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Computational nanomaterials
design for nanospintronics:
room-temperature spintronics
applications

1

H. Katayama-Yoshida, K. Sato, T. Fukushima, A. Masago, M. Seike
Osaka University, Osaka, Japan

1.1 Introduction

Electrons are always carrying the charge (e�), electron mass (me), and spin (S ¼ 1/2)
that are caused by the relativistic quantum mechanics. The e� of electron can carry the
charge current (electric and magnetic fields), the me of electron can carry the heat
(kinetic energy), and the S can carry the spin current (angular momentum) in the
condensed matter (see Fig. 1.1). Today’s consumer electronics strongly depends on
the achievements in silicon-based microelectronics that enable a high degree of system
integration based on Si-CMOS technology. However, this technology will reach its
limits in terms of energy consumption and system integration by around 2020. To
go beyond these limitations, we need to develop, for instance, more energy-efficient
(nonvolatile), high-speed (THz), and higher-density (Tbit/Inch2) nanoscale-size
system-integrated devices that utilize the spin property of the charged carriers
(spintronics), as schematically depicted in Fig. 1.1. Other technologies that have
been proposed to overcome the limitation of Si-CMOS technology are moltronics
(molecular-electronics), quantronics (quantum-electronics), and atomtronics
(atom-switching electronics) [1e4].

In parallel to the to these new classes of electronics, we also need to develop
bottom-up nanotechnology to fabricate the functional nanosuperstructures, including
self-organized nanocrystal growth methods as alternatives to the top-down nanotech-
nology such as Si-CMOS-based nanolithography. In this chapter, we propose the
self-organized nanosuperstructure fabrication method based on the spinodal nanotech-
nology by controlling the dimensionality (2D or 3D) of the crystal growth. We discuss
the design and realization of Konbu phase by 2D crystal growth andDairiseki phase by
3D crystal growth conditions, combined with the shape controlled by vapor pressure
modulation.

The most probable candidate for the new class of electronics to go beyond the
limitation of Si-CMOS technology is semiconductor nanospintronics, by combining
the spin- and charge-degree of freedoms based on the already exciting semiconductor
nanotechnology. This was developed during the last half-century and is now very
sophisticated, where we can control the spinespin interaction by electric-field gating

Rare Earth and Transition Metal Doping of Semiconductor Materials
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combined with the fabrication method of Si-CMOS technology and spin-degree of
freedom. However, we need the realistic semiconductor nanospintronics materials
for devices that should have the super-high Curie temperature (TC) > 1000 K in order
to avoid the spin fluctuation and the instability of the magnetization caused by the weak
magneto-crystal anisotropy or shape anisotropy at the room temperature (T ¼ 300 K)
for the realization of realistic semiconductor nanospintronics for industrial applications.
For the realization of semiconductor nanospintronics, we should design and realize (1)
the super-high- TC ferromagnetic semiconductors (TC > 1000 K) in which we can
control the spinespin interaction from ferromagnetic to antiferromagnetic (or paramag-
netic) by the electric-field gating, or (2) the superparamagnetic nanostructure materials
with super-high blocking temperature (TB > 1000 K) caused by the magneto-crystal
anisotropy or shape anisotropy in which we can control the magnetic spinespin inter-
action from ferromagnetic to paramagnetic in the nanosuperstructures of magnetic
semiconductors by the electric-field gating (see Fig. 1.2).

To design and realize these nanospintronics materials based on ab initio electronic
structure calculation and multiscale simulation for the design and fabrication of
self-organized nanosuperstructures, semiconductor nanospintronics materials, and
also nanospintronics devices, we have developed the Computational Nano-Materials
Design (CMD®) system as shown in Fig. 1.3.

Historically, the progress of the industrial society is based on the basic research on
the materials (Materials); we develop the devices based on research and development
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Figure 1.1 Illustration of Gordon Moore’s law for Si-CMOS-based semiconductor memory and
microprocessor. Past progress of memory and microprocessor is based on this law. Around
2020, Si-CMOS technology is reaching the dead-end and physical fabrication limits on energy
consumption and the size effect in the electric-field gating. The candidate to go beyond the
Si-CMOS technology may be spintronics, moltronics, quantronics, or atomtronics.
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Figure 1.2 Schematic explanation of semiconductor nanospintronics [1,3,5]. By controlling the
magnetic spinespin interaction by the electric-field gating in the nanoscale size, we can
fabricate the semiconductor nanospintronics devices by controlling the spin current (angular
momentum), charge (electric-field), and atomic-mass current (kinetic energy or heat) of the
electrons.

Figure 1.3 Computational Nano-Materials Design (CMD®) System, which was developed in
Osaka University [1,3,5]. Based on the ab initio electronic structure calculations and multiscale
simulations, we can analyze the physical mechanism and chemical fabrication process.
Then based on the physical and chemical process mechanisms, we can predict the new
functionalities and new materials. Finally, using the quantum simulations, we can verify the
functionality and device applicability. Combining CMD® with the experimental verification,
we can design and realize the new functional materials and devices.

Computational nanomaterials design for nanospintronics 5



(R&D), where a large gap called “Death Valley” always exists between the basic
research (Materials) and R&D (Devices) (see Fig. 1.4). Then, based on R&D, we
can industrialize the system and software by developing the system integration, where
a large gap called “Darwin’s Sea” always exists between R&D and the industrializa-
tion. In “Darwin’s Sea,” a strong competition between the developing company exists
and as natural selection always occurs, finally only one profitable company can survive
through in the competitive market.

In general, it takes more than half a century, even in the case of successful
Si-CMOS technology, to reach from the basic research to industrialization by the
bottom-up development through the three hierarchal industrial structures of Materials,
Devices, and System and Software (see Fig. 1.4). In order to accelerate the develop-
ment from the bottom up through the hierarchy structures, we have developed the
CMD® system, where we start from the prediction and design of the likely future
society, and propose the suitable system and software necessary to solve future
problems related to energy, environment, social security, and an aging society.
Then, in order to realize the system and software to solve our future problems, we
can design the devices based on the R&D. Therefore, we can design the new materials
and functionalities that we need for the development of the functional devices in R&D.
In the CMD® system, we can follow the top-down methodology in order to shorten the
development time based on the CMD® and Experimental Verifications.

In this section, first of all, we discuss the ferromagnetic mechanism in disordered
dilute magnetic semiconductors and reliable evaluation method of TC comparing

Figure 1.4 Hierarchy of industrial structure of Materials (basic research), Devices (R&D), and
System and Software (industrialization) [1,3,5]. Our society changes from an industrial society
to a knowledge-based society. At the interface between the different hierarchal structures, large
gaps exist, such as “Death Valley” and “Darwin’s Sea.” To make a seamless connection
between the gaps, we need design-based materials and device fabrication. Here, the originality
in the materials design is the origin of the profitability in the market.
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with the available experimental data. Then, we discuss how to increase the TC by
codoping in order to increase the solubility of magnetic impurities in semiconductors,
superparamagnetic phenomena to increase the blocking temperature by spinodal nano-
decomposition using the low solubility of the magnetic impurities in semiconductors.
We also discuss the shape control of nanomagnets by controlling the spinodal nano-
decomposition and dimensionality of the crystal growth (2D or 3D). In order to
combine the high solubility by codoping, high-efficiency light emission by codoping,
and magnetic interactions such as p-f exchange mechanism, we discuss the new func-
tionality of rare-earth impurity-doped wide bandgap semiconductors, including the
circularly polarized light emission. Finally, based on these results, we discuss the
design of d0 ferromagnetism without 3d transition metal (TM) impurities and without
rare-earth impurities in conventional oxides such as MgO, where using the spinodal
nanodecomposition caused by the low solubility of defects and impurities by control-
ling the high blocking temperature of superparamagnetism.

In the CMD® System (see Fig. 1.3), first we propose the physical mechanism and
chemical-reaction mechanism for the fabrication of new functional materials based on
the analysis of the mechanisms by quantum simulations using the developed applica-
tions for the quantum simulations and multiscale simulations. Second, after we under-
stand the physical mechanism and chemical processes, we can design and predict the
new functional materials and process methods based on the quantum simulations and
multiscale simulations. Third, then we can check the new functionality based on the
quantum simulations. By itinerating these three steps, we can design and realize the
new functional materials based on the quantum simulations and multiscale simulations
(see Fig. 1.3).

In Section 1.2, we discuss the electronic structure of disordered dilute magnetic
semiconductors, the mechanism of ferromagnetic interaction caused by long-ranged
Zener’s p-d exchange interaction, and the short-ranged Zener’s double exchange inter-
action; the calculation of TC by Monte Carlo simulation (MCS); and the codoping
method in order to increase the solubility of magnetic impurities to increase the perco-
lations of short-ranged magnetic interactions [2]. In Section 1.3, we discuss the spino-
dal nanodecomposition and high blocking temperature of superparamagnetism based
on the multiscale simulation of the spinodal nanodecomposition based on the ab initio
calculation and MCS of the crystal growth by controlling the crystal growth dimen-
sionality (2D and 3D) in the thermal nonequilibrium crystal growth condition and
dynamically created new phases such as Dairiseki phase (quantum dot) and Konbu
phase (nanowire), where TB becomes dominant showing hysteresis caused by the large
magneto-crystal anisotropy and shape anisotropy in the superparamagnetism [6]. In
Section 1.4, we discuss the electronic structure of rare-earth impurities in GaN, compu-
tational design of materials for high-efficiency light emission, high-density doping of
rare-earth impurities to realize the magnetism, and circular-polarized light emitting
diodes (LEDs) based on ab initio electronic structure calculations. Finally, in
Section 1.5, we discuss the electronic structure of MgO-based high-TC nanospintronics
materials with d0 ferromagnetism, including the electronic structure, the d0 ferromag-
netism without magnetic TM impurities with very high TB in Konbu and Dairiseki
phases caused by the 2D and 3D spinodal nanodecomposition.
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1.2 Disordered dilute magnetic semiconductors

The discovery of the carrier-induced ferromagnetism in dilute magnetic semiconduc-
tors (DMSs) such as (Ga, Mn)As and (In, Mn)As was followed by vast series of exper-
imental and theoretical investigations concerning the fundamental mechanism of the
ferromagnetism and its application to the semiconductor spintronics [7e14]. So far,
on the ferromagnetism in DMS, two important mechanisms are proposed theoretically.
One is the p-d exchange mechanism [15,16] and the other is the double exchange
mechanism [17]. Owing to the recent accurate transport measurements and detailed
spectroscopic analysis, discussion on the dominant mechanism has been reconsidered
carefully [18e20]. However, there seems a consensus that the two mechanisms play
the most important role to describe the magnetism of DMS. Therefore, in this section,
first we give a brief discussion on the p-d and the double exchange mechanisms based
on the first-principles calculations, and then describe how accurately we can predict TC
of DMS from first principles [12]. Finally, three strategies to realize room-temperature
ferromagnetism are proposed.

1.2.1 p-d exchange and double exchange mechanisms

Most of the DMS systems are synthesized by doping magnetic impurities (usually 3d
TMs such as Mn and Cr), in compound semiconductors such as GaAs, InAs, and
ZnTe. Since the valence band of the host semiconductor is constructed from p-states
of anion, the key factor in determining the electronic structure and magnetic state is
the relative position between d-states of the TM ion and p-states of the anion [12,21].

When TM impurities are introduced in the host semiconductors, d-states of TM
hybridize with p-states of host anion. If the d-states of TM are higher in energy than
p-states of anion, normally TM d-states appear in the bandgap and form impurity
bands. When the induced impurity bands are partially occupied, the band energy of
the system is lowered due to the broadening of the impurity bands. Since the band
broadening effectively occurs in the ferromagnetic configuration of magnetic
moments of TM impurities compared to antiferromagnetic configuration, the ferro-
magnetic state is stabilized. This situation is schematically shown in Fig. 1.5(a).
This mechanism is called double exchange [17] and is important typically in wide
bandgap semiconductor-based DMS such as (Ga, Mn)N and (Ga, Cr)N, Cr-doped
DMS (Zn, Cr)Te, and so on. Since overlapping wave functions cause band broad-
ening, the interaction range of the double exchange is usually short due to the
exponential decay of the wave function of the impurity states that are usually located
in the middle of the bandgap.

On the other hand, when the d-states of TM are lower in energy than the p-states of
anion, TM d-bands appear at the lower part of the valence bands. Due to the hybrid-
ization between TM d-bands and the valence bands, the valence bands are shifted up in
energy. If the magnetic moments of TM impurities align ferromagnetically, the
valence bands show net spin splitting. Therefore, hole doping in this system induces
magnetic polarization in the valence bands and the system gains magnetic energy.
Since this energy gain is not achieved when the direction of the magnetic moments
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are antiferromagnetic (therefore, no magnetic polarization of the valence bands), the
ferromagnetic state becomes stable. This situation is illustrated in Fig. 1.5(b). This
mechanism is called p-d exchange [15,16] and is important typically in Mn-doped
narrow gap DMS systems. In the p-d exchange systems, magnetic polarization of
valence bands mediates ferromagnetic interaction, therefore, the interaction range is
intrinsically long.

The electronic structure of typical III-V DMS systems was calculated by using the
Korringa-Kohn-Rostoker coherent potential approximation (KKR-CPA) within the
local density approximation (LDA). Calculated density of states (DOS) of (Ga, Mn)
N, (Ga,Mn)P, (Ga,Mn)As, and (Ga,Mn)Sb is shown in Fig. 1.6 [12].We can recognize
transition from a typical double exchange system (Ga, Mn)N (Fig. 1.6(a) to the p-d
exchange system (Ga, Mn)Sb (Fig. 1.6(d)). (Ga, Mn)P (Fig. 1.6(b)) and (Ga, Mn)As
(Fig. 1.6(c)) are in between [12,21,22].

Typical TM concentration in DMS is 10e20%. In this concentration range, it is
crucial for accurate TC prediction to take the interaction range into account. This is
easily understood by the analogy to the site percolation problem. For example,
when the magnetic interaction is extremely short and only the nearest neighbor inter-
action is important, under the percolation threshold the ferromagnetic network cannot
spread over the crystal to make the whole system ferromagnetic. Even above the
threshold, if the concentration is not high enough TC might be suppressed very
much. We call this the magnetic percolation effect, and this effect is not correctly
considered in the TC calculation by the mean field approximation (MFA), because

Band-broadening

d States

d States

d States

d States

(a)

(b)

Conduction
band

Valence p-band

Valence p-band

p-d mixing

p-d mixing

EF

EF

Figure 1.5 Schematic picture of the density of states of (a) double exchange system and
(b) p-d exchange system.
From Belhadji B, et al. J Phys: Condens Matter 2007;19:436227.
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random distribution of TM impurities in the crystal is averaged out in the MFA. For the
calculation of TC beyond the MFA we have to perform MCS. The importance of the
magnetic percolation effect depends on the interaction range. For example, if the inter-
action range is infinitely long, the MFA becomes accurate. As explained, the interac-
tion range depends on the mechanism that mediates the ferromagnetic interactions, and
the mechanism reflects the electronic structure of DMS. Therefore, in order to calculate
TC of DMS accurately with full account of the chemical trend, we need to calculate
effective exchange interactions between TM impurities as a function of distance,
and the calculated exchange interactions should be used in the MCS [12,23]. This
point is discussed in the next subsection.

1.2.2 Reliable calculation of TC

The effective exchange interactions between TM impurities can be calculated from
first-principles by using the mapping on the classic Heisenberg model. In the classic
Heisenberg model, the magnetic state of the system is described by the Hamiltonian:

H ¼ �
X
isj

Jij ei
! $ ej

!; [1.1]
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Figure 1.6 Calculated DOS of (a) (Ga, Mn)N, (b) (Ga, Mn)P, (c) (Ga, Mn)As, and (d) (Ga, Mn)
Sb by using the KKR-CPA-LDA. Total DOS and partial density of d-states at Mn site are
plotted.
From Sato K, Bergqvist L, Kudrnovsky J, Dederichs PH, Eriksson O, Turek I, et al. Rev Mod
Phys 2010;82:1633.
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where ei
! denotes the unit vector along the direction of magnetic moment at site

i and Jij is the effective exchange interaction between site i and j. According to
the Liechtenstein et al., Jij can be estimated by using the multiple scattering
theory as:

Jij ¼ �J
1
p

Z
εF

�N
dtisijdtjsjidε; [1.2]

where dti ¼ t[i � tYi (t[i is atomic t-matrix at site i for spin-up state), sij is the scattering
path operator connecting sites i and j, ε is the energy, and εF is the Fermi energy [24].
This expression can be easily evaluated in the framework of the KKR-CPA method to
describe the substitutional disorder.

Calculated Jij shows a clear chemical trend as shown in Fig. 1.7 [22]. In (Ga, Mn)N,
the interaction range is quite short, reflecting the double exchange nature of the
exchange interactions in wide bandgap semiconductors. In (Ga, Cr)N, the calculated
Jij is also very short range. Since the nearest neighbor interaction is very large, TC
by the MFA becomes very high even for low concentration. However, this high TC
is the artifact of the MFA and realistic estimation of TC by the MCS gives a very
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low value. Therefore, the double exchange system is realistic as high-TC DMS only
when high concentration doping is possible.

On the other hand in (Ga, Mn)Sb and (Ga, Mn)As (Fig. 1.7(d) and (c)), the
interaction range is relatively long due to the p-d exchange nature of the exchange
interactions. In the p-d exchange systems, the interactions are generally weak
compared to the double exchange systems; however, due to the long range nature of
the interactions the p-d exchange has an advantage over the double exchange for
low concentration to realize the ferromagnetism. Actually, so far the best investigated
DMSs are (Ga, Mn)As and (In, Mn)As.

(Zn, Cr)Te and (Ga, Mn)P are in between the double exchange and the p-d
exchange. As explained in the previous subsection, the relative importance of the
two mechanisms depends on the relative location of TM d-states compared to the
host valence bands, therefore real systems are distributed between two extreme cases,
namely the double and the p-d exchange, showing wide variety and the complexity of
real materials.

Typical results of the MCS for TC of (Ga, Mn)N, (Ga, Mn)P, (Ga, Mn)As,
(Ga, Mn)Sb, (Zn, Cr)Te, and (Ga, Cr)N are shown in Fig. 1.8 [12,23,25]. For
(Ga, Mn)P, (Ga, Mn)As, and (Zn, Cr)Te, the MCS results reproduce experimental
results very well. The overestimation of TC by MFA and RPA is clearly seen in the
figure for all systems, but the degree of the overestimation depends on the interaction
range. According to the MCS of TC it is well understood that high concentration
doping of TM impurities is necessary for realizing high TC. Based on this guideline
toward high TC, high concentration doping has been attempted experimentally
for various systems. However, it has been revealed that homogeneous high concentra-
tion doping is quite difficult to realize even with nonequilibrium crystal growth tech-
nique [26]. In the next subsection, we propose three strategies for overcoming this
difficulty.

1.2.3 Toward high TC

According to the first-principles predictions, generally high concentration doping is
needed for rising TC, therefore, low solubility of TM impurities in DMS prevents us
from realizing high TC. This is the intrinsic nature of DMS and in the previous exper-
imental fabrication of DMS materials this difficulty has been partly overcome by using
nonequilibrium crystal growth techniques. However, the theoretically required
concentration to reach room-temperature ferromagnetism is too high to realize and
we need a new approach. So far, we have proposed some material designs along the
following three directions.

• Codoping method
One of the indications of the tendency for phase separation appears in the calculated mixing
energy. The mixing energy DE of (Ga, Mn)As is calculated as:

DEðxÞ ¼ EðGa1�xMnxAsÞ � ð1� xÞEðGaAsÞ � xEðMnAsÞ; [1.3]
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where x is the concentration of Mn and E(x) is the energy of compound X, respectively.
By definition, positive DE indicates that (Ga, Mn)As favors phase separation to GaAs
and MnAs. Reflecting the experimental low solubility of Mn in GaAs, the mixing energy
of (Ga, Mn)As is calculated to be positive. Positive mixing energy is also calculated for
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the other DMS systems, such as (Ga, Mn)N, (Ga, Cr)N, (Zn, Cr)Te, and so on,
and corresponds reasonably to the experimental observation of phase separation in
these DMS.

In the codoping method, in addition to TM impurities, carrier dopants are introduced
simultaneously. The additional carrier dopants should be chosen so that they compensate car-
riers originating from TM impurities. Since the TM impurity normally behaves as an
acceptor, in the codoping for DMS we should choose donor impurities. Due to the introduc-
tion of codopants, the mixing energy of TM impurities is lowered and phase separation is
suppressed, leading to high solubility [27]. This is an advantage of the codoping, but it
has a disadvantage too. Because of the compensation of hole carriers, the ferromagnetism
is weakened due to the codoping. Therefore, after the crystal growth by using the codoping
method, the codopants should be removed from the crystal to recover the ferromagnetism.
From this point of view, mobile interstitial donor impurities are proposed as good codopants
for DMS. It has been shown that Li interstitial works ideally as the codopant for (Ga, Mn)As
[28,29]. As another possibility of codoping, rare-earth impurity and N-vacancy codoping in
GaN will be proposed in Section 1.4.

• Superparamagnetic blocking phenomena
So far, we have focused on the homogeneous DMS systems. The homogeneous DMS might
be easy to handle when we consider the fabrication of spintronics devices with high repro-
ducibility. If we are only interested in ferromagnetic behavior of DMS, we can make use of
inhomogeneous (namely phase separated) DMS. The inhomogeneous DMS can be consid-
ered a hybrid material, where for example in (Ga, Mn)As case, nanomagnets of MnAs (or
(Ga, Mn)As with high concentration of Mn) are embedded in the host semiconductor
GaAs. These nanomagnets are expected to have high TC, but due to the absence of magnetic
exchange interaction between nanomagnets the system becomes superparamagnetic. If the
size of the nanomagnets is small enough to be single magnetic domain and the magnetic
anisotropy is important, the direction of magnetization of the nanomagnet is fixed along
the magnetic easy axis. Since the magnetization reversal is blocked below the blocking tem-
perature (TB), the system looks like ferromagnets for T < TB. Since we can control the size of
the nanomagnets by tuning crystal growth condition, materials design for high-TB inhomo-
geneous DMS is possible [30]. An example of materials design along this idea will be
described in Section 1.3.

• Search for new materials
Forgetting about the advantage of usual III-V semiconductors that have compatibility
with the present electronics and extending host materials to other than III-V semiconduc-
tors, we can choose exotic semiconductors as host semiconductors for new DMS. For
example, IV-VI semiconductor such as GeTe is known to show high solubility of TM
impurities and materials design of GeTe-based DMS was proposed [31,32]. The theoret-
ical prediction was partly supported by experimental results. We can choose even oxides
as host materials. Due to the strongly correlated nature of oxides, there is a possibility to
realize ferromagnetism without any TM impurities. This is called d0-magnetism [33e36]
and is discussed in detail in Section 1.5 together with self-organization of nanostructures
in oxides.

In this section, we have discussed the origin of the ferromagnetism and first-principles
method for calculating TC of DMS. It is emphasized that the magnetic percolation is impor-
tant to understand and design the magnetic properties of DMS. Based on this knowledge, we
have discussed three possible directions toward high-TC DMS materials. Some of them will
be discussed further in the next sections.
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1.3 Spinodal nanodecomposition and high
blocking temperature

As discussed in Section 1.2.3, the inhomogeneity in DMS systems has attracted a lot
of attention, because this feature could open the way to new and novel spintronic
devices by utilizing TB. Such a movement started with the inconsistency between
the theory and experiment; that is, in the experiments [26,37,38], room-
temperature ferromagnetism was observed for low concentration of the magnetic im-
purities, whereas the theory predicted very low TC for low concentration of the mag-
netic impurities due to the missing magnetic percolation [12]. In 2006, Sato and
Katayama-Yoshida [39] proposed that spinodal nanodecomposition (spinodal
decomposition in nanoscale size) is an important role for the inhomogeneity in
DMS, based on ab initio calculations. Since their work, many people have been
interested in the inhomogeneity of the magnetic impurities in DMS, and then the spi-
nodal nanodecomposition has been actually observed in the experiments [40,41], as
shown in Fig. 1.9. In this section, we will present the theoretical investigations of the
inhomogeneity in DMS systems by ab initio calculations, and also demonstrate the
simulation of the 2D (Konbu-phase) and 3D (Dairiseki phase) spinodal nanodecom-
positions by the Monte Carlo method.

1.3.1 Mixing energy

We begin by discussing mixing energy in DMS systems. Fig. 1.10 shows the mixing
energies of (a) (Ga, Mn)N, (b) (Ga, Cr)N, (c) (Ga, Mn)As, and (d) (Zn, Cr)Te by the
red lines as a function of the TM impurity concentration [12,42]. All these DMS sys-
tems have convex concentration dependencies of the mixing energy with the positive
values, leading to the phase separation; these four systems have the miscibility gaps.
In the calculations of Fig. 1.10, the crystal structure is assumed to be zinc blende
structure. Therefore, these DMS systems undergo the phase separation coherently
with keeping the zinc blende structure; for example, for the case of (Ga, Mn)N,
the zinc blende GaN and MnN are generated in the crystal. In particular, (Ga, Mn)
N and (Ga, Cr)N with their wide bandgaps have the larger mixing energies, compared
to the cases of (Ga, Mn)As and (Zn, Cr)Te. In this sense, it is considered that the fabri-
cation of homogeneous nitride DMSs are very difficult by experiment. We note that
since the calculations in Fig. 1.10 are performed by the KKR-CPA method, the struc-
tural optimization, which causes the reduction of the mixing energy, is not taken into
account. We can see the effect of structural optimization for mixing energy by the
supercell calculation and cluster expansion method in [43]. In Fig. 1.10, the mixing
energies calculated by the codoping method are also shown. By introducing additional
codopants, such as O, N, and I atoms, into DMS, we can drastically reduce the mixing
energy, so that the solubility of the TM impurities increases [28,29]. This is due to
the energy gain by the self-compensation between the TM impurities (acceptor) and
codopant (donor). The previous discussion focused on the phase stability of DMS
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Figure 1.9 (a) Color map of the highest doped (Ga, Mn)N sample (Mn ¼ 11%). Red, blue, and
green correspond to the Mn-Ka, Ga-Ka fluorescence line, and inelastic (Compton) scattering
signal, respectively. Ga (in black) and Mn (in red) profiles along the white scan line are shown
in the lower part. (From Martínez-Criado G, Somogyi A, Ramos S, Campo J, Tucoulou R,
Salome M, et al. Appl Phys Lett 2005;86:131927.) (b) Energy-filtered electron micrographs
showing Cr distribution for 4% Cr-doped AlN grown at different substrate temperatures:
(i) 700�C; (ii) 800�C. (From Gu L, Wu SY, Liu HX, Singh RK, Newman N, Smith DJ. J Magn
Magn Mater 2005;290e291:1395.)
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systems at zero temperature. For finite temperature, we need to calculate the mixing
free energy:

FMðcÞ ¼ EMðcÞ � TS; [1.4]

where T is temperature and S is mixing entropy. From the behavior of the mixing free
energy, the phase diagrams of the spinodal decomposition and binodal decompositions
can be easily described.

1.3.2 Chemical pair interaction

As in the previous discussion, the general DMS systems undergo the spinodal nano-
decomposition, so that the distribution of the magnetic impurities in DMS is no longer
homogeneous. In order to closely investigate the configuration of the magnetic
impurities under the spinodal nanodecomposition and how the inhomogeneity of the
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magnetic impurities affects the magnetism in DMS, we calculate the chemical pair
interaction. For a binary alloy A1�cBc, the chemical pair interaction between sites i
and j, Vij, is defined by:

Vij ¼ VAA
ij þ VBB

ij � 2VAB
ij ; [1.5]

where VAB
ij is potential energy when the A and B atoms occupy the i and j sites,

respectively. As understood from the definition, the negative Vij means attractive
interaction, whereas the positive one leads to repulsive interaction. Ducastelle and
Gautier [44] proposed a prescription to calculate the effective pair interaction, now called
generalized perturbation method (GPM). The development of GPM for KKR-CPA
formalism was done by Turchi [45]. In GPM, the chemical pair interaction can be
calculated by

Vij ¼ � 1
p

Z
ImTrL

�
DTijDTji�dε; D ¼ t�1

A ðεÞ � t�1
B ðεÞ: [1.6]

Here, tA(B) is the single site t-matrix of the atom A (B) and T ij is the scattering
path operator. Fig. 1.11 shows the chemical pair interaction in (a) (Ga, Mn)N,
(b) (Ga, Cr)N, (c) (Ga, Mn)As, and (d) (Zn, Cr)Te as a function of the distance
between the two magnetic impurities. As shown in Fig. 1.11, most chemical pair
interactions of these systems have the negative values, leading to attractive interac-
tion, and the first nearest neighbor interactions are considerably strong compared
to the other pairs. Therefore, (Ga, Mn)N, (Ga, Cr)N, (Ga, Mn)As, and (Zn, Cr)
Te undergo phase separation due to the attractive pair interactions; the spinodal
nanodecomposition can occur during the crystal growth. Such tendency of the
chemical pair interactions is consistent with the calculated convex positive mixing
energy in Fig. 1.10.

1.3.3 Simulation of the spinodal nanodecomposition:
Dairiseki phase versus Konbu phase

Based on the chemical pair interaction calculated by the GPM, we can simulate the
spinodal nanodecomposition in DMS by using the Monte Carlo method. The spinodal
nanodecomposition is a kind of phase separation in alloys. For cases of phase separa-
tions in alloys, the ordinary Ising model, where the order parameter is not conserved, is
not appropriate. Therefore, a correct model to describe phase separations of alloys is
the conserved order parameter Ising model:

H ¼ � 1
2

X
isj

Vijsi $ sj; [1.7]

where Vij is the chemical pair interaction. si is the occupation number of an
impurity atom at site i; that is, si ¼ 1 if site i is occupied by a TM impurity,
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whereas si ¼ 0 if site i is occupied by a host atom. Here, we apply Kawasaki
algorithm [47] for the conserved order parameter Ising model.

1.3.3.1 Dairiseki phase

First, the simulations of spinodal nanodecomposition for 3D crystal growth are consid-
ered. In this case, a large face-centered cubic (FCC) supercell is prepared, and then the
TM impurities in DMS are randomly distributed as an initial configuration. Starting
from the random distribution of the impurities, we choose one impurity site and try
to move the impurity to a site that is chosen from the unoccupied nearest neighbor sites
by obeying the Monte Carlo criterion. The trial site can be any one of the nearest
neighbor sites, (ie, one of the 12 sites in FCC case). Fig. 1.12(a) and (c) show the simu-
lation results of the 3D spinodal nanodecomposition for (Zn, Cr)Te and (Ga, Mn)N,
respectively. These figures are the snapshots of TM impurity distribution after 100
Monte Carlo steps per the magnetic site. Only Cr and Mn impurities are indicated
by the red points and the nearest neighbor bonds are combined by the white bars.
The impurity concentration is fixed to 5% for all cases and we take 17 � 17 � 17 con-
ventional FCC cells as a simulation box. The simulations are performed at scaled tem-
perature of kBT/V01 ¼ 0.5 for each case. This corresponds to 916 and 2164 K for

Figure 1.11 Chemical pair interactions between (a) Mn in GaN, (b) Cr in GaN, (c) Mn in GaAs,
and (d) Cr in ZnTe as function of distance normalized to the lattice constant. Negative
interactions indicate that the pair interactions are attractive.
From Sato K, Bergqvist L, Kudrnovsky J, Dederichs PH, Eriksson O, Turek I, et al. Rev Mod
Phys 2010;82:1633; Fukushima T, Sato K, Katayama-Yoshida H, Dederichs PH. Jpn J Appl
Phys 2006;45:L416.
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(Zn, Cr)Te and (Ga, Mn)N, respectively. These systems are quenched from T ¼N to
T ¼ 0:5kBjV01j at the 0 Monte Carlo step. As shown in Fig. 1.12(a) and (c), the
magnetic impurities form more isolated cluster with increasing the Monte Carlo steps,
compared to the initial random configuration, so that the systems become superpara-
magnetic. We call such spinodal phase “three-dimensional Dairiseki phase,” where
Dairiseki means the marble in Japanese. Actually, the three-dimensional Dairiseki
phase was experimentally observed in (Ga, Mn)N, (Ga, Cr)N, (Al, Cr)N, and
(Zn, Cr)Te [26,41,48,49]. It is easily speculated that these complicated configurations
of the magnetic impurities strongly affect the magnetism in DMS systems. The TC
values of (a) (Ga, Mn)N, (b) (Ga, Cr)N, (c) (Ga, Mn)As, and (d) (Zn, Cr)Te with
the Dairiseki phase calculated by RPA are presented in Fig. 1.13. The horizontal
axis is the Monte Carlo step corresponding to the annealing time in a crystal growth
experiment. The RPA method can exactly take the magnetic percolation effect into
consideration, and provide the realistic estimation of TC. Since the calculated results
depend on the initial configuration of the magnetic impurities in the simulation box,
we simulate the 30 different spinodal nanodecomposition phases to take configuration

(a) (b)

(c) (d)

Figure 1.12 Simulated spinodal nanodecomposition phases in the bulk (a) (Zn, Cr)Te and
(c) (Ga, Mn)N, and in (b) (Zn, Cr)Te and (d) (Ga, Mn)N under the layer-by-layer growth
condition. In the figures, only magnetic sites are indicated by the red points. The concentration
of magnetic impurities is 5% for each case.
From Sato K, Bergqvist L, Kudrnovsky J, Dederichs PH, Eriksson O, Turek I, et al. Rev Mod
Phys 2010;82:1633; Fukushima T, Sato K, Katayama-Yoshida H, Dederichs PH. Jpn J Appl
Phys 2006;45:L416.
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average. As shown in Fig. 1.13, in the case of the low magnetic impurity concentra-
tions, the TC values decrease with the Monte Carlo step. Such a tendency can be
understood from the fact that the ferromagnetic interactions work only in the small
clusters, however cannot spread over the entire crystal (ie, the superparamagnetism
is stable in the case of the low TM impurity concentration). On the other hand, the
calculated TC values increase with the Monte Carlo step in the high concentration
region above the percolation threshold. This is because the magnetic impurities can
establish the magnetic percolating paths with forming the large clusters. Therefore,
the strong ferromagnetic interactions, originating from the first nearest neighbor atoms,
can contribute the high TC.

1.3.3.2 Konbu phase

Next, the nonequilibrium layer-by-layer crystal growth simulations with the 2D spino-
dal nanodecomposition are introduced [46]. In this simulation, the atomic diffusion is
restricted only on the surface, and only the nearest neighbor sites on the same surface
can be candidates for a trial site in the layer-by-layer simulation (one of the four sites in
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Figure 1.13 TC
RPA of (a) (Ga, Mn)N, (b) (Ga, Cr)N, (c) (Ga, Mn)As, and (d) (Zn, Cr)Te as a

function of the number of Monte Carlo steps per impurity. As increasing the Monte Carlo
steps, the phase separation develops. For higher concentrations, TC increases due to the
increased percolation path by clustering. On the other hand, for lower concentrations, TC
decreases and the system becomes superparamagnetic.
From Sato K, Bergqvist L, Kudrnovsky J, Dederichs PH, Eriksson O, Turek I, et al. Rev
Mod Phys 2010;82:1633; Sato K, Katayama-Yoshida H, Dederichs PH. Jpn J Appl Phys
2005;44:L948.
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FCC (100) plane). Moreover, the ideal layer-by-layer growth is assumed; after anneal-
ing process of the first layer, the resulting configuration of the first layer is fixed. Then,
we deposit the second layer and start the annealing only for the second layer.
Repeating this process for the required number of layers, we can obtain the spinodal
nanodecomposition phase under the layer-by-layer growth condition. Fig. 1.12(b)
and (d) show the simulation results of the layer-by-layer simulation with the 2D
spinodal nanodecomposition for (Zn, Cr)Te and (Ga, Mn)N, respectively. In contrast
to the 3D spinodal nanodecomposition cases, the quasi-1D structures appear when the
layer-by-layer growth is assumed. Due to the attractive interactions the magnetic
impurities favor to gather each other. By the layer-by-layer condition, the magnetic
impurities cannot move out from the initial planes, so that the shape of the cluster is
spontaneously controlled resulting in the quasi-1D shape. We call this quasi-1D phase
the “one-dimensional Konbu phase,” where Konbu means seaweed in Japanese.
Actually, the Konbu phase was observed experimentally in (Al, Cr)N and GeMn sys-
tems [41,50]. Note that the Konbu phase has very low TC, because the ferromagnetic
interaction does not work between the quasi-1D clusters. However, if the volumes of
the clusters are large enough, the system shows hysteretic behavior even at high
temperature because of the superparamagnetic blocking phenomena. This point will
be discussed in the next section.

1.3.4 Superparamagnetic blocking phenomena

If the clusters by the Dairiseki and Konbu phases are large enough, superparamagnetic
blocking phenomenon becomes important and affects the magnetization process. The
rotation of the magnetic moment of one cluster does not occur freely and is blocked by
the energy barrier due to the magneto-crystalline and shape anisotropy energies. It can
be assumed that the average time to flip the magnetization obeys relaxation time:

1
s
f e

�
� KV

kBT

�
; [1.8]

where K, V, T, and kB are anisotropy constant, volume of the system, temperature, and
Boltzmann constant, respectively. Since the anisotropy energy is proportional to the
volume of the cluster, if the cluster is large enough, the relaxation time to flip the
magnetization becomes quite long; the TB of such Dairiseki and Konbu phases could
be high [51]. As a result, depending on the observation time, a hysteresis loop appears
in the magnetization curve, even if there is no correlation between the magnetic
clusters and TC of the system is very low. In the last of this section, the simulations of
the magnetic hysteresis curve due to the blocking phenomena in DMS are introduced
by the Monte Carlo method. Here, the classic Heisenberg model with a magnetic
anisotropy term is assumed:

H ¼ �
X
isj

Jijeiej �
X
i

A
�
ezi
�2 þ mBz

X
i

ezi ; [1.9]
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where Jij is the exchange interaction between the sites i and j calculated by the
Liechtenstein formula, ei is the unit vector parallel to the magnetization at site i, Bz

is the external field, and m is the absolute value of the magnetic moment. When the
relaxation process like the blocking phenomena is simulated, the anisotropy term
becomes very important. In present simulation, the experimental anisotropy
constant is employed. Additionally, we need to develop the general Monte Carlo
method because the usual Monte Carlo method simulates the thermal equilibrium
state of a system and cannot describe meta-stable state, which is responsible for the
magnetic hysteresis. In order to describe the relaxation process by the Monte Carlo
method, we employ the local algorithm developed by Dimitrov [52]. In the local
algorithm, a trial state is chosen from one of the states near the current position in
the phase space, in contrast to the Metropolis algorithm, where a trial state is picked
up randomly. According to this algorithm, the maximum angle between the original
direction and trial direction of the sampled magnetic moment is limited within a
certain degree in our simulation. As a result, the effect of the energy barrier
between the stable and meta-stable states is properly reflected in the relaxation
process of the MCS.

Fig. 1.14 shows the simulation results of the blocking phenomena obtained by
the local algorithm for (Ga0.95, Mn0.05)N with the homogeneous Dairiseki and
Konbu phases [12,53]. The magnetization curves are shown as a function of tem-
perature in upper panels (a)e(c) and of external field in lower panels (d)e(f).
The insets in (d), (e), and (f) are the snapshots of the Mn distributions, where
the cluster size of the Konbu phase (f) is larger than that of Dairiseki phase (e),
and there are only small clusters in the homogeneous phase (d). The temperature
dependence of the magnetization is calculated by increasing temperature under a
small external magnetic field for the two initial magnetization directions: one is
parallel to the external field, and another is antiparallel. Above TB, the two magne-
tization curves show the same temperature dependence. As shown in Fig. 1.14(f),
the formation of the larger clusters in the Konbu phase results in the higher TB
than in the case of the Dairiseki phase. TC of (Ga0.95, Mn0.05)N with the homoge-
neous phase is also indicated by the arrow in Fig. 1.14(a). The magnetic hysteresis
curves are simulated for T ¼ 0.5TC, TC, and 2TC. The horizontal axis is the external
field, which is scaled by the nearest neighbor interaction jJ01j, and the magnetiza-
tion is normalized so as to become 1.0 when all magnetic moments are parallel. As
shown in Fig. 1.14(e) and (f), the homogeneous system does not show the hyster-
esis loop above TC. On the other hand, even if T ¼ 2TC, the hysteresis loop can be
observed in the Dairiseki and Konbu phases. Thus, the magnetic hysteresis of DMS
is appreciably affected by the inhomogeneity of the magnetic impurities. In the
experiment, circumventing the spinodal nanodecomposition is very difficult
under the thermal nonequilibrium crystal growth. Therefore, the cluster size and
its distribution depend on the crystal growth conditions. In other words, the
magnetic properties of DMS strongly depend on the details of the experimental
conditions. This is why the TC values observed by experiments are scattered in
DMS, such as (Ga, Mn)N [37,54e58].
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Figure 1.14 Simulated results of the superparamagnetic blocking phenomenon in (Ga, Mn)N. Upper panels: Magnetization as function of temperature
starting from parallel or antiparallel configurations of initial magnetization to the external field. Lower panels: Magnetization as a function of external
field. The simulations are performed for homogeneous Mn distribution ((a) and (d)), Dairiseki phase ((b) and (e)), and Konbu phase ((c) and (f)). The
insets in the lower panels show snapshots of Mn distribution in (Ga, Mn)N for the respective phases. Temperature (kBT ) and external field are scaled
by the strength of the nearest neighbor interaction jJ01j.
From Sato K, Bergqvist L, Kudrnovsky J, Dederichs PH, Eriksson O, Turek I, et al. Rev Mod Phys 2010;82:1633; Sato K, T. Fukushima, H.
Katayama-Yoshida, Jpn J Appl Phys 2007;46:L682.
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1.4 Rare-earth impurities in gallium nitride

Rare-earth-doped gallium nitride (GaN) epilayers are commonly used in blue and
green LEDs [59e63]. Though GaN-based red LEDs are still in the research phase,
these materials enable fabrication of GaN-based monolithic full-color LEDs, which
work on a seamless condition for operating bias voltage, electrodes, substrates, and
so on. Therefore, it gives us the prospect of not only a simple LED but also multifunc-
tional activity in these materials. In this section, we discuss the spintronics potential in
the luminescent materials toward the production of novel abilities to show the multi-
functional activity. In the first subsection, we describe a computational material design
of a high-efficient luminescent material for the red LEDs based on Eu-doped GaN. In
the second subsection, we demonstrate that the codoping is high-density doping. In the
third subsection, we explain the magnetic properties of the luminescent center. In the
fourth subsection, we mention the circularly polarized luminescence. Finally we
discuss the spintronics potential in the summary.

1.4.1 High-efficiency light emission

Nishikawa et al. reported the first GaN-based red LED, Eu-doped GaN [64]. Thereby,
the monolithic full-color LEDs became an exactly true story. However, the current
Eu-doped GaN does not have enough luminescent intensity to be made available in
the market. Therefore, we have reports about enhancement of the intensity. For
example, Wang et al. reported the enhancement by codoping Si along with Eu into
GaN [66]. Moreover, Nishikawa et al. reported the enhancement by codoping Mg
[65]. Furthermore, Mitchell et al. also reported about the codoping method using
Mg and Eu, and discussed the atomic configurations of the luminescent centers
[67,68]. In this study, we examine the computational material design toward the
high-efficiency red light emission based on the Eu-doped GaN [69,70].

So far, we have found cluesdO makes a donor level strongly localized in GaN
[71e74], and Mg doping usually induces a shallow acceptor level in GaN [72e75].
If impurities form a cluster when Mg and O atoms are codoped along with Eu into
GaN, we must obtain a special electronic state, which is illustrated in Fig. 1.15.
This figure illustrates that the donor and acceptor levels form an energy path of exci-
tons, holes, and/or electrons from the host bands to the luminescent centers, namely the
f-states of Eu atoms. This locally narrow bandgap generates a spatial dependence on
the energy gradient of the valence and the conduction bands. Therefore, the complexes
attract excitons, holes, and electrons that occur and/or float in the host material by the
energy gradient.

In the first step, we estimate the total energies of various modifications that
mimicked (Eu, Mg, O)-doped GaN, where these impurities occupy atomic positions
different from each other. Herein, we used Vienna Ab-initio Simulation Package
(VASP) throughout this section [76]. As a result, we obtained characteristic atomic
configurations as stable structures. These structures are chain-like ones such as
Eu-O-Mg-N-Eu. The result suggests that the phase separation occurs in this material.
Each phase has an energy gap that differs from the other phase. That is, the bandgap is
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1.42 eV around the chain complex, whereas it is 1.80 eV at a position distant from the
complex. Herein, usual density functional method calculation commonly underesti-
mates bandgaps; for example, the experimental value 3.4 eV in the pure crystal
GaN. Anyway, the bandgap decreases around the impurity complex.

In the second step, we see the partial DOS (pDOS) of the most stable modification.
Fig. 1.16(a)e(c) show pDOS of Eu, Mg, and O atoms. Moreover, Fig. 1.16(d) and (e)
indicate pDOS of N atoms near the impurities and distant from them, respectively.
In this figure, we can easily recognize that the Eu f-states show the large exchange
splitting. Moreover, we can see another exchange splitting in the p-states of O and
N atoms near the impurities, where the splitting makes an opposite shift to the Eu
splitting. On the other hand, Mg shows very small splitting, and N atoms distant
from them exhibit no exchange splitting. This is that a cluster with magnetic moment
is generated in the nonmagnetic host material. Because the cluster has a bandgap
narrower than that of the host, excitons are attracted and trapped by the complex,
and it finally must be converted to light efficiently.

1.4.2 High-density doping

The solubility is usually very low, when the rare-earth is doped into semiconducting
materials [64,77]. For example, Sanna et al. reported that the formation energy of
Er into GaN crystal is about 10.0 eV, which is one of the highest formation energies
of doped elements into semiconducting materials [78e80]. However, they proposed

Conduction band of host

Donor level

Rare-earth f*-level

Band gap

Rare-earth f-level

Acceptor level

Valence band of host

Luminescent center
that makes gap narrow

Hole

Electron

Recombination and
light emitting

Figure 1.15 Plot of the material design toward a good luminescence LED. This figure illustrates
that a complex of impurities makes the band gap generated by the host elements narrow;
thereby, it attracts the excitons that are around itself, and traps. Finally the excitons recombine
and convert to light efficiently.
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that the formation energy becomes lower due to the vacancy doping along with Er.
This subsection describes such examples; that is, high-density doping becomes
possible by doping the rare-earth along with specific elements.

Fig. 1.17(a) and (b) show various formation energies in the atmospheric limitation
of Ga-rich and Ga-poor, respectively. In Fig. 1.17(a), we can see the formation energy
in Ga-rich for single doping of Eu, which is from 5.0 to 10.0 eV within Fermi energy
displacements from the valence band maximum (VBM) 0.0 eV to the conduction band
minimum (CBM) 1.8 eV. It does not change when Eu is doped along with Mg into
GaN. However, we can reduce the formation energy down to 1.0 to 5.0 eV by codop-
ing O along with Eu and Mg by decreasing the partial pressure of Ga. In Fig. 1.17(b),
we can see it is Ga-poor for single doping of Eu. The formation energy is from 2.0 to
5.0 eV within the Fermi energy displacements. When doping Eu along with Mg, we
can reduce it slightly. However, we can considerably reduce the formation energy
by doping O along with Eu and Mg. The formation energy is negative, that is
from �4.0 to 0.0 eV within these displacements. We can explain that a compensation
induces the behavior. This is mainly because of ionic radii of Eu, Mg, and O atoms;
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Figure 1.16 pDOS of impurities in (Eu, Mg, O)-doped GaN. (a)e(c) show f-states of the two Eu
atoms, s-states (red solid lines) and p-states (blue dashed lines) of Mg, s-states and p-states of
O. (d) and (e) show s-states (red solid) and p-states (blue dashed) of N atoms near the
impurities and distant from them, respectively.
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that is, these impurity atoms exist under the spatial compensations. Moreover, the
reduction of the Madelung energy by forming the metal-oxygen complexes also
induces the Eu-O and Mg-O clusterization. This clusterization induction works as a
charge compensation when we dope a pair of acceptor and donor elements simulta-
neously, where Mg works as an acceptor and O works as a donor. We call the codoping
method a codoping method by a compensated atomic pair.

Fig. 1.18 shows the binding energies for the chain-like complex and Eu-Mg that
were estimated from the formation energies. The binding energy exhibits a negative
value of�1.23 eV with any Fermi level displacements. On the other hand, the binding
energy of Eu-Mg shows a negative value of �0.13 eV only near VBM. Therefore, the
clusterization easily occurs with codoping of Eu, Mg, and O more than codoping of Eu
and Mg. The codoping is realized by thermal nonequilibrium crystal growth methods
such as molecular beam epitaxy (MBE) or metal-organic chemical vapor deposition
[74,81e83].
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1.4.3 Zener’s p-f exchange interaction

As described earlier, the impurities form the chain-like cluster in this crystal. Because
Eu atoms originally have a magnetic moment, (Eu, Mg, O)-doped GaN also has a mag-
netic property. In this subsection, we describe the magnetic property. We have already
researched the electronic structure with pDOS of this material in the previous subsec-
tion, shown in Fig. 1.16. Therein, we saw the large exchange splitting about the Eu
atoms, and the atoms near the Eu atoms showed small exchange splitting which is
opposite shift to the Eu atoms. It is actually similar to Zener’s p-d exchange
interactiondwe call it the p-f exchange interaction [12,84,85]. And moreover, we
can notice the existence of the double exchange interaction between Eu atoms from
the position of the f-states of Eu relative to Fermi level. The two types of the
interactions promote stabilization of the system into the ferromagnetic states.

Fig. 1.19 shows the z-component of the spin-polarized charge density. These charge
maps were plotted on the 2D plane passing through three atomic positions of the two
Eu and one Mg atoms [85]. In this figure, we can easily notice two kinds of areas: the
red areas denote the positive spin-polarized charge density, and the blue areas indicate
the negative one. The red and blue areas correspond to the majority and the minority
spin states, respectively. The majority spin density areas lie on the Eu atom sites. On
the other hand, the minority spin density areas are located around the N(O) atom
sites. However, these are the nearest neighbors of the Eu atoms and the other atoms
have spin densities too small to show in this figure. In particular, the spin density
around N(O) clearly shows the polarization orientation opposite to that around Eu.
This is quite characteristic of Zener’s p-f exchange interaction. Considering a fact
that the spin injection from the half-metallic into a semiconductor induces the
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Figure 1.19 Spin-polarized charge density map of the z-components of the most stable
modification. The map is plotted on the 2D plane passing three atomic positions of Mg and two
Eu atoms. Herein the black solid circles are impurity atoms, which are labeled by the
corresponding symbols, and large and small gray circles denote Ga and N atoms near the
plane, respectively.
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circular polarization, we can expect that the electronic states generated by the p-f
exchange interaction are suitable for the circularly polarized luminescence.

1.4.4 Circularly polarized luminescence

The circularly polarized luminescence is used not only in scientific observations but
also in entertainment and medical tools such as 3D displays [86e88]. Moreover, it
is expected to be applied in quantum computing, spintronics, biological probe, and
so on [89e91]. It is becoming increasingly important. However, the current sources
of the circularly polarized light need large, complex, or extra constructions like crystal
retarders, the spin-injection method, and inorganic LEDs [92e94]. If we replace those
sources with inorganic LEDs, we can construct such devices in a simpler manner.
Though, very recently, few examples have been reported by Zhang et al. about
WSe2 and by Sircar et al. about Si-Ge/Si quantum dots, the other inorganic materials
basically have never been observed in visible rays [95,96].

In this subsection, we theoretically predict that this material possesses an ability to
emit the circularly polarized light when it has the electronic structure as described
earlier. As described earlier, the cluster has a half-metallic electronic structure. There-
fore, we can expect circularly polarized luminescence, but the transitions in which the
spin direction changes are formally forbidden. However, it is partly allowed in general
when the spineorbit interaction works well. We can see the intensity of the spineorbit
interaction in the pDOS onto the noncollinear components, which is shown in
Fig. 1.20. In this figure, we can see the ([Y) and (Y[) components of the f-states
as the red and blue lines, respectively. Moreover, the majority spin, namely ([[),
and the minority spin (YY) components are represented by the gray lines along the
positive and negative vertical axes, respectively. In this figure, we can see most
volumes of the noncollinear components in an energy range around �1.0 eV, around
which both ([[) and (YY) components have the largest volumes. Therefore, the
transitions can be allowed.
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Figure 1.20 pDOS of the noncollinear spin components. Red and blue lines are noncollinear
spin components. Gray lines denote the majority and minority spin components of the
f-states of Eu.

30 Rare Earth and Transition Metal Doping of Semiconductor Materials



However, the circularly polarized luminescence has never been reported in exper-
imental procedures. We think that it is caused because the ferromagnetic states are not
stable at room temperature, because the total energy difference DE between the ferro-
magnetic states and the antiferromagnetic states is very small, about 1.0e4.0 meV in
our calculations. The energy difference causes very small transition temperature Tc
from the ferromagnetic to the antiferromagnetic states in accordance with the mean
field theory relation kBTc ¼ 2DE/3c, where c is a concentration of Eu [23]. Even if
the stable state in room temperature is the antiferromagnetic state, the transition
must occur with spin inversion as long as it is an intraatomic transition. However,
the transition may occur without spin inversion, when we regard the antiferromagnetic
states as a paramagnetic ones approximately. Otherwise, a lowering of the system sym-
metry and a large effective coulombic interaction, which is so-called plus U, work;
hence, the f-states of Eu would be divided into a couple of levels. The transition
may occur between the levels with the same spin moments actually.

1.4.5 Summary

In this section, we have discussed the electronic structures suitable for the
high-efficient luminescence and the spintronics in the Eu-doped GaN systems. Codop-
ing the rare-earth Eu into GaN provides with the red light emitting, but it is slightly
poor as commercial productions. Therefore, we have proposed a novel luminescent
center from a standpoint of the computational materials design. Codoping Eu along
with a compensated pair of Mg and O, which work an acceptor and a donor in this crys-
tal, make assembly of these impurities in this crystal. The assemblage has a low for-
mation and binding energies; hence, we can obtain the atomic configurations
spontaneously, namely, through the spinodal decompositions. Moreover, the cluster
has a characteristic magnetic property, which is Zener’s p-f exchange interaction,
but no magnetic moment outside the cluster. This electronic structure induces the
half-metallic, and then it is suitable for the circularly polarized luminescence. Based
upon these factors, we believe that the electronic and magnetic properties may give
us the multifunctional activity, and be useful to prolong or control the lifetime, color,
and intensity of the LEDs.

1.5 MgO-based high-TC nanospintronics

d0 ferromagnetism refers to a unique class of magnetism wherein the ferromagnets
contain no magnetic elements. In the discovery of d0 ferromagnets, a series of compu-
tational materials design (CMD) has played an essential role [97]. In 2004, we initially
and theoretically demonstrated the existence of p-bands in K2(S, Si) and K2(S, Ge) in
which deep impurity bands consisting of 3p orbitals were introduced in the bandgap
with partially filled 3p shells stabilizing a ferromagnetic state [98]. This principle was
applied to 2p orbitals in Ca(O, C), Ca(O, N) [99], Mg(O, C), Mg(O, N), Sr(O, C),
Sr(O, N), Ba(O, C), and Ba(O, N) [100]. Further, many DMSs containing no
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magnetic elements, such as alkaline-chalcogenide- [101], alkaline-earth-chalcogenide-
[101e103], SiO2- [104], and diamond-based [105] d0 ferromagnets, were similarly
designed. After our aforementioned series of CMD of d0 ferromagnets, many experi-
mental works also reported the existence of ferromagnetism in materials such as
N-doped MgO [106], C- or N-doped ZnO [107,108], pristine (undoped) HfO2 [109],
TiO2 [110], In2O3 [110], ZnO [110], SnO2 [111], and MgO [112,113]. These d0

ferromagnets can be classified into two groups of anion-substituted and cation-
substituted. The first group involves anions of semiconductors or insulators being
substituted by impurities of smaller valency. The second group involves cations
being substituted by vacancies (or impurities of smaller valency). In this section,
based upon ab initio electronic structure calculation and multiscale simulation, we
discuss the origin of d0 ferromagnetism and magnetic properties of dynamically
created nanostructures (spinodal nanodecomposition) in MgO-based d0 ferromagnets
with N atoms or Mg vacancies (VMg) as representative examples.

In order to understand the origin of the d0 ferromagnetism, their electronic
structures in the ferromagnetic states are calculated by KKR-CPA within the
pseudo-self-interaction-corrected LDA (PSIC-LDA) (Fig. 1.21). In the Mg(O, N),
spin-polarized impurity 2p bands are introduced into the bandgap, and the impurity
bands are partially filled by electrons. In (Mg, VMg)O, the valence bands mainly
consist of O 2p-orbitals that exhibit spin-polarization. The origin of d0 ferromagnetism
in the present systems can be understood as follows: local magnetic moments in the
materials are spontaneously formed by highly correlated narrow oxygen-2p bands
(U > W, U: Correlation energy, W: band width) and the ferromagnetic states are
stabilized due to the kinetic energy gain from itinerant spin-polarized electrons, which
result from the partial occupation of the narrow oxygen-2p bands.

Next, magnetic effective exchange interactions and TC are calculated to evaluate
the stability of magnetic state. In the present systems, the interactions using
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Figure 1.21 The total and partial DOS of (a) Mg(O, N) and (b) (Mg, VMg)O with 10% doping
concentration calculated by KKR-CPA-PSIC. The solid lines and dotted lines represent the
total DOS and N-2p partial DOS, respectively. The positive and negative values of the DOS
represent the values for the up and down spins, respectively [114,115].
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Liechtenstein’s formula [116] are short-ranged and dominant only for the first few
neighbors (Fig. 1.22). Recent studies reveal that the MFA greatly overestimates TC
for such materials where the exchange interactions are short-ranged and the concen-
tration of magnetic sites is smaller than the magnetic percolation threshold. This
percolation threshold is 20% for the FCC structure of MgO when we focus only
on the nearest neighbor interactions [117]. The reason for this overestimation is
that the approximation counts all the exchange interactions as significant interac-
tions, regardless of whether they are sufficiently strong to contribute to the TC under
thermal fluctuations. For proper TC estimation in such case, beyond-MFA approach
using MCS is known to be effective. This approach takes more calculation cost
compared to the MFA but has obtained good agreement between theory and exper-
iments in many homogeneous DMSs, such as (Ga, Mn)As [117e119]. For this
reason, the MCS is performed [117] for Mg(O, N) to avoid the overestimation of
TC by accounting for the magnetic percolation effect and the MFA is used and
for (Mg, VMg)O. In (Mg, VMg)O, the local magnetic moments originate not from
the dopants but from the O-2p orbitals of the host material. Therefore, due to the
high O concentration, the magnetic correlation in the present system should be
long range. This long-range correlation ensures the validity of the MFA for the
calculation TC of (Mg, VMg)O. The present simulations show that the TC increased
linearly as a function of the doping concentrations and could reach room tempera-
ture at sufficient doping concentrations of 15% for (Mg, VMg)O and 20% for
Mg(O, N) (Fig. 1.23).

Thus far, we have discussed the magnetic properties assuming that the dopants are
homogeneously distributed at assigned sites. Hereafter, a favored configuration of
dopant distribution is investigated. The present calculation procedure consists of
two steps. The first step is the calculation of the chemical pair interactions between
the two dopants embedded in a supercell. The second step is the simulation of the
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Figure 1.22 Distance dependence of the effective exchange interaction between O atoms in
(a) Mg(O, N) and (b) (Mg, VMg)O with 10% doping concentration calculated by
Liechtenstein’s formula within the PSIC-LDA [115,120].
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potential configuration of inhomogeneous dopant distribution using the calculated
chemical pair interactions and MC simulations, which are already mentioned in the
previous sections.

The chemical pair interactions between the dopants at sites i and j (Vij) were calcu-
lated using the calculated total energies, defined as E(Mg32O32) þ E(Mg32O31N1) �
2E(Mg32O30N2_ij) for Mg(O, N) and E(Mg32O32) þ E(Mg31VMg1O32) � 2E(Mg30
VMg2_ijO32) for (Mg,VMg)O. Here, the VASP was used for calculations of the
projector augmented wave (PAW) method [121] and the generalized gradient
approximation (GGA) [122,123] exchange-correlation functional (PAW-GGA).
An experimentally derived lattice constant with a rocksalt structure was also used
and structural optimization was performed.

The present simulations showed that these materials favor phase separation because
of the attractive pair interactions, and during crystal growth, spinodal decomposition
can occur if the related temperatures are high enough for a sufficiently long time.
Calculated Vij shows that strong attractive interactions occurred between the first
nearest neighbors in Mg(O, N) and the second nearest neighbors in (Mg, VMg)O
(Fig. 1.24). The MC simulations shows that self-organized nanoclusters of the
Dairiseki phase appear under 3D crystal growth (Fig. 1.25) and nanowires of the
Konbu phase appear under layer-by-layer crystal growth (Fig. 1.26).

This finding can be can be strengthened by comparing TC between our theoretical
estimations under the homogeneous conditions and recent experiments that report
room-temperature ferromagnetic behaviors observed in MgO thin films with no
magnetic elements. In our theoretical estimations, 15e20% doping concentrations
are required for room-temperature ferromagnetism in Mg(O, N) and (Mg, VMg)O
under homogeneous distribution conditions. On the other hand, experiments have
reported ferromagnetism in 13%-N-doped MgO prepared via MBE has been observed
[106] and ferromagnetism induced by a few percent of Mg vacancies in MgO, prepared
with sputtering in an O atmosphere, also has been reported [112,113]. Considering
these large discrepancies in TC and their systems favorability of the formation of
nanoclusters of dopants, it is strongly suggested that the magnetic properties observed
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Figure 1.23 The estimated TC of (a) Mg(O, N) using MC simulation and (b) (Mg, VMg)O, by
the MFA [114,115].

34 Rare Earth and Transition Metal Doping of Semiconductor Materials



in the hysteresis curves obtained for Mg(O, N) and (Mg, VMg)O in previous
experimental studies originate from the superparamagnetic blocking phenomenon.

In addition, after a thorough study connecting our calculated results and the previ-
ously reported experimental data, we also propose that self-organized ferromagnetic
nanowires of magnesium vacancies can be formed in MgO-based magnetic tunnel
junctions (MTJs) [124]. This self-organization may provide a strong foundation for
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Figure 1.24 The chemical pair interaction (a) between N atoms in Mg(O, N) and (b) between
vacancies in (Mg, VMg)O.
From Seike M, Dinh VA, Fukushima T, Sato K, Katayama-Yoshida H. Spinodal
nanodecomposition and high blocking temperature in MgO-based d0 ferromagnets. Jpn J Appl
Phys 2012;51:050201.

(a) Mg(O, N) (b) (Mg, VMg)O 

Figure 1.25 Snapshots of the dopant configurations under 3D crystal growth for (a) Mg(O, N)
after 5000 MC steps and for (b) (Mg, VMg)O after 20,000 MC steps. The dopant concentration
is 5%. The lines between dopants represent first nearest neighbor bonds for the N-doped
systems and second nearest neighbor bonds for (Mg, VMg)O.
From Seike M, Fukushima T, Sato K, Katayama-Yoshida H. Design of self-organized
nanostructures to achieve high blocking temperatures in MgO-based d0 ferromagnets. J Kor
Phys Soc 2013;62:1807.
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a comprehensive understanding of the conductivity, tunnel barriers, and quantum
oscillations of MgO-based MTJs; that is, these nanowires might play the role of
spin filters to enhance the tunnel magnetic resistance (TMR) value, reduce tunnel
barriers, and cause quantum oscillations of TMR by forming multiple paths for this
tunneling. Therefore, we believe that it is worth reconsidering the microscopic origin
[125,126] of the TMR and the tunneling spin current [127e129] by taking into account
the role of nanowires of magnesium vacancies in the Fe/MgO/Fe MTJs. Additional
experimental verification is needed before drawing firm conclusions, and further
theoretical verification using a large-calculation framework is also desired to investi-
gate the transport properties of these nanowires quantitatively.

In this section, based upon ab initio electronic structure calculation and multiscale
simulation, we have discussed dynamically created nanostructures (spinodal nanode-
composition) and d0 ferromagnetism in MgO with N atoms or Mg vacancies (VMg).
First, we have shown that local magnetic moments in the materials are spontaneously
formed by highly correlated narrow oxygen-2p bands (U > W) and the ferromagnetic
states are stabilized due to the kinetic energy gain from itinerant spin-polarized
electrons, which result from the partial occupation of the narrow oxygen-2p bands.
Next, we have discussed the chemical trends of the calculated exchange interactions
and estimated Curie temperatures under a homogeneous distribution condition.
Then, we have discussed the energetically favored configurations of dopant distribu-
tion using chemical pair interaction between dopants and MCS and it will be shown
that self-organized nanoclusters of the dopants can be formed both in Mg(O, N) and
(Mg, VMg)O under layer-by-layer crystal growth. In this context, the underlying
mechanism for room-temperature d0 ferromagnetism from recent experimental reports

(a) Mg(O, N) (b) (Mg, VMg)O 

Figure 1.26 Snapshots of the dopant configurations under layer-by-layer 2D crystal growth for
(a) Mg(O, N) after 5000 MC steps and for (b) (Mg, VMg)O after 20,000 MC steps. The dopant
concentration is 5%. The lines between dopants represent first nearest neighbor bonds for the
N-doped systems and second nearest neighbor bonds for (Mg, VMg)O.
From Seike M, Fukushima T, Sato K, Katayama-Yoshida H. Design of self-organized
nanostructures to achieve high blocking temperatures in MgO-based d0 ferromagnets. J Kor
Phys Soc 2013;62:1807.
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was also discussed. Finally, we have mentioned our recent proposal that this
self-organization could be found in MgO-based MTJs and may provide the foundation
for a comprehensive understanding of the conductivity, tunnel barriers, and quantum
oscillations of the MTJs. The significance of these studies is in (1) pioneering the
computational materials design of d0 ferromagnets, which has significantly contributed
to developments in this novel research field; (2) presenting the materials design of d0

ferromagnets aimed at achieving high TB; and (3) elucidating the mechanism and
magnetic properties associated with d0 ferromagnetism. These series of research
outcomes provide not only an essential understanding of d0 ferromagnetism but also
open a new route to creating environmentally friendly materials for spintronics without
using magnetic elements.
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2.1 Introduction

There is much incentive to imbue semiconductors with magnetic properties. In a semi-
conductor, the density of carriers can be controlled with great precision through doping
and temperature control. The field of spintronics [1] is concerned with also controlling
the spin of the electron. This leads to potentially new functionalities and new device
concepts. Instead of moving charge carriers around, we now want to control in a
general sense their spin orientations. Possibly, reorienting the spins requires less
energy than moving them around between specific regions. Also, the spins may pro-
vide a net magnetization, which stays even if the device is switched off, and thus
the potential of nonvolatile memory and integration of storage of information and
manipulation of the information or computations. While spin-polarized carriers can
be introduced in ordinary semiconductors using optical techniques (ie, using circularly
polarized light), additional possibilities occur if the spin polarization in the semicon-
ductor is introduced purely electrically through magnetic dopants. We can inject a
net spin current and also a net spin accumulation in specific regions into a semicon-
ductor from a metallic ferromagnetic contact. However, this process is inefficient,
and we lose the spin coherence over a short length-scale because of the impedance
mismatch between a semiconductor and a typical metal. Thus also for this purpose,
magnetically ordered semiconductors are preferred.

Semiconducting propertiesdthe property of having a bandgapdand ordered
magnetism (which requires unpaired spins) do not naturally occur together, except
in some special cases, such as rare-earth (RE) compounds, for example, GdN [2,3]
and EuO [4e6]. The origin of the magnetism in these cases arises from the localized
partially filled f shells. Thus to make semiconductors magnetic, we rely on doping
them with magnetic elements, creating so-called dilute magnetic semiconductors
(DMSs). Dilute paramagnetic semiconductor behavior has been studied first in II-VI
materials [7]. Doping Mn on the group-II side, which occurs readily because Mn is
divalent, leads to strong enhancement of the conduction band g-factor or Zeeman
splitting in an external magnetic field due to the internal effective magnetic field
created by the Mn local moments, strong Faraday rotation, and so on. Although the
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moments in such a material can be aligned in an external field and saturated, they do
not intrinsically order. On the other hand, when we dope Mn in a III-V semiconductor,
Mn2þ plays a dual role of providing a magnetic moment but also acting as a p-type
dopant. The carrier-mediated coupling via the holes can lead to ferromagnetic ordering
of the Mn spins.

Since the first demonstrations of DMSs in Mn-doped InAs [8] and GaAs [9e12],
there has been a worldwide interest in developing such materials with improved
properties. A good review on Mn:GaAs can be found in Ref. [13]. The problem is
that in order to dope magnetic elements into a semiconductor such as GaAs, we are
forced to use nonequilibrium growth techniques with lower than optimal growth tem-
peratures so as to prevent the formation of precipitates such as MnAs and MnGa. At
the same time the Curie temperature (TC) of such systems depend on the effective inter-
action between impurities that are fairly far from each other in the dilute case and
hence are usually found to be below room temperature. Only after much work, TCs
in MnxGa1�xAs were raised to about 191 K [14e16]. Thus, in some sense, DMSs
tend to be poor semiconductors and poor magnets. The holy grail of DMS research
is indeed to find semiconductors, magnetic element combinations, and techniques to
achieve above room temperature magnetic order without compromising the semicon-
ductor quality of the materials.

