles may be found, e.g., in 1 0 . 
eAt least in the direction perpendicular to the fringes. 
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the collectors on the fluorescent screen. By 
this means the magnification factors which 
are necessary for coherent, partially coher
ent and incoherent illumination of the collec
tors are determined. The antibunching ex
periments are performed without biprism in 
the beam path at these predetermined mag
nifications. 

The very short electron avalanches leav
ing the channel plates (rise time and width 
~.5 ns) are transferred coaxially from the col
lectors via microwave amplifiers (bandwidth 
1.5 GHz) to modified Constant Fraction Trig
ger (CFT) modules which extract timing sig
nals with low time-jitter and -walk. A first 
coincidence circuit preselects events within a 
time window of ±3 ns and opens the gate 
of a Time to Amplitude Converter (TAC). 
The time spectra are accumulated by a Multi 
Channel Analyzer (MCA). By an additional 
delay of 3 ns in the stop channel of the time to 
amplitude converter, arrival time zero shows 
up in the center of the time spectra. Stop 
signals arriving prior to the start signal are 
displayed on the negative time axis. 

The emission of electrons is a Poissonian 
process, therefore — for incoherent illumina
tion — the probability of arrival of an elec
tron after an elapsed time r = in — *i is given 
by P(T) =e~nT where n is the average count
ing rate. I.e., given a start signal at time to, 
the probability for the next stop signal at t\ 
depends exponentially on the counting rate 
nst0p in the stop channel. 

-'ins T = 0 371.x 

Figure 2. Time spectra in semi-logarithmic represen
tation expected for Poissonian processes, see text. 

In semi-logarithmic representation this 
probability is represented by a straight line 

with a slope given by —nst0p (Fig. 2, rhs). 
Correspondingly, stop signals arriving prior 
to the start signal are displayed on the nega
tive time axis with a slope of ns tart (Fig. 2, 
lhs). The peak of the real time spectrum is 
rounded within the resolution time window 
Tr of the fast coincidence. 

Features of our cold <100> oriented 
tungsten field emitter are: Extraction volt
age 900V, total current 1.5/uA, energy width 
A.EFWHM of .3eV which corresponds to a 
standard deviation AE of .13eV (calculated 
under the assumption of a Gaussian en
ergy distribution), virtual source diameter 
~36nm, brightness 4.4 • i 0 7

c m l s r , coherence 
time Tc=3.25-10_14s, coherent particle cur
rent 4.7-109l/s, degeneracy 1.610 - 4 . 
In spite of a vacuum of 10~10mbar and a con
stant emission current during the data accu
mulation times TM (see Table 1), the count
ing rates of the detectors sometimes increased 
by more than a factor of 2 or fell below .5 of 
the desired value. In these cases a reduction 
resp. an increase in coherence of illumination 
of the collectors took place. Therefore, time 
spectra with counting rates outside these lim
its were discarded. TMK(, is the data accu
mulation time resulting after subtraction of 
times of unstable emission. 

4 Resul t s 

In order to prove antibunching a total of four 
spectra were accumulated for about 30 hrs 
each. The first for incoherent illumination 
of the detectors, the following for partially, 
totally and the last again for partially coher
ent illumination. The evaluation procedure 
of the experimental time spectra consisted of 
smoothing and normalizing the spectra fol
lowed by visually superimposing the incoher
ent with the coherent resp. partially coher
ent spectra. The results are summarized in 
Fig. 3 and Table 1. The antibunching signal 
S, i.e., the missing coincidences AN in the 
coherent and partially coherent versus the in-
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coherent spectrum becomes visible as a flat
tening of the peak in Fig. 3 within the time 
resolution window of ±13 ps. The measured 
relative reduction in coincidences amounts to 
SVei = 1.26 • 10 - 3 with a signal to noise ratio 
S/N of 3. As expected, the reduction in coin
cidence rate and the signal to noise ratio are 
smaller for partially coherent illumination. 

coincidences 

/ \ 

/ \ 

coincidences 

coincidences 
500.000 

-13ps + 13ps 

Figure 3. Antibunching as a function of coherence 
of illumination of the collectors. The coincidence 
rate for incoherent illumination (dashed lines) is com
pared to that for partially coherent on top, coher
ent in the middle and again partially coherent illu
mination on the bottom (full lines). In the inset 
Ncoh. — iVjncoh. is given. In the pictograms the el
lipses represent the coherently illuminated areas, the 
circles the collector areas. The coherently illuminated 
parts of the collectors are marked in black. 

5 Conclusion 
Antibunching or — in the parlance of inter-
ferometry — interference between a system 

Table 1. Summary of results. S, Sle\ are the abso
lute, resp. relative coincidence reduction, S/N the 
signal to noise ratio, TM the total measuring time 
and TM,,,, the effective measuring time after subtrac
tion of times of instable emission of the field emitter. 

S = AN 
Srel/10-3 

S/N 
TM/min 
TMrff/min 

illumination 
part. coh. 

4.567 
0.61 
2.2 

1402 
1402 

coh. 
16.942 
1.26 
3.0 

1690 
1642 

part. coh. 
8.292 
0.34 
1.4 

4531 
4450 

consisting of two particles resp. second order 
coherence has been observed for massive free 
fermions for the first time. The experimental 
technique opens a gateway to new fundamen
tal tests of quantum mechanics and statistics, 
e.g., observation of quantum statistics on in
terference phenomena and experimental tests 
of interaction of fields and potentials with 
charged two-fermion systems6. 
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The authors have proposed and tested a new type of multilayer cold-neutron interferometer based 
on a pair of etalons. The range of experimental application of conventional multilayer cold-neutron 
interferometer was limited due to the small spatial separation between the two coherent beams. Using 
etalons with an air gap of 20^tm in spacing we have observed interference fringes with the contrast 
of (3.5 ± 0.7)%. The present results have demonstrated the feasibility of developing a cold neutron 
interferometer with a large path separation to carry out high precision measurements and new types 
of experiment. 

1 Introduction 

Neutron interferometry is a powerful tech
nique for studying fundamental physics. 
Generally, an interferometer consists of a 
splitter, a phase shifter, and an analyzer 
(Figure 1). A splitter divides the incident 
wave into two coherent components, a phase 
shifter produces the relative phase between 
the two components, and an analyzer recom-
bines them. Interference fringes are given as 
a function of the relative phase. The relative 
phase is written as 

A , „ mXL . „ 
A<t> = 2TC-—-AE, (1) 

where m is neutron mass, A is neutron wave
length, L is interaction path length, and AE 
is energy difference between the two beams. 
A large dimensional interferometer for long 
wavelength neutrons has the advantage to 
increase the sensitivity to small interactions 
AE. Though such a kind of interferometer 
was realized by using multilayer mirrors1 , 
the beam separation was extremely small. 
The aim of our development is to increase 
the spatial beam separation of a multilayer 

splitter .,*. 

AAA/ 
detector 

Phase shifter 

ivWiA, 
a parameter of phase shifter 

Figure 1. The concept of an interferometer. Neutron 
counts oscillate with a parameter of the phase shifter. 

interferometer in order to broaden the appli
cability of neutron interferometry. 

2 Cold neutron interferometer 
using etalon plates 

2.1 Neutron spin interferometer 

We have an improve neutron spin interferom
eter which is based on the cold neutron inter
ferometer using multilayer mirrors 1 and neu
tron spin echo method 2. The spin interfe
rometer enables us to carry out high preci
sion experiments due to its high contrast 3 . 
It contains a pair of spin splitters. The spin 
splitter is a multilayer which consists of a 

mailto:kitaguch@nh.scphys.kyoto-u.ac.jp
mailto:hal@nh.scphys.kyoto-u.ac.jp
mailto:hino@rri.kyoto-u.ac.jp
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magnetic mirror on top, a gap layer, and a 
non-magnetic mirror. The spin splitter sepa
rates spatially up and down spin components 
into two parallel waves. The waves superpose 
each other spatially on the second spin split
ter. Magnetic field provided by phase-shifter 
coil gives the relative phase between the two 
waves. There are some remarkable experi
ments using the neutron spin interferometer, 
for example, double Stern-Gerlach experi
ments 4 and delayed choice experiments 5. 
Because the gap layer of a conventional spin 
splitter is fabricated with vacuum evapora
tion method, the gap is not thick enough to 
separate the two beams spatially. The range 
of application of the cold-neutron spin inter
ferometer is limited due to the small beam 
separation. A cold neutron interferometer 
with large spatial separation enables us to 
carry out high precision measurements and 
new types of experiment. For example, we 
can insert some devices into the gap between 
paths of the interferometer. We can also mea
sure more precisely the interaction through 
which the relative phase A</> in eq.(l) depends 
on the area enclosed by beam path. 

2.2 Spin splitters based on etalons 

We used etalons in order to enlarge the spa
tial separation between two parallel waves in 
neutron spin interferometer. An etalon con
sists of two parallel planes which are very 
smooth. We can purchase special etalons 
with planes smooth enough to be used as 
substrates of neutron mirrors (RMS rough
ness is less than 3A). By depositing a mag
netic mirror and a non-magnetic mirror on 
the parallel planes of an etalon we can pro
duce a spin splitter which provide a large 
separation of the two beams as shown in 
Fig. 2. Figure 3 shows photograph of the 
present etalons. The etalon spacing is 20/im . 
The mono-layer of Permalloy45 (FessIS^s) 
with 800A thickness and the mono-layer of 
nickel with 800A thickness are made as a 

Figure 2. Etalon. Etalons with neutron mirrors can 
be used as spin splitters. 

Figure 3. Etalons. The first etalon(left) has a diam
eter of 30mm. Clear aperture is 20mm in diameter. 
The second etalon(right) has a diameter of 42mm. 
Clear aperture is 30mm in diameter. These etalons 
have air gap spacing of 20^m. 

magnetic mirror and non-magnetic mirror re
spectively. Figure 4(a) shows the reflectiv
ity of these mirrors by numerical simulation 
according to the optical potential model 6. 
In this simulation the nuclear and magnetic 
potentials for Permalloy45 are 220neV and 
96.5neV and the nuclear potentials for nickel 
is 243.4neV. At an appropriate incident an
gle, the magnetic mirror reflects only the spin 
up component and the non-magnetic mir
ror reflects the spin down component which 
is transmitted through the magnetic mirror. 
Figure 4(b) shows the measurement of reflec
tivity for up and down spin neutron from the 
etalons. Figure 4 shows that 0.9 degree is a 
suitable incident angle. 

2.3 Experimental setup 

Figure 5 illustrates the experimental setup. 
The experiment was performed using the cold 
neutron beam line 'MINE' at the JRR-3M re
actor in JAERI. The beam had a wavelength 
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.cold neutron source l r * i 1 o R/I IMCI O 
^(Liquid H2) |C3-1-2MINE| ̂  = 1 2 . 5 6 A 

JRR-3M ^o^^C'mirrors 
atJAERI 5 ? e / ^ = 

| C 3 - 1 - 2 M I N E U n _ 1 9 . R & 

AAAo =3.5%(FWHM) 
monochrometer. 
mirrors I i 1 

*= | 

•A&- <^(iF 4 ^ ^ 3He detector 
3N " "> r (efficiency 100%) 

guide coil 
A« 1285mm—-. 

-^r^r 
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Figure 5. Experimental setup. 
Jamin interferometer 

(a) 1 
0.9 
0.8 

>>0.7 
">0.6 
"•§0.5 
. 2 0.4 
"So.3 

0.2 
0.1 
0 

0 

Tf - - magnetic mirror 
(spin parallel) 

— magnetic mirror 
(spin antiparallel) 

Permalloy45 
800A 

i!!! — non-magnetic 
mirror 
Ni 800A 

^ss_ 

(b) reflectivity 
1 

0.5 . 1 . .1.5X 2 ,2.5 , 3 3.5 
incident angle (degree) 

0.8 
0.6 
0.4 
0.2 
0 

4 
-spin up 
~spin dov\ n 

> • 

d o -
V 

• v ' < ^ ' > ^ ' - • cycv 

J --spin up , 
y -spin dowr 

incident angle (degree) 
<V V <b <b cv, 

• >v' »v- K -

Figure 4. (a) The reflectivity of mirrors on etalons by 
numerical simulation. At an appropriate incident an
gle indicated by gray line, the layer of Permalloy45 re
flects only spin up component and the layer of nickel 
reflects transmitted spin down component, (b) The 
measurement of reflectivity for up and down spin neu
tron from the etalons. 

o2500 
w 
82000 
o 
CO 
CO 1500 

o1ooo^ 
o 
c 
o 500 

0, 

• t 1 r V + w > J X k w 

interference fringes 
with the contrast of 3.5% 
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Figure 6. Experimental result. We have observed the 
interference fringes with the contrast of (3.5 ±0 .7)%. 

of 12.6A and a bandwidth of 8.5% in F W H M . 

In the viewpoint of geometrical optics the 

pair of etalons is equivalent to a Jamin inter

ferometer , which is the oldest type of inter

ferometer of visible light. 

2.4 Results and discussion 

We have observed interference fringes with 

the contrast of (3.5 ± 0.7)% (Figure 6). The 

reduced \ 2 value of least-square fit was 0.9. 

The results of five experimental runs were 

consistent with each other. The interference 

fringes shown in Fig.6 is a sum of all five runs. 

There are three main reasons for the loss 

of contrast. The first is finite beam polariza

tion, which limits a maximum contrast . It 
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measured 90% without the pair of etalons. 
The second is insufficient reflectivity of the 
non-magnetic mirror of the first etalon. The 
low reflectivity makes the unbalance of the 
intensity between the two beams, which de
creases the contrast of fringes. The decreased 
contrast from the maximum contrast of 90% 
was estimated at 87% . The third is mis
alignment concerning the tilting angle of the 
second etalon from the first etalon. For the 
dispersion of wavenumber of beam crj, and the 
spatial dislocation L between the superposed 
two optical paths, the contrast of interference 
fringes is given by 7 

exp(-±(«rtL)2). (2) 

The increase of the spatial dislocation de
creases the contrast. The tilting angle of 
the second etalon causes the transverse dis
location. The beam divergence of 0.23 de
gree composed by the experimental collima-
tion determined the transverse-wavenumber 
dispersion <Tk of 0.002A-1 and gave the de
crease of the contrast by using eq.(2). We did 
not have a tilting-angle control technique in 
this experiment. The the tilting angle of 0.17 
degree and the unbalanced reflectivity can be 
given to explain the decrease of the contrast 
to 3.5% from the maximum contrast of 90% . 
Recently, we have established a new align
ment technique using a survey instrument 
based on a laser. Using this technique the 
tilting angle is adjusted within 0.025 degree, 
which will enable us to observe contrast of 
15% even with the etalon spacing of 100/mi. 

3 Summary 

The present results have demonstrated the 
feasibility of development of a large dimen
sional interferometer with a large spatial path 
separation for long-wavelength neutrons us
ing etalons. We are continuing on the test 
experiments using a new alignment technique 
and new air-spaced etalons with etalon spac
ing of 20fj,m and 100/mi thickness. We plan 

to increase the etalon air gap spacing up to 
lmm. 

The enlargement of path separation en
ables us to carry out high precision measure
ments and new types of experiment which 
have never been accomplished by other in
terferometers developed so far. We also plan 
some applications of the present type of inter
ferometer, for example, high precision mea
surement of the topological Aharonov-Casher 
effect 8 and a gravitationally-induced quan
tum interference experiment 9. 
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Loss of interference takes place due to entanglement and resembles the collapse of the wave packet. 
We propose a simple collision experiment to examine this effect with apparatuses already available. 

1 Loss of visibility due to 
ent anglement 

Entanglement is one of the key ideas of the 
modern quantum mechanics, such as quan
tum teleportation. We will remind you that 
it may reveal another interesting phenomena, 
lack of interference of particles from a coher
ent source, and we claim that it can be exper
imentally verified with existing techniques. 

It is believed that the coherence of the 
matter wave arises if (1) the source size is 
small and (2) variation of the energy is small. 
Coherence brings about high fringe visibility 
when interfered in some way. However, the 
particle beam does not exhibit interference 
at all if they undergo an interaction with an
other particle before, making an entangled 
pair with it [1]. It doesn't matter however 
small the size of this interaction region and 
the energy spread of the emerging particles 
are. Here we obtain an exotic particle beam 
which shows no apparent wavelike behavior. 

Suppose the particles 1, 2 in states a, a 
and b, b are coupled as 

| * ( r i , r 2 ) ) = |a)i|H)a + |b)i|b>2. 

Then, if we observe only the particle 1, we 
must calculate (&\&) with integrating over 
the position of the particle 2. 

< * ( r i ) | * ( r i ) > 

= |^ a(7-1) |2(a |a) + | ^ b ( r 1 ) | 2 ( b | b ) 

+ 2Re[# ( r i )0 b ( r 1 )<a |b>] (1) 

where 0 a or 4>\, is a single particle wavefunc-

tion for particle 1. We assume the ortho-
normality of the wavefunction of the particle 
2, 

(a | a) = (b | b) = 1 and (a | b) = 0 . 