To guide this development, an understanding of the electronic structure of
magnetic impurities in semiconductors is a prerequisite. Questions we would like
to understand are: what is the advantage or disadvantage of wide bandgap versus
low bandgap semiconductors? What are the differences in behavior transition metal
(TM) and RE magnetic dopants? What controls the magnetic moments of the
dopants, and what is the origin of their exchange interactions, which leads to ordering
these moments? What is the role of other defects introduced in the material by the
doping process?

Theory has played an important role in this development, sometimes providing new
directions to search, and sometimes, unfortunately misguiding experiments due to an
incomplete understanding of the limitations of the computational models [17]. The
purpose of this chapter is to provide a guide to the theoretical models. As this field
is strongly interdisciplinary with practitioners from materials science, chemistry, elec-
trical engineering, as well as physicists, keeping up with the recent developments of
modern computational methods can be a daunting task for the nonspecialist. Without
being a practitioner of these methods, it is still important to be able to discern the
relative merits of different approaches and the problems that these methods face for
the systems under study. The present chapter makes an attempt at presenting an unbi-
ased guide for the nonspecialist. Specific developments of specific materials systems,
mostly from an experimental point of view, are presented in other chapters of this
book. The purpose of this chapter is thus mostly pedagogic rather than describing
the contributions of the author to this field.

We start with a discussion of the electronic energy levels of TMs and RE dopants,
pointing out their key differences. Next, we discuss the different computational
approaches within the general arena of so-called first-principles computations that
are relevant to DMSs.
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The underlying electronic structure of a single defect provides us with the first key
property of magnetism, the magnetic moment of the defects. However, to obtain
magnetic ordering the second key property is their interaction. The next section thus
discusses various aspects of magnetic exchange interactions: how they are calculated,
how they depend on distance between the impurities, and how to estimate macroscopic
thermodynamic and statistical properties such as the TC from them. Finally we also
discuss the role of other defects in magnetism and in particular the possibility of d0

magnetism, that is, magnetism arising from defects without the elements containing
partially filled shells, meaning without d or f open shells.

Ultimately, the purpose of magnetic semiconductors is to manipulate the spins in
new devices. Therefore magnetic ordering in itself is not enough. The materials also
must have sufficient conductivity and discernible effects of the magnetism on the
transport properties. One of the most intriguing possibilities of spintronics is to
develop quantum computing structures, in which we can exploit the quantum mechan-
ical aspects of spin. A crucial aspect here is coherence times. This, however, goes
beyond the scope of this chapter and will not be further discussed.

Since most of the rest of the book is dedicated to various TM-based systems, in the
last section of this chapter, we present a case study of Gd-doped GaN and explain how
the various elements discussed earlier come into play in this system. This section
provides a review of this system, including work by the author and also by others.

2.2 Electronic structure of transition-metal and
rare-earth elements in semiconductors

2.2.1 Basic energy level scheme

As is well known, the TM and RE elements derive their magnetic properties from their
unfilled shells, respectively the 3d shell and the 4f shell. A key difference between RE
and TM elements is that the RE elements (with some exceptions to be discussed later)
correspond to a threefold valence if we ignore the f states. Thus, when placing such an
element in a III-V semiconductor, it is an isovalent impurity, which typically does not
produce defect energy levels in the gap. However, they can produce levels in the gap if
they are combined with other defects in a complex [18], or are divalent (for example,
Eu tends to be divalent) [19e21]. Interstitial sites are found to be less favorable but
could produce defect levels [18,21]. The 4f levels are so localized and shielded
from the outer electrons that they obey essentially atomic physics. This means among
other things that a many-electron theory is essential to describe them, which we
postpone until the next subsection. TMs, in particular of the 3d series, also have
progressively more localized d states as we move to the right in the 3d row, but
they should still be considered valence electrons participating in the bonding.

As is well known, when a d state, which is fivefold degenerate in the free atom, is
placed in a crystalline environment, its levels are split depending on the symmetry of
the environment. This is traditionally described by means of crystal-field theory. On
the other hand, the defect levels found in the gap of the semiconductor are not always
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and, in fact, are usually not, composed mostly of these d orbitals. It depends on where
these d states lie with respect to the semiconductor host element atomic levels. In a
typical tetrahedrally bonded semiconductor, the valence bands (VBs) are bonding
states between the anion p orbitals and the cation s and p orbitals, and are thus mostly
anion p-like. The anion s states form a separate even deeper band that is of less impor-
tance for the semiconductor physics. The conduction bands, in contrast, are antibond-
ing states and therefore dominated by the cation s and/or p orbitals. Which ones form
the bottom of the conduction band depends strongly on whether the gap is direct or
indirect. At the G-point the conduction bands are usually dominated by cation s states
simply because s states lie below p states. For our purpose what matters is where the
d states of the impurity lie relative to the anion p states, and more specifically, where
their already spin-split d states lie with respect to the anion p and cation s states. The
situation is quite different between traditional semiconductors such as GaAs, ZnSe,
and the oxides or nitrides involving elements of the second row of the periodic table.
The elements N and O have much deeper valence states than the higher rows, P, As, S,
Se. Thus the majority spin TM d state typically lies below the anion p states for semi-
conductors with anions from rows 3 and beyond but may lie above or be resonant with
the N-p or O-p levels. The minority spin d state, on the other hand, tends to lie above
the anion p states. At the same time we have a downward trend for the d levels as we go
through the d series from left to right. Thus various situations can occur.

Most TMs prefer to substitute the cation sites rather than the anion sites or intersti-
tial sites. Therefore a good starting point for understanding the level scheme of a TM
dopant in a semiconductor is to start from the cation vacancy. The latter is surrounded
by anion dangling bonds. These can be thought of as sp3 hybrid orbitals of the
anion which point toward the vacancy. These dangling bonds would normally interact
with the cation dangling bonds, to form bonding (VB states) and antibonding conduc-
tion band states. The dangling bonds thus tend to lie in the forbidden gap. More
precisely from the four dangling bonds we can make a linear combination
(fd1 þ fd2 þ fd3 þ fd4)/2 of the orbitals all with the same phase, which has a1 sym-
metry using the language of group theory. What this means is a state that transforms
into itself under all symmetry operations. This state usually has low enough energy
(because of a small interaction among the dangling bonds across the vacancy) to
form a state below the valence band maximum (VBM). In other words, it is resonant
with the VB and does not form a state in the gap. In a tetrahedral symmetry environ-
ment, the other possibilities are to make combinations like (fd1 þ fd2 � fd3 � fd4)/ 2,
which have two positive and two negative signs. We can, in fact, make three linearly
independent combinations of this type depending on which orbitals get the negative
signs. As illustrated in Fig. 2.1, these linear combinations have the same properties
as a px, py, or pz state at the center of the tetrahedron. In the language of group theory
these are called t2 states. They belong to the irreducible representation t2 of the
group Td. This is just a fancy way of saying that they share the property of transforming
into each other under operations of the group in the same way as do the vector com-
ponents x, y, and z. The t2 states for a triply degenerate state in the gap. However, now
it depends on their filling. Depending on different charge states and whether we have a
group-IV elemental semiconductor or a III-V or II-VI, this t2 level can have different
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occupations. The JahneTeller theorem then implies that if the state is degenerate the
system can lower its energy by distorting, which leads to further splitting of the levels
and lowering the energy of the filled states relative to those that remain empty. This
completes our elementary discussion of the vacancy.

Interestingly, in a tetrahedron, the d states dxy, dxz, and dyz also transform into each
other as a t2 state. In group theory language, we say “they belong to t2.” We assume
these notations are familiar to the reader from physics or chemistry. They refer to their
angular behavior, which corresponds to the real spherical harmonics Ylm(q, f). The
immediate consequence is that the dangling bonds of symmetry t2 can interact with
the d states of the same symmetry but not with other d states. The other d states,
d3z2�r2 and dx2�y2 , belong to the irreducible representation e of the group Td.

So, now we are ready to discuss the levels schemes for a substitutional TM
impurity. The TM-d states split into e and t2 states with t2 above e in a tetrahedral envi-
ronment. Second, there is a spin-splitting of each of those levels. Depending on
whether the spin-splitting is larger or smaller than the crystal-field splitting, a different
total spin may occur. For example, if the spin-splitting is larger than the crystal-field
splitting in absolute value, then the ordering of the levels is eþ < t2þ < e� < t2�
and we have high-spin situation.

On the contrary if the crystal-field splitting is larger than the spin-splitting, we will
have eþ < e� < t2þ < t2� and a low-spin situation occurs. If the TM d states lie well
below the anion p state, their bonding combination is mostly TM d-like and lies deep in
the VB as a resonance. It is called a crystal-field resonance (CFR) state. This occurs
typically for the majority spin d state in a traditional (not nitride) III-V compound.
The corresponding antibonding states of t2 symmetry are mostly dangling bond-like
but with some admixture of d orbital. They are called the dangling-bond hybrid
(DBH). The e levels meanwhile do not interact, so they also lie in the VBM as a
CFR. As an example, we show the interaction of the dangling bonds with the TM
d states schematically in Fig. 2.2 for the case of Mn3þ with configuration 3d4 on a
cation site, say Ga in GaAs, and assuming the defect, which is an acceptor in a 3�
charge state. In the neutral case, there would be three electrons in the dangling bond
but now there are six. The CFR of both eþ and t2þ are occupied as well as the t2�
DBH. The t2þ DBH is partially occupied. Note that in this example, the minority
spin d states lie above the host dangling bonds and the majority spin d states lie
below them.

a1 t2y t2x t2z

Figure 2.1 Combinations of dangling bonds with different symmetry in a tetrahedral group.
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However, for nitrides or oxides the dangling bonds may lie below the TM d states for
both majority and minority spin. It also depends on the TM. As we go from left to right,
the TM d states become deeper. Thus we see that in traditional semiconductors, the ma-
jority spin levels in the gap are actually more dangling bond than TM d-like, while for
wide bandgap semiconductors the states in the gap have stronger TM d-like character.
The role of the CFR and dangling-bond-like state may be reversed. An example isMn in
GaN compared to Mn in GaAs as is clearly illustrated in Fig. 2.3, taken from Ref. [22].
An excellent review on these different possibilities can be found in Ref. [23].

Now, we again have to consider how these levels are filled and in addition we now
have to consider Hund’s rules to find out whether their spins will prefer to align anti-
parallel or parallel with each other. These rules determine the total spin state of the
defect and hence their magnetic moment. We may have either high-spin or low-spin
configurations. This depends on whether the exchange splitting between up and
down spin is larger than the e�t2 splitting of the levels in the gap, which depends
on the degree of interaction with the anion dangling bonds. We do not attempt here
to provide a complete description, only to explain what factors enter the level scheme.
Typically, however, the spin-splitting is larger than the crystal-field splitting for a TM
impurity in a semiconductor. The preceding is essentially a one-electron level picture.
However, once we start talking about filling the levels we need to invoke a many-
electron picture and discuss which multiplets can occur with different spin and
different mixtures of electrons in the various one-electron states. These are also
described in Ref. [23].

The important point is that even at this level, we already see that nitrides and oxides
may be expected to behave quite differently from standard semiconductors.

VBM

e+

t2–

t2+

e−

t2+ CFR

e+ CFR

t2+ DBH

t2– DBH

Host V−anion 3−Mn d4

t2 db

Figure 2.2 Interaction scheme of dangling bonds with TM d states.
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2.2.2 Multiplet splittings for f electrons and Hund’s rules

For a proper description of f electrons, a many-electron description is essential because
they behave much more atomically than d electrons. The atomic theory for electronic
states of different total orbital and spin angular momentum was developed long ago
and can be found, for example, in the classic book by Condon and Shortley [24].
Combined with crystal-field theory and group theory, a full description was developed
by Racah in a series of papers [25e30]. The different multiplet levels play an essential
role in understanding the optical properties of RE-doped semiconductors. Optical
transitions between the different multiplet states of the f electrons, which in the free
atom are forbidden, become weakly allowed in a crystal environment. Because they
are so atomic-like, they are shielded from the environment and thus particularly stable
as function of temperature and provide very sharp luminescence lines. A useful over-
view of the multiplet levels in RE ions can be found in Dieke and Crosswhite [31]. The
key question in this context is how a bandgap excitation is transferred to the f states
manifold and leads to excited multiplets, which subsequently can decay radiatively.
There is still no adequate first-principles theory for describing this energy transfer.
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Figure 2.3 Comparison of local density of states in Mn-doped GaN and Mn-doped GaAs,
illustrating the reversal of the role of the CFR and DBH.
From Mahadevan P, Zunger A. First-principles investigation of the assumptions underlying
Model-Hamiltonian approaches to ferromagnetism of 3d impurities in III-V semiconductors.
Phys Rev B 2004;69:115211. http://dx.doi.org/10.1103/PhysRevB.69.115211.
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The multiplet theory describes a single RE ion with f electrons in its crystalline
environment but provides no information on where the f electron manifolds lie with
respect to the rest of the band structure. The problem is, how do we compare a
many-electron state with a one-electron band picture? It is as if f electrons somehow
live in a separate orthogonal space. Nonetheless, we are quite interested in how exci-
tations are transferred to the f electron system. Of course, we could take the view that
all excitations of a many-electron system are many-electron states, some simply
involve excitation of one electron to a higher level, others are more complex. However,
a unified framework for describing the different types of excitations seems desirable.
We will see later that the dynamic mean field theory (DMFT) provides at least a frame-
work for discussing the multiplets within a band structure scheme.

As already mentioned, the question of how the single electrons combine into
different term states and combine their total spin and angular momenta also occurs
for d states and is important to understand the optical properties of transitions between
such states, so-called ded transitions in the middle of the gap.

2.3 Computational methods dealing with strongly
correlated electrons

2.3.1 Failures of density functional theory

We assume here that the reader has at least some familiarity with density functional
theory (DFT) [32,33]. This theory provides in some sense the modern justification
of a one-electron band structure picture. The starting point of DFT is to identify the
electron density, rather than the many-electron wave functions, as the key quantity
on which the properties of a many-electron system depends. It achieves this great
simplification by focusing on the ground state of the system. Hohenberg and Kohn’s
theorem [32] states that the electron density in the ground state completely determines
the external potential of that system and therefore, in principle, everything else. In
other words, two systems with the same ground state density cannot have potentials
that differ by more than a constant. This remarkable theorem then shifts the attention
to finding the universal functional of interacting electrons that describes in principle all
electronic systems. Unfortunately, the theory provides no prescription for how to
determine this all-encompassing functional. Progress is made by making approxima-
tions. It is straightforward to write explicit expressions for the classical Coulomb
interaction and the kinetic energy the electrons would have if they were not interacting
and the interaction with the external potential (ie, the Coulomb interaction with the
nuclei). These are three large contributions. The rest is then lumped together as the
exchange-correlation functional. The latter is small when numerically compared to
the other contributions and hence approximations for it can be made. The approxima-
tion most often made is the local density approximation (LDA). It assumes that the
exchange-correlation energy per particle at each point in space can be approximated
by the value it would have in an electron gas of the same density. The difference is
that in the real system the density is varying from point to point while in an electron
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gas, the density is constant. It would seem that this approximation would work only if
the density varies slowly. However, it is found to work remarkably well even in real
systems where the density is not slowly varying at all. This stems from the fact that it
needs to describe only the average behavior and fulfills certain sum-rules. Together
with the KohneSham scheme [33], which replaces the real interacting system in a
given potential by a fictitious system of noninteracting electrons in an effective poten-
tial with the same density, this requirement of having the same density provides a
recipe for finding the potential as the self-consistent field potential. A one-electron
Schr€odinger equation is solved for the effective potential:

�
� 1
2
V2 þ veffðrÞ

�
jiðrÞ ¼ εijiðrÞ [2.1]

Here we use atomic units (h� ¼ e ¼ me ¼ 1). The density is then given by summing
the states according to the Aufbau principle:

nðrÞ ¼
Xocc
i

jjiðrÞj2 [2.2]

and finally, given this density the effective potential is:

veffðrÞ ¼ vextðrÞþ
Z

nðr0Þ
jr� r0j d

3r0 þ vxcðrÞ [2.3]

with the latter given by the functional derivative:

vxcðrÞ ¼ dExc½n�
dnðrÞ : [2.4]

These equations are then solved iteratively until convergence.
In spite of its great success for weakly correlated electronic systems, for example,

semiconductors or simple metals, DFT fails to some degree for strongly correlated
electron systems. Some of the failures are that the standard LDA and even the gener-
alized gradient approximation (GGA) [34], which includes terms depending on Vn(r),
do not correctly cancel the self-interaction by the exchange term. Following, we will
often say simply LDA when we mean LDA and GGA. They are sometimes called
semilocal functionals and in terms of bandgaps have similar problems. The practical
difference is that LDA tends to underestimate lattice constants while GGA generally
overestimates lattice constants, each by a few percent.

One problem of LDA (and GGA) is that the solutions of the LDA avoid situations in
which the electrons are localized, even when there should not really be a Coulomb
penalty against this localization because it stems from a nonphysical self-interaction.
This leads to underestimation of magnetic moments and in some cases, it predicts the
wrong structures.
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Another well-known failure is, of course, that we should not interpret the εi as
band-structure energies or excitations for extracting or adding an electron to the
system. If we do so anyway, we’ll find that the bandgaps are strongly underestimated.
The practical power of the DFT in the LDA or GGA lies in the fact that all electrons
move in the same potential, which depends only on the density. This should be
compared, for example, with the HartreeeFock theory, in which each electron feels
a different potential depending on what type of orbital state it is in. At the same
time this is its weakness. What we have lost is the dependence of exchange-
correlation energy on specific orbitals. While in principle, a much more complex,
nonlocal functional could be devised to capture the different behavior of, for example,
d or f electrons compared to more delocalized s and p electrons, it turns out that it is
easier to describe it by expanding the functional to let it depend on orbitals. Most of the
methods discussed next are of this type.

2.3.2 Hubbard U correction: LDA þ U and SIC

The first approach to overcome the weakness of the LDA for strongly correlated
electrons is the so-called LDA þ U method [35e39]. This is a somewhat pragmatic
approach, recognizing that correlation effects for localized orbitals can be captured
by including strong on-site Coulomb interactions for such orbitals. This was the
approximation suggested by John Hubbard in the model that now bears his name.
The idea of LDA þ U is to add these Hubbard U terms explicitly for a subset of
strongly correlated orbitals but to merge this model somehow with standard DFT.
Let’s call this subset the d orbital, although it could also include the f electrons or
even other orbitals. The basic variational quantities of the model then become the
density plus the occupations of the d orbitals. The problem with the model is that
the LDA already includes some of this correlation and so we must somehow subtract
that contribution from the total. This is the so-called double-counting problem, and
although different approaches have been proposed for it, it remains a weakness of
the method. In any case, once the Hubbard U terms or a somewhat more detailed
description of the on-site Coulomb interaction [37] between the different d orbitals
is included, we solve the model in the mean field approximation. This is equivalent
to a HartreeeFock solution for these d orbitals, with the difference being that the
Coulomb and exchange matrix elements between these orbitals are parameterized
instead of self-consistently determined. It implies that now the d orbitals feel an addi-
tional potential from the other orbitals, not treated with U terms, and that this potential
can even be different for different d orbitals. Their occupation numbers are effectively
determined. So, what we have restored is an orbital-dependent picture but without the
computational expense of a real HartreeeFock calculation. At the same time we obtain
how the occupation of these orbitals becomes self-consistent through its interaction
with the other orbitals. Also, at the same time, it avoids the difficulties of a pure
HartreeeFock treatment, in the sense that the parameters, in particular the U value,
include the screening by the other orbitals. This incorporates the main correlation
effect that is missing in HartreeeFock, which has only exchange. In other words,
the exchange is really a screened exchange. The main advantage for magnetic systems
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is that it improves on the orbital-independent local spin density functional approach
(LSDA) in obtaining the magnetic moments and correct energy levels. The magnetic
moments in fact result from the different occupation of up- and down-spin states
together with the orbital polarization in an open shell system.

The advantage of the method is that it fits within DFT approaches with a slight
extension, namely that the occupation numbers of the d orbitals are treated as separate
degrees of freedom. It has a total energy expression, which is self-consistently linked
with the effective potential through a variational principle. In other words,
vELDAU

tot

�
vnms ¼ Vms.

There are several variants of the LSDA þ U and LDA þ U approaches. First of all,
is some spin dependence already included in the functional as in LSDA or not, as in
LDA? Second, how is the double counting treated? In the around mean field approach
[35,40], the LDA and LDA þ U agree with each other for the case that each d orbital
has the same average occupation. In the fully localized limit [36,37], the LSDA and
LSDA þ U agree with each other for the case of the atomic limit with integer occupa-
tion numbers. This is the most used and also by most viewed as the most useful
approach for cases with strong localization, for which LSDA þ U is most needed in
the first place. For intermediate cases, a mixture of both approaches has been proposed
[41]. In its simplest form [39] the LDA þ U adds a potential

Vms ¼ U

�
1
2
� nms

�
[2.5]

for orbtial m of spin s. In other words, if the occupation is 1, it shifts the level down by
�U/ 2 and if the level is empty it shifts it up by U/ 2. This provides a natural way to
split up- and down-spin electrons and hence create a magnetic moment. For a more
detailed account of the actual implementations, the reader is referred to the key papers.
Generally, the method is formulated in a rotationally invariant way, without choosing a
specific set of dm orbitals, which depend on the choice of coordinates, by writing the
method in terms of density matrices rather than occupation numbers. The method can
be derived from the GW approach (explained in Section 2.3.4) under certain limiting
assumptions.

An important aspect of the model is how to choose theU and J parameters that enter
it. The U parameter basically describes the spherically symmetric Coulomb interaction
between two d electrons but including the screening by other electrons. It describes the
energy difference of extracting an electron from adding an electron to the d states. This
very definition requires us to think in terms of an open system in which the d states are
allowed to interact with other orbitals but with a constraint placed on the d-level
occupation. Various approaches have been devised to obtain this energy difference
from density functional calculations themselves but with a constrained DFT approach.
In other words, we treat the d state to which an electron is added (or from which it is
subtracted) locally as an impurity in the solid. This requires temporarily cutting off the
interaction with the rest of the orbitals so that screening is provided only by the other
electrons but not the d states themselves. This approach was first developed by
Anisimov and Gunnarrson [42] and in a slightly different way by Dederichs et al. [43].
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A modern, more or less equivalent scheme has been developed based on linear
response by Cococcioni et al. [44]. A key observation in their approach is that in an
exact theory the total energy should be a piecewise linear function of the occupation
numbers. This is known as the Generalized Koopmans Theorem [45,46]. In other
words, between integer occupations, the total energy should vary linearly but the slope
can change discontinuously in each integer interval. The KohneSham one-electron
levels, which are εi ¼ vEtot /vni according to Janak’s theorem [47], are thus constant
in each interval between integers but can jump discontinuously from one integer to
another. The point is now that HartreeeFock and LDA (or GGA) make errors of oppo-
site sign on the dependence of the total energy on occupation number. In Hartreee
Fock the curve is convex upward because it does not include the correlation
self-energy, while in LDA it is concave downward because of the self-interaction error.
With the appropriate choice of U, we can restore the correct linear dependence.

Although calculation schemes exist to self-consistently determineU, in practice it is
often determined by comparison to experimental results; for example, the splitting of
filled majority spin and empty minority spin bands, as determined via photoemission
and inverse photoemission for some closely related reference system. Often, however,
we treat U as an adjustable parameter and investigate how the results vary with U. The
somewhat uncontrolled dependence on the U parameter and uncertainties associated
with how well U is transferable from one system to another remain a problem in
practice, judging the results obtained within this method.

The self-interaction correction approach (SIC) [48e51] achieves pretty much
the same goals as the LDA þ U with a somewhat different approach. The
self-interaction term of LDA is explicitly removed for each orbital. Thus it also leads
to an orbital-dependent functional. The method is somewhat more intricate to imple-
ment and has not been as widely adopted as the LDA þ U approaches. While both
methods originally were developed in the context of localized orbital methods such
as the linearized muffin-tin orbital (LMTO) method and Green’s function or
KorringaeKohneRostoker (KKR) theory, the LDA þ U is now also widely used in
plane-wave-pseudopotential codes.

2.3.3 Hybrid functionals

As already mentioned, HartreeeFock and LDA tend to make opposite errors.
HartreeeFock overestimates gaps and magnetic moments, whereas LDA underesti-
mates them. It is thus natural to think of making a hybrid method of the two. Hybrid
functionals were first devised and became popular with quantum chemists. The Becke
hybrid functional [52e54] approach and some of its specific implementations, with
names such as B3LYP, were tested widely on a benchmark set of small molecules
and tend to provide accurate results if we do not stray too far from those systems.
On the other hand, the HeydeScuseriaeErnzerhof [55,56] functional is based on
the idea of range separation. It includes an effectively screened or truncated version
of the HartreeeFock exchange, which excludes the troublesome long-range part
responsible for the difficulties of HartreeeFock in periodic solids. It includes usually
a fixed 0.25 fraction of range limited exact exchange combined with 75% PBE GGA
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exchange and correlation. The fraction a ¼ 0.25 is somewhat loosely justified by a
perturbation theory argument [57] but is found to work well in practice. In particular,
it was found to much improve bandgaps of most traditional semiconductors. Some
people go beyond it and adjust the fraction of exact exchange to fit the bandgap
exactly. However, it is then not clear that it will at the same time describe other prop-
erties correctly, such as a specific defect level. Another approach for defect studies is to
adjust it so as to satisfy the Generalized Koopmans Theorem [45,46,58]. An important
point to remember is that it is not clear that hybrid functional calculations would be
always superior to LDA calculations. For example, for shallow defect systems, a
hybrid functional might overcompensate the almost absent self-interaction problem
and lead to artificially deep levels.

In practice, this method achieves the same goals as the LDA þ U approach, namely
to avoid the self-interaction error inherent in LDA/GGA. As the self-interaction error
leads to too-delocalized states, it may also be expected to suppress magnetic moment
formation. Thus the hybrid functional can overcome this problem. In practice, the
method is significantly more time-consuming, but since it has been included in
some of the most used plane wave-based band structure codes it has rapidly gained
in popularity.

2.3.4 The GW method

Unlike both previous methods, which are classifiable as generalized KohneSham
scheme methods fitting with the general framework of DFT, the GW method is a
many-body perturbation theory approach that focuses on obtaining better single
particle excitation energies, in other words, band structures. The G andW in GW stand
for the Green’s function and screened Coulomb interaction, respectively, following
simply the notations of the first paper by Lars Hedin [59,60] in which they were intro-
duced. The idea is that even in a many-body system at least some of its excitations are
closely related to the underlying noninteracting particle states, and as such called
quasiparticle excitations. The Green’s function, or propagator, is written in terms of
a creation and annihilation operator at different times and time ordered. Thus it literally
follows, creating a particle in the system and then at a later time destroying it, or alter-
natively destroying one first (ie, creating a hole), and then later creating it, or destroy-
ing the hole. As such, this time- and position-dependent Green’s function describes
how an extra electron or a hole propagates through the system in dynamic interaction
with the other electrons. Their Fourier transform to the energy or frequency domain
provides the energy of the quasiparticle and their spatial Fourier transform provides
their crystal momentum so that it gives literally an energy band as it would be
measured by photoemission (extracting a particle from the system or creating a
hole) and inverse photoemission. Thus, unlike DFT, the solutions of theGW equations,
or quasiparticle spectrum, provide a well-defined band structure closely related to
specific experiments.

The difficulty of the many-body theory, of course, lies in including the interactions.
Starting from a suitable independent particle or noninteracting system, the effects
of the interactions on the particles is described in terms of a self-energy operator.
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This is like an extra potential felt by the quasiparticle compared to the noninteracting
particle, but is nonlocal and energy-dependent. The HartreeeFock theory’s exchange
term in this context is just a special case of a self-energy that happens to be
energy-independent and containing only exchange, but not correlation effects. The
self-energy (or rather its expectation value for a quasiparticle state) is a complex
quantity whose real part describes the shift of the quasiparticle for the noninteracting
particle, and its imaginary part describes its lifetime or energy broadening.

The self-energy concept is a general concept in many-body theory. The GWmethod
is a specific approach to calculate it, in which, in fact the self-energy is given schemat-
ically as S ¼ iGW, hence the name. More precisely, this should be written as S(1,2) ¼
iG(1,2)W(1,2) where 1 stands for (r1, s1, t1) (ie, the position, spin, and time variables
of the particle) and 2 similarly for the same particle at a different position, spin, and
time. Once transformed to energy domain, the equation becomes a convolution.

Sðr1; r2;uÞ ¼
Z

du0

2pi
Gðr1; r2;u� u0ÞWðu0Þeidu0

[2.6]

The key feature of the GW theory is that it involves the screened Coulomb interac-
tion. Thus, it includes the major effects of correlation, which are to screen the
electroneelectron interactions. The screened Coulomb interaction can be written in
different ways, schematically

Wð1; 2Þ ¼ vð1; 2ÞþR dð34Þvð1; 3ÞPð3; 4ÞWð4; 2Þ;
¼ R dð3Þð1� vPÞ�1ð1; 3Þvð3; 2Þ;
¼ R dð3Þε�1ð1; 3Þvð3; 2Þ

[2.7]

It involves the inverse dielectric function ε
�1 or equivalently, the polarization

operator P. The latter can in turn be calculated in terms of the one-electron Green’s
function. So, the GW theory is clearly a functional theory in terms of the Green’s
function as basic quantity rather than the density. In the so-called random phase
approximation (RPA), P(1,2) ¼ iG(1,2)G(1,2). The preceding are all written as
integral equations but once the real space functions are expanded in basis sets, they
become algebraic matrix equations. The RPA neglects electronehole interactions in
the screening and more complex effects on the screening arising from the fact that
the screening electrons themselves are subjected to electroneelectron interactions.
Formally, such effects may be incorporated through a vertex function and Hedin
derived a self-consistent set of equation linking the vertex, self-energy, polarization,
and Green’s function, which are however, too complicated to solve. Although some
attempts have been made to incorporate additional screening effects in W through
a time-dependent density functional exchange-correlation kernel [61,62], a full incor-
poration of the vertex effects has not yet been possible. Even at the GW level, the
calculations are far more time-consuming than DFT calculations, even those with
hybrid functionals.
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Usually, we make the assumption that the LDA KohneSham eigenstates are a good
approximation for the quasiparticle wave functions and use a single-shot correction,
written as G0W0, in which the effect of the self-energy term, or rather, its difference
from the LDA exchange-correlation functional, is treated in first-order perturbation
theory. Alternatively, sometimes we start from a hybrid functional point. In the quasi-
particle self-consistent GW theory, or QSGW approach, we extract from the complex
self-energy a new Hermitian, ie energy-independent but still nonlocal exchange-
correlation potential, which thus defines a new starting point for the next iteration of
the GW calculation. If we solve this iterative scheme self-consistently, then the final
result becomes independent of the starting point and the KohneSham eigenvalues
approach the corresponding quasiparticle energies [63,64]. In solving the QSGW
equations self-consistently, mixing between different one-particle states is included
through the off-diagonal elements of the self-energy operator. Thus this form of the
theory can describe even systems where the original noninteracting Hamiltonian
provides a poor description of the interacting states of the system.

It also matters whether the GW theory is implemented on top of a pseudopotential
framework or in an all-electron approach. The latter is clearly superior and, impor-
tantly, includes the effects of coreevalence exchange and self-energy in a more accu-
rate way. While G0W0 originally was implemented in pseudopotential frameworks and
seemed to provide quite accurate bandgaps for most semiconductors, it was later found
that an all-electron scheme still underestimated it and the QSGW was found necessary
to correct this. QSGW systematically overestimates gaps (typically by about 20%)
because of its underscreening by the RPA. However, this error is very systematic,
thus reducing the self-energy correction DS by a factor of 0.8, sometimes called
0.8S, which provides almost perfect agreement with the gaps of most semiconductors.
QSGW also provides a good starting point for many more complex, more strongly
correlated systems such as TM oxides, but still suffers from larger overestimates in
those cases. Furthermore, it has been appreciated [65,66] that in strongly ionic systems
with large LOeTO splittings of the phonons, the lattice contribution to the polarization
or dielectric screening function, arising from the long-range electric fields produced by
the ionic motions, needs to be included in the screening of the electroneelectron
interaction, in calculating W.

It is important to point out that the GW theory as it stands is not yet a total energy
theory. It is merely a theory to obtain the quasiparticle excitations. There exists a
formulation of the total energy in terms of the one-particle Green’s function, for
example, through the LuttingereWard identities, and since as we have seen, GW
corresponds to the RPA for the screening, it leads to a so-called RPA theory for the
total energy [64,67]. However, it is extremely difficult to converge computations
within this framework, because, unlike DFT, which only involves sums over occupied
states, it involves sums over all states, including the empty ones.

Also, we remind the reader that GW theory provides correct band structures, in
the sense of band structures as mentioned by photoemission and inverse photoemis-
sion, but not of optical properties. In an optical experiment, the electron and hole
are created simultaneously and are in interaction with each other, so it requires,
formally, two-particle Green’s functions. That is what the BetheeSalpeter equation

Electronic structure of magnetic impurities and defects in semiconductors 57



provides. It includes the effects of the electronehole interaction, which leads,
among other things, to bound-state excitons, but also to excitonic shifts of the
peaks and line-shape changes of the optical absorption in the continuum above
the gap.

Finally, GW calculations are much more complex than DFT calculations and as
such applying them to defect systems or impurities as needed for DMS is still restricted
by computational limitations. Applying them to large supercells as required to properly
describe the dilute limit is difficult.

2.3.5 Dynamic mean field theory

Although GW theory provides a great step forward and is at present one of the most
accurate approaches for electronic structure calculations, it still falls short to describe
the complex behavior of strongly correlated many-body systems. Its strengths lie in
describing the long-range effects of the Coulomb interaction, which, for example,
are the main origin of the gap underestimation in semiconductors. However, it still
may fail to describe the strong local correlation effects in d- or f-band systems. For
instance, in tests on f-band systems, it was found that the empty f states are lying
too high in the conduction band [68], sometimes by several eV. On the other hand,
it may underestimate the binding energy of occupied f- or d-band states by a somewhat
smaller amount. It does not allow a correct description of the spectral function in com-
plex cases where, for example, a Kondo resonance occurs at the Fermi level in addition
to the upper and lower Hubbard bands that the LDA þ U or GW would obtain as the
main quasiparticle states. Finally, it does not include the multiplet splitting effects,
which are important for f electron systems.

The DMFT [69,70] provides a way to include these local correlation effects. The
main approximation of DMFT is that it assumes a wave-vector-independent local
self-energy S(k, iu) z S(iun). It is energy-dependent and for technical reasons usu-
ally evaluated along the imaginary energy axis at the so-called Matsubara frequencies
from which the time-dependent Green’s function can be obtained. The correlation
effects are included locally on-site at some desired sophisticated level by treating
the site as an impurity. The self-energy represents how the impurity level is changed
by the correlation effects. Their effect is then included in the Green’s function of the
extended system through

Gðk; iunÞ ¼ 1
iun þ m� εk �

P ðiunÞ [2.8]

Locally, the lattice Green’s function is required to coincide with the impurity
Green’s function. The coupling of this impurity to its environment then allows these
local effects to be incorporated into the band structure. The local correlation problem
is solved using a so-called impurity solver. The latter forms the heart of the DMFT
calculation. It provides an accurate and sophisticated, possible, numerically almost
exact calculation of the correlation problem locally, by means of a Quantum Monte
Carlo or exact diagonalization approach.
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The dynamical mean field theory derives its name from the fact that it treats the
local time-dependent fluctuations while treating the spatial fluctuations in a mean field
or averaging manner. Originally formulated as a way to treat the Hubbard model, it has
been incorporated with DFT calculations in the same way as the LDA þ U method. In
that sense it can be viewed as a more sophisticated way of treating the Hubbard U
terms in a dynamic way, including the time-dependent fluctuations. More recent
work attempts to merge GW theory with DMFT.

For our purposes, an early version of DMFT, called the Hubbard-I approximation
[71], is worth mentioning. It is particularly useful for treating f electron systems. It
starts by including the multiplet effects locally on each site. In other words, it uses
the correct many-body states of the f n electron system classified according to their total
angular momentum and spin in L$S coupling. From these many-body states, we then
calculate an atomic on-site one-electron Green’s function. Its difference from the
noninteracting local Green’s function provides the self-energy. The latter is then
inserted in the lattice Green’s function. In other words, it treats how each of these
multiplet states separately hybridizes with the other states in the system. The local pro-
jection of the lattice Green’s function must agree with the impurity Green’s function
including the Coulomb correlation effects of the multiplet states. In the DMFT context,
we may view the atomic multiplet calculation as a solution of the local impurity
problem. Compared with LDA þ U, which provided only an average static mean field
approximation for the f electrons, the present scheme incorporates the various
many-body states or multiplets explicitly. However, both share that they incorporate
how these local states hybridize with the rest of the system. It provides a way to place
the many-body states in the framework of a band structure, by focusing on the
one-electron Green’s function extracted from the many-body states. In other words,
it helps us place where the f-electron states lie with respect to the rest of the band struc-
ture. In particular it allows us to calculate one-electron excitations of the type
f nsm / f n�1smþ1, where s represents all states besides f electrons. Examples of this
approach can be found in [72e74]. As an example, we show in Fig. 2.4 how the
DMFT calculation of the f 7 multiplets and f 5 compare with a full atomic multiplet
splitting calculations including the 3d core holes for the M4, M5 X-ray absorption
spectra (XAS) and the X-ray photoemission spectroscopy (XPS) and N-2K X-ray
emission spectra (XES), respectively, in EuN.

A somewhat different approach to include multiplet effects of f electrons in the
context of band structure theory was proposed by Hourahine [75].

2.3.6 Concluding remarks

We realize that this bird’s eye overview of recent developments in electronic structure
theory is rather cursory. We deliberately avoided providing the technical details using
a minimal number of equations and rather focused on the physical concepts. Needless
to say it is not meant to be a true introduction to the methods, which can be found in
many other review articles and books. Rather it is meant to serve as a conceptual intro-
duction to give the reader some idea of the virtues and shortcomings of each approach.
We hope it will be somewhat useful to the nonexpert reader.
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2.4 Magnetism

2.4.1 Magnetic moments, ferromagnetic and
antiferromagnetic coupling

2.4.1.1 Introductory remarks

In the previous section, we focused on methods to obtain the electronic structure most
closely related to spectroscopic experimental methods, such as photoemission and to
some extent, optics. In this section, we focus on the magnetic quantities of interest.
First of all, the difference in density of up- and down-spin electrons provides the mag-
netic moments. Of course, what we mean by up- and down-spin depends on the choice
of coordinate axes for the spin; up and down mean simply that sz ¼ �1/2, and how the
spin axes are related to the crystal is determined by spineorbit coupling. So, a noncol-
linear spin theory is required to even enable us to talk about spin directions. However,
having an unpaired spin or local magnetic moment on the atoms is not sufficient to
speak of magnetism. In particular, for impurities, they just would provide paramag-
netic impurity centers, which for instance are detectable by electron paramagnetic
resonance (EPR). However, in DMSs, we require in addition that these moments
couple to each other and order in a ferromagnetic arrangement. Thus the next quanti-
ties of interest are the exchange couplings between the local moments. In this section
we mainly review different approaches to calculate the exchange interactions between
magnetic moments on different sites.

We should, at the outset, clarify the scope of this section. Often we also consider an
orbital decomposition of magnetic moments. For instance we may consider the
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Figure 2.4 Left: multiplet splittings of the Eu3þf 7 configuration obtained in DMFT, compared
with the experimental XAS spectra. The atomic multiplet splittings in addition include the
effects of the 3d core holes. In XAS, an electron is excited from the 3d core hole to the empty f
states, so the Eu3þf 6 / f 7 transition is exemplified. The advantage of the DMFT is that it lets
us place the position of the f multiplets relative to the other bands in the system. Right: the
N-2K XES spectra and XPS show the Eu3þf 6 / f 5 transition multiplets.
From Richter JH, Ruck BJ, Simpson M, Natali F, Plank NOV, Azeem M, et al. Electronic
structure of EuN: growth, spectroscopy, and theory. Phys Rev B 2011;84:235120. http://dx.doi.
org/10.1103/PhysRevB.84.235120.
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f-electron contribution to the magnetic moments or the f-electron spin. This local spin
may then induce spin polarization in other bands. This is also an exchange effect and
the parameters are also called exchange parameters but they are different from the
ones mentioned earlier. The related splittings of some one-electron levels to other
one-electron levels determine, for example, how the states near the gap become spin
split whereas the exchange interactions we are mainly interested in here is the coupling
from one f spin to another on a different site. Or more generally, how the local
magnetic moments or any orbital part of it interacts with other ones on other sites.
These exchange interactions affect the total energy of the system and tell us which
arrangement of spins is favored in energy.

In other words, the concept is to replace the original problem of the electrons and
their spins to an effective description of interacting spins or moments. This mapping to
a spin Hamiltonian is the key first step to investigate the statistical finite temperature
properties of the spins and hence magnetization and eventually magnetic effects on
transport or spintronics.

The justification for such a scheme can be found in the different time scales for
so-called longitudinal from transverse fluctuations of the spins [76]. The longitudinal
fluctuations determine in some sense the magnitude of the local magnetic moments on
each site. The transverse fluctuations determine how the orientation of the spins varies
from site to site and thus how they order. The transverse fluctuations also determine the
low energy excitations of the system, which are collective spin waves. There is a close
analogy here with how atomic motions and electronic motions are decoupled via the
adiabatic approximations. In fact, an adiabatic decoupling of the magnitude of the
magnetic moments and the moment orientations have been described by Antropov
et al. [76]. It provides among other things a justification for introducing an effective
Heisenberg spin model for the electrons extracted from local spin density functional
calculations. Just as in the usual adiabatic BorneOppenheimer approximations, where
the electronic structure provides an effective potential energy landscape for the atoms
or ions or nuclei, the LSDAor one of themore sophisticated theories described in the pre-
vious section provides us the local magnetic moments (equivalent to the atoms) and their
interactions; in other words, an effective spinHamiltonian. The best known of these is the
HeisenbergHamiltonian. Just aswe can then study the dynamics of the atoms bymeans of
molecular dynamics or, for example, by finding the lowest energy-collectivemotions, the
vibrational normal modes about their equilibrium positions or phonons, and can compare
energies of different crystallographic phases, in the magnetic case from the spin
Hamiltonian, we can study the different possible ordered phases and antiferromagnetic
or ferromagneticphases, andstudy their lowenergyexcitationsor spinwaves,ormagnons.

Our task is to see how this specifically applies to DMS systems. So, first we review
computational techniques for mapping the electronic structure to an effective spinmodel.
Then we discuss some particular aspects of DMS systems relating to their disordered
nature, diluteness, and so on. Then we also discuss methods to obtain statistical
mechanics, like finite temperature information from the effective spin model. Finally,
we need to consider other aspects of the DMS, involving the atomic or crystallographic
structure; for example, do the dilute atoms provide the spin order themselves and modify
the underlying structure? How does this in turn affect the magnetic properties?
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2.4.1.2 Mapping of total energy differences
on a Heisenberg model

The most obvious and widely used approach to extract an effective spin model from
electronic structure calculations is to simply postulate a generalized Heisenberg
Hamiltonian with effective exchange interactions between the moments or equiva-
lently spins of the magnetic atoms up to some distance between neighbors:

Hmag ¼ �
X
hiji

JijSi $ Sj [2.9]

These spins can be classical spin vectors, or quantum mechanical spins; for
example, for a Mn2þ impurity, we might pick S ¼ 5/2. The interactions Jij couple
each neighboring spin pair. With this spin Hamiltonian, it is easy to write down the
expression for the total energy of a given spin configuration. Now, we separately
calculate the total energy differences of various spin configurations, typically within
DFT in the LSDA or possibly with LSDA þ U or a hybrid functional. If there are N
distinct exchange parameters in the model, we need to calculate N þ 1 distinct spin
configurations from first-principles so we have N total energy differences, which
supposedly only differ because of the magnetic energy. Then we can map the calcu-
lated energy differences to the expressions of the spin model and by solving a set of
linear equations, extract the exchange parameters.

For example, for two magnetic impurities, we typically choose a sufficiently large
supercell, including only two magnetic atoms at some chosen distance from each other,
and calculate the energy difference between their spins being parallel or antiparallel
and extract from that the corresponding exchange interaction of this pair. Suppose
we take spin vectors to be just unit classical vectors; then for the antiferromagnetic
configurations, the energy is þJ and for the ferromagnetic case it is �J, thus

EAFM � EFM ¼ 2J [2.10]

The assumption made in this approach is that longer range interactions that would
couple spins in one unit cell with those in the next are negligible. We then repeat this
for a few distances between the magnetic atoms and extract in this way a
distance-dependent exchange interaction. Possibly we could distinguish different
directions in the crystal. For nondilute systems, typically, we may have to consider
a few different antiferromagnetic arrangements, such as ordering of spins in different
directions, and the ferromagnetic case has a few parameters, such as first and second
nearest spin interactions, which are mapped to the corresponding energy differences.

The advantage of the method is its simplicity. The disadvantage is that we make
a priori assumptions about the model, and more importantly about the range of the
interactions. It also completely neglects the fluctuations in the interactions arising
possibly from different local environments of the impurity, the effect of the presence
of one impurity on another pair, and so on. Another disadvantage is that this model
only considers collinear spins to extract the energy parameters but later assumes
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that they apply to the Heisenberg Hamiltonian where the spins can point in any direc-
tion. We thus focus on the large energy differences of spin configurations to extract
the smaller energy scale of small rotations of the spins. Still, such calculations can
give a first rough idea whether the spins tend to couple ferromagnetically or
antiferromagnetically.

2.4.1.3 Liechtenstein’s linear response theory

In the linear response theory [77], we consider a rotation of one spin away from the
reference configuration, say the ferromagnetic one, by a small angle and calculate the
induced torque on another, or rather the change in total energy to first order. That is,

Jij
q2

4
¼ dEij � dEi � dEj [2.11]

where Eij is the change in energy if we rotate the spin at site i by q/2 and one at j by�q/2,
and the dEi is the change in energy to rotate a single spin by interacting with its
environment. These total energy differences, dEi, and such, can now be expressed
analytically in terms of Green’s functions. The reason is that we can calculate the total
energy differences to first order using Andersen’s force theorem in terms of frozen
potentials with simply a rotation of the spin, without the need for a self-consistent
redetermination of the charge and spin densities due to the spin rotation on one site.
This allows us to write them in terms of the change in one-electron band energies alone,
and the latter can in turn be written in terms of the phase shift formula of the total number
of states, or Lloyd’s formula in multiples scattering theory. The method is typically
implemented in the context of the multiple scattering theory, KKR band structure
theory, or the closely related LMTO method. In any case, the final result is that we
obtain a closed expression for the exchange interaction in the form,

Jij ¼ 2
p

Z
εF

dεImTr
n
DtiG

[
ijDtjG

Y
ji

o
[2.12]

with Dti ¼
�
t[i � tYi

�.
2, with tsðεÞi the on-site t-matrix describing the scattering, and

GsðεÞ
ij the Green’s function connecting site i to j for a given spin. The advantage of this

approach is that we make no a priori assumptions about the exchange interactions and
can calculate them explicitly between any pair of magnetic atoms. If we apply this in a
supercell approach we obtain Jij (k) at any k point of the supercell Brillouin zone.
Using an inverse Fourier transform, we obtain the Ji,jþT exchange interactions with
atoms j in neighboring cells displaced by a lattice vector T. Thus, we obtain
interactions not only in the same unit cell but as far in the lattice as necessary. If we use
N k-points, we can go out to N neighboring lattice vectors. An important advantage is
that we obtain all the exchange interactions simultaneously from one calculation
instead of having to study them one by one with different models. The upshot of this
approach is that we can obtain long-range exchange interactions and explicitly test
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how they decay. For example, if there are carrier-mediated interactions as in a metallic
situation, we expect a slow 1/r3 and oscillatory cos 2kFr exchange interactions as in the
RudermaneKitteleKasuyaeYosida (RKKY) model [78]. Using this approach, we
generally find the exchange interactions to show significant fluctuations from site to
site in a disordered system [79]. The method, for example, was applied to III-V DMSs,
such as Mn:GaAs [79].

More generally, we may show that the exchange interactions correspond to the
transverse spin susceptibility in a lumped atom-by-atom model rather than the contin-
uous point-by-point in space model. The expressions for the spin susceptibility can be
written in terms of the one-electron Green’s function entering the GW theory or in
terms of similar equations to those already used for the polarization function in the
GW theory [80e82].

2.4.1.4 Disordered local moments theory

Closely related to the preceding linear response method is the idea of disordered local
moment theory [83e85]. The trouble with the direct DFT approaches is that they do
not well describe the paramagnetic state above the ordering temperature. In that case,
the magnetic moments are disordered in their orientation so there is no net magnetiza-
tion, but the magnetic moments persist on each site. In a nonmagnetic calculation, we
would have zero moment on each site. Describing the disordered orientation of the
moments in a noncollinear way in a large enough cell to capture their randomness
is challenging. Instead we can make use of effective medium-type theories, in this
case the coherent potential approximation (CPA) [86]. In particular, within collinear
magnetism theory, the problem of a disordered array of up and down spin states is
equivalent to the alloy problem of two types of atoms and can be treated with the
CPA. Generalizations of the CPA for noncollinear spins pointing in all directions,
sometimes referred to as vector DLM or VDLM [87], or for fully relativistic theory
including spineorbit coupling are possible. This type of theory has been implemented
in KKR [88] and LMTO programs [80,89,90] and provides a natural way to describe
the paramagnetic state of randomly oriented moments. We can then apply the linear
response theory with this disordered local moment state as reference instead of using
a ferromagnetic reference system. This approach has been widely applied to DMS by
Katayama-Yoshida et al. [84,85,91].

2.4.2 Spatial fluctuations of magnetic moments

Using the previous linear response on large models with a random distribution of
magnetic impurities has given important new insights in the nature of the exchange
interactions in DMS. Typically, it was found for Mn in GaAs as an example that the
individual interactions are longer range but significantly smaller than previously
expected [79]. It means that what we previously had calculated with the direct approach
of just focusing on the interaction energy of one spin pair at the time in a supercell is
some average sum over many other long-range interactions with spin in neighboring
cells. It turns out that the exchange interactions also show strong fluctuations between
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pairs at the same distance from each other depending on the presence of the other spins
in the system, which create a different local environment for each individual spin.

To illustrate, I will refer to some of our own work on exchange interactions of Mn
atoms doped in ScN. In a first paper [92], we found fairly strong and mostly ferromag-
netic interactions up to a few nearest neighbors when using the mapping approach to
collinear spin configurations. Using the linear response theory [78], we found the in-
dividual interactions were an order of magnitude smaller but strongly fluctuating and
long range. In this system, the small gap led to a metallic situation of free carriers in the
LDA and we could discern the RKKY-like oscillations of exchange interactions. When
adding a gap correction, the exchange interactions became exponentially decaying but
still showed large fluctuations. Both are compared in Fig. 2.5. As an aside the motiva-
tion for studying Mn-doped ScN was that MnN and ScN share the same rock-salt
crystal structure and a much larger solubility or the formation of fully mixed alloys be-
tween different TMs is possible in such systems. This leads possibly to a way to higher
TCs. The use of the linear response theory also allowed us to study the effect of doping
on the system. For example, n-type doping could arise from nitrogen vacancies in such
a system and would simply shift the Fermi level. We found that in order to obtain a
maximum TC, the doping must be kept below a certain threshold. Experimentally,
this system has shown some ferromagnetic behavior [93] but the predicted
high-temperature TCs have not yet been realized experimentally.

Similar results were also found for Gd-doped GaN. As we will discuss in more
detail in the last section, exchange interactions of Gd impurities with N and O inter-
stitials at first appeared to be ferromagnetic when evaluated in fairly small supercells
via the mapping approach, but upon closer inspection with the linear response
approach were found to be strongly fluctuating in sign between ferromagnetic and
antiferromagnetic leading to only short-range effective interactions.
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Figure 2.5 Exchange interactions between Mn atoms in Mn:ScN. Left, (From Herwadkar A,
Lambrecht WRL. Mn-doped ScN: a dilute ferromagnetic semiconductor with local exchange
coupling. Phys Rev B 2005;72:235207. http://dx.doi.org/10.1103/PhysRevB.72.235207.)
using direct mapping approach; right, (From Herwadkar A, Lambrecht WRL, van Schilfgaarde
M. Linear response theoretical study of the exchange interactions in Mn-doped ScN: effects of
disorder, band gap, and doping. Phys Rev B 2008;77:134433. http://dx.doi.org/10.1103/
PhysRevB.77.134433.) using linear response approach.
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2.4.3 Percolation theory

An important aspect of DMS is the randomness of the distribution of magnetic ions. In
order to obtain an overall ferromagnetic order, a continuous network of coupled atoms
must pervade the entire system, rather than only local clusters. This obviously requires
sufficiently long-range exchange interactions, or, put another way, for a given range of
the interactions, it requires a minimum critical concentration above which a connected
network is established as opposed to disjoint islands or clusters of coupled magnetic
moments. This requirement is described by percolation theory. In order to obtain
ferromagnetic ordering in a DMS, the concentration of magnetic sites needs to be
above the percolation threshold. This depends on the underlying lattice but also on
the type of magnetic center. For instance, for a vacancy-induced magnetism (see a later
subsection 2.5.2.8), the magnetic moments reside on the sites that are nearest neigh-
bors to the vacancy instead of the site of the defect of impurity itself. This leads to
a lower percolation threshold. Aspects of percolation theory with regard to DMS are
discussed in Refs [85,94e96].

2.4.4 Effects of different underlying electronic
structure methods

As we have mentioned in the previous section, the LDA has a tendency to avoid local-
ized electronic distributions as a result of its incomplete cancellation of the
self-interaction. This has important consequences for magnetism. For example, in re-
ality the defect wave function might be localized on a single atom undergoing a local
distortion of the system instead of spreading equally over the neighbors. The correct,
more localized spin distribution then also leads to less overlap between adjacent mag-
netic centers and hence shorter range interaction, which means that a higher concen-
tration of magnetic centers is required to reach the percolation threshold.

Another important point is that ferromagnetic coupling tends to occur in partially
filled electron systems while antiferromagnetic superexchange tends to occur in
completely filled level systems. This is a consequence of the Anderson Hasegawa
model [97], which we now describe. Consider two magnetic atoms adjacent to each
other. Their energy level scheme is depicted in Fig. 2.6. They have spin-dependent

AFM

ε

ε

ε

ε

ε

εε

ε

t2/I

I

2t

FM

Figure 2.6 Anderson Hasegawa model for superexchange versus ferromagnetic double
exchange.
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levels separated by an exchange energy, I. Now, we consider coupling via hopping
from one to the other with a hopping energy, t. If the spins on the atoms are parallel,
ε
[
i couples with ε

[
j into ε

[� t and likewise the down-spin levels are ε
Y� t with

ε
[ � ε

Y ¼ I. On the other hand, if the spins on the neighboring sites are opposite,
then the split into

ε
[þ ε

Y

2
�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
ε
[ � ε

Y

2

�2

þ t2

s

or in second-order perturbation theory, assuming I [ t, the lower level becomes
ε
[� t2/I. Now, if each of these levels is n-fold degenerate and contains n electrons on
each site, so that the up-spin level is entirely filled and the down-spin one is empty,
then we have 2n electrons, which fill both levels separated by 2t in the ferromagnetic
case, and hence there is no energy lowering of the total energy. On the other hand, in
the antiferromagnetic arrangement, the 2n electrons go into the lower level, and gain
energy 2nt2/I, so the antiferromagnetic coupling is preferred in the half-filled shell
case. However, if we have a partial occupation of the levels, then the lower level ε[� t
has more electrons than the upper level ε[ þ t in the ferromagnetic case, and this
energy gain is larger than for the antiferromagnetic case, where it is only t2/I instead
of t. So, partial occupations favor ferromagnetic coupling.

Now, the consequence of this for DMS is that LDA tends to underestimate binding
energies of acceptors. Thus the magnetic impurity acceptor level might lie close to the
VB and when considering their broadening into a band, overlaps with the latter, so that
a partial occupation of the level results in ferromagnetic coupling. On the other hand,
in a more accurate hybrid functional or LDA þ U calculation, the level might be
deeper and stay well isolated in the gap and entirely filled, leading to antiferromagnetic
coupling.

Thus extreme caution is required when interpreting results from LDA calculations
even for the sign of the exchange coupling. The overall message is that LDA tends
to favor magnetism in this case, where the more accurate methods and more local
spin densities preclude it. So, there are two opposite effects at work. The more local-
ized nature of the wave functions in an orbital-dependent theory might produce
stronger local moments, which seems to favor magnetism, but the more localized
nature also means their exchange interactions are reduced, which means less
tendency to ordering or possibly a change from ferromagnetic to antiferromagnetic
coupling. The effects mentioned in this section were extensively discussed by
Zunger et al. [17].

2.4.5 Calculating critical temperatures

Once we have the exchange interactions, we may apply statistical mechanics to find the
ordering temperature. The simplest approach here is the mean field theory. The effects
of the other spins are treated as an effective magnetic field and the problem then
reduces to that of a spin in magnetic field for which the partition function can readily
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be calculated. The average magnetic moment or spin then must obey a self-consistency
condition in order to have a net spontaneous moment in the absence of an external
field. This leads to a simple way of estimating the critical temperature, which, for
example, for a ferromagnet is simply TC ¼ J/(S þ 1)kB. For S ¼ 1/2 this gives
TC ¼ 2J/3kB, with kB Boltzmann’s constant. Here J ¼PjJij is a sum over all
exchange interactions connected to a fixed atom i and eventually an average of all
the magnetic atoms i in a disordered system is needed. However, mean field theory
neglects fluctuations and hence overestimates TC. It is well known that the higher the
number of neighbors, the better mean field theory. It becomes exact for an infinite
number of neighbors. For an fcc lattice with 12 neighbors, it tends to overestimate
TC by about 30% and in 2D systems with even fewer neighbors it becomes worse.
Clearly, it can be expected to be especially problematic for dilute systems such
as a DMS.

An exact solution is not known but Monte Carlo methods can provide quite accu-
rate, essentially numerically exact predictions of the TC in practice. Besides the Monte
Carlo method, other techniques are useful because they are less time-consuming. The
RPA for the calculation of critical temperatures [98] is based on the theory of
spin-wave excitations and gives the critical temperature as

kBTC ¼ 2
3
SðSþ 1Þ

 
1
N

X
q

1
Jð0Þ� JðqÞ

!�1

[2.13]

where N is the number of spins, and J(q) is the Fourier transform of the exchange
interactions. This is valid for an ordered periodic system. A local version of the random
phase approximation suitable for disordered DMS was developed by Bouzerar et al.
[99]. Another useful approach is the cluster variation method [78,100]. As mentioned
earlier, in DMS, a crucial point is to include the percolation aspects. For further
discussion we refer to Sato et al. [85].

2.4.6 Spinodal decomposition

So far we have assumed that the magnetic impurities are distributed randomly in the
lattice and we have focused on the interactions and the formation of magnetic
moments. On the other hand, a DMS is also a chemically inhomogeneous system
and the important question is how the TM and/or RE impurities prefer to distribute
themselves in the lattice under thermal equilibrium or more importantly during the
growth process.

As is well known, the problem of alloying can be mapped on the Ising spin model
and is thus a similar problem to that of magnetism itself. If an A atom prefers to
surround itself with B atoms we tend to get ordered compounds; if A atoms prefer A
atoms as nearest neighbors then we may tend to get phase separation. This is usually
the case for TM impurities in semiconductors; their size and electronic structure
character are sufficiently different that phase separation is to be expected. Furthermore
the TM atoms tend to form different crystal structures with the group V or group III
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atoms so that often in practice we find precipitates of different phases. Recognizing
these when they are very small is a challenging experimental problem because they
may not show up in X-ray diffraction when below a critical size. Even when the
tetrahedrally bonded structure is maintained, we may expect TM-rich and TM-poor
regions to phase separate. This is the problem of spinodal decomposition.

It has been studied extensively by Sato et al. [85] by direct numerical simulations.
First, they used first-principles calculations of the phase separation behavior in typical
TM-doped semiconductor systems, establishing that they have a phase diagram with a
miscibility dome as a function of temperature and typically low miscibility at low
temperatures. These are based on the Ising model mapping of the alloy problem and
on CPA calculations. Second, using Monte Carlo simulations, they showed the occur-
rence of clusters of TM-rich regions either as isolated 3D clusters if the system is
allowed to fully equilibrate or as elongated large clusters in the growth direction if
only equilibration in each layer is allowed. If we allow the surface to come into equi-
librium through surface diffusion but freeze in the surface distribution when building
up the next layer in a growth simulation, we tend to find a columnar phase-separated
situation. They dubbed the latter Konbu phases, after the Japanese word for kelp
or seaweed because of their resemblance to seaweed, a popular food in Japan.
See Fig. 2.7.

Third, they established the effects on the magnetic properties of these inhomogene-
ously distributed magnetic centers. In particular, they show that the hysteresis we
obtain from such samples should be interpreted as superparamagnetism and they found
that in particular, their so-called Konbu phases had a high superparamagnetic blocking
temperature.

(a) (b)

Figure 2.7 Spinodal decomposition in TM-doped semiconductors leading either to isolated
clusters in a 3D simulation (a) or to columnar clusters in a 2D growth simulation (b).
From Sato K, Bergqvist L, Kudrnovský J, Dederichs PH, Eriksson O, Turek I, et al.
First-principles theory of dilute magnetic semiconductors. Rev Mod Phys 2010;82:1633e1690.
http://dx.doi.org/10.1103/RevModPhys.82.1633.
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2.4.7 d0 magnetism: role of defects in magnetism

Typically, ferromagnetism is associated with permanent magnetic moments arising
from partially filled d or f shells. Ferromagnetism, however, was also found to occur
in some systems without d or f electrons and was dubbed d0 magnetism. One of the first
materials where this was discovered was HfO2, a high-dielectric constant dielectric
[101]. Soon, it was also found in other oxides, such as MgO and ZnO [102]. A
good review of these systems can be found in Refs [103e105]. One possible origin
of this type of magnetism is the presence of cation vacancies. It was pointed out
that O-p and also N-p orbitals are nodeless and look very much like 3d orbitals
[106]. The fact that they are more localized than higher principal quantum number
p states can lead to formation of magnetic moments. The strong exchange energy
related to keeping parallel spins in these orbitals can lower the energy compared to
alternative configurations in which electrons pair in singlet states. Venkatesan et al.
[105,107] proposed a spin-split impurity band model, which gives rise to magnetism
if it overlaps with either the majority or minority spin d bands but not otherwise, to
explain the trends in magnetization in ZnO doped with various TM elements. The im-
purity band is thought of as a delocalized state with an effectively rather large Bohr
radius, such as a shallow donor or acceptor, and thus magnetism can occur above a
percolation threshold where these spread-out defect states overlap, which occurs for
concentrations well below those for near-neighbor interactions. This idea is closely
related to that of magnetic polarons. On the other hand, the surprise they found was
that this magnetism is also very anisotropic. In a later paper, Coey et al. [104] proposed
that this magnetism may essentially stem from extended defects, such as arising from
grain boundaries, or dislocations or spinodal decomposition. The important point is
that the magnetism in these systems occurs only in a small fraction of the sample
near such defects. The actual mechanism they invoked is a charge transfer from a reser-
voir to a defect band, which thereby fulfills the Stoner criterion. We will see later that a
related situation may occur in Gd:GaN.

2.4.8 Model exchange mechanisms

It is popular to assign exchange interactions between local moments to specific
exchange mechanisms, such as Zener exchange, double exchange, direct or indirect
exchange, superexchange, and so on. Our view on this is that it is the underlying
electronic structure that determines the exchange interactions between local spins or
magnetic moments. These exchange mechanisms are essentially simplifications of
the latter in the context of some type of perturbation theory. Thus, identifying the
exchange interactions with one of these models may be useful and may provide a
deeper insight, but this is not always the case if we oversimplify the situation. Just
giving a name to the type of mechanism in itself does not provide new insight. For
example, we already compared antiferromagnetic superexchange with double
exchange. This led us to the insight that filled systems tend to have antiferromag-
netism, while ferromagnetism results from partially filled orbitals. The idea of double
exchange as well as superexchange is usually related to the fact that other atoms such
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as anions intervene between the magnetic atoms containing d electrons. There are then
indirect couplings in second-order perturbation theory, which we can think of as hop-
ping from the d orbital to the anion p state and back to another magnetic-atom d state.
Essentially, this amounts to downfolding the interactions into a smaller subspace of the
orbital of the magnetic atoms alone through indirect interactions via other orbitals. The
Zener model [108e110] originally derived for TMs involves interaction between
localized spins and conduction electrons. This is closely related to the so-called
RKKY interaction [111e113], which is now a standard textbook model.

The Zener model became especially popular for DMS through the work of Dietl
et al. [114]. That paper proposed among other things that higher critical temperature
could be found in wide bandgap semiconductors, such as GaN and ZnO. However,
this model was based on the idea that the TM ions do not thoroughly perturb the
VBM, which can still be treated as in a p-type semiconductor and which interact
with localized spins. As we have seen, this model is not justified because the TM
d states in wide bandgap semiconductors form deep states in the gap.

The use of model systems, such as a localized spin interacting with conduction elec-
tron spins (or holes) has some advantages in that we can more completely treat disorder
effects than in more realistic models. A big discussion [115,116] in Mn-doped GaAs
has to do with the question whether the spins in the band tail above the VBM are
actually localized in an impurity band or just form a continuous tail above the band.
Although this question also closely depends on the nature of the defect states above
the VBM being TM-like or dangling bond acceptor-like, even within the latter model,
there is discussion on how localized they are when randomness is incorporated. Such
questions are important from the point of view of spin transport. To the extent that such
models are justified by first-principles, they are useful but in some cases they have
been applied beyond the realm of validity. There has been an on-going discussion
between the first-principles community, which advocates taking the explicit nature
of the TM d states into account, and the model-Hamiltonian community, which de-
scribes the latter as a localized spin with some exchange coupling constant to the
VB or acceptor-state spins. The localized spin model appears to be reasonably well
justified for Mn:GaAs, for example, where the states in the gap are dangling-bond
hybrid-like and thus to some extent like a normal acceptor but is not justified at all
for Mn:GaN, where the states in the gap are deep states with Mn-3d character.

2.5 Case study: Gd in GaN

2.5.1 Introduction and experimental literature

Gd-doped GaN came on the scene with a splash in 2005 with a paper by Dhar et al.
[117] that announced colossal magnetic moments of an order of 4000 mB per Gd
atom. A few years earlier ferromagnetism had already been found by a Japanese group
[118,119] in Gd-doped GaN but these samples contained of the order of a few percent
Gd as is typical in DMS. The so-called colossal magnetic moments instead occurred in
the case of extremely dilute Gd doping of the order of 1015/cm3 or parts per million.

Electronic structure of magnetic impurities and defects in semiconductors 71



Even in such extremely dilute samples, they found ferromagnetism to persist well
above room temperature, in fact up to 780 K in some samples [120]. Clearly this paper
caused a lot of consternation as well as skepticism. The data by Dhar et al. [120] are
reproduced in Fig. 2.8. Several theoretical models were developed soon afterward but
none could really explain the reported results quantitatively. The models are discussed
in the next subsection.

Quite soon, it became clear from experimental studies that defects play an essential
role in obtaining the huge magnetic moments. For example, if the Gd doping was intro-
duced by implantation instead of during growth, the magnetic moment per Gd in the
highly dilute limit was even higher [121,122]. Furthermore, annealing the samples
decreased the magnetic moments. In other words, the more defects, the higher the
magnetic moment. The question then became, what defects are responsible for the
magnetic moments and for the ferromagnetism? In that sense the problem became
closely related to that of so-called d0 magnetism. The role of the Gd then became in
some sense secondary. In fact, explicit studies of the magnetic moments on Gd atoms
by means of magnetic circular dichroism in X-ray absorption showed that the Gd local-
ized magnetic moments were behaving paramagnetically and not following the overall
magnetic moment in the system as measured by SQUID, which displays ferromagnetic
hysteresis [123,124]. These studies also suggested that some of the Gd was residing in
antisites, not on the Ga but on the N site. This, however, was found to be unfavorable
by total energy calculations [125] and it was also shown that the X-ray linear dichroism
data on which this claim was based could be explained perfectly assuming only Gd on
Ga sites [126].
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Figure 2.8 Saturation magnetization and effective moment per Gd (inset) as function of Gd
concentration in GaN.
From Dhar S, Pérez L, Brandt O, Trampert A, Ploog KH, Keller J, et al. Gd-doped GaN: a very
dilute ferromagnetic semiconductor with a Curie temperature above 300 K. Phys Rev B 2005;
72:245203. http://dx.doi.org/10.1103/PhysRevB.72.245203.
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Kammermeier et al. [127] presented an EPR study and found no evidence for a
ferromagnetic resonance. They found the signal to be dominated by a substrate SiC
EPR signal. They did detect some signals corresponding to GdN in some of the
samples with higher concentration. Later, Gehlhoff et al. [128] presented a detailed
analysis of the expected Gd3þ (8S7/2 ground state with S ¼ 7/2) resonant signal and
strongly criticized the earlier EPR work by Kammermeier. They showed that the
signals found by Kammermeier may all be related to Gd3þ but, unfortunately, because
of the incomplete experimental study by Kammermeier et al. [127] of the magnetic
field orientation dependence, the model could not be fully corroborated.

Different magnetic phases as function of temperature were found by Pérez et al.
[129]. They distinguished three temperature regimes. Although the middle temperature
regime with a critical temperature of about 70 K could correspond to GdN, they
provided arguments against this interpretation. The magnetization maintained at
high temperatures was ascribed to coupled magnetic clusters surrounding some of
the Gd, while the intermediate temperature phase was tentatively associated by them
to uncoupled clusters. Sapega et al. [130] showed through circular dichroism of the
photoluminescence that the Gd has an important effect in reversing the spin polariza-
tion of the conduction-band electrons even for low Gd concentrations. The PL line
studied corresponds to a donor-bound exciton. This seems to relate to the sef coupling
model discussed later.

Mishra et al. [131] studied the native defects introduced by Gd both in in-situ
growth and implanted samples. Using photoconductivity and photothermoelectric
power measurements, they found evidence for a large concentration of an
acceptor-like defect being formed along with the Gd incorporated during growth.
They tentatively identified this with Ga vacancies. For the implanted samples they
also find evidence from the XRD measurements for a large defect cluster being formed
around each Gd, and in that case, Gai and Ni were identified to being formed. This is
mainly based on simulations of the implantation process, which identifies different
zones that are either dominated by both interstitials or only Ni [122].

Not all studies agreed with the colossal magnetic moments. For example, the
study of Gd-implanted metal-organic chemical vapor deposition (MOCVD) GaN by
Hejtmanek et al. [132] found much smaller magnetic moments per Gd (of order
0.7 mB) and showed that only the regions of the sample with small Gd concentration
behaved ferromagnetically, while most of the sample near the surface behaved para-
magnetically, on top of a large diamagnetic contribution from the substrate. Hite
et al. [133] reported a positive effect of Si doping on the ferromagnetic properties of
Gd:GaN. They did not, however, manage to quantify the magnetic moment per Gd.
The Gd concentrations in the films were below the threshold of secondary ion mass
spectroscopy detection, and estimated to be <2 � 1017cm�3. In a later paper, Hite
et al. [134] showed a decrease in magnetic properties under proton irradiation.
However, annealing recovered the magnetization.

Asahi et al. [135e137] continued to work on higher concentration Gd-doped GaN.
They found signs of GdN precipitates for samples with higher than 7% Gd when
grown at high temperature (700�C). In samples of the order 2e6% Gd, they found
an increase in lattice constant c due to Gd, whereas Dhar et al. [120] found a decrease
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in lattice constant. Both use molecular beam epitaxy growth but Dhar’s group used SiC
substrates and Asahi’s group used sapphire substrates. Although there may be other
differences, it is perhaps significant here that GaN on SiC is usually under tensile
strain, while GaN on sapphire is under compressive strain. This results from the
differences in thermal expansion coefficients. It seems plausible that under tensile
strain, Ga vacancies are more readily formed and accompany the introduction of
Gd, while under compressive strain, this is suppressed. As we will later see, Ga
vacancies are found to play a key role in explaining the colossal moments.

The lattice constants came back down to GaN-like ones when the precipitation of
GdN starts to occur, indicating a strain relieve mechanism. Extended X-ray absorption
fine structure measurements provided evidence for incorporation of Gd on Ga sites in
wurtzite GaN. These authors obtain magnetic moments per Gd of the order 0.5e1 mB.
These are substantially smaller than the 7 mB expected for a Gd3þ ion indicating that
perhaps not all the Gd is participating in the ferromagnetic signal. They are far from the
colossal moments reported by Dhar et al. [117]. Interestingly, in some samples of high
Gd concentration, Ishimaru et al. [138] observed an ordered superlattice of wurtzite,
which they explained in terms of alternating layers with different Gd-Ga composition.
This indicates some type of phase separation but without forming actual GdN.
Takahashi et al. [139] reported an interesting temperature dependence from X-ray
magnetic circular dichroism signals, indicating a low-temperature phase, a high-
temperature paramagnetic phase, and a third ferromagnetic phase in the range
40e110 K. This should be compared with the temperature dependence studied by
Dhar et al. [120] and Pérez et al. [129].

Asahi et al. [135,140] also studied superlattices of alternating GdGaN and GaN and
found the magnetic moment per Gd to increase in thinner GdGaN layers and for thicker
barrier layers of GaN. As they found the gap to be smaller in the GdGaN layers, the
latter were concluded to act as quantum wells with higher electron concentration
(or order up to 1018 cm�3) and thus the magnetization was attributed to a carrier-
mediated coupling. Evidence for coupling between bandgap exciton-polarons to the
Gd through a red-shift of the excitons in Gd-doped quantum wells versus undoped
ones was presented by Almkohtar et al. [141]. In contrast, the low Gd concentration
samples of Dhar et al. [117,120] were found to be mostly semiinsulating.

Larger concentrations of Gd were achieved by Asahi et al. [135,142] up to 12.5%
by growing at lower temperatures and these samples showed magnetic moments of an
order 6 mB per Gd, approaching the nominal moment for a Gd3þ [136]. These authors
also studied Gd doping in InGaN layers and in InGaN/GaN superlattices [135,143].
These studies indicated that if Gd is incorporated in the lower gap InGaN layer where
higher concentration of carriers occurs, the magnetization increased whereas in
samples where the Gd was incorporated in the GaN barriers, the magnetization was
decreased. They also confirmed the enhancement of magnetization by doping with Si.

Jamil et al. [144] reported Gd-doped GaN by MOCVD. They obtained magnetiza-
tions of order 40e50 emu/cm3 but did not measure the Gd concentration indepen-
dently, so we cannot convert it into moment per Gd. They found no increase when
codoping with Si but a decrease when codoping with Mg and activating the Mg
acceptors to make the material p-type. They found their material without codoping
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to be already n-type (associated according to the authors to O-incorporation) and,
remarkably, with higher mobilities than without Gd. They also reported circular
polarization of electroluminescence from an InGaN/GaN quantum well sandwiched
between p- and n-type GdGaN in an applied magnetic field in Faraday configuration
(perpendicular to the films). The degree of circular polarization was interpreted as the
result of spin polarization in the GaGdN and studied as a function of magnetic field.
However, they report not to find a reversal under the reversal of the sign of the mag-
netic field. Thus, the meaning of this experimental result is unclear. In a subsequent
paper [145], the same group used a different Gd precursor molecule in MOCVD,
which was found to achieve higher Gd concentrations but without introducing any
oxygen. These samples showed only very weak magnetism, indicating that the oxygen
(or at least n-type doping) is essential to the ferromagnetism in Gd:GaN.

2.5.2 Models for explaining the magnetism

2.5.2.1 Sphere of influence model

The first model to explain the colossal magnetic moment behavior was proposed by
Dhar et al. [117] in the first paper and elaborated on in a subsequent paper. The
idea was that each Gd would create a sphere of influence around itself in which the
spins are polarized. If the system is very dilute each sphere is completely separate
from the others and the maximum magnetic moment per Gd occurs. If the spheres
overlap, then each region could be part of two or more spheres and the relative moment
per Gd goes down. So, this is essentially just a percolation-type theory, which
explained the functional behavior with concentration but the question of what causes
the magnetization around each Gd in the GaN matrix was left unanswered. In order to
explain the observations, a sphere of influence of radius 30 nm was required.

2.5.2.2 sef coupling model

The first attempt to address the origin of the polarization of the medium was by
Dalpian and Wei [146]. They noted that in a tetrahedral environment, f electrons are
allowed to interact with s electrons. This is in contrast to the octahedral environment
of GdN, for example, where such interaction is forbidden by symmetry. They showed
in small supercell calculations that the CBM, which is Ga-4s-like, becomes spin-split
through the interaction with the f levels. The majority spin f level is occupied and lies
some 8 eV below the Fermi level and pushes up the majority spin s level of the CBM.
The minority spin f on Gd lies above the CBM and pushes minority spin s states down.
Thus, an opposite spin polarization of the CBM to the magnetic moment of the f
electrons of Gd is predicted. At first, we were concerned that their LDA calculations
might have overestimated this effect because in LDA the f levels lie too close to the gap
region. However with LSDA þ U calculations, we obtained qualitatively similar
effects. This is illustrated in Fig. 2.9.

As a next step, we attempted to explain more quantitatively how this could lead to
magnetic moments much larger than that of Gd. If we combine the spin-splitting with
n-type doping of the GaN, for example, through O impurities or Si impurities, then
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these electrons could preferentially populate the minority spin CBM states [147].
As we already mentioned in the literature overview, there was indeed some evi-
dence that n-type doping could increase the magnetization [133]. In Dhar’s
samples [117,120], the oxygen concentration reported to exceed that of Gd by
maybe a factor of 1000. Thus conceptually, the large magnetic moments came
from the n-type doping filling a spin-split CBM. Clearly, the highest magnetic
moment would occur if the minority spin band were completely filled and the ma-
jority spin band would remain empty; in other words, if the Fermi level would lie
right at the bottom of the majority-spin CBM. Using an isotropic effective mass
parabolic band, we can then easily estimate that the density of electrons of one
spin is given by n ¼ (2m�EF/ h�

2)3/2/6p2. The magnetic moment we can achieve
in this model is determined by EF ¼ DEs the spin-splitting of the CBM. In order
to explain a magnetic moment of order 4000 mB with an n-type dopant concentra-
tion of an order 1018/cm3 and a Gd concentration or order 1015cm�3, would require
a spin-splitting DEs z 50 meV. The problem is, of course, that the spin-splitting is
proportional to the concentration of Gd and in this dilute limit is way below this
value, in fact, incalculably small. Chandrima Mitra [148] performed calculations
of the splitting per Gd in different size supercells of decreasing Gd concentration
and found the splitting to vary linearly with the concentration and hence to become
negligible for the concentrations at the ppm level. So, this model cannot explain the
colossal moments. Can it explain the ferromagnetism? In fact, it turns out that we
and both Dalpian and Wei [146] found Gd spins to be antiferromagnetically
coupled rather than ferromagnetically. In their paper Dalpian and Wei claimed
that the coupling became ferromagnetic in the presence of n-type dopants but we
found the opposite.
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Figure 2.9 Left: band structure of a 64-atom zinc-blende GdGa31N32 supercell, showing the
spin polarization of the conduction band. (From Lambrecht WRL, Larson P. Gadolinium and
oxygen co-doping of gallium nitride: an LSDA þ U study. In: Symposium I advances in III-V
nitride semiconductor materials and devices. MRS proceedings, vol. 955; 2006. http://dx.doi.
org/10.1557/PROC-0955-I01-05.) Right: spin-splitting of conduction band minimum (CBM)
as a function of Gd concentration.
From Mitra C. Computational studies of gadolinium in nitrides: bulk GdN and Gd-doped GaN
[Ph.D. thesis]. Case Western Reserve University; 2009.
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2.5.2.3 Ga vacancies

The next model was proposed by Liu et al. [149]. They proposed that Ga vacancies
lead to a strong exchange between GaN-VBM N-p states and the Gd-d states that
hybridize with the conduction band. They found a strong preference for FM coupling
by an order 0.3e0.6 eV/Gd when including VGa next to Gd. The Ga vacancy is found
in their calculations to have three minority spin bands in the gap above the VBM. They
can support a maximum of 3 mB, which adds to the 7 mB of the Gd

3þ half-filled 4f shell.
Thus they proposed the defect responsible for the colossal magnetic moment to be the
VGa. In contrast, N-vacancies (n-type doping) led to only a small coupling to Gd
magnetic moments and led to either small AFM or FM energy differences of order
1 meV/Gd only while Gd without vacancies gave a negligible energy difference
between FM- and AFM-coupled spins on neighboring Gd. A contradiction appears
how to explain the positive effect of Si on the magnetism, since the latter’s n-type
doping would compensate that of the vacancies. We note that all of these calculations
assume only short-range magnetic interactions. The occurrence of vacancies in their
paper was speculated to be related to the increase in lattice constant produced by
the addition of Gd.

At about the same time, Dev et al. [150] also proposed Ga vacancies in GaN could
support a magnetic moment between 0 and 3 mB. They emphasized that the N-2p
orbitals are sufficiently localized to support a magnetic moment but at the same
time the defect wave functions of these vacancies have a long-range tail that supports
interactions between fairly distant neighbors. They found AFM coupling between
neutral vacancies but FM coupling between negatively charged vacancies of charge
�1 or �2. They did not include Gd doping in their calculations explicitly but still
proposed that the origin of magnetism in that case could be strongly enhanced by
the presence of Ga vacancies. At the same time they also proposed ferromagnetism
in C-doped ZnO could arise from cation vacancies.

The model of Ga vacancies was further pursued by Gohda and Oshiyama [151].
These authors used cells with up to 576 sites including 71 vacancies and found the
magnetic moment to increase linearly with the number of Ga vacancies. They also
studied the exchange interactions between pairs of VGa, pairs of GdGa, and
VGa � GdGa. They found the latter to be ferromagnetic, while the VGa�VGa exchange
interaction is smaller and could be antiferromagnetic in some cases depending on the
exact positioning in the lattice of the vacancies relative to each other. The GdeGd in-
teractions were found to be small. However, they also found complexes of Gd with
nearby VGa to be favored, showing a definite binding between the two.

2.5.2.4 Critique of the vacancy model

Mitra and Lambrecht [152] criticized the vacancy model on the basis that none of the
previous studies took into account the formation energy of vacancies, nor the plausible
charge state of this defect. In fact, earlier work in the literature on native point defects
in GaN [153,154] shows that the VGa in the neutral charge state is the defect with the
highest energy of formation among all native point defects (with the exception of Ga-N
antisites) in GaN and is as high as 9 eV. This makes it very difficult to explain the
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occurrence of a large concentration of Ga vacancies. For example, we might seriously
question how a sample with 576 atoms (or 288 cations) and 71 vacancies, almost 25%
of the cation sites, are left vacant can still be stable. The whole rigidity of the lattice
would be significantly deteriorated. The assumption here is that the large size of Gd
disrupts the growth and causes the formation of vacancies. Gd would make the lattice
constant increase and we might think that vacancies would tend to compensate for this
effect. Mitra [148] calculated the increase in lattice constant due to a GdGa and the
decrease in lattice constant due to a VGa and estimated that about 20 vacancies would
have to form per Gd in order to keep the lattice constant unchanged. In other words, the
Gd increases the lattice constant far more than a VGa reduces it. However, there is no
rule that lattice constants should be kept fixed, rather the total energy has to be
minimized. Dhar et al. [121] reported a slight decrease in the c-lattice constant and
unchanged a-lattice constant for only the highest level of Gd doping. However in
Gd implanted samples, a slight increase in c-lattice constant was reported [120].
Also, in Asahi’s work [135], an increase in c-lattice constant was reported. Thus in
retrospect the fact that the lattice constant in Gd-doped GaN does not strongly increase
is some indication that vacancies may form under the growth conditions of Dhar
et al. [117,120] but not under all conditions and may explain some of the different
behaviors in samples from different groups.

On the other hand, the question is, in what charge state do they occur? The actual
samples of Gd-doped GaN are very resistive or semiinsulating, which suggests that
the Fermi level lies in the middle of the bandgap. Under these circumstances, the VGa

should be in a triple negative charge state according to the calculations of Limpijumnong
et al. [154] and hence carry no magnetic moment! In order to have at least 1 mB we need
to be in the 2� charge state. The 2�/3� transition level lies 1 eV above the VBM. This
cannot be completely ruled out but then each VGa brings only one mB and it becomes
more difficult to explain the colossal magnetic moments. In any case, the energy of for-
mation of a VGa stays very high unless the system becomes n-type and definitely the
samples are not p-type as required to have large magnetic moments.

2.5.2.5 Interstitials

Based on similar considerations, Mitra and Lambrecht [152] rejected the VGa model
and instead looked for other defects. Their reasoning was that the magnetic moments
are related to nonbonding p orbitals and hence they looked for other defects such as
interstitial N and interstitial O. They found indeed that these defects also provide
acceptor-like levels in the gap with magnetic moments of 3 mB per N interstitial and
2 mB per oxygen interstitial. These defect levels lie higher in the gap and thus the
neutral charge state in which the maximum magnetic moment occurs can be sustained
with Fermi levels in the middle of the gap. Furthermore they showed that the magnetic
moments of these interstitials were parallel to the Gd moment if they are next to each
other, and finally, GdeGd exchange interactions as well as NieNi interactions were
found to be substantially ferromagnetic up to at least second and possibly third
neighbors as long as one of the Ni or Oi were nearest neighbor to a Gd. Finally,
they proposed that Oi could prefer to move close to Gd and form complexes. On an

78 Rare Earth and Transition Metal Doping of Semiconductor Materials



intuitive basis this relates to the well-known “gettering” effect of RE elements, such as
Gd, which have a strong affinity for oxygen. For example, GdN is very unstable in air
and quickly oxidizes. Also, Gd prefers to be octahedrally coordinated (as in GdN or
Gd2O3) and the interstitial sites near Gd would essentially be like an octahedral
neighbor. Of course oxygen in GaN normally prefers a substitutional site NO and in
order to convert an ON to a Oi next to a Gd, they had to assume a high N chemical
potential.

Nonetheless the model seemed favorable for interstitials. Subsequently, some
positive role of oxygen on the magnetism was reported from positron annihilation
studies [155] but the occurrence of this oxygen as interstitial was not shown. They
concluded however that n-type doping due to ON is unlikely in these samples as
they had high resistivity. These authors found a remarkable instability of the samples
as function of time. Over a period of a few years since growth, several samples lost
their initial magnetism. They also did not find support for the vacancy-induced model
as the samples with the most stable magnetism were the ones with lower Gd concen-
tration and lower VGa concentration.

Interstitial oxygen was also studied by Liu et al. [156]. These authors found only the
so-called split interstitial configuration where an N-O dumb-bell sits on an N site close
to one of the Gd, resulted in stable ferromagnetic coupling of the two Gd in the cell,
while the channel site resulted in antiferromagnetic coupling. They also studied how
these couplings change while adding electrons to simulate n-type doping. On the other
hand, they found the split interstitial to have higher energy of formation than the
channel site. The latter, however, is in contradiction with the result of Wright [157],
who found the split interstitial to have lower energy. This reversal could possibly be
due to the presence of Gd in Liu et al. [156], while Wright’s work is on the interstitials
by themselves.

2.5.2.6 Analysis of exchange interactions

However, as we mentioned in earlier sections, the calculation of exchange interactions
by the direct method or comparing total energies is not very reliable. Therefore we
decided to study the exchange interactions in a more systematic way through linear
response calculations. This was done in a collaboration with Alexander Thiess, a
visiting German doctoral student in Lambrecht’s group, and most of the results
were reported only in his doctoral thesis [158]1. Dr. Thiess had developed the KKR
nanocode at the Forschungszentrum in J€ulich, in collaboration with Dederichs and
Zeller and Bl€ugel. This Green’s function method allows us to study truly large unit
cell sizes by exploiting various acceleration schemes and parallelization of the method
on the Blue Gene computer architecture. Thus realistic samples of DMSs could be
studied with a statistical sampling of the random placement of impurities in different
concentrations. The linear response formula for exchange interactions was

1 Recently also published in Thiess, A., Bl€ugel, S., Dederichs, P.H., Zeller, R. Lambrecht, W.R.L., 2015.
Systematic study of the exchange interactions in Gd-doped GaN containing N interstitials, O interstitials,
or Ga vacancies. Phys. Rev. B 92, 104418 (Published 17 September 2015).
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implemented in this code. Zinc-blende supercells of 512 atoms with various concen-
trations of interstitial N and O in addition to Gd were studied. A typical concentration
would be 8 Gd out of 256 sites or 3.125% and 32 interstitial N sites, in a 512 atom
cluster. For the interstitial O studies, 20 interstitial O were used and 3 Gd, so only
1% Gd.

The results confirmed the presence of Ni-induced defect levels in the gap but now
showed a significant fluctuation of the levels as seen in their partial densities of states
depending on the mutual interactions between them and the random fluctuations in the
potential, resulting from different distances between impurities in a realistic sample
with random placement of impurities (see Fig. 2.10). The two different interstitial sites,
tetrahedral with lattice N as nearest neighbors or octahedral with Ga as nearest neigh-
bors, showed different energy levels. The magnetic moments also show a significant
distribution in values from�1 to 1; in other words, not all are parallel and the moments
were smaller than in the previous calculations by Mitra and Lambrecht [152]. We
should keep in mind that these magnetic moments correspond to the muffin-tin region
or sphere around the atom and may underestimate the true moments.

Most significantly, however, the exchange interactions between Niwere found to be
mostly antiferromagnetic in nature and quite small, of an order 0 to�40 meV as can be
seen in Fig. 2.11. Likewise, exchange interactions between Gd and interstitial N were
found to be predominantly antiferromagnetic. Only exchange interactions between the
small induced moments on lattice N and nearest-neighbor interstitial N were found to
be ferromagnetic. In the linear response method it is also straightforward to study the
influence of the Fermi level position on the exchange interactions as they are given
directly as an integral up to the Fermi level. From studying this, the origin of the
antiferromagnetism was identified by Thiess as being superexchange. Essentially, the
majority/minority spin levels of a given Ni are well separated as occupied/unoccupied,
respectively. Under these circumstances we expect antiferromagnetic superexchange
as the dominant interaction.
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In retrospect the ferromagnetic exchange found by Mitra and Lambrecht [152]
occurred for some specific Ni in which at least one of the N was right next to a Gd.
In a randomly distributed impurity model and given the low concentration of Gd
this is unlikely. Thus isolated Ni are actually not ferromagnetically but antiferromag-
netically coupled. The GdeGd interaction was found to be negligible except for very
close neighbors, consistent with earlier studies. In summary, no significant ferromag-
netic coupling was found and most exchange interactions were found to be very short
range and antiferromagnetic in nature.

For oxygen interstitials compared to N interstitials a slightly stronger tendency
toward ferromagnetic coupling was found. Although there are still a lot of antiferro-
magnetic interactions at larger distance, there were about an equal number of ferro-
magnetic interactions. Again, only interactions with lattice N, which has only small
induced moments, are positive, as can be seen in Fig. 2.12. The reasons lie in the
smaller energy separation of majority and minority spin states of the interstitial O
compared to the interstitial N. This leads to a competition between ferromagnetic
double exchange and antiferromagnetic superexchange. Nonetheless these interactions
are still too short range to explain an overall ferromagnetic behavior.

2.5.2.7 Ga-vacancy clusters

These negative results led us to reexamine the Ga vacancy model. Simulations were
done for a model with 32 VGa and 4 GdGa. The electronic structure revealed again
defect states in the gap close to the VBM. An increasing partial density of states
(PDOS) was found in the gap for N near to more than one VGa and the deepest levels
occurred for N close to 3 VGa. Examining the distribution of magnetic moments in this
case, as seen in Fig. 2.13, immediately led to an important clue. The magnetic moment
induced on N increased linearly with the number of nearest neighbor Ga atoms that
were missing for this N.
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Second, the model investigated, shown in Fig. 2.14 although the defects were intro-
duced randomly, happened to have a somewhat clustered occurrence of the vacancies
and the magnetic moments tended to be closely related to this vacancy cluster. This led
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us to further study the occurrence of clusters as discussed in Section 2.5.3. The
magnetic moments of a VGa occur mostly on its nearest neighbor N sites.

Because of the small concentration of Gd in the cell, the most statistically signifi-
cant exchange interactions to be studied are among N atoms in particular N atoms
adjacent to VGa. The exchange interactions for the gallium vacancy case are shown
in Fig. 2.15.

These were found to be ferromagnetic and of order a few meV for near neighbors.
They were larger if the vacancy occurred between the two N atoms. Gd-N atom inter-
actions were also found to be ferromagnetic. Although in this case for the first time
predominantly ferromagnetic interactions were found, they are still relatively short
range only. Nonetheless there is an important difference between VGa and the other
cases in terms of percolation theory.

2.5.2.8 Results of percolation theory

The fact that magnetic moments near VGa are located on the neighboring N rather than
on the site of the vacancy itself, or by comparison with the GdGa or Ni or Oi where the
moment is located on the Gd or interstitial directly, has an important consequence for
percolation theory. Ga vacancies that are fourth neighbor to each other still have N
neighbors with magnetic moments on them that are nearest neighbors to each other,
as can be seen in Fig. 2.16.

Thus building a percolated network of VGa can be achieved at much lower concen-
tration of vacancies than for magnetic moments directly located on the impurity site,
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which might only interact between nearest neighbors. Thiess determined the percola-
tion threshold to be 4.8%, consistent with estimates of the percolation threshold in fcc
lattices for fourth neighbor interactions of about 5% [85]. In contrast, for nearest
neighbor interactions on an fcc lattice, the percolation threshold is about 20% [159].
Thus magnetism can occur for much lower concentrations of vacancies than other
impurities. This was further confirmed by Thiess in his thesis by performing Monte
Carlo simulations of the magnetization as function of temperature for different
concentrations.
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2.5.2.9 Fermi-level pinning near clusters

The previous results on VGa suggested strongly that VGa clustering could help to estab-
lish ferromagnetism. In fact, the more VGa an N is neighbor to, the larger its magnetic
moment and the stronger the ferromagnetic exchange interactions. The clustering
could resolve another puzzle mentioned earlier. In all the previous calculations, the
vacancies were assumed to be in a neutral charge state. On the other hand, as discussed
earlier, isolated VGa would be in a negative charge state if the Fermi level is in the
middle of the gap or higher. However, if vacancies cluster then the Fermi level may
become pinned by the vacancy states themselves. Likewise, any type of extended
defects, or surfaces or grain boundaries, tend to pin the Fermi level. The Fermi level
in a system is determined by the overall charge balance. On a macroscopic scale this is
set by the average concentrations of various dopants and native defects, but near
extended defects the local Fermi level can be pinned. In other words, the defect itself
calls the shots locally and determines whether a state is occupied or not. Band bending
then occurs near such defects, so that the overall Fermi level in the system is still
uniform. This is well established way of thinking for surfaces and grain boundaries,
and also for dislocations. We usually consider the Fermi level as an independent
control parameter only for isolated point defects but not for such extended defects.
As we have seen, only a neutral VGa can have a magnetic moment of 3 mB. The occur-
rence of vacancy clusters would thus invalidate one of our earlier objections against
isolated vacancies, namely that they would be likely to be in a triple negative
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charge state and hence without magnetic moment. As soon as the vacancies are
allowed to cluster they are allowed to stay locally neutral and hence to have a magnetic
moment.

2.5.3 Growth simulations of clustering

This led us to the question if vacancies are likely to cluster. To this end, Thiess
performed growth simulations. Based on the local energies of atoms in the electronic
structure simulations, it emerged that the energy of an N increases with the number of
vacancies it has as neighbor and decreases with the number of Gd near to it. Kinetic
Monte Carlo simulations were then carried out in the following manner. Atoms are
deposited layer by layer. A fixed concentration of VGa and Gd per layer was allowed.
We start from a complete (001) N layer in the zinc-blende structure. Ga or Gd or VGa

are then deposited randomly in the prescribed concentrations and allowed to hop
around, or exchange places with each other so as to minimize the energy based on
the local energy rules. Because N atoms have different energy near a VGa or Gd or
Ga, this leads to an optimal redistribution of the latter in the Ga-Gd layer. After the
layer is finished, the next N layer is deposited and the procedure is repeated. After
the layers are finished, they are not allowed to further relax. In other words, the surface
configuration is frozen in. It was found that compared to random placement of the VGa

significant clustering of vacancies occurred in this model. This is comparable to
spinodal decomposition. Ga vacancies and Ga atoms phase separate. Clusters of
different sizes and different geometric shapes were found to be incorporated in the
simulation cell. While this model of growth is rather primitive and is not meant to
simulate growth realistically, it led to interesting new overall simulation models on
which the magnetic exchange interactions and magnetism could then be studied
statistically.

For these magnetic simulations, which used the Monte Carlo metropolis algorithm,
the Gd atoms were actually completely ignored. The exchange interactions and mag-
netic moments were assigned average values as obtained from the earlier calculations.
In other words, N atoms nearest neighbors to VGa atoms were assigned a magnetic
moment and only near-neighbor exchange interactions were included. Monte Carlo
simulations of the magnetization as function of temperature were carried out for
both a model in which vacancies were placed randomly and the growth model.
Note that Monte Carlo simulations of two different types are combined here: first
kinetic Monte Carlo simulations to simulate the clustering of vacancies and generate
models of the distribution of vacancies. Second, Monte Carlo simulations of the
magnetization are carried out in which the magnetic moments are allowed to flip so
as to optimize the free energy at a given temperature of these moments, in interaction
with each other through a prescribed set of exchange interactions. The resulting
magnetization as function of temperature is obtained and lets us determine the transi-
tion temperature on a magnetic sample.

Interestingly, two temperature regimes could be discerned in these simulations.
This is shown in Fig. 2.17. At first, the magnetization drops sharply but then a long
tail persists. The latter has a higher magnetization remaining in the growth generated
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model. Calculations were also done starting from randomized spins or with the spins
initially aligned. The latter compares in some sense to a field-cooled situation whereas
the model starting from randomly oriented spins corresponds to zero-field cooling.
Analysis of the results indicates that the first drop in magnetization versus temperature
corresponds to a loss of the overall magnetization of the sample in which the clusters
had originally aligned magnetizations, whereas in the high-temperature phase, the
magnetic moments still persisted within the clusters but the correlation between
clusters was lost. Further study of the magnetic moment in individual clusters showed
that the cluster moment decay versus temperature depends crucially on the size and
shape of the cluster. The more compact and three-dimensional the clusters, in other
words, the higher the coordination of individual magnetic atoms with nearby ones,
the slower the decay. The results strongly indicate that this system is superparamag-
netic rather than truly ferromagnetic. The hysteresis found in the simulations only
occurs for the clustered models. This hysteresis results from the finite time of the
Monte Carlo simulations. This model does not include magnetic anisotropy effects,
which play a role in the actual hysteresis phenomenon.

2.5.3.1 Experimental evidence for clustering and role
of extended defects

The simulated magnetizations versus temperature show a remarkable resemblance to
the experimental data of Dhar et al. [120], which also show two (or even three)
temperature regions with distinct properties. These are reproduced here for convenience
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in Fig. 2.18. The temperature cut-off of the initial rapid drop-off does not agree with
experiments but the calculations were meant to simulate the qualitative behavior, not
to actually reproduce experimental temperatures, which might depend more intri-
cately on the exchange interactions. In fact, they seem to agree more with the first
temperature phase in the experiments as identified by Pérez et al. [129]. The second
temperature range in the experiment between 10 and 70 K could conceivably still
be due to undetected regions of GdN, which have, after all, been found to be present
in detectable concentrations for higher concentrations of Gd. The existence of a
high-temperature tail would then be ascribed to superparamagnetism inside the
clusters.

In the calculations, even a similar hysteresis under cycling the magnetic field was
obtained. The latter narrow hysteresis curves were found only in the cluster growth
model but not in the random model, which showed no hysteresis at all. This, however,
should not be taken too seriously, because the actual physical mechanisms leading to
hysteresis, such as magnetic anisotropy, were not included in the model. In the model
the hysteresis may occur because the system does not get fully in equilibrium because
of the short simulation times. Nonetheless, the difference between the two growth
models has some significance and shows that the different degree of clustering plays
a role. In the final version of the paper, the hysteresis curves were left out because of
lack of space to adequately explain this. Nonetheless, it shows that the model with
random VGa behaves essentially paramagnetically whereas the model with clusters
behaves superparamagnetically. The two temperature regimes are a clear indication
of the superparamagnetism located in clusters rather than an overall percolated
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magnetism throughout the sample. These simulations showed that a cluster vacancy
model is essential to explain the observed magnetic behavior versus temperature
and the narrow hysteresis loops. As mentioned earlier an extended type of defect is
also essential to explain why vacancies can stay neutral, pin the Fermi level, and hence
maintain a magnetic moment at all.

2.5.3.2 Discussion

Although the growth model may be somewhat unrealistic and does not explain the
concentration of vacancies, some key elements emerged from this study. In fact, the
clustering itself is the key issue, not how it is obtained. The concentration of Ga
vacancies was set as an input rather than an outcome of the simulations, but the fact
that they tended to cluster is a significant outcome of the simulations. As such, they
allow pinning of the Fermi level and hence keep the vacancies in a neutral charge state,
which supports a large magnetic moment per vacancy. Second, the magnetic simula-
tions of the magnetization in clustered versus unclustered models show clearly that the
magnetization has two temperature regimes in agreement with the experiment and
indicating first a loss of correlation of magnetic moments between clusters and later
at higher temperature inside the clusters. So, the high-temperature magnetization
seen in the real samples may also be assumed to be superparamagnetism inside
clusters. The latter is further evidenced by the narrow hysteresis loops, which are
characteristic of superparamagnetism. As discussed in the literature overview, ample
evidence for the occurrence of a large amount of defects near Gd has been established
and some of it points indeed to vacancies.

A disconcerting point of the result may be that the results seem to have little to do
with Gd in the first place. Does it mean that just highly disordered GaN with clusters of
Ga vacancies but no Gd would already be superparamagnetic? Clearly, this has not
been found experimentally. We did find some tendency for Gd to cluster near the
vacancy clusters and we may thus view the role of Gd as twofold. First, it seems to
perturb the growth. We have already mentioned that it would tend to increase the
lattice constant because of its large size, and formation of vacancies is a way to
compensate for this overall lattice expansion. Second, in Gd implantation it is not sur-
prising that vacancies would be created in fairly large amounts as this also happens
with other energetic implantations. Also, its magnetic moments seem to provide a
sort of trigger for initiating magnetic moments in nearby N next to Ga vacancies.

There are some further experimental indications in favor of the clustering model.
First, positron annihilation experiments [155] did find fairly large Ga vacancy concen-
trations and indicate that they occur in clusters or voids. Unfortunately, the measure-
ments do not provide further detail about the size of such voids or vacancy clusters.
While these measurements did not find a clear correlation between the presence or
absence of magnetism in the samples with the degree of clustering or presence of
vacancies, they do provide at least evidence of vacancy clusters. Also the study by
Mishra et al. [131] found the presence of native defects with an energy level closely
above the VBM and hence compatible with Ga vacancies to be related to the magne-
tism in low-concentration Gd-doped samples.
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We caution that besides vacancy clusters arising during growth as proposed in
Thiess’s model, other extended defects could play a significant role. For example,
Kent et al. [161] observed a significant amount of dislocations oriented parallel to
the growth direction. This study was focused on creating GdN/GaN superlattices
and found a TC consistent with GdN. However, magnetism persisted up to higher
temperatures and was strongly anisotropic and therefore presumably related to the
dislocation network. Some dislocations in GaN have empty cores and could thus be
locally similar to vacancy clusters as studied by Thiess. The work of Dhar et al.
[120] also shows significant amounts of dislocations in the samples. Furthermore,
anisotropy was also detected in their samples [129], but in fact in their samples the
easy axis was found to be in plane, rather than along the growth direction as found
by Kent et al. [161].

2.5.4 Summary

In summary, the magnetism in Gd-doped GaN is a complex phenomenon. There seem
to be two different regimes with rather different properties. At higher concentrations of
Gd and assisted by n-type doping, there appears to exist a carrier-mediated magnetic
interaction between Gd local moments maintaining ferromagnetic behavior at room
temperature. In order to achieve high enough Gd concentrations without forming
GdN precipitates, and activate the Gd so that the net magnetizations per Gd approach
that of a Gd3þ, low-temperature growth (300 K) is required. However, no evidence of
colossal magnetic moments is present in these samples and this magnetism appears to
be similar to other DMS based on TM doping and explainable by standard
carrier-mediated interactions. For a concentration of the order of 8e12%, significant
splittings of the CBM of an order 50e80 meV are expected based on Mitra’s [148]
calculations. Shallow donor states due to Si or other shallow donors could then also
be spin-split. The fact that even for the largest concentrations of Gd the net magnetic
moment per Gd is still less than 7 mB and could result from the opposite spin polari-
zation of the donor states to the Gd-4f. Nonetheless, these donor states could provide
significant carrier-mediated coupling between the localized Gd moments. The shallow
donors are quite extended and could provide long-range coupling. The fact that in this
case and unlike most other DMSs we have electrons rather than holes achieving the
coupling is interesting. Spin relaxation times in semiconductors tend to be longer
from electrons than holes and thus an n-type DMS is potentially advantageous for
spintronic transport applications.

On the other hand for extremely dilute concentrations the situation is different. We
can fairly confidently say that the occurrence of magnetic moments exceeding those of
the Gd3þ is related to defect magnetism rather than Gd. The Gd primarily acts to
perturb the growth and create extended defects such as vacancy clusters or dislocation
networks to which the Gd may segregate. Large concentrations of vacancies of the
order of 10e20 per Gd would help the lattice constant of GaN to stay fixed and
avoid tensile strain. Growth simulations indicate that Ga vacancies tend to cluster.
Such extended defects can pin the Fermi level and locally keep VGa in the neutral
charge state that is required to have the maximum magnetic moment per vacancy.
The magnetic moments inside a cluster are then more strongly correlated than between
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clusters and lead to a superparamagnetism rather than ferromagnetism. This is
evidenced experimentally in the two temperature regimes of the decay of the magne-
tization as function of temperature and the narrow width of the hysteresis loops. The
precise interplay of the Gd magnetic moments and the large vacancy clusters is still not
fully understood. The nitrogen and oxygen interstitials are far less likely to contribute
to ferromagnetism because their exchange interactions are too short-ranged. A key
point here is that for a vacancy the magnetic moments occur on the N neighboring
the vacancy and hence percolation is possible for a much lower concentrations of
only 5% in spite of the vacancies themselves being fourth neighbors, the N attached
to them are still nearest neighbors. If in addition there is indeed a tendency for
vacancies to cluster and for Gd to segregate toward the surface of VGa clusters, then
we start obtaining a coherent picture for the high-temperature magnetism and the
colossal magnetic moments in extremely dilute samples. The positive effects of
oxygen are unlikely to be due to interstitial O magnetic moments but rather due to
the n-type doping effect of O, which can further produce some type of carrier-
mediated exchange between cluster moments. Unfortunately, this inhomogeneous
type of magnetism and the resulting potential fluctuations may also lead to localiza-
tion and hence the semiinsulating nature of such samples. This means the carriers
may stay away from the magnetic regions and this means they cannot be used for
spintronics.

From a methodological point of view, the message from this case study is not to
jump to conclusions. It is key to study the exchange interactions in a statistically mean-
ingful manner and not based on a fortuitous close placement of the magnetic defects in
each other’s immediate proximity. The linear response method of calculating exchange
interactions realistically and the use of large enough models with randomly placed
defects and magnetic centers at realistic distances from each other was key in sorting
out the behavior of these systems. Furthermore, the study by Thiess et al. [160]
demonstrates the added insights we gain from combining first-principles calculations
with Monte Carlo simulations of the actual magnetic properties and the interplay
between the inhomogeneous distribution of magnetic centers in the system with their
overall magnetic properties. This last point has also been strongly emphasized in the
work of Sato et al. [85] for many TM-doped systems. The occurrence of spinodal
decomposition in such systems is very similar to the occurrence of vacancy clusters
found in the Gd:GaN system.
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3.1 Introduction

The great utility and versatility of semiconductor materials derive from the doping of
such materials with impurity elements to achieve specific electronic properties. Typi-
cally, small amounts of the impurity element are added to the host material to produce
such effects while maintaining basic semiconductor characteristics. In particular,
doping of silicon (Si) with boron (B) or phosphorus (P) elements produces regions
with either n-type or p-type conductivity, respectively. These regions enable formation
of transistors that are the basis of modern microelectronic circuits (Casey, 1999). Simi-
larly, doping of III-V compound semiconductors, such as gallium arsenide (GaAs) with
Si or Mg, was essential in the development of electrically pumped lasers (LDs) and
light emitting diodes (LEDs). In recent years, research activities have included
efforts to develop multifunctional semiconductor materials through doping with optical
or magnetic impurity elements. Also with the miniaturization of electronic devices,
there is great interest to understand the properties of nanoparticles and other nanostruc-
tures of semiconductors and their doping with different elements. The goal of these
efforts has been to produce materials with electrical, optical, and magnetic properties
for memory, logic, and information processing capabilities. The developments in nano-
materials of semiconductors have further widely expanded the scope of their
applications such as in biological systems, sensors, imaging, and optical devices. For
commercial applications such devices must be operational at room temperature (RT).

Incorporation and characterization of transition metal (TM) and rare earth (RE)
atoms in semiconductors have been active areas of research for over 25 years. While
TMs such as Mn have been used to develop materials for spintronics, the doping of
RE atoms in IV and III-V semiconductor materials has been studied with the main
thrust of developing efficient light sources and amplifiers for fiber optic communica-
tion systems. Initially, Er was the selected RE due to its intra-4f shell transitions
centered at 1540 nm. Si was the chosen semiconductor host material because of its
importance in microelectronic chips. Most experiments involved ion implantation
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to introduce Er atoms in Si wafers. While these experiments did succeed in producing
Er-doped Si (Si:Er) material, several major obstacles were encountered. The solubility
of Er in Si was quite low and there was a strong thermal quenching of the infrared (IR)
light emission. It was found that codoping Er and O in a Si wafer increased solubility
limits and improved IR emission (Favennec et al., 1990). The optimum ratio of O to
Er was conjectured to be 4:1 forming a cage of O atoms around an Er atom. Such a
configuration was thought to promote the formation of trivalent Er ions (Er3þ) that are
required for emission at 1540 nm (Takahei et al., 1994). Since Si is a group IV
element, Er ions do not normally enter into their preferred 3þ valency. Even after
numerous attempts at codoping, the IR emission at RT was still too low for practical
applications. Another approach was to implant Er into SiO2 and to form Si:Er nano-
particles through post-implantation annealing. Research from these experiments
showed an improved light emission and prototype LEDs were demonstrated. Never-
theless, Er-doped SiO2 layers were not stable under current injection and electrolumi-
nescence (EL) output could not be sustained. Consequently, other semiconductors,
such as InP, GaAs, and GaP III-V compounds, were investigated as host materials.
Er-implantation into these and other semiconductors indicated that thermal quenching
of Er emission was reduced in wider band gap materials (Favennec et al., 1989).
However, the IR emission at RT was still inefficient. Once again, O was investigated
as a codopant and improved light emission and thermal stability were achieved
(see Ohta et al., 2015, in this volume).

Concurrent to these research activities, advances in III-V nitride (III-N) semicon-
ductor growth and processing technologies made possible the development of efficient
blue LEDs and laser diodes (Nakamura et al., 2000). As a result, new investigations
began using III-N semiconductors as host materials for Er. Initial results concerning
Er and O coimplantation into gallium nitride (GaN) epilayers showed bright emission
at 1540 nm and significantly less thermal quenching (Wilson et al., 1994). Rutherford
backscattering measurements indicated that over 90% of Er atoms occupied group III
sublattice sites. Photoluminescence (PL) measurements yielded optical emissions with
characteristic Er3þ IR spectra confirming that the Er3þ ions were isoelectronic dopants.
Subsequently, other methods, including molecular beam epitaxy (MBE), were used for
doping GaN and AlN layers with Er and other RE atoms (MacKenzie et al., 1996;
Steckl and Birkhahn, 1998; Hashimoto et al., 2003; Hite et al., 2006; Readinger
et al., 2008). However, p-type GaN epilayers could not be produced using MBE
and EL devices, and not true LEDs, were demonstrated (Steckl et al., 2002). In order
to improve the observed luminescence, GaN thin films were codoped with Eu and Si
using solid source MBE (Wang et al., 2009). They found that Si incorporation changed
the GaN:Eu films from highly resistive to n-type conductive and had a significant ef-
fect on the integrated PL emission at 622 nm (see Fig. 3.1). While moderate Si doping
levels produced nearly a 10-fold increase in PL intensity, higher Si doping levels,
w0.08e0.1 at.%, significantly quenched the PL intensity and lifetime.

With metal organic chemical vapor deposition (MOCVD), it was possible to fabricate
both n-type and p-type epilayers, using Si andMg doping, respectively. However, due to
the very low vapor pressure of MO precursors, MOCVDwas not a reliable technique for
doping GaN epilayers with sufficient Er concentrations. Eventually, modified MOCVD
techniques were developed and p-GaN:Mg/GaN:RE/n-GaN:Si heterojunctions were
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fabricated leading to Er-LEDs, Eu-LEDs, and Gd-LEDs (Ugolini et al., 2006; Nishikawa
et al., 2009; Hung et al., 2010; Kane and Ferguson, 2015, in this volume). The output
power of the initial LEDs was on the order of a few mWs with IR and green emissions
for the Er-doped LEDs and red emission for the Eu-LEDs (Dahal et al., 2010; Nepal
et al., 2015; Koizumi et al., 2015, in this volume). The active layers in these devices
were very resistive and included rather high concentrations of O and hydrogen
(H) from the MO precursors that were used. Experiments were made to reduce the O
and H levels and to improve the conductivity of the RE-doped layers. GaN:Eu thin films
with either Si or Mg resulted in improved light emission (Wang et al., 2009; Nishikawa
et al., 2010). Gradually, researchers realized that nearby vacancies, impurity atoms, and
electronic dopants play an important role in the excitation and optical emission from the
RE ions.

Several research groups have studied the synthesis of GaN nano-powders doped
with different RE atoms. Also lanthanide-doped upconversion nanoparticles have
been studied (Bettinelli et al., 2015; Prodi et al., 2015; Wang and Liu, 2014). Using
Na flux and combustion methods, GaN nano-powders doped with Eu, Er, Pr, Gd,
and Tb were demonstrated (Hirata et al., 2001; El-Himri et al., 2004; Wu et al.,
2005; Yamada et al., 2006; Nyk et al., 2006). These powders were to be used as phos-
phors to produce full color emissions. Their optical properties were measured using PL
techniques and the results included green emission from Er-doped or Tb-doped GaN
powders, and red emission from Eu-doped or Pr-doped GaN powders. However, the
luminescence from these powders was not as intense as that from epi-grown
RE-doped GaN films. The data clearly showed that impurity atoms in these
nano-powders have a major effect on their optical properties.
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Figure 3.1 Integrated PL intensity from GaN:Eu films at 622 nm as a function of Si
concentration using above-band gap excitation at 325 nm.
After Wang, R., Steckl, A.J., Nepal, N., Zavada, J.M., 2010. Electrical and magnetic properties
of GaN codoped with Eu and Si. J. Appl. Phys. 107, 013901.
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In general, the luminescence from RE ions arises from intra-4f shell transitions that
are forbidden in an isolated RE atom due to Laporte selection rules. Once RE atoms are
incorporated into a host such as GaN, these transitions become allowed due to the in-
ternal electric field and hybridization of the electronic states of the RE atom with those
of the host. The intensity of the luminescence strongly depends, not only on the host
material, but also on impurities that are introduced intentionally, or unintentionally
such as N vacancy (Mitchell et al., 2014). Understanding the influence of specific im-
purities and optimizing the complexes that are formed for enhanced light emission are
critical for developing useful optoelectronic devices.

Besides the optical properties of RE atoms doped in different hosts, their 4f-shell
electrons give rise to magnetic effects. Many permanent magnets are formed with alloys
combining REs and TMs such as the strongest known magnet, Nd2Fe14B. Small con-
centrations of RE and TM atoms have been introduced into II-VI and III-V compounds
to produce magnetic semiconductors. While these studies go back many years, it was
only in 1989 that dilute magnetic semiconductors were demonstrated (Munekata et al.,
1989). MBE was used for in situ doping of InAs and GaAs layers with Mn during
growth. In these compounds, Mn acts as a p-type dopant and its unpaired 3d electrons
lead to ferromagnetic properties. However, the Curie temperature (TC) for these mate-
rials has been limited to w160 K in spite of many attempts to reach higher tempera-
tures. In 2000 a theoretical analysis suggested that wide band gap semiconductors,
such as GaN or ZnO, doped with Mn would have a TC > 300 K (Dietl et al., 2000).
Subsequently, several research groups demonstrated RT hysteretic behavior for
Mn-doped GaN thin films (see El-Masry et al., 2015, in this volume). Furthermore,
this analysis also motivated investigations into the magnetic properties of RE-doped
III-N compounds. GaN thin films, grown by MBE, were doped with either Gd, Eu,
Nd, or Tb, and magnetic effects at RT were observed (Teraguchi et al., 2002; Dhar
et al., 2005a; Bang et al., 2002; Metcalfe et al., 2015, in this volume). Of particular
note was the colossal effective magnetic moment, meff per Gd ion, reported for
Gd-doped GaN epilayers and the ensuing controversy (Dhar et al., 2005b; Ney,
2015, in this volume; Lambrecht, 2015, in this volume). As with optical emission,
codoping either GaN:Eu or GaN:Gd films with Si increased the RT magnetic properties
(Wang et al., 2010; Hite et al., 2007). Hysteresis curves measured at RT for codoped
GaN:(Eu,Si) films are shown in Fig. 3.2 indicating that incorporation of Si increases
the saturation magnetization by a factor of w9. GaN films, doped with Er, Gd, or
Eu during MOCVD, were also studied and found to exhibit magnetic effects (Nepal
et al., 2015; Kane and Ferguson, 2015; Koizumi et al., 2015, in this volume). For
GaN:Er films, hysteretic curves were observed at RT with the saturation magnetization
linearly dependent upon the Er concentration (Zavada et al., 2007). Similar effects were
found for GaN:Gd films. Codoping GaN:Eu films with Mg led to higher values of meff
per Eu ion.

In addition, Gd-doped GaN nano-powders were shown to exhibit CurieeWeiss
behavior for the magnetic susceptibility (Nyk et al., 2006). However, magnetic prop-
erties in other GaN:RE nano-powders were not convincingly demonstrated. These
experimental reports provide further evidence that both magnetic and optical proper-
ties are clearly dependent upon the impurities present in the RE-doped III-N materials.
The magnetic interactions between the spins localized on RE ions as well as the
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polarization induced around them will depend on the separation between the RE ions.
Moreover, the magnetic moments on REs will in general get affected by the presence
of other impurities/dopants as well as defects that may get created. This makes the
study of these f electron systems difficult and therefore theoretical understanding of
the magnetic properties of these RE-doped systems has been a challenge. These
aspects also reemphasize the need to properly understand the structural effects due
to RE doping in different hosts. In this chapter our emphasis is on GaN as a host
material.

As mentioned earlier, GaN:Eu shows bright red emission at 622 nm due to
5D0 /

7F2 transition. Bulk GaN has wurtzite structure and as evidenced from the anal-
ysis of the emission spectra (Lozykowski et al., 2000), Eu atoms favor substitution at a
Ga site in a 3þ state. On such a site there is axial C3v symmetry. However, the presence
of defects can have a strong influence on PL. Although there are numerous experi-
mental studies, little progress has been made in the understanding of these materials
from first principles calculations (O’Donnella and Hourahine, 2006; Svane et al.,
2006; Goumri-Said and Kanoun, 2008). This is primarily due to the difficulties in
dealing with f electron systems as well as the complex nature of the defect structures
in these materials. Filhol et al. (2004) studied Eu-, Er-, and Tm-doped bulk GaN by
treating RE atoms as trivalent and the remaining f electrons were treated as part of
the core. Such an approach neglects the magnetic effects that would arise if all f elec-
trons on RE atoms are considered as part of the valence. They found substitution of RE
atoms on a Ga site to be energetically most favorable. Svane et al. (2006) performed a
self-interaction corrected local spin density calculation to study RE doping in GaN, but
they used small supercells with only up to 32 atoms to treat the RE-doped systems and
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ignored atomic relaxation around the dopant. Later, calculations by Bruno Cruz et al.
(2012) on larger supercells with about 100 atoms showed significant relaxation around
RE ions. Such large supercells are also required to treat low doping concentration
(w1 at.%) of RE atoms that are often used in experiments and have been shown to
give high intensity emission (Ishizumi et al., 2006). Though larger concentration of
Eu can be incorporated, experiments (Sawahata et al., 2006) show structural transition
from crystalline to polycrystalline around 2e3.5 at.% doping of Eu in GaN.

Sanna et al. (2009) have studied RE-vacancy defect pairs in GaN using a local den-
sity approximation plus onsite Coulomb interactionUwithin a tight-binding approach.
Their analysis showed that the RE dopants have a tendency to exist in a divalent state
in the presence of defects such as N vacancy. The presence of defects near RE ions also
reduces the local symmetry and can enhance the intra-4f level transitions. In addition,
defects can introduce shallow levels, which can act as assistant levels during transition.
Doping of Gd has been also studied (Nakhmanson et al., 2005) in GaN, and the pos-
sibilities of ferromagnetism and antiferromagnetism have been explored. Codoping of
Eu and Si in GaN has been studied from ab initio calculations (Bruno Cruz et al., 2012)
as a 5e10 times increase in emission has been observed due to the increase in the PL
lifetime.

In this chapter we review the results of ab initio calculations concerning the atomic
structure and magnetic properties of bulk GaN as well as GaN nanoclusters, doped
with selected RE atoms. The effects of codoping these materials with Si are also dis-
cussed. In Section 3.2 we describe the calculation methods that were used in these in-
vestigations. The analysis of bulk GaN and the doping with Eu are presented in Section
3.3 together with results from codoping with Si. Ab initio calculations by Bruno Cruz
et al. (2012) showed that Eu doping in GaN becomes energetically favorable by the
codoping of Si. The Si codoping breaks the local symmetry around Eu ions and leads
to shallow states below the conduction band (CB) that can facilitate intra-4f shell tran-
sitions. The excess of electrons in Si makes Eu behave as divalent and an enhancement
in the magnetic moment as the half-filled 4f states in Eu2þ produce an effective
magnetic moment, meff of 7.0 mB, where mB is the Bohr magneton. In Section 3.4
we present results dealing with preferred atomic structures and magnetic behavior of
GaN nanoclusters with different RE atoms substituting on Ga sites. The results of these
studies can help to understand the behavior RE doping in larger nanoparticles. Note
that doping of small size nanoclusters such as Cd13Se13 with one or two Mn atoms
has been achieved (Yang et al., 2015; Yu et al., 2010). Such doped nanoclusters
can be passivated and assembled into layers or other assemblies. While Mn-doped
II-VI nanoclusters such as those of ZnSe have been also studied theoretically
(Nanavati et al., 2011), for RE-doped nanoclusters, ab initio calculations were per-
formed on (GaN)n nanoclusters, doped with Gd and Nd by Kumar and Zavada
(2010), and Eu doping has been studied by Kaur et al. (2015). The atomic structures
of such doped nanoclusters have been optimized by including all the 4f electrons on
RE atoms. Cage structures of these GaN nanoclusters were found to be lower in energy
compared to bulk fragments that were fully optimized. Specific results show that
Eu-doping in GaN nanoclusters is favorable compared with bulk GaN as a large
fraction of atoms in a nanocluster lie on the surface where strain can be lower, in
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contrast to bulk GaN where often Eu-doping is associated with N vacancy formation.
Codoping of Si further facilitates Eu-doping as strain from an oversized Eu atom and
an undersized Si atom is compensated. In Section 3.5 we present summary of the main
findings and a brief discussion.

3.2 Methods of calculation

Calculations on bulk GaN with RE and other codopants were performed (Bruno Cruz
et al., 2012) using a 3�3�3 supercell of GaN wurtzite structure as shown in
Fig. 3.3(a). It has 108 atoms, which are sufficient to study the effects of substitutional
doping ofw1 at.% REs often used in experiments. The results of these calculations for
the local atomic structure and other electronic effects will also be good representatives
of systems with even lower RE concentrations. The dopants (RE atoms and Si) were
substituted on Ga sites and the positions of all the ions as well as the cell parameters
were fully optimized without any symmetry constraint until the force on each ion
became less than 0.005 eV/Å. The electroneion interaction was treated by using pro-
jector augmented wave pseudopotential method (Bl€ochl, 1994) as implemented in the
Vienna Ab initio Simulation Package (Kresse and Joubert, 1999). The calculations
were performed using high precision with the energy cutoff of 500 eV for the plane
wave expansion and generalized gradient approximation (GGA) (Perdew et al.,
1992) for the exchange-correlation energy. In these calculations the 3d states of Ga
were treated as valence states. The Brillouin zone was sampled by the G point for
the ionic and electronic optimizations while a 3 � 3 � 3 Monkhorst and Pack
k-points mesh (Monkhorst and Pack, 1976) was used for the density of states calcula-
tions. In the case of RE-doped systems, the 4f electrons were considered as part of the
valence electrons and treated in a scalar relativistic manner with spin-polarized calcu-
lations. Due to the localized nature of the f electrons, the effects of onsite Coulomb
interaction were also studied using a parameter U in GGA þ U formalism. The value
of the U parameter was taken following the literature on RE systems (Goumri-Said and
Kanoun, 2008; Madsen and Nov�ak, 2005; Rubio-Ponce et al., 2008; Steeneken et al.,
2002) in the range of 5e7.5 eV. Choosing slightly different values of U had only a
small effect on the positions of the spin-up and spin-down 4f states.

In the case of nanoclusters, a cubic cell of side 20 Å was used with periodic bound-
ary conditions and the Brillouin zone was represented by only the G point for k-space
integrations. The ionic positions were fully relaxed until the force on each ion became
less than 0.005 eV/Å and the energy was converged within 0.0001 eV. The valence
configuration for Ga, N, Si, and Eu atoms was taken to be 4s24p1, 2s22p3, 3s23p2,
and 5s25p64f76s2, respectively. Inclusion of 3d electrons as valence on Ga gave overall
a similar trend of the stability of different structures and generally the binding energy
improved by about 0.05 eV/atom. Here the results obtained by considering three
valence electrons on a Ga atom are given. The binding energy per atom, Eb, of different
nanoclusters was calculated from (nAE(A) þ nBE(B) þ nCE(C) þ nDE(D) e
E(ABCD))/(nA þ nB þ nC þ nD). Here E(X), (X ¼ A, B, C, and D) is the energy of
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a free X atom and E(ABCD), the energy for a nanocluster with nA, nB, nC, and nD atoms
of type A, B, C, and D, respectively. The formation energy for codoping was calculated
from the formula DHD ¼ E(Gan-x-yNnEuxDy) e E(Gan-xNnEux) e yE(D)/N þ yE(Ga)/N
where N ¼ 2n is the total number of atoms in the nanocluster and E(X) is the energy of
the system X with N atoms. For Si codoping the results show large formation energy
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Figure 3.3 (a) A 3�3�3 supercell of bulk GaN, (b) an Eu atom doped on a Ga site, (c) one Eu
and one Si atom codoped on Ga sites, (d) two Eu atoms doped on Ga sites, (e) two Eu atoms and
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positions of Eu and in (e) two positions of Si. (f) Few low-lying configurations (1 and 2), (1 and 3),
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After Bruno Cruz, A.V., Shinde, P.P., Kumar, V., Zavada, J.M., 2012. Phys. Rev. B 85, 045203.
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suggesting it to be highly favorable. We also discuss the results for the case of two RE
atoms doped in nanoclusters to understand the magnetic interactions between the
dopants.

3.3 Doping of bulk GaN with Eu and codoping with Si

In this section we discuss the results for the doping of one and two Eu atoms in the
supercell of bulk GaN and also codoping with Si in the supercell. As a reference,
we also present the results for pure GaN.

3.3.1 Pure GaN and bulk GaN doped with Eu

For bulk GaN, the calculated lattice parameters in the wurtzite structure are
a ¼ 3.223 Å and c ¼ 5.212 Å with c/a ¼ 1.617. These are in very good agreement
with the experimental values of 3.19 and 5.18 Å with c/a ¼ 1.624 (Edgar et al.,
1999). The cohesive energy is calculated to be 4.373 eV/atom and it is also in good
agreement with the experimental value of 4.53 eV/atom. The calculated band gap is
1.71 eV and it is significantly underestimated compared with the experimental value
of 3.4 eV. This is due to the use of GGA. The valence band (VB) of GaN has mainly
the 2p states of N with an admixture of (4s,4p) states of Ga.

When a Eu atom is doped on a Ga site in a 3�3�3 supercell of GaN as shown in
Fig. 3.3(b), the optimized atomic structure shows (Bruno Cruz et al., 2012) that there is
a local C3v symmetry around the Eu ion as it is also inferred from experiments. The
nearest neighbor EueN bond length along the symmetry axis (z-axis) is 2.30 Å while
the other three EueN bonds are 2.25 Å compared to the value of 1.96 Å for the GaeN
bond in bulk GaN. Therefore, the local symmetry around the Eu ion is reduced
compared to the Ga ion in bulk GaN. Sanna et al. (2009) obtained the values of
2.27 and 2.24 Å using a tight-binding method. Therefore the doping of a Eu atom
on a Ga site in GaN leads to about 15% outward relaxation in the bond lengths around
Eu and also the deformation of the neighboring lattice structure as the GaeN bonds
nearest to the Eu atom are compressed (bond lengths of 1.92e1.94 Å) while the sec-
ond and third nearest GaeN bonds from Eu have values in the range of 1.92e1.98 and
1.94e1.97 Å, respectively. These results show that the Eu doping affects bonds up to
several neighbor distances. The lattice parameters a and c expand slightly to 3.237 and
5.227 Å, respectively, in agreement with the experimental result of Seo et al. (2008).
Most importantly these calculations showed that there is a large energy cost of 1.84 eV
due to the doping of a Eu atom in GaN and overall the cohesive energy of GaN:Eu
decreases due to the deformation of the lattice. The strain energy of the deformation
or the deformation energy of the structure is calculated by subtracting the energy of
the pure bulk GaN from the energy of the deformed structure due to doping of Eu
atom(s) but Eu replaced with Ga. The value of the deformation energy is 2.04 eV.
Therefore we can say that from a chemical bonding point of view there is a small
gain of 0.2 eV when Eu is doped in place of Ga but the deformation cost is very large.
Further Eu atom on a Ga site in GaN is in a trivalent state and there are six unpaired 4f
electrons leading to a net magnetic moment of 6 mB. The spin-polarized density of
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states (Fig. 3.4) shows that the spin-up 4f states lie close to the top of the VB of GaN
and have a hole while the spin-down 4f unoccupied states lie above the band gap in the
CB region. As the band gap is underestimated in GGA, it is likely that a more accurate
description of the occupied and the unoccupied states could lead to the spin-down 4f
states lie close to the CB minimum since the bottom of the CB would move upward to
increase the band gap (Svane et al., 2010). This can reduce the hybridization of the 4f
states of the RE atoms with the GaN states and lead to their narrower distribution.

For two Eu atoms in the supercell corresponding to about 2 at.% doping of Eu in
bulk GaN, the most favorable positions are the consecutive Ga sites along the z-axis
with a separation of 4.97 Å as shown by position 1 in Fig. 3.3(d). This is in contrast
to the nearest neighbor GaeGa separation of 3.21 Å. This result shows that the Eu
atoms avoid nearest neighbor Ga sites. The total cost to dope two Eu atoms is
3.01 eV and it is 0.67 eV less than twice the value for one Eu atom. This means
that rather than keeping Eu atoms far away in the case of very small doping, it is ener-
getically favorable to have a kind of clustering of Eu atoms. The deformation energy of
the lattice due to two Eu atoms is 4.39 eV and this suggests that there is higher chem-
ical bonding of two Eu atoms in GaN. This result of the formation of clustering of
Eu atoms does not mean the formation of EuN as also inferred from experiments
(Seo et al., 2008) because position 2 corresponding to the nearest neighbor Ga site
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left column panels, and the angular momentum decomposed electronic densities of states
(central and right column panels) for GaN, GaN doped with one Eu in the supercell, and GaN
codoped with Eu and Si. For the Eu doping cases spin-polarized densities of states are shown
(upper curves for up spin and lower curves for down spin). 3p states of Si and 4f states of Eu are
marked. Vertical broken line shows the top of the valence band.
After Bruno Cruz, A.V., Shinde, P.P., Kumar, V., Zavada, J.M., 2012. Phys. Rev. B 85, 045203.
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in Fig. 3.3(d) for the second Eu lies 0.759 eV higher in energy as compared to the case
where the second Eu atom is on position 1. In the lowest energy configuration, for one
Eu atom three EueN bonds are 2.26 Å and one EueN bond is 2.33 Å while for
another Eu atom three bonds are 2.26 Å and one bond is 2.39 Å. This leads to a
compression of the nearest neighbor GaeN bonds that are 1.91 and 1.95 Å while
the bond lengths for the next nearest neighbor GaeN bonds from Eu are in the range
of 1.93e1.94 and 2.01 Å. There is a slight expansion in the lattice so that a and c
parameters further increase to 3.250 and 5.239 Å, respectively, in agreement with
the results of Seo et al. (2008) who reported a shift in the XRD peak position to slightly
lower angle for 2 at.% Eu doping in GaN. Both the Eu ions are in 3þ states. As shown
in Fig. 3.5, the spin-up 4f states have two holes and the band of the 4f states becomes
slightly broader. There is low density of states near the bottom of the CB, which
decreases the band gap. Such states could facilitate energy transfer from the host to
the Eu impurity.

3.3.2 Codoping of Si and Eu in bulk GaN

Codoping of Si with Eu in bulk GaN was studied by Bruno Cruz et al. (2012). Exper-
iments (Wang et al., 2009) have shown that a low concentration of Si of about
0.04 at.% does not improve the PL intensity of GaN:Eu much, but by increasing the
Si concentration to about 0.05 at.%, the PL intensity increases 5 to 10 times while a
further increase in the Si concentration to about 0.07 at.% decreases the PL emission
and at about 0.1 at.% Si, the PL emission becomes w1000 times lower (see Fig. 3.1).
Around this concentration of Si, Eu concentration also has similar values and a broad-
band emission was obtained in the blue region. Note that for GaN:Eu there is red emis-
sion without Si codoping. Therefore the amount of Si codoping affects the properties
of GaN:Eu very significantly. For Si codoping, Bruno Cruz et al. (2012) considered the
Ga sites bonded to any of the three basal N atoms neighboring the Eu ion. There are
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two neighboring Ga atoms (A-type sites in Fig. 3.3(c)) to such an N atom in the basal
plane and one axial Ga atom (site B in Fig. 3.3(c)). There is another possible Ga site
(site C in Fig. 3.3(c)) that is nearest neighbor to an axial N, which is nearest neighbor to
the Eu ion. Codoping of Si at site A is about 0.68 eV (0.74 eV) lower in energy than at
site B (C). In the lowest energy configuration A, the four EueN bonds lie in the range
of 2.26e2.32 Å. Silicon codoping breaks the C3v symmetry around the Eu ion and this
could help in increasing the probability of intra 4f transitions. Significantly, Si codop-
ing lowers the energy by 2.37 eV compared with pure GaN and by 4.22 eV compared
with the case of one Eu-doped GaN in the supercell. Calculations show that the doping
of a Si atom alone on a Ga site in the GaN supercell leads to a gain of 3.99 eV. This is
less compared to the energy gain of 4.22 eV when Si is codoped with Eu atom in GaN.
Therefore the energy gain is increased when Si is codoped with Eu. Accordingly, we
can say that Si facilitates doping of Eu and it increases the stability of the doped
system.

What leads to this behavior? A close look at the atomic structure shows that for Si
doping alone, the SieN bonds are shorter (three bonds of 1.803 Å in the basal plane
and the axial SieN bond length of 1.796 Å) compared with the GaeN bond length of
1.96 Å in pure GaN. Therefore Si doping on a Ga site in GaN leads to an expansion of
the neighboring GaeN bonds to 2.03 Å. This is the reverse of the compression we find
for the Eu doping case. Therefore, codoping of Si and Eu can effectively reduce the
strain and that is why Si codoping facilitates Eu in GaN. From an electronic point
of view, as Si is tetravalent, there is an extra electron from each Si added in the super-
cell. Calculations showed (Bruno Cruz et al,. 2012) that this electron is transferred to
Eu and accordingly the Eu ion behaves as divalent with the spin-up 4f states becoming
fully occupied (Fig. 3.4). This also increases the magnetic moment on the Eu ion to
7 mB. The charge transfer to the Eu site pushes the 4f level upward and the spin-up
4f levels lie in the band gap above the VB of GaN. This also reduces the hybridization
of the 4f states with the VB and they appear as sharp energy levels in the density of
states plot. The optimized lattice parameters a and c become 3.235 and 5.219 Å,
respectively. Accordingly with Si codoping there is a small contraction compared to
the case of the doping of Eu atom alone. The spin-down 4f states also move up in
the CB.