Sothat,(«?(r1) |!?(r1))=|</)a(r1) |2 + |0 b ( r 1 ) | 2 

with no interference term. 
Such a pair can be prepared as a 

momentum-entangled pair of electrons sim
ply by a collision, as shown in Fig. 1. If 
we are on the center-of-mass system and the 
collision region can be limited to a very small 
volume, then we will have a very strange par
ticle source which should have the temporal 
and spatial coherence but shows no interfer
ence effect at all. 

2 Experimental feasibility to 
obtain non-interfering coherent 
beam 

The above condition can be realized by col
liding the thin electron beams of same en
ergy at a nearly head-on geometry. If we take 
180 degree crossing angle we have no energy 
spreading over the scattering angle, but at 
this geometry the collision volume cannot be 
defined, since we assume DC beams. So we 
take several degrees less than 27r for the cross
ing angle. Main cause of the energy spread
ing of the scattered particles is the spread of 
angles of the incoming beams. To minimize 
this effect, the beams from the cathodes are 
truncated within small solid angles, and the 
observation angle is taken as close as possible 
to the both beam axes. Molenstedt biprism 

mailto:toyo@cc.saga-u.ac.jp
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biprism 

a>, 

lb>, 

beam particle 1 beam particle 2 

Figure 1. Proposed experimental arrangement. 

is used as a sensitive interferometer. sm a x = W (W is the width of the beam) and 
We denote path lengths in Fig.2 as fol- therefore 

lows: 
Al, Al' S Wd/L . (4) h = A 1 P 1 Q , Z2 = A!P2Q 

l[ =A 2 P X Q, Z2 = A2P2Q 

Alx =h-l[, Al2=l2-1'2 

To ensure that the loss of visibility or in
terference is not due to the spreads of energy 
or of source volume, Al = \li — l2\ and Al' — 
\l[ — l'2\ should be smaller than the longitu
dinal coherence length, and A'I = All — Al2 

should be small so that the particles origi
nated from different points of the source, e.g. 
Ai and A2 in Fig. 2, should undergo nearly 
the same phase differences between the two 
paths around the biprism. These require
ments are expressed as follows 

AkAl or AkAV < 1 (2) 

kA'Kl (3) 

where k and Ak are wave number and its 
spread of the scattered electrons. 

Denoting the size of the biprism (PiP2) 
by d and the deviation angle from the axis to 
the source by a , Al and Al' is approximated 
by ds ina . If we use sm a x for the size of the 
source viewed from the biprism and L for the 
distance from the source to the biprism, a — 

Small crossing angle of two beams (de
noted by 2/3) is chosen and biprism is set in
side of this angle, as shown in Fig.l. Then 

Next let us evaluate A'l. Using the parame
ters defined in Fig.3, 

All = s cos 6i, Al2 = s cos 92 , 

A'l = |s(cos0! - cos02)| = ssm02A9 . 

Considering the smallness of 8 and that 
the collision volume is elongated along the 
biprism axis, A'l is evaluated to be WA6 . 

Now we are prepared for the numerical 
evaluation. We assume the energy and size 
of the focus to be 5 keV ( k = 3.62 x 1011 

[m-1]) and 10 nm respectively. The angular 
spread is limited to 0.02 rad (1.15 degree) by 
strongly collimating the beam. For (3 we take 
3.5 degree. For the biprism, let us assume L 
= 10 mm and d = 1 mm. With this geometry 
spreads of energy due to the spread in angle 
of the colliding beams are 18.2eV and 3.7eV 
for 0.02 rad of ABX and A32 respectively. 

With these parameters the quantities of 
(2) and (3) are estimated as follows: 

AkAl = 0.66, k A'l = 3.62 x K T 3 . 

Condition for the energy (wave number) 
spread is rather marginal but we should say 
that it is within our technical effort. 
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A2 r2 

scattering region 

biprism 

Figure 2. Definition of parameters of the interferometer. 

screen 

Figure 3. Definition of parameters for the collision region. 

3 Yield and "calibration" 

The luminosity of the collision region is 
roughly estimated to be 

L = 
e2Wvsm2!3 

where v is the velocity of the electron and / 
is the beam intensity in ampere. 

Assuming a moderate intensity of 10/zA 
and an attenuation factor of 1.5 x 1 0 - 3 due 
to collimation, we obtain the luminosity of 
1.97 x 1023 [m- 2 s - 1 ] . Using the Coulomb 
scattering cross section and assuming the 
solid angle into the biprism to be 10~2sr, then 
we obtain the rate of a few counts per second. 

To exclude the possibility that the lack of 
fringe is not due to the source size or the en
ergy spread, we must check the apparatus is 
capable to observe fringes if it would appear. 
This may be possible by taking coincidences 
with partner particles. If we observe simul
taneously the particle 2 at a certain position 

after recombining the two states (|a )2 and 
|b }2 in Fig. l) , we will get a non-zero value 
in place of ( a | b ) in eq. 1 . 
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It is pointed out that quantum information theory has a nice application to black hole physics, because 
the quantum state is an entangled state of the particles inside and outside of the black hole just like 
the Einstein-Podolsky-Rosen pair. We show in particular that the increase of the generalized entropy 
by quantum process outside the horizon of a black hole is more than the Holevo bound of mutual 
information between a message prepared by an agent located outside the horizon and that received by 
an observer at infinity. 

1 Introduction 

Recently there has been substantial devel
opment in the field of quantum computa
tion,teleportation and cryptography, which 
are main topics of the symposium. However, 
the concept of quantum information is so fun
damental that it should not be restricted to 
applications to various quantum technology 
but should be incorporated in basic science. 
Here I will give an application of quantum in
formation theory to black hole physics. Prob
ably before going into details it would be ap
propriate to give a very brief introduction of 
black hole thermodynamics and explain why 
quantum information is relevant for a black 
hole. 

A heavy star of mass more than several 
times the solar mass gravitationally collapses 
to a black hole. Near the black hole the gravi
tational force is so strong that even light can
not escape from a black hole. The marginal 
region is called the event horizon of the black 
hole. For a spherical black hole of mass M, 
the marginal radius is 2MG/c2 with G and c 
being the Newton constant and the light ve
locity. (Hereafter we take the unit G — c = 1) 
It is around 3 km for an object of solar mass. 

Classically nothing can go out of a black 
hole. However, as Hawking : showed in 1974, 
there is a quantum effect that particles are 
emitted from the black hole of mass M in 

a black body spectrum with the tempera
ture TBH = SAT in the above units, numer
ically around 10~7K for a solar mass black 
hole. Roughly speaking the mechanism of 
the Hawking radiation is the following. The 
strong gravitation force near the horizon cre
ates a pair of particles, one of which trav
els to infinity while the other falls into the 
black hole. The pair is quantum mechani
cally correlated a la Einstein-Podlsky-Rosen 
(EPR) pair, which plays a key role in quan
tum information theory.2 

More explicitly,the quantum state of the 
matter in the black hole spacetime is the 
Hartle-Hawking state, 

|V> >HH= ^2 V^"ln >B I" >A, (1) 

with c„ = e TBH /Z being the Boltzmann 
factor. Z = 2Jn e TBH and TBH is 
the Hawking temperature defined above.This 
state is an entangled state of the n-particles 
inside \n >g and outside \n >A of the 
black hole. We trace over the inacces
sible B-state to obtain a mixed state for 
the observer outside, pA — trgdip >HH< 
ip\) = ^2ncn\n >A< n\i the canonical den
sity operator.3 
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2 The generalized second law in 
black hole thermodynamics 

There is an apparent 
paradox called "Wheeler's demon" that we 
can evade the second law of thermodynam
ics by disposing of a garbage entropy into a 
black hole. According to the generalized sec
ond law, however, we have to pay the price 
for it. The black hole becomes bigger when 
the entropy is thrown in. More precisely, it 
says that the sum of the black hole entropy 
SBH — 4%A and the ordinary matter entropy 
Smatter, Stot = SBH + Smatter, does not de
crease, where A — 16TTM2 is the area of the 
horizon of the black hole of mass M. There 
are plenty of evidence to support it. Example 
are a gedanken experiment and a general ar
gument based on the EPR like entanglement 
of the particle states of inside and outside the 
event horizon.4 

It is historically interesting to point out 
that Bekenstein5 proposed the generalized 
second law in the black hole spacetime prior 
to the discovery of the Hawking radiation 1 

on the basis of information theoretical argu
ment in a gedanken experiment and opened 
up the black hole thermodynamics, one of the 
most fascinating fields of theoretical physics. 
3It has been shown that there is an al
most complete parallelism between black hole 
physics and thermodynamics from the zero-
th to the third laws. 

3 The Holevo bound 

Information can be processed( sent, re
ceived, disposed etc.) only by physically per
forming measurements. We say, for example, 
that the information prepared by an agent 
outside a black hole is retrieved by another 
agent at infinity if the two experimental out
comes are correlated. A quantification of 
the correlation is the mutual information de
fined below. In what follows we will show 
that the increase of the generalized entropy 

is bounded below by the Holevo bound6,7, 
which in turn is the upper bound of the clas
sical mutual information. 

Imagine a quantum experiment outside 
of the black hole. The state will change in 
general as p ->• p' = J2a AapA\ = J2aP<*P'a> 
with J2a Al<Aa — 1. The transition is a trace 
preserving POVM (positive operator valued 
measure), where pa = tr(AapAlt) is the prob
ability to get the result a.p'ais the normalized 
density operator. We suppose that the exper
iment is local and an isothermal process due 
to the Unruh effect of the accelerated system 
with the temperature T(r) = (&, the blue 
shifted temperature from the Hawking tem
perature TBH of the cavity surrounding the 
black hole at infinity. The first law of black 
hole physics is 

ASBH = ^ - , (2) 

where AW is the work to be done by an agent 
at infinity needed for the quantum experi
ment. The ordinary thermodynamics tells us 
that the work AW needed in the isothermal 
process is more than or equal to the difference 
of the free energy: 

AW> AF 

AF = Z*Pa[Ea - f(S'a - logPa)]X - (E0 - TSo)X 

= [So ~ {HaPaS'a - T,apalogpa)]TBH-

The last equality holds because the internal 
energy does not change \EQ = ^2apaEa in 
an isothermal process. SQ,S' and S'a are de
fined by 50 = S{po),S' = S(p') and S'a = 
S(p'a),where S(p) = —tr(plogp) is the ex
pression for the von Neumann entropy for a 
general state p. The quantity— J2a Pai°9Pa 
represents the entropy of the detector. 

Combining the first law of black hole 
physics and the second law of thermodynam
ics above, we obtain ASBH = S'BH ~ SBH > 
So — ̂ apa{S'a—logpa) We write it in a more 
illuminating way as 

S't0t-Stot>S'-Y,PA (3) 
Q: 
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where S" is the matter entropy after the mea
surement and S'tot = S'BH + S' - J2a P*l°9Pa 
is the generalized entropy including the de
tector entropy. The right hand side is the 
famous Holevo bound : 

5 ( E P ^ ) - E ^ 5 ( ^ ) > 7 ' ' (4) 
a a 

where I' is the mutual information which rep
resents the correlation between the two mea
surements. Precisely, with {Ej} being the or
thogonal projection summing to unity which 
corresponds to the observation by the second 
agent at infinity and should be distinguished 
from the previous POVM's,we have 

I'{E) = -Y^Pap{Mlo9^y (5) 

where p(j\a) = tr(Ejp'a) is the condi
tional probability to obtain the outcome j 
when the state p'a is prepared and p(j) = 
^2a p(a)p(j\a) is the average probability to 
obtain j . The above expression can be in
terpreted as the uncertainty of the first mea
surement minus its uncertainty after the sec
ond measurement,i.e., the knowledge about 
the prepared sate,^2apap'aobtained by the 
measurement {Ej} at infinity. The equality 
can be achieved for some projection {Ej} if 
and only if the components of p'^'s are mu
tually commutable. In this case p'a's can be 
simultaneously diagonalized so that we can 
choose, for example, that A^,Aa = Ej as the 
best that the second agent can do. We obtain 
in this optimal case I'{E) — — ^2apalogpa. 
This is nothing but the Shannon information 
entropy stored by the first measurement. 

4 Summary and Discussion 

We have shown that the increase of the gen
eralized entropy by quantum process outside 
the horizon of a black hole is more than the 
Holevo bound of mutual information which 
would be obtained by quantum observation; 

AStot > / ' . (6) 

What we have used as physics are the energy 
conservation in the black hole physics and the 
second law of ordinary thermodynamics. Our 
result may be interpreted that the harder ex
perimentalist works to understand the uni
verse, the more the black region of ignorance 
or garbage grows! 

However,there remains a long standing 
problem: loss of information of the ini
tial state by evaporation of a black hole.8 

From our view point , it is crucial to clar
ify the meaning of "information" to resolve 
this paradox.9 
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DECOHERENCE OF ANOMALOUSLY-FLUCTUATING 
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In quantum systems of a macroscopic size V, such as interacting many particles and 
quantum computers with many qubits, there exist pure states such that fluctuations of 
some intensive operator A is anomalously large, (5A2} = O(V0), which is much larger than 
that assumed in thermodynamics, {5A2} = 0(1/V). By making full use of the locality, 
we show, starting from Hamiltonians of macroscopic degrees of freedom, that such states 
decohere at anomalously fast rates when they are weakly perturbed from environments. 

1. INTRODUCTION 

We consider a quantum system, which 
extends spatially over a macroscopic but fi
nite volume V. Such a system includes, 
for example, many particles confined in a 
box of volume V, and a system composed 
of N two-level systems (qubits), for which 
7 ocJV> 1. Such a system, in general, has 
pure states such that fluctuations of some 
intensive operator, 

x€V 

where d(a;) is an operator at point x, is 
anomalously large; 

{8A2) = O(V0). (2) 

We call such a pure state an 'anomalously 
fluctuating state' (AFS), because (SA2) is 
much larger than that assumed in thermo
dynamics, (SA2) = 0(1/V). 

In closed quantum systems, AFSs ap
pear naturally, as explained in section 2. 
Experimentally, however, it is rare to en
counter AFSs. This apparent contradic
tion may be explained by the fact that real 
physical systems are not completely closed: 
Interactions with environments would de
stroy AFSs very quickly. Effects of envi
ronments have been discussed intensively 
in studies of 'macroscopic quantum coher
ence' [1], and of quantum measurement [2]. 
These previous studies assumed that the 
principal systems of interest were describ-
able by a small number of collective co
ordinates, which interact non-locally with 

some environment(s). However, justifica
tion of these assumptions is not clear. Al
though such models might be applicable to 
systems which have a non-negligible energy 
gap to excite 'internal coordinates' in the 
collective coordinates, there are many sys
tems which do not have such an energy gap. 
Moreover, the results depended strongly on 
the choices of the coordinates and the form 
of the nonlocal interactions, so that gen
eral conclusions were hard to draw. In 
this work, we study the decoherence rates 
of AFSs and normally-fluctuating states 
(NFSs), starting from microscopic Hamil
tonians of macroscopic degrees of freedom, 
by making full use of the locality: interac
tions must be local (Eq. (3)), and macro
scopic variables must be averages over a 
macroscopic region (Eq. (1)). To express 
the locality manifestly, we use a local field 
theory throughout this work. 

2. ANOMALOUSLY-FLUCTUATING 
STATES 

AFSs generally appear in, e.g., (i) fi
nite systems which will exhibit symmetry 
breaking if V goes to infinity, and (ii) quan
tum computers with many qubits. 

In case (i), we can find states (of fi
nite systems) which approach a symmetry-
breaking vacuum as V —>• oo. We call such 
a state a pure-phase vacuum (PPV). It has 
a finite expectation value (M) — O(V0) 
of an order parameter M, and has negli
gible fluctuations (SA2) = 0(1/V) for any 
intensive operator A (including M) [3-8]. 
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Hence, PPVs are NFSs. In a mean-field 
approximation, PPVs have the lowest en
ergy. However, it is known that the ex
act lowest-energy state of a finite system 
(without a symmetry-breaking field) is gen
erally the symmetric ground state (SGS), 
for which (M) = 0 [3-8]. PPVs have a 
higher (or, in some special cases, equal) en
ergy than the SGS. The SGS is composed 
primarily of a superposition of PPVs with 
different values of (M) [3-8]. A s a result, 
it has an anomalously large fluctuation of 
M; (SM2) = 0{V°). Therefore, if one ob
tains the exact lowest-energy state (e.g., by 
numerical diagonalization) in case (i), it is 
generally an AFS. 

In case (ii), various states appear in the 
course of a quantum computation. Some 
state may be an NFS, for which (5A2) = 
0(1/V) for any intensive operator A. This 
means that correlations between distant 
qubits are weak [8,10]. Properties of such 
states may be possible to emulate by a 
classical system with local interactions, be
cause entanglement is weak. We there
fore conjecture that other states - AFSs -
should appear in some stage of the compu
tation for a quantum computer to be much 
faster than classical computers. In fact, 
we confirmed this conjecture in Shor's al
gorithm for factoring [10]. 