To further study the effects of different concentrations of Si codoping, Bruno Cruz
et al. (2012) considered one and two Si atoms with two Eu atoms in the 3�3�3 GaN
supercell. The Si atoms were substituted on Ga sites in such a manner (Figs. 3.3(e) and
(f)) that Si and Eu atoms were connected through common N ions. For one Si codoping
case Si was connected to both the Eu ions via N ions (site 1 in Fig. 3.3(e)). Also site 2
in Fig. 3.3(e) is energetically nearly degenerate with site 1. For the case of codoping of
two Si atoms, the lowest energy configuration is shown in Fig. 3.3(f) and the two Si
atoms are on sites 1 and 2 while the other configurations (1) þ (3) and (1) þ (4) lie
about 0.25 and 0.35 eV higher in energy, respectively, compared with the lowest en-
ergy configuration. There is a higher gain of 4.96 eV for codoping of two Si atoms
compared with 1.44 eV for codoping of one Si atom with two Eu atoms. The net mag-
netic moment is 13 and 14 mB for the codoping of one and two Si atoms along with two
Eu atoms, respectively. This suggests ferromagnetic coupling between the spins on Eu
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ions. Note that for only two Eu doping the net magnetic moment is 12 mB. Therefore Si
codoping tends to increase the net magnetic moments. As in the case of codoping of
one Si with one Eu, the 4f states move up in the band gap in the case of codoping of
two Si atoms as shown in Fig. 3.5. The hybridization of the occupied spin-up 4f states
with the VB is quite small compared to the case of two Eu doping alone. Also the sep-
aration between Eu ions increases to 5.13 Å and this would further reduce the hybrid-
ization between the 4f states of Eu ions and would likely lead to a weaker interaction
between the two Eu ions. This will also weaken the magnetic coupling. As shown in
Fig. 3.5, the peak in the density of states corresponding to 4f states becomes narrower
after Si codoping. Also there are shallow states near the bottom of the CB. Therefore
from these results we can say that for very low codoping of Si, the effect on PL can be
expected to be small as the 4f states would remain very close to the top of the VB of
GaN. With an increase in Si concentration the 4f states will split-off the GaN VB
maximum, become sharper, and have shallow states. These features could lead to
enhancement in PL. With nearly equal concentration of Eu and Si, Eu ions will behave
as divalent and this can explain the observation of broad blue emission. There are re-
ports of blue emission from Eu2þ ions in AlN (Hirosaki et al., 2007)-and GaN-coated
SiO2 nanoparticles GaN@SiO2 (Gautam and van Veggel, 2011).

As the distribution of the 4f electronic states is narrow, Bruno Cruz et al. (2012) also
considered the effects of onsite Coulomb interaction within GGA þ U formalism tak-
ing an effective U value of 6 eV. The inclusion of U shifts the spin-up 4f states deeper
in the VB and the spin-down 4f states upward in the CB. Therefore the hybridization
between the 4f states and the CB as well as the VB states increases and this makes the
distribution of 4f states broader. With Si codoping the occupied spin-up 4f states shift
again in the band gap and the distribution becomes even narrower compared with the
case of U ¼ 0. However, the effect of including U on the atomic structure is small. The
cost of doping one and two Eu atoms in GaN supercell increases by 0.18 and 1.26 eV,
respectively. However, with Si codoping the energy is lowered by 1.07 and 1.11 eV,
respectively for 1Eu þ 1Si and 2Eu and 2Si cases as compared to the case
when U ¼ 0.

3.4 Doping of rare earths in GaN nanoparticles

RE-doped compound semiconductor nanoparticles are of great interest for imaging,
optoelectronic devices, thermal sensing, biomedical, and photovoltaic applications
(Colvin et al., 1994; Bouzigues et al., 2011; O’Donnell and Hourahine, 2006; Dahal
et al., 2009; Hirosaki et al., 2007, Wang and Steckl, 2003; Zhang et al., 2007; Steckl
et al., 2002). Many of the photophysical properties of lanthanides are temperature
dependent such as the emission intensity and the excited-state lifetime. The tempera-
ture sensitivity of the emission raises the exciting possibility of using nanoparticles for
high-resolution contactless thermal sensing. Another exciting application is the photon
upconversion, which makes use of the energy transfer between dopant ions. It is
attracting great interest. In a host codoped with Yb and either Er or Tm, low-energy
photons were absorbed by the Yb3þ ions, and higher-energy photons were emitted
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by the Er3þ or Tm3þ. This has important implications for solar-cell efficiencies, which
can be dramatically improved by using upconversion nanoparticles to harvest abun-
dant near-IR radiation, which normally goes to waste, and convert it into photons
with energies above the cell’s semiconductor band gap. Core-shell nanoparticles are
of interest as the distribution of the dopants can be manipulated.

Eu doping in GaN powders (Wu et al., 2006; Poitras et al., 2006), quantum dots
(Hori et al., 2004a,b; Andreev et al., 2005), nanograins (Kudrawiec et al., 2006),
and nanoparticles (Pan et al., 2012; Hori et al., 2006) as well as other REs in different
nanoparticles including coreeshell have been studied experimentally. However, there
has been little theoretical progress to understand the effects associated with the doping
of RE atoms in nanoparticles. The size of the nanoparticles in experiments is often
about a few nm in diameter, which is difficult to treat from ab initio calculations.
Such large nanoparticles are likely to have bulk atomic structure inside while their sur-
faces are likely to have reconstruction. Such reconstructions are also found on semi-
infinite surfaces. Ab initio calculations on small nanoparticles/nanoclusters show
that the atomic structures of the nanoclusters and small nanoparticles of about 1 nm
diameter are often quite different from bulk. GaN nanoparticles with w1 nm diameter
have fullerene-like structures (Kaur et al., 2012) in contrast to the wurtzite structure in
bulk. The atomic structures of nanoparticles of semiconductors such as GaN with
about 100 or more atoms have not been much explored. Kaur et al. (2012, 2013) stud-
ied the atomic and electronic structure of small GaN, AlN, and InN nanoparticles and it
was shown that nanoparticles of GaN and AlN having up to 32 III-N molecules have
empty cage structures while (InN)32 was shown to have a rocksalt cubic structure. Bulk
III-nitrides are known to undergo structural transition from wurtzite to rocksalt under
pressure, but in InN nanoparticles this happens without the application of any pressure.
The atomic structures of larger clusters/nanoparticles are still not well understood. Cal-
culations (P. Kaur, S.S. Sekhon, and V. Kumar, unpublished.) on GaN clusters having
up to about 200 atoms do show the preference for cage-type structures. A large fraction
of atoms in these structures lie on the surface. This can give rise to a high probability of
doping RE atoms since on the surface strain due to doping of another type of atom can
be small. But in small nanoparticles, the bond lengths are generally shorter compared
with the bulk and there is often a distribution of interatomic distances. This would lead
to site selectivity and a proper understanding from ab initio calculations is necessary.
The surface of even a large GaN nanoparticle can have significant sp2 bonding char-
acter as it has been also found on some surfaces of bulk GaN (Neugebauer, 2001).
Therefore, an understanding of the RE doping in small GaN clusters could give useful
information for understanding the behavior in large nanoparticles as well.

3.4.1 Doping of GaN nanoparticles with Eu and
codoping with Si

Eu-doped GaN nanoparticles and the effects of Si codoping on their stability and elec-
tronic structure have been studied by Kaur et al. (2015). They concluded that in nano-
particles, it may be energetically possible to dope Eu and other lanthanides in contrast
to bulk and that codoping of, for example, Si could further facilitate the RE doping.
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Therefore, similar to the behavior in bulk GaN as discussed earlier, codoping can be a
useful approach to achieve stability of RE atoms in different hosts at the nanoscale.
Mitchell et al. (2014) reported the formation of nitrogen vacancies in bulk GaN due
to the size mismatch arising from Eu doping. In nanoparticles surface is an extended
defect where strain can be lowered. Experiments have shown that the PL from RE-
doped hosts is site specific (Fujiwara and Dierolf, 2014) and depends on the atomic
structure and deviation from a symmetric environment around the Eu site. Therefore
how Ga and N defects are arranged in the vicinity of the Eu ion has important impli-
cations for improved excitation efficiency. The codoping of Si or Mg ions is helpful in
reducing the symmetry as well as the creation of proper defect sites around the RE ions
in bulk GaN. This can be quite different in nanoparticles as there are often structural
changes and there could be sites with different environments as compared to bulk. The
doping could be inside or on the surface of the nanoparticles and we would like to un-
derstand whether codoping in nanoparticles would be similar to bulk GaN. Kaur et al.
(2015) studied from ab initio calculations doping of a Eu atom in (GaN)n (n ¼ 12, 13,
and 32) nanoclusters as representatives of small sizes. In particular they asked the
questions: (1) if Eu doping in GaN nanoclusters becomes energetically favorable in
contrast to bulk; (2) if it would lead to a transition from an empty cage to a
3D-filled cage structure of GaN nanoclusters and, if so, whether Eu goes inside the
nanoclusters or on the surface; and (3) the effect of Si codoping on the stability, charge
distribution, and the electronic structure.

For the undoped small GaN nanoparticles/nanoclusters, empty cage formation
similar to that of the BN cages is most favorable. In BN cages there are
four-membered and six-membered rings unlike pentagons and hexagons in carbon
fullerenes because of the polar covalent bonding between B and N, which does not
favor odd-member rings. However, as we go down in the periodic table, clusters
and small nanoparticles of group IV elements do not favor the formation of cage
structures as does carbon. Instead filled fullerene cages become favorable as does
Si. A similar behavior has been obtained (Kasuya et al., 2004) for CdSe nanoparticles.
Doping of RE atoms can affect the atomic structure and in particular if filled cages
become lower in energy compared with the empty cage structures without doping.
Figs. 3.6 and 3.7 show the optimized atomic structures of n ¼ 12, 13, and 32 nanoclus-
ters doped with a Eu atom and for codoping of Eu and Si at different Ga sites in
hexagons and rhombi. At a hexagonal site the bonding tends to be predominantly
sp2 type while at a rhombus site the bonding becomes more sp3 like. The GaN bond
length is shorter for sp2 bonding configuration compared with the value in sp3

configuration as it is also the case for carbon. This is important and it is likely to affect
the preference for substitution of Eu and Si on Ga sites.

The smallest cage (GaN)12 has eight hexagons and six rhombi and all the Ga sites
are equivalent. When one Eu atom is doped on a Ga site, the cage is slightly distorted
as the EueN bond is significantly longer (2.286 Å) than the GaeN bonds. This leads
to an outward relaxation around the Eu ion and similar to bulk GaN, the nearest
neighbor GaeN bonds become contracted in the range of 1.876e1.938 Å compared
with 1.879e1.954 Å for the undoped (GaN)12. Because the EueN bond in (GaN)12
nanoparticle is longer than 2.25 Å in bulk GaN, it indicates more outward relaxation
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and lowering of the strain in nanoparticles. Its consequence is that Eu doping in GaN
nanoparticles is energetically favorable by 0.40 eV in contrast to the cost of 1.84 eV in
bulk GaN. The binding energy of the Eu-doped nanoclusters also increases, indicating
enhanced chemical bonding by Eu doping.

Calculations on codoping of Si and Eu on Ga sites in (GaN)12 show that the lowest
energy isomer (Fig. 3.6, 12(b)) has Si on a Ga site that is nearest neighbor to the Eu
atom such that both Si and Eu are on the same rhombus. This configuration is most
favorable because as mentioned earlier, in a rhombus the bonding is more sp3-like
with longer GaeN bonds compared with predominantly sp2 bonding in hexagons.
The strain by an oversized Eu atom is lower at such a site. Furthermore, since the
SieN bond is short (1.692 Å), the strain due to an oversized Eu and an undersized Si
can be compensated when both Eu and Si are on nearest neighbor Ga sites. After Si
codoping, the EueN (SieN) bond length is 2.337 Å (1.692 Å) while the neighboring
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Figure 3.6 Different isomers of empty and filled cage structures for Eu-doped and Eu þ Si-
codoped (GaN)n (n ¼ 12 and 13) nanoclusters. For (GaN)12, all Ga sites are equivalent and for
Eu doping only one case is shown in 12(a). Codoping of Eu and Si is favored on Ga sites on the
same rhombus as shown in 12(b). For n ¼ 13, the lowest energy isomer is shown in 13(a) and the
energy of the other isomers is given in brackets in eV. The energy of the lowest energy isomer
has been taken as the reference. Cage structures 13(b) to 13(f) are favored over 3D structures
(filled cage isomers) shown in 13(g) to 13(i).
After Kaur P., Sekhon, S.S., Zavada, J.M., Kumar, V., 2015. J. Appl. Phys. 117, 224301.

118 Rare Earth and Transition Metal Doping of Semiconductor Materials



GaeN bonds become slightly elongated with the bond lengths in the range of
1.883e1.928 Å. Si codoping with Eu leads to a large gain of 4.27 eV, making the
nanoclusters energetically more favorable compared with Eu doping alone.

For n ¼ 13, Eu doping was studied in empty and filled cage isomers and the opti-
mized structures are shown in Fig. 3.6. In the filled cage, the Eu atom can bind with
four N atoms (three on the cage and one inside) compared with three N atoms in an
empty cage. In the empty cage (Fig. 3.6 (13a, b)), doping of Eu on a Ga site in a hexa-
gon or a four-membered ring leads to only a small difference of 0.06 eV in energy with
the hexagon slightly more favorable. For the filled cage, the optimized lowest energy
structure is shown in Fig. 3.6 (13c) and it is 1.90 eV higher in energy than the empty
cage isomer. This is due to the fact that the empty cage isomer of (GaN)13 is 2.158 eV
lower in energy (Kaur et al., 2012) than the filled cage. With Eu doping this difference
is reduced.
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Figure 3.7 Different empty (a, b, e, f, and g) and filled (c, d, h, and i) cage isomers of (GaN)32
doped with Eu (aed) and codoped with Eu and Si (eei). Other details are the same as in Fig. 3.6.
After Kaur, P., Sekhon, S.S., Zavada, J.M., Kumar, V., 2015. J. Appl. Phys. 117, 224301.
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With Si codoping, the optimized atomic structures are shown in Fig. 3.6 (13dei).
Calculations show that the empty cage with Eu at a rhombus site and Si at a distorted
hexagonal site has the lowest energy (13d) while the isomer with both Eu and Si doped
on the same rhombus (13e) is slightly (0.26 eV) higher in energy. The filled cage iso-
mers (13gei) lie 0.87e2.19 eV higher in energy. An interesting finding was that the
energy difference between the empty and filled cage isomers reduces significantly
as compared to only Eu doping case. This suggests that Si codoping can induce a tran-
sition to 3D structures for larger nanoparticles. This can be expected because Si favors
sp3 bonding and in large GaN nanoparticles the bonding would be close to sp3 type.

For (GaN)32 also, empty cage isomers (32a, b, e, f, and g) lie lower in energy than
the filled cage isomers (32c, d, h, and i). With Eu doping the lowest energy isomer was
shown to have Eu at a rhombus site (32a) and interestingly a gain of 0.40 eV compared
with the undoped cage. The filled cage of (GaN)32 has a distorted cuboidal unit inside
n ¼ 28 cage (Kaur et al., 2012), and it lies 0.576 eV higher in energy than the empty
cage isomer. Studies of different possibilities of Eu doping on a Ga site both inside and
on the surface of the filled cage (32c, d) showed that these isomers are 1.50 eV (32c)
and 3.54 eV (32d) higher in energy than the empty cage isomer. Furthermore, the iso-
mer with Eu doping on the surface of the filled cage (32d) is much higher (3.54 eV) in
energy compared with the isomer with Eu doped on a site inside the cage (1.50 eV) as
shown in Fig. 3.7 (32c). These results can have important implications for the distri-
bution of RE atoms in larger nanoparticles.

The previous result that an Eu atom is relatively more favorable inside the cage than
on the surface could be due to more EueN bonds inside the cage and the fact that the
cage is not tightly filled so that the strain inside is not large while on the surface, the
bonds are contracted and this can make doping at the surface expansive. This result
could have important implications for Eu or other RE doping in large 3D nanoparticles.
As the chemical bonding between Eu and N is better than in GaeN, sites with local sp3

bonding are more favorable. Also at such sites the bond length is longer compared to
sites with local sp2 bonding. Nanoparticle surfaces can have significant sp2 bonding,
and therefore doping at subsurface sites could be very likely. When Si is codoped
(32eei), an empty cage isomer with Eu and Si (32e) on the same rhombus has the
lowest energy. Again the EueN bond (2.378 Å) and SieN bond (1.680 Å) compen-
sate strain in the nanoparticle. Empty cage isomer with Eu at a rhombus site and Si
at a hexagon site (32f) lies 0.50 eV higher in energy, while an isomer with both Eu
and Si in a hexagon (32g) has 1.34 eV higher energy. A filled cage isomer (Fig. 3.7
(32h)) with Eu and Si both in the core lies 1.39 eV higher in energy while another filled
cage isomer (Fig. 3.7 (32i)) with Eu inside the cage and Si on the surface is 2.30 eV
higher in energy than the minimum energy empty cage isomer. Silicon codoping with
Eu in (GaN)32 nanoparticles lowers its energy by 4.573 eV as also in bulk GaN. There-
fore, Si codoping increases the stability of the nanoparticles also. The extra electron
from Si changes Eu into a þ2 charge state with 4f7 electronic configuration and there
is 7 mB magnetic moment. In general, Si codoping lowers the symmetry that could
facilitate intra 4f transitions. The formation energy for Si codoping in n ¼ 12, 13,
and 32 Eu-doped GaN nanoclusters is �2.705, e2.832, and �3.059 eV, respectively.
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A large negative value suggests that Si codoping is strongly favorable in GaN nano-
particles and it becomes increasingly more favorable as the size grows.

3.4.2 Doping of GaN nanoparticles with Gd and Nd

Kumar and Zavada (2010) studied doping of Gd and Nd atoms in small (GaN)n cages
with n ¼ 12, 16, and 22. (GaN)16 has a cubic cage structure. These were shown to be
lower in energy than bulk fragments. Substitution of one or two Gd or Nd atoms on Ga
sites in these cages showed 7 (3) mB magnetic moment per Gd (Nd) in all cases as the
RE atom behaves like a trivalent atom. Three electrons from either Gd or Nd partici-
pate in bonding with N and the remaining 4f electrons give rise to the magnetic mo-
ments. The coupling between the spins is ferromagnetic but it is weak. For the
doped case the cubic symmetry of the cage is broken. The spin-up 4f levels of
the Gd atom are fully occupied and lie about 3 eV below the highest occupied molec-
ular orbital (HOMO) while the down-spin 4f levels are completely unoccupied and lie
about an eV above the lowest unoccupied molecular orbital (LUMO) due to large ex-
change splitting. This behavior is different from the case of Eu atom doping. Doping of
Gd has also been studied in alumina nanoclusters (Rahane et al., 2012) and it has been
found to be energetically favorable compared with the doping of Gd in bulk alumina.
Each Gd atom has 7 mB magnetic moments and the magnetic coupling between two Gd
dopants was found to be weak (Fig. 3.8).

3.5 Conclusions

Our work has focused on ab initio calculations of bulk GaN and (GaN)n nanoclusters
doped with Eu, along with codoping of Si. The results clearly indicate that codoping of
Si facilitates the inclusion of Eu in the wurtzite lattice as well as in the (GaN)n struc-
tures. The atomic structures of nanoclusters permit various atomic configurations

Figure 3.8 The optimized atomic structures of (a) one Gd- or Nd-doped (GaN)12, (b) two Gd- or
Nd-doped (GaN)12, (c) and (d) two Gd- or Nd-doped (GaN)22. For Gd the configuration (d) is
about 0.08 eV lower in energy compared with the configuration in (c), both with 14 mB magnetic
moment. Green, pink, and blue balls represent RE, Ga, and N atoms, respectively.
After Kumar V., Zavada J.M., 2010. Proc. SPIE 7602, 7602 0E.
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based on the number of specific atoms. In all of these studies, the magnetic effects are
enhanced due to the codoping of Si. We have also treated (GaN)n nanoclusters doped
with either Gd or Nd and found similar results.

In general, Eu doping leads to lowering of the local symmetry on a Ga site with sig-
nificant deformation so that it is energetically highly unfavorable costing 1.84 eV. The
lower symmetry can facilitate intra-4f shell transitions. It has been found that codoping
of Si lowers the energy and there is a net gain compared with pure GaN. Moreover Si
codoping facilitates Eu doping since the gain is more than the sum of the gain and cost,
respectively, due to the doping of Si and Eu individually. This is due to the compen-
sation of strain from an oversized Eu atom and an undersized Si dopant. Also, there is a
further reduction in the local symmetry around the Eu ion compared with Eu alone, and
it can enhance intra-4f transitions. Eu ions in GaN behave as trivalent species, but with
the addition of tetravalent dopant Si, there is charge transfer to Eu and it behaves as
divalent with the enhancement in the magnetic moments to 7 mB on each Eu, and there
is ferromagnetic coupling between the spins on Eu ions. Si codoping reduces hybrid-
ization of the 4f states of Eu with the host, making the 4f states sharply distributed. This
could lead to a long lifetime for luminescence, as observed. The electronic structure
and the valence state of Eu are sensitive to the changes in Si concentration. Therefore,
it can affect significantly the PL, as also was observed.

The results on (GaN)n nanoclusters show that Eu doping is energetically favorable
compared with bulk GaN. In nanoparticles the strain is significantly reduced due to the
presence of a surface. In nanoparticles there is generally a variation in the bond lengths
and coordination number. It can lead to a variation in the bonding characteristics and
selectivity in the distribution of RE atoms. Similar to bulk GaN, Si codoping further
facilitates Eu doping with a large gain in energy.

While our calculations have dealt with only a subset of RE elements, namely Eu,
Gd, and Nd, some generalizations emerge. Codoping with a smaller atom, such as
Si, provides an interesting strategy to stabilize RE inclusion in GaN and other III-V
nitride host materials. In our work, codoping GaN:Eu with Si produces a higher mag-
netic moment. Codoping GaN:Eu with other small atoms, such as Mg or O, is likely to
facilitate the RE doping. However, it is not clear that the optical and magnetic proper-
ties will likewise be enhanced. Specific material systems consisting of a semiconductor
and RE atom need to be addressed individually.

Our results indicate that spin-polarized LEDs, based on active regions of GaN:Eu,
codoped with Si, are clearly feasible. The growth technology has certainly been estab-
lished for fabrication of such structures (Koizumi et al., 2015, in this volume). One of
the many questions that remain is whether the magnetic properties of such epilayers
can be altered with application of an external electric field. Experiments need to
explore this possibility. The (GaN)n nanoparticles offer many novel device applica-
tions. These powders can be imbedded in other materials to form optical and magnetic
composites. The strain due to Eu doping as well as variations in local atomic structure
will in general has reduced symmetry around a Eu ion in such nanoparticles and
enhance intra 4f level transitions. In addition, the nanoparticles may be deposited on
Si electronic chips to produce multifunctional capabilities. In all of these examples,
further analysis and experimental work is warranted.
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4.1 Introduction

4.1.1 Objectives and background

In this chapter we will consider the possibility of incorporating rare-earth (RE) ele-
ments into semiconductor lattices with an eye on designing new dilute magnetic semi-
conductor (DMS) materials. Among the qualities of RE elements that make them
attractive for this purpose are their large magnetic moments (see Table 4.1), which
may be exploited for designing magnetic properties of these materials. To proceed
in this direction, we have the opportunity to build on our extensive experience with
the family of already established DMSs, and especially on the rich literature involving
II1�xMnxVI and III1�xMnxV alloys. However, in considering the options made
possible by involving the REs in this role, we should also recall that the earliest mag-
netic semiconductors (in this case binary compounds rather than ternary alloys) were
in fact based on RE elements; for example, EuS and EuSe (Proceedings, 1970;
Enz et al., 1962; Vanhouten, 1962; Reed and Fahey, 1971). In exploring this subject
we can additionally build on the already existing rich literature in the area of incorpo-
rating RE ions in semiconductor lattices, which has been carried out for the purpose of
a wide range of optical effects (Kumta and Risbud, 1994; Zavada and Zhang, 1995;
Steckl et al., 2002; Kenyon, 2002; Bunzli et al., 2007; Steckl et al., 2007). We illustrate
this latter aspect by Fig. 4.1, which shows interlevel transition energies of several REs
incorporated in dilute amounts into the GaN lattice for laser applications (Steckl et al.,
2007). While this latter effort is unrelated to magnetic properties, it contributes signif-
icantly to our know-how regarding the incorporation of RE ions into the semicon-
ductor lattice, which may thus be exploited for purposes discussed in this chapter.

Originally the field of DMSs started out with II1�xMnxVI alloys (Furdyna and
Kossut, 1988; Furdyna, 1988; Gaj and Kossut, 2011). The success of this family of
materials was based on the ease of incorporating Mn ions by substitution for the
group-II elements in the parent II-VI semiconductor lattice, owing to the preference
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of this element for the divalent state. We note parenthetically that, although Mn played
a dominant role in these early DMS studies, it was also possible to extend the concepts
established in that work to transition metals (TMs) other than Mn (eg, Co) in the II-VI
lattice (Lewicki et al., 1989). These alloys are examples of isovalent incorporation of
magnetic cations, and are typically paramagnetic, tending toward antiferromagnetism
as the concentration of magnetic ions becomes large. We will use these alloys as a con-
ceptual precursor for considering their ternary RE analogs in Section 4.2.1.

The field of DMSs acquired new impetus with the emergence of ferromagnetic
(FM) DMS alloys such as In1�xMnxAs and Ga1�xMnxAs (Dietl et al., 2009; Ohno
et al., 1991, 1996; VanEsch et al., 1997; Ohno, 1999). These III1�xMnxV materials
differ qualitatively from the II1�xMnxVI family in that now the Mn ions, while still
retaining their preferred divalent state, substitute for a group-III element (ie, the sub-
stitution in this case is heterovalent), bringing not only magnetic moments into the
system, but also becoming acceptors. The holes arising from the acceptor nature of
Mn2þ then provide an RKKY-like medium of exchange between magnetic moments

Table 4.1 Atomic, covalent, and ionic radii, and magnetic moments
of rare earths (Lide, 2004)

Atomic
radii
(pm)

Covalent
radii
(pm)

Ionic radii (pm)
coordination
number [ 8

Magnetic moment (mB)
meff [ g

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
JðJD1Þp

mB
a

RE2D RE3D RE4D RE2D RE3D RE4D

La 187.9 207 118 0

Ce 183.2 204 114 97 2.54 0

Pr 182.8 203 114 96 3.58 2.54

Nd 182.1 201 112 3.62

Pm 181.1 199 110 2.68

Sm 180.4 198 127 109 0 (3.4) 0.85

Eu 204.2 198 125 107 7.94 0 (3.4)

Gd 180.1 196 106 7.94

Tb 178.4 194 104 88 9.72 7.94

Dy 177.4 192 103 10.63

Ho 176.6 192 102 10.58

Er 175.7 189 100 9.58

Tm 174.6 190 108 99 4.54 7.56

Yb 193.9 187 107 98 0 4.54

Lu 173.5 187 97 0

ag is the Lande factor and J is the total angular momentum.
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localized on the Mn ions, resulting in ferromagnetism (Mahadevan et al., 2004). In
Fig. 4.2 we illustrate the quality of FM properties of these alloys in the form of spec-
tacularly square hysteresis loop observed in Ga1�xMnxAs (Cho et al., 2008). Such non-
isovalent incorporation of the magnetic element in III1�xMnxV systems can then serve

x = 0.16
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Figure 4.2 Hysteresis loops observed at 5 K in Ga0.84Mn0.16As and Ga0.84Mn0.16As:Si films
grown by low-temperature MBE. Magnetic field is applied along the in-plane h100i easy axis
of the films.
After Cho, Y.J., Yu, K.M., Liu, X., Walukiewicz, W., Furdyna, J.K., 2008. Effects of donor
doping on Ga1�xMnxAs. Applied Physics Letters 93, 262505.
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Figure 4.1 Wavelength scale indicating emissions obtained from various REs incorporated into
the GaN lattice. The figure also compares these RE emissions with lasing wavelengths from
several well-known semiconductor materials.
Adapted from Steckl, A.J., Park, J.H., Zavada, J.M., 2007. Prospects for rare earth doped GaN
lasers on Si. Materials Today 10, 20e27.
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as a model for considering analogous nonisovalent RE incorporation into a semicon-
ductor matrix. Prospects for such systems will be considered in Section 4.2.2.

4.1.2 Properties of rare-earth ions relevant to formation
of dilute magnetic semiconductors

In contemplating the prospects for creating RE-containing magnetic semiconductor al-
loys, we first need to consider specific properties of the RE ions. First, all lanthanide
REs can exist in the trivalent state; additionally, the valency of Sm, Eu, Tm, and Yb
can be 2þ (Dietl, 1994), while Ce, Pr, and Tb can have a valency of 4þ, which can
be exploited in designing various options for bonding and coordination in RE-based
DMS alloys. Another property of the REs is the large value of their covalent radii,
which typically lie in a very narrow range, as shown in Table 4.1. These are large radii,
which may stand in the way of forming semiconductor alloys with RE concentrations
that are sufficient for achieving significant magnetism. Here, however, we can build on
experience already established with incorporating alien ions into the III-V lattice by
low temperature (nonequilibrium) epitaxy, as has been done very successfully in the
case of the III1�xMnxV FM alloys. On the other hand, this size is nicely compatible
with semiconducting systems based on Ba and, of course, on La, so that RE ions
can be readily substituted for these elements in order to introduce magnetic moments
into the material in question. We will discuss this as we consider the various possibil-
ities in Sections 4.2 and 4.5.

We should also note here that most binary RE compounds, particularly pnictides
and chalcogenides, tend to be either FM or antiferromagnetic (AFM). This feature
will prove important when we consider the effect of magnetic RE-based inclusions
or nanoscale insertions on the overall magnetic properties of RE-based semiconductor
systems, in a manner analogous to inclusion of MnAs in GaMnAs (De Boeck et al.,
1996), or of Co in ZnO (Sawicki et al., 2013), which are known to play an important
role in determining the magnetism of the resulting composite structure (Bonanni and
Dietl, 2010). RE analogs of such inhomogeneous systems will be considered in
Section 4.4.

Finally, let us also consider the case of already well-established DMSs based on
TMs such as Zn1�xCoxSe, Ga1�xMnxAs, or Pb1�xMnxTe, into which we additionally
introduce RE ions. The coexistence of 4f and 3d electrons in such a system is expected
to bring entirely novel situations, with interesting implications for spintronic applica-
tions. Specifically, magnetic interactions occurring in such REeTM intermetallic al-
loys will now involve the following mechanisms: (1) a relatively weak REeRE
interaction, (2) a much stronger TMeTM interaction, and (3) REeTM interaction,
with a strength intermediate between (1) and (2) (Buschow, 1977). In the past 10 years
many novel phenomena have been observed in systems of this type, in which both the
ion radius and the spin reversal of the RE ions can strongly affect the spin configura-
tion/reorientation of the TM ions (eg, controllable spin flop (Kimura et al., 2003),
spin-induced current (Katsura et al., 2005), antisymmetric DzyaloshinskiieMoriya
interaction (Cheong and Mostovoy, 2007)), thus providing intriguing opportunities
for exploration of new types of spintronic functionalities.
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4.1.3 Chapter organization

The present chapter is organized as follows. We first consider the possible effects of
substitutional incorporation of RE ions into semiconductor lattices (both isovalent
and heterovalent) in the form of homogeneous single-phase alloys. Next, we will
discuss inhomogeneous semiconductor systems containing REs, where the inhomoge-
neity arises either from spinodal decomposition or from precipitation of phases other
than the host matrix. We will then consider heterostructures comprised of RE and
semiconductor constituents. Following this, we will discuss the newly emerging sys-
tems of layered pnictide and chalcogenide DMSs, whose complex crystal structure ap-
pears particularly suitable for RE incorporation. And, finally, we will briefly introduce
the basics of AFM spintronics, which is now acquiring increasing attention, and which
holds out special opportunities for systems based on REs.

4.2 Single-phase magnetic semiconductor alloys based
on rare earths

4.2.1 Magnetic semiconductors with isovalent rare-earth
incorporation

Extensive studies of DMSs began in the 1970s, focused primarily on II1�xMnxVI
ternary alloys such as Hg1�xMnxTe and Cd1�xMnxTe (Furdyna, 1988). In these sys-
tems the magnetic ion (Mn) enters the system with the same valency (2þ) as that of
the cations which it replaces, thus acting as a pseudo-group-II element. Systems of
this type can be fabricated by bulk techniques (such as Bridgman crystal growth)
up to impressively high concentrations of Mn (eg, in excess of x ¼ 0.65 in the case
of Cd1�xMnxTe); and, with the advent of epitaxial methods, the range of Mn incor-
poration has been extended to higher values of x, even including x ¼ 1.0. These sys-
tems were of interest for their magnetooptical properties (giant Faraday rotation
(Bartholomew et al., 1986), wave function mapping in quantum structures (Lee
et al., 1999), formation of novel magnetic structures such as spin superlattices
(Dai et al., 1991), a wide range of magnetotransport phenomena (Wojtowicz and
Mycielski, 1983; Wojtowicz et al., 1985)), specific magnetic properties (spin glass
and AFM ordering (Galazka et al., 1980; Nagata et al., 1980), including entirely
new AFM structures (Giebultowicz et al., 1990, 1994)), and novel device functional-
ities, such as the spin transistor (Betthausen et al., 2012) device. The dramatic mag-
netooptical potential of these materials is illustrated in Fig. 4.3, which shows the giant
Faraday rotation in CdMnTe that reaches angles in excess of tens of thousands of de-
grees (Bartholomew et al., 1986).

4.2.1.1 Rare-earth alloys based on II-VI semiconductor lattice

The success of fabrication of II1�xMnxVI ternaries, and the wide range of new mag-
netic, magnetooptical, and magnetotransport effects that they exhibit (Furdyna,
1988; Furdyna and Kossut, 1988), encourage the possibility of extending these
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systems to their RE-based analogs. In this connection we will first consider Eu2þ, for
two reasons. First, the Eu ion is capable of existing in the divalent state, and is thus
expected to be particularly attractive for forming II-VI-based alloys by substituting
for the group-II element in analogy with Mn2þ. And second, it also resembles
Mn2þ in that its f-shell is exactly half full, similar to the d-shell of Mn. This then sug-
gests that in principle Eu2þ can be used to extend the II-VI-based family of DMSs by
bringing in its large magnetic moment of w7 Bohr magnetons into the DMS family.

We should note here, however, that the possibility of incorporating REs in a II-VI
lattice in divalent state as described earlier, in analogy to Mn2þ and Co2þ ions, is at
best speculative, since so far we only have evidence for the presence of REs in trivalent
state in this structure (Mukherjee et al., 2010). For example, as shown in Fig. 4.4, lumi-
nescence from Tb and Eu incorporated in ZnS nanoparticles is ascribed to Tb3þ and
Eu3þ. This situation, however, involves REs incorporated in extremely dilute amounts.
Since we have no knowledge of the preferred valency REs when they enter the II-VI
lattice at concentrations required for achieving significant magnetic behavior, we have
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Figure 4.3 Transmission as a function of wave number through a Cd1�xMnxTe slab (x ¼ 0.23)
sandwiched between two linear polarizers, displaying giant Faraday rotation. At 15,000 cm�1

the rotation exceeds �8000 degree. The measurements were carried out at 5 K at 5 T.
After Bartholomew, D.U., Furdyna, J.K., Ramdas, A.K., 1986. Interband Faraday rotation in
diluted magnetic semiconductors: Zn1�xMnxTe and Cd1�xMnxTe. Physical Review B 34,
6943e6950.
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included the discussion of isovalent RE ions in this structure for the sake of
completeness.

Another problem that we will unavoidably face in attempts to incorporate the alien
RE ion (such as Eu2þ) in a tetrahedrally bonded crystalline host is the accommodation
of the size of its covalent radius (see Table 4.1), which is much larger than that of most
elements used for creating traditional DMSs. Given, however, the success of growing
highly lattice-mismatched II1�xMnxVI alloys from solution (eg, Cd1�xMnxS (Counio
et al., 1998)) or by epitaxy (eg, Be1�xMnxTe (Nakamura et al., 2004; Sawicki et al.,
2002)), it would be expected that alloys such as Cd1�xEuxTe or Cd1�xEuxSe in zinc
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Figure 4.4 Examples of optoelectronic processes in REs embedded in II-VI semiconductor
nanoparticles, showing normalized time-gated excitation and emission spectra for ZnS/Tb
(upper panel); and for ZnS/Eu (lower panel). Insets show electronic transitions associated with
the 490 and 545 nm bands for ZnS/Tb, and with 616 and 696 nm bands for ZnS/Eu. It is
inferred from these data that both RE elements are in their trivalent state.
After Mukherjee, P., Shade, C.M., Yingling, A.M., Lamont, D.N., Waldeck, D.H., Petoud,
S.P., 2010. Lanthanide sensitization in II�VI semiconductor materials: a case study with
terbium(III) and europium(III) in zinc sulfide nanoparticles. The Journal of Physical
Chemistry A 115, 4031e4041.
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blende or wurtzite crystal phases could also be achieved, at least for low values of x
(x < 0.05) (Raola and Strouse, 2002). We should note that this range of x is precisely
the composition region where magnetooptical properties of such alloys are most inter-
esting. In this context we can additionally consider low-temperature epitaxial growth,
where incorporation of lattice-mismatched ions can be enormously increased by
reducing the surface mobility of these ions during deposition. If this approach is suc-
cessful, Sm and Yb (which, as noted, can exist in 2þ valency) can also be considered
as candidates for tetrahedrally bonded II1�x(RE)xVI DMSs.

4.2.1.2 Rare-earth alloys based on III-V and group-IV
semiconductor lattice

Studies of isovalent DMSs were largely limited to materials involving the replacement
of group-II elements in the II-VI lattice by divalent ions such as Mn2þ or Co2þ. As
already noted, all RE elements can exist in the trivalent state, which makes them of
particular interest as candidates for forming III1�x(RE)xV ternaries. We should note
here that much work on incorporating REs in the III-V host lattice has already been
done, primarily focused on their photoluminescent properties (Zavada and Zhang,
1995; Steckl et al., 2002, 2007; Kenyon, 2002; Steckl et al., 2007). In most of these
cases it was found that the RE elements form complexes, whose formation depends
critically on growth and/or annealing procedures. Photoluminescence excitation spec-
troscopy (Wagner et al., 1984; Ennen et al., 1987; Morishima et al., 2000) (as seen in
Fig. 4.5) and Zeeman splitting analysis of photoluminescence (Aszodi et al., 1985)
have shown that the dominant RE centers in III-V compounds correspond to trivalent
RE ions, presumably on the group-III cation site. However, more work is clearly
needed to gain further insight into magnetic properties of III1�x(RE)xV ternaries alloys
(Overberg et al., 2001; Bang et al., 2003). As an example, consider trivalent Gd, which
in many ways is magnetically similar to the divalent Eu (or, for that matter, to Mn), in
that it has a half-filled f shell, and can thus be considered as a promising candidate for
replacing group-III ions in the III-V lattice, in close analogy to the isovalent
II1�xMnxVI systems. We can thus envision forming ternary isovalent alloys such as
Ga1�xGdxAs (Shiraoka et al., 2008), Ga1�xGdxN, and Al1�xGdxN (Teraguchi et al.,
2002; Pérez et al., 2006; Han et al., 2006; Dhar et al., 2006; Choi et al., 2006). Again,
the large covalent radius of Gd is likely to stand in the way of sufficient degree of
miscibility of Gd in the III-V matrix in equilibrium crystal growth; but, as mentioned
in the case of Eu in the II-VI lattice, we have the possibility of using low-temperature
epitaxy to enhance Gd incorporation. Again, other trivalent REs may also be consid-
ered here, particularly those with ultra-large magnetic moments (such as Dy3þ) (Zhou
et al., 2003), which may offer attractive properties in the form of inter-ion magnetic
exchange interactions, thus leading to new magnetic properties.

Similarly, it is interesting that the rare-earth elements Ce, Pr, and Tb can adopt aþ4
valence state, which immediately suggests their potential for forming isovalent
magnetic alloys based on group-IV elemental semiconductors such as Ge1�xCex,
Sn1�xTbx, and so on. At the present time little is known to contribute to this dis-
cussion, but again the flexibility of epitaxial methods, including low-temperature
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and atomic-layer epitaxy, or ion implantation followed by pulsed laser annealing
(Scarpulla et al., 2003), may be helpful in this regard. This, however, awaits further
exploration.

4.2.1.3 Advanced tetrahedrally bonded structures

All systems just considered form either in zinc blende or in wurtzite structures, both of
which are bonded tetrahedrally. It is possible to extend this discussion also to more
complex tetrahedrally bonded systems, such as chalcopyrites, famatinites, and ordered
vacancy compounds (Parthé, 1964; Shay and Wernick, 1975; MacKinnon, 1981;
Siebentritt and Rau, 2006), which we will briefly touch upon. Consider, for example,
the chalcopyrite compound CdGeAs2. Following the logic of our preceding discus-
sion, it is possible to consider alloys formed by substituting for Cd in this system,
as has been successfully done with Mn to form the chalcopyrite DMS alloy
(Cd1�xMnx)GeAs2 (Kilanski et al., 2014). This alloy has shown excellent magnetic
properties very analogous to II1�xMnxVI alloys, and we can thus immediately envision
the possibilities that this approach opens to divalent REs, in analogy with Mn2þ.
Furthermore, in this same manner we can consider substituting REs with þ4 valency
for Ge in this and related systems; and, perhaps more importantly, isovalent
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Figure 4.5 Photoluminescence (PL) spectra observed on Eu-doped GaN specimen measured at
77 K (curve (a)) and room temperature (curve (b)). Intensity of the 622 nm PL peak is shown as
a function of temperature in the inset. Note that the PL from the Eu ions embedded in GaN
survives to room temperature.
After Morishima, S., Maruyama, T., Akimoto, K., 2000. Epitaxial growth of Eu-doped GaN by
gas source molecular beam epitaxy. Journal of Crystal Growth 209, 378e381.
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substitution of trivalent REs in (I)(III)(VI)2 chalcopyrites such as CuInSe2 or AgInTe2.
While these considerations are admittedly very speculative, if such systems are
formed, they are very likely to display DMS characteristics analogous to the isovalent
combinations discussed earlier. It is therefore worth noting that substitution of REs
into this crystal structure has already been demonstrated, as shown in Fig. 4.6 (Tsujii
et al., 2001).

Among the tetrahedrally bonded crystals, ordered vacancy compounds (OVCs)
appear to be especially promising for RE incorporation into the semiconductor lattice.
The OVC structure is shown in Fig. 4.7. As seen in the figure, this structure is similar to
the chalcopyrite (also shown in the figure), but with vacancies replacing ions in a reg-
ular progression (Bernard and Zunger, 1988). To appreciate the structural properties of
OVC compounds and their relevance to the present chapter, consider the OVC com-
pound CdIn2Se4. This structure is in many ways analogous to an I-III-VI2 chalcopyrite,
where now the combination of a vacancy and a group-II element together act as two
group-I ions (see Fig. 4.7). As an example, consider the chalcopyrite CuInSe2 in which
one-half of the copper sites are replaced by vacancies, and the other half by Cd ions in
such a way that the Cd-vacancy combination acts as two Cu ions. Thus in the OVC
structure 25% of the fcc cation sublattice is occupied by vacancies. Since, as seen in
Table 4.1, covalent radii of REs are much larger than those of most elements
comprising typical semiconductor lattices, it is reasonable to expect that this feature
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Figure 4.6 Temperature dependence of magnetic susceptibility c of the chalcopyrite CuInS2
crystal doped with Yb, with c for undoped CuInS2 shown for comparison. The inset shows the
inverse of the Yb contribution to the susceptibility in CuInS2:Yb.
After Tsujii, N., Imanaka, Y., Takamasu, T., Kitazawa, H., Kido, G., 2001. Photoluminescence
of Yb3þ-doped CuInS2 crystals in magnetic fields. Journal of Applied Physics 89, 2706e2710.
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will provide the necessary “elbow room” for incorporating the RE ions into this tetra-
hedrally bonded structure. In particular, such OVC structure appears suitable for sub-
stitutional isovalent incorporation of both divalent and trivalent REs. This is of course
a speculative, but nevertheless plausible direction for accommodating REs in a wide
range of semiconductor systems.

4.2.1.4 Alloys based on IV-VI semiconductor lattice

In contrast with the somewhat speculative possibilities of significant RE incorporation
in tetrahedrally bonded crystal structures considered in the preceding sections, the
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Figure 4.7 Possible crystal structures (bed) of OVCs of the type II-III2-VI4 (eg, CdIn2Se4). The
closely related chalcopyrite structure (such as CuInSe2) is also shown for comparison in panel
(a).
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family of IV1�xRExVIs alloys (which crystallize in the lead-salt structure) is now well
established, and has been studied quite extensively both as bulk crystals and in the
form of a variety of multilayers. Extensive work carried out on IV1�xEuxVI-based sys-
tems has already led to fascinating new magnetic effects (Story, 1997, 2002; Krenn
et al., 1999; Dobrowolski et al., 2003). In particular, throughout nearly their entire
Eu composition ranges studied so far, Pb1�xEuxTe (Krenn et al., 1999), Pb1�xEuxSe
(Bindilatti et al., 1996; Isber et al., 1997), Pb1�xEuxS (Bindilatti et al., 1998), and
Sn1�xEuxTe (Errebbahi et al., 2002) crystals are CurieeWeiss paramagnets revealing
only very weak AFM fef exchange interactions between the magnetic moments of the
Eu2þ ions. Additionally, in thick Pb1�xEuxTe epitaxial layers with x > 0.8 a transition
to long-range AFM order is observed below 10 K, similar to the well-known terminal
(x ¼ 1) EuTe compound. The evolution of magnetic properties of Pb1�xEuxTe as a
function of Eu content is shown in Fig. 4.8. The presence of AFM exchange coupling
between nearest magnetic neighbors in such IV-VI DMSs with Eu (as well as with Mn
or Gd) is experimentally evidenced by the CurieeWeiss temperature dependence of
the magnetic susceptibility, as well as by the characteristic step-like behavior of the
magnetization as a function of magnetic field observed at low temperatures. Given
the success of the rock-salt Eu-based chalcogenides, it is tempting to also consider
the incorporation of other RE ions in IV-VI semiconductor lattices.
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Figure 4.8 Magnetic moment per single magnetic ion of Pb1�xEuxTe as a function of
temperature for an in-plane magnetic field of 1.0 T and for various concentrations of Eu. Insert:
Magnified scale showing the AFM phase transition (arrows) for Pb1�xEuxTe samples with
x > 0.80. The plot for EuTe (x ¼ 1) is indistinguishable from that for the x ¼ 0.9 sample.
After Krenn, H., Herbst, W., Pascher, H., Ueta, Y., Springholz, G., Bauer, G., 1999. Interband
Faraday and Kerr rotation and magnetization of Pb1�xEuxTe in the concentration range
0 < x � 1. Physical Review B 60, 8117e8128.
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4.2.2 Homogeneous magnetic alloys based on heterovalent
rare-earth incorporation

Experience with epitaxial formation of III1�xMnxVDMSs has shown that a large frac-
tion of heterovalent incorporation of Mn2þ in the III-V lattice is not only possible, but
that it constitutes a unique form of generating ferromagnetism through high-level
electrical doping of the host semiconductor, which in turn creates magnetic exchange
paths between the magnetic ions. In full realization that the possibilities we consider
next are at this point speculative, we will nevertheless consider several circumstances
that hold promise, as they represent direct analogs of the already well-established
magnetic III1�xMnxV DMSs. Again, success with these scenarios will in large mea-
sure depend on our ability to form systems of this type by nonequilibrium methods,
such as low-temperature epitaxy extensively used in the formation of III1�xMnxV
DMS alloys or, alternatively, by ion implantation followed by rapid annealing, which
has also been highly successful in achieving ferromagnetism in III1�xMnxV alloys
(Scarpulla et al., 2003).

4.2.2.1 Alloys based on III-V semiconductor lattice

As noted earlier, the field of DMSs has acquired added momentum with the advent of
III1�xMnxV FM semiconductors, and particularly of Ga1�xMnxAs, where Mn enters
the III-V lattice in its preferred divalent state, thus constituting both a source of mag-
netic ions and of electrical carriers (holes). As in the preceding section, we now look
for analogs of III1�xMnxV alloys in the form of III1�xRExV ternaries, in the hope of
obtaining RE-based FM semiconductors. Again Eu is the prime candidate in this
context, in that it can form a system that closely parallels the already widely studied
FM III1�xMnxVs. Specifically, if Eu enters the system III1�xEuxVs in divalent state,
it is expected to act as an acceptor, so that at Eu concentrations x exceeding 0.01 it
may potentially form a FM system, in close analogy to, for example, Ga1�xMnxAs.
As with that latter case, we expect that we will need to rely on low-temperature epitaxy
or on ion implantation followed by pulsed laser annealing to achieve concentrations
sufficient for achieving this goal. We should emphasize, however, that this remains
an open question, particularly because current results with dilute Eu doping of the
III-V hosts indicate that Eu enters the lattice in the trivalent state. Nevertheless, this
issue still remains open, since there is no information regarding the behavior of Eu
ions (and especially regarding their valence state) at concentrations that lead to
measurable magnetic properties.

4.2.2.2 Alloys based on II-VI semiconductor lattice

In this section we will consider the substitution of trivalent REs for group-II ions in the
II-VI lattice. It was already mentioned that in studies carried out so far the REs tend to
enter this lattice in the trivalent state, as seen in Fig. 4.4. This case is new, in that it does
not have well-established analogs among the DMSs considered so far (Coey et al.,
2005). The trivalent RE, for example, Gd3þ, upon substitution for the group-II ion
is expected to form a donor. Little is known about magnetism mediated by electrons
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in the semiconductor lattice (Coey et al., 2005), so that this variant is somewhat spec-
ulative. It was proposed that FM exchange can in this case be mediated by
shallow-donor electrons that form bound magnetic polarons, which at sufficient con-
centrations overlap to create a spin-split impurity band. Given the natural preference of
REs for their trivalent state, this is a particularly important situation, and hopefully
more work will be done in this area toward the realization of polaron-induced magne-
tism in RE-doped II-VI semiconductors.

4.2.2.3 Final comment on heterovalent incorporation
of rare earths

As a comment note on this section, we note that the central issue related to heterovalent
incorporation of REs in the semiconductor lattice was the possibility that such incor-
poration will provide a source of magnetic moments as well as charge carriers into the
system, which in turn would lead to novel magnetic properties, in analogy to the
behavior widely observed in III1�xMnxV FM semiconductors. This may not be
possible in all cases considered previously. For example, as already pointed out, so
far evidence exists that all REs studied so far in this context prefer to enter the III-V
lattice in trivalent state, at least when they are introduced in very dilute concentrations,
thus precluding heterovalent incorporation. If this preference persists to concentrations
of interest in magnetism, there is of course also the option of codoping the material
with appropriate impurities (as is routinely done in the case of III1�xMnxVs by using,
eg, Be doping) to enable carrier-mediated magnetic exchange. It is somewhat prema-
ture to pursue this hypothetical issue here, but we should notice that this issue will
naturally arise in Section 4.5.

4.3 Inhomogeneous and mixed-phase magnetic
rare-earth systems

The foregoing discussion was based on the possibility of forming homogeneous
alloys, analogous to Ga1�xMnxAs or Zn1�xMnxTe, but with RE elements in place of
TMs. There also exists, however, the possibility of achieving attractive magnetic prop-
erties based on the fluctuation of magnetic content, either as a quantitative variation
of the concentration of magnetic species without changing phase of the alloy that results
from spinodal decomposition (Sato et al., 2005, 2007; Fukushima et al., 2006;
Katayama-Yoshida et al., 2007; Dietl, 2006), or by formation of second-phase mag-
netic insertions in the semiconductor host. Examples of the latter option are, for
example, inclusions of FM MnAs in GaMnAs (De Boeck et al., 1996), Co in ZnCoO
(Sawicki et al., 2013), or Fe-rich clusters in GaFeN (Bonanni, 2007), which form due to
precipitation of an element or a compound that does not dissolve in the multicomponent
system during its growth. This option is especially important in the present situation,
since many REs may not be fully miscible in a semiconductor matrix (largely because
of the mismatch in ion size). This is not necessarily a drawback, since fluctuations of
concentration as well as precipitation of second-phase magnetic inclusions may also
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be of great interest in the context of spintronics. Specifically, such magnetic islands
are likely to affect electric currents via spinespin interactions with charge carriers,
and can be exploited for controlling these currents using spinespin interaction. As
an introduction to magnetic properties of such composite media with magnetic inclu-
sions, we will use the ZnO:Co system discussed in the very enlightening paper of
Sawicki et al. (2013). While this paper focuses on the inclusion of Co into the
ZnO matrix, it serves to illustrate the variety of effects in such an inhomogeneous me-
dium, which should also be applicable to semiconductor systems with RE-containing
inclusions. Sawicki et al. (2013) show that, depending on growth conditions (and
particularly on growth temperature), three types of magnetic media can form based
on such magnetic admixtures, all of which are interesting in the context of spintronics
in various ways. We thus begin by discussing the behavior observed in these ZnO:Co
combinations as an analog for possible mixed RE-semiconductor composites.

First, at very low concentrations of Co in this system there occurs a dilute solid
solution of Zn1�xCoxO. In this specific case, and in the absence of a very high concen-
tration of free carriers to serve as a medium of exchange, we simply have a paramag-
netic system due to the presence of magnetic ions, very much as in the thoroughly
studied II1�xMnxVI DMSs in the x << 1 limit. The paramagnetism of the system
may in fact be additionally weakened if the preferred coupling between the magnetic
ions is AFM (as it is the case of the II1�xMnxVIs). Whether the latter is true or not,
magnetic susceptibility of such a system is expected to rapidly weaken with tempera-
ture. We have already discussed the magnetic properties of such solutions earlier in the
chapter, and we recall this here mainly because a multinary system that we are now
considering is likely to consist of such a dilute alloy as a matrix that also contains
the magnetically concentrated inclusions of interest in this section.

The second case involves precipitation of magnetic inclusions, such as Co in ZnO
discussed in Sawicki et al. (2013) (or, indeed, of MnAs in Ga1�xMnxAs (De Boeck
et al., 1996)). Such Co precipitates represent superspins of tens to hundreds of Bohr
magnetons, in other words, of many spins ferromagnetically coupled within a nano-
sized volume. The resulting composite medium then forms a superparamagnetic ma-
terial comprised of an ensemble of such superspins. Since each nanoprecipitate is
typically a single domain, such precipitates retain their FM properties up to tempera-
tures that correspond to the Curie temperature of the precipitated material. We should
note that such superparamagnetic media are also of interest for spintronic applications
because of their large magnetic susceptibility alongside very small coercive fields
(Sawicki et al., 2013).

For specificity we have used here the example of Co metal as a precipitate, but in
the absence of full miscibility magnetic ions can equally well precipitate as binary
compound, that may be FM or AFM. Interestingly, AFM precipitates will be important
in this context, particularly in the nanoscale limit, since in such ultrasmall cases they
may also carry sizable net magnetic moments, as discussed later in this chapter, thus
leading to superparamagnetism.

As an example of such inclusions involving REs, let us consider precipitates
of ErAs in III-V lattices. ErAs is a semimetal with a cubic rock-salt structure
(aErAs ¼ 0.573 nm) and is known to grow epitaxially on arsenide zinc-blende
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semiconductors (Palmstrom et al., 1988). We will return to this again in the next sec-
tion in the context of multilayer growth. Here we focus on composites of ErAs nano-
particles embedded in epitaxial GaAs or In1�xGaxAs layers, fabricated either as
random nanoparticle distributions or by overgrowing nanometer-size islands of
ErAs with the host semiconductor (Kadow et al., 1999; Driscoll et al., 2003; Klenov
et al., 2005a; Zide et al., 2005). Depending on growth conditions, such ErAs inclusions
can enter the host lattice in their natural rock-salt structure, as shown from the
high-angle annular dark-field (HAADF) images in Fig. 4.9; or they can be induced
by the surrounding matrix to acquire the zinc-blende structure of the host, as seen in
Fig. 4.10. For conditions under which these cases occur the reader is referred to Kadow
et al. (1999), Driscoll et al. (2003), Klenov et al. (2005a), and Zide et al. (2005).

However, the most interesting point addressed in Sawicki et al. (2013) pertains to
interfaces that automatically exist in such multiple-phase composites. In the specific
case discussed by Sawicki et al., the interface of ZnCoO with its nonmagnetic substrate
is preferentially decorated by nanoprecipitates of Co (or possibly of intermetallic FM
compound CoZn). The density of such precipitated FM nanocrystals is adequate (ie,
the distances between the interfacial nanocrystals are sufficiently small) for the super-
spins localized on these inclusions to interact ferromagnetically by dipoleedipole
interactions, thus resulting in 2D FM layers. As noted earlier, each constituent nano-
crystal of such a 2D assembly is itself a single domain representing tens to hundreds of

Figure 4.9 HAADF-STEM micrographs of rock-salt ErAs particles in a zinc-blende
In0.53Ga0.47 matrix obtained by deposition of Er layers of (a) 1.2 ML and (b) 1.4 ML ErAs,
respectively. The interface between the particle and the matrix on the substrate side is indicated
by dotted lines in (a). The arrow shows the growth direction. For growth details see Klenov
et al. (2005a).
After Klenov, D.O., Driscoll, D.C., Gossard, A.C., Stemmer, S., 2005a. Scanning transmission
electron microscopy of ErAs nanoparticles embedded in epitaxial In0.53Ga0.47As layers. Applied
Physics Letters 86, 111912.
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Bohr magnetons, that persists essentially unchanged well above room temperature. As
pointed out in Sawicki et al. (2013), it is advantageous that such an assembly does not
require free carriers to achieve its collective ferromagnetism, sincedbecause in a
nonconducting matrix the inclusions are electrically insulated from one anotherdthis
minimizes eddy current losses, making such FM media especially attractive for non-
dissipative device applications.

As noted, attempts to introduce REs into a semiconducting matrix may result in pre-
cipitation of inclusions of elemental REs or of RE compounds, with behaviors that
very likely are similar to those discussed earlier. When the inclusions are FM, and
when their density is sufficiently high, dipolar interactions between such magnetic
inclusions can occur at interfaces, or even in the bulk. The key here of course is the
understanding and control of growth conditions. We should mention parenthetically
that the prominent occurrence of 2D ferromagnetism due to precipitate ensembles at
interfaces (as observed Sawicki et al. (2013)) may be enhanced further because of
the tendency of easy axes of the nanoparticles to lie in the interface plane, which

Figure 4.10 High-resolution cross-sectional transmission electron micrograph (TEM) of ErAs
particles in an In0.53Ga0.47As matrix, indicating formation of nanometer-size particles with
crystal structure of the surrounding matrix. The spatial distribution of the particles appears to
be essentially random. For clarity, several particles are pointed out by arrows.
After Zide, J.M., Klenov, D.O., Stemmer, S., Gossard, A.C., Zeng, G., Bowers, J.E., Vashaee,
D., Shakouri, A., 2005. Thermoelectric power factor in semiconductors with buried epitaxial
semimetallic nanoparticles. Applied Physics Letters 87, 112102.
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additionally facilitates in-plane dipoleedipole interactions. These properties constitute
an attractive feature for designing planar spintronic devices.

In the previous discussion we have primarily focused on precipitation of discrete
crystal phases that are different in structure from the semiconductor matrix (eg, Co in
ZnO, such as the ErAs inclusions in Fig. 4.9). We add parenthetically that in the growth
of multicomponent alloys we can also encounter inhomogeneities due to the formation
of regions with the same crystal structure, but differing in composition due to a misci-
bility gap, due to the process of spinodal decomposition (Sato et al., 2005, 2007;
Fukushima et al., 2006; Katayama-Yoshida et al., 2007). For example (as presumably
is the case in Figs. 4.9 and 4.10), in growing an alloy of Ga, RE, and N, we can obtain
regions of Ga1�yREyN in a matrix of Ga1�xRExN, with y >> x (Bonanni, 2007). It may
well happen that y is sufficiently large to render the Ga1�yREyN FM (as would be the
case in Ga1�yGdyN at high values of y). In that case, the previous discussion of magnetic
properties of the ensemble applies equally well.

4.4 Heterostructures of semiconductor and magnetic
rare-earth compounds

In addition to random distributions of magnetic species in a nonmagnetic semiconduct-
ing matrix discussed earlier, we can also envision attractive magnetic effects arising in
composite media comprised of nonmagnetic and magnetic components, such as mul-
tilayers and so-called digital alloys. Many of these structures have been successfully
exploited in systems involving semiconductor/TM combinations, and in this section
we will consider the RE-based analogs of such systems.

4.4.1 Superlattice and multilayer semiconductor/rare-earth
combinations

It has already been noted that the lattice constant of ErAs (which forms in the cubic
rock-salt structure) is very close to that of the zinc-blende GaAs, allowing the formation
of AFM ErAs inclusions (either rock salt or zinc blende) within the zinc-blende GaAs
host. Such inclusions are crystallographically coherent, as seen in Figs. 4.9 and 4.10.
This lattice match has also been exploited to form actual layered heterostructures
(Palmstrom et al., 1988; Klenov et al., 2005b; Zhu et al., 1990; Crook et al., 2011;
Sands et al., 1990), as shown in Fig. 4.11. While ErAs itself is AFM, this (as has already
been pointed out) does not preclude spintronic functionalities (Allen et al., 1989; Petu-
khov et al., 1996; Watanabe et al., 2004). For example, AFM ErAs layers may play a
useful role to enable exchange bias in spintronic devices (eg, those using thin-film Fe/
GaAs combinations). We note here that Fe also has a fortuitous lattice match with
GaAs, and has been widely studied for this lucky structural match between the semicon-
ductor GaAs and the metallic FM Fe (Yoo et al., 2009, 2010; Khym et al., 2012; Tiva-
kornsasithorn et al., 2014). Furthermore, it is now recognized that AFM systems can be
useful for spintronic applications, as will be discussed in Section 4.6, and the
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convenient structural compatibility of the AFM ErAs with GaAs may prove quite valu-
able as a prototype for studying this aspect of spintronic applications.

It is relevant to note in this connection that, as mentioned in Section 4.2.1, much
work has already been done in combining lead-salt semiconductors with REs. Work
in this area has also been very fruitfully extended to multilayer systems such as
EuTe/PbTe (Springholz and Bauer, 1993; Giebultowicz et al., 1995; Heremans and
Partin, 1988; Kepa et al., 2003), EuS/PbS (Stachow-W�ojcik et al., 1999; Story
et al., 2001; Swirkowicz and Story, 2000), and others, which exhibit fascinating char-
acteristics of their own. As an example, we illustrate this in Fig. 4.12 (Dobrowolski
et al., 2003), where multilayers of EuS/PbS exhibit FM behavior, which can be
controlled by varying the thickness of the constituent layers.

4.4.2 Digital alloys using rare-earth compounds

Digital alloys are formed by repeatedly depositing ultrathin magnetic layers (typically
a monolayer) on a nonmagnetic host material to form a superlattice. Successful exam-
ples of this have already been achieved in the form of GaSb/Mn, InAs/Mn, and GaAs/
Mn systems, where the Mn layers are used to form the digital insertions (McCombe
et al., 2003; Luo et al., 2004). The case of GaSb/Mn is particularly interesting, since
it has been shown to retain its FM properties to temperatures above 300 K (Chen et al.,
2002), as shown in Fig. 4.13.

GaAs

Ga Er As

GaAs

4 nm

ErAs

Figure 4.11 Cross-sectional high-resolution TEM image of a GaAs/ErAs/GaAs multilayer
structure. Note that the ErAs layer forms a rock-salt structure that is coherent with the zinc
blende lattice of GaAs; and that the coherence survives also after deposition of the ErAs layer,
with only minor formation of a few defects. Structures of the coexisting crystal forms are
shown on the right.
After Sands, T., Palmstrøm, C.J., Harbison, J.P., Keramidas, V.G., Tabatabaie, N., Cheeks, T.L.,
Ramesh, R., Silberberg, Y., 1990. Stable and epitaxial metal/III-V semiconductor
heterostructures. Materials Science Reports 5, 99e170.
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Figure 4.13 (a) TEM image of a Mn/GaSb digital alloy with a repeat unit of Mn (0.5 ML)/GaSb
(12 ML). Dark lines correspond to Mn-containing layers. (b) Cross-sectional scanning
tunneling microscope images showing discrete MnSb islands (indicated by arrow), which
suggest that ferromagnetic MnSb islands are incorporated in the same (zinc blende) phase as
the host lattice, rather than in the form of second-phase precipitates. (c) Hysteresis loops of the
digital-alloy sample. Temperature dependence of the remanent magnetization is shown in the
inset.
After Chen, X., Na, M., Cheon, M., Wang, S., Luo, H., McCombe, B.D., Liu, X., Sasaki, Y.,
Wojtowicz, T., Furdyna, J.K., Potashnik, S.J., Schiffer, P., 2002. Above-room-temperature
ferromagnetism in GaSb/Mn digital alloys. Applied Physics Letters 81, 511e513.
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The success of these systems based on TM insertions leads us to suggest that a
similar approach with REs may also have promise for achieving ferromagnetism
in such composite systems (Klenov et al., 2005a). There are essentially three possi-
bilities that may occur. Considering digital Gd insertions in GaN as an example (see
Fig. 4.14) (Kent et al., 2012), such digital insertion may retain the magnetic proper-
ties of the elemental RE in its bulk form; it may form a GdN rock-salt phase by
bonding with the anions of the host seen in the middle-upper panel (where rock
salt is the natural phase of bulk GdN); or it may bond with N, but be coerced by
the surrounding atoms to form the same crystal phase as the host (in this case, wurt-
zite). Indeed, magnetic characterization in Kent et al. (2012) indicates that two
magnetic phases are present in the digital structure described in that work, one due
to the rock-salt FM GdN with Curie temperature of 70 K and a second, anisotropic
phase (a prominent out-of-plane easy axis) whose magnetization persists past
room temperature (Kent et al., 2012).

(a) (b) (c)

Figure 4.14 (a) Cross-sectional z-contrast HAADF-STEM image of a digital GdN/GaN
multilayer. (b) Atomic resolution STEM images for selected layers occurring in such digital
growth. The top image shows a GdN nanoparticle of clearly cubic structure surrounded by a
continuous GaN wurtzite matrix. For comparison, the bottom atomic resolution image shows
the normal wurtzite structure prior to island formation. (c) RHEED patterns taken during the
growth of GdN layers for different thicknesses, showing the evolution of the surface recon-
struction from 1 � 2 to 2 � 4 reconstruction and back to the 1 � 2 with increasing layer
thicknesses. For additional details see Kent et al. (2012).
After Kent, T.F., Yang, J., Yang, L., Mills, M.J., Myers, R.C., 2012. Epitaxial ferromagnetic
nanoislands of cubic GdN in hexagonal GaN. Applied Physics Letters 100, 152111.
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Figure 4.15 Bright-field TEM images of a 250 nm thick Ga0.9Er0.1Sb (001) layer observed
(a) along cross-sectional [110] zone axis, (b) along cross-sectional [�110] zone axis, and
(c) along plan-view [001] zone axis. (d) High-resolution plan-view TEM image of a single
ErSb nanorod, showing a mixture of {010} and {110} facets. Bottom: schematic diagrams
depicting evolution of nanorod branching with increasing layer thickness.
After Kawasaki, J.K., Schultz, B.D., Lu, H., Gossard, A.C., Pamstrom, C.J., 2013.
Surface-mediated tunable self-assembly of single crystal semimetallic ErSb/GaSb
nanocomposite structures. Nano Letters 13, 2895e2901.
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4.4.3 Complex rock-salt/zinc-blende composites involving rare
earths

It has already been pointed out in Section 4.3 that rock-salt RE compounds can be
combined with zinc-blende semiconductors in various ways, as seen, for example,
in Figs. 4.9e4.11. Such combinations of two different crystal structures can also
lead to very complex novel morphologies of the RE-species coexisting with the
zinc-blende host, as illustrated by the ErSb structures in a Ga1�xErxSb matrix shown
in Fig. 4.15 (Kawasaki et al., 2013). If the RE compound is FM, we can immediately
envision novel possibilities for magnetic interactions (including percolation) that may
lead to interesting spintronic functionalities. Additionally, if the parent RE compound
is itself AFM, this does not preclude the possibility that in such complex morphologies
as shown in Fig. 4.15 such RE species will carry a nonzero magnetic moment, and will
thus be of interest in the spintronic context.

4.5 Rare-earth-based layered chalcogenides and
pnictides, including mixed anion systems

In the preceding sections we focused on semiconductors that form in the zinc-blende,
wurtzite, and rock-salt crystal structures, since until most recently those materials
were of primary interest in the formation of DMSs. In 2013e2015, however, entirely
new classes of DMSs began to emerge in the form of layered chalcogenides and pnic-
tides, many of them based on RE elements. Importantly, these materials include a
wide range of oxychalcogenides and oxypnictides, which are wide-gap materials,
opening the way to DMS systems that are transparent to wavelengths in the visible
and the near ultraviolet (Zhu et al., 2010; Wildman et al., 2012; Tuxworth and Evans,
2014; Luo et al., 2014). This class of materials builds heavily on developments first
encountered in the area of high-temperature superconductors (Johnston, 2010), so
that the vast experience already acquired in that field has also served to guide the
development of this new class of DMSs. While these materials are also basically
homogeneous single-phase alloys, like those considered in Section 4.2, we discuss
them separately because of their distinct layer nature and highly complex crystallo-
graphic structure.

In discussing their properties we will, for convenience, use the nomenclature that
has been widely used to describe these complex systems in the contexts in which
they were first discovered (Zhen et al., 2013). Thus we will designate LaZnAsO
(and therefore also the related (La1�ySry)(Zn1�xMnx)AsO) as a 1111 system (Ding
et al., 2014), BaZn2As2 (and therefore (Ba1�xKx)(Zn1�yMny)2As2) as a 122 system
(Zhao et al., 2013), and so on. By way of example, we list selected DMSs from this
class along with their Curie temperature, TC or Neel temperature, TN in Table 4.2.
Many such systems are in fact already based on REs, indicating that these structures
are likely to be compatible with the REs in terms of bonding and ionic size; their
layered nature suggests added flexibility for accommodating the large sizes of the
lanthanide-series ions.
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To illustrate the novel features that characterize these new DMSs, for specificity we
will first discuss two examples of this new class in some detail. In our opinion the ma-
terials described next lay the ground for forming analogous systems involving REs.

4.5.1 Example of dilute magnetic semiconductors
with 122 structure

To illustrate the novelty that such systems bring to the field of DMS, we begin this
section by first describing a 122 structure based on a magnetic TM, which illustrates
the enormous promise of this class of materials. It is encouraging in the present context
that compounds of this type have been shown to accommodate a wide range of mag-
netic TM ions (Mn, Co, Fe, Cr), which attests to their flexibility, and which suggests
that compounds of this type may also play a role as hosts for REs. By way of example
we will consider the 122 layered semiconducting compound BaZn2As2, in which a
fraction of the Zn2þ ions is substitutionally replaced by Mn2þ, thus introducing a mag-
netic component into the system; and a fraction of the divalent Ba sublattice is substi-
tutionally replaced by monovalent K, which thus acts as a p-type dopant (Deng et al.,
2011; Zhao et al., 2013). The resulting (Ba1�xKx)(Zn1�yMny)2As2 alloy retains the
layered structure of the parent ternary compound (see Fig. 4.16), becoming a layered
FM DMS system in which the magnetic moments localized on the Mn ions are pre-
sumably coupled via itinerant holes, in loose analogy with GaMnAs. Unlike GaMnAs,
however, in this compound the magnetic and the electronic doping can be controlled
independently of one another. Furthermore, referring to the structure of BaZn2As2
shown in Fig. 4.16, we note that the magnetic Mn ions exist in different layers from
the acceptors, thus representing a very different system in terms of magnetic
interactions from DMSs studied so far in either the II-VI, III-V, or IV-VI families.

Table 4.2 Examples of layered ferromagnetic and antiferromagnetic
magnetic alloys (Man et al., 2014)

Ferromagnetic Antiferromagnetic

111 Li(Zn,Mn)As
TC w 50 K

LiMnAs
TN w 393 K

1111 (La,Ba)(Zn,Mn)AsO
TC w 40 K

LaMnAsO
TN w 317 K

122 (Ba,K)(Zn,Mn)2As2
TC w 180 K

BaMn2As2
TN w 625 K

32522 Sr3La2O5(Zn,Mn)2As2
TC w 40 K

Hypothetical
Sr3La2O5Mn2As2

42622 Sr4Ti2O6(Zn,Mn)2As2
TC w 250 K

Hypothetical
Sr4Ti2O6Mn2As2

TC, Curie temperature; TN, Neel temperature.
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The magnetic properties of the magnetic semiconductor (Ba1�xKx)(Zn1�yMny)2As2
are quite unique, as shown in the pioneering work of Deng et al. (2011) and Zhao et al.
(2013). The material is FM, with an impressive Curie temperature of about 180 K and
an astounding coercivity of about 1.0 T. Importantly, these values were obtained in
early attempts to grow this material, thus holding out the hope that with future efforts
at optimization the values just mentioned can be further improved.

As (c)

(b)

(a)

Zn
Mn

Ba
K

–4

–4

–2

0

2

4

6

–6
–2 0

0
0

1

2

3

4

5

6

7

50 100 150 200 250
Temperature (K)

ZFC

ZFC
0.30
0.25
0.20
0.15
0.10
0.05

x =FC

M
/H

 (×
10

–3
 e

m
u 

g–1
)

(Ba1–xKx)(Zn0.9Mn0.1)2As2

(Ba0.85K0.15)(Zn0.9Mn0.1)2As2

xy
 (×

10
–5

 Ω
 c

m
)

ρ

FC

H = 500 Oe

2 4

2 K
50
90

120

Magnetic field (T)

Figure 4.16 (a) Crystal structure of the layered (Ba1�xKx)(Zn1�yMny)2As2 122 system. (b) dc
magnetization observed in (Ba1�xKx)(Zn0.90Mn0.10)2As2 specimens with various K-doping
levels x used to control charge carriers, measured in zero-field and field-cooled modes. (c) Hall
effect measurements observed on a (Ba0.85K0.15)(Zn0.90Mn0.10)2As2 specimen (rxy is the Hall
resistivity). This specimen has a Curie temperature of 90 K. Note the very small coercive field
seen at T ¼ 50 K, which rapidly grows to an astounding value of w1.0 T as it approaches
T ¼ 2 K.
After Zhao, K., Deng, Z., Wang, X., Han, W., Zhu, J., Li, X., Liu, Q., Yu, R., Goko, T.,
Frandsen, B., 2013. New diluted ferromagnetic semiconductor with Curie temperature up to
180 K and isostructural to the ‘122’iron-based superconductors. Nature Communications 4,
1442.
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The results obtained on (Ba1�xKx)(Zn1�yMny)2As2 are especially interesting in the
context of the present chapter. First, since the growth of this system is already well
established, the presence of Ba (whose covalent radius is close of that of the REs) holds
promise that the structural constraints of this alloy may in principle be able to accom-
modate a wide range of REs. It should be particularly interesting to attempt to substi-
tute Eu2þ for Zn, which, as mentioned, may be made possible due to the large Ba ion in
adjacent atomic layer. Alternately, we can consider the possibility of forming (RE)
Zn2As2 in an analogous structure to BaZn2As2, but replacing either Zn by monovalent
ions or As by group-IV ions to provide the holes required for achieving FM coupling
between the magnetic moments localized at the RE sites. This is something of a guess
at the present time, but the exciting DMS properties already discovered in this 122
structure make attempts of such variations highly worthwhile.

4.5.2 Example of dilute magnetic semiconductor
with 1111 structure

As another important example, consider the structure shown in Fig. 4.17, which in
keeping with our adopted nomenclature we will refer to as 1111. Let us consider
the system from Fig. 4.17 in more detail. This system is obtained by replacing a frac-
tion of La in the parent LaCuSO system by Sr for the purposes of p-type doping, and a
fraction of Cu by Mn for introducing magnetic moments into the lattice, to form the
La1�xSrxCu1�yMnySO DMS alloy system. As in the preceding 122 example, in this
system we can independently vary the concentration of carriers (by controlling the
parameter x) and magnetic moment concentration (by controlling y). Furthermore,
similar to the 122 system that we discussed, free carriers and magnetic moments exist
in separate layers, thus providing a very different coupling situation between the spins
of free carriers and of magnetic moments that is the case in, for example, Ga1�xMnxAs.
Magnetic properties of this 1111 system are extremely promising, in that a very high
Curie temperature of over 190 K has been achieved in what is still rather early work on
this system (Yang et al., 2013). It is most especially interesting that such robust ferro-
magnetism as seen in Fig. 4.17 (and also Fig. 4.16) is obtained in systems where car-
riers and magnetic moments are localized in different layers of the material.

While in this specific system the REs are not used as a means of providing magnetic
moments into the system, the presence of La suggests that other lanthanides can also be
fitted into a lattice of this type, thus affecting magnetic properties of the system at hand.
In this connection we also note that, if a TM such as Mn is also present in the system,
then replacing La by another RE (or alkaline earth ion) can lead to change in the
valence state on Mn, thus dramatically affecting the magnetic properties of the entire
system. As an example, following the reasoning established in studies of colossal
magnetoresistance, substitution of La by, for example, Sr may lead to the conversion
of a fraction of the Mn3þ population to Mn4þ. We base this possibility on the fact that
in LaMnO3 Mn is 3þ, and in SrMnO3 Mn is 4þ. Interestingly, when Mn3þ and Mn4þ

coexist in this type of perovskite system, strong FM ordering can be obtained via dou-
ble exchange in the Mn3þeO2eeMn4þ configuration (Okimoto et al., 1995). Of
course, because of its valence state, Sr can additionally modulate the type and the
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concentration of charge carrier, as is the case in superconductors such as La2�xSrx-
CuO4 (Xu et al., 2000). And, continuing this line of reasoning, if we replace Sr2þ

by Ce4þ, the type of doping is expected to change from p to n, as expected from
the fact that Ce-containing compounds tend to be n-type (Mitra et al., 2001). These
options serve to illustrate the rich menu of novel possibilities available for designing
and controlling the magnetic properties of these new complex materials by manipu-
lating their RE content.

It should be emphasized that the system at hand is unique in a number of ways that
may be attractive in various spintronic situations. It is a wide-gap semiconductor, thus
opening the door to DMS application in short-wavelength optoelectronics. It is a
strongly p-type layered oxide, which is unique, given the difficulties in p-type doping
of wide-gap materials such as ZnO. And its 1111 structure is the same as that of many
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Figure 4.17 (a) Crystal structure of the layered La1�xSrxCu1�yMnySO 1111 oxychalcogenide
system. (b) Temperature dependence of dc magnetic susceptibility c measured in H ¼ 1 kOe
on La1�xSrxCu0.925Mn0.075SO specimens for a series of Sr concentrations x (where solid
symbols indicate field cooled, and open symbols zero field cooled measurements). (c) Field
dependence of magnetization measured at 10 K for the same set of samples as in (b). Inset: plot
of 1/c versus T, showing determination of the Curie temperature.
After Yang, X., Li, Y., Shen, C., Si, B., Sun, Y., Tao, Q., Cao, G., Xu, Z., Zhang, F., 2013. Sr
and Mn co-doped LaCuSO: a wide band gap oxide diluted magnetic semiconductor with TC
around 200 K. Applied Physics Letters 103, 022410.
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1111 Fe-based superconductors, thus suggesting the possibility of integrating this
DMS material with superconductors and other related systems.

4.5.3 General prospects for layered rare-earth-based pnictides,
chalcogenides, and oxide systems

As seen in Table 4.2, a number of such layered systems already exist as promising
DMS materials, many in fact having unprecedented magnetic properties. After discus-
sing two specific examples in the preceding subsections, we now summarize some of
the features that characterize this group of materials generally. As illustrated earlier,
many of these materials allow decoupling of their spin and charge doping. They typi-
cally are p-type semiconductors, which is particularly important from the viewpoint of
strong magnetic exchange interactions between charge carriers and localized magnetic
moments. Some of the systems already studied have enormous coercive fields, making
them completely unique in the field of DMS. Furthermore, many of these systems are
wide-gap semiconductors, exhibiting important excitonic effects (Hiramatsu et al.,
2003)da feature that does not occur in FM semiconductors such as Ga1�xMnxAs.
Because of the characteristics of the crystal structure in which they form, these new
materials offer the opportunity of integrating their spin properties with superconduct-
ing, thermoelectric, and multiferroic properties occurring in related structures.
And, finally, many of these new materials are oxides, thus opening the door to
carrier-mediated magnetism in this latter class of materials. The broad range of novel
properties of these materials, along with the expected structural flexibility of such
layered chalcogenides and pnictides, makes them particularly attractive as a platform
for accommodating REs with an eye on forming new RE-based DMSs.

4.6 Spintronic possibilities with antiferromagnetic
rare-earth compounds

So far we have focused on RE/semiconductor combinations by assuming that the RE
constituent orders ferromagnetically in such alloys. Recently, however, there has
been increasing interest in also considering AFM materials as viable candidates
for spintronic applications (Wadley et al., 2013; Barthem et al., 2013; Sando et al.,
2013; Beleanu et al., 2013). These possibilities are especially relevant in the present
context, since a large number of naturally occurring RE compounds (eg, RE monop-
nictides) are AFM (Duan et al., 2007). We will therefore include this topic in the
present chapter, and will briefly speculate on several examples involving this inter-
esting possibility.

Although the use of AFM materials in spintronic applications may at first glance
appear to be a contradiction in terms because of the vanishing dc magnetic moment
in a typical antiferromagnet, bear in mind that the AFM system is dramatically
different from a nonmagnetic system. A simple antiferromagnet can be pictured as
consisting of two magnetically ordered sublattices, M1 and M2, which are strongly
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exchange-coupled to one another in such a way that M1 and M2 exactly cancel each
other, resulting in zero magnetization. However, both the inherent order of the sublat-
tices and the exchange coupling that exists between them can be tapped into serving
spintronic functions by device design, as has been now shown by a large number of
highly imaginative approaches (Gomonay and Loktev, 2014; Li et al., 2013; Tveten
et al., 2013). While this field is still very new, and deals with systems that are in
many ways more complex than simple ferromagnets, important advances have already
been made in this area, including experimental demonstration of the viability of
AFM-based spintronic effects (Cava et al., 2011; Sinova and �Zuti�c, 2012; Wang
et al., 2012, 2013). We will describe some of these advances as illustrations of the
promise that this new field holds for spintronics.

The usefulness of AFM structures in spintronics is based on several arguments. The
most obvious application of an AFM material is the phenomenon of exchange bias,
already widely used in applications such as spin valves (Park et al., 2011). This, how-
ever, also requires the presence of a ferromagnet interfaced with the AFM component.
Going beyond that, consider an interface of an antiferromagnet with another material
(which can be a ferromagnet, another antiferromagnet, or a magnetically neutral layer).
Such an interface necessarily involves breaking of magnetic symmetry, and thus may
result in a finite magnetic moment associated with the discontinuity. This then can be
harnessed in a number of situations that we will discuss next. A related opportunity of
obtaining a finite net magnetic moment from an antiferromagnet exists in the case of
small AFM particles embedded in a nonmagnetic medium that has already been
mentioned. Such nanoparticles naturally contain symmetry-breaking discontinuities,
but on the nanoscale may additionally involve an imbalance in the numbers of oppo-
sitely oriented spins, both effects resulting in a finite magnetic moment of the nanopar-
ticle that renders it weakly FM (Manukyan et al., 2014). This will be especially
important in cases where AFM precipitates are present (similar to the cases considered
in Section 4.3, but where now we expect to have weakly FM instead of fully FM
particles).

Several types of structures involving AFM materials can be of interest in this
context: systems based on exchange bias, spin valves, tunnel structures, and struc-
tures involving processes based on spin transfer torque, as described in the excellent
review of Gomonay and Loktev (2014). As an example, consider a current of
electrons flowing through an AFM/FM bilayer shown schematically in Fig. 4.18.
The current is spin-polarized by the FM layer, and transfers some of its magnetic
moment to the AFM region through which it passes. As a consequence, the
AFM region acquires a net magnetic moment (in the form of rotation of its
sublattices M1 and M2, which now no longer cancel), as shown in Fig. 4.18(b). It
is encouraging that many of the options anticipated theoretically have already
been achieved in the laboratory (Park et al., 2011; Wang et al., 2012, 2013; Sando
et al., 2013). Although the discussions in the literature are largely focused on
metallic systems (such as Cr), this is a practical rather than a fundamental distinc-
tion, and semiconductors with AFM interactions involving REs are equally inter-
esting in this context as important candidates for spintronic applications. Since
both the field of AFM spintronics and of RE DMSs at their formative stages, it
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is of course premature to pursue this subject in greater detail, but it is important to
bear in mind that both fields hold opportunities that are mutually promising.

4.7 Conclusions

In this chapter we discussed a wide spectrum of possibilities for achieving promising
RE-based DMS systems, including single-phase magnetic semiconductor alloys, inho-
mogeneous and mixed-phase RE-based magnetic systems, hybrid heterostructures
comprised of semiconductor and magnetic RE compounds, and the new generation
of RE-based layered semiconducting chalcogenides and pnictides. Additionally,
we considered the possibility of AFM RE compounds to achieve spintronic
functionalities. Taken together, the field RE-based DMS alloys and hybrid magnetic
RE/semiconductor heterostructures appears to hold in store highly promising
prospects for spintronic applications, making it worthwhile to undertake further
exploration of new RE-based materials, new approaches to their crystal growth,
and ultimately of new optical and spintronic devices based on these systems.

However, as in most emerging fields, many challenges must still be overcome
before this field can be considered for practical device applications. Among the great-
est is the perennial problem of the Curie temperature, which still remains too low for
practical use in RE-based magnetic semiconductors achieved so far. We should note
parenthetically, however, that alloys such as (Ba,K)(Zn,Mn)2As2 have achieved
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Figure 4.18 An example of effects on magnetic properties of an AFM/FM bilayer induced by
a current. Broad arrows show the orientation of magnetic moments of sublattices M1 and M2

in the AFM region, and of magnetization vector MFM in the FM layers. (a) Magnetizations in
the AFM/FM bilayer in the absence of the current. (b) When a current of electrons whose spins
are polarized in the FM layer flows (from the left, as shown by the horizontal arrow), it
transfers an increment of its magnetic moment dm to the AFM region, giving rise to a net
magnetizationMAFM of that region in the form of rotation of the vectorsM1 andM2, as shown
schematically in (b).
After Gomonay, E.V., Loktev, V.M., 2014. Spintronics of antiferromagnetic systems (review
article). Low Temperature Physics 40, 17e35.
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impressively high Curie temperatures (along with enormous coercivities) even in early
attempts at their formation, making it tempting to explore related 122 alloys based on
REs. Even if these obstacles are overcome, we must also consider whether devices
involving dilute magnetic RE-based semiconductors can be practical in industry.
Here one of the issues is the question of integration of such alloys with established
semiconductor systems due to considerable lattice mismatch. Again, however, we
find it encouraging that many of the new RE-based semiconductors belong to the fam-
ily of layered structures (such as the 122 system already mentioned), which appear to
be quite forgiving where issues with lattice mismatch are involved. Thus, although
there is still a long way to go to achieve the goals of practicality for the new systems
discussed in this chapter, the authors feel that the door for this new area is already open
and waiting.
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5.1 Introduction and previous studies

Rare earth elements are playing important roles in wide areas of application [1]. For
instance, Nd or Sm ions are used in high-strength permanent magnets, especially
the Nd-Fe-B permanent magnet is known as the strongest permanent magnet, which
gives 1 T [2]. Not only the magnetic properties but their optical properties are also
widely used for applications; for instance, Eu and Tb are used in energy-efficient
fluorescent lamps, and Er is used as an amplifier in fiber optics.

The Er3þ ion especially has a unique feature: an intra-4f-shell transition from its
first excited state (4I13/2) to its ground state (

4I15/2) corresponding to the photolumines-
cence (PL) at 1.5 mm. Since this wavelength matches the low-loss window in the
absorption spectrum of silica fiber, Er3þ ion is very attractive for silica fiber-based
optical communication. Furthermore, since the PL at 1.5 mm from Er3þ ion is based
on the atomic intra-4f-shell transition, it is stable against temperature or environment
when the Er3þ ion is incorporated in host materials. Therefore, Er3þ ion is very
attractive for optical applications.

Among various host materials the semiconductor has some advantages because its
growth technique is at the state-of-art level and designing the optical elements is
possible. However, although silicon has the advantages of low-cost and well-
established growth techniques, its energy transfer efficiency to Er3þ ion by the host
excitation is low due to its indirect band gap [3]. On the other hand, GaAs has several
advantages, such as direct band gap, structural stability, and advanced growth
techniques. Ennen et al. [3] observed PL of Er-doped GaAs with photoexcitation
beyond the band gap of GaAs. They observed PL spectra at around 1.54 mm with
apparent fine structures reflecting the weak interaction of 4f electrons with their
crystalline environment at 20K. However, Er atoms doped in GaAs with O codoping
by the organometallic vapor-phase epitaxy (OMVPE) turned out to exhibit much
simplified, sharp, and high-efficient PL at 1.54 mm compared to the PL of GaAs doped
only with Er atoms [4,5]. This luminescent Er center in GaAs:Er,O sample is suggested
as Er-2O center, where Er3þ ion substitutes the Ga site with two adjacent oxygen
atoms, by Takahei et al. [4]. They studied PL spectra of AlGaAs:Er,O samples with
different Al concentration. Considering the higher tendency of O to react with Al
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rather than Ga, they revealed that many new Er centers are formed by small inclusion
of Al, and came up with the suggestion of Er-2O center with detailed discussion [4,6].
This suggestion of Er-2O center was also supported by the polarized PL and fluores-
cence extended X-ray absorption fine structure (EXAFS) measurements [7]. EXAFS
measurement can provide distance distributions of atoms around Er ion atom in
GaAs:Er,O, and the experimental result turned out to be rather consistent with
the Er-2O configuration. Katsuno et al. also discussed the detailed local structure of
Er-2O center by calculating the energy splitting of states 4I15/2 and 4I13/2 using the
crystal theory [8] in order to interpret the PL measurement result on GaAs:Er,O under
a high-pulsed magnetic field up to 60 T [9]. Katsuno’s result was also consistent with
Er-2O center. From all these results, the formation of Er-2O center is rather established
in GaAs:Er,O.

However, the detailed site selective PL spectroscopy revealed more than 10
different kinds of Er centers in GaAs:Er,O [10,11]. It suggested that the
host-excited PL spectrum of GaAs:Er,O is dominated by only one kind of Er center,
and other Er centers can be excited only under direct 4f-shell excitation. Therefore,
further study remained to identify the slight difference in the atomic structure between
luminescent and nonluminescent Er-2O centers.

Electron spin resonance (ESR) is known as a sensitive probe to identify the local
environment around the magnetic ion. Ishiyama et al. performed X-band (9.05 GHz)
ESR measurements on GaAs:Er,O grown by MOCVD at 4.2K [12]. They observed
four kinds of anisotropic Er3þ ESR lines (A, B, C, and D), which newly appeared
and showed stronger intensity by oxygen codoping. From the angular dependence
in the (1e10) plane, they suggested that B and C centers have orthorhombic C2v
symmetry corresponding to Er-2O centers, while A center has lower symmetry, and
D center has trigonal C3i symmetry. Typical ESR spectra observed by Ishiyama
et al. [12] are shown in Fig. 5.1. Moreover, Ishiyama et al. performed ESR measure-
ments under the illumination with 632 nm He-Ne laser light [12]. Typical examples for
A and B centers are shown in Fig. 5.2. The ESR intensity of B center decreased under
the illumination by about 30%, while A, C, and D centers showed no changes in their
intensities. From these results they suggested that B center corresponded to the domi-
nant Er luminescent center because the decrease of ESR intensity for B center was
observed due to the explanation that the 4f shell of only B center is excited under
host photoexcitation while those of A, C, and D centers were not excited.

To get information about the dynamics of the photoexcitation process, K.
Nakamura et al. performed pump and probe measurements on GaAs:Er,O ([Er] ¼
8.7 � 1018cm�3) at room temperature and 12K [13]. Time-resolved reflectivity results
showed an abrupt increase in amplitude followed by a steep decrease to negative,
followed by fast and slow recovery processes to zero. They discussed that the observed
fast recovery process (Tfast ¼ 22 ps at 12K) corresponded to the capture process of
electron by the trap, which was calculated to be 23 ps at 12K. Here they assumed
the electron-like trap. They also calculated the energy transfer process of electrone
hole pair to the Er3þ intra-4f-shell as 54 ps, which was comparable to the observed
slow recovery process (Tslow ¼ 38 ps). Y. Fujiwara et al. extended similar

170 Rare Earth and Transition Metal Doping of Semiconductor Materials



2800

6200 6300 6400

2900

(a) With oxygen

(b) Without oxygen

(b)

(a)

Magnetic field (G)

Magnetic field (G)

Magnetic field (G)

E
S

R
 s

ig
na

l (
a.

u.
)

E
S

R
 s

ig
na

l (
a.

u.
)

3000
0

0

1

2

3

4

5

3

6

9

Mn

× 2

× 20

7200 7300 7400

(b)

(a)

E
S

R
 s

ig
na

l (
a.

u.
)

0

1

2

3

4

5

× 20

(a)

(b)

(c)

Figure 5.1 Typical ESR lines (A, B, and C) observed at 4.2K for Er-doped GaAs with oxygen
codoping (a) and without oxygen codoping (b). ESR signals are derivative curves of ESR
absorption lines due to the magnetic field modulation.
Adapted from Ishiyama T, Katayama E, Murakami K, Takahei K, Taguchi A. J Appl Phys 1998;
84:6782.
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measurements to other GaAs:Er,O with the Er concentration of 1018e1019 cm�3 [14].
It was shown that the electronehole pair formation time is shorter for the samples with
higher Er concentration. Here they assumed the hole-like trap. This means that we need
other experimental evidence to distinguish if the electron-like trap or hole-like trap is
formed in GaAs:Er,O.

As shown in this introduction, the details of PL mechanism in GaAs:Er,O were not
really understood up to this stage. For instance, does the Er-2O center form the
electron-like trap or hole-like trap, or which Er-2O center is the dominant Er lumines-
cent center? Therefore, to get deeper insight into the PL mechanism in GaAs:Er,O,
extended ESR measurements, such as the extended angular dependence, temperature
dependence, and carrier dependence measurements, have been performed.

5.2 Sample preparations

Two low-pressure OMVPE growth systems (OMVPE I and OMVPE II) with different
types of reactors were utilized in this work. OMVPE I has a specially designed reactor
with a vertical four-barrel structure. Advantages of this growth system have been
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Figure 5.2 Typical ESR signals for the A and B centers under no illumination (a) and under
illumination (b) observed at 4.2K. The Er and O concentrations in the sample were [Er] ¼
2.5 � 1017 cm�3, [O] ¼ 7.0 � 1017 cm�3.
Adapted from Ishiyama T, Katayama E, Murakami K, Takahei K, Taguchi A. J Appl Phys 1998;
84:6782.
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described previously [15]. OMVPE II has a conventional horizontal reactor.
The reactor pressure was kept at 76 Torr. The samples were grown on (001)-just
semi-insulating GaAs substrates or (001) Si-doped GaAs substrates, misoriented 2 de-
gree off to <110> direction. Triethylgallium (TEGa) and tertiarybutylarsine (TBAs)
were used as source materials for GaAs growth. Er was doped with trisisopropylcyclo-
pentadienylerbium (Er(i-PrCp)3). The Er source was maintained at a constant temper-
ature of 90�C under 1.01 � 104 Pa and introduced into the reactor by an H2 flow
through a source cylinder. O2 of 38.4 ppm in Ar gas was used as an O2 source. H2S
and diethylzinc (DEZn) were also used for p- and n-type doping sources, respectively
(Table 5.1).

Fig. 5.3 shows Er-related PL spectrum in GaAs codoped with Er and O, which is
compared with that in GaAs doped with Er. PL measurements were carried out with
the samples directly immersed in liquid He at 4.2K. The photoexcitation source was
a continuous wave mode Arþ laser operating at 515 nm with a beam diameter of
1 mm and an incident power of 180 mW. The luminescence of the sample was
dispersed using a grating monochromator and detected with a liquid nitrogen-cooled
Ge pin photodiode using a chopper and a lock-in amplifier. In Er-doped GaAs, there
are many emission lines, reflecting coexistence of various Er centers not identified.
In GaAs:Er,O, the Er-related PL spectrum reveals strong emission lines from an
Er-2O center as reported previously [4].

We investigated the dependence of Er-related PL spectra on growth conditions.
The spectrum is almost independent of Er concentration up to 2 � 1019 cm�3 and
the O2 content in the growth ambient up to 0.8 ppm. However, the formation of the

Table 5.1 GaAs:Er,O- and carrier-doped samples studied by ESR in
Kobe

Sample#
Growth
system Tg (8C) [Er] (cmL3) [O] (cmL3)

Carrier
density

GA05544 OMVPE I 540 6.3 � 1018 7.0 � 1018 I

GA05569 1.0 � 1019 3.0 � 1019 7 � 1017 (p)

GA055BN 4.3 � 1019 9.8 � 1018 5 � 1018 (p)

GA05522 8.3 � 1017 9.2 � 1017 d

GA05529 9.2 � 1018 3.8 � 1018 d

GA030278 OMVPE II 545 1.0 � 1017 d d

GA040396 7.0 � 1017 d 5.6 � 1014 (n)

GA050462 4.0 � 1018 d I

GA050461 1.0 � 1019 d 5.7 � 1016 (p)

(d) means not measured.

Electron spin resonance studies of GaAs:Er,O 173



Er-2O center is greatly influenced by growth temperature [5]. The growth temperature
dependence of the PL spectra is shown in Fig. 5.4. The PL spectrum changes
drastically between 543 and 585�C, suggesting that there is a threshold growth temper-
ature. In samples grown at temperatures higher than 585�C, the Er-2O emission lines
become weak and the PL spectrum is dominated by emission lines from other Er
centers. This result means that the formation of the Er-2O center is strongly suppressed
above the threshold growth temperature.

Effects of Zn- or S-doping on Er-related PL properties have also been investigated
in GaAs:Er,O [17]. Fig. 5.5(a) shows the PL spectrum in Zn-doped GaAs:Er,O with
hole concentration of 1.2 � 1018 cm�3, which is compared with that in GaAs:Er,O
without Zn. Identical emission lines due to an Er-2O center are clearly observed in
both samples. The Er-related PL spectrum in S-doped GaAs:Er,O with electron
concentration of 3.4 � 1017 cm�3 is also shown in Fig. 5.5(b). The Er-2O emission
lines become weak and the PL spectrum is dominated by emission lines from other
Er centers, suggesting that the formation of the Er-2O center is greatly suppressed
by the doping of S.
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Figure 5.3 Comparison of Er-related PL spectra in Er-doped and Er,O-codoped GaAs.
In Er,O-codoped GaAs, the PL spectrum is dominated by strong emission lines from an Er-2O
center.
Adapted from Fujiwara Y. Mater Trans 2005;46:1969.
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5.3 Electron spin resonance results in Kobe

5.3.1 Fundamental properties of GaAs:Er,O (GA05544, without
charge carrier) studied by electron spin resonance [18]

X-band (about 9.49 GHz) ESR measurements of GaAs:Er,O (GA05544) were
performed in the temperature region from 4.5 to 13K using a Bruker ESR spectrometer
EMX081 with a TE103 rectangular cavity and Oxford He flow cryostat ESR900 at
Kobe University [18]. The external field was swept up to 9000 G.

To check the symmetry of ESR lines, ESR measurements were performed for three
different configurations as shown in Fig. 5.6 [18] while only the configuration (a) was
done previously [12]. Fig. 5.7 shows the observed angular dependence for the
configuration (a) at 8K. Three ESR signals A, B, and C are observed and showed
the consistent angular dependence as observed previously [12]; even the Er concentra-
tion is one order of magnitude higher than the previous measurement [12]. The ESR
measurements were also performed for the configuration (b), which was not performed
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Figure 5.4 Growth temperature dependence of Er-related PL spectra in Er,O-codoped GaAs.
The spectral shape changes drastically between 543 and 585�C, suggesting that there is a
threshold growth temperature. Above the temperature, formation of the Er-2O center is greatly
suppressed.
Adapted from Fujiwara Y. Mater Trans 2005;46:1969.
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Figure 5.5 PL spectra in Zn-doped GaAs:Er,O (a) and S-doped GaAs:Er,O (b). The spectrum in
GaAs:Er,O without Zn is also shown for comparison. Identical Er-2O lines are observed in
both samples. The formation of the Er-2O center is greatly suppressed by S doping.
Adapted from Fujiwara Y. Mater Trans 2005;46:1969.
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in the previous report [12]. We found new ESR lines B0 and C0 as shown in Fig. 5.8.
As the resonance fields of B0 and C0 signals coincide with those of B and C signals,
respectively, for q ¼ 0 (H//[100]), B0 and C0 signals were considered to be equivalent
to the B and C signals, respectively. Since B0 and C0 signals largely shift to the lower
field side by changing f slightly as shown in Fig. 5.8, we can expect a very large
principal g-value g1 along a direction perpendicular to the [100] direction, which
was not considered in the previous report [12]. Therefore, we can say that the symme-
try of B and C centers are lower than C2v symmetry, which was proposed previously
[12]. The details of this discussion can be found in Ref. [18]. The suggested g1 ¼ 16.5
is a hint to consider the origin of A, B, and C centers in GaAs:Er,O which will be dis-
cussed in Section 5.4.1.

Temperature dependences in ESR measurements were observed by us for the first
time [18]. The result is shown in Fig. 5.9. To our surprise the ESR intensities showed a
maximum around 8K and decreased to zero below 8K, which clearly suggests that the
B and C centers are not isolated paramagnetic centers but nonmagnetic at lowest
temperature. The Er pair model is discussed in Section 5.4.2 as the possible origin
of this temperature dependence.

Temperature dependences of line width were also observed for the first time [18].
The result is shown in Fig. 5.10. The line widths remain constant up to 8K and increase
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Figure 5.6 Experimental configurations employed in the study of GaAs:Er,O (GA05544).
(a) q is the angle in degrees between the magnetic field and the [001] direction in the (�110)
plane. (b) f is the angle in degrees between the magnetic field and the [100] direction in the
(001) plane. (c) q0 is the angle in degrees between the magnetic field and the [001] direction in
the (010) plane.
Adapted from Yoshida M, Hiraka K, Ohta H, Fujiwara Y, Koizumi A, Takeda Y. J Appl Phys
2004;96:4189.
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rapidly above 8K. Therefore, low temperature measurement using He flow cryostat is
essential to observe ESR signals in GaAs:Er,O.

In order to get information about the effect of photoexcitation of the host on the
ESR spectra of A, B, and C centers, ESR measurements under He-Ne laser illumina-
tion were performed [18]. The result at 8K is shown in Fig. 5.11. In order to check the
heating effect, the temperature dependences with and without illumination were
compared. As a result very small change for C center seems to be a heating effect while
the observed change for B center is concluded as intrinsic. However, the decrease of
ESR intensity under illumination for B center turned out to be smaller than the 30%
decrease observed previously [12]. Possible origin of this effect based on our new
model is discussed in Section 5.4.3.

5.3.2 Zn codoping (hole carriers) effect on electron spin
resonance [19]

Zn codoping effects to ESR signals were also studied at 8K under the configuration
(a) in Fig. 5.6. Here Zn codoping introduces hole carriers into GaAs:Er,O. ESR
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Figure 5.7 Angular dependence of the g-values of GaAs:Er,O (GA05544) in the (�110) plane
for A (solid triangle), B (open circle), and C (solid circle) from q ¼ �10 to 190 degrees in
5 degree steps at 8K.
Adapted from Yoshida M, Hiraka K, Ohta H, Fujiwara Y, Koizumi A, Takeda Y. J Appl Phys
2004;96:4189.
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Figure 5.9 Temperature dependence of the integrated ESR intensities of B (open circle) and C
(solid circle) signals. The dotted and dashed lines are calculated for typical temperature
dependences of ground and excited states of paramagnetic center, respectively.
Adapted from Yoshida M, Hiraka K, Ohta H, Fujiwara Y, Koizumi A, Takeda Y. J Appl Phys
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Figure 5.8 ESR spectra of GaAs:Er,O (GA05544) at 8K for various field directions from
f ¼ �4 to 4 degrees in 1 degree steps.
Adapted from Yoshida M, Hiraka K, Ohta H, Fujiwara Y, Koizumi A, Takeda Y. J Appl Phys
2004;96:4189.
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measurements were performed on GaAs:Er,O (GA05544) and GaAs:Er,O,Zn
(GA05569 and GA055BN) samples at 8K. Although Zn concentration was not
precisely identified, GA055BN is expected to have higher Zn concentration than
GA05569 because the flow rate of the Zn source was higher for GA055BN during
the OMVPE process.

A, B, and C signals were observed for all Zn codoped samples with similar angular
dependence as observed for GaAs:Er,O [12,18]. This implies that the local atomic
configuration of A, B, and C centers are not affected by the Zn codoping.

On the other hand, the Zn codoping has a drastic effect on the ESR intensity as
shown in Fig. 5.12. Especially the ESR intensity of C signal almost disappears as
the Zn (hole carrier) concentration increases, which has a strong correlation with the
decrease of PL intensity by the increase of Zn codoping [19]. The possible model to
interpret these effects based on our new model is discussed in Section 5.4.3.

5.3.3 Electron spin resonance study of Er concentration
dependence

5.3.3.1 GaAs:Er,O without charge carrier [20,21]

Er concentration dependence is studied by ESR for samples GA030278 ([Er] ¼
1.0 � 1017 cm�3), GA05522 ([Er] ¼ 8.3 � 1017 cm�3), and GA05529 ([Er] ¼
9.2 � 1018 cm�3). No charge carrier exists in these samples. Angular dependence
measurements were performed for the configuration in Fig. 5.6(a) at 8.0K, and angular
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Figure 5.10 Temperature dependence of the peak-to-peak line widths of B (open circle) and
C (solid circle) signals.
Adapted from Yoshida M, Hiraka K, Ohta H, Fujiwara Y, Koizumi A, Takeda Y. J Appl Phys
2004;96:4189.
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Figure 5.11 ESR spectra for (a) A, (b) B, and (c) C under illumination (dashed line, ON) and in
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Adapted from Yoshida M, Hiraka K, Ohta H, Fujiwara Y, Koizumi A, Takeda Y. J Appl Phys
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dependences of g-values for A, B, and C centers turned out to be similar with the
previous reports [12,18]. This result suggests that the local atomic configuration of A,
B, and C centers are not affected by the change of Er concentration.

Temperature dependence ESR measurements were also performed for all three
samples. The temperature dependence of integrated intensity of B and C signals
showed a maximum around 8K, which was a similar behavior observed in the previous
reports [12,18]. Fig. 5.13 shows the temperature dependence of line width for B and C
centers. Observed temperature dependence is similar to what was observed in the pre-
vious reports [12,18]. In order to discuss the Er concentration dependence of line
width, the line width calculation was performed on the assumptions that Er3þ ions
are homogeneously distributed in the sample and the dominant interaction between
Er3þ ions is the magnetic dipoleedipole interaction [20]. From the theoretical
equation, the line width should increase in proportion to the spin density [22].
However, the experimental result suggests that the line width increases only twice
when the spin density is increased 10 times. One of the ways to interpret this discrep-
ancy is the existence of exchange interaction. The exchange interaction will reduce the
line width through the exchange narrowing effect [23,24], and this leads to the Er pair
model discussed in Section 5.4.2.

Line shape analyses of signal B were performed for GA05522 ([Er] ¼
8.3 � 1017 cm�3) and GA05529 ([Er] ¼ 9.2 � 1018 cm�3) as shown in Fig. 5.14
[20], and for GA030278 ([Er] ¼ 1.0 � 1017 cm�3) as shown in Fig. 5.15 [21].
Generally the line shape becomes Lorentzian (Gaussian) if the dominant interaction
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Figure 5.12 ESR spectra of B and C for GaAs:Er,O (GA05544) and GaAs:Er,O,Zn (GA05569
and GA055BN) at 8K. The magnetic field was applied approximately along the [001]
direction.
Adapted from Yoshida M, Hiraka K, Ohta H, Fujiwara Y, Koizumi A, Takeda Y. J Appl Phys
2005;97:023909.
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is the exchange (magnetic dipoleedipole) interaction. The experimental results in
Figs. 5.14 and 5.15 clearly show that the line shape of signal B is Lorentzian for all
three samples. Therefore, the existence of exchange interaction is expected for signal
B in GaAs:Er,O without charge carrier, and this result also supports the Er pair model
discussed in Section 5.4.2.

Fig. 5.16 shows the relative integrated intensity, which is normalized by the total
number of Er atoms in each sample, as a function of Er concentration. There is a
tendency that all the normalized intensities decrease around the Er concentration of
1018 cm�3, which is in correlation with the decrease of PL [25].

5.3.3.2 GaAs:Er,O with charge carriers [26]

Er concentration dependence is studied by ESR for n-type GA040396
([Er] ¼ 7.0 � 1017 cm�3, n ¼ 5.6 � 1014 cm�3), high-resistance GA050462
([Er] ¼ 4.0 � 1018 cm�3), and p-type GA050461 ([Er] ¼ 1.0 � 1019 cm�3,
p ¼ 5.7 � 1016 cm�3). Here charge carrier type should also be considered. Angular
dependence measurements were performed for the configuration in Fig. 5.6(a) at
8K, and angular dependences of g-values for A, B, and C centers turned out to be
similar to the previous reports [12,18]. This result suggests that the local atomic config-
uration of A, B, and C centers are not affected by the change of Er concentration and
the charge carrier type.
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Figure 5.13 Temperature dependence of peak-to-peak line width. The open (closed) circles and
open (closed) diamonds correspond to signal B (C) of GA05522 ([Er] ¼ 8.3 � 1017 cm�3) and
GA05529 ([Er] ¼ 9.2 � 1018 cm�3), respectively. The magnetic field is applied approximately
along the [110] direction.
Adapted from Fujisawa M, Asakura A, Elmasry F, Okubo S, Ohta H, Fujiwara Y. J Appl Phys
2011;109:053910.
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Figure 5.14 (a) ESR spectra B of GA-18 (GA05522, [Er] ¼ 8.3 � 1017 cm�3) and GA-19
(GA05529, [Er] ¼ 9.2 � 1018 cm�3) observed at T ¼ 8.0K. The magnetic field is applied
45 degrees from the [001] direction in the (�110) plane. (b) Line shape of B signals observed
at T ¼ 8.0K. Closed squares and open circles correspond to GA-18 and GA-19, respectively.
Solid and dashed lines correspond to Lorentzian and Gaussian line shapes, respectively. B0 and
DBpp are the resonance field and the line width, respectively.
Adapted from Fujisawa M, Asakura A, Elmasry F, Okubo S, Ohta H, Fujiwara Y. J Appl Phys
2011;109:053910.
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Figure 5.16 Relative integrated intensity of GaAs:Er,O as a function of Er concentration at
8.0K. The integrated intensity was normalized by the total number of Er atoms in each sample.
The left (center, right) side data near 1017 (1018, 1019) cm�3 are obtained from the experiments
for GA-17 (GA-18, GA-19). The broken lines are included as visual guides.
Adapted from Fujisawa M, Asakura A, Elmasry F, Okubo S, Ohta H, Fujiwara Y. J Phys Conf
Ser 2010;200:062005.
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Temperature dependence ESR measurements were also performed for all three
samples. The temperature dependence of integrated intensity of B and C signals
showed a maximum around 7K, which was a similar behavior observed in the previous
reports [18,20]. Fig. 5.17 shows the temperature dependence of line width for B and
C centers. Observed temperature dependence is similar to what was observed in
the previous reports [18,20]. Here the line width calculation was also performed on
the assumptions that Er3þ ions are homogeneously distributed in the sample and the
dominant interaction between Er3þ ions is the magnetic dipoleedipole interaction
[20]. From the theoretical calculation, the line width should have the ratio of 1:7:21
for GA-17-n, GA-18-n, and GA-19-p. However, the experimental result in Fig. 5.17
shows a much smaller increase. One of the ways to interpret this discrepancy is the
existence of exchange interaction. The exchange interaction will reduce the line width
through the exchange narrowing effect [23,24], and this again leads to the Er pair
model discussed in Section 5.4.2.

Line shape analyses of signal B were performed for all three samples as shown
in Fig. 5.18 [26]. Generally the line shape becomes Lorentzian (Gaussian) if the
dominant interaction is the exchange (magnetic dipoleedipole) interaction. The exper-
imental results in Fig. 5.18 show that the line shape of signal B is closer to the
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Figure 5.17 Temperature dependence of peak-to-peak line width. The open (closed) circles,
open (closed) triangles, and open squares correspond to signal B (C) of n-type GA-17-n
(GA040396, [Er] ¼ 7.0 � 1017 cm�3, n ¼ 5.6 � 1014 cm�3), high-resistance GA-18-r
(GA050462, [Er] ¼ 4.0 � 1018 cm�3), and p-type GA-19-p (GA050461, [Er] ¼
1.0 � 1019 cm�3, p ¼ 5.7 � 1016 cm�3), respectively. The magnetic field is applied
approximately along the [110] direction.
Adapted from Elmasry F, Okubo S, Ohta H, Fujiwara Y. J Appl Phys 2014;115:193904.
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Figure 5.18 (a) ESR spectra B and C of n-type GA-17-n (GA040396, [Er] ¼ 7.0 � 1017 cm�3,
n ¼ 5.6 � 1014 cm�3), high-resistance GA-18-r (GA050462, [Er] ¼ 4.0 � 1018 cm�3), and
p-type GA-19-p (GA050461, [Er] ¼ 1.0 � 1019 cm�3, p ¼ 5.7 � 1016 cm�3) observed at
T ¼ 8.0K. The magnetic field is applied 45 degrees from the [001] direction in the (�110)
plane. (b) Line shape of B signals observed at T ¼ 8.0K. Open circles, triangles, and squares
correspond to GA-17-n, GA-18-r, and GA-19-p, respectively. Solid and dashed lines
correspond to Lorentzian and Gaussian line shapes, respectively. H0 and Hpp are the resonance
field and the line width, respectively.
Adapted from Elmasry F, Okubo S, Ohta H, Fujiwara Y. J Appl Phys 2014;115:193904.

Electron spin resonance studies of GaAs:Er,O 187



Lorentzian, and there is a tendency that it moves to the Lorentzian side as the Er
concentration increases. Therefore, the existence of exchange interaction is also
expected for signal B in GaAs:Er,O with charge carriers, and this result also supports
the Er pair model discussed in Section 5.4.2.

Fig. 5.19 shows the relative integrated intensity, which is normalized by the total
number of Er atoms in each sample, as a function of Er concentration. Drastic decrease
is observed only for the signal C of p-type GA-19-p (GA050461, [Er] ¼
1.0 � 1019 cm�3, p ¼ 5.7 � 1016 cm�3). This behavior is rather similar to the case
of Zn codoped GaAs:Er,O, and will be discussed in connection with the proposed
model in Section 5.4.3.

5.4 Discussion and proposed models

5.4.1 Origin of A, B, and C electron spin resonance centers

Since A, B, and C ESR centers are observed in all ESR measurements of GaAs:Er,O
with similar angular dependences, the possible origin of A, B, and C ESR centers will
be discussed. Most early angular dependence ESR measurements were done in the
(�110) plane and suggested the C2v symmetry for ESR centers [12,27]. However,
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Figure 5.19 ESR integrated intensity for A, B, and C centers as a function of Er concentration.
The ESR intensity is normalized by the total number of Er atoms in each sample. The magnetic
field is applied 30 degrees from the [001] direction in the (�110) plane.
Adapted from Elmasry F, Okubo S, Ohta H, Fujiwara Y. J Appl Phys 2014;115:193904.
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Yoshida et al. performed the angular dependence ESR measurement in the (001) plane
and found new ESR lines [18]. The analyses of their results suggested that the new
lines are related to ESR lines observed in the (�110) plane and the local symmetry
of A, B, and C ESR centers are lower than the C2v symmetry [18]. This suggestion
is consistent with the previous Zeeman analysis, which showed that the symmetry
of the luminescent Er-2O center deviates from C2v [28]. Moreover, the extended
analyses also suggested the existence of large principal g-value (g1 ¼ 16.5) nearly
along the [�110] direction. Then the situation became easier to understand why we
observe different A, B, and C ESR centers in the (�110) plane. Since g1 has a very
large g-value of 16.5, small deviation of g1 axis from the [�110] direction gives a large
projection difference of g-value in the (�110) plane. Therefore, the difference among
observed A, B, and C ESR centers can be attributed to the difference in the deviation of
g1 direction from the [�110] direction. They also suggested that the two oxygen atoms
or two arsenic atoms for the Er-2O center should lie along the g1 direction and give rise
to the very anisotropic g1 value. Therefore, specific atoms can deviate from the<110>
direction in various ways, resulting in the various Er-2O centers, which are consistent
with PLE spectroscopy suggesting many kinds of Er-2O centers [10,11].

5.4.2 Er pair model

Temperature dependence of ESR intensity down to 4.2K was first observed for A ESR
center by Yoshikawa et al. [27] and for B and C ESR centers by Yoshida et al. [18].
Surprisingly, all ESR intensities did not show the paramagnetic behavior, which shows
the monotonic increase of intensity as temperature decreases, but showed a maximum
around 8K. This behavior is universal for all measured samples as shown in Section
5.3. Yoshida et al. [18] proposed the Er pair model to interpret this temperature depen-
dence. If two Er ions are situated close together and coupled antiferromagnetically, the
ground state will be a singlet and the ESR intensity decreases at very low temperature.
If the temperature increases comparable to the gap between the magnetic excited state
and the singlet ground state, the ESR intensity shows a maximum due to the increase of
population at the magnetic excited state. If the temperature increases further, the
populations in Zeeman split magnetic excited states become comparable and the
ESR intensity decreases. Therefore, this model can interpret the temperature depen-
dence of ESR intensity shown in Section 5.3 qualitatively. Moreover, there are several
other evidences to support this Er pair model. First, the concentration dependence of
line width of B and C ESR centers is far from the theoretically calculated line width
[22], assuming the magnetic dipoleedipole interaction and the uniform distribution
of Er ions in GaAs [20,26]. This result implies that Er ions are not uniformly distrib-
uted and Er pairs may exist in GaAs. Second, the line shape analyses of B ESR center
show the Lorentzian line shape not the Gaussian [20,21,26]. In ESR the Lorentzian
line shape appears when the exchange interaction is dominant, and the Gaussian
line shape appears when the magnetic dipoleedipole interaction is dominant [23].
Therefore, the observation of Lorentzian line shape is the strong indication that there
exists the exchange interaction, and the only way to have the exchange interaction is
via Er ion pairs. However, we should point out that there should be no exchange
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coupling among A, B, and C ESR centers because they are separately observed.
If there is an exchange interaction between two centers, the exchange narrowing effect
will average out two ESRs into one ESR [23].

5.4.3 Proposed model for the trap level

Energy transfer from light excited GaAs host to Er3þ ion was studied by pump and
probe measurement [13,14]. The electronehole pair creation at the trap level inside
the gap of GaAs host and the energy transfer time were discussed. They also suggested
that the trap level is coming from the Er-2O center but the energy transfer can be
interpreted either by an electron-like trap [13] or a hole-like trap [14]. The nature of
trap level will be discussed from the carrier effects on PL and ESR intensity in
GaAs:Er,O.

We will start with the carrier effect on PL in GaAs:Er,O. First we assume that the
Er-2O center forms the hole-like trap as shown in Fig. 5.20. In the case of n-type
charge carriers as shown in Fig. 5.20(a), the hole-like trap is empty. When a
free-electron and a free-hole are generated by the light excitation on the GaAs host,
the hole-like trap level captures a photogenerated hole and becomes positively
charged. The attractive potential of the trap level on a photogenerated hole is coming
from the large strain field produced by the size difference between the Er3þ ion
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Figure 5.20 Host-excited PL model (a) in the case of n-type charge carriers (b) in the case of
p-type charge carriers.
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(0.096 nm) and Ga3þ ion (0.062 nm) [29]. Then the positively charged trap level
attracts a photogenerated electron in the conduction band through the Coulomb force
and the electronehole pair is created. This electronehole pair recombines at the Er-2O
center and the part of recombination energy is transferred to the Er3þ 4f-shell for the 4f
excitation. The excited 4f-shell relaxes from its first excited state (4I13/2) to the ground
state (4I15/2) and it emits PL at 1.5 mm. As the electronehole pair recombination occurs
at the Er-2O center, the efficiency to excite the Er3þ 4f-shell will be very high.

On the other hand, in the case of p-type charge carriers as shown in Fig. 5.20(b), the
hole-like trap is already occupied by holes even before the light excitation on the GaAs
host. Then consider the situation when a free-electron and a free-hole are generated by
the light excitation on the GaAs host. As the photogenerated electron in the conduction
band sees many positive traps all over in the real space, the recombination of
photogenerated electron with the photogenerated hole in the valence band is more pref-
erable. Then the part of recombination energy is transferred to Er3þ 4f-shell for the 4f
excitation. However, the efficiency to excite the Er3þ 4f-shell will be very low in this
case because the electronehole pair recombination occurs mainly not at the Er-2O cen-
ter. Then the reduction of PL is expected in the case of p-type carriers.

Our observation of PL discussed in Section 5.2, where the PL intensity is reduced in
the case of p-type charge carriers than in the case of n-type charge carriers, coincides
well with this assumption of the hole-like trap for the Er-2O center. Moreover, if we
assume that the Er-2O center forms the electron-like trap, the whole discussion on the
carrier effect will be opposite and the reduced PL intensity is expected for the case of
n-type carriers, which is inconsistent with our observed results in Section 5.2.

Next we will discuss the charge carrier effect on ESR based on the model described
in Fig. 5.20. As discussed in Section 5.3 the ESR intensity decrease of signal C is very
significant for p-type samples [26] including the Zn doping GaAS:Er,O (p-type)
samples [19]. Especially the ESR intensity of the C center decreases dramatically
with increasing the doping amount of Zn [19], which corresponds to the increase of
p-type carriers. This mechanism is not clearly established by the experiments.
However, the one possible mechanism is that, when the hole goes into Er3þ ion
(4f11), the electronic state changes to Er4þ (4f10). The electronic state of Er4þ ion is
comparable to Ho3þ ion (4f10). The Ho3þ ion is known to have more anisotropic
g-values than Er3þ ion [24,30]. Therefore, the ESR signal may move outside of our
X-band ESR measurement range and it results in the decrease of ESR signal intensity
for p-type samples as observed in our experiments.

Then the question may arise why the ESR intensity decreases only for the signal C
and not for the signal B by the increase of p-type carriers. As already discussed in
Section 5.4.1, slightly different local structures are expected between the B and C cen-
ters from the angular dependence of g-values. Therefore, it is reasonable to expect
different energy levels for B and C centers. If we assume a deeper hole-like trap level
for the C center than for the B center, the doped p-type carriers tend to go into the trap
level of the C center first and give rise to the decrease of ESR intensity of the C center.
Determination of precise local structures of the B and C centers may be the future issue
to support this proposed model. Finally the proposed trap level model is schematically
summarized in Fig. 5.21.
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A final comment may be addressed about the main host-excited PL center. Ishiyama
et al. suggested that the luminescent Er center (PLE line No. 9 [11]) corresponds to
either the B or C ESR center from the classification of Er concentration dependence
of ESR and PLE intensities [12]. Then as discussed in Sections 5.2 and 5.3, there is
a strong correlation between the decrease of PL and the decrease of ESR intensity
of the C center by the increase of p-type carriers. Together with this fact and the
possible mechanism discussed with Figs. 5.20 and 5.21, it is more likely that the C cen-
ter has the higher energy transfer efficiency to the Er3þ 4f-shell after the electronehole
pair recombination than the B center. Therefore, the C center may be the main
host-excited PL center while the microscopic origin to interpret the different energy
transfer efficiency between B and C centers is not clear at the moment. On the other
hand, it is reported that there is decrease of ESR intensity of the B center by the light
illumination of GaAs:Er,O with He-Ne laser while there is no change for the ESR in-
tensity of the C center [12,18]. As the ESR measuring time is the order of minutes,
which is much longer than the electronehole recombination time and energy transfer
time of the order of psec, we have to consider the steady state under the He-Ne laser
illumination. If the energy transfer efficiency to the Er3þ 4f-shell with the electrone
hole pair recombination is higher at C center than B center as discussed earlier, the
averaged time for the hole to stay at the Er-2O trap level is longer for the B center
than the C center. Then the ESR intensity of the B center decreases compared to
that of the C center on average, which is consistent with the ESR experiments under
the illumination of GaAs:Er,O with He-Ne laser. In conclusion, the ESR C center
can be considered as the main host-excited PL center from our model illustrated in
Fig. 5.21.

5.5 Summary

ESR studies of GaAs codoped with Er and O atoms (GaAs:Er,O) with and without
carriers are presented. ESR studies include the detailed angular dependence, the
temperature dependence, the effect of illumination, and Er concentration dependence

B
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C.B.

C

Figure 5.21 Proposed trap level model for B and C centers.
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measurements. Moreover, the line width calculations and the line shape analyses are
performed. Considering these ESR results and analyses, the origin of A, B and C
ESR centers, Er pair model, and the proposed model for the trap level are discussed.
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Gadolinium-doped
gallium-nitride: synthesis routes,
structure, and magnetism

6
A. Ney
Johannes Kepler University, Linz, Austria

6.1 Introduction

The race toward a dilute magnetic semiconductor (DMS) that exhibits room-temperature
(RT) ferromagnetism has been in progress for about 15 years, sparked by the theoretical
prediction that the twowide band-gap semiconductorsGaN andZnOwould show aCurie
temperature (TC) above 300 K if doped with 5% of Mn and a large hole concentration of
1 � 1020/cm3 (Dietl et al., 2000). Despite apparent experimental evidence that RT mag-
netic order was already reported by many groups shortly after the theoretical prediction,
the subject remained unusually controversial in the following years. Dietl (2010)
summarizes that after 10 years of research the existence of ferromagnetism is well estab-
lished for GaAs:Mn and related systems but it remains the major goal in the field to
achieveTCs at or above 300 K.Around the same time a reviewof a large group of theorists
summarize: “The results of ab initio calculations seem to suggest that it is rather unlikely to
obtain TC values as high as room temperature or above in this range” (Sato et al., 2010).
Nonetheless persistent experimental claims of TCs above 300 K for a range of DMS
materials can be found up to today. Thus it is worth trying to get a broader view on a given
materials systems and compare a range of samples from different sources to elucidate
whether these reports are characteristic of the DMS material itself (system-specific)
or if only peculiarities of a given specimen are reported (sample-specific). Only in the
former case can we consider those findings to be useful for future potential applications
in spintronic devices that have to be operational at ambient conditions.

Meanwhile a range of DMS materials with a potential TC above RT were reviewed
in a comprehensive way, for example, ZnO:Co (Ney et al., 2010a), and in most of these
cases two points turned out to be crucial: (1) exclusion of secondary magnetic phases,
where transmission electron microscopy (TEM) and synchrotron-based techniques
like X-ray absorption spectroscopy (XAS) were found to be advantageous; and
(2) magnetic characterization beyond the standard superconducting quantum inter-
ference device (SQUID) magnetometry to evidence ferromagnetism. Using the
X-ray magnetic circular dichroism (XMCD) technique, (1) and (2) can be combined
in an elegant way because this approach combines the chemical sensitivity of XAS
with the possibility to probe the magnetic properties with element specificity using
XMCD. The aim of this chapter is therefore to focus on a range of GaN:Gd samples
that were fabricated by different synthesis routes on different substrates in different
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laboratories. While for most of these samples a standard SQUID characterization was
made, only a few of them were investigated with more advanced experimental tech-
niques trying to unravel the microscopic origin of the integral magnetic properties of
the various specimen.

6.1.1 A brief overview for GaN:Gd

The first claim of RT-ferromagnetism in GaN:Gd was made by Teraguchi et al. (2002).
However, rare-earth doping of GaN was primarily the focus because of its importance
in optoelectronics and thus this report received only little interest from the DMS com-
munity in the beginning. This has drastically changed, when ferromagnetism far above
300 K was reported even at very dilute doping levels down to 1016 Gd/cm3. Moreover
the magnetic order was reported to be caused by effective magnetic moments of the
order of 1000 mB per Gd atom (Dhar et al., 2005a) and a heuristic model relying on
magnetically polarized spheres of influence was invoked to explain these unusual find-
ings (Dhar et al., 2005a,b). R€over et al. (2008) confirmed the existence of the colossal
magnetic moments in the ultra-dilute limit a few years later. Similar results, with even
higher effective magnetic moments, were also reported for Gd ion-implanted hexago-
nal (wurtzite structure) GaN (Dhar et al., 2006). On the other hand, in cases where
Gd-ions were implanted into cubic (zincblende structure) GaN, only paramagnetism
was found (Lo et al., 2007). Therefore it was speculated that a combination of
implantation-related defects and the polar nature of the wurtzite lattice may promote
the magnetic order.

Besides the claims of colossal effective moments, the presence of RT-
ferromagnetism was also found by other experimentalists up to Gd concentrations
of 8.9% (Zhou et al., 2008). Other groups paid special attention to the correlation
of ferromagnetism with the preparation conditions (Hite et al., 2006), especially
regarding the robustness of the observed RT ferromagnetism with respect to defects
(Hite et al., 2008). The interrelation of RT ferromagnetism with defects is also under-
lined by the existence of variable range hopping transport in ferromagnetic (FM)
GaN:Gd (Bedoya-Pinto et al., 2009). Especially the latter finding is worth comment-
ing on since the samples with the colossal moments studied by Dhar et al. (2005a,b)
were also highly resistive, which is in contrast to the initial theoretical prediction
where a high hole concentration was the prerequisite for robust magnetic order (Dietl
et al., 2000). More recently, also reproducibility-issues and long-time degradation of
the magnetic properties of GaN:Gd were reported (Roever et al., 2011). It should be
noted that in all these papers the magnetic characterization was predominantly based
on integral SQUID magnetometry.

In parallel to these experimental reports theoretical groups tried to shed light on the
possible origin of the claimed ferromagnetism. Theory was initially suggesting an an-
tiferromagnetic order via sf-coupling which can be tuned to be FM by electron doping
(Dalpian and Wei, 2005), which however was not consistent with the insulating sam-
ples reported by Dhar et al. (2005a,b). Later, it was reported that Ga vacancies could be
responsible for the ferromagnetism in Gd:GaN (Liu et al., 2008; Gohda and Oshiyama,
2008) and even in undoped GaN (Dev et al., 2008). The importance of the role of de-
fects was consistent with the experimental observation that the magnetic properties of
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ion-implanted and thus potentially more defective GaN:Gd were enhanced (Dhar et al.,
2006) compared to samples grown by molecular beam epitaxy (MBE) (Dhar et al.,
2005a,b). However, these theoretical predictions were criticized because of the large
number of defects, which had to be invoked, and the high energy of formation of
Ga vacancies. Therefore interstitial N or O on octahedral sites was proposed as an
alternative explanation to mediate ferromagnetism (Mitra and Lambrecht, 2009).
This prediction was consistent with the reported oxygen concentration of 1018/cm3,
which was held responsible for the high resistivity of the GaN:Gd MBE samples
exhibiting the colossal magnetic moments (Dhar et al., 2005a,b).

Summarizing, a defect-based explanation for the reported ferromagnetism in GaN:Gd
seems to be plausible. This scenario can explain large variations from sample to sample
and the importance of the fabrication method. In addition, the absence of carrier-
mediated ferromagnetism as reported from early on by experimentalists is in contrast
to other DMS, for example, for GaAs:Mn where carrier-mediated ferromagnetism is
satisfyingly explained by theory and verified by experiments (see, eg, Dietl et al.
(2000) and Dietl (2010)). It is therefore worth trying a systematic synopsis over a range
of published experimental results that deal with the magnetic properties of GaN:Gd
to try to test the hypothesis of defect-induced magnetic order in this DMS compound.

6.2 General considerations and experimental methods

In the course of this chapter a range of experimental methods will be employed. The
XAS-based methods will briefly be described and discussed in this section. It also
includes some detailed technical remarks on the standard SQUID magnetometry to
highlight possible pit-falls. However, we will start with some general considerations
about magnetic properties and recall some well-known but important facts about
magnetism.

6.2.1 Generals remarks about magnetic properties

First, the various categories of possible magnetic properties that will be used throughout
this chapter are listed. The term “ferromagnetic” will be used only if it can be experi-
mentally demonstrated by more than one method or evidence that long-range magnetic
order with a remanent magnetization, magnetic anisotropy, and a magnetic hysteresis
are present. All these properties shall vanish at TC and the system becomes paramag-
netic (PM). At TC a peak in the susceptibility should be present and the specific heat
should exhibit an anomaly. A PM material is characterized by noninteracting atomic
moments of a few mB and the absence of both remanence and hysteretic behavior
down to the lowest temperatures (w1 K) where dipolar interaction starts to play a
role. For well-isolated magnetic impurities in a symmetric environment the magnetiza-
tion can be described by the Brillouin function (BJ). However, it should be recalled that
PM can also be anisotropic, which has explicitly been reported in DMS systems having
the wurtzite structure like GaN:Mn (Stefanowicz et al., 2010) and ZnO:Co (Ney et al.,
2010b). Note that for these 3d dopants in a wurtzite matrix BJ does not properly
describe the magnetization curves.
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The term “superparamagnetic” (SPM) is used in cases when a magnetic hysteresis
and a remanence are observed at low temperatures. Both vanish above a certain tem-
perature above which the PM response is indicative of larger effective magnetic
moments compared to the atomic moments in a PM sample. This is typically asserted
by the presence of a clear blocking behavior (separation of field-cooled (FC) versus
zero-field-cooled (ZFC) M(T) curves with a clear maximum in the ZFC curve) and an
anhysteretic, S-shaped M(H) curve at elevated temperatures, which typically can be
described by a Langevin function. SPM is typically present if a non-, or weakly
(dipolar) interacting ensemble of small FM nanoparticles is studied. In the context
of DMS materials it is crucial to note that the vast majority of presented data
throughout the literature is merely indicative of SPM rather than FM, with the excep-
tion of GaAs:Mn, where FM is well established in the earlier sense. It should also be
noted that SPM in DMS systems can have different microscopic origins. On the one
hand, if a coalescence model of spheres of influence is considered (Dhar et al.,
2005a,b), SPM-like signatures are expected. The blocking temperature would corre-
spond to the temperature where the magnetic coupling between the spheres of influ-
ence breaks down. Within such a scenario, SPM would be an intrinsic property of the
material. On the other hand, small FM inclusions (precipitations or nanoclusters)
more naturally constitute SPM behavior. Such nanoclusters can originate from
different sources: (1) phase separation of dopant atoms; (2) decoration of grain
boundaries with dopant atoms beyond the solubility limit; (3) magnetic contamina-
tions due to sample-handling such as wafer cutting by the manufacturer, cleaving,
improper tweezers-handling, improper sample mounting, or even using a marker
pen to label the samples on the backside; and finally (4) dopant-rich regions in a
dopant-poor host matrix such as in the Mn:Ge system (eg, Bougeard et al., 2006).
Whereas (4) can be considered as an intrinsic property of the material as well,
(1e3) will be regarded as extrinsic and therefore not as a real physical property of
the material in question. Note that it is experimentally extremely difficult to rule
out (1) and (2) since small nanoclusters are hard to be detected using standard
X-ray diffraction (XRD) and a search of nanoclusters using TEM can be rather
tedious (see, eg, Ney et al., 2010a). Sample contamination issues summarized in
(3) will be discussed in more detail along with SQUID magnetometry in the
following.

6.2.2 SQUID magnetometry

Very sensitive magnetometry represents an essential tool to study the magnetic prop-
erties of a range of different sample systems. Many DMS samples studied throughout
the literature have in common that they are all deposited on a substrate and the data
presented in most publications are already corrected for the magnetic response of
the substrate, or even for the studied sample volume. This is especially true for GaN-
based DMS because large single crystals of GaN are not available. The vast majority
of experiments are based on magnetic characterizations performed by SQUID
magnetometry and in particular the commercial SQUID magnetometer MPMS
(XL) from Quantum Design. Using the MPMS SQUID is widely spread mainly

198 Rare Earth and Transition Metal Doping of Semiconductor Materials



due to its high degree of user-friendly automation and reliability as well as the lack of
commercial alternatives. The SX-700 from Cryogenic can be found less frequently
and thus it is worth summarizing a few technical details about the standard usage
of the MPMS SQUID magnetometer that are very important when small magnetic
signals of a DMS layer have to be separated from the large diamagnetic background
of the substrate. Stamenov and Coey (2006) have pointed out that the second-order
gradiometer, which detects the magnetic moment of the given sample in a SQUID
magnetometer is already prone to errors because of the finite sample size while the
MPMS assumed a point dipole and they provided some correction factors. Note
that some variants of the SX-700 offer to correct the data for higher order multipoles.
However, this mainly concerns the quantitative accuracy of the results, and later, a
correction table for arbitrary sample sizes for the MPMS gradiometer was provided
(Sawicki et al., 2011).

Along another line of possible pitfalls it was discussed that especiallyAl2O3 (sapphire)
substrates can exhibit ferromagnetism themselves (Salzer et al., 2007), which may orig-
inate from residual contaminations from the manufacturer. However, even after thorough
cleaning of the substrates, a small apparently FM hysteresis can be detected (Sawicki
et al., 2011). By comparing diamagnetic and PM substrates and by properly quenching
the superconductingmagnet to eliminate residual trappedflux, Sawicki et al. (2011) could
demonstrate that it is inevitable to pick up some residualflux in the superconductingmag-
net of the order of 0.5 mTwhile tracing a complete magnetization curve M(H). Since the
actual magnetic field is not directly measured in any commercial SQUID magnetometer,
this leads to an apparent FM hysteresis on diamagnetic substrates of the order of
2e4 � 10�7 emu (Sawicki et al., 2011). Note that throughout this chapter the old cgs
electromagnetic unit (emu) is used rather than SI units because this is the standard
throughout most of the existing literature; 103 emu correspond to a magnetic moment
of 1 Am2 ¼ 1 J/T. Fig. 6.1 exemplarily shows the typical performance of the SQUID
magnetometer when a magnetically clean GaN film grown on c-sapphire is measured.
Throughout the entire chapter the diamagnetic contribution is already corrected as fol-
lows: the slope of the M(H) curves between 2 T and the highest field is derived at
300 K and this diamagnetic susceptibility is subsequently subtracted from all M(H) and
M(T) data. The rather noisyM(H) curves at 300 and 5 K are virtually identical indicating
an almost step-like feature over a wide field range of �4 T (Fig. 6.1, left) while the
enlarged part of the M(H) (Fig. 6.1, middle) exhibits a virtually temperature-
independent apparent hysteresis of the order of 0.4 micro-emu (memu). The
temperature-dependentmeasurementM(T) shown in Fig. 6.1, right, is a typical sequence,
which will be used throughout this chapter. For this the sample is either cooled in a high
magnetic field (4, 4.5, or 5 T) down to the lowest temperature, field-cooled, and then
measured in a field of 10 mT while warming or the sample is cooled in zero external
field, zero-field-cooled, and then measured at 10 mT while warming. Coinciding FC
and ZFC curves are indicative of a PM sample while a separation between the two
can either indicate SPM or FM behavior. In the case of the GaN/sapphire sample in
Fig. 6.1, FC and ZFC coincide and are close to zero. Since the diamagnetism has
already been subtracted, the absence of any signal, especially the characteristic 1/T
behavior of a PM, indicates that this sample is purely diamagnetic from the M(T)
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behavior underlining that the apparent hysteresis in the M(H) data is an artifact
stemming from the superconducting magnet (Sawicki et al., 2011).