We stress that AFSs are peculiar to 
quantum systems of macroscopic but finite 
sizes, and thus are very interesting. In 
(local) classical theories, a state such that 
(<L42) = O(V0) is possible only as a mixed 
state. In (local) quantum theory of infinite 
systems, any pure states (including excited 
states) are NFSs [3,4], because all AFSs for 
a finite V become mixed states in the limit 
of V ->• oo [3,4,7]. 

3. INTERACTING MANY BOSONS 

We first consider interacting many 
bosons confined in a uniform box of vol
ume V with the periodic boundary con
ditions [6,7,11]. Since the Hamiltonian H 
commutes with the number of bosons N, 
there exist simultaneous eigenstates of TV 

and H. We denote the lowest-energy state 
for a given value of TV as \N, G). This 
is the SGS, for which (*) = 0, where 
$ denotes the intensive order parameter 
* = (l/V)^2x£Vi>(x), and 4>(x) is the 
boson operator at point x in the box. 
On the other hand, |7V, G) has the long-
range order, (fi(x)ip{x')) = O(V0) for 
|a; — x'\ ~ F 1 / / 3 [7,11]. We can easily show 
that it has an anomalously-large fluctua
tion of $; (6&6V) = O(V0), which shows 
that |iV, G) is an AFS. On the other hand, 
by superposing \N, G) of various values of 
N [12], we can construct a state |a, G), for 
which (*) = O(V0) and (5A2) = 0(1/V) 
for any intensive operator A [7]. Namely, 
\a, G) is a PPV, hence is an NFS. Although 
it is not an eigenstate of H, \a, G) does not 
collapse for a macroscopic time [6]. 

Since the energy of \N, G) is lower (by 
0(V°)) than that of |a ,G) for the same 
value of (TV) [6], there seems to be nothing 
against the realization of \N, G) if the sys
tem is closed. However, most real systems 
are not completely closed, and weak per
turbations from environments can alter the 
situation dramatically. In fact, effects of in
teractions with an environment, which was 
assumed to be a huge room that has ini
tially no bosons, on these states was stud
ied in Ref. [11], where it was shown that 
\N, G) decoheres much faster than |a, G), 
as bosons escape from the box into the en
vironment. Namely, the SGS (which is an 
AFS) is much more fragile than the PPV 
(an NFS), for interacting many bosons in a 
leaky box. This may be the first example 
in which the SGS and PPVs are identified 
and the fragility of the SGS as well as the 
robustness of PPVs are shown, for a non-
trivial interacting many-particle system. 

4. GENERAL SYSTEMS 

We next consider a general finite system 
of a large V, interacting with a general en
vironment E, with a local interaction, 

Hint = A J2 &(x) ® Kx), (3) 
x€Vc 
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where a(x) and b(x) are local operators 
(any functions of the fields and their con
jugate momenta at point x) of the princi
pal system and E, respectively, at the same 
point x € Vc- Here, Vc (C V) is a 'con
tact region' between the principal system 
and E. Since we are interested in the case 
of weak perturbations from E, we assume 
that the coupling constant A (> 0) is small. 

The initial (t = 0) state, p(0) = \<f>)(<f>\, 
of the principal system is either an AFS or 
an NFS, and the initial state of the total 
system is assumed to be the uncorrelated 
product, ptot(0) = p(0) ® pE , where pE is a 
time-invariant state of E. We are interested 
in the time evolution of the reduced density 
operator, p(t) = TrE[ptot(*)], which gener
ally evolves from the pure state \<f>)(4>\ into 
a mixed state. As a measure of the purity, 
we evaluate the 'linear entropy' defined by 
Slin(t) = 1 - Tr[p(i)2]. If \<f>) is transla-
tionally invariant [13], both spatially and 
temporally, we find to C(A2) that [8] 

ZMVy^gooWA^AWt, (4) 

where A = (1/V)'^xeVa(x), and g is a 
positive matrix defined by the time corre
lation of b of E; 

1 f°° 
0*1*2 = 2 / d s ^ L ^ ( « ) ) - (5) 

Here, bk = Y^xevc
b(x)e~*kx> w h e r e t n e 

sum is not over the entire region of E, but 
over Vc- Since the rhs of Eq. (4) is pro
portional to t, we can interpret it divided 
by t as a lower bound of the decoherence 
rate, which we denote 7. It is proportional 
to the fluctuation of the intensive opera
tor A composed of a(x) which constitutes 
H[nt- As discussed in the next section, in 
real physical systems many terms would ex
ist in F i n t ; Hint = H^ + fl£| + • • •, where 

#inl = AM Ex e V£> a M W ® ^ W- It may 
be possible to construct a state which is 
exactly robust (i.e., does not decohere at 

all) against one of fi-nj;'s. Such a state, 
however, would be fragile against another 

i?;nj.. It is therefore important to judge the 
fragility and robustness against all local in
teractions. 

To 7 of an AFS, some of H$t's can 
give an anomalously large contribution, be
cause, by definition, (<f>\6A^SA^\^>) = 
O(V0) for some i M , hence 

7M = (AM2/ft2)fl£3 x 0(V°), (6) 

which can be anomalously large. To see 
this, we estimate the prefactor poo- Let 
Vg°rr be the size of the region in which 
JZL, d*<6*(x)6(0, t)> is correlated in E. We 
can roughly estimate that poo oc VQ when 
yjcorr > yQ > w h e r e a s gQQ ^ VCV£OTT

 w h e n 

ygorr < yc jgj j n gjthe,- c a S e ; -y l̂ becomes 
anomalously large, in the sense that 7M is 
proportional to the square (or product) of 
a macroscopic volume(s), if the contact re
gion Vc and the correlation region Vgorr 

are macroscopically large. Hence, AFSs are 
fragile in some environment [9]. 

To 7 of an NFS, on the other 
hand, none of ff-J's can give such an 
anomalously large contribution, because 
{</>\SAM5AW\<l>) = 0{l/V) for any AW. 
Hence, NFSs are less fragile than AFSs, ex
cept when Vg°rr^' is microscopically small 
for all I. Here, we have used a moder
ate word "less fragile" instead of a stronger 
word "robust" because, for NFSs of general 
systems, 7M can be proportional linearly to 
a macroscopic volume [9], unlike the case of 
section 3. 

5. EFFECTIVE THEORIES 

Usually, we are only interested in phe
nomena in some energy range AE. Hence, 
it is customary to analyze a physical sys
tem by an effective theory which correctly 
describes the system only in AE. In some 
cases, the degrees of freedom N of the ef
fective theory can become small even for 
a macroscopic system when, e.g., a non-
negligible energy gap exists in AE because 
then the number of quantum states in AE 
can be small. Some SQUID systems are 
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such examples. We here exclude such sys
tems, and concentrate on systems whose 
N is a macroscopic number, because oth
erwise the difference between 0(1/N) and 
0(N°) would be irrelevant. The effective 
theory can be constructed from an elemen
tary dynamics by an appropriate renormal-
ization process. In this process, in general, 
many interaction terms would be generated 
in the effective interaction i?int [14]. Hence, 
it seems rare that H{nt does not have any 
term which takes the form of Eq. (3) such 
that (SA^SA) = O(N0) for the AFS under 
consideration. 

If TV were small, one could drop terms 
with small A^. Since N is large, however, 
such an approximation can be wrong, be
cause, as discussed in the previous section, 
its contribution may be enhanced by an 
anomalously large factor and become rel
evant to AFSs, however small A^ is. 

6. IMPLICATIONS 

We finally discuss implications of the 
above results, for (i) and (ii) of section 2. 

In case (i), our results suggest a new ori
gin of symmetry breaking in finite systems 
[11]. Although symmetry breaking is usu
ally described as a property of infinite sys
tems, it is observed in finite systems as well. 
Our results suggest that although a PPV 
(which is an NFS) has a higher energy than 
the SGS (an AFS), the former is realized 
because the latter is extremely fragile in 
environments. This scenario, may be called 
'environment-induced symmetry breaking' 
after Zurek's 'environment-induced supers-
election rule' [2], may be the physical origin 
of symmetry breaking in finite systems. 

In case (ii), our results show that the de-
coherence rate can be estimated by fluctua
tions of intensive operators, which depend 
strongly on the number of qubits N and 
the natures of the states of the qubits [15]. 
This may become a key to the fight against 
decoherence in quantum computation. 

In both cases, we stress that the approx
imate robustness against all local interac
tions (between the principal system and en

vironments) would be more important than 
the exact robustness against a particular in
teraction, because, as discussed in section 
4, many types of interactions would coexist 
in real physical systems, and the exact ro
bustness against one of them could imply 
fragility to another. 
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A COARSE-GRAINED POSITION OPERATOR A N D D E C O H E R E N C E IN 
MACROSCOPIC SYSTEMS 
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The behavior of macroscopic system is investigated with a coarse-grained position operator based on 
the SO(3,l), whose macroscopic nature induces decoherence leading to classical behavior. 

1 Introduction 

It is an important problem how the transi
tion from quantum to classical system oc
curs. This problem is deeply connected with 
the problems of measurement. In the pro
cesses of measurement, decoherence plays a 
crucial role. Therefore, more detailed anal
yses of the origin and the process of deco
herence are necessary for further establish
ment of the foundation of quantum mechan
ics. They are simultaneously interesting for 
the light they may shed on the problem of 
recent new applications of quantum mechan
ics for quantum information processing, since 
decoherence is an obstacle for them. 

Machida and Namiki1 showed that 
macroscopic system as an open system with 
the uncertainty of the number of atoms in
duces the reduction of wave packet. One of 
the present authors (A.M.)2 have discussed 
another description of this macroscopic na
ture and proposed a coarse-grained position 
operator based on the 0(4). 

In this paper, making use of a more 
reasonable coarse-graind position operator 
based on the S0(3,l), the origin of decoher
ence and the transition from quantum to clas
sical system are investigated. In comparison 
with other theories of open system, our op
erator has wide applicability for any macro
scopic system if it is described by Hamil-
tonian. In fact, we can discuss generalized 
master equation3 and make a modification of 
Green model4 against Furry's criticism with 
this operator. 

2 Coarse-grained Position 
Operator 

We can consider that a macroscopic size L 
has finite random fluctuation AL.1 An exam
ple of coarse-grained position operator having 
this macroscopic nature is5 

x'=thiafr~^~Pi^PkWk}' ( ) 

where ((AL) ) denotes the averaged value of 
(AL) . This operator can be constructed in 
parallel with Ref. 2. Making use of the pro
jective co-ordinates, we may define that 

Pi = aL
1/2 • & / & , (2) 

where \pi,Pj] = 0, aL = {(AL)2)/h2 and 
QLP 2 = T is a dimensionless constant. We 
may consider a restricted p-space p2 = p\ + 
P2+P3 ^ a2l- This restricted p-space is em
bedded in a fictitious (3+1) flat £-space by 
Eq.(2), and constructs a 3-dimensional world 
with constant curvature. Making use of the 
infinitesimal generators which leaves £a£

a in
variant 

a, (3, j , 5 : 5,1,2,3, g55 = -gu = 1, (3) 

we can define a quantum mechanical operator 
Xi as a coarse-grained macroscopic position 

1/2 operator £i = —Tia^ G^. The commutation 
relations for the generators Gap are given by 

mailto:tyoneda@aps.cms.kumamoto-u.ac.jp
mailto:motoyosi@aster.sci.kumamoto-u.ac.jp
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[Gap,G.ys] — —iiga-yGps+gffsGa^—gasGpj — 
gp-fGas), from which we have [x,, Xj] = h OIL-
[Gsi,G5j] = —iti2a.L -Gij. Making use of the 
variables £ and p, the commutation relation 
for [£»,Pj] is given by 

ih(Si f = ih{Sij- aLpiPj), (4) 

and commutation relation for [xi,x,-] is given 
by 

h2aL^Wj 

d 
= - h2aL(pi- Pj-^~), 

opj dpt 

respectively. Finally, we obtain 

(5) 

•* 1 /2 / / - d , c d \ 

= in{^-aLP3YJPk-~}, (6) 

as the solution of the above commutation re
lations. This operator furnishes Eq.(l). Mi
croscopic limit as a geometrical point is sim
ply given by AL -» 0. In this limit, usual 
position operator and commutation relations 
can be recovered. On the other hand, we may 
consider that macroscopic distance between 

2 V 2 

two points smaller than ((AL) ) cannot be 
discriminated and macroscopic limit is given 
by ((AL)2)/L2 = e2

L -» 0. This means 
that the fluctuation AL can be ignored in 
this limit in comparison with its macroscopic 
size L. This limit shows that aip2 = T = 
((AL) ) • p2/h2 —> 1 in the present rep
resentation of the macroscopic nature, be
cause of that this limit can be rewritten into ((AL)2) •L2 e\L2 p2/h2 

1 and e2
LL2 -> h2/p2 => L2 » h2/p2 for 

CL -*• 0. The commutation relations [XJ,PJ] 

tends to zero in this limit. Therefore, the 
operator x, becomes classical physical quan
tity Xj. Consequently the commutation rela
tion [XJ,XJ] =̂> [xi,Xj] also becomes zero. It 

should be noted that these relations are ob
tained without to take the limit h —• 0. When 
the dimensionless parameter T = aip2 tends 
to 1 and the macroscopic size L is sufficiently 
larger than de Broglie wave length A = h/p 
accompaning with the motion of the center 
of mass, deviation of the fluctuation ((AL) } 
of the macroscopic size L becomes negligible. 
Therefore, we can discriminate different two 
macroscopic points separated over several de 
Broglie wave length. Hence, we can define the 
distance of two separated macroscopic points. 

3 The Transition from Quantum 
to Classical 

We may consider crystal lattice consisting 
of sufficiently large number N atoms as an 
example of the macroscopic system. The 
Hamiltanian of this system can be written by 

3N 2 

i=l ij 

in the harmonic approximation. This Hamil-
tonian becomes into the form 

*-£(£•*"*),• (8) 

by the choice of normal co-ordinates. In this 
system, the macroscopic nature given in the 
preceding section can be reduced to a fluc
tuation {(At) ) of the position of atoms. In 
virtue of the central limit theorem, we have 
((AL)2) = N • {(At)2), and obtain 

ij = ih{ 
dp, 

at 

((Ai)2) ^ d 

((Al)2) 
h2 ' 

atp
2 = 7 < 1, (9) 

for xop. In order to make up this system with 
Hamiltonian (8) to have the macroscopic na
ture, we need to replace H(p,x) by H(p,x) 
in p-representation. Hence, to investigate the 
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behavior of this system is essentially equiva

lent to solve following eigenvalue equation 

(p2/2m + Kx2/2)V = E9, 

* = $ (p ) -y« m ( f l , 0 ) . (10) 

We can introduce a dimensionless indepen

dent variable z = l/atp2, then Eq.(10) 

becomes5 

2 d2$ 
4ae(z - i f z ^ + 2at(z - l ) 2 ^ + { 2E 

$ i = a0F(a, b, c; 1 — z), a0 = const, (13) 

where a = — (n + I + 1/2), b = —n and c = 

a + b - \ / l + A/2. Finally, we have 

*„,«(p) = a 0* 2 y l (z - l ) s 2 A F ( a , 6, c; 1 - * ) , 

(14) 

for $(p) in Eq.(lO). 

On the other hand, in exactly quan tum 

mechanical case (at — 0), it is known tha t 

the wave function of this system is given by 

r - 2 atl(l + l)z}* = 0. (11) 
mKn a(Z 

This differential equation becomes solvable 

by the transformation $ = (1 — 2 _ 1 ) $ i 

with A = 1/8 ± 1 / 4 0 / 4 +l/mKh2a2. We 

now find a solution for 3>i in the form $ i = 

^ a n ( z — l ) s + n . The boundary condition 

tha t z2A(z — l ) s ~ does not diverge in $ = 

z2A(z — l ) s ~ J2 an(z — 1)") exclusively al

lows only upper sign in the index A. De

noting K((M)2)/2 = Ve and (hcu/Vt)2 = A, 

from the boundary condition tha t $ i must 

be polynomial for positive integers n, / and 

n = I = 0, we obtain 

\En,i\/Vt = (2n + l + 3 / 2 ) v T T A 

+ 2 { ( 2 n + l ) - ( n + Z + l ) - l / 4 } , (12) 

for the eigenvalues of E in Eq.(lO).5 Equa

tion (12) becomes \E\ ~ (2n + I + 3/2)hu> 

for V̂  <C hw, which furnishes quantum me

chanical energy levels of a three-dimensional 

isotropic harmonic oscillator in spherical po

lar co-ordinates. Similarly, Eq.(12) simply 

becomes | E | ~ [4n(n + I + 2) + 3(/ + l)]Vt 

for Vt > hoj. For n = / = 0, Eq.(12) 

gives zero point energy \E\ = ZTWJ/2 for 

Vt <C hu>, and zero point fluctuation of en

ergy \E\ ~ 3K((Aef)/2 for Ve » hu. 

The wave functions of this system also 

can be obtained from E q . ( l l ) . The function 

$ i is given by the following hypergeometric 

function 

f 2 W n + i + 3 / 2 ) l ^ 
$ 9 ; - ' ( P ) 1 n !{ r ( / + 3 / 2 ) } 2 / 

y e - P 2 / 2 F ( _ n ; / + 3 / 2 ; p 2 ) ; ( 1 5 ) 

where p — (3p and /32 = 1/VmKh2. 