On the other hand, there are studies that discuss the influence of stainless-steel twee-
zers handling on the magnetic properties of the samples (Abraham et al., 2005) or that
highlight possible contamination of the sample holder (typically clear drinking straws)
and of other means of sample mounting (Bonanni et al., 2007). Nonetheless, the mea-
surements in Fig. 6.1 were performed with great care using the standard sample
mounting (ie, the clear drinking straws), and all samples should be held in place inside
the straw without any other means than by clamping them in-between the two walls
of the straw without puncturing or cutting the straw. Note that it is extremely crucial
that the entire mounting of the actual sample is magnetically extremely homogeneous
along the sample transport. Besides these sample-mounting issues, which are also dis-
cussed in detail by Sawicki et al. (2011), cutting the samples to a suitable size for the
SQUID measurements is a potential source of magnetic contamination. This is illus-
trated in Fig. 6.2, where an ammonia-assisted MBE-grown GaN film on sapphire is
measured in the as-cleaved state (full symbols), and after thorough cleaning by etching
in HCl and subsequent cleaning in an ultrasonic bath using aceton, ethanol, and deion-
ized water for 5 min each (open symbols). The observed hysteresis in the as-cleaved
state is of the order of 2 (emu, which roughly corresponds to an Fe contamination
of about a few nanograms, which most likely stems from the stainless-steel rod of
the diamond stencil, and some material is abraded by the harder sapphire; the same
would also be possible for SiC but less likely for softer substrates like Si. The raw
data in Fig. 6.2, middle, indicate that there is a characteristic feature at fields where
the total signal including diamagnetism goes to zero. The fact, that the apparent sample

FC in 5T (10 mT)
ZFC in 0 mT (10 mT)

Temperature (K)

Wurtzite MBE GaN/AI2O3(0001) clean & unimplanted

0 100 200 300
–0.1

0.0

0.1

0.2
300 K
5 K

0.2

0.4

0.0

–0.2

–0.4

–100 –50 50 1000
μ0H(mT)

M
 (μ

em
u)

M
 (μ

em
u)

300 K
5 K

0.2

0.4

0.0

–0.2

–0.4

–4 –2 0
μ0H(T)

M
 (μ

em
u)

2 4

Figure 6.1 Residual magnetic M(H) curves (left) of undoped GaN/sapphire as measured by
SQUID at 300 K (full squares) and 5 K (open squares) after subtraction of the diamagnetic
background. The enlarged low field region (middle) shows that the apparent hysteresis and
remanence are temperature independent. M(T) curves (right) measured under FC (full circles)
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Data adapted from Sawicki, M., Stefanowicz, W., Ney, A., 2011. Sensitive SQUID
magnetometry for studying nanomagnetism. Semicond. Sci. Technol. 26, 064006, http://dx.doi.
org/10.1088/0268-1242/26/6/064006.
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position of the as-cleaved sample in Fig. 6.2, right, exhibits a clear up/down feature
around the field where the total signal goes to zero, is a good indication that the origin
of the signal is located at the edges of the sample, thus underlining that magnetic
contamination originating from sample cleavage is the source of this magnetic signal;
see Sawicki et al. (2011) for more details. The above discussion should illustrate that
extreme care has to be exercised if one we wants to base the claim of the existence of
FM in DMS samples exclusively on integral SQUID magnetometry. In cases where
ion implantation is used to dope a DMS, one we can measure first the unimplanted
sample piece and then remeasure it after ion implantation. In any case a reference sam-
ple without magnetic dopants should be mandatory. We will come back on to these
issues later in this chapter.

6.2.3 XAS-based techniques

For the study of multiconstituent magnetic materials, the power of XAS is well
known (see, eg, St€ohr and Siegmann, 2006, Chapter 9). Near-edge XAS (XANES)
excites a core level electron to an unoccupied final state and the dipolar selection
rules stipulate that depending on the chosen absorption edge different unoccupied
orbitals can be probed. For example, at the so-called K-edge a 1s core electron is
exited into the unoccupied p-states, which in the case of the Ga K-edge, are the
relevant orbitals for the chemical bonding in GaN. On the other hand at the Gd
L-edges a 2p core electron is excited predominantly into the unoccupied d-states.
All absorption edges are located at well-separated characteristic energies, a fact
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that constitutes the element specificity of all XAS-based techniques. By selecting
the photon energy of the incident (synchrotron) light, we can choose which atomic
species to probe. In addition the shape of the XANES is characteristic for the
oxidation state (valence) of the constituent atoms. In addition, since GaN crystallizes
in the wurtzite structure, which has a uniaxial crystal symmetry with fairly direc-
tional covalent bonding, this leads to a splitting of the tetrahedrally coordinated
cations and anions by the surrounding crystal field so that there is a clear directional
dependence of the density of unoccupied final states, which can be probed with linear
polarized X-rays in such a way that the E vector of the light is either parallel (E k c) or
perpendicular (E t c) to the c-axis of the crystal. The difference between these two
spectra is that the so-called X-ray linear dichroism (XLD) has a characteristic shape
for the wurtzite structure, which allows the local structural environment of even
dilute species to be probed in a highly sensitive way.

The power of XLD to quantitatively determine the fraction of absorbing atomic
species incorporated at specific lattice sites was first demonstrated for GaN:Mn
where the XLD was recorded and simulated for the Ga and Mn K-edges, respectively
(Sarigiannidou et al., 2006). In addition, atom-specific sensitivity over a micron
depth scale is available using XAS in the hard X-ray regime, allowing full character-
ization of epitaxial films with a range of thicknesses, especially, their interfaces to the
substrate. Finally, XMCD directly probes their magnetic properties with element
specificity since the circular polarization is transferred to a finite spin polarization
of the photoelectron, which in turn senses the unoccupied states spin-selectively.
Thus the difference between left and right circular polarization is a measure for
the spin-imbalance of the unoccupied final states and thus the magnetism (St€ohr
and Siegmann, 2006, p. 389 ff.). Note that at the K-edge the initial state (1s) has
no angular momentum (l ¼ 0) and thus the XMCD only exists if the final p-states
possess a finite orbital moment (St€ohr and Siegmann, 2006, p. 398). All XAS mea-
surements presented here were taken at the ESRF beamline ID12 in total fluorescence
yield. The XANES/XLD measurements were carried out at 300 K and a quarter
wave plate was used to flip the linear polarization of the synchrotron light from ver-
tical (ie, E k c) to horizontal (E t c); the angle of incidence was 10 degrees with
respect to the sample surface. The XLD was taken as the direct difference of the
normalized XAS with E t c and E k c; the linear polarization was flipped back
and forth three times at each energy point of the spectra. The XANES was derived
from the weighted average of the two XAS spectra. The XMCD measurements
were taken down to 6 K as the direct difference of XANES spectra recorded with
right and left circular polarized light for H ¼ 6 T typically under grazing incidence
of 15 degrees. To minimize artifacts, the direction of the external magnetic field
was reversed as well. Element-specific XMCD(H) curves were typically recorded
at fixed photon energy of the maximum of the XMCD spectrum by recording the dif-
ference of the X-ray absorption between left and right circular polarized light as a
function of the external field. In general, the high sensitivity, element specificity,
and nondestructive nature of these X-ray-based methods allow us to draw clear
and unambiguous conclusions about the electronic, magnetic, and structural proper-
ties of DMS materials on a local scale.
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6.3 GaN:Gd samples with colossal magnetic moments

6.3.1 MBE-grown wurtzite GaN:Gd/SiC(0001)

GaN:Gd epitaxial films with a low nominal Gd concentration (�0.05%) have been
grown using ammonia-assisted MBE directly on SiC(0001) substrates. Details of
the sample characterization using in situ reflection high-energy electron diffraction,
XRD, and secondary ion mass spectroscopy (SIMS) are reported in the literature
(Dhar et al., 2005a,b). These samples belong to a growth series for which colossal
magnetic moments have been claimed at low Gd concentrations of the order of
1016/cm3. They are typically highly resistive and contain about 1018/cm3 of oxygen.
Fig. 6.3 presents a reanalysis of the SQUID data of one sample with 6 � 1016/cm3 Gd
(sample C in the original work). The data by Dhar et al. (2005a) were originally pre-
sented in emu/cm3 and the film thickness was determined by SIMS to be 600 nm
(Dhar et al., 2005b). To extract the raw data in emu the sample area has to be assumed
and a typical sample size for SQUID magnetometry is about 5 � 3 mm2. Using these
numbers we can back-calculate the original data to derive the actual measured mag-
netic moment of the sample in emu. Fig. 6.3 displays the resulting M(H) curves at
300 and 2 K (left) and the M(T) curves under FC and ZFC conditions (middle) as
well as the dependence of the magnetization as a function of Gd concentration (right)
for which the identical volume for the various GaN:Gd layers has been assumed.
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Figure 6.3 M(H) curves (left) of MBE-grown GaN:Gd/SiC(0001) measured at 300 K (full
squares) and 2 K (open squares) after subtraction of the diamagnetic background. The mea-
surement signal has been back-calculated from the published data by assuming a typical
sample area of 3 � 5 mm2 and a film thickness of 600 nm taken from the published SIMS
profile. The corresponding M(T) curves under FC (full squares) and ZFC (open squares) are
shown in the middle. Assuming an identical sample volume for the sample series from Dhar
et al. (2005a) we can recalculate the total signal as measured by SQUID for the entire con-
centration series (right) revealing that the colossal effective moments per Gd (inset) correlate
with a magnetic signal of less than 7 memu at 2 K.
Reanalysis of data from Dhar, S., Brandt, O., Ramsteiner, M., Sapega, V.F., Ploog, K.H., 2005a.
Colossal magnetic moment of Gd in GaN. Phys. Rev. Lett. 94, 037205, http://dx.doi.org/10.
1103/PhysRevLett.94.037205.
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From this plot it is obvious that all samples below a Gd concentration of 1019/cm3

exhibit a total magnetic signal of less than 8 memu, which is already close to the typical
size of sample handling artifacts as shown in Fig. 6.2. However, assuming that the
entire magnetic signal stems from the Gd, the colossal magnetic moments of up to a
few 1000 mB result as shown in the inset of Fig. 6.3, right. On the other hand, above
1018/cm3 Gd only the well-known atomic moment of Gd of about 7.7 mB is derived.

A similar result is reported by Roever et al. (2011), where GaN:Gd was fabricated
by plasma-assisted MBE (PAMBE) on GaN buffer layers grown by metal organic
chemical vapor deposition (MOCVD) on c-sapphire substrates. Their results could
be modeled by an atomic moment of the Gd plus a constant additional magnetic
moment of 2.5 � 1019 mB/cm

3 independent of the Gd concentration, which however
was found to degrade on the timescale of years (Roever et al., 2011, Fig. 6.1(b)).
From that, Roever et al. (2011) conclude that “uncontrollable parameters seem to be
responsible for the FM properties.” Only the role of oxygen is found to apparently pro-
mote the magnetic properties. Unfortunately, such low oxygen concentrations are not
accessible to element-selective techniques such as O K-edge XMCD studies. Note that
even in alleged FM ZnO:Co layers, where oxygen is present in stoichiometric quanti-
ties and not on the impurity level, no sizable O K-edge XMCD has been found (Tietze
et al., 2008). Therefore, it seems to be unlikely that direct experimental evidence can
be provided for this hypothesis. The situation is even worse in for the Gd dopant itself,
where concentrations as low as 1 � 1016/cm3 would have to be sensed by XMCD. In
any case, the attribution of a local magnetic moment of several hundreds mB to a single
atom is unphysical, thus, from early on it was speculated that the surrounding semicon-
ductor matrix must carry some finite magnetic moment that would be the source of these
colossal effectivemagneticmoments. Therefore, it is an experimental alternative to probe
the band structure of the GaN:Gd sample using magneto-photoluminescence (PL). The
PL spectra of the series of GaN:Gd samples shown in Fig. 6.4 are dominated by the
donor-bound exciton (D0;X) transition at a photon energy of 3.458 eV.

The donor most likely being responsible for this transition is oxygen, which was
evidenced to be present by SIMS. Since these donors are most likely distributed
homogeneously over the entire GaN matrix, the properties of the electronic band struc-
ture can be probed from this oxygen-dominated PL. Fig. 6.4 shows the PL spectra at
10 T and 7 K for an undoped GaN reference sample (left) and the 6 � 1016/cm3 Gd
sample (middle), which was already shown in Fig. 6.3. All data in Fig. 6.4 have
already been reported by Ney (2010) but originate from an unpublished work by
Sapega et al. (2005). The observed (D0;X) emission is polarized in both samples,
which is evident from the difference in intensities of the two circularly polarized
s� (full squares) and sþ (open squares) components. Most importantly, the polariza-
tion for GaN:Gd sample has the opposite sign of the one in the GaN reference sample
clearly evidencing an influence of the Gd doping on the magneto-PL. Fig. 6.4 (right)
displays the field dependence of the (D0;X) polarization for the two samples together
with an intermediate Gd concentration. With regard to the possible origin of the mag-
netic signal as measured by SQUID the field dependence of the magneto-PL is of
interest.
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It is obvious that even at very low temperatures the magnetic polarization at rema-
nence is rather small if present at all and it increases with the external magnetic field in
a Brillouin-like fashion. Furthermore, Sapega et al. (2005) report that the polarization
decreases rapidly with increasing temperature. Therefore the magnetic properties as
seen by the (D0;X) transition, that is, the oxygen-affected part of the band structure
of GaN:Gd, is of PM character and therefore cannot account for the M(H) and
M(T) behavior at 300 K. More generally speaking, Fig. 6.4 provides indirect experi-
mental evidence that magnetically active oxygen cannot be the origin of either the co-
lossal magnetic moments or the ferromagnetism. It also represents a first hint that the
Gd may actually behave paramagnetically in this type of sample. Turning back to
Fig. 6.3, only the difference between the M(H) curve at 2 K and at 300 Kmay originate
from Gd, while the remaining larger fraction of the magnetic signal would have to be
associated with the constant additional magnetic moment inferred by Roever et al.
(2011), which was previously invoked by the heuristic model of magnetically polar-
ized spheres of influence by Dhar et al. (2005a).

6.3.2 Gd ion-implanted wurtzite molecular beam epitaxy GaN:
Gd/Si(0001)

Another elegant way of disentangling the origin of the colossal magnetic moments in
GaN:Gd is the use of ion implantation. This opens the possibility to measure a pristine
piece of GaN before and after implantation to minimize the risk of unintentional
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Figure 6.4 Circularly polarized PL spectra of the donor-bound exciton (D0;X) for an undoped
GaN reference sample (left) and the GaN:Gd sample from Fig. 6.3. Both samples were
measured at 7 K and 10 T in the Faraday configuration (B jj c). Circular polarization r of the
(D0;X) emission as a function of the external magnetic field at 7 K (right) for the reference GaN
sample (triangles) and two Gd:GaN films with 1 � 1016/cm3 of Gd (circles) and the sample
from Fig. 6.3 (squares).
Figure adapted from Ney, A., 2010. Element specific versus integral structural and magnetic
properties of Co:ZnO and Gd:GaN probed with hard X-ray absorption spectroscopy. Materials
3, 3565e3613, http://dx.doi.org/10.3390/ma3063565.
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magnetic contamination of the sample. For such an experiment (Dhar et al., 2006), an
undoped 600 nm thick wurtzite GaN film has been grown by ammonia-assisted MBE
directly on SiC(0001). In Fig. 6.5 (left) the M(H) curves (gray circles) of the unim-
planted sample are shown for 300 K (open circles) and 2 K (closed circles). From
the data it is obvious that hardly any magnetic signal is present at 300 K while a clear
PM-like signal can be detected at 2 K. This signal is most likely caused by PM impu-
rities in the SiC substrate as well as unintentional PM defects in the GaN layer. The
latter should represent a negligible contribution, since high purity Ga sources were
used and the volume of the substrate is by about three orders of magnitude larger
than that of the GaN layer. Fig. 6.5 also shows the basic structural properties of the
layer before implantation (gray line, right) evidencing that the wurtzite GaN grows
c-oriented with very good crystalline quality.

Subsequently, the GaN layer was focused on an ion-beam implanted with Gd3þ ions
with 300 keV kinetic energy and a dose of 1 � 1015/cm2 resulting in an average implan-
tation depth of 100 nm and an average volume concentration of 1 � 1020 Gd/cm3. Note
that this high Gd concentration did not lead to colossal effective magnetic moments,
which were only found at much lower Gd doses. However, room-temperature FM-like
signals were evidenced by SQUID for all three studied Gd doses (Dhar et al., 2006).
Fig. 6.5 summarizes only the highest Gd fluence (black squares) with an FM-like
M(H) signal at 300 K (left, full black squares) and a superposition of PM and FM-like
behavior at 2 K (left, open squares). FC and ZFC curves are well separated up to
300 K (Fig. 6.5, middle), indicating robust magnetic order up to elevated temperatures.

Wurtzite MBE GaN/SiC(0001), Gd3+ ion implantation

60

30

–30

90

4.0

3.5

3.0

2.5

0

–60

–90

M
 (μ

em
u)

M
 (μ

em
u)

–4 –2 0
μ0H(T)

2 4 0 100 200 300 34 35 36 37
Temperature (K) 2   (degree)

Unimplanted

Unimplanted

300 K

300 K

2 K

2 K

1×1015/cm2 Gd3+
1×1015/cm2 Gd3+ ions

1×1015/cm2 Gd3+
Diamagnetism
subtracted

FC in 5 T (10 mT)
ZFC in 0 mT (10 mT)

WZ-GaN(0002) 6H-SiC(0006)

In
te

ns
ity

 (a
rb

. u
.)

θ

Figure 6.5 M(H) curves (left) of unimplanted MBE-grown GaN/SiC(0001) (circles) and after
implantation of 1 � 15 Gd3þ/cm2 (squares) measured at 300 K (full symbols) and 2 K (open
symbols) after subtraction of the diamagnetic background. Here the magnetic signal is not
divided by the sample volume. The corresponding M(T) curves under FC (full squares) and
ZFC (open squares) of the implanted sample are shown in the middle. The X-ray diffraction
(right) reveals the development of a pronounced shoulder at the low angle side (arrow) of the
GaN(0002) reflection.
Reanalysis of data from Dhar, S., Kammermeier, T., Ney, A., Pérez, L., Ploog, K.H., Melnikov,
A., Wieck, A.D., 2006. Ferromagnetism and colossal magnetic moment in Gd-focused
ion-beam-implanted GaN. Appl. Phys. Lett. 89, 062503, http://dx.doi.org/10.1063/1.2267900.
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The overall signal size at 300 K is around 15 memu, which is about five times as large as
the samplehandling artifacts as shown inFig. 6.2 and thus the resultswere taken seriously.

The XRD of the implanted GaN:Gd sample with the highest dose is also shown in
Fig. 6.5 (right). A clear shoulder toward smaller angles (ie, larger lattice spacing) is
visible both for the GaN as well as the SiC reflection. These shoulders are character-
istic for implantation-induced defects which obviously extend even into the substrate.
In other words, the entire thickness of the GaN layer is structurally affected by the im-
plantation process. This can be taken as an indication that the claimed FM originates
from defects. However, Dhar et al. (2006) state that the two samples implanted at lower
doses do not exhibit defect-related features in XRD. On the other hand, the magnetic
signal of those samples was associated with colossal magnetic moments up to 105 mB
and magnetic order up to 300 K. Thus it appears that both desirable magnetic proper-
ties are in fact not caused by the implantation-induced defects but merely existing in
spite of these defects.

In the light of the preceding discussion it is obvious that the claims of colossal
magnetic moments and the existence of room-temperature magnetic order is based
only on SQUID magnetometry and colossal moments occur only in samples with
very low Gd content, leading to the situation that a large magnetic moment is obtained
when a small magnetic signal is divided by an extremely small number of Gd atoms.
Although most of the error-bars provided in the original publications are rather small,
we should keep in mind that these do not take into account effects that may influence
the raw magnetic signal picked up by the SQUID, such as (1) the possible artifact
level, which is admittedly difficult to be assessed on a meaningful quantitative basis
and (2) the PM signal from substrate and GaN matrix, which also contribute to the
saturation magnetization at 2 K, which is used to extract numbers for the effective
magnetic moment per Gd atom (Dhar et al., 2005a,b, 2006). In the case of the highest
Gd concentration the background signal (2) is already half of the total signal as
visible in the way the data are presented in Fig. 6.5 (left). Besides these cautious
considerations, the findings of Dhar et al. (2005a,b, 2006) sparked a lot of interest
in the DMS community and many efforts were undertaken to understand the origin
of these unusual magnetic properties and/or reproduce the results, which has led to
a series of ion implantation experiments that will be briefly summarized in the
following section.

6.4 Gd ion implantation into various GaN samples

The use of ion implantation to fabricate DMS materials has the advantage that the
identical piece of sample can be measured before and after the implantation process,
thus minimizing the risk of unintentional magnetic contamination. Note that the
GaN/sapphire layer shown in Figs. 6.1 and 6.2 was actually a sample that was measured
before Sm ion implantation (Lo et al., 2014) to assure magnetic cleanliness. Nonetheless
even after ion implantation strict magnetic cleanliness has to be assured (see Section
6.2.2). The disadvantage is that the dopant concentration, which is achievable using
ion implantation, is restricted to less than 1% to avoid complete amorphization of the
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implanted layer. Therefore, these samples are difficult to study using XMCD since the
absorption signal is usually too small to be sensed with sufficient statistics to record
good quality dichroic spectra. In the case of the ion-implanted GaN:Gd films discussed
later, measuring XMCD at the Gd L3-edge to investigate element-selective magnetic
properties was tried, but even at the highest implantation doses of 1 � 1015/cm2, which
corresponds to a dopant concentration of 0.23% for typical implantation depths, the
XANES was so small that a reliable XMCD could not be extracted. Therefore all
GaN:Gd samples that were fabricated by ion implantation and presented in this section
could only be investigated using SQUID except one sample where the anomalous Hall
effect could be measured in addition.

6.4.1 Gd ion implantation into zincblende MBE-grown GaN/
SiC(001)

A 700 nm thick GaN layer was grown by MBE on a 3C-SiC(001) substrate at 720�C.
Under this growth condition, the GaN layer grows in the zincblende structure as evi-
denced by XRD (Fig. 6.6, right, gray line). In contrast to the wurtzite GaN grown by
MBE, which is highly resistive, the zincblende GaN layer is typically n-type, and the
impurity concentration is around 1 � 1018/cm3 (Lo et al., 2007). The sample was then
cut into pieces, one of which was kept unimplanted as a reference, and the others were
implanted with Gd3þ ions at RT with constant ion energy of 300 keV. The doses pre-
sented here were 1 � 1014/cm2 and 1 � 1015/cm2 and the projected range of the Gd ion
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Figure 6.6 M(H) curves (left) of cubic GaN/SiC at 5 K before (open symbols) and after (full
symbols) implantation of 1 � 1014 Gd3þ/cm2 (gray squares) and 1 � 1015 Gd3þ/cm2 (black
circles) after subtraction of the diamagnetic background. The M(T) curves (middle) reveal no
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demonstrating paramagnetic behavior. The X-ray diffraction (right) reveals the development of
a pronounced shoulder at the low angle side (arrow) of the GaN(002) reflection.
Parts of the data are adapted from Lo, F.-Y., Melnikov, A., Reuter, D., Wieck, A.D., Ney, V.,
Kammermeier, T., Ney, A., Sch€ormann, J., Potthast, S., As, D.J., Lischka, K., 2007. Magnetic
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dx.doi.org/10.1063/1.2753113.
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in the samples is 100 nm (Lo et al., 2007). This results in an average Gd concentration
in the sample of 1 � 1019/cm3 and 1 � 1020/cm3, the latter corresponding to a Gd con-
centration of 0.23%. All samples were measured using SQUID and the resulting M(H)
curves at 5 K are shown in Fig. 6.6, left, before (open symbols) and after (full symbols)
implantation for the low (gray squares) and high (black circles) Gd concentration.
It can be clearly seen that the unimplanted samples exhibit PM behavior that is a bit
weaker than for the implanted wurtzite films (Fig. 6.5, left), which presumably stems
from unintentional PM impurities in the substrate as well. The implantation of
1 � 1014 Gd/cm2 does not lead to a significant increase of the PM signal. Only for
the dose of 1 � 1015 Gd/cm2 is a clear increase of the magnetization visible. Nonethe-
less, no significant opening of a hysteresis is visible.

The absence of FM or SPM is further evidenced by the M(T) curves recorded under
FC (full circles) and ZFC (open circles) conditions shown in Fig. 6.6, middle, where no
separation between the two curves is visible beyond the noise level of the experiment.
However, the XRD of the highest Gd dose shown in Fig. 6.6, right (black line), shows
that a Gd-implantation related shoulder at the GaN (002) reflex develops, which is
similar to the one seen in the wurtzite sample but less pronounced, which again can
be associated with the creation of defects. While Lo et al. (2007) presented M(T)
data indicative of a weak separation of FC and ZFC curves below 60 K, the measure-
ments shown in Fig. 6.6, middle, were recorded with a much higher point density
and they do not confirm the original observation. Therefore we can conclude that
Gd implantation into zincblende GaN does not lead to anything but a PM behavior
of the implanted Gd atoms and the creation of implantation-related defects evidenced
by XRD.

Lo et al. (2007) attributed the absence of strong magnetic order in the nonpolar zinc-
blende GaN as an indication that the spontaneous polarization in the polar wurtzite
GaN may play a decisive role for the magnetic order. This would be also consistent
with the fact that the zincblende GaN layer is more conductive than the wurtzite
GaN layer. On the other hand, the difference between the implantation series into wurt-
zite and zincblende GaN is that for the latter each piece was measured before and after
ion implantation while in the former only one of the implanted pieces was measured in
the SQUID prior to the implantation and no unimplanted reference was kept. It is there-
fore a theoretical possibility that the findings for the Gd implantation of the wurtzite
GaN may be at least partially associated with unintentional magnetic contamination
of the measured pieces. For this reason further Gd implantation series have been car-
ried out for wurtzite GaN.

6.4.2 Gd ion implantation into wurtzite molecular beam epitaxy
grown GaN/Si(111)

Shvarkov et al. (2014) presented a comprehensive study on the magnetic properties
of Gd-doped GaN, which comprises a range of different fabrication methods
including a good summary of results from the literature, which shall not be summa-
rized here. In the context of the Gd ion implantation of GaN layers only two results
shall be highlighted in this and the preceding section. First a concentration series of
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Gd ion implantation into MBE-grown wurtzite GaN films on Si(111) substrates shall
be presented. The entire series exactly reproduces the series of Dhar et al. (2006)
regarding implantation conditions, Gd doses, and the absence of any annealing treat-
ment. The only discrepancy is the chosen substrate, namely Si(111) instead of
SiC(0001) (Shvarkov et al., 2014). Since XRD data have neither been published nor
are accessible to the author, Fig. 6.7 only summarizes the M(H) SQUID data of the
concentration series (left) as published by Shvarkov et al. (2014), as well as M(T)
curves recorded under FC and ZFC conditions for the highest Gd concentration (right).

It can be seen from Fig. 6.7, that the unimplanted reference is magnetically very
clean, showing only a maximum PM signal of less 1 memu at 5 K. The Gd ion implan-
tation does not alter the magnetic signal significantly for the two lower doses of
1 � 1013/cm2 and 1 � 1014/cm2, which is similar to the findings of the implantation
series of the zincblende GaN layers (see Fig. 6.6, left). Only the highest Gd dose of
1 � 1015/cm2 yields a sizable PM signal, which could be shown to be well described
by a Brillouin function for S ¼ 7/2 (Shvarkov et al., 2014, Fig. 6.6). In addition, the
absence of any significant separation between FC and ZFC M(T) curves in Fig. 6.7,
right, underlines that the implantation of Gd only leads to PM properties, which is
in stark contrast to the findings of Dhar et al. (2006). At first glance it may be tempting
to attribute this discrepancy to the choice of the substrate, however, a wurtzite
MBE-grown GaN layer should exhibit the same magnetic properties upon Gd ion im-
plantation no matter whether it has been grown on SiC(0001) or Si(111). A discussion
of an altered strain state of the layers can also be disregarded considering the typical
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(black squares) is a significant paramagnetic response visible. The M(T) curves (right) under
FC (full squares) and ZFC (open squares) conditions reveal no separation and are indicative of
the absence of any long-range magnetic order.
Figure adapted from Shvarkov, S., Ludwig, A., Wieck, A.D., Cordier, Y., Ney, A., Hardtdegen,
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layer thicknesses of a few hundred nanometers. Only the intrinsic growth-related
defects of the GaN layer may serve as an explanation; however, after ion implantation,
the resulting layer is much more defective than before so that this explanation also
appears to be unlikely. The only difference is that Si is magnetically much cleaner
in terms of PM impurities than SiC and also much softer and thus easier to be cleaved
with less risk of unintentional magnetic contaminations.

Further insight may be gained by a more quantitative analysis of the unimplanted and
Gd ion-implanted MBE wurtzite GaN samples on SiC(0001) (Fig. 6.5, left) and on
Si(111) (Fig. 6.7, left). In both samples the same amount of Gd ion has been implanted
and the difference between the maximum magnetization at 4.5 T is about 30 memu for
the former and only 5 memu for the latter case. If we disregard the residual magnetic
signal of 15 memu at 300 K, we would have to explain a discrepancy of a factor of 6
in magnetic moment of the Gd. However, if we assume that the signal of 15 memu at
300 K in Fig. 6.5, left, stems from unintentional magnetic contaminations, the difference
between the unimplanted and Gd ion-implanted samples reduces to 15 memu; therefore
only a factor of 3 has to be explained compared to the sample on Si (111). This discrep-
ancy can be made plausible by small differences in the sample area as well as the higher
measurement temperature of 5 K compared to 2 K for the sample on SiC(0001). Either
way, the magnetization at 300 K for the Gd ion-implanted GaN/SiC(0001) cannot be
directly associated with the Gd itself but only with either a magnetic polarization of
the GaN, which persist up to RT or unintentional magnetic contamination. In any
case this brief discussion shall underline the difficulties in making SQUID magnetom-
etry a reliable quantitative measure of magnetic moments in multiconstituent samples
like DMS layers grown on a substrate.

6.4.3 Gd ion implantation into wurtzite molecular beam epitaxy
grown GaN/AlGaN-based HEMT on Si(111)

Shvarkov et al. (2014) also report an investigation of Gd ion implantation into a GaN/
AlGaN-based high electron mobility transistor (HEMT) grown by MBE on Si(111) to
follow up on earlier work that tried to record the anomalous Hall effect to prove or
disprove the existence of FM in such systems by an independent experimental evi-
dence beyond SQUID. Details of the experiment can be found in the original publica-
tion (Shvarkov et al., 2014). For the purpose of this chapter Fig. 6.8 summarizes the
most important findings. The SQUID investigation of a wurtzite MBE-grown GaN/
AlGaN HEMT on Si(111) is reported before (gray circles) and after Gd ion implanta-
tion with a dose of 3 � 1011/cm2 (black squares). The M(H) curves at 300 K (full sym-
bols) and 5 K (open symbols) are shown in Fig. 6.8, left, and it can be seen that the
implantation of a small dose of Gd ions leads to a weak PM signal that is superimposed
to a temperature-independent background signal, which is also found in the unplanted
sample. The M(T) curves under FC and ZFC conditions are displayed in Fig. 6.8, mid-
dle, and a weak increase of the magnetization can be seen. In addition, the weak sep-
aration between FC and ZFC, which is visible up to about 150 K, can be found both in
the unplanted as well as in the Gd ion-implanted sample. In addition, Fig. 6.8 includes
anomalous Hall effect data (transversal magnetoresistivity, right) of a comparable

Gadolinium-doped gallium-nitride: synthesis routes, structure, and magnetism 211



sample implanted with 4 � 1011 Gd/cm3 recorded at 4.2 K, which was derived after
subtraction of the linear contribution from the classical ordinary Hall effect (Shvarkov
et al., 2014). Already in the unimplanted sample a small nonlinear contribution is
visible, which becomes much more pronounced upon Gd implantation. However,
the resulting field dependence does not show any evidence of a hysteretic behavior
and a shape characteristic of a PM. Since also no magnetoresistance is detected in these
samples (Shvarkov et al., 2014, Fig. 6.12) the findings of the magneto-transport inves-
tigations are consistent with the results obtained by SQUID and no experimental ev-
idence is found for FM at any temperature. Thus the findings on the Gd-implanted
GaN/AlGaN-based HEMT corroborate the findings for the Gd-implanted GaN layers
on Si(111) as presented in Fig. 6.7.

6.4.4 Discussion of the magnetic properties of Gd-implanted
GaN samples

It should be noted that there are also other reports of FM in Gd-implanted GaN grown
by MOCVD. Han et al. (2006) report room-temperature FM for Gd-implanted GaN
with doses up to w4 � 1014 Gd/cm2. However, they do not report the existence
of colossal magnetic moments. The presented data of Han et al. (2006, Fig. 6.3(b))
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Figure adapted from Shvarkov, S., Ludwig, A., Wieck, A.D., Cordier, Y., Ney, A., Hardtdegen,
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look rather similar as the ones shown in Fig. 6.3, leftda strong S-shaped M(H) curve
with a narrow hysteresis is found at 300 K and a small PM-like contribution is super-
imposed at low temperatures. These findings were critically discussed within the
original work, also again with the possibility of the formation of secondary phases.
However, no SQUID data are shown for an unimplanted reference sample. A second
claim of FM of Gd-implanted MOCVD GaN is made by Davies et al. (2010). They
report a strongly anisotropic FM, in fact, the samples seem to exhibit FM at 300 K
when measured parallel to the surface normal of the c-oriented films while they
essentially show no magnetic signature when measured in the film plane (Davies
et al., 2010, Fig. 6.2). Interestingly, the reported magnetization is by far smaller
(5 � 10�4 emu/cm3) than those of Dhar et al. (2006), who find w4 emu/cm3. This
discrepancy of four orders of magnitude obviously cannot be assigned to very different
sample volumes. Unfortunately, although Davies et al. (2010) report to have measured
the samples up to 5 T, only data between þ100 mT and �100 mT are shown. If we
would try to estimate the size of the raw signal measured by the SQUID by using a
typical sample volume, we would end up with tiny signals of the order of 10�9 to
10�10 emu, far below the manufacturer’s specifications of the MPMS SQUID magne-
tometer. In addition, the paper does not report details of the used sample geometry or
sample mounting for the in-plane versus out-of-plane measurements, which is typically
a nontrivial problem (Sawicki et al., 2011). Therefore the situation for Gd- implanted
GaN samples remain inconclusive and speculative.

No experimental evidence for FM is provided beyond SQUID magnetometry and
the understanding of the data on a quantitative basis remains awkward in most cases.
In a few reports, only PM behavior of the implanted Gd ions is evidenced and corrob-
orated by anomalous Hall effect measurements (Shvarkov et al., 2014). Therefore it
remains unclear how to explain the differences in the magnetic properties in the
various Gd-implanted GaN samples reported so far and thus to unravel the microscopic
origin of the strong FM signatures found in these samples.

Summarizing this section, the confirmation of the original claims made by Dhar
et al. (2005a,b, 2006) was only presented by Roever et al. (2008) for MBE-grown sam-
ples; however, with reproducibility issues and time-dependent effects (Roever et al.,
2011). In contrast, the situation in Gd-implanted samples remains controversial and
inconclusive, since the typical Gd concentrations in implanted samples are too low
to be studied by element-selective methods, only a set of MBE-grown GaN:Gd sam-
ples can used for a detailed investigation using XANES, XLD, and XMCD.

6.5 Synchrotron-based investigations on molecular
beam epitaxy grown GaN:Gd

To assure sufficiently high Gd concentrations that facilitate synchrotron-based inves-
tigations a selection of three samples will be discussed: one sample contains 0.05%
of Gd and was grown by ammonia-assisted MBE on SiC(0001) together with
the sample series presented in Fig. 6.3. The two other samples were grown by
plasma-assisted MBE on an MOVPE-grown GaN buffer on c-sapphire substrates;
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one contains w0.4% Gd and the other has a slightly smaller Gd concentration of
w0.15% but it was codoped with hydrogen.

6.5.1 Molecular beam epitaxy GaN:Gd on SiC(0001)

Fig. 6.9 compiles a summary of the standard characterization of the magnetic and
structural properties of the GaN:Gd sample grown by ammonia-assisted MBE on
SiC(0001) containing 0.05% (w2 � 1019/cm3) of Gd using SQUID and XRD, respec-
tively. The M(H) curves (Fig. 6.9, left) have a clear S-shape at 300 K and in addition a
PM-like signal is superimposed at 2 K, which is decreasing very fast with temperature:
already at 40 K the data are virtually identical to the ones at 300 K. The M(T) curves
(middle) show a separation between FC and ZFC curves, which indicates long-range
magnetic order up to at least 350 K. XRD (right) confirms the good crystalline quality
of the layer, and the defect-related shoulders as seen for the ion-implanted samples is
absent. Thus this sample seems to perfectly fit into the series of room-temperature FM
in GaN:Gd specimen grown by ammonia-assisted MBE on SiC(0001) (Dhar et al.,
2005a,b). In this sample the Gd concentration is sufficiently large to record reliable
XANES and thus the XLD and XMCD at the Gd L3-edge. Therefore, the local struc-
tural and magnetic properties not only of the Ga but also of the Gd subspecies can be
investigated in this sample (Ney et al., 2007, 2008). Fig. 6.10 (left) displays the Ga
K-edge XANES recorded with the linear polarization of the synchrotron light parallel
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Figure 6.9 M(H) curves (left) of MBE-grown GaN:Gd/SiC(0001) with 0.05% Gd measured at
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(full line) and perpendicular (dash-dotted line) to the c-axis of the GaN wurtzite crys-
tal. The difference of the two spectra is the XLD, which reflects the local anisotropy of
the unoccupied final states of the Ga. These spectra could be successfully simulated
using the known structural parameters of bulk-like GaN (Ney et al., 2007). In addition,
also the XMCD at the Ga K-edge was recorded at 6 K and 6 T (Fig. 6.10, right).
XMCD at the Ga K-edge directly probes the 4p orbital contribution to the total mag-
netic moment of the Ga and thus the magnetic polarization of the host crystal. A very
small XMCD signal of the order of 0.013% at the Ga K-edge for 15-degree grazing and
normal incidence can be detected (Ney et al., 2008). From a more quantitative analysis
we can associate the size of the XMCD signal with magnetic moment of at most
1 � 10�5 mB/Ga atom (Ney et al., 2008). This is significantly smaller than the polari-
zation of w1 � 10�3 mB inferred by the magnetically polarized spheres of influence
(Dhar et al., 2005a). Note that for these Gd concentrations the model by Dhar et al.
(2005a) would predict the entire sample to be filled by spheres of influence, the
maximum possible magnetic polarization of the GaN host crystal. Therefore the mag-
netic signal recorded by integral SQUID magnetometry cannot be attributed to the
magnetic polarization of the Ga. Together with the null result of the magneto-PL
(Fig. 6.4), we have to conclude that the integral magnetic signal recorded by SQUID
cannot be caused by a magnetic polarization of the GaN host.
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Fig. 6.11 (left) shows the XANES recorded at the Gd L3-edge as well as the XLD
(middle) of this sample together with the hydrogen-codoped sample, which will be dis-
cussed further, later. Simulations have indicated that the size of the XLD can be asso-
ciated with the fact that w15% of the Gd does not substitute for Ga (Ney et al., 2007)
and thus may form secondary phases. A clear XMCD can be recorded at the Gd L3-
edge at 7 and 40 K (Fig. 6.11, right). In contrast, no sizable XMCD is found at
295 K. Therefore the Gd sublattice cannot be responsible for the SQUID signal at
more elevated temperatures. A more quantitative analysis reveals that the maximum
XMCD signal at 7 K of about 7% only corresponds to the atomic moment of
w8 mB/Gd (Ney et al., 2007). This corroborates the findings of Dhar et al. (2005a)
and Roever et al. (2011), that the Gd indeed carries its atomic magnetic moment in
these samples. However, a closer inspection of the element-selective XMCD(H) curves
in Fig. 6.12 reveals slight deviations from an ideal PM behavior. In Fig. 6.12 (left) the
XMCD(H) curves recorded at the Gd L3 edge at 7 and 40 K are shown, and reveal a
hysteretic PM-like behavior corroborated by the data shown in the inset, where the
low-field regime was measured at 15 K. The magnetic behavior of the Gd sublattice
is obviously clearly distinct from the integral magnetization measurements by SQUID
shown in Fig. 6.9 (left). The XMCD(H) curves at 7 K (middle) and 40 K (right) cannot
be fitted by a single Brillouin function BJ (Ney et al., 2007). Only a superposition of BJ

with J ¼ 7/2 and a Langevin function Lm with an effective moment of 50 mB can suc-
cessfully describe the data at both temperatures, where the best fit is achieved for 85%
of the atomic-like BJ contribution and 15% of Gd being present as SPM clusters, hence
exhibiting a small supermoment consistent with the XLD findings (Ney, 2010).
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Figure 6.11 XANES (left) spectra recorded at the Gd L3-edge of the sample in Figs. 6.9 and
6.10. The size and shape of the XLD signal at 300 K (middle) is indicative ofw85% of the Gd
substituting for Ga (Ney et al., 2007) and is displayed together with the hydrogen-codoped
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Since the Curie temperate of GdN is around 60 K, phase separate GdN clusters can
only account for the low temperature part of the separation of the FC versus ZFC curves
in Fig. 6.9 (middle). Further, the TC of metallic Gd is around 291 K. Therefore also small
SPM metallic Gd clusters cannot account for the clear separation in the M(T) curves,
which persists up to at least 350 K. Although secondary phases were indirectly evi-
denced by a quantitative analysis of the element-specific XMCD(H) curves and a
reduced XLD, they do not provide a satisfactory explanation of the SQUID data.
Also a magnetic polarization of the Ga as measured by XMCD (Fig. 6.10, right) or
the O-related defects as measured by magneto-PL (Fig. 6.4) do not reveal an alternative
explanation. The same is true for additional investigations using electron PM resonance
(Ney, 2010). Therefore the origin of the weak separation of the M(T) curves under FC
and ZFC conditions in Fig. 6.9 (middle) of only 0.6 memu remains unclear. At
present either an artifact from improper sample handling or directly from the supercon-
ducting magnet of the SQUID may be the most likely explanation. No additional exper-
imental evidence beyond SQUID for the existence of FM at and above 300 K has been
reported.

6.5.2 PAMBE GaN:Gd grown on MOCVD GaN buffer on
Al2O3(0001)

Finally two GaN:Gd samples shall be discussed, where the combined structural and
magnetic characterization leads to a conclusive picture. Fig. 6.13 summarizes the char-
acterization of a GaN:Gd sample with 0.15% Gd doping an additional hydrogen codop-
ing to improve the growth and thus the phase pureness of the resulting layer. The SQUID
measurements of the M(H) (left) and M(T) curves (middle) clearly reveal pure PM
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behavior of this sample and XRD (right) confirms the absence of any secondary phase.
Note that the finite amount of PM impurities in the sapphire substrate lead to small
deviations of the integral M(H) curves from an ideal Brillouin-like PM. However,
the almost perfectly coinciding FC and ZFC curves underline the PM character of
this sample.

Fig. 6.14 shows another PAMBE-grown Ga:Gd layer on GaN/c-sapphire where no
hydrogen codoping was done. In addition the Gd concentration was further increased
to 0.4%. The resulting magnetic and structural properties are in stark contrast to the
previous sample. The M(H) curves in Fig. 6.14 (left) show a much stronger curvature
at 5 K and an opening of a small hysteresis at low magnetic fields (inset). The M(T)
curves recorded under FC and ZFC conditions (middle) are clearly separated below
w60 K, which is superimposed on a PM-like component. No separation is visible
above w60 K consistent with the negligible M(H) signal at 300 K. The XRD investi-
gation in Fig. 6.14 (right) evidences the formation of a secondary crystallographic
phase, which is identified to be GdN. Given the TC of GdN these two results consis-
tently point toward GdN as secondary phase in this sample.

Fig. 6.15 presents a more quantitative analysis using the element-selective
XMCD(H) curves recorded at the Gd L3-edge. The XMCD spectra recorded in an
external field of 6 T at 6, 150, and 300 K at the Gd L3-edge are shown in Fig. 6.15
(left). The maximum XMCD signal at 6 K is about 20%, thus exceeding the atomic
moment of 8 mB/Gd in Fig. 6.11 (right). The XMCD is strongly reduced at 150 K
and is not observable any more at 300 K. In Fig. 6.15 (middle) the M(H) curves
recorded at 6 and 150 K are shown revealing PM-like behavior; however, the inset re-
veals a small magnetic hysteresis at 15 K, which is in agreement with the SQUID data.
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In Fig. 6.15 (right), two different contributions to the XMCD(H) curves at 6 K can be
disentangled by the following procedure: Since at 150 K the sample is PM according
to the SQUID M(T) results, an atomic-like magnetic moment can be assumed for all
Gd atoms. Thus the M(H) curve at 150 K is modeled using BJ with J ¼ S ¼ 7/2 (ie,
an ideal Brillouin-like PM) and adjusted to the experimental XMCD M(H) data
(gray line). From this fitted BJ the expected PM response at 6 K can be
back-calculated (dark gray line in Fig. 6.15, right). The second magnetic contribution
can thus be derived by subtracting the scaled Brillouin function (x*BJ ¼ 7/2 (6K))
from the XMCD(H) data. This difference is plotted as a dash-dotted line for x ¼ 0.7
in Fig. 6.15 (right). The resulting M(H) curve resembles a Langevin Lm function
with an effective moment of mw50 mB, which can be associated with an SPM behavior
of the phase separated GdN clusters. By using the element-selective XMCD(H) curves
we can obviously try to quantify the fraction of the phase separated Gd in this sample
to be w30%. In turn Fig. 6.15 (right) illustrates that a superposition of BJ and Lm can
lead to an effective magnetization curve, which still resembles PM behavior. Only a
careful inspection of the curvature of the M(H) curve together with a detailed
temperature-dependent study yields a consistent picture. Note that such an analysis
is much more meaningful when performed for element-selective magnetometry such
as XMCD.

6.6 Summary of magnetic properties of GaN:Gd

This comprehensive overview on the magnetic and structural properties of a range of
GaN:Gd samples prepared by different synthesis allows us to draw the following con-
clusions. The seemingly exceptional magnetic properties of GaN:Gd grown by
ammonia-assisted MBE on SiC(0001) as measured by integral SQUID magnetometry
cannot be confirmed by complementary experimental techniques such as magneto-PL
or XMCD. The magnetic polarization of the Ga is by two orders of magnitude too small
to account for the colossal effective magnetic moments; the Gd sublattice magnetization
is PM and the magneto-PL is only indicative of PM as well. Furthermore, signs of the
formation of secondary magnetic phases are found by a detailed quantitative analysis for
two samples with a rather high Gd concentration grown via different MBE-based routes.
Reproducibility issues as addressed by Roever et al. (2011) for a large series of
PAMBE-grown GaN:Gd samples raise additional doubts that GaN:Gd is indeed a
FM DMS material.

The absence of FM order in GaN:Gd is supported by a large set of Gd ion-implanted
GaN samples grown on various substrates. Only in one case, namely for hexagonal
MBE-grown GaN on SiC(0001), room-temperature FM with colossal magnetic mo-
ments is reported while in all other cases only PM is found for the as-implanted samples.
In one case PM is corroborated by the anomalous Hall effect, via the magneto-transport
properties. At first sight these findings may point toward a special role played by the SiC
substrate. However, a critical inspection of the available results shows that the excep-
tional magnetic properties of GaN:Gd were exclusively measured by integral SQUID
magnetometry and the absolute size of the measured magnetic moment of the actual
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specimen is rather close in magnitude to experimental artifacts like unintentional mag-
netic contamination by improper sample handling or the special properties of the super-
conducting magnet used for conventional SQUID magnetometry.

It is therefore of utmost importance to base any claim of room-temperature FM in
DMS materials on more than one experimental evidence. The presence of an especially
small and narrow magnetic hysteresis in a SQUID experiment is necessary, but not a
sufficient criterion for the existence of FM. The present findings for the GaN:Gd system
may also explain in general, why hardly any spintronic device based on DMS materials
operational at RT has been successfully demonstrated yet, despite numerous claims of
room-temperature FM in DMS that can be found throughout the literature.
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7.1 Introduction

Dilute magnetic semiconductors (DMS) form a class of materials that combine properties
of a semiconductor host with magnetic effects due to an impurity dopant. While
the concept of DMS materials was known for a long time, it was only in 1989 that re-
searchers were able to demonstrate such materials in GaAs and InAs films doped with
Mn (Munetaka et al., 1989). These films possessed all the requisite properties and held
high potential for many novel electronic-magnetic devices. However, the Curie tempera-
ture (TC) for such magnetic effects was well below room temperature (RT), precluding
practical applications. Even after many innovative approaches, TC for these materials is
still limited to w160K. In 2000 a theoretical study predicted that p-type wide bandgap
semiconductors doped with Mn could form a DMS system (Dietl et al., 2000). A number
of research investigations proceeded and ferromagnetic (FM) behavior was reported for
Mn-dopedGaNfilms.These researchefforts are described inother chapters in this volume.

Shortly afterward, several research groups began investigating doping GaN films
with lanthanide rare earth (RE) elements. These elements have been widely studied
in connection with light-emitting sources for solid state lasers, optical displays, and op-
tical communication components. The special optical properties of the RE elements
arise from transitions of the 4f shell electrons. Due to the asymmetric nature of the
4f shell wave function and inhomogeneous nucleus screening, the 4f shell is concate-
nated and resides nearer to the nucleus than the filled 5s and 5p shells. Since the outer,
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complete 5s and 5p shells shield the inner 4f electrons from the surrounding host envi-
ronment, the energy levels of the 4f shell remain relatively unperturbed when placed
into a solid state host (Hufner, 1978). Intra 4f-shell transitions in trivalent RE ions
lead to narrow emissions ranging from the ultraviolet light (UV) through the visible
to the infrared (IR).

Erbium (Er) is an especially important RE element for optical telecommunication
systems. The trivalent ion (Er3þ) has an emission at 1.54 mm, from the 4I13/2 /

4I15/2
transitions of 4f electrons, that corresponds to the absorption minimum of silica-based
optical fibers. Research in Er-doped materials is of high technological importance and
has resulted in development of Er-doped fiber amplifiers (EDFA) and Er-based fiber
lasers [1e4]. In addition, the unpaired 4f electrons produce a magnetic moment and
have made Er an important constituent of permanent magnetic alloys.

In this chapter, we address the growth, characterization, and device properties of
Er-doped GaN and InGaN films that were produced by metal-organic chemical vapor
deposition (MOCVD). In Section 7.2 we describe the challenges that were faced with
in situ Er doping of III-N films and the approach that was made to accomplish this goal.
The photoluminescence (PL) characterization of these films is presented in Section 7.3
together with electroluminescence (EL) data from prototype light-emitting diodes
(LEDs). Results of magnetic measurement of the Er-doped III-N films are given in
Section 7.4 and a summary of these findings is provided in Section 7.5.

7.2 MOCVD growth of Er-doped III-N films

The Er-doped III-N films materials and device structures were prepared using a custom-
built MOCVD system with specific adaptations to accommodate the Er precursor.
High-purity metal-organic (MO) precursors were obtained from Epichem Inc. and Strem
Chemical Inc. and stored in stainless steel bubblers. Trimethylgallium (TMG) and trime-
thylindium (TMI)were used for theGa and In sources, respectively, and transported by an
inert carrier gas (typically hydrogen or nitrogen) into a heated reaction zone containing a
suitable growth substrate. The group-V element, typically a hydride like NH3, was sepa-
rately transported to the induction heated reaction zone. In an ideal MOCVD growth, the
group-III and the N sources have negligible chemical interaction before encountering the
reaction zone above the substrate. Then the precursors pyrolize in the reaction zone due to
the elevated temperatures, and the group-III and N atoms are adsorbed onto the surface,
resulting in growth of the III-N epilayer. Silane (SiH4), obtained from BOC Edwards
(20 ppm in 6 grades H2), was used to supply Si as an n-type dopant, while bicyclopenta-
dienylmagnesium (Cp2Mg) was obtained from Epichem and used to supply Mg as the
p-type dopant. Tri-isopropylcyclopentadienylerbium (TRIPEr) was obtained from Strem
Chemical Inc. and used as the Er source. Blue Ammonia (99.99994%), obtained from
Airgas Inc., was passed through an Aeronex purifier and used as the N source. Ultrahigh-
purity H (99.999%) was passed through a palladium and the Aeronex purifier and served
as the transport gas. High-purity liquid N was passed through the gas purifier and used
as an alternative transport gas. All MO bubblers were placed in Polystat recirculating
refrigeration units to maintain the sources at constant temperature and vapor pressure.
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Gas protocol stations were employed for all other gases to maintain gas pressure.
Computer-controlled Swagelok BN and HB series pneumatic valves in conjunction
with MKS mass flow controllers (MFCs) were employed to control precursor flow rate
ratios and gas directions. Swagelok VCR gasket seals were used to maintain a leak-free
system. The growth chamber consisted of a horizontal-flow quartz reactor (created by
Technical Glass Products Inc.), a Boron Nitride coated graphite susceptor, a quartz posi-
tioning rod, and a quartz thermocouple tube. A Huttinger TIG 10/100 RF generator in
combination with a 4-inch, 8-turn copper coil was used to provide heating during the epi-
layer growth. A type-R thermocouple (Platinum/Rhodium alloy) and a DP460 control
unit created by OMEGA was used for temperature monitoring and control.

There was a major challenge with use of the Er MO precursors. Due to the large
atomic mass of Er, most of these precursors have an extremely low vapor pressure at
RT making it virtually impossible to attain sufficiently high Er doping concentrations
(NEr) for device applications. Attempts have been made to increase the volatility of Er
precursors by attaching O or S chains to the Er compound. However, these elements
have a parasitic effect on the optical and electrical properties of III-N materials. While
TRIPEr does not contain either O or S, this precursor has a very low vapor pressure RT.
The vapor pressures of the MOCVD precursors (TMGa, TMAl, Cp2Mg, TMIn, and
TRIPEr) used for III-N growth are displayed in Fig. 7.1. Data points were calculated
based on the ClausiuseClapeyron relation with values taken from SAFC (http://
www.safcglobal.com/) and Strem Chemicals (http://www.strem.com/).

The very low vapor pressure of TRIPEr, in comparison with the other sources, pre-
vented the standard gas flow arrangements for MOCVD III-N growth. To overcome this
obstacle the Er source was immersed in a silicone oil bath at temperatures between
65 and 140�C. Higher temperatures were not possible due to the fact that heated silicone
oil produces formaldehyde (a carcinogenic) in the presence of air at temperatures
exceeding 150�C. Most of the Er-doped III-N growth was done at a bubbler temperature
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Figure 7.1 Vapor pressure as function of the reciprocal of the bubbler temperature for the
metal-organic precursors: TMGa, TMIn, TMAl, Cp2Mg, and TRIPEr.
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of 100�C at which the vapor pressure of TRIPEr was w 0.028 torr. Furthermore, in
order to prevent Er condensation in the stainless system, a special heating system was
applied to the valves and tubing. The system consisted of several rubber,
current-carrying, heating tapes acquired from Cole Parmer with adjustable heat output.
The tapes were secured to the doping line by a foil tape with a high temperature epoxy.
Several thermistors and a controller were attached directly to the stainless steel tubing
via a thermal bonding compound allowing for direct temperature measurement. During
growth of Er-doped epilayers, the temperature of the transport line was kept above
bubbler temperature. To achieve higher doping concentrations, the pressure of the Er
bubbler was adjusted with respect to the other precursors. In addition, the MFC was
placed upstream of the MO bubbler, thereby controlling the pressure inside the bubbler
by the reactor pressure. This allowed the ratio of the carrier gas to source gas to be
reduced, and the gas phase concentration of the source in the reaction zone to increase.
Consequently, the Er doping concentration for low pressure MOCVD III-N growth was
substantially increased. More detailed information of the MOCVD system for growth of
Er-doped III-N films can be found in (Ugolini et al., 2006; Feng et al., 2012).

7.2.1 MOCVD growth of GaN:Er films

To establish the basic properties of Er-doped GaN (GaN:Er) films, simple material
structures were grown by MOCVD on commercial sapphire substrates. The (0001)
sapphire substrates werew430 mm thick, and had a root mean square (RMS) z-profile
deviation of 0.5 nm. Before growth, the substrates were cleaned using acetone, isopro-
panol, and deionized water in an ultrasonic bath. After insertion into the reaction cham-
ber, the substrates were heat treated at 1150�C for 10 min. Growth of the epilayers
began with a thin GaN buffer layer, followed by a 1.2 mm GaN template, and then a
0.5 mm GaN:Er layer. The GaN template and Er-doped layer were grown at 10 torr
and at a growth temperature (TG) of 1040�C, which was estimated based on readings
from a thermocouple placed inside the graphite susceptor. Fig. 7.2(a) is a schematic of
a typical GaN:Er structure.

To monitor in situ growth and surface morphology, a 670 nm Epieye reflectometer
from ORS ltd. was used. For a fixed laser wavelength, polarity, and incident angle, the
thickness d of the epilayer could be determined by:

nlm ¼ d sin q; [7.1]

where n is an integer, lm is the wavelength inside the material, and q is the angle of
reflection. With an increase in strain or surface roughness of the film, the reflected
intensity decreased. The intensity profile of the reflectance pattern for a typical
multilayer GaN:Er structure during growth is shown in Fig. 7.2(b), where the changes
in intensity are due to different layers in the structure. In Fig. 7.2(c), TSusceptor indicates
the susceptor temperature profile during growth.

Secondary Ion Mass Spectrometry (SIMS) measurements were made to determine
the Er concentration as a function of growth conditions. The atomic depth profiles
shown in Fig. 7.3 indicate that concentrations up to NEr w 2 � 1021 cm�3 were
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achieved. This concentration is comparable to that previously reported for NEr levels in
GaN synthesized by molecular beam epitaxy (MBE) (Steckl et al., 1998), and much
larger than reported values of Er in InP, GaAs, or Si (Isshiki et al., 1991; Koizumi
et al., 2003). The C and H concentrations, shown in Fig. 7.3, were relatively low,
w5 � 1018 cm�3, similar to values reported for high-quality undoped GaN [29]. The
oxygen concentration, which can be parasitic to electrical and optical properties, was
below the detection limit in GaN:Er.

In Fig. 7.4 atomic force microscopy (AFM) images are shown of the surface of
an undoped GaN epilayer and those of GaN:Er samples having Er concentrations of
2 � 1020 cm�3 and 2 � 1021 cm�3. The surface of the GaN:Er epilayer with
NEr ¼ w2 � 1021 cm�3 suffers a large degradation in surface smoothness, with the
RMS value w56 nm in the vertical direction. However, the sample with NEr ¼ w2 �
1020 cm�3 has an RMS value w2 nm, which is comparable to that w1.0 nm for the
undoped GaN.
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Figure 7.2 (a) Schematic diagram of a typical GaN:Er multilayer sample; (b) the reflected
intensity pattern versus growth time; and (c) the susceptor temperature profile. The brackets
indicate regions of different layers in the structure.
Source: Adapted from Ugolini, C.R., 2008. Optical and Structural Properties of Er-doped
GaN/InGaNMaterials and Devices Synthesized by Metal Organic Chemical Vapor Deposition
(thesis). Kansas State University.
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The crystalline ordering in GaN:Er and high-quality undoped GaN samples was
examined using XRD measurements. In Fig. 7.5 the qe2q XRD rocking curves of the
(002) peak for two samples, one undoped and the other with NEr ¼ w2 � 1021 cm�3,
are shown. As can be seen, the full width at half maximum (FWHM) for each sample
is nearly identical. Consequently, incorporation of Er, even to a high concentration,
does not significantly change the crystalline ordering.
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Figure 7.3 SIMS atomic depth profiles for Er, C, H, and O in a GaN:Er sample grown by
MOCVD.
Source: Adapted from Dahal, R., Lin, J.Y., Jiang, H.X., Zavada, J., 2010b. Er-doped GaN and
InGaN for optical communications. In: O’Donnell, K., Dierolf, V. (Eds.), Topics in Applied
Physics: Rare Earth Doped III-nitrides for Optoelectronic and Spintronic Applications.
Springer, The Netherlands, pp. 115e157.
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Figure 7.4 AFM images of the surfaces of undoped GaN and GaN:Er samples. The Er
concentration is indicated in the lower left corner and the RMS value in the top right corner of
each image. The surface quality of the GaN:Er sample with NEr w 2 � 1020 cm�3 is
comparable to that of undoped GaN.
Source: Adapted from Ugolini, C.R., 2008. Optical and Structural Properties of Er-doped
GaN/InGaNMaterials and Devices Synthesized by Metal Organic Chemical Vapor Deposition
(thesis). Kansas State University.
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7.2.2 MOCVD growth of InGaN:Er films

InGaN alloys are very important for blue and green LEDs as well as for multijunction
solar cell devices and optical communication components. Compared with GaN, these
alloys have a lower bandgap energy that can be tailored to fit the specific application.
Through ternary alloying, the RT bandgap EG of InxGa1�xN alloys can be adjusted to
cover a wide range of emission energies (Nakamura et al., 2000):

EGðxÞ ¼ ½0:7xþ 3:42ð1� xÞ � 1:43xð1� xÞ� eV [7.2]

where x is the mole fraction of In, EG(0) ¼ EG(GaN) ¼ 3.42 eV, and
EG(1) ¼ EG(InN) ¼ 0.7 eV. However, growth of high-quality InGaN with large In
fractions is still very challenging. Due to the much lower bond energy between In and
N (Edgar, 1994), the growth temperature TG for InGaN must be about 200e300�C
lower than that for GaN. At such temperatures, the crystalline quality and surface of
the InGaN films become slightly degraded, and dislocations are readily incorporated
into the epilayer. Furthermore, synthesis of InGaN epilayers requires using large
In/Ga precursor ratios and slow growth rates. These changes in growth conditions
present complex obstacles for the realization of InGaN materials for practical
applications. Investigation of Er-doped InGaN (InGaN:Er) films is critical for the
formation of heterojunction III-N structures that can be used for LEDs and optical
amplifiers at 1.54 mm.
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MOCVD growth of InGaN:Er films proceeded along similar lines to that for GaN:
Er described in Section 7.2.1. The InGaN:Er epilayers were grown on (0001) sap-
phire substrates following the same substrate preparation. Growth began with thin
GaN buffer layer and 1.2 mm GaN template layer, followed by a 300 nm InGaN:Er
layer. The growth temperature layer was TG ¼ 760�C using pressures between
10 and 50 torr.

A qe2q XRD scan of the (002) peak of an In0.05Ga0.95N:Er is shown in Fig. 7.6
indicating diffraction peaks corresponding to In0.05Ga0.95N and GaN. The XRD rock-
ing curve of the In0.05Ga0.95N:Er film was nearly the same as that of GaN:Er, as shown
in the inset. The In fraction of the InGaN:Er epilayers was determined from the diffrac-
tion peaks in the XRD scan indicating a bandgap EG(0.05) w 3.44 eV. AFMmeasure-
ments of the surface of the film resulted in an RMS value approximately twice that of
the GaN:Er (2 nm) in Fig. 7.4. SIMS depth profiles of Er showed that NEr for
In0.05Ga0.95N:Er grown at 760�C was about an order lower than that in a GaN:Er epi-
layer grown at 1040�C (Sedhain et al., 2009).

It was possible to increase the In fraction in the InGaN alloy by employing slower
growth rates, larger growth pressures, and larger NH3 fluxes without changing TG.
This was done in attempts to optimize the Er optical emission. However, higher In
fractions led to poorer crystal quality and lower optical emission efficiency.
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7.2.3 III-N:Er growth on alternative substrates

One of the major issues facing growth of III-N films is the lack of a native substrate for
such growth. Initially, III-N synthesis focused on using sapphire (Al2O3) or SiC sub-
strates in spite of the large lattice mismatch, which led to high dislocation densities
(Nakamura et al., 2000). In addition, differences in thermal expansion coefficients be-
tween the substrate and epilayer induced thermal strain, producing epilayers with cracks
and other associated defects. Many different approaches, including selective area
growth (SAG) and epitaxial lateral overgrowth, were investigated to reduce the lattice
mismatch with the substrate and to minimize the dislocation density in the III-N films.

We have studied MOCVD synthesis of GaN:Er on four different templates:
AlN/Al2O3, GaN/Al2O3, c-GaN bulk, and GaN/Si(111). In each case, undoped GaN epi-
layers with a thickness ofw500 nmwere grown on the templates, followed by the simul-
taneous growth of 500 nm thickGaN:Er epilayers at 10 torr andTG ¼ 1040�C. In Fig. 7.7
the qe2q XRD scans of the four samples are shown. The use of different templates
resulted in shifts in the diffraction peaks relative to the reference position of bulk
c-GaN. The GaN:Er film grown on the c-GaN bulk substrate showed almost no strain.
However, the XRD scans of the GaN:Er films grown on other templates were elongated
due to biaxial stress. The shift in peak position increased with greater lattice mismatch.

Experiments were also conducted to grow InGaN:Er epilayers on different templates,
GaN/AlN/Si(001), GaN/AlN/Si(111), GaN/AlN/Al2O3, and directly on Si(001). Thin
films were grown simultaneously at TG w 760�C and a growth pressure w100 torr.
SAG techniques were used to prepare the GaN/AlN/Si(001) templates in order to sup-
press dislocations and prevent cracks. The In content of the films was determined from
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the peak positions in the XRD measurements. No peak corresponding to single
crystal InGaN was detected for the sample grown on Si(001). However, as shown in
Fig. 7.8(a), InGaN XRD(002) peaks, at 2q ¼ 34.04 and 34.16 degree, were detected
for In0.15Ga0.86N/GaN/AlN/Si(111) and In0.13Ga0.86N/GaN/AlN/Al2O3, respectively.
A wurtzite In0.14Ga0.86N(1101) reflection at 2q ¼ 36.29 degree, shown in Fig. 7.8(b),
was detected for the SAG InGaN:Er/GaN/AlN/Si(001) sample. Nonuniform distribution
of strain or the different growth rates may explain the small difference in In content
among InGaN:Er samples grown on these three templates.

The successful demonstration of epitaxial growth of Er-doped InGaN on Si(001)
substrates laid the ground work for the realization of new types of 1.54 mm optical
emitters and amplifiers (Dahal et al., 2009) on Si, which are compatible with standard
processes of complementary metal-oxide-semiconductor technology used for digital
electronics and computer chips.

7.3 Optical properties

7.3.1 Photoluminescence characterization

In this work, a specialized time-resolved PL system was assembled to study optical
properties of Er-doped III-N semiconductors. The PL system consists of a
frequency-doubled, and -tripled, 100 fs Ti:sapphire laser operating with an average
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power of 150 mW at wavelengths of 263 and 395 nm, with a repetition rate of 76 Hz.
PL detection was accomplished in the IR (800e1700 nm) region using an InGaAs
detector and in the UVevisible (185e800 nm) region with a multichannel plate pho-
tomultiplier tube, in conjunction with a 1.3 m monochromator. A Janis cryostat sys-
tem capable of producing temperatures of 10e800K was used in order to probe the
PL emission as a function of ambient temperature.

The PL spectrum of a GaN:Er epilayer, covering the visible to IR region, is shown
in Fig. 7.9. The Er concentration was w1021 cm�3 and the measurement was made at
300K using a laser excitation wavelength (lexc) of 263 nm. Two sharp emission peaks
were observed at wavelengths of 1.0 and 1.54 mm, with an FWHM of 10.2 and
11.8 nm, respectively. The first peak corresponds to the radiative intra-4f transitions
of Er3þ from the 4I11/2 /

4I15/2 and the second from the 4I13/2 /
4I15/2 levels. At

RT the PL intensity of the 1.54 mm emission was w4 times that of the 1.0 mm line.
Virtually no visible emission lines were observed in PL spectrum for GaN:Er epilayers
grown by MOCVD. This is in contrast to results of GaN:Er material produced by
ion-implantation or by MBE, in which Er3þ emissions at 537 and 558 nm are observed
from 4f transitions between the 2H11/2 and

4S3/2 levels to the ground state (Steckl and
Birkhahn, 1998; Son et al., 2004). In addition, the dominant bandedge emission of
GaN:Er is at w3.23 eV, which is red-shifted by w0.19 eV from that of undoped
GaN (Dahal et al., 2010b). This red-shift appears related to the formation of ErGaeVN
complexes and the recombination between bound electrons at the complexes and free
holes in the valence band.
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Figure 7.9 PL spectrum of GaN:Er, measured at 300K, using laser excitation at 263 nm and
detected over a broad spectral range from UV to IR.
Source: Adapted from Dahal, R., Lin, J.Y., Jiang, H.X., Zavada, J., 2010b. Er-doped GaN and
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It was also found that the PL intensity of the 1.54 mm emission was more than
10 times larger with above-bandgap excitation at 263 nm than with
below-bandgap excitation at 395 nm. This indicates that the generation of electrone
hole pairs via above-bandgap excitation results in a more efficient energy transfer to
Er3þ ions than that through defect centers in the epilayers (Wu et al., 1997).

The thermal quenching of PL emission, between 10 and 450K, was measured in the
1.54 mm region as shown in Fig. 7.10. While the 1.54 mm emission line was dominant
at low temperatures, two additional emission peaks appeared, at 1.51 and 1.56 mm, as
the temperature increased. These peaks originate from the splitting of the 4I13/2 mani-
fold due to the C3v nature of the crystal field in the GaN host (Makarova et al., 2008).

As previously reported, the thermal quenching of the Er-based PL emission is much
less in wide bandgap semiconductor (WBGS) hosts than in smaller bandgap semicon-
ductors (Favannec et al., 1989). In Fig. 7.11, the integrated PL intensity (Iint) of the
1.54 mm emission for lexc ¼ 263 nm is plotted as a function of temperature. Only a
20% decrease in Iint was observed between 10 and 300K, which represents one of the
lowest reported values of thermal quenching for any RE-doped III-V semiconductor
(MacKenzie et al., 1998). The Iint data in Fig. 7.11 were fitted by the Arrhenius relation:

Iint ¼ I0
1þ ce�E0=kT

[7.3]

where I0 is the integrated intensity at low temperature, c is a fitting constant, E0 is the
activation energy of the thermal quenching, and k is Boltzmann’s constant. From the
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Figure 7.10 PL spectra of GaN:Er in the 1.54 mm region in GaN:Er as a function of temperature
between 10 and 450K for lexc ¼ 263 nm.
Source: Adapted from Ugolini, C.R., 2008. Optical and Structural Properties of Er-doped
GaN/InGaN Materials and Devices Synthesized by Metal Organic Chemical Vapor
Deposition (thesis). Kansas State University.

236 Rare Earth and Transition Metal Doping of Semiconductor Materials



Arrhenius plot shown in the inset, E0 was determined to be w191 � 8 meV, which is
almost the same as the magnitude of the red-shift in the bandedge emission.

Both values of the experimentally measured red-shift of the bandedge PL emission
and the activation energy of thermal quenching are in good agreement with a density
functional study by Fihol et al. (2004). They showed that ErGaeVN complexes in GaN:
Er produce a half-filled energy level at approximately 0.2 eV below the conduction
band. Our experimental results also match well with DLTS measurements by Song
et al. (2005), who found a defect level at 188 meV below the conduction band in
Er-implanted GaN. Thus, it is reasonable to conclude that the energy transfer
between electrons bound to the ErGaeVN complex and the 4f electrons of Er3þ ions
is the dominant excitation mechanism of the 1.54 mm emission in MOCVD-grown
GaN:Er using above-bandgap excitation.

These results also provide a better understanding regarding the low degree of ther-
mal quenching found in GaN:Er. It is well established that for semiconductors, effec-
tive donor levels increase with increasing bandgap energy. For smaller bandgap
semiconductors, the majority of electrons bound to the Er-related traps are thermally
excited into the conduction band at RT since their binding energy is small. Thus, elec-
trons cannot efficiently transfer energy to the 4f electrons via an Auger-like process.
For WBGS hosts, such as GaN, the energy levels are deeper and electrons remain
bound to the ErGaeVN at higher temperatures. While Auger energy transfer between
bound electrons and 4f electrons can still occur, the subsequent thermal quenching is
dramatically reduced.
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Figure 7.11 Plot of the integrated PL intensity of the 1.54 mm emission of GaN:Er as a function
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the best fitting using E0 ¼ 191 meV.
Source: Adapted from Dahal, R., Lin, J.Y., Jiang, H.X., Zavada, J., 2010b. Er-doped GaN and
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Fig. 7.12 is a comparison of the PL spectra of GaN:Er (a) and In0.05Ga0.95N:Er
(b) measured at 300K for lexc ¼ 263 nm. The Er concentration in In0.05Ga0.95N:Er
was comparable to that in GaN:Er, NEr w 1021 cm�3, as determined by SIMS. While
the PL spectra are very similar, the 1.54 mm emission intensity from In0.05Ga0.95N:Er
is almost an order of magnitude lower than that from GaN:Er even though both epilayers
had comparable crystalline quality and surface morphology. In general, InGaN:Er epi-
layers with higher In content resulted in a lower PL emission intensity.

7.3.2 Electroluminescent devices

One of the main advantages of using a semiconductor material as a host for RE ions is
that heterojunctions can be formed leading to electrical excitation of the 4f electrons.
This electrical excitation can occur either through electronehole recombination, under
forward bias (Koizumi et al., 2015, in this volume), or by impact excitation, with
reverse bias (Heikenfeld et al., 1999; Morishima et al., 1999). In either case energy
is transferred to the RE ion with subsequent optical emission.

We have fabricated and characterized several different p-i-n semiconductor multi-
layer structures in which the i-layer was doped with Er (Ugolini, 2008; Feng, 2013;
Dahal et al., 2010a,b). The p-i-n diodes were grown on (0001) sapphire substrates as
were used for the GaN:Er and InGaN:Er epilayer studies. A schematic of one of the
fabricated p-GaN/InGaN:Er/n-GaN LEDs is shown Fig. 7.13. The active region was a
200 nm thick In0.05Ga0.95N:Er epilayer. Growth of the p-i-n diodes began with a thin
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Figure 7.12 Comparison of the PL spectra of GaN:Er (a) and In0.05Ga0.95N:Er (b) measured at
300K for lexc ¼ 263 nm.
Source: Adapted from Sedhain, A., Ugolini, C., Lin, J.Y., Jiang, H.X., Zavada, J.M., 2009.
Photoluminescence properties of erbium doped InGaN epilayers. Appl. Phys. Lett. 95, 041113.
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GaN buffer layer, followed by a 0.6 mm undoped GaN layer grown at 1040�C. Then
1.5 mm thick Si-doped GaN layer, with electron concentration n ¼ 5 � 1018 cm�3

and mobility m ¼ 250 cm2/V s, was deposited. This was followed by growth of the
In0.05Ga0.95N:Er active layer with Er concentrationw 2 � 1019 cm�3, and a 0.5 mm
thick Mg-doped p-type GaN layer with hole concentration, p ¼ 3 � 1017 cm�3 and
mobility, m ¼ 10 cm2/V s. To activate the Mg acceptors in the p-layers, the structures
were annealed in N2 ambient at 550�C for 30 min. XRD qe2q scans of the (002)
peak were used to determine the In content and assess the crystalline quality of the multi-
layer structure. The LED fabrication process started with deposition of a thin semitrans-
parent current spreading layer of Ni/Au (5/10 nm) by e-beam evaporation. Devices with
mesa size of 300 � 300 mm2 were defined by etching down to n-type GaN (0.8 mm deep
from top) using a chlorine-based inductively coupled plasma technique. Then the semi-
transparent p-contact was annealed for 30 min in air at 450�C to obtain the ohmic char-
acteristics for the p-contact. Finally, the n-contact, Ti/Al/Ti/Au (30/100/20/150 nm),
and the p-contact pad Ni/Au (30/200 nm) were deposited by e-beam evaporation using
optical lithography and lift-off techniques.

EL was observed when a forward bias was applied to the diode. The EL emis-
sion was characterized using a custom-built probe station, which consisted of a
Keithley 2400 series source meter to apply variable bias and an Olympus SZ61
Optical microscope for device positioning. An Ocean Optics QP-600-mixed bifur-
cated fiber was used to transfer the EL emission to an IR InGaAs detector and to an
Ocean Optics PC2000 visible spectrometer. The EL spectrum, measured at RT un-
der 20 mA current injection and a forward bias of 12.5 V is shown in Fig. 7.14. In
contrast to the PL spectrum shown in Fig. 7.9, which had emission peaks only at

P-contact pad
Semi-transparent layer

n-contact

Sapphire substrate

Ud-GaN (0.6 μm)

Si:GaN (1.5 μm)

Er:In0.05Ga0.95N (200 nm)

p-GaN (0.5 μm)

Figure 7.13 Schematic diagram of a p-GaN/InGaN:Er/n-GaN LED with a 200 nm thick
In0.05Ga0.95N:Er epilayer as the active region.
Source: Adapted from Dahal, R., Ugolini, C., Lin, J.Y., Jiang, H.X., Zavada, J.M., 2010a.
1.54 mm emitters based on erbium doped InGaN p-i-n junctions. Appl. Phys. Lett. 97, 141109.
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1.0 and 1.54 mm, emission lines at visible wavelengths of 536, 556, and 667 nm
were also observed in the EL spectrum (see Fig. 7.14(b)). These peaks are due
to transitions from the higher 4f energy levels to the 4I15/2 ground state. The appear-
ance of these additional emissions peaks indicates that the excitation process for the
p-i-n diode was different than the PL mechanism involved in above-bandgap optical
excitation.

Under 20 mA current injection, the integrated emitted power over the near-IR emis-
sions wasw2 mW, which was about twice that in the visible region. The output power
from the Er-doped InGaN LEDs was comparable to initial results for Eu-doped GaN
LEDs (Nishikawa et al., 2010). EL spectra from the Er-doped InGaN LED, measured
at RT in the region between 900 and 1700 nm under different input currents, are shown
in Fig. 7.13. In the inset, intensities of the emission lines at 1.0 and 1.54 mm can be
seen to increase monotonically up to w70 mA (Fig. 7.15).

Other Er-doped III-N LEDs were designed and fabricated, including p-i-n homo-
junctions having GaN:Er and GaN:Er þMg epilayers as the active regions (Feng,
2013). In general, EL spectra from these LEDs contained emissions in both the visible
and near-IR limiting power output at the desired 1.54 mm region.

7.4 Magnetic properties of III-N:Er thin films

Several different techniques were used to measure the magnetic properties of the
III-N:Er films grown by MOCVD. These include superconducting quantum
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Figure 7.14 EL spectra of the a p-GaN/In0.05Ga0.95N:Er/n-GaN LED measured at RT in (a) the
visible region and (b) the near-IR region under a current injection of 20 mAwith a forward bias
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Source: Adapted from Dahal, R., Ugolini, C., Lin, J.Y., Jiang, H.X., Zavada, J.M., 2010a.
1.54 mm emitters based on erbium doped InGaN p-i-n junctions. Appl. Phys. Lett. 97,
141109.
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interference device (SQUID) measurements, alternating gradient magnetometry
(AGM), and combined excitation emission spectroscopy (CEES) in conjunction
with an applied magnetic field.

In SQUID measurements, a high sensitivity magnetometer utilizes the properties
of electron-pair wave coherence and Josephson junctions to detect very small mag-
netic fields. A natural result of the phase coherence over long distances is the quan-
tization of magnetic flux in a superconducting ring. The working principle of the
SQUID is based on this property of a superconducting ring. The SQUID measure-
ment is performed by moving a sample through the superconducting detection coils
that are in a loop with the SQUID chip. As the sample moves through the coils, the
magnetic moment of the sample induces an electric current in the detection coils and
this change in current produces a voltage, which is then converted into the magnetic
response from the sample. In our experiments, an SQUID magnetometer by Quantum
Design was used to measure the magnetic moments of samples. Since the operation
of the SQUID requires cryogenic temperatures (4K), liquid helium was needed as the
medium for cooling, making the operational costs expensive. After the III-N samples
were ultrasonically cleaned in solvents and dried by blowing nitrogen, they were
loaded in the SQUID chamber using a straw as a sample holder. The applied mag-
netic field (Ha) was vertical to the sample surface, which was normally the easy
axis of magnetization (Nepal et al., 2009b).

With AGM, electromagnets are used to produce an alternating magnetic field
gradient across a region in which a sample is placed. The sample is mounted at one
end of a vertical cantilever, the other end of which is attached to the bottom of a piezo-
electric transducer (see schematic diagram in Fig. 7.16). The alternating field gradient
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Figure 7.15 EL spectra in the near-IR of an Er-doped InGaN LED under different levels of
injection currents. In the inset, the EL intensities of 1.0 and 1.54 mm emissions are shown as a
function of injection current.
Source: Adapted from Dahal, R., Ugolini, C., Lin, J.Y., Jiang, H.X., Zavada, J.M., 2010a.
1.54 mm emitters based on erbium doped InGaN p-i-n junctions. Appl. Phys. Lett. 97, 141109.
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exerts an oscillatory force on the sample, and the bending of the transducer produces a
voltage proportional to the amplitude of the oscillation. The AGM needs to be operated
at the resonant frequency of the cantilever system, which depends upon the weight of
the sample. The sensitivity of the instrument is limited by thermal noise in the mechan-
ical oscillator, and typical sensitivities are comparable to cryogenic magnetometers
(w10�12 Am2). A DC field also may be applied during measurements, to allow the
magnetization as a function of the electric field to be determined. Often a heater or
cryostat also is fitted to permit both field and temperature variation of the magnetiza-
tion to be determined.

CEES measurements employ the capability of CCD-based spectrometers to collect
emission spectra from a sample in a rapid fashion while tuning the laser wavelength in
small steps. The data collection process is computer controlled and the 2D-data set of
emission intensities as a function of excitation and emission energies can be collected.
The data can be depicted by contour or image plots resembling geographic maps. This
technique has been applied to Er-doped LiNbO3 to allow systematic determination of
different defect sites and to identify specific transitions involving the same defect site
(Dierolf and Sandmann, 2007). In the present investigations, this technique was used
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Figure 7.16 Schematic of an alternating gradient magnetometer. The force on the sample is
generated by a set of coils, and the motion of the sample is proportional to its magnetization.
Source: Adapted from Luen, M.O., 2009. Spintronics: Towards Room Temperature
Ferromagnetic Devices via Mn and Rare Earth Doped GaN (thesis). North Carolina State
University.
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together with an applied magnetic field to probe the magnetic influence on the optical
emission of the III-N:Er specimens (Woodward et al., 2011).

7.4.1 Magnetic properties of GaN:Er

A set of GaN:Er samples was grown by MOCVD on (0001) c-plane sapphire sub-
strates as described in Section 7.2.3. The Er concentrations were in the range of
NEr w 2e10 � 1020 cm�3 as determined by SIMS. The electrical properties were
determined by van der Pauw Hall effect measurements and found to be comparable
to those of high-quality undoped MOCVD GaN films. XRD spectra from the GaN:Er
samples, as well as the spectrum from an undoped GaN epilayer, are displayed
in Fig. 7.17. All the samples were of high crystallinity and there was no indication
of second phase formation, even with NEr w 1021 cm�3. However, splitting of the
Ka1 and Ka2 lines was observed indicating an increase in in-plane strain for NEr

above w3 � 1020 cm�3.
For the SQUID measurements, Ha was normal to the sample surface, diamagnetic

properties of the substrate and holder were subtracted out, and the data normalized to
sample volume. Each of the GaN:Er epilayers displayed hysteretic behavior at RT
consistent with FM ordering. The magnetization (M) data as a function of temperature
T of the sample having NEr w 1021 cm�3 are summarized in Fig. 7.18. The data points
show the results of the zero-field-cooled (ZFC) and field-cooled (FC) SQUID measure-
ments done with Ha ¼ 200 Oe. The measurements clearly indicate that the temperature
at which the ZFC/FC curves meet, the blocking temperature TB, is above 300K. This is
further evidence of the high degree of crystallinity of the GaN:Er epilayers grown by
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Figure 7.17 XRD spectra from an undoped GaN epilayer and GaN:Er samples having different
Er concentrations. For NEr abovew 3 � 1020 cm�3 the in-plane strain increased.
Source: Adapted from Ugolini, C.R., 2008. Optical and Structural Properties of Er-Doped
GaN/InGaNMaterials and Devices Synthesized by Metal Organic Chemical Vapor Deposition
(thesis). Kansas State University.
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MOCVD. SQUID measurements were also performed on an undoped GaN sample to
eliminate the possibility that spurious TM impurities might be responsible for the mag-
netic response. No magnetic hysteresis was observed in the undoped sample (Zavada
et al., 2007).

The dependence of the saturation magnetization (MS) on the Er concentration is
shown in Fig. 7.19. For measurements at 10K the MS has a linear dependence on
NEr. At 300K, values forMS are nearly the same for NEr � 3 � 1020 cm�3. However,
for the sample having NEr w 1021 cm�3, there is a noticeable decrease in MS, which
may be due to effects of increased dislocations or defects that are present with higher
doping levels.

7.4.1.1 Strain-induced effects

The magnetic properties of GaN:Er epilayers grown on different substrates (see Section
7.2.3) were examined using AGM and resonant CEES combined with an applied mag-
netic field. The AGM measurements were made at RT with the magnetic field applied
first normal to the sample surface and subsequently parallel to the sample surface. The
diamagnetic properties of the substrate and holder were subtracted out and the data
normalized to sample volume. Results of these measurements for different GaN:Er sam-
ples are presented in Fig. 7.20. The in-plane hysteretic data (Fig. 7.20(a)) show that the
GaN:Er sample grown on the GaN/Al2O3 template had the highest MS value. This was
followed by the sample grown on the GaN/Si (111). The other films displayed either
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Figure 7.18 SQUID measurements, in an applied field of 200 Oe, as a function of temperature
from the GaN:Er sample with NEr w 1021 cm�3. FC and ZFC magnetization data points are
shown.
Source: Adapted from Zavada, J.M., Nepal, N., Ugolini, C., Lin, J.Y., Jiang, H.X., Davies, R.,
Hite, J., Abernathy, C.R., Pearton, J., Brown, E.E., Hommerich, U., 2007. Optical and
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weak or paramagnetic behavior. The broad XRD spectrum for the GaN:Er layer grown
on the AlN/Al2O3 template may have been a result of significant disorder in the film,
which inhibited magnetic ordering. The out-of-plane hysteretic data (Fig. 7.20(b))
were similar, with MS being highest for the epilayer grown on the GaN/Al2O3 template
and negligible for the other samples.

Based on estimate of the GaN:Er material volume involved in these measurements,
an effective magnetic moment (meff) for the two orientations was obtained for this
GaN:Er sample. The in-plane meff wasw0.24 mB and the out-of-plane meff w 0.22 mB,
where mB is the Bohr magneton, indicating w7.2% magnetic activation of Er atoms.
The presence of a magnetic moment in both the in-plane and out-of-plane orientations
is an indication that this epilayer was in a transitional state of stress (El-Masry et al.,
2015, in this volume).

The substrate dependence of the magnetization that is induced by different substrates
raises the question on how this behavior is reflected in the spectroscopic properties
of the Er ions. To this end, we used CEES, which has been proven to be a powerful
tool to identify different incorporation sites and the variation of their environ-
ment (Dierolf, 2010; Woodward et al., 2011). To illustrate this capability, Fig. 7.21
shows, as an example, data for a GaN:Er sample was grown on theGaN/Al2O3 template.
The CEES data were obtained at T ¼ 4K using liquid He-flow cryostat by scanning a
980 nm external cavity laser in the spectral region of the 4I15/2 to

4I11/2 transition and
recording the resulting emission around 1.5 mm corresponding to the transition
between the 4I13/2 to 4I15/2 state. The resulting 2D-data set is depicted as an image
plot. Despite the multitude of transition peaks in the measurements, all transitions
can be accounted by taking thermally excited states into consideration. The correspond-
ing level scheme is shown as an inset of Fig. 7.21. It should also be noted that there is
clear evidence of fluorescence line narrowing (FLN). This is reflected in the excitation/
emission features that are tilted in the CEES image. This is most apparent in the feature
on the very right within the dotted square in Fig. 7.21. Such a line narrowing effect is a
clear indication of an inhomogeneously broadened spectral line that results from
Er centers that are slightly different in the local environment in a continuous way.
Variations in local intrinsic strain are a likely candidate for these variations. The
differences in spectra are best quantified by taking the spectral differences
between the emission transitions from level B2 to A1 and B2 to A3, as a measure
(Dierolf, 2010).

In Fig. 7.22(a), we compare a small region of the CEES data for two samples grown
on different substrates. The image plot represents a zoomed-in representation of the
same data as in Fig. 7.21 for the sample grown on a GaN/Al2O3 template, while the
contour lines indicate the data for a sample grown on bulk c-GaN. We clearly see
how different the spectral features are both in position as well as in the extent of the
features. In particular, the tilted feature is shifted from one sample to another, indi-
cating the same incorporation site but with different strain environments for the two
samples. Arrows indicate the shifts of the maxima. This finding becomes even more
apparent if we take spectra for an excitation transition that has no FLN and that leads
to wider emission lines that reflect the average splitting of A1 and A3 in their emission
maxima. Fig. 7.22(b) shows a comparison of three samples grown on different
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substrates. While the peaks for the transition between levels B2 and A3 are almost
identical, the transition to A1 is shifted dramatically, giving rise to a sample-dependent
splitting of the A1 and A3 level, indicated by an arrow in Fig. 7.22(b), which can be
correlated to different average strain fields. It is important to note that the values of
these shifts vary in a similar way as the magnetization shown in Fig. 7.20.

Applying a magnetic field will split the spectral lines of Er ions as described in
Chapter 9 for Nd-doping of GaN (Metcalfe et al., 2015, in this volume). Fig. 7.23
shows the spectra obtained under an applied field of 1 T parallel to the c-axis of a
GaN:Er sample and compares it to the spectrum in the absence of a field. It should
be noted that even for a rather small field the magnetically induced Zeeman splitting
of lines becomes comparable to the Stark-type level splitting caused by the crystal
field. As a consequence, the Zeeman splittings are no longer linear in the magnetic
field, and moreover no longer symmetric around the zero-field lines. Both are a conse-
quence of avoided level crossings. The former also explains why g-factors for the
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Source: Adapted from Woodward, N.T., Nepal, N., Mitchell, B., Feng, I.W., Li, J., Jiang, H.X.,
Lin, J.Y., Zavada, J.M., Dierolf, V., 2011. Enhanced magnetization in erbium doped GaN thin
films due to strain induced electric fields. Appl. Phys. Lett. 99, 122506.
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ground state that are reported in literature depend on the magnetic field under which
they are obtained. For instance, Konopka et al. (2011) report values of gjj ¼ 2.96
and gt ¼ 8.806 for the ground state; whereas, Wolos et al. (2003) report gjj ¼ 2.86
and gt ¼ 7.645. Collecting CEES data under application of a magnetic field allows
the determination of the g-factors. The values obtained at 1 T are summarized in
Table 7.1.

In the presence of considerable strain and inhomogeneous broadening, such as in
the GaN:Er samples grown on different substrates that were discussed earlier, the
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(black contour lines) for an area that shows pronounced FLN. Arrows indicate the shifts of the
maxima of the respective lines between samples. (b) Emission spectra taken for layers grown
on three different substrates excited at a transition for which little fluorescence line narrowing
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Lin, J.Y., Zavada, J.M., Dierolf, V., 2011. Enhanced magnetization in erbium doped GaN thin
films due to strain induced electric fields. Appl. Phys. Lett. 99, 122506.

248 Rare Earth and Transition Metal Doping of Semiconductor Materials



strong overlap of Stark-split levels does not allow for a substrate-dependent determi-
nation of g-factors. However, a very noticeable difference arises when fields are applied
parallel and antiparallel to the c-axis, which is the growth direction. Fig. 7.24(a) shows
the emission spectra at 6.6 T, with its complicated splitting behavior, for GaN:Er
epilayer grown on bulk c-GaN. The splitting and the relative strength of the peaks
are independent of the direction of the magnetic field. This behavior, which is
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Figure 7.23 Emission spectra obtained at 4K for applied magnetic fields of 0 and 1 T,
perpendicular to the c-axis. The respective transitions are labeled. Arrows indicate the shift of
the centers of the gravity of the peaks with increasing magnetic field. Note that transitions that
terminate on A1 shift to higher energies, while those that terminate on A2 shift to lower
energies.

Table 7.1 Values of g-factors, as determined by CEES under
application of a magnetic field, for the ground state of Er
ions in GaN films

Crystal field level
g-Factor B-field//to
c-axis

g-Factor B-field t to
c-axis

B3 4.04 � 0.20 4.52 � 0.23

B2 7.96 � 0.40 0

B1 2.88 � 0.14 5.70 � 0.29

A3 5.27 � 0.26 4.83 � 0.24

A2 9.28 � 0.46 0

A1 (ground state) 2.88 � 0.14 6.94 � 0.35

MOCVD growth of Er-doped III-N and optical-magnetic characterization 249



generally expected, is changed dramatically for the GaN:Er epilayer grown on sap-
phire (see Fig. 7.24(b)). In this case, the relative strength of the transitions is quite
different for the two antiparallel field directions, while the splitting still remains inde-
pendent of the direction. Apparently, in this sample, the magnetic states of the Er ion
are dependent on the growth direction. Such coupling between growth direction and
magnetic field states can only be provided by an internal electric field that is provided
through a piezoelectric effect induced by the lattice mismatch.

These strain-induced fields are drastically different when a layer is grown on bulk
c-GaN or on a GaN/Al2O3 template. The electric field breaks the symmetry, which is
then reflected in the dependence of the transition strength on the field direction. This
clearly demonstrates a coupling of the Er3þ-states to the host. Further evidence from
the influence of the strain comes from the fact that the changes in relative transition
strength are most pronounced for transitions that are also shifted most significantly
for different strain environments (see Fig. 7.24). Comparison with other piezoelectric
materials such as LiNbO3 and LiTaO3, for which no difference is observed, reveals
that this behavior is quite unique and demonstrates that a special coupling exists be-
tween the magnetic Er ion and the semiconductor host such as GaN.

3

2

1

0

0.800 0.805 0.810 0.815 0.800 0.805 0.810 0.815

+ 6.44 T
–6.44 T
Difference

+ 6.6 T
–6.6 T
Difference

E
m

is
si

on
 in

te
ns

ity
 (a

.u
.)

Emission photon energy (eV)

(a) (b)

Figure 7.24 Emission spectra of Er ions, excited at the spectral position, indicated in Fig. 7.22,
under application of a magnetic field parallel and antiparallel to the growth axis of the GaN:Er
layer grown on (a) c-GaN bulk substrate and (b) the GaN/Al2O3 template. The emission
difference spectra, black curves, clearly demonstrate the changes brought about by the residual
strain in the layer grown on sapphire.
Source: Adapted from Woodward, N.T., Nepal, N., Mitchell, B., Feng, I.W., Li, J., Jiang, H.X.,
Lin, J.Y., Zavada, J.M., Dierolf, V., 2011. Enhanced magnetization in erbium doped GaN thin
films due to strain induced electric fields. Appl. Phys. Lett. 99, 122506.
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The results of these experiments provide strong evidence that FM behavior of
GaN,Er epilayers grown by MOCVD, is directly proportional to the stress in the thin
films induced by lattice mismatch with the substrate. Hysteretic data from such films
are in general agreement with optical emission intensities taken in PL measurements
and with the strain-induced spectral shifts found in our CEES measurements shifts.
In addition, PL spectra taken in the presence of an applied magnetic field indicate the
magnetic states of the Er ion are coupled to the electronic states of the host. The stron-
gest effect is observed for states that are also most sensitive to strain. This correlation
suggests that the coupling of the magnetic states to the host can be modified by strain.

7.4.2 Magnetic properties of InGaN:Er

We have also investigated the magnetic properties of InGaN:Er epilayers, with
different In content, and grown on (0001) c-plane sapphire substrates as described
in Section 7.2.3. These epilayers had a thickness of w0.5 mm and were subsequently
characterized by AGM and CEES techniques. Results of AGM measurements made
at RT for InGaN:Er epilayers, with x ¼ 0.11, 0.13, 0.15, and 0.18, are shown in
Fig. 7.25. In-plane hysteretic behavior was found for each of the samples, with the
Ms being nearly linearly proportional to the In content. Even though the crystalline
quality and surface of the InGaN films was degraded with higher In content, the
In0.18Ga0.82N epilayer had the strongest magnetic response. A similar behavior was
found for Tm-doped AlGaN films showing that the magnetic behavior was correlated
with compositional fluctuation of Al content (Nepal et al., 2009a). Alloy disordering
appears to lead to potential energy fluctuations that produce a strong localization
effect that enhances magnetic ordering. As in the case of GaN:Er epilayers grown
on different substrates, InGaN:Er with higher In content may also have increased
biaxial stress that also promotes FM behavior.
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Figure 7.25 AGM measurements made at RT for InGaN:Er epilayers grown on sapphire and
having different In content. The saturation magnetization was found to be nearly linearly
proportional to the In content.
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Stachowicz et al. studied the local lattice disorder in these InGaN:Er epilayers using
the 1.54 emission of the Er3þ ions. The Er concentration in these layers was w2.3%.
Based on site selective optical spectroscopy and PL excitation spectroscopy, they
found that there were two classes of the emitting Er centers. One was nearly the
same as in GaN:Er, except for nonuniform broadening. The other center had new emis-
sion features that were not present in GaN:Er layers. These emission features were
interpreted as originating from Er-complexes involving one or more In atoms in the
second coordination sphere. The observed fluorescence line broadening and wave-
length shifts in the emission wavelength indicated the extent of the disorder in the
metallic sublattice (Stachowicz et al., 2014).

7.4.3 Influence of light on magnetic properties

In general, there was a direct correspondence between the magnetic and optical prop-
erties of the III-N:Er epilayers as a function of Er concentration. As NEr increased, so
did the PL intensity at 1.54 mm as well as the Ms value, measured at 10 and 300K.
However, the PL spectrum, with its distinctive characteristics of the 4f transitions
between the 4I15/2 and 4I13/2 levels, was very dependent upon the excitation wave-
length. It was found that either a laser diode at 370 nm, or an LED at 371 nm, was
a very efficient source for excitation of the Er3þ ions in GaN and InGaN epilayers
(Dahal et al., 2008). In addition, since the magnetic properties were related to coupling
between electrons bound at the complex and those in the host, experiments were un-
dertaken to determine whether incident photons could affect the magnetic measure-
ments. Several GaN:Er samples, with NEr w 2e10 � 1020 cm�3, were examined at
RT using AGM without and with illumination of an LED at 371 nm. The magnetic
field was applied parallel to the GaN:Er sample surface and a commercially available
nitride LED, Nichia model NSHU550B, was used as the optical source during AGM
measurements (Nepal et al., 2009b). The LED power output was w2 mW at 371 nm
and the full width half maximum was 15e20 nm. The GaN:Er samples were mounted
at a distance of about 1 mm from the LED’s surface, as shown in the schematic in
Fig. 7.26. The diamagnetic properties of the substrate and holder were subtracted
out and the data normalized to sample volume.

Without illumination (LED-off), the GaN:Er specimens displayed RT hysteretic
behavior consistent with FM ordering, whereas with illumination (LED-on) an in-
crease in MS was observed for all samples. In Fig. 7.27(a) hysteretic data taken at
RT are presented for the GaN:Er sample with NEr w 2 � 1020 cm�3 under
LED-off and LED-on conditions. While the coercivity remained constant, there
was an increase of approximately 0.8 m emu inMS when the sample was illuminated.
The measured increase in magnetization, DMS ¼ MS(on) � MS(off), for each of the
samples is plotted in Fig. 7.27(b) as a function of Er concentration. Also plotted are
the MS(off) values. The largest increase was observed for the sample with the lowest
Er concentration. The other samples had a higher initialMS value but a slightly lower
DMS ofw0.7 m emu. While the measured coercivity was unchanged under LED-off/
LED-on conditions, the MS returned to its original levels when the LED was
turned off.
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Figure 7.26 Illustration of the placement of the LED source and a GaN:Er sample. The sample
was at a distance of w2 mm from LED surface during AGM measurements.
Source: Adapted from Nepal, N., Zavada, J.M., Dahal, R., Ugolini, C., Sedhain, A., Lin, J.Y.,
Jiang, H.X., 2009b. Optical enhancement of room temperature ferromagnetism in Er-doped
GaN epilayers. Appl. Phys. Lett. 95, 022510.
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The results of these experiments indicate that electron-hole pairs created by incident
photons from the LED source facilitate FM ordering in GaN:Er layers. While the data
support a carrier-mediated mechanism for the RT FM behavior observed in these
Er-doped films, it is unclear whether positive or negative carriers are dominant. In
addition, the photon flux of the LED may have been the limiting factor in these exper-
iments and use of a laser source may have produced larger increases in MS.

7.5 Summary

We have demonstrated that MOCVD is a reliable technique for synthesis of high-quality
Er-doped GaN and InGaN epilayers. PL measurements showed low thermal quenching
of emission around 1.54 mm even up to RT. Prototype EL devices with InGaN:Er active
layers were fabricated and processed into LED devices. Hysteric behavior at RT was
observed for both GaN:Er and InGaN:Er epilayers. The optical and magnetic properties
of these films were shown to be dependent upon the stress produced due to lattice
mismatch during MOCVD growth on different substrates. These effects indicate the
coupling of the optical and magnetic states of the Er ions to the semiconductor host.
These results indicate the possible use of externally induced strain to control optical
and FM behavior. CEES measurements showed that applied magnetic fields may alter
optical emission of the Er ions. Illumination of GaN-Er epilayers at a wavelength
of 371 nm produced an enhancement of magnetic properties suggesting a carrier-
mediated mechanism. Consequently, magnetic control of optical properties and optical
control of magnetic properties have been demonstrated for III-N:Er films grown by
MOCVD. Similar results may occur for other RE-doped III-N semiconductor films.
Considering the fact that the majority of Er ions enter into a defect-related complex
(ErGaeVN), the presented results emphasize the critical role of the electrically active
complexes on the optical and magnetic effects. While the Er ion itself is quite insensitive
to the lattice environment, such defect-related complexes appear very sensitive in their
formation kinetics and energetics, in their configuration, and in their energy level posi-
tions within band structure of the III-N host. Moreover, these complexes are very sen-
sitive to their charge state, which can be manipulated by creating free carriers using
above-bandgap light irradiation.
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8.1 Introduction

Trivalent europium (Eu3þ) ions have been widely used as red-emitting phosphors for
cathode ray tubes and fluorescent lamps. In these applications, the ions are doped in an
insulator, and red emission is obtained mainly through optical excitation. Eu-doped
GaN (GaN:Eu) has been extensively studied because it has excellent luminescence
properties in the red spectral region, resulting from the specific optical properties of
rare-earth (RE) materials, such as sharp, intense, and temperature-insensitive emission
peak owing to the intra-4f shell transitions of the Eu3þ ions [1e9]. The progress in the
GaN:Eu optical applications is shown in Fig. 8.1. The fabrication of GaN:Eu layers has
initially mainly been performed by ion implantation on a GaN template with post-
thermal annealing or by in situ doping using molecular beam epitaxy [1e3,5,10]. These
studies produced red emission [1e3] and a stimulated emission [5,10] from the Eu ions
by optical excitation of the GaN:Eu layers. More importantly, electroluminescence
(EL) was observed from indium-tin-oxide (ITO)/GaN:Eu/undoped GaN grown on
p-type Si(111) substrates [1] and metal-insulator-semiconductor (MIS) structures of
indium (In)/GaN:Eu/undoped GaN grown on n-type Si(111) substrates [2]. Although
both studies showed a red emission with current injection, the applied voltage was
as high as 46 V for the ITO/GaN:Eu sample, and the emission efficiency was low
for the In/GaN:Eu sample because of the low efficiency of impact excitation of the
Eu3þ ions by hot carriers, which is dominant in these devices. To reduce the operating
voltage, it was necessary to use a p-n junction diode structure to inject the current into
an active layer and achieve energy transfer from the GaN host to the Eu ions. The fabri-
cation of a GaN-based red light-emitting diode (LED) using in situ Eu-doped GaN
grown between p- and n-GaN by organometallic vapor-phase epitaxy (OMVPE) has
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been demonstrated [6]. A sharp red emission with a wavelength near 620 nm and a full
width at half maximum of less than 10 nm is obtained in the GaN:Eu LED operating by
low-voltage current injection at room temperature (RT).

In this chapter, we will describe the growth of GaN:Eu by OMVPE with various
growth conditions and their application to LEDs. After that we discuss the nature of effi-
cient Eu luminescent centers as investigated by site selective optical techniques, and
evaluate their corresponding optical and magneto-optical properties. In particular, the
influence of intrinsic and/or extrinsic defects such as VN, VGa, and O on these properties
will be discussed.

8.2 Growth of Eu-doped GaN by OMVPE

8.2.1 OMVPE growth of Eu-doped GaN

OMVPE is a common growth method for GaN and other compound semiconductors.
At present, almost all commercially available GaN photonic devices are grown by the
OMVPE method. In situ doping during OMVPE growth of GaN is a convenient
method to introduce Eu3þ ions into GaN, which can be done in a controlled manner,
with reproducible profiles. However, there have been only a few reports on
OMVPE-grown GaN:Eu [11,12]. One of the difficulties involved in growing GaN:Eu
by OMVPE is the lack of a suitable metal-organic precursor for Eu doping. Although
there are several candidate precursors, the vapor pressure of an Eu precursor is gener-
ally much lower than that of conventional metal-organic precursors. This means that
special precautions are required when transporting the Eu precursor to the reactor
chamber, such as heating of the transfer lines to avoid its condensation [6].

Fig. 8.2 shows a schematic diagram of the horizontal OMVPE system with the
three-layered laminar flow gas injection (Taiyo Nippon Sanso SR-2000) [13] used in
this study. Both the bubbling and carrier gas was H2 purified with an Ag-Pd purifier.
The growth is monitored using an in situ monitoring system (LayTec EpiTT), which
can measure the true temperature and the layer thickness. Metal-organic precursors
for Ga, Al, In, and Mg were trimethylgallium (TMGa), trimethylaluminum (TMAl),
trimethylindium (TMIn), and bis(cyclopentadienyl)magnesium (Cp2Mg), respectively,
which were maintained in a thermostatic bath to control their vapor pressure. Ammonia
(NH3) and monomethylsilane (MMSi) were used for N and Si source gases, respec-
tively. The optimal ratio of the TMGa and ammonia supply rates was determined
to be 6400 [14]. Eu3þ ions were doped using tris(dipivaroylmethanate)europium
(Eu(DPM)3), also known as tris(2,2,6,6-tetramethyl-3,5-heptanedionato)europium
(Eu(thd)3) [15]. The chemical structure and physical properties of Eu(DPM)3 are
shown in Table 8.1. The Eu precursor was maintained at 135e145�C under 103 kPa
and the transfer lines were maintained at 10�C higher temperature than the Eu precursor
to avoid condensation of Eu precursor during transportation. Since Eu(DPM)3 has a
melting point of 188�C, it is used as a solid source material and supplied by sublimation
of the solid at operating temperature. Sublimation from the solid can limit the transport
rate. The surface area of the solid precursor changes with time, resulting in a transport
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rate or an effective vapor pressure that decreases with time during both storage and use.
Therefore, the temperature of Eu precursor was sometimes adjusted to maintain a
constant Eu concentration while keeping the carrier gas flow rate constant.

The growth sequence of a sample for photoluminescence (PL) measurements was
initiated by the low-temperature growth of a 30-nm-thick GaN buffer on a sapphire
(0001) substrate, which was followed by successive growth of a 2e3-mm-thick
undoped GaN layer, a 300- or 400-nm-thick GaN:Eu layer, and a 10-nm-thick GaN
capping layer. Eu concentration was (3e7) � 1019 cm�3 in GaN:Eu, which was
measured by synchrotron-radiation-excited X-ray fluorescence performed at the
bending-magnet beamline BL14B2 at SPring-8 with a Si(111) double crystal mono-
chromator using synchrotron radiation from the 8 GeV storage ring [16]. A GaN:Eu
sample measured by secondary ion mass spectrometry is used as a reference standard.

The LED structure (Fig. 8.3) consists of a 20-nm-thick Mg-doped GaN contact layer
and an 80-nm-thick Mg-doped GaN layer with an Mg-doping concentration of
7 � 1019 cm�3. This was followed by a 20-nm-thick Mg-doped Al0.1Ga0.9N electron-
blocking layer, a 300-nm-thick Eu-doped GaN layer and a 3-mm-thick n-type
Si-doped GaN layer, with a Si-doping concentration of 4 � 1018 cm�3. Thermal anneal-
ing was performed in nitrogen ambient at a temperature of 800�C for 10 min to activate
theMg acceptor atoms. Pd/Au or In electrodes were formed on the p-type layer, while an
In electrode was formed on the n-type layer. The light output power of the EL from the
LED was measured with an integrating sphere spectrometer (LMS-100).

Table 8.1 Chemical structure and physical properties of Eu(DPM)3
[15]

Chemical structure CH3 CH3

CH3

CH3CH3

CH3

CH3
CH3

CH3CH3
CH3

CH3

CH3CH3

CH3

CH3CH3

CH3

CC
C C

C

C
C

C
C

C

C
C

C
C

C

H

HH

O O

O

OO

O
Eu

Molecular weight 701.8

Melting point 188�C

Vapor pressure at 135�C 0.82 Pa

Clausius-Clapeyron equation
log P ¼ aþ b=T (P: Torr, T: Kelvin)

a ¼ 18.959, b ¼ 8640.1 K
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8.2.2 Effects of growth conditions and device structures on Eu
luminescence properties

The growth temperature has a strong influence on the Eu incorporation in GaN. Fig. 8.4
shows PL spectra of the GaN:Eu grown at different temperatures under low pressure
(10 kPa) [17]. The growth temperature dependences of PL intensity and Eu concentra-
tion are also shown. The highest 621 nm emission intensity was observed in the sample
grown at 1000�C. For temperatures over 1000�C, the Eu concentration decreases with
increasing growth temperature, which is a result of desorption of Eu atoms from the
growth surface. Therefore, the decrease in the PL peak intensity over 1000�C is caused
by the decrease in the Eu concentration in the layer. On the other hand, the PL intensity

Figure 8.3 Schematic drawing of GaN:Eu LED structure.
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Figure 8.4 (a) PL spectra of the GaN:Eu grown at various temperatures; (b) 621-nm PL
intensity and Eu concentration as a function of the growth temperature [17].
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remarkably decreased with decreasing growth temperature from 1000 to 900�C, despite
a Eu concentration reduction of only w50%. This is attributed to an increase in the
amount of Eu3þ ions that were incorporated into different environments in the GaN,
as well as a reduction in the energy-transfer efficiency from GaN host-material to
Eu3þ ions attributed to nonradiative centers [17].

The local structures around Eu atoms were investigated by fluorescence X-ray
absorption fine structure measurement [18]. Fig. 8.5(a) and (b) shows Eu LIII-edge
extended X-ray absorption fine structure (EXAFS) spectra and Fourier transform of
Eu LIII-edge EXAFS spectra, respectively, for the Eu-doped GaN measured at the
SPring-8 [18]. By curve fitting, a model of substitutional Eu ions on Ga site in GaN
was fitted best for all the samples. Thus, it is considered that the Eu atoms are essen-
tially all substituted onto a Ga site within the GaN lattice. Additionally, results of
Rutherford backscattering/channeling (RBS/C) measurements also indicate that Eu
is incorporated entirely on substitutional Ga sites with a slight displacement that is
highest in the sample grown at 900�C. This result suggests that a large fraction of
incorporated Eu ions remain optically inactive [19]. Moreover, the Debye-Waller
factor, which corresponds to the degree of disorder of the sample grown at 900�C,
is larger than that of the samples grown at 1000 and 1050�C.

Fig. 8.6 shows the EL spectra of an LED using GaN:Eu as a function of applied
voltage [6]. The emission at 621 nm was dominant in the EL spectra under applied for-
ward bias. No luminescence was observed in the reverse bias conditions. Therefore, the
observed emission under the forward bias condition was not due to the impact excitation
of the Eu3þ ions by hot carriers, but rather was caused by the energy transfer from the
GaN host to the Eu3þ ions. At a dc current of 20 mA, the output power, integrated over
the 5D0-

7F2 transition region was 1.3 mW; the corresponding external quantum
efficiency (EQE) was 0.001%.

It is also possible to grow GaN with high crystal quality under high reactor pres-
sures [20]. The impact of growth at atmospheric pressure can be summarized as
increasing the number of optically active Eu centers and enhancing efficient energy
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Figure 8.5 Eu LIII-edge EXAFS spectra (a) and Fourier transformed Eu LIII-edge EXAFS
spectra (b) for the Eu-doped GaN layers [18].
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transfer, while further reducing nonradiative processes in the GaN host [14,21].
Although Eu concentration of atmospheric pressure GaN:Eu (AP-GaN:Eu) was lower
than that of low-pressure GaN:Eu (LP-GaN:Eu), the integrated PL and EL intensities
of the AP-GaN:Eu samples were 10 times higher than that of the LP-GaN:Eu samples.
The temperature dependence of time-resolved PL measurements, shown in Fig. 8.7,
reveals that the improved PL intensity can be attributed to the high crystal quality
of the AP-GaN:Eu as compared to that of the LP-GaN:Eu. Fig. 8.8 shows the EL spec-
trum in the LED with a GaN:Eu grown at 100 kPa and the spectrum for the 10 kPa
LED measured at RT. In the LED doped with Eu at atmospheric pressure, the output
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power integrated over the 5D0-
7F2 transition region was 17 mW at a DC current of

20 mA; the corresponding EQE was 0.04% [14].
The light output power also increased with the GaN:Eu active layer thickness as

there were more Eu ions contributing to the emission [22]. Fig. 8.9 shows light output
power and EQE as a function of injected current for the LEDs with different active
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Figure 8.8 EL spectra of GaN:Eu LED grown at 10 and 100 kPa [14].
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layer thickness. The maximum light output power of 50 mW was obtained for the
LED with a 900 nm active layer thickness with an injected current of 20 mA; the cor-
responding EQE was 0.12%. At present, the maximum light output power is 93 mW
with an injected current of 20 mA, which is the highest value ever reported [23]. The
corresponding EQE is 0.23%. The fact that higher EQE values are observed at low
current conditions [23] and that the emission efficiency can be enhanced by
pulse-controlled injected charges using a rectangular pulse drive [24] indicates that
there is a bottleneck of the output power due to the number of optically active Eu
ions and their energy-transfer efficiency from the GaN host. The energy-transfer ef-
ficiency is effected by the local environments around the Eu ions, which can include
intrinsic and/or extrinsic defects [25,26]. The nature of Eu incorporation and its
impact on the luminescence and magnetic properties of the system will be discussed
in the next section.

8.3 Nature of Eu incorporation into GaN: structural,
optical, and magneto-optical properties

8.3.1 Overview of Eu sites and local defect assignment of the
majority center

OMVPE growth of GaN introduces a number of defects including gallium and nitro-
gen vacancies as well as oxygen and carbon, which sit on nitrogen sites. These defects
can localize and couple to the Eu ion creating various defect environments or sites.
These environments can be distinguished by differences in the excitation and emission
spectra caused by variations in the perturbations they induce on the Eu ions.

To distinguish these centers, the technique of combined excitation emission spec-
troscopy (CEES) [27] was utilized, where the Eu ions are resonantly excited from
the 7F0 level to the 5D0 level. This transition is normally forbidden in free ions due
to the violation of angular momentum conservation. However, once the ions are placed
into a crystal field, second-order perturbation effects due to the local defect configura-
tions can relax this rule, especially for excitations that contain both p and s polariza-
tions to the c-axis [28,29]. Since the transition occurs between two J ¼ 0 levels, there
is only one excitation energy for each environment, meaning that the number of centers
can be determined by the number of resonant excitation peaks. Using this technique at
least eight different environments have been identified in OMVPE-grown GaN:Eu,
labeled OMVPE 1e8, which are identified in Fig. 8.10 [26,30].

The red emission centered at 621 nm is a result of transitions from the 5D0 to the
7F2. The

7F2 level has a degeneracy of 5, meaning that in the presence of external
electric and magnetic fields this level can split into, at most, five separate levels.
The presence of the crystal field in GaN can also remove this degeneracy, where the
symmetry of the field felt by the Eu ion determines the number of splittings, referred
to as crystal field multiplets. In a defect-free GaN environment, the Eu ion will exist in
C3v symmetry, which partially removes the degeneracy of the 7F2 level, and separates
it into three crystal field multiplets.
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Inspection of Fig. 8.11 reveals that the Eu centers OMVPE 1 and 2 have identical
emission spectra that both contain far too many peaks (>5) if they are to be attributed
to a single Eu ion. This indicates that these two centers are actually a coupled pair that
transfers energy between each other. As expected, these centers become less promi-
nent, and are eventually absent as the Eu concentration is lowered, and clustering is
less likely to occur.

In this excitation wavelength region, the emission intensity is related to the degree
of perturbation felt by the Eu and hence the emission strength is not directly propor-
tional to the number of centers. However, by taking into consideration the
center-specific excitation cross-sections and emission lifetime, the relative numbers
of each center have been analyzed by Wakamatsu et al. [26]. The proportional number
of centers is taken to be
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where si is the cross-section, fi is the photon flux, srad is the radiative lifetime, and Ii is
the emission intensity. While this method is quantitatively more accurate, it can be
time-consuming to analyze the relative number of centers for a large volume of samples
grown under different conditions.

To make this process more efficient, the property of phonon-assisted transitions can
be utilized. When Eu ions couple to bulk phonons in GaN the excitation selection rule
for J ¼ 0 to J ¼ 0 transitions is relaxed, and the emission lifetimes and excitation
cross-sections of the various centers become comparable. This allows for the relative
number of centers to be estimated by their relative emission intensities [30]. The exci-
tation wavelength range for the phonon-assisted region is higher in energy by the
amount of the common bulk phonon in GaN z60 meV (see Fig. 8.11).

As the sample quality has improved, it has been determined that two of these cen-
ters, OMVPE 4 and 7, commonly referred to as Eu1 and Eu2, respectively, represent
90e95% of the Eu incorporation, and play the largest role in the luminescent proper-
ties that are crucial for LED applications [26,30,31]. Of these two, Eu1 is commonly
referred to as the majority center since it has a concentration that is >80% in all
GaN:Eu samples.
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While resonant excitation is useful for determining the relative number of the cen-
ters, it does not provide information on how well energy is transferred from electrone
hole (eeh) pair recombination within the host to the Eu ion, as is the case during
device operation. To simulate this, (eeh) pairs are generated by exciting the GaN
above the bandgap, using a 325 nm He-Cd laser. By comparing the resulting emission
intensities for each center under He-Cd excitation, with the relative numbers as deter-
mined by CEES, the effective excitation efficiency of each center can be determined. It
has been observed that the excitation efficiency of Eu1 and Eu2 can be modified by
altering the growth environment, and modifying the concentration of intrinsic defects
in GaN.

The majority center (Eu1) has been attributed to a center where the Eu ion contains
a VN as a nearest neighbor [32,33]. This vacancy can sit in two different configurations,
each of which puts the Eu ion in a different crystal field symmetry. The first configu-
ration is where the VN sits axially above the Eu, and the other is at one of three
equivalent off-center positions. These configurations have crystal field symmetries
of C3v and C1h, respectively. For C3v symmetry, group theory predicts that a J ¼ 2
level will split into three crystal field levels [28,34,35]. Two of the dipole transitions,
from J ¼ 0 to J ¼ 2, will exhibit both p and s polarization, while the other will only be
p polarized. Since two of the levels remain degenerate, they are expected to split under
the application of a magnetic field applied parallel to the c-axis of the crystal. This is
summarized for C3v in Fig. 8.12.

C1h is a lower symmetry group than C3v, and therefore the degeneracy for the J ¼ 2
state will be completely removed and will split into five crystal field levels. For this
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of the Zeeman interaction are also given [33].
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symmetry, three of the transitions will be s polarized and two will be p. Since all the
degeneracy is removed, there can be no further splitting of these levels in the presence
of a magnetic field.

As mentioned in Section 8.2.1, the optimal ratio of the Ga to N source supply rates
(a.k.a. the V/III ratio) was 6400; however, by lowering the Ga supply rate, the local
structures around the Eu ions can be further modified [32]. These variations can be
used to further help in distinguishing the assignment of the emission peaks to the
various centers. Using two different geometries both the p- and s-polarized emission
can be collected and separated using linear polarizers. The resonantly excited p and s
emission spectra of Eu1, for samples grown with a V/III ratio of 3200 and 6400, are
given in Fig. 8.13(a) and (b), respectively. The emission peaks for Eu1 are labeled
1e6 for easy reference.

It is apparent that there is overlap between two of the p and s emission peaks, as
expected. Moreover, when the two samples are compared, the relative ratio of the peak
intensities changes between some peaks, while not for others. This indicates that there
simultaneously exist two distinct centers that are very similar in nature and hence can
be excited at the same resonant energy. Table 8.2 lists each peak with its respective
emission photon energy and polarization characterization.

8.3.2 Evaluation of the magneto-optical properties of Eu1

How do these Eu centers behave under the application of magnetic field? As opposed
to some RE ions such as Nd and Er, the Eu levels have even spin quantum numbers and
are hence not necessarily Kramers-degenerate. To investigate the magneto-optical
properties of the system, magnetic fields are applied both parallel and perpendicular
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Figure 8.13 Overlapped s- andp-polarized emission spectra from the Eu1 center taken at 10 K.
Six emission peaks are observed, where two of the peaks have both s and p components. The
peaks are labeled 1e6 for easy reference [32].
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to the c-axis using a magnetic cryostat capable of reaching temperatures as low as
30 K. Although no splitting is expected from applied magnetic field perpendicular
to the c-axis, a significant repulsion of peaks 2 and 3 is observed, and becomes stronger
as the field is increased (Fig. 8.14(a)). In this figure, the two polarizations have not
been separated in order to clearly show the interaction between all the transitions.

In order to bring out this effect, the data are rescaled such that emission intensity of
peak 1, which exhibits no shift due to the magnetic field, remains constant, and the zero
field spectra was then subtracted from every subsequent higher field spectra
(Fig. 8.14(b)). The interaction between peak 2 and peak 3 becomes apparent for field
strengths greater than 3 T.

Fig. 8.15 shows the emission spectra of Eu1 (containing both polarizations) as the
magnetic field strength is raised. Peak 3, which normally exhibits strictly p-polarized
emission, shifts to higher energies and increases in intensity relative to peak 2.

To shed some light on this effect, the p- and s-polarized emission under applied
fields of 0 and 6 T are separated and shown in Fig. 8.16. For the s-polarized emis-
sion, none of the three peaks is expected to split but we observe that peak 1 does
shift to lower energies. More importantly, a fourth emission peak appears. Upon in-
spection of the p-polarized emission spectra under application of a 6 T magnetic
field, it can be seen that this emission peak overlaps with peak 3, which is strictly
p polarized under zero field conditions. Thus we can conclude that upon applica-
tion of a magnetic field, the strict polarizations predicted by group theory are no
longer maintained.

The determination of whether or not a particular transition is allowed for a given
polarization is based on the irreducible representations of the crystal field interaction.
Once the magnetic field is strong enough that magnetic interaction is comparable to
that of the crystal field interaction, these representations cease to uniquely define the
state of the electron. As a result the strict transition polarizations are lost and a mixing
of the polarization states is observed. In order to quantify the strength of the magnetic
interaction in this case we need to determine at what magnetic field strength this effect
is observed.

Table 8.2 Emission photon energies of peaks 1e6
along with their respective polarizations [32]

Peak # Peak energy (eV) Polarization

1 1.99062 p and s

2 1.99321 p and s

3 1.99402 p

4 1.99562 p

5 1.99633 s

6 1.99696 p
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To this end, we define the difference Di in normalized peak intensities of peak 2 and
peak 3 as

Di ¼ IiðBÞ
I2ðBÞ þ I3ðBÞ �

Iið0Þ
I2ð0Þ þ I3ð0Þ ; [8.2]

and plot them as a function of magnetic field in Fig. 8.17. The data was fit with a
sigmoid function, and from this it can be inferred that the magnetic field begins to
influence the zero field crystal field states around 3 T, and saturates around 6 T.

For magnetic fields applied parallel to the c-axis, we expect emission peaks
1 and 2 to split since they are twofold degenerate for C3v symmetry. Fig. 8.18 shows
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Figure 8.14 Unpolarized Eu1 spectra taken at 0.1 T intervals from 0 to 6.5 T, at 30 K. (a) Raw
data (b) data with the emission intensity normalized and the 0 T emission spectra subtracted
out. The only changes that result from the application of the magnetic field are between peaks 2
and 3 [33].
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the s-polarized emission under magnetic fields of 0 and 6 T. It can be seen that while
peaks 1 and 2 split as expected, there is also an apparent splitting of peak 5. For the
latter, we again have the same situation that we encountered before.

In fact, we find for peak 5 that under increasing magnetic field strengths, it really
does not split but is shifting to higher energies while a new peak appears (Fig. 8.19).
This new peak becomes distinguishable for applied fields greater than 3 T, and
increasing in intensity analogous to the perpendicular field case. Once the p and s

2

3

Magnetic field
0 T
2 T
3 T
5 T
6 T

Emission photon energy (eV)

In
te

ns
ity

 (a
.u

.)

1.9950 1.9960 1.9970

Figure 8.15 Unpolarized emission spectra under increasing magnetic fields, applied
perpendicular to the c-axis, at 30 K. Peaks 2 and 3 shift away from each other and their relative
ratio decreases with increasing field strength [33].
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emission spectra at 6 T are overlapped, it appears that the “new” peak coincides with
the normally p-polarized peak 6 (Fig. 8.19).

Putting all of this together, we can find the 10 emission peaks that are expected for
two distinct Eu centers with all the degeneracy removed. Only peaks 1 and 2 show
Zeeman splitting while all other apparent splitting is a result of polarization mixing
of states due to the application of a strong external magnetic field.
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Figure 8.17 Plot of the changes in normalized peak intensity as a function of magnetic field
strength, for peaks 2 and 3. The polarization state mixing does not take full effect until 3 T, and
saturates around 6 T [33].
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Finally, we mention an interesting effect of applying a magnetic field on the emission
intensity. When a magnetic field is applied and subsequently removed, the intensity of
the emission never returns to its initial level (Fig. 8.20). This has been observed by
Li et al., who tried to explain this as the conversion of Eu3þ to Eu2þ due to the capture
of (eeh) pairs created during indirect excitation [36]. However, this phenomenon was
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Figure 8.20 Emission spectra taken at 0 T, 6 T, and after the field is removed for a parallel
magnetic field, taken at 30 K. The intensity does not return to its original value once the field is
removed [33].
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also observed under resonant excitation, and thus cannot be explained by the capture of
(eeh) pairs. Instead, this could be a result of the defect- or strain-mediated ferromagne-
tism found in GaN:Eu. The effect is reversed once the sample is brought to RT.

8.4 Summary and conclusions

Despite the fact that the ground state of Eu3þ has a zero J value (7F0), which nominally
has no magnetic moment, various studies reveal interesting magnetic properties. In addi-
tion to the distinct Zeeman splittings of the 7F2 state and hysteretic changes in transition
probabilities mentioned in the previous sections, there have also been observations of
other interesting phenomena:

1. Under cycling of the magnetic field, the intensity of the Eu emission is decreased. This occurs
both for resonant and above bandgap excitation [36] and hence has to be related to the tran-
sition probability or efficiency of the emission transitions. As we have seen, slightly different
centers are present in the samples that differ just by the location of the nitrogen vacancy.
These centers may indeed have different emission efficiencies. One possibility that should
be considered is a potential magneto-strictive effect that can induce a structural modification
in which the nitrogen vacancy is moved to a different position relative to the Eu ion. At this
point, the evidence is very indirect. Alternatively, the effect could be more local and con-
nected with a modification of the electronic states of the Eu ion under application of the mag-
netic field, which could alter the selection rules associated with those transitions. Under these
conditions, the energetics of the Eu-VN configuration may change, enabling a conversion. To
directly demonstrate the center rearrangement, magneto-strictive effect, or modified defect
energetics just suggested, more experimental and theoretical studies are needed.

2. Remnant magnetization has been observed by Wang et al. [37]. This magnetization is
increased significantly as a result of codoping with Si. Since the ground state should not
have a magnetic moment, this effect could be driven by the presence of defect and the
fact that the Eu ion indeed attracts additional defects (such as VN, Mg, and Si) that function
as donors or acceptors. We should further keep in mind that while the total spin J is expected
to be zero (assuming a pure LS coupling scheme), the L and S are not zero and can induce a
magnetization in the presence of a coupling mechanism with another spin. Masago et al. have
speculated that defect complexes consisting of Eu, O, and Mg could modify the ground state
sufficiently such that it has a finite magnetic moment [38]. Another potential explanation for
the observed magnetization is the potential presence of Eu2þ at surfaces and interfaces, where
this ionization state becomes more favorable.

3. Utilizing the visible Eu emission for trivalent Eu ions, Kachkanov et al. [39] found a mag-
netic circular dichroism in the Eu3þ specific X-ray absorption. This elegant detection method
clearly connects this unexpected effect with the Eu3þ ions. While in their paper they specu-
late about the role of the 7F2 states, the defect-induced effects discussed earlier could be
responsible for the effect as well.

In summary, it turns out that Eu is by no means a magnetically boring ion in GaN.
The presence of RT magnetic effects (magnetization, dichroism), in combination with
the excellent luminescence properties, makes this material a prime candidate to explore
devices that are magnetically controlled, not only in their intensity, but also the nature
of their emission polarization.
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9.1 Introduction

Rare-earth (RE)-doped semiconductors are well studied for their potential applications
in optical fiber telecommunications, light-emitting displays and devices, solid-state
lasers, and spintronics (Steckl et al., 2002). After Favennec et al. (1989) demonstrated
a reduction in thermal quenching of the luminescence in Er-doped materials with
increasing bandgap, interest in wide bandgap semiconductors as host material flour-
ished, particularly in wurtzite group III-nitride semiconductors, which have strong
ionic bonds that can enhance the probability of the otherwise forbidden 4f
intra-subshell transitions in the RE3þ ion with substitutional occupation of the group
III site (Steckl et al., 2002; Steckl and Birkhahn, 1998). Of the III-nitride semiconduc-
tors, AlN has the widest bandgap of 6.2 eV, allowing for higher energy RE transitions
as well as a decrease of thermal quenching of the emission intensity (Slack et al.,
1987). AlN also has the highest thermal conductivity (3.19 W/cm K at 300 K) (Slack
et al., 1987) among the III-nitrides, which is >10 times higher than yttrium aluminum
garnet (YAG) at room temperature (RT), to allow efficient heat removal from
the active media, a requirement for maximizing performance of high power/high
temperature devices. Despite its smaller bandgap of 3.4 eV, GaN is the most
mature of the binary III-nitrides with a thermal conductivity of 1.3 W/cm K at
300 K (Sichel and Pankove, 1977).
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As for the dopant, work on RE ions such as Er (MacKenzie et al., 1996) for emis-
sion at 1.54 mm and Eu and Tb for visible emission (Jaswisienczak et al., 2001) in III-N
materials have been reported. Neodymium (Nd) is another excellent RE dopant for
optical applications, as demonstrated by the great success in solid-state lasers such
as Nd:YAG and Nd:YVO4 lasers. These lasers have attained power levels higher
than from any other four-level material (Koechner, 1999). Nd also has an even larger
emission cross-section than Er. Nd has also found important technological uses in the
class of strong, compact magnets based on Nd compounds. In particular, Nd2Fe14B is
one of the strongest permanent magnets and is used in applications requiring small,
strong magnetic fields, such as microphones, headphones, and computer hard disks.
We therefore focus our discussions in this chapter on Nd-doped GaN and AlN with
a particular emphasis on the system’s potential for applications, such as spintronics
and quantum information processing. Consequently, Nd-doped semiconductors could
have an important technological impact as well as providing a rich topic for materials
and device physics research.

This chapter is structured as follows: in Section 9.2 we discuss in situ RE doping
through plasma-assisted molecular beam epitaxy (PA-MBE) and pertinent character-
ization; in Section 9.3, we present experimental results from optically characterized
Nd-doped nitride semiconductors, including the Stark energy sublevels of Nd3þ

ions in GaN and AlN as determined by luminescence spectra; in Section 9.4 we present
magnetic characterization of III-N:Nd; and conclude in Section 9.5 with discussions on
future applications of RE semiconductors.

9.2 Molecular beam epitaxy growth

9.2.1 III-nitrides:Nd background

Two main techniques exist for the introduction of RE dopants into the semiconductor
matrix: ion implantation and in situ doping during growth or deposition. Nd has pre-
viously been incorporated into GaN through ion implantation (Kim et al., 1998) and
reactive cosputtering deposition (Kim et al., 2003a,b). Ion implantation has limitations
due to damage effects and nonuniform doping profiles. In many cases, a postimplan-
tation annealing is required due to the amorphization of the GaN lattice; however,
annealing will not completely recover the damage. The maximum yield for ion implan-
tation, where yield is defined as an RE ion sitting on a group III site, is (70 to 90)% and
is dependent on the RE element. For ion-implanted Nd in GaN, the majority of Nd3þ

ions sit on the Ga substitutional site; however, four other sites associated with impu-
rities and defects are also identified within the GaN matrix (Kim et al., 1998). Three
in situ growth techniques have been demonstrated for RE incorporation into semicon-
ductors: reactive cosputtering deposition, MBE, and metal-organic chemical vapor
deposition (MOCVD). For reactive cosputtering of GaN with RE atoms, a postgrowth
anneal (�700 �C) in nitrogen is often necessary in order to achieve photoluminescence
(PL) emission (Kim and Holloway, 2004a,b; Kim et al., 2003a,b). Nevertheless, RT
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emission from cosputtered GaN:Nd is observed under electrical stimulus. MOCVD
has been successful in doping GaN films with Er (Chapter 7) and Eu (Chapter 8).
MBE has been used to dope GaN with several different RE atoms including Eu (Steckl
and Birkhahn, 1998) and Gd (Chapter 11). Our efforts have focused on using MBE to
dope Nd into GaN and AlN epilayers.

9.2.2 III-nitrides:Nd molecular beam epitaxy growth

The MBE growth of Nd-doped nitrides has been performed at the US Army Research
Laboratory. The MBE chambers utilize solid source materials for all group III and
dopant elements coupled with a plasma-assisted ultrahigh-purity nitrogen source.
One MBE chamber, an Applied EPI GENII, is outfitted with standard group III sour-
ces: Ga, In, and Al, as well as a Nd source for RE-doping experimentation. Active
nitrogen is supplied by a Veeco UNI-bulb™ rf plasma source, which provides the
necessary nitrogen species (N, N2

�, and ions) for epitaxial growth. The growth module
was equipped with an electron gun and phosphorus screen to perform reflective
high-energy electron diffraction (RHEED), which provides an in situ tool for moni-
toring the growth surface.

All III-N layers throughout these studies were grown on single side polished
c-plane sapphire. To improve the radiative heating and temperature uniformity across
the sapphire substrate, a nominally 2 mm thick layer of titanium was sputter deposited
on the backside. Substrates were thoroughly solvent cleaned (acetone, methanol, and
isopropanol), etched using boiling aqua regia, and thoroughly rinsed in deionized
water prior to loading into the MBE system. Once loaded in the MBE entry/exit cham-
ber a mild degassing took place at 200 �C. Further degassing of the substrates in an
outgas or buffer chamber saw a set point temperature of 600 �C while waiting for
the chamber pressure to drop below 1 � 10�8 torr.

All solid sources were calibrated in situ prior to each growth using an ion gauge
(beam flux monitor) that provides a beam equivalent pressure that is proportional to
the atom flux at the substrate surface. All growth commenced with a low temper-
ature (200 �C) nitridation of the sapphire substrate, where RHEED provided verifi-
cation of a continuous AlN nucleation layer. Following the sapphire nitridation, an
AlN buffer layer of w25 nm was grown at 900 �C, as measured by a thermocouple.
For GaN samples the AlN buffer is followed by a 200 nm undoped GaN base layer
and an Nd-doped w1 mm GaN layer with various Nd concentrations. The AlN
Nd-doped samples consist of an AlN buffer layer (8e25 nm) followed by a 0.4
or 0.6 mm-thick Nd-doped AlN layer (Metcalfe et al., 2011). The Nd neodymium
cell temperature is adjusted while maintaining fixed growth conditions (growth tem-
perature and III-N growth rate) to control the dopant incorporation. The maximum
growth rate for III-nitrides using the rf plasma source is fixed by the conditions of
the plasma, referred to as nitrogen limited growth. The growth of these Nd-doped
III-N films proceeds under slightly nitrogen-rich conditions at fixed substrate
growth temperature, in analogy to the work of Steckl et al. (2002) on the incorpo-
ration of Er into GaN for optimal PL emission. The rf plasma power was kept

Optical and magnetic characterization of III-N:Nd grown by molecular beam epitaxy 283



between 250 and 350 W and a nitrogen flow of 0.6e1.2 sccm. The target growth
rate was 200 nm/h, which required a N2 flow of 0.6 sccm and corresponded to a
chamber pressure of w9 � 10�6 torr.

9.2.3 III-nitrides:Nd material characterization

Immediately following growth, all III-N epilayers are evaluated by X-ray diffraction
(XRD), and transmission and reflectance with a UVeViseNIR spectrophotometer
to assess the nitride matrix. Quantitative analysis of the Nd concentration was attained
by Rutherford backscattering spectroscopy and secondary ion mass spectrometry
(SIMS) and then correlated with PL and PL excitation (PLE) data.