For example, the first three functions 

*„,j(p) are 

* o , o ( p ) = a 0 ( l - a ^ 2 ) l , 

A / N /-, 2 \ - ( 1 +v ' l + *)/4 
* O , I ( P ) =aa(l-atp

i) 

9 l/ * 

VI — a/p-1 / 

A / \ /1 2 x - ( 1 + \ /l+^")/4 
$ i , o ( p ) = a o ( l - « £ P ) 

(r 
a<P 

a ^ + 5 + y m 
) , (16) 

for 2n + I = 0 (n=0, 1=0), 2n + I = 1 

(n=0 , /=1) and 2n + / = 2 ( n = l , / = 0 ) . Cor

responding quantum mechanical wave func

tions $q ; n >/(p) are 

2/3 3 , 1/2 

W P > = ( ^ ) - e ^ V / 2 , 

= / 8/33 ,3 1/2 

• « ^ ) = ( ^ ) 1 / a - e - ^ 

• (i-|sV). 

- /3V/2 . 

/2 

/?P, 

(17) 
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The lack of exponential factor in the function 
*«,/ (p) in comparison with the wave function 
&q-,n,i{p) is due to the broadness of poten
tial energy originated from the fluctuation. 
Three energy eigenvalues Enj, for states in 
Eq.(16) are 

\E0,i\ = l{i + VTT\)vl + wl, 

\Elfi\ = 7-(l + vTTA)V, + SVt, (18) 

in comparison with quantum mechanical en
ergy levels Eg.Hti, which are given by Eq;o,o — 
3hu>/2, Eq.o,i = 5hu/2 and Eq.lfi = 7hu/2. 
If the fluctuation of energy were larger than 
twice of zero point energy (Vi > 3huj), com
mon factor 1 + y/l + X in Eqs. (16), (18) 
reads 

1 + V l + A ~ 2 . (19) 

Therefore, this common factor in Eq.(16) can 
be approximated by 

(1 - aiPril+V^)/4 - 1 + \^P\ (20) 

because of that aip2 <C 1. This approxima
tion offers 

$o,o(p) ^ a 0 ( l + ^aeP2)' 

$o,i(p) - oo(l + 2 a < P 2 ) v ^ P ' 

*i,o(p) - ao(l + 2aep2^2 + aeT>2^ ( 2 1 ) 

for Eq.(16), which are unnormalizable. Si
multaneously, even if Vi ~ 3hu>, wide energy 
levels (9huj for 2n + I = 0) are covered by 
the fluctuation of energy. Therefore, consid
erable quantum mechanical energy levels be
come indistinguishable, which offers classical 
property. 

The function $„,;(p) approaches to the 
following form with increasing (2n + I) 

*n,o(p) ~ a0( l + l-atP
2) • e~Bn • e ^ , (22) 

which gives the position probability density 
for the classical harmonic oscillator and B is a 
positive number of order unity B — 1/2 ~ 4. 

4 Conclusion and Discussions 

The transition from quantum to classical sys
tem is investigated with a coarse-grained po
sition operator. Essential difference between 
at = 0 and an / 0 is important, the for
mer gives quantum mechanical case, the lat
ter gives classical property. In fact, we can
not obtain Eq.(16) from Eq.(17) through any 
limitting procedure. In addition, naturally, it 
does not permitted to take the limit at —> 0 
in Eq.(l l) . Only the energy of the system is 
continuously connected through Eq.(12). In
troducing an extra-dimension, we have get a 
unified description of quantum and classical 
mechanics. This result is obtained without 
to take the limit h —>• 0. 
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We consider an assembly of N indistinguishable two-level atoms, for which a concept of spin-squeezing 
and entanglement measures are well denned. We explicitly show that a spin-squeezed state has pair-
wise entanglement and a squeezing parameter serves as a measure of entanglement in that case. 

It is well known that both entangled 
states and squeezed states are valuable re
sources of quantum correlations. Entangle
ment being an essential ingredient in quan
tum information science is originated from 
the Hilbert space structure and the super
position principle, while squeezing is based 
on the uncertainty principle — another vital 
principle of quantum mechanics. Thus, it is 
of interest to study their relationship. 

We deal in this Contribution with an 
assembly of N indistinguishable two-level 
atoms for which both entanglement measure 
and spin-squeezing are well defined. The 
time evolution of the assembly is governed 
by a Hamiltonian which is left unchanged 
under any permutation of the atomic labels. 
Thus, we introduce the following notation for 
permutation symmetric state: \&s(N,k)) = 
Sperm I ^k0^N~^>, where £ p e r m describes 
a summation over all distinct permutations 
oi N — k zero's and k one's. A state we are 
dealing with may be written as 

N 

|*) = £Cfc|3>s(iV,fc)}, (1) 
fc=0 

since the symmetric states are orthogonal 
<$,(JV,fc)|$B(JV,fc')> = (2

k
s)Sk,,k. Moreover, 

the atomic assembly can also be considered 
as N identical spin-1/2 or qubit system, and 
one may define collective angular momentum 
operators as Jk = | S i = i CTM (^ = xiViz)i 
where ok,i is a Pauli operator for ith spin-1/2. 

The eigenstates | J, m) of the total angu
lar momentum operator J 2 and Jz are equiv
alent to the normalized permutation symmet-

-I try 

ric states: \J,m) = (j2Jm) |$S(2J, J-m)) 
(m = —J,—J+ 1 , . . . , J ) . In other words 
the state Eq. (1) is restricted to the con
stant J = N/2 angular momentum subspace 
of maximum multiplicity 2 J + 1. 

In this subspace, a Clebsch-Gordan com
position of spin-J into the spin-Ji and spin-
(J—Ji) can be written in the following simple 
form: 

i$s(iv,fc)) = Er=:on{2Ji,'c}i^(2j1,/)) 
®\*s(N-2Jltk-l)), (2) 

and turns out to be a useful tool. 
For instance, with Ji = 1 we can eas

ily write the reduced density matrix p&B = 
TrCD...\*){*\ a s : 

/(<A)|<A)) (<fo\<Pi) ( < A M ) ( V O | < ^ 2 ) \ 

= (<Pl\fo) (<Pl\<Pl) (<Pl\fl) (yi|V2> 
(<Pi\<Po) (<£>i|¥>i) <¥>i|</?i> (<Pi\<P2) 

\(</>2|</>o) (</>2|<Pl) (<P2\fl) {<P2\V2) ) 

(3) 

where (<pj\<pi) = T^IQ Ck+iC*k+j{
N~2) 

(i,j — 0,1,2), which has at most three eigen
values due to its symmetry property. Using 
the following correlation sums 

Y,lioH2
k)^t-i = (J+), 

ZHoHk-l)^)ckcU2 = (Jl), 

http://ac.jp
http://ac.jp
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E"o* 2 (Y)<*<S_i = <•/+(•/-•/*)> 
= ±{(N + l)(J+)-{J+Jz+JzJ+)}, 

one can express the matrix elements via mean 
values of the first and second order momenta: 

(<rWo) - N(N-l) ' 

(VllVl) 

(V2IV2) 

(Volvi) 

(V0IV2) 

AT(JV- l ) ' 
J ( J - l ) + (.7z

2)-(2J-l)<J ; a) 
N(N-l) ' 

( J - ^ ) ( J + > + | ( J z J + + J + J , ) 
N(JV-l) : 

<J+> 
JV(JV- l ) ' 

mm) - —N(N- i ) • 
It is obvious that extreme mean values 

of the momenta are the rotational invariants 
and entanglement measures should be defined 
by them. As for spin-squeezing in the sense 
of quantum correlations it also should be de
fined by these invariants. 

In literature, many definitions of spin-
squeezing are used. A definition based on 
uncertainty principle of momentum operators 
is not invariant under rotation and thus does 
not necessarily reflect quantum correlations 
in contrast to the boson squeezing. Thus 
we use the following definition1: a spin is 
regarded as squeezed only if the minimum 
variance (AJ^) of a spin component perpen
dicular to the direction n of the mean spin 
vector is smaller than the standard quan
tum limit (SQL) ^ of the coherent spin state 
(CSS), i.e., the state is spin-squeezed iff £j_ = 
{AJj)/(J/2) < 1. The idea is that quantum 
correlations are needed to overcome SQL and 
this definition is intuitively supposed to be 
used only for the maximum multiplicity sub-
space in which CSS belongs. 

It is important that this definition also 
implies negative pair-wise correlations2. We 
show in this contribution that these correla
tions are indeed quantum by using some mea
sure of entanglement - concurrence3'4,5. The 
concurrence is defined as Cmix = max{0, Aj — 
A2 — A3 — A4} for a mixed state of a pair of 
spins AB, where Ai, A2, A3, and A4 are the 
square roots of the eigenvalues of the product 

PAB^Py ® av)P*ABl\ay ® °v) m decreasing or
der. Here the asterisk denotes complex con
jugation. For a pure state, it reduces simply 
to CpUre = 2-v/detpA, where pA = TTBPAB-

Although there is no widely accepted def
inition of concurrence or entanglement for 
more qubits, the permutation symmetry of 
the state allows one to apply the above defi
nition in the following sense5: (1) The entan
glement between one of the spin with the rest 
Crest = CpUre with pA = TTBCD...P, i.e., by 
considering all other spins except spin A as 
a single object. (2) Pair-wise entanglement 
Cpair = Cmix with pAB = TrCDE...p- We re
fer to Coffman et. al.5 for details and just 
note that Crest is valid only for a pure state 
while Cpair may also be used for mixed state. 
A residual entanglement or tangle was also 
defined as r = Cr

2
est - (N - l )C 2

a i r . 

Now it is easy to see that concurrence 
Crest of permutation symmetric pure state is 
defined by the mean spin value as 

C„ V l - ( ( J n ) / J ) 2 , (4) 

by using 

PA = TrBpAB 
1(J+(JZ) (J-) 
J \ <J+> J-(JZ) 

and(J+) ( J_ ) = (Jcc)
2 + (J y) 2 . 

As for pair-wise entanglement, let us con
sider the case of (JZJ+ + J+JZ) = 0, which in
cludes states symmetric under the exchange 
0 and 1. Under the rotation of the frame 
of reference both entanglement and squeez
ing should not change. Therefore, by apply
ing appropriate rotations one may choose as: 
(Jx) = (Jy) = 0, (Jz) = (Jf t). Then by 
means of a virtual rotation around n, the ex-
trema of perpendicular variances are found in 
the form 

( ' 'max/ = 2 i ' x ">" Jy) 
min 

±yj[{Jl - J 2 ) ] 2 + (JxJy + JyJx)
2} , 

or we have (J2 + J 2) = ( j£ a x + J^ i n) and 

IW+/I = Wmax ~ •Anin/-
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72 

'mm 
72 

'max 

) ) / ( J ( 2 J -
2 \2 

J^r + 
By denoting A = (J - 2(J, 

1)) and 5 = (J2 - (J2) - [<j; 

4( J2 - {JL*W2 - (JLM1/2)I{J(?J -1))> 
the concurrency may be written as: 

Cpair = max{0, \A-B\-(A + B)} 

max{-2^4,0} when A < B 
max{-273,0} when B < A(5) 
\A-B\ when A + B = 0. 

One may readily check that A < 0 iff 
< 0, and B < 0 iff K^ < 0 by 

using pair-spin correlation coefficient K%^ = 

( < W / ^ ) - <*M,iX*MJ> = P(J 2 ) - J - (2J -
1)(JM)2 /J]/[J(2J - 1)]. Thus, we see the 
equivalence between the negative pair-spin 
correlation (K^ < 0) and quantum pair-
wise entanglement (Cpa;r > 0) in this case. 
For instance, the following simple relation 
holds 

nun.min 

c, pair -K 
l 

mm,min 
(6) 

J V - 1 K ' 

for spin-squeezed state £j_ < 1. The state 
with A+B = 0 is a new kinds of minimum un
certainty state in the sense that the equality 

[J2 - (J^J}[J2 - ( JL) l = \(N - i)2(J*>2 

holds and the concurrence becomes Cpair = 
( | l - f m i n | ) / ( J V - l ) . 

We skip a discussion for more general 
case due to the limited space and apply the 
results for some interesting states. 

Example. 1 (Dicke state \J, m)). It is 
well known that an atomic Dicke state \J, m) 
displays strong atom-atom correlations6 and 
spontaneous emission of the super-radiance 
state (m « 0) has quantum origin because 
the state has no quadruple momentum re
sponsible for classical radiation. We see all 
Dicke states are indeed quantum correlated 
(Fig. 1) by finding the concurrencies: 

Crest = y/{J + m)(J-m)/J* 

and 

CD .7(2.7-1) ^/(J + m)(J -m)-

y/(J + m-l)(J-m-i) 

r 

l\ s~-

II / H / lj / N. 

/ / 
=9 

^ 

-1/2 1/2 5/2 3/2 

Figure 1. Entanglement measures for a Dicke state 
\J,m); -k, concurrence for entanglement between one 
of the spins with the rest C r e s t ; • , normalized pair-
wise concurrence (-A7/2)Cpair; • , residual entangle
ment r . Super-radiant Dicke state (m ss 0) has in
deed maximum concurrence C r e s t or entanglement. 

The super-radiance state has the maximum 
entanglement Crest, thus justifying the def
inition for C r e s t . Dicke state possesses also 

> but not pair-wise entanglement Cp a i r ^ ^ , 
spin-squeezed ( J 2 ^ ) = (Jm i n) > J / 2 . 

Example. 2 (A symmetric superposition 
of Dicke states \ip) = A-[\J,m) + \J,—m)\). 
These states are maximally entangled in the 
sense that Crest = 1 and can be consid
ered as a generalization of TV-Cat like state 
(Fig. 2). It is surprising that only the states 
with m e [-VN/2, VW/2] have pair-wise en
tanglement, while the others close to the TV-
Cat state -W| J, J ) ) + | J, —J)) do not, as can 

be seen from Cpai r = max 10, j ^ j ™ ^ [ < 
1/(N — 1). It can be easily checked that 
this state is also the minimum uncertainty 
one (A + B — 0) and not spin-squeezed 

(•£«> = <•£*> > J /2-

Figure 2. Concurrencies for a symmetric superposi
tion state |J, m) + \ J, —m). Solid-line: C p a ; r , Dashed-
line: C r e s t , Dotted-line: r . All states are maxi
mally entangled in the sense C r e s t = 1> while pair-
wise entanglement appears only for the states with 

[VN/2.VN/2]. 
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Example. 3 (Spin-squeezing models). We 
plot the evolution of entanglement of one-axis 
twisting ,ffoa = hxJz and two-axis twisting 
Hta. = hx(J+ — J-) models of spin-squeezing 
with an initial CSS. Here u — xt is a squeez
ing evolution parameter and t is an evolu
tion time. It is important that spin-squeezing 
or negative pair-wise entanglement which is 
capable to overcome SQL in the presence of 
decoherence2 occurs at the starting stage of 
the squeezing evolution in both models as can 
be seen from Figs. 3-4. For both models, we 
simply have one-to-one correspondence £j_ = 
1 — (N — l)CPair, except the singular case of 
N = 3 for two-axis twisting (Cpair = N-I )> 
which is a minimum uncertainty state and 
plotted in Fig. 5. 

In summary, we have shown that the def
inition of spin squeezing1 implies quantum 
negative pair-wise correlations for indistin
guishable particles. We have found simple 
relations between concurrence and physical 
quantities, which hint some physical motiva
tion for concurrency4,5. The further study 
using the extreme mean values for higher mo
menta to find possible measures of multipar
tite entanglement of pure and mixed states 
would be interesting. 
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Figure 3. Entanglement of one-axis twisting vs 
squeezing evolution parameter ji. Solid-line: Cp a ; r , 
Dashed-line: C r e s t , Dotted-line: r . A state is said to 
be spin-squeezed when £j_ = 1 — (JV — l)Cv, a i r < 1. 

Figure 4. Evolution of entangled measures for two-
axis twisting Hamiltonian. Solid-line: Cp a ; r = v—a' > 
Dashed-line: C r e s t , Dotted-line: T."A pair-wise neg
ative correlation or spin-squeezing always appears at 
the beginning short stage of evolution, although the 
evolution picture becomes more chaotic for large N. 
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A theoretical interpretation of a set of neutron scattering experiments on protons and deuterons is 
presented in terms of quantum entanglement of spatial and spin degrees of freedom. A soluble model 
for the scattering of pairs of particles is developed, and it is applied to hydrogen in different condensed 
matter environments. Decoherence limits the lifetime of quantum entanglement to times of the order 
of 1 0 " 1 5 s . 

1 Proton entanglement in 
condensed matter 

Quantum entanglement of atoms is known 
to exist for extended times (up to microsec
onds) in very well isolated systems, such as 
atomic traps or r.f. cavities, but it is lost very 
rapidly as a result of interaction with an en
vironment. The influence of decoherence1 is 
expected to depend on the square of the size 
of the quantum subsystem under considera
tion, as well as on the frequency and momen
tum transfer in system-environment interac
tion events. For typical condensed-matter en
vironments it can be estimated, even for sys
tems as small as simple molecules, that de-
coherence is so fast that entanglement is vir
tually unobservable by standard observation 
techniques. 

In recent experiments, published by Chatzi-
dimitriou-Dreismann et a/.2,3 and by Karls-
son et a/.,4'5 the effective duration of an 
observation rsc for protons in water, poly
mers, and metallic hydrides, has been re
duced down to the sub-femtosecond range 
by suitably choosing the experimental condi
tions in neutron scattering. All these exper
iments show anomalously low proton cross-
sections for TSC < 10 - 1 5 s. It will be shown 

here that this is to be expected if spatial and 
spin degrees of freedom of the particles are 
entangled and the duration of a neutron scat
tering event is shorter than the decoherence 
time, rcoh, for the entanglement. 
It is known that thermal neutron scattering 
experiments (with rsc ss 10 - 1 3 s) show cross-
sections of molecular hydrogen, H2, which are 
different from the sum of the cross-section 
of two individual protons. This is due to 
correlations in the two-particle wavefunction 
caused by the indistinguishability of pro
tons. This is observed, not only for molec
ular hydrogen in gaseous form (where envi
ronmental interactions are relatively small) 
but also in liquefied H2 at low tempera
tures. For molecules, like CH4, small effects 
of proton-proton correlations still remain6 

when studied in thermal neutron scattering, 
but more complicated molecules show cross-
sections that are well explained in terms of 
distinguishable nuclei. 

The new experiments use neutrons of higher 
energy (20-100 eV) in Compton scattering. 
At these energies the struck proton is highly 
excited, which makes it necessary to reformu
late the standard calculation of the neutron 
cross-section.7'8 

mailto:erk@fysik.uu.se
mailto:s.w.lovesey@rl.ac.uk
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2 A soluble model for neutron 
Compton scattering by 
indistinguishable particles 

As a starting point we have obtained without 
approximation the cross-section for Compton 
scattering by two identical particles, a and /? 
referred to sites 1 and 2, whose spatial and 
spin degrees of freedom are correlated be
cause of their indistinguishability. The initial 
state is « = ( -1 ) J ) 

^={0 l (Ra)&(R/ j ) 

+C0i(R/O&(Ra)}XAr(a,0)- (1) 

Here XM(Q> P)IS t n e initial spin state with to
tal angular momentum J and projection M. 
The neutron scattering operator has the form 

V = ba exp(ik • R a ) + bp exp(ik • Rp), (2) 

where b is the scattering length operator. The 
specific features of Compton scattering are 
reflected in the following Ansatz for the state 
of the pair after the neutron encounter (hav
ing spin states J'M' and C = (-1)-7 '), 

—= {exp(ip' • Ra)ip(Rp) 

+(' exp(ip' • Rp)iP(Ka)} XM>(a,0) (3) 

Here, one particle remains in a state of low 
energy, described by ip(R), whereas the other 
is in the form of a plane wave. At this stage 
their quantum correlation is not yet broken 
and the identity a or (3 of the struck particle 
will be settled only after the decoherence has 
occurred. It is assumed that the coherence 
length of the neutron wave-packet is not too 
short so as to exclude spatial coherence. 
It was shown in Ref. 7 that the spatial inte
grals are reduced such that the matrix ele
ment (/ |V|i) can be written 

</|V|i> = K{V)\xw{a,P)[K + <&%} 

•X^(a , /3 ) [T 2 +Cexp(- ip .d) r 1 ] 

= K(p)F(J'M',JM) (4) 

where K(p) = JdRexp(— iR • p)(j>i(R) and 
Tj = JdRil)*(R)<l>j(R),V = 1,2). Here p 
and p ' = p + k are the initial and final wave-
vectors, respectively, of the struck particle, 
with k the momentum transfer in the process. 
The last equality in (4) defines F{J'M', JM). 
The spatial phase factor exp(—ip • d) arises 
in the momentum wavefunction created from 
<f>2 (R) = (j>\ (R — d) and the momentum dis
tribution of the struck particles is contained 
in the expression K(p). The Ansatz correctly 
reproduces the energy-dependence of scatter
ing with intensity centred about the recoil en
ergy. The scattering length operators in (2) 
have the form b = A + Bs • I, where s is 
the neutron spin operator and I the spin op
erator for the individual scattering particles, 
making up the correlated pair. 
When initial and final states are orthogonal, 
only terms with J' ^ J are contributing, and 
the scattered signal can be written 

\F(J'M' , JM)\2 = (J'M'\ba\JM)2 

•\T2 + Cexp(~ip-d)T1\
2. (5) 

To obtain the actual intensity, (J'M'\b\ JM)2 

is averaged over the projections of the initial 
total spin and summed over the values of the 
projection of the final total spin. 
The cross-section per particle is 

1 [ J ( / + 1 ) / 4 ] £ 2 { | T 1 | 2 + | T 2 | 2 } . (6) 

Recognizing irl(l + l)J32/4 as the incoherent 
cross-section a-mc the cross-section per parti
cle is reduced by a factor 

f=\(ainc/a){\T1\
2 + \T2\

2} (7) 

when J ' 7̂  J. Since {T^2 and \T2\
2 both can 

be shown to be < 1/2, the entanglement in 
scattering, by spatial and spin degrees of free
dom, is seen to lead to a reduction for pro
tons of more than 75% of the cross-section 
a — crcoh + crinc. It is notable that this is a 
purely quantum mechanical effect since the 
overlap of final and initial states is zero and 
cannot lead to additional correlations. If the 



293 

superposition in (3) is reduced to a mixture, 
each particle acts as a local scatterer with 
/ = !• 

3 Applications 

Let us consider protons and set / = 1/2. Re
laxing the condition J' ^ J and allowing all 
{J, J') consistent with the angular momen
tum coupling gives, 

/ 4 \ 2 Ti+exp( ip-d)r 2 | : 

+ llTx-expCtp-d)^!2}. (8) 

This is equal to / = 1/4 when the local vi
brations p are perpendicular to the vector d 
connecting the two protons. Isotropic vibra
tions have 2/3 of the intensity J. d, which 
results in / = 1/3. 
For the metal hydrides,4'5'9 the measured re
duction factors for the proton cross-sections 
fall in the range (/)obs « 0.6-0.8 for the 
shortest observation times while the polymer 
polystyrene,9 has (/)0bs ^ 0.8. The fact that 
the observed reduction is less than calculated 
in the two-particle model can be explained by 
an entanglement that is not maximal since 
more than two protons can be involved, as 
well as by an insufficient neutron coherence 
length. The published data for partially 
deuterated water2 can be fitted in absolute 
terms (Fig. 1) by our model if it is assumed 
that HD combinations are not quantum cor
related and DD correlation effects are small 
( / « 1, see below). In water, the intramolec
ular (two-particle) H-correlations dominate, 
and furthermore, d is small (1.4 A). The H-
vibrations in the water molecule are such that 
the product p • d makes /HH ^ 3/8. 
Corresponding data for deuterated hydrides 
are also presented in Refs. 4 and 9. In gen
eral, the anomalies are much smaller than 
for the protons, with less than 10% reduc
tion compared to standard values. The much 
weaker degree of entanglement observed for 

0.0 0.2 0.4 0.6 0.8 1.0 

Figure 1. Ratios of H to D scattering intensities 
in partially deuterated water ( X Q being the deu
terium fraction) as measured by Chatzidimitriou-
Dreismann et al.2 using Au-foils (full circles) and U-
foils (squares). The lines are predictions from the 
present theory, using / H H — 3/8 and / D D = 1> 0-9 
and 0.8. 

deuterons is in keeping with the expected 
decrease of quantum overlap with increasing 
mass. 

4 Decoherence 

A second unique feature of the neutron 
Compton scattering technique is that the 
data can be analysed in a time-differential 
manner in the range below and around 
10 - 1 5 s. This was first pointed out and im
plemented in Ref. 4 and is based on the rela
tion between the duration rsc and the trans
ferred momentum k{9) at different scattering 
angles 9, 

M 
T-{e) * WwW (9) 

Figure 2 shows published data for protons 
in an Nb-hydride4 (the same is valid for 
Pd-hydride9) with the cross-section reach
ing standard, individual proton values for 
rsc > 10~15 s. The polymer and wa
ter experiments2'3 cover a lower time range 
within which the cross-section reduction is 
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Figure 2. Ratio of H to Nb scattering intensities in 
Nb-hydride, as a function of the duration of a scat
tering event. The full line is the ratio 13.1 expected 
without proton entanglement in scattering. 

fairly constant. 
The Y-hydrides, reported in this Sympo

sium, 5 show a time-dependence but do not 
reach full values in the time range observed. 
The return to normal values with increasing 
observation time is interpreted as an effect 
of decoherence where phase relations are lost 
and the wavefunction (3) is reduced to a mix
ture. With such a reduced final state the 
two-particle model predicts the classical re
sult for individual particles. It is unlikely 
that the normal thermally excited processes 
in the environment are the main decoher
ence mechanism in this case, since the cross-
section reductions are insensitive to temper
ature variations.4 More probably, the short 
decoherence time in the metal hydrides is 
caused by the strong excitations when the 
struck particle starts it trajectory. If left 
in thermal equilibrium it is likely that forces 
that create and destroy entanglement would 
be in balance over times longer than 10~15 s. 

5 Conclusions 

ing protons are entangled in scattering over 
times at least of the order of 10~15 s. The en
tanglement may, as in the theoretical model 
sketched above, be a result of the indistin-
guishability of the particles. Alternatively, 
entanglement might be due to the coupling 
of the protons to other common degrees of 
freedom. The existence of local quantum en
tanglement at this time scale may be of im
portance for the initial stages of chemical re
actions involving hydrogen in condensed mat
ter. 
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Previous experiments on NbHo.s and PdHo.6 have shown large anomalies in the cross sections for 
protons, when studied by neutron Compton scattering. Here, these investigations are extended to the 
metallic hydrides YH2, YH3, YD2, YD3, and Y(H x Di_ ; E )3 . Considerably reduced cross sections for 
hydrogen are observed both in YH2 and YH3, but only minor ones for YD2 and YD3. The scattering 
time depends on the neutron scattering angle, which allows a time-differential analysis where the time 
window lies around one femtosecond. The anomalies persist longer in YH2 and YH3 than in NbHo.s 
and PdHo.6- The reduced cross sections are interpreted as a result of quantum entanglement between 
protons, surviving for a few fs in the solids. 

1 Introduction 

Neutron Compton scattering (NCS) is a 
method where the interaction takes place 
within a very short time, of the order of 
1CT16 to 10 - 1 5s. NCS measurements can 
also be analysed in a time-differential man
ner. They offer unique possibilities to study 
quantum correlations and entanglement in 
systems where decoherence is fast. There are 
now several experiments which have shown 
that protons exhibit anomalously low cross 
sections when observed in neutron Compton 
scattering. 

The first one was made by Chatzidi-
mitriou-Dreismann et al. on various H 2 0-
D2O mixtures,1 where, for the lower D-
concentrations, the ratio of scattering cross-
sections of H and D, CTH/CTD, was found to 
be about 30% lower than expected from the 
tabulated cross sections. Another experiment 
was performed by Karlsson et al.2 on a set 
of Nb-hydrides, Nb(Hi_a;D3;)o.8) with x = 
0, 0.28, 0.54, 0.81 and 0.96, where aH/aNb 

and o-D/°~Nb were determined, again show
ing strongly reduced values for (TH/crNb- A 
measurement on PdH0.6 by Abdul-Redah et 
al.3 gave similar results as those obtained 

for NbHo.s- More recently, NCS experiments 
have been performed by Chatzidimitriou-
Dreismann et al. on solid hydrocarbon 
polymers4, organic liquids (submitted) and 
amphiphilic molecules (submitted), showing 
a deficiency of about 20% in H-cross section, 
when compared to that of carbon analyzed 
simultaneously in the same sample. 

Our theoretical interpretation is that 
these anomalous cross-sections are due to 
short-lived quantum entanglement (QE) of 
the protons. QE of protons exists in the 
H2 molecules, which makes thermal neu
tron cross sections of both para- and ortho-
hydrogen widely different from that of the 
sum of two individual protons. Thermal neu
trons with their long interaction times (of the 
order of 10~13s) do not show any anomalies 
when they scatter on protons in normal con
densed matter environments, but Compton 
scattered neutrons may still do so if the de-
coherence times Tdec of QE are longer than 
ca. 10_15s. 

QE effects are expected to disappear 
as soon as environment-induced decoherence 
sets in. In some of the NCS experiments2'3 

on hydrogen in solids, such a return to nor
mal cross-sections has been observed when 
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the duration of the scattering was increased 
above 10~15s. In the present experiments 
these investigations are extended to metal hy
drides of higher H- (and D-) concentrations. 

2 Expe r imen t s 

Yttrium hydrides were chosen as test mate
rials since their structure and physical prop
erties have been well studied in earlier ex
periments [5]. In YH2, the H atoms occupy 
the tetrahedral sites of an fee Y sublattice. 
The corresponding hydrogen atom density is 
« 57 atoms/nm3 with near-neighbor H-H dis
tances of 2.6 A. In YH3, two-thirds of the 
H atoms are located in distorted tetrahedral 
sites while one-third are arranged in trigonal-
type sites in the vicinity of the metal basal 
planes of an hep Y sublattice. In this case, 
the corresponding hydrogen atom density is 
« 78 atoms/nm3 with smaller near-neighbor 
H-H distances in the range of 2 . 1 - 2 . 6 A. 

Yttrium hydrides with the following com
positions: (i) Y(H1_3;Da;)2 (x=0 and 1) 
and (ii) Y(Hi_ xD x) 3 (x=0, 0.2 and 1) 
were prepared at NIST, by quantitatively 
controlled reaction of high-purity Y (99.99 
atomic %) with H2 and D2 gases. Neutron 
scattering measurements were made at the 
Electron-Volt Spectrometer (EVS) at ISIS, 
Rutherford-Appleton Laboratory, UK. 

In a Compton experiment, neutrons of 
E « 20 - 150 eV energy are scattered by the 
nuclei in the sample. For scattering on hydro
gen (H or D) momentum and energy transfers 
are large and the protons (deuterons) are re
coiled out of their positions in the molecule or 
in the crystal where they are situated. In the 
EVS instrument outgoing neutrons are se
lected within a narrow energy interval, E\ = 
4.91 ±0.14 eV by the use of Au-197 resonance 
foils. Time-of-flight (TOF) neutron spectra 
are recorded, as described in Ref. 6. The 
inset of Fig. 1 shows examples of TOF spec
tra taken for YH3 and YD3 at one particular 
scattering angle, 9 = 71°. These spectra have 

been normalized according to a standard pro
cedure based on the impulse approximation6 

and the peak areas AH , AD and Ay should be 
proportional to NH^H, N^ao and Nyay.1 

However, the Y-signal can not be separated 
from that of the Al-container, since the Al-
peak falls only slightly below the Y-peak in 
TOF spectra taken at forward scattering an
gles (9 < 90°). Therefore, the angular range 
of the detectors was extended to 9 = 140°, 
where these peaks can be reasonably well re
solved. The ratio AY/AAI determined from 
the back scattering spectra (with 9 > 90°) 
was then used to extract the Y-fraction from 
the composite high mass peaks for 9 < 90°. 

The forward scattering is detected by 
two detector banks, each composed of 8 
Li-doped glass scintillators, which together 
cover an angular range from about 40 to 
80 degrees. The (JH/VY (and ao/cry) ra
tios were derived for each individual detector 
and compared with the tabulated cross sec
tion ratios.7 The results reveal that the mea
sured CTHI^Y ratios are far below the stan
dard value 81.7/7.70 = 10.6, while the de
viation from 7.63/7.70 = 0.99 for aD/^Y is 
only marginal (data not shown). Both hy
drides YH3 and YH2 exhibit the same anoma
lies. Furthermore, there is a tendency to
wards lower OH I ay values at the higher scat
tering angles; cf. Fig. 1. 

Strong dependences on scattering an
gle were noticed for the Nb-H and Pd-H 
systems.2'3 In these works it was also shown 
that the dependence on scattering angle can 
be expressed as a dependence on the dura
tion of the scattering process, i.e. the scatter
ing time TSC , which for the neutron Compton 
scattering can be defined by8 

T = M (1) 

Here {p\)1^2 is the momentum spread (in 
A - 1 ) in the local vibration of the scatter
ing particle and q(9) the angular dependent 
transferred momentum in A - 1 . Introducing 
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Figure 1. Experimentally determined ra
tios (<TH /<7y)ezp normalized with the tabulated one 
(cr/f/ay)to6 of YH 3 , YH2 , and Y(H0.2D0.8)3 as a 
function of scattering time TSC. There is a strong de
viation of the ratio <r# /cry from the tabulated value 
(c j f / cy )tab. = 10-6- Examples of TOF spectra for a 
scattering angle of 9 = 71 degrees are shown in the 
inset: a) TOF spectrum of YH3; b) T O F spectrum 
of YD3 (accumulated overca. 12 hrs). Intensities are 
given in arbitrary units. 

the angular dependence explicitly, it is possi
ble to write, for scattering on protons (with 
mass M), 

1 M 
tg{6)V 2E,{pV) 

(2) 

With the actual values of the momentum 
spread, (p2)1/2 ~ 4 A - 1 (derived from the 
same EVS-spectra), and the range of angles 
used here, the data for H-scattering corre
spond to a time range (0.2 — 1.2) x 10~15 s. 

Fig. 1 shows the ratios between ob
served {(JH) and tabulated7 (actable total H-
cross sections, assuming that the "anomaly" 
is present only in aji and not in oy. They 
are plotted as function of the scattering time 
TSC and can be compared with the result of 
the Nb-H and Pd-H data.2-3 A slight T$C-
dependence is visible. A general trend seems 
to be that the cross section reduction exhibits 
the same features for all yttrium hydride sam
ples investigated, within present experimen

tal error. Note also that the experiments in 
water1 and polystyrene4, which show no de
pendence on scattering angle, correspond to 
an essentially shorter time range owing to the 
larger values of (p2,)1/2 in these materials. 

3 Interpretation and Discussion 

For an explanation of the strong anomalies 
in NCS on hydrogen, it is essential to note 
that this technique offers a uniquely short 
experimental time window1 as compared to 
most other neutron scattering arrangements 
(where usually holds r s c > 10~14s). It has 
been pointed out9 that, in our case, it may 
still be possible to observe interference phe
nomena involving two or more protons since 
the coherence length lcoh = A2/2AA is set 
by the energy sharpness of the resonance foil 
used to select the outgoing neutrons. The en
ergy E\ = 4.91 eV with its sharpness ±0.14 
eV corresponds to an estimated longitudi
nal coherence length of 2.5 A,9 which is of 
the same order of magnitude as the H-H dis
tances in the metal hydrides (and consider
ably longer than the H-H distance in pure wa
ter) . Because of this lcoh and the very short 
TSC realized at EVS, there exist therefore pos
sibilities to observe effects of very short-lived 
quantum correlations between the scattering 
particles.9 

The specific cross-sections for the H2 

molecule, mentioned in the Introduction, are 
due to the exchange correlations set up by 
the indistinguishability of the particles. The 
present experimental situation differs from 
thermal scattering on H2 in that one of the 
two particles in the final state is, in the 
end, emitted in the form of a plane wave, 
but the symmetry rules are still expected to 
influence the interferences in the scattering 
from nearby H-atoms,9 as long as their local 
quantum correlations remain within the (very 
short) scattering time in the NCS process. 

A solvable two-particle model for parti
cle entanglement effects in NCS has been put 
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forward by Karlsson and Lovesey,9'10 based 
on the rules for identical particles and the 
assumption that the local quantum correla
tions are not broken until after the scattering 
process has taken place. The recoiling parti
cle or normal thermal processes have had no 
time to induce excitations in the solid or liq
uid in question. The strongly reduced cross 
section at the shortest observation times and 
the gradual transition towards normal cross 
sections (observed2,3 for longer times in Nb-
H and Pd-H) can be explained qualitatively 
by this model. Another theoretical model, in 
which, however, exchange correlations due to 
the possible indistinguishability of scattering 
particles play no dominant role, was proposed 
by Chatzidimitriou-Dreismann et al.4'11 This 
is based on the basic van Hove formalism 
of neutron scattering, taking explicitly into 
account short-lived multi-particle entangle
ment. In was shown that entanglement and 
decoherence, which are caused by the ubiq
uitous many-body interactions in condensed 
matter, can explain the reduced cross sec
tions density of H, if the decoherence time 
Tdec is roughly of the order of magnitude of 

' sc 

Fig. 1 shows that it is possible to fol
low the process of decoherence in the sub-
femtosecond range. For the yttrium hydrides 
studied here, the standard individual pro
ton cross-sections are not reached at 1 fs 
as for the Nb-and Pd-hydrides mentioned,2'3 

but the latter had a considerably lower hy
drogen content than the present ones and 
therefore less H-H overlap. The consid
ered effect is set by the competition between 
the entanglement-creating forces and deco
herence, caused by interactions with the en
vironment. 

Without going into the details of the 
mechanisms by which quantum correlations 
are lost during the scattering process, it 
seems possible to state that the experiments 
discussed in this report have shown the fol
lowing: If hydrogenous systems are observed 

over sufficiently short times (< 10~15 s), QE 
of nearby H-atoms is important, and it ap
pears to survive decoherence.4,9-11 This is a 
piece of information of interest for questions 
concerning the "system-environmental inter
actions" and the "quantum/classical bound
ary" , as well as for the dynamics of various 
stages of chemical reactions involving hydro
gen in condensed matter. 
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SHORT-LIVED Q U A N T U M ENTANGLEMENT OF P R O T O N S A N D 
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EFFECT 
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In earlier neutron Compton scattering (NCS) experiments on H2O/D2O mixtures at T « 298 K we 
observed, for the first time, a striking "anomalous" decrease of the ratio OJJ/<T£> of the total scattering 
cross sections of H and D. This "anomaly" was found to depend strongly on the H/D composition 
of the liquid. Extending recent NCS results obtained from solid polystyrene, we present here new 
results concerning the quantum dynamics and dissociation of C-H bonds (at T w 298 K) in: (a) 
liquid benzene and C%H.§/C%T)§ mixtures; (b) fully protonated and partially deuterated polystyrene; 
and (c) liquid mixtures of H-acetone (CH3COCH3) and D-acetone (CD3COCD3). The considered 
NCS effect was given a theoretical explanation based on short-lived protonic quantum entanglement 
(QE) and decoherence. The variety of the new results suggests that , in the short-time scale of the 
NCS experiment, protonic quantum dynamics is strongly correlated with that of electronic degrees of 
freedom participating in the various chemical bonds. 

1 Introduction 

Quantum dynamics in condensed matter 
may lead to a novel kind of short-lived 
quantum entanglement (QE) between par
ticles. This effect was also predicted to 
cause the appearance of "anomalously" re
duced cross-section densities of protons in 
scattering experiments.1 Motivated by these 
investigations, we have proposed and car
ried out (since 1995) various neutron Comp
ton scattering2 (NCS) experiments on liquid 
H2O/D2O mixtures,3 D20-solutions of urea,4 

various metal-hydrogen systems5 (in collab
oration with E. B. Karlsson), polystyrene,6 

amphiphilic molecules,7 and most recently in 
other molecular systems containing C and H; 
see below. These NCS-results provide fur
ther strong evidence for the existence of our 
predicted new QE effect1'3 between protons 
at ambient conditions. In these experiments, 
the measured NCS cross-section density of H 
is reduced significantly, e.g. by ca. 20%. 
According to standard theory,2 and due to 
the large energy and momentum transfers in
volved, the characteristic time scale of the 
NCS process is very short; see below and 

Refs. 3-7. 
New experimental NCS results are pre

sented below, which indicate a wide applica
bility of the effect in various physical, chemi
cal and biological systems. Possible theoreti
cal interpretations6 '8 are mentioned. 

2 Expe r imen ta l 

Our NCS experiments were carried out with 
the eVS instrument of the ISIS neutron spal
lation source, Rutherford Appleton Labo
ratory, U.K. For experimental details, see 
e.g. Refs. 3-6. The eVS instrument might 
be viewed as an "atom mass spectrometer": 
each atom should give rise to one corre
sponding peak in the measured time-of-flight 
(TOF) spectrum, cf. Fig. 1. According to 
standard NCS theory,2 the integral intensity 
Ax of each peak must be proportional to 
the number density Nx of the corresponding 
atom X in the sample and to the associated 
total scattering cross section ax- As a con
sequence, for H and any other atom X, the 
relation 

AH _ NHCTH m 

Ax Nxcrx 

mailto:dreismann@chem.tu-berlin.de
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Figure 1. A TOF spectrum of a liquid C6H6 /C6D6 
mixture with H:D=1:1 in a Nb can, at T » 298 K. 
Full line: fitted TOF spectrum. For the scattering 
angle 9 = 65°, (A), the C and Nb peaks overlap, but 
for 9 = 132°, (B), they are well resolved. 
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Figure 2. The ratios ReXp{H,C)/RConv{H,C) for 
a C 6 H 6 /C 6 D6 mixture (H:D=0.500:0.500) (full 
squares) and a partially deuterated polystyrene sam
ple (H:D=0.544:0.456) (open squares), vs. scattering 
angle 9, corresponding to 0.05 fs < TSC < 0.6 fs. 

holds strictly within standard NCS theory.3 

Its validity is immediately subject to experi
mental test since NH/NX is known by sample 
preparation and/or stoichiometry. 

The energy transfer was in the range 3 -
150 eV, and the chemical C-H bonds are bro
ken for scattering angles 6 > 45°.6 Accord
ing to general NCS theory,2 the characteris
tic scattering time TSC of the neutron-proton 
collision in our experiments is about 0.05-0.6 
femtoseconds.5 ~ 7 

3 Resul ts 

Benzene. Our first NCS experiment concerns 
the detection of the considered effect in CeH6 
and various C6H6/C6D6 mixtures. The liq
uids were put in a special annular metallic 
can made of Nb. The TOF spectra exhibit 
the following features. For small scattering 
angles 6 the recoil peaks of C overlap with 
the peak of the Nb nuclei of the metallic can. 
To determine the correct intensity of the C 
recoil peak, 15 detectors were positioned in 
the "backward" regime (0 > 90°), where, due 
to the larger momentum transfer, a well vis
ible separation of the maxima of the C and 
Nb recoil peaks is achieved; see Fig. 1. This 
increases the reliability of the results consid
erably. 

The anomalous QE effect is clearly vis
ible, cf. Fig. 2 (full squares). From the 
measured peak areas AH and Ac, the ra
tio Rexp(H,C) — AH I AQ has been deter
mined and compared with RCOnv (H, C) = 
NHOH/NCOC-I i-e., the right-hand side of 
Eq. (1). The latter denotes the expected 
value of this ratio according to conventional 
NCS theory.2 For all samples investigated, 
the values of Rexp seem to exhibit a weak 
dependence on the scattering angles and the 
associated2 scattering times r s c . These re
sults reveal an anomalous decrease of Rexp 

with respect to the conventional value of 
Rconv, which amounts to about 20%. 

We emphasize that the data analysis pro
cedure used already incorporates the well 
known transformation from the "free atom" 
to the "bound atom" cross section.2-7 

Polystyrene. Our second NCS experi
ment is on the following solid samples of 
fully protonated and partially deuterated 
polystyrene: 
(1) [-CH2CHC6H5-]„, 
(2) [-CD2CDC6H4.97Do .03_]n, 

(3) [-CD2CDC6H4.35D0.65-]„. 
The isotopic compositions of (2) and (3) are 
H:D = 0.621:0.379 and H:D = 0.544:0.456, re
spectively. The scattering geometry was the 
same as in our previous works.3,6 Since the 
polystyrene samples are solids (flat foils of 
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Figure 3. A TOF spectrum (accumulated over ca. 8 
hrs) of a liquid H-acetone/D-acetone mixture with D 
mole fraction XD = [D}/([H] + [£>]) = 0.8 at T « 298 
K as measured at scattering angle 9 — 57°. 

ca. 0.2 mm thickness), no metallic container 
is necessary. This fact greatly facilitates 
the data analysis procedure, which yields 
the measured ratio Rexp(H,C) = AH I Ac-
For the fully protonated polystyrene, the 
atomic ratio H:C is 1:1. Using the con
ventional "bound atom" cross-sections,9 i.e. 
an — 81.67 barns and ac = 5.564 barns, 
one has Rconv(H, C)=14.7. The values of 
Rconv(H, C) for the partially deuterated sam
ples follow analogously. 

The striking result of this experiment 
is that, in all samples investigated, Rexp is 
found to be anomalously decreased by ca. 15-
20%, on the average. For illustration, see 
Fig. 2 (open squares), in which the results 
of the aforementioned sample (3) are shown. 
Furthermore, for all samples investigated, the 
ratios Rexp/'Rconv seem to exhibit a weak de
pendence on the scattering angle 9, and thus 
also on the scattering time rsc.

6 

Summarizing the above experiments, 
we have found that the NCS results of 
polystyrene and benzene samples having sim
ilar H:D composition are essentially the same 
— within present experimental error. The 
weak 6- (and thus also TSC-) dependence of 
ReXp indicated in Fig. 2 is in clear contrast to 
the very strong rsc-dependence of an/'a'Metal 
in some metallic hydrides.5 The anomalously 
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Figure 4. The experimentally determined ratios 
(<?HI&D) (full squares) of the H-acetone/D-acetone 
mixtures at different fractions Xrj = [D]/([H]+[D]). 
For comparison the (CJHI&D) ratios from our first 
NCS experiment on liquid H2O/D2O mixtures (Ref. 
3) are shown (open circles). T « 298 K. 

reduced Rexp(H, C) exhibits a rather weak 
dependence on the H:D composition of the 
samples [to be published]. 

Acetone. Very recently, three H-aceto
ne/D-acetone mixtures have been studied by 
NCS, using the annular Nb-can mentioned 
above. For an example of a TOF spectrum, 
see Fig. 3. Due to the current reconstruc
tion of the eVS-Vesuvio instrument of ISIS, 
the observations were limited only to scatter
ing angles 55° < 8 < 72°. Therefore it was 
not possible to determine reliably the peak 
area of Nb and its relation to the peak ar
eas of C and O; cf. Fig. 3 with Fig. 1A. 
For this reason, and since no significant 0-
dependence of the " anomalous" effect was ob
served, the ratio Rexp = AH I AD of the H 
and D peaks was averaged over the detectors 
and compared with conventional theory — as 
was also done in our first NCS experiment on 
H 2 0 / D 2 0 mixtures.3 

Preliminary NCS results from acetone 
are shown in Fig. 4. They show the follow
ing unexpected features: The experimentally 
determined ratios OHI^D are very strongly 
reduced with respect to the conventional 
value9 81.7/7.6=10.7. This "anomaly" is 
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much more pronounced (roughly by a factor 
of two!) than in the corresponding H 2 0 / D 2 0 
mixtures.3 The strong dependence of the con
sidered " anomaly" on the D mole fraction X^ 
(see Fig. 4) leads to the conclusion that, in 
acetone, it is also of intermolecular origin. 

4 Additional Remarks 

It is important to note that the protons 
(deuterons) in C-H (C-D) bonds are tightly 
localized and do not exchange their posi
tions. In contrast, a fast H/D exchange in 
H2O/D2O mixtures is well known, which also 
leads to the formation of HDO molecules. 
Thus, the positional exchange of protons is 
not the main reason for the observations. 

Contradicting the basic Eq. (1), our NCS 
effect has no conventional interpretation.3-8 

To date there exist two proposed theoretical 
interpretations6,8 of it, in both of which pro-
tonic QE plays a fundamental role: (i) In the 
theoretical model of Ref. 8, exchange cor
relations between pairs of identical particles 
are crucial. In contrast, (ii) in our theoreti
cal model,6 spatial QE and its decoherence — 
concerning protonic and electronic degrees of 
freedom — are considered to be crucial, and 
spin-QE plays herein a less significant role. 

Let us give here a short theoretical out
line. In the limits of incoherent and impulse 
approximations2 characterizing NCS, the dy
namic structure factor reads2 

S(q, ui) = (6(u> — UJT — q • p/m)) (2) 

Tiq and TILJ are the momentum and energy 
transfers from the neutron to the scattering 
nucleus, respectively. hujr is the recoil energy 
of the struck nucleus with mass m and p is its 
momentum operator. (...) = ^2 Wn(n\...\n) 
is the appropriate combined quantal and 
thermodynamic average (Wn: classical prob
abilities; \n): many-body quantum states) re
lated with the condensed matter system. A 
typical matrix element of S(q,co) is then 

snn = Tr[pi 5(ui - wr - q • p/m)] (3) 

where p\ is the relevant one-body reduced 
density operator obtained from the exact TV-
body operator p n = |n)(n|. Due to the funda
mental decoherence effect, p\ in the position 
representation, {|x)}, is known to exhibit an 
additional time dependence (where A > 0 is 
the so-called localization rate, cf. Ref. 10): 

(x\p1(t)\x') = pl(x,x',0)-e-A^-^2t (4) 

which contains a " reduction factor" given by 
the exponential. The experimentally relevant 
quantity is then given by the time average 

1 fT" 
Snn = / SnnV-) 0,t (5) 

Tsc Jo 

which is "anomalously reduced" due to 
decoherence.6'10 Thus, the same holds also 
for 5(q,w), and the associated total cross-
section, given by w-integration of S(q,u). 
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We show that the Fourier transform of the velocity distribution of a charged particle moving in the 
field free zone surrounding a solenoid changes abruptly when the particle passes by the solenoid. This 
change can be at tr ibuted to the exchange of a conserved gauge invariant quantity between the particle 
and the solenoid, and is responsible for the Aharonov-Bohm effect. 

1 Introduction 

The question when the Aharonov-Bohm 
(A-B) effect [1] occurs has always been open. 
The effect is usually discussed in terms of the 
shift in the interference pattern of a charged 
particle as a result of the non vanishing 
line integral of the vector potential around 
a solenoid. Below, we show that the change 
in the probability distribution of the velocity, 
which is due to a non local interaction with 
the magnetic flux of the solenoid, occurs at a 
definite time. This non local interaction with 
the magnetic flux involves an exchange of a 
gauge invariant conserved quantity. 

2 Modular Momentum 

Quantum interference, unlike classical inter
ference, is a manifestation of an underlying 
dynamics. To see this, consider a set up con
sisting of a charged particle moving in the 
vicinity of a capacitor, but prevented from 
entering the electric field. Consider first the 
position and momentum of the particle. The 
Heisenberg equations of motion are, 

S=l-[H,x\ = ?-, 
n m 

'p=%-[H,p[ = eE. (1) 

Since the electric field vanishes in the re
gion where the particle can be found, the av
erage position and momentum of the particle 
are unaffected by the electric field. Also the 
averages of higher moments of position and 
momentum remain unaffected. So far the sit
uation in quantum theory is similar to the 
classical one. But consider the displacement 
operator 

Up.) = ei'-L . (2) 

ft-n^^'hCEd'']f- (3) 

where x denotes the position of the parti
cle . So we have discovered a quantity that 
has changed. Compare this with the classical 
analog of f(px)- Writing 

f(Px) = e
i2ir% , (4) 

where p0 = j - , it satisfies 

^ = -{H,f(P.)} = eE§L = &eEfi 
dt dpx po 

(5) 
where {} denote Poisson brackets. It too does 
not change unless the particle actually comes 

mailto:trka@post.tau.ac.il
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in contact with the field. The displacement 
operator f(px) is a function of modular mo-
mentum px(mod po) [2] defined by 

px(mod po) =px - Np0 , (6) 

and so that its eigenvalues satisfy 

0 < px(mod po) < po . (7) 

N is an operator having integer eigenvalues. 
It is instructive to consider this question also 
in the Schrodinger representation. Consider 
a particle in the state 

* a = * i e i a + * 2 , (8) 

where ^ i and ^f2 are non-overlapping wave 
packets, and ^2(x) = iSi(x + L) .a repre
sents the change in the wave function of the 
charged particle due to its interaction with 
the capacitor. The average values of x and 
px do not depend on a nor do averages of 
any polynomial in x or px . Yet " 

\ e P0)= 2e • ( 9 ) 

The implication of this is that the modular 
momentum has changed. We proceed to show 
that modular momentum has its own conser
vation law. Consider a collision between two 
systems 1 and 2 such as the charged particle 
and capacitor mentioned above, and let 

7Ti = COS(27T 1 

Po 
ir2 = cos(27r^) , (10) 

Po 
where p\, p2 are the components of the mo
mentum in any given direction. Conservation 
of momentum in that direction, i.e., 

Pi + P2 = p[ + p'2 (U) 

then implies that also C — cos 2TTPI Pi is 
conserved, which leads to the conservation 
law (see fig.l) 

°Note that because *Pa is a non-analytic func-

tion of , , ( „ * ' £ ) = ( E B f i ^ ( B j ) - ) + 

V ( 2 " ) " /(Ei.\n\ 
L-in n\ WpoJ I 

7T2 

7 b 

/ i 

—1 

Figure 1. Conservation law for modular momentum. 
Due to a collision, the system moves from one point 
of the ellipse to another. For example, from point a 
to point b . 

l - C 2 = (7r'1)
2 + K ) 2 - 2 C 7 r ' 1 ^ , (12) 

which, in general, describes an ellipse. Dur
ing a collision, modular momentum is ex
changed under the constraint (12). Obvi
ously, ATT2 need not in general be equal to 
—A7Ti (where A7ri = 7^ —7Ti, AW2 = K2 — K2 •) 
Instead, the systems translate from one point 
of the ellipse to another. 

3 The effect of the vector potential 
on the velocity distribution 

With the aid of the modular variables dis
cussed above we can gain new insight into the 
nonlocal effects on a charged particle moving 
outside a solenoid. Consider a charged par
ticle prepared in a superposition of two wave 
packets 

¥ = ¥ 1 + ¥ 2 ( (13) 

where ^2{y) = ^i(y + L) . We also as
sume that \Pi, ^2 occupy non-overlapping 
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Figure 2. Particle in a superposition of three wave 
packets moving in the x-direction. Only the distribu
tion of the velocities in the directions AB and AC will 
change when the respective lines cross the solenoid, 
while the distribution of the velocity in the direction 
BC does not change during the motion. 

regions in space. The particle passes by a 
thin solenoid enclosing a flux $, but suffi
ciently far from it, so that its overlap with 
the solenoid is negligible. Thus it always 
moves in the field free region surrounding the 
solenoid. We want to show that the distri
bution of the velocity in the direction of the 
line connecting the two wave packets changes 
when this line crosses the solenoid in such a 
way that the solenoid lies in the interval be
tween the packets (see fig. 2 and the explana
tion underneath). Without loss of generality 
we can assume that the line connecting the 
two packets is in the y direction. Then, let 
us choose the gauge 

Ax = % ) % ) $ 

Ay = 0. (14) 

where 9(y) is the step function. We choose 
this gauge so that before and after the parti
cle passes by the solenoid p = mv, since the 
vector potential vanishes in that region. The 
Fourier transform of the velocity distribution 
is then (we take h = 1) 

fPr(mvy)e
imvyLdvy = f Pr(Py)eip»Ldpy = 

=<tf |e i p*L |1r>=i (15) 

since elPyL is a displacement operator. When 
^ i has crossed the potential line, the parti
cle's state is 

* a = * i e i a + * 2 , (16) 

where a — ^ (the A-B effect). Conse
quently, the Fourier transform of the velocity 
distribution has changed by 

8 (eimv'L) = ^ (eia - 1 ) . (17) 

Since the velocity is gauge invariant, the ge
ometry of where this change is occurring must 
also be gauge independent. 
Still, let us consider the situation in the 
Coulomb gauge where 

We compare the value of the Fourier trans
form of the velocity distribution just before 
the line that connects the wave packets has 
crossed the solenoid, when x = —s , with its 
value immediately afterwards, when x — e . 
We find that it has changed by, 

8 (eim*Z) = - (e-^§Adr- l)=- (e^ - l ) , 

(19) 
in agreement with (17), and where we have 
used 

ei(p-%A)-L =e-i%ff
+tA-dleiP.L _ ( 2 Q ) 

Thus, the change in the Fourier transform of 
the velocity distribution occurs when the line 
that connects the wave packets crosses the 
solenoid, even though in this gauge there is no 
sudden change in the relative phase between 
the packets. 

4 The effect of the vector potential 
on the angular velocity 
distribution 

The exchange of modular angular velocity oc
curs on a circle. To demonstrate this, we refer 
to the same set up as before, i.e., a charged 
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Figure 3. View from the reference frame where the 
center of mass of the charged particle is at rest: As 
the solenoid crosses the circle line of radius r, the 
modular angular velocity about the z axis of the 
charged particle changes. 

particle in a superposition of two wave pack
ets moving towards a solenoid. For the sake 
of simplicity we shall consider this case in the 
reference frame where the center of mass of 
the charged particle is at rest. We define the 
coordinate system thus: the origin coincides 
with the center of mass of the charged par
ticle, the y axis passes through the centers 
of the two wave packets. The state of the 
charged particle is given by 

* = tf i + tf 2 , (21) 

where 
* ! = tf(y>- §,r) and tf2 = *(^> + §,r) . * 
is a localized wave packet that is at rest, r is 
the distance of the center of the packet from 
the origin. The flux enclosed by the solenoid 
is <$, with the magnetic field pointing in the 
-z direction. The solenoid moves towards the 
particle in the —x direction (see fig. 3). 

Consider the modular angular velocity 
about the z-axis. Let A be the vector po
tential surrounding the solenoid. Writing 
A = Apip + Arer, we obtain, 

„ * ' « « P
i(Pv~irAv}^ Ji 

>Pv 

having used relation (20). pv and / are, re
spectively, the angular momentum and mo
ment of inertia about the z axis. 

We now calculate the expectation value 
of modular angular velocity. With the aid of 
(22) and using e ' ^ v ^ = * i , e ' ^ ^ i = tf2, 
the result is, 

(eiIv**) 
l + e,a 

cos a . (23) 

(22) 

As the solenoid moves toward the charged 
particle and then away from it, the changes 
in the average angular modular velocity occur 
successively, and suddenly, on the solenoid's 
crossing the circle of radius r centered at the 
origin. 

5 Conclusions 

If one attempts to analyze the A-B effect in 
dynamical terms, then, because of its topo
logical structure, it seems that there is an in
herent freedom in the time when the effect oc
curs. We have shown that such freedom does 
not exist. As the charged particle passes by 
the solenoid, an exchange of a gauge invari
ant and otherwise conserved quantities takes 
place. Although it may appear that this ex
change is non topological, any attempt to 
measure it by measuring the distribution of 
the velocity, to which we must resort since we 
are restricted to local measurements, will nec
essarily bring the two wave packets together 
and thus recover the topological nature of the 
effect. Finally, also the distribution of the en
ergy changes abruptly. The time when this 
occurs will also be determined geometrically. 
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Within the semiclassical approximation, it is shown that the classical trajectories that appear in the 
semiclassical evaluations of Feynman kernels are weak values [Aharonov, Albert and Vaidman, Phys. 
Rev. Lett. 60 (1988) p. 1351] when the interference among the classical trajectories are negligible. 
The classical trajectories, including complex-valued ones, are accordingly observable by weak measure
ments, in principle. Furthermore, this explains why weak values can take "anomalous" values that 
lie outside the range of the eigenvalues of the corresponding operators, without relying on quan tum 
coherence nor entanglement. 

1 Introduction 

Classical trajectories provide a lot of infor
mation about quantum phenomena through 
the WKB method1. In particular, the WKB 
method enable us to discuss the notion of 
"quantum chaos", by associating quantum 
wave propagations with classical trajectories, 
to which we can assign the notion of chaos2. 
Surprisingly, from the classical trajectories, 
we can learn a lot about the quantum phe
nomena that never occur in the correspond
ing classical systems, by extending the clas
sical trajectories over the complex-valued 
phase space or time. There are many impor
tant examples: eigenenergy splittings caused 
by simple tunnellings3,4, dynamics of chaotic 
tunnellings5, nonadiabatic transitions6'7, and 
coherent state path integrals8'9. In addition, 
the complex-valued classical trajectories are 
also employed in exact formulations of quan
tum theory10. The complex-valued classical 
trajectories thus provide a fundamental im
plement for the explanations of many physi
cal phenomena. 

The complex-valued classical trajecto
ries, however, were presumed to be purely 
theoretical objects, since there was no known 
procedure to observe these trajectories di
rectly. This point is completely opposite 
to the cases with real-valued trajectories: 

Ehrenfest's theorem tells us that the real-
valued classical trajectories are certainly ob
servable as expectation values for quantum 
ensembles, as long as wavepackets are not 
widely spread11. Hence we can accept real-
valued trajectories as a reminiscent of classi
cal mechanics in quantum theory. Complex-
valued classical trajectories, however, are not 
subject to Ehrenfest's theorem, even in the 
simplest cases. 

It is shown below that a some class of 
complex-valued classical trajectories are ex
perimentally "observable" in principle. In or
der to do it, the notions of weak measurement 
and weak values12 are employed. In the fol
lowing, I elucidate the relationship between a 
class of both complex-valued and real-valued 
classical trajectories that contribute to semi-
classical Feynman kernels, and weak values12, 
which are experimentally observable13 (see 
also, ref. 1 4 ) . 

2 Complex-valued classical 
trajectories in the W K B method 

In the semiclassical evaluation of Feynman 
kernels, here I focus on the coherent state 
representation of the Feynman kernels, since 
this is a good example in the sense that 
they are generically composed of complex-
valued trajectories8. The coherent states15 
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can be characterised with the help of a com
plex symplectic transformation16'17 (Q,P) = 
(q — ip,p— iq)/y/2, where q and p are the po
sition and the momentum of the system, re
spectively. Operators Q and P are creation 
and annihilation operators, respectively. The 
coherent state \q'p') is P's eigenstate whose 
eigenvalue is (p' — iq')/\/2. 

The Feynman kernel in the coherent 
state representation is K{q"p"t";q'p't') = 
(q"p"\U(t",t')\q'p'), where U(t",t') is a time 
evolution operator, which is generated by 
a Hamiltonian H(t), for a time inter
val [t',t"). The coherent state path in
tegral representation18 of K is evaluated 
by the stationary phase evaluation: K ~ 
^Eexp(iF/h), where E and F are the am
plitude factor and the action, respectively 
(the precise expressions are shown below), 
and the summation is taken over the classi
cal trajectories (Q(t),P(t)) that satisfy both 
the Hamilton equation and Klauder's bound
ary condition P(t') = P'(= (p' - iq')/y/2) 
and Q{t") = Q"(= (q" - ip")/V2) 8 '9 . The 
residual boundary values of Q' = Q(t') and 
P" = P(t") are determined so as to satisfy 
both the Hamilton equation and Klauder's 
boundary condition. The classical trajectory 
(q(t),p(t)) is complex-valued8, except for the 
case that the real-valued classical time evo
lution carries the point in the phase space 
(q',p') at time t' to (q",p") at time t". It was 
presumed that such complex-valued trajecto
ries did not have any counterpart in nature 
and were an artifact of the stationary phase 
evaluations of Feynman path integrals. The 
following argument shows that a class of the 
complex-valued trajectories are observable in 
principle. 

3 Weak values 

Aharonov, Albert and Vaidman proposed to 
consider the quantum ensemble that is speci
fied not only by an initial state \ip') at time t' 
but also a final state (ip"\ at time t" (> t')12. 

The corresponding "expectation value" of an 
observable A at time t (t' < t < t") is called 
a weak value W(A,t)12, whose definition is 

A s (r\u(t",t)Au(t,t'm 
(xl>»\U(t»,t')\il>') 

(1) 

Note that W(A, t) can take "anomalous" val
ues that lie outside of the eigenvalues of 
A. Actually, W(A, t) can be complex-valued 
even for an Hermite operator A. 

A weak value of a system can be mea
sured by a kind of von Neumann type 
apparatus19 whose "pointer" position has 
large quantum fluctuation. After the appa
ratus contact with the system weakly and 
the system is succeedingly postselected, we 
can gain the information of the corresponding 
weak value from the pointer: On one hand, 
the real part of the weak value is determined 
by the peak of the pointer position distribu
tion; On the other hand, the imaginary part 
of the weak value is determined by the peak 
of the distribution of the conjugate quantity 
of the pointer position (e.g. momentum of 
the pointer). Complex-valued weak values 
are thus observable in principle by weak mea
surements explained above12. 

Although the postselection of quantum 
ensemble is the source of the possibility that 
we encounter anomalous weak values, there 
was no intuitive argument that explains such 
anomalous values. The following argument 
provides an explanation of this point. 

4 Complex-valued classical 
trajectories as weak values 

For a class of classical trajectories that 
compose semiclassical Feynman kernel, it 
is shown that the classical trajectories are, 
within the semiclassical approximation, weak 
values of the ensemble whose initial and fi
nal states are (ip"\ = {q"p"\ at t = t" and 
\i])') = \q'p') at t = t', respectively. 

The weak values are evaluated with the 
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help of the following generating functional: the eq. (7) and (6) imply 

Z(C(-),A) = 
t" 

(V"|exp{-^y Hc(t,A)dt}\i>')(2) 

where exp(-) is the time-ordered exponential 
and Hc(t,A,C) = H(t)-AC,{t). It is straight
forward to show that 

W(A,t) = -ih 
8\nZ(((-),A) 

sm 
(3) 

C(-)=o 

holds. This is evaluated by the WKB method 
in the following. 

Let A(q, p) be the classical counterpart of 
the operator A. I ignore the operator order
ing problem of A, since it changes the result 
only 0(h), i.e., within the accuracy of the 
following semiclassical argument. 

I assume that in the semiclassical evalu
ation of the Feynman kernel Z(£(•), A) (2), 
only one classical trajectory (Q(t),P(t)) (or, 
equivalently (q(t),p(t))) is relevant for in-
finitesimally small values of ((•). Namely, Z 
is assumed to be in a single-term form 

Z ~Eexp(iF/h) (4) 

where E and F are the amplitude factor and 
the action8: 

E = (dQ"/dQ') A - l / 2 (5) 

F = \Q"{P" + i(Q"T} + \{Q' + i(P'y}P' 
.11 

+ J {liP(t)q(t)-q(t)p(t)}-H(t) 

+ A(q(t),p(t))at)}dt. (6) 

For the semiclassical coherent state path in
tegrals, the assumption (4) holds when the 
value of 7t is small, or, the time scale in ques
tion is short20. 

Applying the single-term condition (4) to 
(3), I obtain 

W(A,t) = 6F/Sat)\<{.)sQ + 0(h). (7) 

With the Klauder's boundary condition, 
which implies that SQ" = SP' = 0 holds, 

W(A,t) = A(q(t),p(t)) + 0(h) (8) 

where ((•) = 0 is imposed on (q(t),p(t)). 
Namely, the weak values are approximately 
determined, with an error of 0(h), by 
the classical trajectory (q(t),p(t)) that com
poses the semiclassical Feynman kernel K = 
Z{C,{-) = 0), which is in the single-term form. 

The application of (8) to the cases A = q 
and A = p shows that the complex-valued 
classical trajectory (q(t),p(t)) agrees with the 
time development of the pair of the weak val
ues (W(<7,t),W(p,t)), within the semiclassi
cal approximation. Hence in the semiclas
sical case, when the small 0(h) errors can 
be ignored, the weak values of (q,p) that 
are experimentally accessible through weak 
measurements agree with the complex-valued 
classical trajectory. 

The same result (8) for different pairs 
of initial and final states (e.g. the eigen-
states of the position or the momentum oper
ators) can be obtained, when the single-term 
approximation holds for Z14. Accordingly, 
the classical trajectories that appears in the 
WKB method are weak values, with an error 
of 0{h), when the interference among mul
tiple classical trajectories is absent. Thus 
I established above a relationship between 
weak measurements and classical trajectories 
in the WKB method. This is carried out 
without any discrimination between real and 
complex trajectories. 

Note that the present evaluation of the 
weak values does not involve neither quan
tum interference nor quantum entanglement, 
which are typical origins of quantum phenom
ena. 

5 Summary and Outlook 

I elucidate that the complex-valued classi
cal trajectories are observable as weak val
ues. Since it is still unclear whether the 
weak values have physical reality or not, the 



310 

present result does not need to imply that the 
complex trajectories have physical reality14. 
After all, what is reliable now is that the 
"degrees" of the physical reality of real- and 
complex-valued classical trajectories are qual
itatively the same: In short time scales, their 
counterparts can be found in nature only ap
proximately as well as statistically; For much 
longer time scales, we lost such a correspon
dence, as is concluded by the founders of 
quantum theory. 

Although I consider above only the WKB 
method with the real-valued time, there 
are many applications of complex-valued 
time4 '7,21. By developing an extension of 
the present WKB approach of the weak val
ues, we may invent a way to observe the 
events that involve complex-valued time. 
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We discuss the effects of decoherence parameters introduced in the correlated two neutral kaon system 
and show that their magnitudes are limited by the magnitudes of CP violation and of the strangeness 
non-conserving AS = ±2 transitions. 

1 Introduction 

The neutral kaons played an important role 
in the history of quantum mechanics show
ing that the particle mixture1 exhibits un
usual and peculiar properties, the oscillating 
behaviors in the probabilities of finding a K° 
(or a K°) in a beam which is initially pure K° 
(or K°), as function of time. The oscillations 
stem from the interference terms in the parti
cle mixture states. Based upon these striking 
quantum mechanical features of kaons, corre
lated two neutral kaons have been used in the 
proposals for testing EPR against Quantum 
Theory2. 

A decoherence parameter £ parameteriz
ing the deviation from Quantum Theory is in
troduced in an experimental proposal3 which 
involves measurements of Ks and/or Ki par
ticle states: The probability of finding two 
kaons in states, / i and /2, in the decay prod
ucts of $ mesons, is written as 

Pdecoh(fl,f2) = 

\[\{fx\Ks)(h\KL)\2 + \{h\KL){f2\Ks)\
2 

-(1 - C)((fi\Ks)(f2\KL){f1\KLy(fi\Ksr 
+{h\KL){h\Ks){h\KsY{h\KLy)] (1) 

At C = 0, Pdecoh{h,h) agrees with the re
sult from a quantum mechanical calculation 
while C = 1 gives zero interference terms in 
the above expression. Furry4 in 1936, be
fore the discovery of kaons, discussed theoret

ically in detail the degrees of agreement and 
disagreement between the results of quan
tum mechanical calculations and those to be 
expected on the assumption that a system 
once freed from dynamical interference can 
be regarded as possessing independently real 
properties. High energy accelerators made 
it possible to produce heavy flavored neutral 
mesons such as D and B, for which similar 
oscillations could be observed and neutrino 
oscillations among different flavored massive 
neutrinos, are predicted and many experi
mental investigation are underway. 

We clarify that missing interference term 
(C = 1) does not imply that the system is 
"'more classical" in an entangled state, and 
show that non zero decoherence parameter, 
£ 7̂  0, introduces second order strangeness 
non-conserving ( |A5| = 2) transitions and a 
new CP violation, and therefore smallness of 
decoherence parameters are required. 

2 Formulation 

We use mass and strangeness eigenstates 
(KS,KL) and (K°,K°). This particular 
choice of base-sets enable us to derive the re
sults by clear and definite arguments. The 
discussion and results can be easily general
ized for any sets of two independent basis. 
The two bases are related at gM_ time 

\Ks) = ^=[(l + e)\K°)-(l-e)\K0)} (2) 

mailto:uchiyama@thsrv.lbl.gov
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\KL) = -j=[(l + e)\K°) + (l-e)\K°)] (3) 

where e is the CP violation parameter (|e| ~ 
10 - 3) and N is a normalization constant, 

1 

V(i+kl2)' 
We consider the physical situations in 

which two neutral kaons are produced in cor
related states of Jpc = 1 . At time t after 
the productoion, the two kaon state is ex
pressed in the strangeness basis as 

-^(|Ar0(*)>r|^oW>/ - |2r0(*)>r|tfo(t)>i)(4) 

where r and 1 stand for left and right to 
distinguish the two kaons. Or similarly in 
(KS,KL), the two kaon state is, 

^=(\Ks(t))r\KL(t)), - \KL(t))r\Ks(tM5) 

where N' = &±igl = 1 + 0(|e|2) and 

\Ks,Ut)) = e-*Xs-L\Ks,L(0)) 

where \S,L are complex mass eigenvalues of 
Ks and KL respectively. 

The probability of finding an /i-type 
kaon to the right and an /2-type kaon to the 
left at time t in the (Ks,KL) basis is given 
by 

P{h,h;t)=1-\{h\Ks)r(f2\KL)l (6) 

-(fi\KL)r(f2\Ks)i\2+0(e2) 

where time t is implicit in kaon states and 
the correction from the normalization of or
der 0(e2) is separately written. Similarly in 
(K°,K°) bases, 

P(fuf2,t) = \\(h\K0){f2\Ko) 

-(h\K0)(f2\K0)\
2 (7) 

where the subscripts of the first and second 
states in pairwise, r and 1, are suppressed. 
Here we make further simplification taking 
e = 0 which makes it clear that the deriva
tion of our conclusions is independent of weak 
interactions. The corrections from e ^ O will 
be considered perterbatively later. 

Substituting e = 0 into equations (2, 3), 
we get two CP eigenstates which form an
other orthogonal basis set. They are eigen
states of the Hamiltonian, H = Hst + 
Hem where Hst and Hem are strong and 
electro-magnetic interaction hamiltonians re
spectively. In this basis, the two kaon state 
is 

-±=(\Ks(t))e=0\KL(t))(=0 

-\KL(t))£=Q\Ks(t))e=0) (8) 

The probability in this basis is given by equa
tion (6) with e = 0. Unless otherwise stated, 
we use the same notations, Ks and KL, for 
CP+ and CP- eigenstates without subscript 
>e=o from now on. To transform the proba
bility expressed in the set of bases (Ko, KO) , 
we define the following quantities; 

A = {h\K0){h\K0) - (h\KQ)(f2\K0) (9) 

B = (fi\K0){f2\Ko) - (h\K0){f2\Ko)(10) 

where A has amplitudes of A 5 = ±2 transi
tions while B is strangeness conserving ampli
tudes. We obtain for transformed probability 
in (KQ,K0) bases: 

P{fuf2,t) = \BB* = \\B\2 (11) 

which is the equation(7) as we expect, 
showing the invariance of the probability 
P(fi,h',t) under base-transformations. 

3 Decoherence Parameter and 
Invariance 

Following Eberhard3, let us assume that the 
physical processes of a particular interest 
might deviate from QM for some unknown 
reasons and that one of the conceivable pa
rameterization for the probability in a par
ticular experiment involving measurement on 
pairs of kaons in mass eigenstates K5 and KL 
is given by equation (1). Transforming basis 
to Ko and KQ, we get 

Pdecohifi,h;t) = \BB* + (^)(AA* - BB*) 
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= \[\{fi\K0)(f2\Ko)\2 + \(fi\Ko){f2\K0)\
2 

- ( 1 - C)((/l |^o)(/2|^0)(/l |K0)*(/2 | / fo)* 

+ (fl\K0)(MK0)(fl\Koy(f2\K0)*) 

+ C • Textra } (12) 

( — 0 reproduces the eq.(7) as we expect. 
Textra makes the form of P d e c o h ( / 1 , / 2 ; i ) no-
invariant under the transformation of bases. 
There is no apriori reason for invariance of 
the form of Pdecokifi, /2; t) under base trans
formations . (However the invariance require
ment is important for spin-correlated two lep-
ton case. See ref.(5) ). 

Textra = l(\(fl\K0){f2\ K0)\
2 

+ \(h\K0)(f2\K0)\
2 

-(fi\Ko}{f2\Ko)(fi\K0r{h\Kor 

-{h\KQ)*(f2\KQy(h\K0)U2\K0) 

-\{h\K0){f2\Ko)\2 

-\{h\K0){f2\K0)\
2 

-(fi\K0)(f2\Ko){fi\Koy{f2\Ko)* 

-(fi\Ko)(f2\Ko)(fi\K0y{f2\K0yXl3) 

When C — 1J the obvious interference terms 
[ the terms proportional to (1 — Q] in the 
two probabilities in the two bases (Ks, Ki), 
eq.(2, 3 with e = 0), and (K°,K°), eq.(12) re
spectively vanish. But the interference terms 
in Textra of equation(13), are nonzero and be
come the maximum. The first two terms in 
equation (13) of Textra cause \AS\ — 2 transi
tions of order £ even if the weak interactions 
has been turned off. Nonzero £ breaks invari
ance of the probability under transformation 
of basis. For a different experiment involving 
measurements on eigenstates of strangeness, 
(K0,Ko), one may think to introduce a new 
decoherence parameter £' exactly in the same 
form for (Ks,Ki) bases as 

Pdecoh(fl,f2',t) = 

^ [ | ( / l | ^ 0 ) ( / 2 | ^ 0 ) | 2 + K / l | ^ 0 ) ( / 2 | ^ 0 ) | 2 

-2 (1 - C') i?e(( / i |^o)( /2 |^o)( / i |^o)*(/2 |^ , 

The relationship between the two decoher
ence parameters, £ and £' can be obtained 
by equating (12) and (15); 

C' = C- (15) 
f-i 1 extra -1 
1 2Re{{h\Ko){J2\K0){h\K0yU2\KoYY 

To see the magnitude of (', let us take /1 = 

7(|tfo> + ri\Ko)) and f2 = ~,{\K0) - T)\K0)) 
where 77 is a small number as an extreme ex
ample, and 7 is a normalization. The denom
inator in equation(16) becomes as small as 
-~ |?7|2 while the numerator has a finite value, 
~ I meaning a large £'• This indicates that 
once £ is nonzero, small deviation from quan
tum mechanics does not necessarily imply a 
small decoherence parameter in other basis. 

One specific example of experimental 
analysis may be found in ref. [6]. 

4 Upper Bounds for the 
Magnitudes of Decoherence 
Parameters 

It can be seen that a finite nonzero £ in
duces nonzero probabilities for strangeness 
non-conserving , AS = ±2 transitions of or
der £. Choosing fa = K0 and / 2 = K0, we 
get: 

Pdecoh{Ko,Ko',t) = 

^\{fi\Ko)(M K0)\
2 (16) 

This remains true at any arbitrary time t, as 
long as two sets of bases are related to each 
other by equations (2, 3). To our best knowl
edge, the I AS I = 2 transitions are limited by 
order of the weak interaction and therefore 
the |AS| = 2 transition probability is pro
portional to Am(~ 10_6eu) where Am is the 
mass difference of KL and Ks- To estimate 
the correction of week interaction on the re
sults, 
.-. The corrections of weak interactions on 
the results may be estimated as follows: The 
eigenstates of effective hamiltonian 

')*)] Hef = Hst + Hem + Hweak 
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are give in equations (2, 3). Expanding the 
states in terms of e, we obtain 

\KS) = ^l\Ks)e=o + e\KL)f=0 + 0(e2)] 

\KL) = -^[|^L>e=o + e\Ks)e=o + 0(e2)} 

Therefore the 1 state of two neutral kaons 
can be written in terms of CP eigenstates as 

(\Ks(t))\KL(t)) - \KL(t))\Ks(t))) = 

(\Ks(t))(=0\KL(t))t=0 

-\KL(t))t=o\Ks{t))t=0) + 0(e2) (17) 

Note there is no correction of order e There
fore we can safely state 

Similarly, CP violating transition terms 
is 

jWi\Ks)(f2\ KS)\
2 + \{fi\KL)(f2\KL)\2) 

The derivation of this two terms is trivial be
cause the mathematical procedures are ex
actly reversed but identical for the transfor
mation from the strangeness basis (K°,K°) 
to CP basis (i^s, JKL)C=O- AS CP violating 
transitions are bounded by order of e, we get 

Therefore conservatively the decoherence pa
rameters are limited by 

C, C < 4|c| (19) 

The situation discussed above can be un
derstood more clearly for two correlated elec
trons with total spin 0. The details of discus
sions for spin case can be found in ref.(5). 

5 Concluding Remarks 

Our naive intuition cultivated from interfer
ence phenomena of photons and electrons 
is not working for the correlated two neu
tral kaon case: Another example for which 

our cultivated intuition for quantum theory 
doesn't work is exhibited7 in neutrino oscil
lations: Our naive intuition predicts that the 
smaller the mass difference (the gap of two en
ergy levels) , the larger the rate of transition 
between them. However the probability of 
finding vi types neutrino in a beam which is 
initially pure v neutrino, as function of time, 
is given by 

AM2/" 
Piy -> ut) ~ sin2{-^-) (u ± v{) (20) 

where AM2 = m2, - m2, and E and L are the 
energy and traveled distance of v. 

We have shown that the decoherence in 
correlated two neutral kaons in the form of 
modified interference terms is limited. 
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CLOSING ISQM-TOKYO '01 

SADAO NAKAJIMA 

Superconductivity Research Laboratory, International Superconductivity Technology Center 
Shinonome, Koto-ku, Tokyo 135-0062, Japan 

In place of his own closing speech as 
Chair, Professor Hidetoshi Fukuyama has 
kindly given me the chance to say a few words 
to you before I resign from the ISQM Orga
nizing Committee, on which I am now getting 
too old to serve. As both he and Dr. Akira 
Tonomura have mentioned, I organized the 
first ISQM in the early 1980s with generous 
support from Hitachi. My decision was mo
tivated by Dr. Tonomura's successful exper
imental use of electron beam holography to 
prove the existence of magnetic vector poten
tial (the Aharonov-Bohm effect), which was 
undertaken at the Central Research Labora
tory, Hitachi, Ltd. with the encouragement 
of Professor Chen Ning Yang. I was quite 
convinced that the time was ripe to organize 
such an interdisciplinary meeting as ISQM, 
but I did not expect this series of symposia 
to last for two decades. It was therefore espe
cially movingt for me to listen to Dr. Tono
mura's current presentation about his newly-
developed 1-MeV electron microscope, in ad
dition to being able to see his beautiful pic
tures of quantized vortices trapped in high-
Tc superconductors. 

Incidentally, in the early 1980s, I was 
serving as Director of ISSP (The Institute 
for Solid State Physics) at the University of 
Tokyo and asked professors there to help me 
plan the first ISQM, but they said that they 
were too busy to concern themselves with the 
metaphysics of quantum mechanical measure
ment. Clearly, mesoscopic physics was not 
yet their metier. (To restore the honor of 
ISSP, I should hastily add that the Institute 
now has a strong team of mesoscopic physi
cists headed by Professor Yasuhiro lye.) 

In contrast to this, at the second ISQM 

held in 1986, Processor Richard A. Webb 
spoke about the Aharonov-Bohm effect ob
served in a mesoscopic normal metal ring. At 
the same symposium, Professor Anthony J. 
Leggett even discussed the possibility of lin
ear superpositions of macroscopically distin
guishable states (Schrodinger's cat) in some 
detail, with particular reference to supercon
ducting devices. This is of course directly 
connected with the fundamental concept of 
"qubit" in present-day quantum information 
theory. Indeed, at this seventh ISQM, we 
have frequently heard of qubit: how to set 
it up and how to "observe" it. We are now 
confronted by the challenge of understanding 
the physics of quantum mechanical measure
ment. It seems to me that we have reached 
the point where we should stop and think 
about how to continue this unique series of in
terdisciplinary symposia. I am confident that 
the answer will soon be forthcoming from 
Professor Fukuyama and the members of the 
Organizing Committee. 
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