GaN samples are grown with a fixed growth rate at two temperatures, the Nd cell
temperature is varied from (850 to 1000) �C, and the Ga flux, measured as beam equiv-
alent pressure, is varied from 9.8 � 10�6 to 5.6 � 10�7 torr. Quantification of the
SIMS data is performed using two standards, GaN epilayers grown by PA-MBE
and hydride vapor phase epitaxy (HVPE) GaN that are both implanted with the
same dose of Nd. The SIMS profiling tracks the Ga and Nd signals and assumes the
Ga signal is associated with a fully dense stoichiometric GaN film. The average Nd
doping concentration, over the bulk of the film thickness, is converted to Nd atomic
percent (at%) within the GaN matrix. A set of Nd:GaN samples was prepared with
different Nd concentration (CNd) ranging from 0.004 to 8.0 at%. The SIMS data for
two different Ga fluxes is plotted versus inverse temperature in Fig. 9.1. From the
data in Fig. 9.1, the activation energy for Nd vapor over the temperature range of in-
terest is determined to be w7.4 eV. The Nd at% found by the SIMS profiles gives
good data for correlating the optical properties of the GaN epilayers as well as the crys-
talline quality of the epilayers as found by XRD. A variety of growth conditions are
evaluated to determine the most ideal growth parameters for the desired optical and
thermally conductive properties.

The typical XRD scans over a q range of 14e22 degree (see Fig. 9.2) and uses the
(0006) sapphire peak (20.84 degree) as a reference peak among all samples. The peak
at 17.27 degree is the (0002) GaN peak. The shoulder is due to the AlN buffer layer. In
GaN:Nd epilayers with Nd > 1 at% an additional peak is observed for which the po-
sition does not align with that for NdN nor Nd metal clusters. The peak may be related
to a ternary alloy of GaeNdeN. The average X-ray rocking curve of the GaN(0002)
reflection yields a full width at half maximum of w1400 arcsec, which is consistent
with the use of nitrogen-rich growth conditions shown to be favorable for RE optical
emission from the GaN matrix (Steckl et al., 2002). The transmittance and reflectance
spectra, collected over a wavelength range of (300 to 1500) nm, reveal that the ban-
dedge of the GaN is unaffected by the addition of Nd. Measuring the optical transmit-
tance at 1 mm reveals that samples with �1 at% exhibit an optical transmittance that is
reduced by as much as (60 to 80) % over that of epilayers with less Nd. This along with
the extra peak in the XRD data suggests a new phase present in the GaN epilayers,
whether it’s a ternary Nd-Ga-N alloy, crystals of NdN, or clusters of Nd metal.

For the incorporation of Nd in III-N epilayers nitrogen-rich growth conditions are
most favorable because the Nd and Ga (or Al) have little competition for the same
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Figure 9.2 Two XRD scans of GaN:Nd layers, one with 1 at% Nd and the other with 8 at%,
showing the GaN(0002) reflection relative to the sapphire substrate (0006) reflection.
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Figure 9.1 The Nd at% from SIMS data from two different Ga flux conditions plotted versus
inverse cell temperature. The black (gray) data points correspond to a beam equivalent
pressure of w3.5 � 10�7 torr (w1.4 � 10�7 torr). The fits aid the eye in seeing the
relationship between the data for the two Ga fluxes.
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lattice site due to the excess of nitrogen (Readinger et al., 2008b). Optically these sam-
ples produce significant PL intensities of the Nd 4f transitions under above-bandgap
excitation. The regular near-bandedge emission of the GaN host is significantly sup-
pressed for both low Nd at% as well as Nd at% greater than 1. As an example,
Fig. 9.3 shows the strong emission observed at RT from GaN:Nd epilayers with Nd
concentrations of w0.1 and w0.6 at%. The samples were excited above the bandgap
with a pump laser at 266 nm. The characteristic peaks from the 4f transitions from the
4F3/2 level to the 4I9/2 and 4I11/2 manifolds are shown between 1.30 and 1.36 eV
(910e950 nm) and between 1.08 and 1.13 eV (1100e1150 nm), respectively. These
Nd transitions are red-shifted with respect to the same transitions in a Nd:YAG matrix
due to the difference in the GaN crystal field. The intensity of the strongest PL peak
(1106 nm) for the 4F3/2 /

4I11/2 transition is plotted in Fig. 9.4 versus the Nd concen-
tration in the epilayer. The PL intensity increases with increasing Nd concentration up
to �0.5 at%. At higher Nd concentrations, the PL intensity deceases. This may be
linked with the occurrence of an additional phase mentioned earlier. Even for the
GaN matrix an onset of a concentration quenching effect is expected for higher con-
centrations and the closer proximity of Nd atoms.

Figure 9.3 Room-temperature PL intensity spectra due to laser excitation at 266 nm for
Nd:GaN samples prepared with a Nd concentration ofw0.1 at% (black curves) andw0.6 at%
(red curves). (a) The PL intensity is plotted on a logarithmic scale for the 4F3/2 /

4I9/2 and
4F3/2 /

4I11/2 transitions. (b) The PL intensity is plotted on a linear scale for the 4F3/2 /
4I11/2

transitions.
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9.3 Optical characterization

9.3.1 Background

RE-doped GaN and AlN have been optically studied for decades using techniques
such as PL (Kim et al., 1998; Silkowski et al., 1996), electroluminescence (Kim
and Holloway, 2004a), and cathode-luminescence (Jadwisiensczak et al., 2001), but
much of the research has focused on materials doped by reactive ion sputtering or
ion implantation. Primarily due to the high density of sputtering or implantation
related defects in the host material, reduced luminescence efficiency, and Nd3þ ions
occupying multiple sites, it has been difficult to spectrally resolve the Stark levels
of the 4f states (Kim et al., 1998; Kim and Holloway, 2004a). The ability to in situ
dope RE into III-N semiconductors with enhanced substitutional doping at the group
III site (Readinger et al., 2008a) as described previously has allowed the detection and
resolution of the Stark energy levels. For instance, luminescence detected from in situ
Er-doped AlN samples was orders of magnitude greater than from ion-implanted Er in
AlN (MacKenzie et al., 1996). For Nd3þ ions, the sublevels of the 4I9/2,

4I11/2,
4I13/2,

4F3/2,
4F5/2,

2H9/2,
4F7/2,

4S3/2,
4G5/2, and

4G7/2 manifolds shown in the energy diagram
in Fig. 9.5 were identified in PA-MBE-grown GaN (Metcalfe et al., 2009a,b) and AlN
(Metcalfe et al., 2011) by PL, PLE spectroscopy, and combined excitation-emission
spectroscopy (CEES). The manifolds are labeled using the conventional notation of
2Sþ1LJ, where S is the total spin, L is the total orbital angular momentum, and J is
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Figure 9.4 The PL intensity for the 1106 nm peak within the 4F3/2 /
4I11/2 manifold versus the

Nd at% as determined by SIMS. A maximum in PL intensity corresponds with near 1 at% Nd
within the GaN.
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the total angular momentum. Site-selective spectroscopy studies using CEES with
confocal microscopy (Dierolf and Sandmann, 2007) determined that the majority of
the emission occurs from one dominant site, along with minority incorporation sites
(Metcalfe et al., 2009a). Table 9.1 shows the crystal-field split energy levels of the
Nd3þ ions in GaN (AlN) for the main incorporation site A (a) and two minority sites
B (b) and C (c). Note that not all samples demonstrated the same minority sites, but all
samples demonstrated the same dominant site. Although the 4f electrons are well
shielded from the host material, weak electronephonon interactions were also observ-
able. The separation between the higher level 2Sþ1LJ states

4F5/2,
2H9/2,

4F7/2,
4S3/2,

4G5/2, and
4G7/2 are based on Gruber et al. (2011).

9.3.2 Conventional photoluminescence studies

For conventional PL studies, the III-N:Nd samples studied in (Metcalfe et al., 2011,
2009a,b; Readinger et al., 2008a) weremounted in a closed-loop helium cryostat system
for temperature-dependent PL and PLE measurements. A Nd:YVO4-pumped contin-
uous wave (CW) Ti:Sapphire laser tunable between (750 to 950) nm and with an exci-
tation density of w20 kW/cm2 was used for below bandgap excitation. To pump
above the GaN bandgap, a CW HeCd laser at 325 nm with an excitation density of
w0.1 kW/cm2 was utilized. The subsequent luminescence was collected into a 1 m
focal length spectrometer and focused onto a liquid nitrogen cooled Ge detector.
The CEES data was acquired at T ¼ 4 K with an Argon laser-pumped dye laser.
The 3D data set of emission intensity as a function of excitation and emission energies
was collected using a liquid nitrogen cooled-CCD array mounted onto a 0.25 m focal
length spectrometer.

Figure 9.5 Energy levels of Nd in situ doped in GaN and AlN.
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Table 9.1 Crystal-field split energy levels of Nd3D ions in GaN (AlN) for the main incorporation site A (a) and
two minority sites B (b) and C (c) as determined by PL, PLE, and CEES measurements (the g-factors for
various levels are also included)

2SD1LJ

manifold
Crystal field
quantum

Sites in GaN Sites in AlN

A (meV) B (meV) C (meV) ⊥ g-valueexp || g-valueexp a (meV) b (meV) c (meV)

4I9/2 3/2 0 0 0 4.03 0.12 0 0 0

1/2 5.9 13.2 12 0.14 2.91 13.3 21.6 11.8

1/2 26.1 2.51 0 23.3 31.1 14.5

1/2 30.4 30.7 32 0.09 d 36.4 42.7 d

3/2 39.5 32.2 46 4.12 0 50.2 61.6 70.7
4I11/2 1/2 232.8 236.6

3/2 236.8 241.5

1/2 241.6 244.6

1/2 244.7 249.7

3/2 257.9 264.1

1/2 263.5 270.4
4I13/2 1/2 477.2 480.8

1/2 479.2 486.8

3/2 483.2 490.1
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Table 9.1 Continued

2SD1LJ

manifold
Crystal field
quantum

Sites in GaN Sites in AlN

A (meV) B (meV) C (meV) ⊥ g-valueexp || g-valueexp a (meV) b (meV) c (meV)

1/2 486.2 491.6

3/2 501.0 511.9

1/2 504.2 514.0

1/2 508.4 516.8
4F3/2 1/2 1353.5 1347.8 1353.85 0.46 0.26 1355.8

3/2 1357.7 0.72 0 1360.9
4F5/2 1/2 1470.8 1477.5

3/2 1476.6 1480.5

1/2 1479.8 1488.7
2H9/2 3/2 1491.3 1491.6

1/2 1498.0 1495.0

1/2 1510.0 1503.7

1/2 1511.8 1509.2
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3/2 1525.1 1528.7
4F7/2 1/2 1594.2 1595.0

3/2 1596.9 1600.4

1/2 1599.3 1605.1

1/2 1602.6 1611.8
4S3/2 3/2 1608.5 1613.9

1/2 1611.2 1615.6
4G5/2 1/2 1987.7 1981.8 2001.2 d d 1983.0 1981.4 2000.9

3/2 1998.5 2024.9 0.81 0 1994.0 2000.7 2021.9

1/2 2022.8 2017.9 0.98 0.84 2019.2 2012.9 2041.9
2G7/2 1/2 2050.4 2038.3 2053.74 d d 2047.5 2047.5 2065.7

3/2 2051.1 2042.6 2055.1 d d 2051.8 2059.0 d

1/2 2056.3 2058.9 0 1.04 2055.1 2056.0 d

1/2 2061.5 2063.0 d 0.40 2058.6 2057.9 d
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Fig. 9.6 shows the PL spectra in logarithmic scale used to identify transitions from the
4F3/2 to the 4I9/2,

4I11/2, and
4I13/2 manifolds between 1.30 and 1.36 eV (910e950 nm),

1.08 and 1.13 eV (1100e1150 nm), 0.84 and 0.89 eV (1400e1480 nm), respectively.
The GaN:Nd and AlN:Nd materials used in Fig. 9.6 have a Nd concentration of
0.5 at% and 0.08 at%, respectively. The most intense emission peaks were observed
from transitions to the 4I11/2 manifold. Due to the crystal field experienced by substi-
tutional Nd ions at the Ga or Al sites (C3v symmetry), there are a total of J þ 1/2 Stark
sublevels in each manifold, where J is the total angular momentum. The Nd3þ center
energy levels are the same in AlN and GaN with only small differences in the Stark
shifts between the AlN and GaN host materials due to the different crystal fields.
For example, the strongest PL emission line occurs at 1106 nm in GaN:Nd compared
to 1108 nm in AlN:Nd. Fig. 9.7 shows resolved Stark levels in logarithmic scale with
the PL peaks appearing in pairs labeled by the integer m, which corresponds to the
transition from the 4F3/2 doublet to the mth Stark component of the 4I11/2 manifold
of the Nd3þ ion. The lower (higher) energy PL peak of each pair corresponds to tran-
sitions from the ground state (first excited state) Stark level of the 4F3/2 excited state.
The Stark energy levels for the 4I9/2,

4I11/2, and
4I13/2 manifolds were all identified us-

ing the corresponding PL spectrum and are listed in Table 9.1. The peaks in each pair
are separated by 4.1 meV (5.1 meV), indicating the splitting energy of the 4F3/2
doublet in GaN:Nd (AlN:Nd). The small size of this splitting allows thermal activation
of the upper sublevel making the corresponding emission lines observable even at the
lowest temperatures used in these studies. As the sample temperature was varied

Figure 9.6 Low temperature (w12K) PL emission spectrum in logarithmic-linear scale from
the 4F3/2 to the

4I13/2,
4I11/2, and

4I9/2 manifolds in GaN:Nd and AlN:Nd when optically excited
at 836 nm and 837 nm, respectively. The peak emission occurs at 1106 nm and 1108 nm from
GaN:Nd and AlN:Nd, respectively. (The GaN:Nd spectrum is artificially shifted up in the plot.)
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from w12 K to RT, relatively small (<1 meV) or no shifts in peak energy position
occurred, consistent with the 4f shell being well shielded from the host material
(Metcalfe et al., 2011). As seen in Fig. 9.7, strong emission is still observed at RT
from transitions from the 4F3/2 level to the 4I9/2,

4I11/2, and
4I13/2 manifolds.

As further optical verification of the in situ doped nitride material quality, the Nd
transitions were excited indirectly by pumping the GaN matrix. Fig. 9.8 compares
the PL spectra of the 4F3/2 to 4I11/2 transition in GaN:Nd when optically excited

Figure 9.7 Room-temperature and low-temperature PL emission spectrum in logarithmic scale
from the 4F3/2 to the 4I11/2 transition in (a) GaN:Nd and (b) AlN:Nd showing pairing of the
crystal-field split Stark levels. The GaN:Nd and AlN:Nd samples are optically excited at the
resonant wavelengths 836 and 837 nm, respectively.
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above (top) and below (bottom) the bandgap at 325 nm and 836 nm, respectively.
The shape and relative intensity of the PL peaks from GaN:Nd excited above and
below the GaN bandgap are nearly identical and consistent with one dominant incor-
poration site. When Nd ions occupy multiple sites within the GaN matrix, the PL for
above and below bandgap excitation can reveal markedly different emission (Kim
et al., 1998).

The bandedge luminescence was also measured with above-bandgap laser excita-
tion at 266 nm. In Fig. 9.9, the PL emission at RT in the region of 360 nm is shown
for Nd:GaN samples with different CNd. A significant decrease in the PL bandedge
emission was observed as the CNd increased. For samples with a CNd more than
w1% nearly all the bandedge luminescence was suppressed. This feature was previ-
ously reported in other studies where III-V nitride films were doped with various
RE or transition metal elements. Above a certain concentration, the normal GaN ban-
dedge luminescence was quenched.

To identify the Stark energy levels of the upper states 4F5/2,
2H9/2,

4F7/2,
4S3/2,

4G5/2,
and 2G7/2, emission spectra were collected as a function of the excitation energy.
Figs. 9.10 and 9.11 show the transitions from the 4I9/2 ground state to the upper states
(4F5/2,

2H9/2), (
4F7/2,

4S3/2), and (
2G7/2,

4G5/2) between 1.46 and 1.54 eV (805e850 nm),
1.58 and 1.62 eV (765e785 nm), and between 1.98 and 2.07 eV (600e630 nm),
respectively. PLE spectra detected at different emission energies show the same
peaks with similar intensity ratios. The strongest emission intensities occur at an
excitation wavelength of 836 nm (837 nm) for the GaN:Nd (AlN:Nd) material. As
with the PL data, the crystal-field split levels can be clearly resolved at RT and

Figure 9.8 Low temperature PL emission of the 4F3/2 to
4I11/2 transition from in situ doped

GaN:Nd excited above (top) and below (bottom) the GaN bandgap. The above GaN bandgap
excitation spectrum is artificially shifted up in the plot.
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Figure 9.9 PL bandedge emission at RT due to laser excitation at 266 nm for Nd:GaN samples
prepared with different Nd concentrations. The PL intensity is plotted on a linear scale and the
spectra are offset for better comparison. Concentrations have been estimated from the cell
temperature during growth (see Fig. 9.1).

Figure 9.10 Low temperature (w12 K) PLE spectrum in logarithmic scale from GaN:Nd and
AlN:Nd measured at the 1106 nm and 1108 nm emission line, respectively. (The GaN:Nd
spectrum is artificially shifted up in the plot.)

Optical and magnetic characterization of III-N:Nd grown by molecular beam epitaxy 295



only slight shifts in the Stark energy levels between the GaN and AlN hosts are
observed. The PLE peaks also appear in pairs but the energy difference of 5.9 meV
(13.3 meV) between the pairs corresponds to the energy splitting between the lowest
two Stark levels of the 4I9/2 ground state in GaN:Nd (AlN:Nd). This assignment is
consistent with the splitting observed in the PL spectra between the m ¼ 0 and the
m ¼ 1 Stark level of the 4I9/2 manifold. Table 9.1 summarizes the crystal-field split
level energies of the 4F5/2,

2H9/2,
4F7/2,

4S3/2,
4G5/2, and

2G7/2 manifolds of the
Nd3þ ion in GaN and AlN.

9.3.3 Combined excitation-emission spectroscopy

For more details, CEES (Dierolf and Sandmann, 2007) was employed. The 3D CEES
data sets for GaN and AlN shown in Fig. 9.11 not only facilitate identification of the
Stark levels, but can also identify minority incorporation sites in the presence of many
excitation and emission transitions. The site-selective spectroscopy studies here cover
the excitation transitions to the overlapping 4G5/2 and

2G7/2 energy levels as well as the
emission transitions from the 4F3/2 level to the

4I9/2 ground state. With five crystal-field
levels in the 4I9/2 manifold and seven crystal-field levels in the 4G5/2 and

2G7/2 excited
states, we expect 35 combinations of transitions for a single site in the CEES plot, in
the absence of thermal activation.

Both Fig. 9.11(a) and (b) show over 100 peaks for different excitation-emission
energy combinations that appear in the image maps as “mountains.”Although this num-
ber is much higher than the 35 predicted for the spectral region, this is not immediate
evidence for multiple sites because thermally excited levels and electronephonon
coupled transitions are present as well. Some of them are indicated in the figure. In order
to distinguish such additional peaks from an additional site, we note that for an excitation
or emission energy to belong to the same site, the spectra must be identical both in spec-
tral position and relative intensities of individual emission and excitation peaks. In fact,
our data reveal that both for GaN and AlN the majority of the observed peaks are related
to the single site already identified with the conventional PL and PLE data. The solid
lines in Fig. 9.11 black lines indicate the 35 combinations of excitation to the seven
4G5/2 and

2G7/2 levels, and emission from the lowest level within the 4F3/2 excited state
to the five ground state Stark sublevels.

While this main site clearly dominates the emission response under resonant exci-
tation conditions, other defect sites can be identified through their characteristically
different spectra. Fig. 9.11 shows peaks associated with two weak minority sites in
each nitride host material (labeled B and C for GaN:Nd, and b and c for AlN:Nd).
The intensity of their emission is orders of magnitude weaker than that of the majority
site, and are much more pronounced in AlN:Nd as compared to GaN:Nd. The energies
of the identified minority site transitions are included in Table 9.1. Fig. 9.11 clearly
shows that the in situ doping technique leads, even for rather high doping levels, to
a strongly preferential doping onto a majority site that is most likely the substitutional
group III site. This conclusion is further confirmed by the observation that the
above and below bandgap excitation PL spectra (Fig. 9.8) are nearly the same.
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Figure 9.11 Low temperature (4 K) CEES data of emission intensity as a function of excitation
and emission energies from (a), (b) GaN:Nd, and (c) AlN:Nd. Transitions related to a main site
are indicated with solid black lines. In (a) transitions originating from thermally excited levels
and those related to electronephonon coupling to a localized mode are indicated with dotted
black and red lines, respectively. A phonon-assisted excitation transition is also indicated in
(c) using a red arrow. Additional incorporation sites are highlighted in (a) and in (c) by dotted
blue and green lines. In (b), and additional site is highlighted for a selected spectral area.
Figure adapted from Metcalfe, G.D., Readinger, E.D., Enck, R., Shen, H., Wraback, M.,
Woodward, N.T., Poplawsky, J., Dierolf, V., 2011. Near-infrared photoluminescence properties
of neodymium in in situ doped AlN grown using plasma-assisted molecular beam epitaxy. Opt.
Mat. Express. 1, 84.
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Such preferential doping is in contrast to the multisite incorporation found for other
doping techniques and other RE dopants (Gruber et al., 2011; Dierolf et al., 2004).

As mentioned earlier, electron-phonon coupling can contribute to additional peaks
observed in the CEES plots. The phonon replicas also appear in the conventional PL
(PLE) spectra shown in Fig. 9.6 (Fig. 9.1) as weak peaks shifted lower (higher) in
energy from the main peaks. The energy shifts are related to the longitudinal optical
(LO) and transverse optical (TO) phonons (Siegle et al., 1997; Davydov et al.,
1998) of the host material, as well as RE-related phonons (Metcalfe et al., 2009a,
2011; Dierolf et al., 2004). In GaN:Nd (AlN:Nd), an 11 meV (12.4 meV) mode is
observed due to a localized phonon related to the Nd ion. A mode of similar energy
(12 meV) has been observed in the excitation-emission spectra of Eu-doped samples
(Fleischman et al., 2009). From the intensity ratio of the phonon sideband peak to
the relevant zero-phonon peak, an electron-phonon coupling strength is estimated to
be quite weak, having a Huang-Rhys (Dierolf et al., 2004) factor S of <0.1.

9.4 Magnetic properties

As evidenced by the data in Section 9.3, Nd has a valence of 3þ when it is in the GaN
or AlN host and gives rise to optical spectra characteristic of the Nd3þ ion. In this
charge state, the Nd3þ ions are isovalent dopants, primarily situated on the Ga or Al
sublattice, with three 4f electrons shielded from the host environment by completely
filled 2s and 2p shells. The 4f electrons give rise to an effective magnetic moment
of 3.6 Bohr magnetons (mB) for the Nd

3þ ion.

9.4.1 Magnetization measurements of Nd:GaN samples
grown by molecular beam epitaxy

The magnetic properties of the Nd:GaN samples were measured at RT using an alter-
nating gradient magnetometer (AGM). The measurements were made with applied
field strengths of e5 to þ5 kOe for both in-plane and out-of-plane orientations.
Typical magnetization curves for in-plane orientation with hysteretic behavior are
shown in Fig. 9.12. The out-of-plane orientation yielded only weak magnetic signals.
It can be seen that the saturation magnetization, Ms, is largest for the Nd:GaN sample
with 6% Nd. However, Ms does not scale with CNd as did the PL intensities shown in
Fig. 9.3. On the other hand, if Ms is normalized to an effective magnetic moment per
Nd ion, then there appears to be a correlation to the PL bandedge emission intensity.
Such a comparison is shown in Fig. 9.13 in which the measuredMs divided by CNd for
each sample is plotted along with the associated bandedge PL intensity.

9.4.2 Properties of Nd:GaN samples prepared by diffusion

In a related investigation, an undoped bulk GaN sample from Kyma Technologies, Inc.
was doped with Nd using solid-state diffusion. While diffusion is not a common
method for introducing RE atoms into a semiconductor, Nd doping of GaN epilayers
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Figure 9.12 Magnetization curves measured, in-plane orientation at RT, for Nd:GaN samples
prepared with different Nd concentrations. Concentrations have been estimated from the cell
temperature during growth (see Fig. 9.1).
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has been demonstrated (Luen, 2009a,b). The sample size was w10 � 10 mm with a
thickness of 900 mm. The defect density was w5 � 10�6 cm�2 and the resistivity
was <0.5 Ohm-cm.

For the baseline of the experiment, PL measurements were performed at RT using a
HeCd laser, with above-bandgap excitation at 325 nm. In Fig. 9.14 PL spectra near the
bandedge are shown for the undoped bulk GaN sample (Kyma) and a typical GaN/
sapphire substrate. Due to compressive strain in the GaN/sapphire substrate, its
spectrum is blue-shifted by 20 meV compared to that of the bulk GaN. Magnetic mea-
surements using the AGM did not reveal any magnetic signal prior to Nd diffusion.

The bulk GaN sample was loaded into a vacuum chamber (w2 � 10�9 torr) con-
taining elemental Nd targets. A thick w8000 Å Nd metal film was deposited on
the GaN sample by pulsed laser ablation using a KrF excimer laser at 248 nm.
The GaN:Nd was annealed in situ for 8 h at 800 �C. After wet etching to remove
the deposited Nd-film and its oxide, SIMS analysis was made to determine the
Nd distribution after diffusion. A GaN/sapphire substrate was implanted with Nd
to serve as a reference standard. The resulting SIMS Nd depth profile has the
typical form for diffusion from an infinite source. The profile is quite shallow
and extends to only about 10 mm.
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Figure 9.14 Optical characterization of bulk GaN sample (Kyma) and a typical GaN/sapphire
substrate. The bandedge emission of GaN/sapphire is blue-shifted by 20 meV due to
compressive strain compared to that of bulk GaN.
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In addition, PL and magnetic properties were again measured at RT. In Fig. 9.15,
the PL emission spectrum for the bulk GaN sample following Nd diffusion is shown.
The PL spectrum contains two peaks in the near infrared region, one atw1.07 mm cor-
responding to the 4F3/2 /

4I11/2 transition of Nd3þ, and the other at w1.340 mm cor-
responding to the 4F3/2 /

4I13/2 transition.
AGM measurements showed hysteretic behavior for the in-plane orientation

with Ms of w2 memu. This low value is consistent with the near surface CNd w 4 �
1018 cm�3 along with the results in Fig. 9.12. Out-of-plane AGM measurements
revealed insignificant magnetization. These results provide evidence that Nd diffusion
into nonmagnetic bulk GaN material leads to FM behavior for the Nd:GaN sample.

9.4.3 Magnetic optical measurements of Nd:GaN samples
by molecular beam epitaxy

After reviewing the properties of Nd:GaN with regard to their optical and their mag-
netic properties in the previous sections, we turn our attention to the optical properties
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Figure 9.15 PL emission spectrum for bulk GaN sample (Kyma) after solid-state Nd diffusion.
The principal peak at w1.07 mm corresponds to the 4F3/2 /

4I11/2 transition of Nd3þ.
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under the application of a magnetic field and address the question of linkage between
the observed magnetization and the spectral features of the individual Nd ions. For
these studies, we focus on the sample that was grown with a cell temperature of
950 �C that exhibits well-defined optical spectra (see Fig. 9.6) and a strong remnant
magnetization. Nd has an odd number of electrons in its 4f shell, and therefore its
levels are Kramer degenerate. They can split under the application of a magnetic field
into two levels. This splitting is referred to as Zeeman splitting. In our site-selective
CEES measurements, this introduces a significant amount of complications. For a
given excitation/emission peak, we have three levels involved. All of them split ac-
cording to a level-specific g-factor by g ¼ DE/mBB, where mB ¼ 5.788 � 10�5 eV/T
is the Bohr magneton. A single excitation/emission peak can then split into four exci-
tation and four emission peaks for a total of 4 � 4 ¼ 16 excitation/emission peaks.
This is schematically shown in Figs. 9.16 and 9.17. Which type of level is expected
to split is determined by the symmetry of the center and can be determined by group
theory. In our case of C3v symmetry, levels with a crystal-field quantum number of
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Figure 9.16 In-plane magnetization curves measured at RT of the bulk GaN sample (Kyma)
after solid-state Nd diffusion.
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m ¼ 3/2 are not expected to split for a magnetic field perpendicular to the c-axis. This
corresponds to an in-plane magnetic field for our samples grown on c-sapphire
substrates.

The resulting spectra contain information of many g-factors (three in the example of
Fig. 9.17), and the determination can become quite cumbersome, especially if the split-
ting g-factors are small and similar to each other. Moreover, in many cases the peaks
are not clearly separated. A systematic evaluation is required, which takes many
different transitions into account in which the g-factors in question occur in different
combinations. To address the issue of unresolved splitting, we have applied the
method of moments for the evaluation of our spectra.

For the method of moments, consider an emission spectrum as shown in Fig. 9.18,
in which a single emission peak splits into four peaks by amounts 2b and 2c due to the
splitting of levels by g1 and g2. The zeroth and first moment of the spectral distribution
are the total emission strength and the average position. In the depicted illustration,
they both are independent of the applied magnetic field. The information about the
splittings is contained in the second moment that can be described as (assuming
Gaussian peaks that do not change shape):
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Figure 9.17 Splitting of a single excitation/emission peak into a total of 16. The corresponding
g-factors are indicated.
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Solving the four integrals, we are left with

�
E2� ¼ b2

2
þ c2

2
þ ðDwÞ2

2

with w being the width of the emission peak, which can be determined from the
emission at zero-field. In order to determine b and c separately, we need to rely on a
situation in which one of the g-factors is significantly bigger than the other. Since the
same g-factors play a role in the splitting of other emission peaks as well, determi-
nation of all the g-factors can be done consecutively and double-checked for overall
consistency.

For all the magnetic measurements, we utilize a Faraday geometry, where the po-
larization of our incident laser is always perpendicular to the applied magnetic field.
The setup is shown in Fig. 9.19. The excitation light is coupled into an optical fiber
which is then vacuum fed into a magnetic cryostat (Janis 9 T Cryostat), which allows
for applied magnetic fields up to 6.6 T utilizing a high current power supply (Oxford
Spectromag SM4). Accurate control of the ramping of the current through the Helm-
holtz coils in the cryostat is achieved via a variable rate sweep generator. The fiber is
brought down to the sample with a single mode fiber appropriate for the excitation
wavelength in use (core size: 3.5e11 mm). The fiber is placed into an objective, which
collimates and focuses the beam onto the samples. The objective is attached to three
translational stages (Attocube ANP � 100), which allow for investigation of the
spatial dependence of emission spectra as well as precise adjustments.

Fig. 9.20 shows the results for in-plane (perpendicular to c-axis) and out-of-plane
(parallel to c-axis) magnetic fields (0e6 T) for a selected excerpt of our data. It can
be seen that there are several peaks that have been split in emission and excitation,
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Figure 9.18 Schematics of the splitting of a single emission line. The relationship between
shifts b, �b, c, þc, and the g-factors in Fig. 8.17 are indicated.
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Fig. 8.21.

Optical and magnetic characterization of III-N:Nd grown by molecular beam epitaxy 305



allowing us to identify several g-factors in the excited and ground states of the Nd3þ

ion. Comparing the behavior of the emission (A, B, C, D) and excitation transitions (E,
F), it is apparent that the respective Zeeman splittings are clearly different for the fields
applied in the two orthogonal directions. While C, D, and E split for parallel fields, the
most pronounced splittings occur for A, B, and F for perpendicular fields. In order to
illustrate the strategy on how the various splittings are correlated with g-factors of
particular levels, we focus first on the results for out-of-plane fields and the emission
to the two closely spaced lowest ground levels. In Fig. 9.21, the emission spectra
obtained under field application are shown. In determining g-factors, we take advan-
tage of the fact that several emission peaks share a common final level (see inset of
Fig. 9.21). For instance, the peak labeled B is the emission line due to the upper ther-
mally excited 4F3/2 state, which is shifted by w4 meV to higher energy from Peak A,
which corresponds to the lower 4F3/2 level. The same is true for peaks C and D, which
correspond to transitions to the lowest ground state level. For out-of-plane fields, the
emission of the latter pair is clearly split while A and B are not, indicating the ground
state and not the excited 4F3/2 level is the origin of the splitting of C and D. The split-
ting of the excited states is small seen by the fact that none of the emission peaks split
into more than two peaks even with magnetic fields up to 6 T. Only for C1 and D1 a
small broadening can be observed. The splitting can be converted to effective g-factors
using geff ¼ DE/mBB, giving an effective g-factor of the ground state of g ¼ 4.03.
Using this result, the broadening of the peaks can be exploited to calculate the splitting
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of the excited 4F3/2 levels. For that, we use the method of moments described earlier
and assume an unresolved splitting of the respective zero-field Gaussian-shaped
peak. Under this assumption, the splitting is determined by the change in the second
moment of the spectrum. Once we have the g-factors of the 4F3/2 levels, we can
also determine the splitting for cases, in which the splitting of the final state is small.
This way we are able to assign effective g-values to each of the ground state levels and
the resulting values are shown in Table 9.1.

We can repeat the procedure for magnetic fields applied in-plane. For this setup, we
rotated the crystal by 90 degree in the sample chamber, but for consistency maintained
our excitation along the c-axis of the crystal. Thus the emission and excitation spectra
at zero-field are identical. The same arguments as before can be used except that the
two lowest ground state levels exchange their roles. In this case only the A and B transi-
tions exhibit a splitting, suggesting the second lowest ground state is responsible for this
splitting while the other spittings are small. The results are included in Table 9.1. As
mentioned earlier levels that have splittings in fields applied perpendicular to the c-axis
should be assigned to a �1/2 crystal-field quantum number for perfect C3v symmetry.
These results were used as guide for the crystal-field analysis (Gruber et al., 2011), which
gave the best results assuming a slightly perturbed C3v symmetry of the main Nd center.

Similar results can be obtained for Nd-doped AlN (Gruber et al., 2012). We observed
the same general trends. However, we were able to clearly distinguish the two sites a and
b mentioned earlier. In Fig. 9.22, the observed splitting of the ground state of Nd3þ is
compared in the AlN and GaN host. The Zeeman spectra were obtained at 6 T and
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Figure 9.22 Emission spectra under applied magnetic field for GaN and for two sites a and b
for AlN.
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15 K for the sample parallel to the magnetic field. The AlN site a or main site has a split-
ting of 1.3 meV, site b has a splitting of 1.6 meV, and the splitting in the a site in GaN is
1.4 meV.We note that the splitting in the a site is somewhat smaller in AlN than in GaN,
but the splitting in the AlN b site is larger and the transitions involved are inhomogene-
ously broadened more than the transitions in the a sites.

One of the initial goals for the magneto-optical studies was to utilize the observed
splitting as a measure for the remnant magnetization while cycling the magnetic field
up and down as well as changing its direction. For out-of-plane magnetic fields (par-
allel to the c-axis) the ground state has a fairly large g-value while we can choose an
excitation wavelength, for which the splitting is negligible. The result of such a hys-
teresis experiment is shown in Figs. 9.23 and 9.24. Unfortunately, evaluating the
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splitting of the most pronounced peak using the method of moments revealed that the
stability of the excitation laser was insufficient to determine a remnant field. It should
be noted, however, that for none of the cycles, the curve going up followed exactly the
curve going down, suggesting influence from the hysteresis effect. While this still has
to be studied more carefully using a frequency-stabilized laser, another feature became
quite apparent. When we compare spectra for out-of-plane fields directly upward and
downward, the emission spectrum looks distinctly different. While the splitting is iden-
tical, the relative strength of these peaks has changed. This behavior is quite
unexpected. It suggests a dependence of the emission intensities on the relative
direction of the applied field and of epitaxial growth direction. The strength of the
transitions is determined by higher order perturbation of the 4f states by mixing in
states with a different parity found in the outer occupied shell. These states are
more sensitive to the environment and hence our observation suggests a coupling of
these states with the electronic system of the host. Indirectly, this influences the
properties of the 4f electrons.

It can be speculated that this coupling is induced by the lattice mismatch of the
epitaxial layer grown on sapphire. This mismatch induces an intrinsic electric polari-
zation into the GaN layer. Its direction depends on the growth directions. Through
multiple steps, this perturbation can be transferred and coupled to the Nd ion. Already
in the absence of a magnetic field, the electronic states of the host are altered by the
intrinsic polarization such that the upedown degeneracy is lifted. Under application
of a magnetic field the lowest lying state has a magnetic signature, which also depends
on the up or down direction of the polarization. For the influence of these states onto
the emission intensity, the energy difference between the relevant states becomes crit-
ical and hence the lowest lying host states may be most relevant. Since this has both a
magnetic signature and an upedown sensitivity, the upedown sensitivity could be
introduced into the transition probability of the RE ion. Since the transition probability
relies on high order perturbations, they are much more sensitive to the host material
and details of the electronic states. G-factors, on the other hand, behave similarly to
Stark shifts and are much less sensitive to the host.

9.5 Applications to quantum sciences

In the last decade, solids doped with RE ions have become promising new candidates
for quantum memories, critical components for quantum information processing, and
quantum communication (Simon et al., 2007; Tittel et al., 2010). Typically, the basic
element of a quantum system uses an atom or atom-like system (such as crystal defects
or color centers in diamond and quantum dots) as the quantum bit or qubit. However,
these systems can be sensitive to environmental changes. Since the 4f electrons in RE
ions are well shielded by the outer 5s2 and 5p6 closed shells, the 4f energy levels are
unusually stable with long coherence times at cryogenic temperatures, which promises
long quantum information storage times. Millisecond coherence times for optical tran-
sitions are possible in RE crystals such as Eu3þ:Y2SiO5 and Pr

3þ:Y2SiO5 (Tittel et al.,
2010). In addition, unlike color centers in solids the weak electronephonon
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interactions in RE materials result in transition intensities concentrated in the narrow
zero-phonon lines without the use of resonators (Faraon et al., 2011).

Although cavities are not necessary, the ability to fabricate the host material enables
resonant enhancement as well as on-chip photonic capabilities for scalable systems.
Unfortunately typical crystalline hosts are difficult to fabricate and has led to the devel-
opment of hybrid structures such as GaAs-based nanophotonic devices for coupling to
Nd3þ:Y2SiO5 (Miyazono et al., 2014). RE-doped nitride semiconductors have the
added advantage of the ions being directly doped into an easily fabricated material.

9.6 Conclusions

As with the other elements in the lanthanide RE series, Nd is neither rare nor an earth
(oxide). It constitutes nearly 38 ppm of the planet’s crust and is a metal. However, due
to its high reactive nature, high purity Nd has been available only since the 1930s. In
spite of its relatively recent availability, Nd has found a wide range of important tech-
nological uses including strong, compact magnets as well as optoelectronics. In this
chapter, the possibility of in situ doping of Nd during MBE growth has been success-
fully demonstrated. The availability of epitaxial layers with high optical quality, the
presence of strong emission intensities, and the observed RT magnetic hysteresis
suggest that this material is a candidate for new electro-optical-magnetic devices
with new functionalities. However, further studies are needed to better understand
the interrelation of these properties and find ways to couple most effectively.
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10.1 Introduction

Wide bandgap dilute magnetic semiconductors (DMS) have been of interest in the past
due to theoretical predictions of room temperature (RT) ferromagnetism in these
materials. Tremendous progress has been made in doping the nitrides with transition
metals (TM) or rare earth (RE) elements with the aim of obtaining RT ferromagnetism.
However, the mechanism for the observed ferromagnetism in this system has been the
subject of considerable debate. In this chapter, we present a synopsis of the progress
made to date in nitride-based DMS. To elucidate the cause of ferromagnetism in the
nitrides, the different exchange mechanisms are presented, and the various growth
techniques applied along with their experimental results are summarized. This chapter
explores the effects of various TM (Mn, Fe, Cr) and RE elements (Gd) to understand
their impact on the optical, structural, and magnetic properties of GaN. The investiga-
tion of various TM enables the concurrent variation of a number of important param-
eters of interest such as the acceptor level and helps us obtain a better understanding of
the observed ferromagnetic behavior.

Since the discovery of the Giant Magnetoresistance in the late 1980s by the Nobel
laureates Gruenberg and Fert, significant efforts have been made in the field of spin-
tronics (SPIN TRansport electrONICS) (Wolf et al., 2006). This field exploits both
the electron spin and its charge in order to introduce an additional degree of freedom
to the next generation of electronic devices. Spintronic devices are of great interest
since they can be designed to provide higher information storage densities, higher
processing and transfer speeds, as well as lower power consumption than current elec-
tronic and optoelectronic devices. Novel functionalities such as reconfigurable logic,
nonvolatile chip-based memory, and a solid state platform for quantum computing
may be possible within semiconductor systems (Pearton et al., 2005). Significant
efforts have been made to create heterostructures with spin injections from ferromag-
netic metals into semiconductors. However, the difference in conductivities between
the ferromagnetic metal and the semiconductor results in interfacial scattering and
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low spin injection efficiencies rendering them impractical for device applications. An
alternative method is to develop semiconductor materials that exhibit ferromagnetism
at RT and can support spin transport and injection. Ferromagnetism and semicon-
ducting properties do coexist in magnetic semiconductors such as europiums, chal-
cogenides, and semiconducting spinels, however these materials have not resulted
in applications since it is difficult to grow high quality thin films and heterostructures.
One class of materials that show promise in this regard are DMS, which are
compound semiconductors doped with TM or RE elements to provide magnetic func-
tionality (Furdyna, 1988) due to their incompletely filled d-shells (TMs) and f-shells
(REs). They exhibit a net magnetic moment that is exploited in DMS-based materials
and devices.

Generally, the magnetic dopants tend to substitute the cation of the host semicon-
ductor. Since the 1980s TM-doped II-VI compounds such as CdTe and ZnS have been
widely studied (Furdyna, 1988). Here the valence of the cation matches common
magnetic ions such as Mn. The II-VI ferromagnetic compounds usually display para-
magnetic, antiferromagnetic, or spin glass behavior. In these II-VI semiconductors gi-
ant Zeeman splitting is seen even at low temperatures and low Mn concentration.
However, it is difficult to dope this material to produce either p- or n-type material,
rendering it unfeasible for device applications. In the late 1990s attention was focused
on making III-V semiconductors ferromagnetic by doping them with magnetic ions
(Ohno, 1998). III-V semiconductors such as GaAs and GaN have found commercial
applications for high speed electronic and optoelectronic devices. The introduction
of magnetic ions into these established materials could pave the way for novel devices
that integrate magnetic, electrical, and optical functionalities. The most widely studied
III-V DMS compound is Ga1�xMnxAs, which exhibits a close coupling between
carrier concentration and Curie temperature (TC). Ga1�xMnxAs is a p-type material
based on the shallow nature of the Mn acceptor, allowing spin polarization to be
observed even in the absence of an applied field. Hole carriers are thought to mediate
the long-range ferromagnetic interaction between isolated Mn centers. Ga1�xMnxAs
has been shown to be effective at providing a spin injection layer in optically based
devices (Ohno et al., 1999). However the TC of these systems is limited to less than
170 K, which precludes their practical use (Wang et al., 2005).

The interest in the wide bandgap diluted magnetic materials for spintronic applica-
tions was originally derived from a theoretical model by Dietl et al. (2000). This model
predicted RT ferromagnetism for Ga1�xMnxN and Zn1�xMnxO with 5% Mn incorpo-
ration and 3.5 � 1020 holes/cm3 (Fig. 10.1). Two primary explanations for this result
were given: (1) The smaller lattice constant leads to stronger spin-dependent interac-
tion between localized spins and holes in the valence band, which in turn leads to
larger ferromagnetic coupling; and (2) the ferromagnetism in compounds with small
anions, such as nitrides, is not detrimentally affected by spineorbit interactions, which
scale as Z4 (where Z is the atomic number). ZnO is a promising candidate for spintronic
devices, but high quality growth of this material is an issue. It is still a challenge to
obtain good quality ZnO substrates; doping this semiconductor p-type has been diffi-
cult, and the fabrication of ZnO devices is still unreliable (Liu et al., 2005). GaN-based
materials are attractive as they already have a well-established technological base for
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optoelectronic devices (UV/blue light emitting diodes (LEDs) and lasers) and
electronic devices (high-power field-effect transistor), into which the DMS can be
incorporated to develop spintronic devices.

Gd-doped GaN (GaN:Gd) is another intriguing DMS. Although ferromagnetism
above RT in Gd-doped GaN was first reported by Asahi et al. (2004, p. S5555),
Teraguchi et al. (2002, p. 651), Asahi (2015, in this volume) it did not achieve further
prominence until Dhar et al. (2005a, p. 037205) and Dhar et al. (2005b, p. 245203)
reported “colossal magnetic moment,” apparently up to 4000 mB per Gd atom, in these
films. This colossal magnetic moment was found to be even stronger in Gd-implanted
samples (Dhar et al., 2006; Khaderbad et al., 2007). There were reports of traces of
secondary phases in GaN:Gd (Han and Al., 2006, Hejtm�anek et al., 2008), none of
which can explain the physical origin of ferromagnetism above RT (Ney, 2015, in
this volume). Paramagnetic/ferromagnetic resonance studies also found no conclusive
signals that could account for the high temperature magnetism, although some
evidence for either Gd or GdN clusters were reported (Kammermeier et al., 2008).

Initially the origin of this colossal magnetic moment was suggested to be the
polarization of the surrounding host medium (Sapega et al., 2005). However, later
studies point toward defects in the crystal lattice, since implantation led to even higher
magnetization but annealing somewhat reduced it. X-ray magnetic circular dichroism
studies completed on the Gd L3 edge show that the main origin of the magnetism does
not appear from Gd itself (Ney et al., 2008). Several theoretical models have been
proposed to explain these observations, but none of these models completely address
the question of the cause of such large magnetic moment (Lambrecht, 2015, in this
volume). The microscopic mechanisms in play in GaN:Gd are still subject to exten-
sive debate, but many first-principle calculations based on density functional theory
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Figure 10.1 Computed values of the Curie temperature (TC) for various p-type semiconductors
containing 5% Mn and 3.5 � 1020 holes/cm3.
From Dietl, T., Ohno, H., Matsukura, F., Cibert, J., Ferrand, D., 2000. Zener model description
of ferromagnetism in zinc-blende magnetic semiconductors. Science 287, 1019e1022.
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predict that crystal defects are important contributors to the observed magnetic
moments (Liu et al., 2012; Mitra and Lambrecht, 2009). In particular, interstitial
oxygen (Oi) has been predicted to have a negative formation energy in GaN:Gd
and to add to the net magnetic moment of the material.

Several methods are possible for aiding in the development of these materials and
ultimately understanding the true nature of the ferromagnetic ordering in these
materials systems. One such method is to optimize the various growth and processing
techniques, such as molecular beam epitaxy (MBE) and metalorganic chemical vapor
deposition (MOCVD), and explore the nanoscale structure and atomic ordering in
order to derive the true properties of the material. In order to explore the materials
properties of the nitride DMS, several growth techniques have been applied to dope
GaN with TMs (eg, Mn, Fe, and Cr) and RE (eg, Gd, Er, and Eu). Investigations
have demonstrated that the Mn acceptor in these materials is rather deep (EB z 1.5 eV)
(Korotkov et al., 2002), in contradiction to Dietl’s assumptions, and the required hole
concentration has not been achieved in either material to date. Nevertheless, tremendous
progress in obtaining ferromagnetic GaTMN (TM ¼ Mn, Fe, and Cr) was made
during the 2010s. It is often unclear whether the observed ferromagnetism is due
to substitutional TM or RE ions in the semiconductor lattice, unwanted precipitates,
or a combination of both. In order to explore the potential of these materials, it is
essential to obtain a better understanding of the exchange mechanisms that result
in the observed ferromagnetism in these materials systems.

10.2 Classic exchange mechanisms

When semiconductors are doped with magnetic ions, exchange mechanisms exist
between the magnetic ion and the host semiconductor. These exchange interactions
eventually determine the overall magnetic properties. Exchange mechanisms can be
divided into two main categories, direct and indirect, as described in the following
paragraphs.

Direct exchange interaction occurs between neighboring magnetic atoms that have
overlapping wave functions (Getzlaff, 2008). The exchange interaction (J) between
these atoms arises from the Coulombic interaction between electrons. Electrons with
parallel spins are kept apart due to the Pauli exclusion principle, which leads to a
decrease in Coulombic repulsion. Thus, there is a difference in the exchange energy
between parallel and antiparallel couplings in the exchange energy. If J is positive
then the spins are parallel and point in the same direction; however, if the exchange
interaction is negative then the spins are antiparallel. Typically, the magnetic orbitals
of the atoms do not possess sufficient overlap to develop ferromagnetism through
direct exchange, and usually indirect exchange mechanisms are more significant in
making semiconductors magnetic (St€ohr and Siegmann, 2006).

Several indirect exchange mechanisms have been developed to explain magnetism
in TM- and RE-doped semiconductors. The three main classic indirect exchange
mechanisms are RKKY, double exchange, and superexchange. In recent years, based

318 Rare Earth and Transition Metal Doping of Semiconductor Materials



on the observations of ferromagnetism in II-VI and III-V DMS, several other indirect
exchange mechanisms have been developed. This discussion begins with the
explanation of the classic indirect exchange models.

RKKY is an indirect exchange mechanism named after its discoverers: Ruderman,
Kittel, Kasuya, and Yosida (Ruderman and Kittel, 1954; Kasuya, 1956; Yosida, 1957).
This mechanism allows for the coupling of magnetic moments through Coulomb
exchanges via band electrons over relatively large distances. This theory was origi-
nally formulated to explain ferromagnetism in metals and is an efficient mechanism
when a high concentration of free carriers is present (Fig. 10.2). The original
RKKY studies showed that the spin polarization of the conduction electrons oscil-
lates in sign (Friedel oscillations) as a function of the distance from localized mo-
ments. The coupling may be ferromagnetic or antiferromagnetic depending on the
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Figure 10.2 Classic indirect exchange mechanisms: (a) carrier-mediated ferromagnetism,
(b) double exchange, (c) superexchange in semiconductors.
After Kane, M.H., Asghar, A., Payne, A.M., Vestal, C.R., Strassburg, M., Senawiratne, J.,
Zhang, Z.J., Dietz, N., Summers, C.R., Ferguson, I.T., 2005a. Magnetic and optical properties of
GaMnN grown by metalorganic chemical vapor deposition. Semiconductor Science &
Technology 20, L5eL9; Kane, M.H., Asghar, A., Strassburg, M., Song, Q., Payne, A.M.,
Summers, C.J., Zhang, Z.J., Dietz, N., Ferguson, I.T., 2005b. Impact of manganese
incorporation on the structural and magnetic properties of MOCVD-grown Ga1�xMnxN.
Materials Research Society Proceedings 831, E9.4.1.
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separation of the interacting atoms. This mechanism has been used to explain the
ferromagnetic mechanism for 4f electrons that are localized. In 4f metals, there is
an indirect exchange mechanism between the outer 5d electrons which partly overlap
with the 4f shell.

RKKY, or carrier-mediated exchange, has been found to be the ferromagnetism
mechanism in GaxMn1�xAs. This mechanism occurs because Mn is an acceptor in
GaAs and introduces a hole into GaxMn1�xAs, contributing a localized spin (Ohno
et al., 1996; Ohno and Matsukura, 2001). The carrier-mediated exchange theory
predicts a TC that is dependent on the localized spin concentration as well as carrier
concentration in these materials. However, the position of the TM defect levels is
midgap and does not generate any free carriers to support this exchange mechanism
(Mahadevan and Zunger, 2004). Overall, the carrier-mediated exchange mechanism
is interesting as it allows the opportunity to alter magnetic properties by altering
hole concentration. Double exchange is a term that was coined by Clarence Zener
and this mechanism involves the coupling of magnetic ions in different charge
states by the hopping of an electron from one ion to another through interacting
with the p-orbital (Fig. 10.2) (Zener, 1951). Spin flips are not allowed in this model
and it is energetically favorable if both the ions have a similar magnetic structure.
This mechanism explains magnetism in spinel magnetite, manganites, and Mn pe-
rovskites. This model has been used to describe the ferromagnetism in InxMn1�xAs
(Akai, 1998). In GaN, the TM d states split into a triply degenerate t2g and a doubly
degenerate eg level (Fig. 10.2). In GaN the calculated levels sit at 1.44 and 0.22 eV
(respectively) above the valence band maximum (VBM). The majority of t2g levels
have one electron in the case of Cr, two electrons in the case of Mn, and three in the
case of Fe.

Another exchange interaction that is found in these materials is the coupling of
nearest-neighbor TMs through a shared cation, known as superexchange (Fig. 10.2).
The mechanism was first pointed out by Kramers in 1934 and then developed in detail
by Anderson in 1950. It results from the virtual hopping of carriers between the
completely filled p-orbitals of anions and the d orbitals of the magnetic TM cations.
In order for electrons from both adjacent atoms to occupy the same p-level, they
must be opposite in spin, a result of Pauli exclusion principle considerations. This
leads to an antiferromagnetic coupling of nearest-neighbor cations through a shared
anion. This mechanism is of importance in ionic solids such as TM oxides and fluo-
rides, where the bonding orbitals are formed by 3d electrons in the TM atoms and
the 2p valence electors of the diamagnetic oxygen or fluorine atoms. Superexchange
is also present in the nitrides, though the strength of the exchange integral is roughly
one order of magnitude less than in the oxide-based materials (Zajac et al., 2001b).

It should be noted that there are two main spin-dependent coupling mechanisms in
magnetic semiconductors that control the magneto-optical phenomenon. The first is
the coupling between the conduction-band electrons (s-character) and localized spins
(d-character), denoted by N0a. The other main mechanism is hole exchange coupling:
coupling between the valence band holes (p-character) and localized spins (d-char-
acter), denoted by N0b. This generally increases with decreasing lattice constant
(Bonanni, 2007). In the tetrahedrally coordinated DMS, if the TM (d orbitals) or RE
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(d or f orbitals) ions substitute the host cation the resultant electronic structure will be
affected by hybridization of the d or f orbitals of the magnetic ion and the p or s orbitals
of the neighboring atoms. In RE ions both the d and f states can participate in spin
coupling, but the f states are more localized and thus their coupling is expected to
be weak.

In addition to the classic direct and indirect mechanism, additional exchange
mechanisms have been proposed to explain the observation of ferromagnetism in
dilute magnetic semiconductors. These additional exchange mechanisms are described
in the following.

In magnetic semiconductors the magnetic moments are polarized to form sizeable
magnetic moments at the vicinity of the donor/acceptor impurities. These are known as
bound magnetic polarons (Fig. 10.3) (Coey et al., 2005). Decreasing temperatures
result in an increase in the polaron interaction distance, leading to overlap between
neighboring polarons and so allowing them to interact through the magnetic impu-
rities, forming correlated polaron clusters. A ferromagnetic transition occurs when
the size of such clusters is equal to the size of the samples. Although the direct inter-
action between the localized carriers is antiferromagnetic, the interaction between the
bound magnetic polarons can be ferromagnetic for large concentrations of magnetic
impurities. This model has been used to describe the magnetism in low carrier density
systems such as electronic oxides.

Isolated polaron

Antiferromagnetic pair

Isolated ion

Overlapping polarons

Figure 10.3 Schematic of bound magnetic polarons interactions.
From Coey, J.M.D., Venkatesan, M., Fitzgerald, C.B., 2005. Donor impurity band exchange in
dilute ferromagnetic oxides. Nature Materials 4, 173e179.
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10.2.1 Donor impurity band exchange

A donor impurity band exchange model, proposed by Venkatesan et al. (2004) and
Coey et al. (2005), suggests that defect centers mediate ferromagnetism and are
responsible for the magnetization seen in TM-doped ZnO. Three scenarios for TM
doping in ZnO were evaluated in this model (Fig. 10.4). In the first scenario of a light
3d element (eg, TM ¼ Ti), the 3d spin-up states lie high in the 2p (O) and 4s (Zn) gap,
overlapping the spin split donor impurity band. For the next element (TM ¼ Mn) there
is no overlap with the 3d level and the exchange is weak, and toward the end of the
series (TM ¼ Co) the 3d down states overlap with the impurity band, which then has
the opposite spin-splitting for the same occupancy. High TC is found when the unoc-
cupied 3d states overlap the impurity band. The origin of the donor impurity band has
been attributed to oxygen vacancies (F centers) in ZnO and it has been proposed that
this model can be used to explain ferromagnetism in GaN, which can be caused by the
d0 centers. The higher magnetization that is seen in ZnO at the interfaces is due to the
defects that are present in the region. Thus in order for long range magnetization to
occur it is essential to have high carrier concentration and a large number of
vacancies. Once the donor concentration increases significantly, the donors merge
with the conduction band and then the RKKY exchange mechanism begins to
dominate.

The Litvinov and Dugaev model is used to explain ferromagnetism in both degen-
erate and nondegenerate films. This model proposes an indirect exchange mechanism
in which virtual electrons transition from the magnetic impurity acceptor level to the
valence band (Litvinov and Dugaev, 2001). This model applies to semiconductors in
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Figure 10.4 Schematic density of states for (a) TM ¼ Ti, (b) TM ¼Mn, and (c) TM ¼ Co. The
Fermi level lies in a spin split donor impurity band.
From Coey, J.M.D., Venkatesan, M., Fitzgerald, C.B., 2005. Donor impurity band exchange in
dilute ferromagnetic oxides. Nature Materials 4, 173e179.
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which there is a low concentration of magnetic ions and in which magnetic dopants do
not introduce any free carriers. In this model the TC depends on ped exchange inter-
actions and the energy between the TM impurity level and the band electron levels.
This model has been applied to explain the ferromagnetism in Ga1�xMnxAs and
Ga1�xMnxN films.

10.2.1.1 Theoretical models for ferromagnetism in dilute
magnetic semiconductors

Based on the experimental results for the II-VI semiconductors and III-Arsenide semi-
conductors several theoretical models have been developed to elucidate the magnetism
in these DMS, and many of these have then been extrapolated to GaN.

The ZenerMean field model has been proposed by Dietl et al. (2000) to determine the
TC of various zinc blende semiconductors. This model is based on the Zener and RKKY
interaction models and takes into account the anisotropy associated with RKKY ex-
change, which is associated with the spineorbit coupling. This model evaluates ferro-
magnetic interactions mediating through holes introduced by TM doping (shallow
acceptors). It was found that TC is determined by a competition between the ferromag-
netic and antiferromagnetic interactions. The TC values calculated by the mean field
model for different materials were performed using Eqs. [10.1] and [10.2]:

TC ¼ TFM � TAFM [10.1]

TcðxÞ ¼ AFðxeff=0:05ÞðbN0½eV�Þ2
�
N0ðGaAsÞ

N0

�
TF � TAFðxÞ [10.2]

where AF is the Fermi liquid parameter, xeff is the effective spin concentration, b is the
p, d exchange integral, N0 is the concentration of cation sites, TF is the FM ordering
temperature, and TAF is the atomic force microscopy (AFM) ordering temperature.
A TM concentration of 5% was used in this study along with a hole concentration
of 3.5 � 1020 cm�3. This model agrees well with the experimental results for
p-Ga1�xMnxAs and Zn1�xMnxTe (Ohno et al., 1996; Ohno and Matsukura, 2001). The
TC depends on the TM doping concentration and hole concentration and is higher
for lighter elements. The spineorbit coupling in the valence band is crucial for
determining the TC and direction of the easy axis.

Based on this model, GaN and ZnO are predicted to have a TC higher than RT as
they have smaller lattice constants and allow for greater ped hybridization and
reduced spineorbit coupling. One of the challenging theories is that the solubility limit
of TM is low in GaN and so it is challenging to obtain 5% TM doping. Furthermore,
p-doping in GaN is extremely challenging and hole concentrations on the order of
1020 cm�3 may not be feasible. It is this theory that has spearheaded the research in
TM-doped GaN and ZnO.

Sato et al. (2003a) and Katayama-Yoshida et al. (2007) performed ab initio
calculations on GaN doped with 5% of various TM. Their model shows that the
Ga1�xMnxAs exhibits a spin-splitting of the density of states (DOS) in the valence
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band, while GaN possess a spin-split DOS in the middle of the bandgap. Therefore,
TM atom in GaN forms deep levels and does not generate free carriers (Mahadevan
and Zunger, 2004). It was shown that for half-filled (or less) d-shells such as in Mn,
Cr, and V the ferromagnetic state is stable in GaN. For high Mn concentration the
spin glass state is favored (Fig. 10.4). Additionally, it was found that Fe, Co, and
Ni doping are stable in the spin glass state in GaN. Furthermore, first-principle calcu-
lations show that TM forms an impurity band and the ferromagnetism in the nitrides is
stabilized by a double exchange mechanism and broadening of the impurity band (Sato
et al., 2003b; Akai, 1998). Mean field approximations predicted a high TC of 500 and
350 K for 5% Cr and Mn-doped GaN, respectively (Sato et al., 2003b). The double
exchange mechanism in this system favors short range interaction between nearest
neighbors. For a high TC, the model requires a large concentration of TM (>20%)
(Bergqvist et al., 2004). Further Monte Carlo simulations revealed that the TC of
Mn-doped GaN is on the order of tens of Kelvin and so RT ferromagnetism is not
feasible. This suggests that the mean field approximation overestimates the TC signif-
icantly. It has been suggested that any RT ferromagnetism found experimentally is due
to the presence of MnN clusters or secondary phases (Sato et al., 2004).

10.2.2 Density functional theory studies of Ga1�xGdxN

Ga1�xGdxN is promising as it has the potential to be doped with donors (acceptors)
with a concentration exceeding that of Gd to generate spin-polarized electrons (holes)
in the conduction band (valence band), which could be applied to spintronic devices
(Dhar et al., 2005a, p. 4; Dalpian and Wei, 2006). To date, there is no consistency
in the mechanism proposed for the observed magnetism in Ga1�xGdxN thin films.
The first reports on ferromagnetic Ga0.94Gd0.06N by Asahi et al. (2004, pp.
S5555eS5562) attributed the magnetism to the RKKY-type interaction via the
spin-polarized valence band of GaN. Dhar et al. (2003) attributed the large magnetic
moment observed to the long range spin of the GaN matrix by Gd atoms. On the other
hand MBE reports by Zhou et al. predict that electrons introduced by Si doping or
defects (nitrogen vacancies) help to stabilize the ferromagnetic phase in Ga1�xGdxN
films as they offer electrons that couple between the Gd f and host s states (Zhou
et al., 2007).

Dalpian and Wei have performed ab initio band structure calculations and deter-
mined the DOS for zinc blende Ga1�xGdxN for x ¼ 6.25% (Fig. 10.5) (Dalpian and
Wei, 2006). Their calculations show that the coupling between Gd atoms in zinc
blende Ga1�xGdxN is antiferromagnetic as the spin-splitting in the ferromagnetic phase
does not result in energy gain as compared to the unsplit antiferromagnetic phase. The
antiferromagnetic phase is stabilized through superexchange interactions between the
Gd 4f and N p states. The theoretical calculations show that the addition of electrons
can stabilize the ferromagnetic phase as the sef coupling results in a negative spin
exchange splitting (DEFM-AFM) (Dalpian and Wei, 2006). Dalpian and Wei predict
that both holes and electrons will result in ferromagnetic interaction in Ga1�xGdxN but
the electrons are more efficient in stabilizing the ferromagnetic phase and should result
in larger magnetic moments.
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First-principle calculations based on spin density functional theory have resulted in
the electronic structure for wurtzite Ga1�xGdxN (x ¼ 12.5%) shown in Fig. 10.6
(Hejtm�anek et al., 2008; Gohda and Oshiyama, 2008). In this model, the 7.4 eV broad
valence band is of N 2p character and the conduction band is predominantly formed by
the 4s Ga electrons. According to Hejtm�anek et al. (2008) the 4f orbitals spin-up band
is positioned �3.5 eV below the VBM and the spin-down states are 6 eV above the
conduction band minimum (Hejtm�anek et al., 2008). The substitution of Ga by Gd
is isovalent and thus no electrons or holes are created. Their findings suggest that
ferromagnetism in Ga1�xGdxN is caused by the RKKY exchange mechanism and is
mediated through itinerant carriers that occur due to excitation from an impurity
band to the conduction band or due to an impurity band in the degenerate semicon-
ductor (Liu et al., 2008). Unlike TM-doped GaN, which exhibits metallic or semi-
metallic states, the Ga1�xGdxN system is always a semiconductor with the bandgap
gradually decreasing with an increase in Gd concentration (Zhong et al., 2008).
First-principle calculations by Zhong et al. (2008) show that the Fermi level is always
located at the maximum position of the valence band for different Gd concentrations
(x ranging from 0.03 to 0.25).

Several theoretical analyses have been performed to determine the validity of the
long-range polarization of the GaN lattice by Gd atoms (Dalpian and Wei, 2006;
Liu et al., 2008; Zhong et al., 2008). These calculations show that the net spin
exchange splitting in the valence band or conduction band for RE-doped GaN is
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Figure 10.5 Density of states for zinc blende Ga1�xGdxN (x ¼ 6.25%).
From Dalpian, G.M., Wei, S.H., 2006. Carrier-mediated stabilization of ferromagnetism in
semiconductors: holes and electrons. Physica Status Solidi B 243, 2170e2187.
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smaller than that of TM-doped. The fes, fep, and fed couplings in GaN are weaker
than those of the des, ded, and dep hybridization in Ga1�xTMxN. Thus more Gd
atoms enhance the magnetic coupling through N atoms, and these N atoms are visibly
polarized in the presence of Gd atoms, but this polarization is too small to result in
the large magnetic moment of 4000 mB per Gd atom (Dhar et al., 2005a, p. 4; Zhong
et al., 2008).

Unlike other DMS, Gd in GaN has both partially filled 5d and 4f electrons that can
contribute to the magnetic moment of Gd, thus it is imperative to analyze the effect of
both of these orbitals on the ferromagnetism.

Spin density functional theory calculations have been performed by Liu et al.
(2008) to determine the magnetism mechanism in Ga1�xGdxN. Their findings suggest
that the 4f orbitals are too far apart from the VBM and conduction band minimum, and
their coupling with free carriers should be weak. Thus, they explored the impact of the
Gd 5d electrons. The fivefold degenerate 5d orbitals of Gd are split by the tetrahedral
field of the GaN lattice into two eg and three t2g states. The lowest conduction band of
GaN is mainly s-like in character and has very little d character and thus the sed
coupling is expected to be weak as long as the Gd local environment has Td symmetry.
In wurtzite samples, defects and the hexagonal symmetry can result in sed coupling.
On the other hand, relatively flat Gd 5d orbitals with t2g symmetry occur around the
p-like VBM of GaN. As the Gd 5d t2g have the same symmetry as the GaN VBM at
the zone center, the ped hybridization is very strong as observed in Mn-doped GaAs.
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The energy difference between the ferromagnetic and antiferromagnetic configura-
tions (DE ¼ EFM � EAFM) was found to be zero for the structure used in this model,
suggesting that Ga1�xGdxN should be paramagnetic unless defects exist that stabilize
the ferromagnetism. Due to the larger atomic radius of Gd as compared to Ga it is
expected that a large density of vacancies exist that could be responsible for the
observed ferromagnetism (Larson and Satpathy, 2007; Gohda and Oshiyama, 2008).

The two possible scenarios are nitrogen vacancies and gallium vacancies. Nitrogen
vacancies (VN) introduce three conduction electrons to the system and cause the Fermi
level to shift well above the VBM. As the local symmetry allows sed coupling, the
lowest conduction band will contain significant d-character and thus have a significant
DOS occurring at the Fermi level. The energy difference DE for GdGa�VN complex is
3.9 meV/Gd atom and implies that sed coupling is rather weak. The DE for the
wurtzite structure is on the order of �0.7 meV/Gd atom. Liu et al. state that the
n-type carriers cannot be responsible for the large magnetic moment of 4000/Gd
atom observed by Dhar et al. (2005b, pp. 245203-1).

In the case of gallium vacancy (VGa), the missing Ga atom contributes three holes,
and the d-band DOS near the Fermi level shows noticeable difference between the
spin-up and spin-down states (Fig. 10.7). The calculated energy difference
DE ¼ EFM � EAFM by Liu et al. (2008) is �697.1 meV/Gd atom. Their calculations
show that a strong FM ped exchange coupling exists that is 180 times stronger than
sed coupling. The ped exchange is so strong that three unoccupied spin-down
valence bands from GaN matrix are pushed above the VBM of the spin-up states,
resulting in the magnetic moment of the Gd d electron being spread over the p bonding
orbital. The calculated DEFM � AFM is �326.1 meV/Gd atom for the supercell unit
for a Ga vacancy. The FM ped exchange in Ga1�xGdxN (for both wurtzite and zinc
blende) is over two orders of magnitude stronger than the sed exchange, which im-
plies that holes are more effective than electrons in contributing to the ferromagnetism
(Liu et al., 2008).

The Gd ion in GaN introduces its own electronic states to the GaN band structure.
Before taking into account coupling and hybridization effects between Gd and GaN
states it is feasible to first only consider the electronic states of the isolated Gd ion in
the GaN matrix. The energy schemes of Gd ions are derived from classic atom theory
(Gruber et al., 2004). They differ considerably between different oxidation states. For
example, the electronic structure of Gd2þ is strongly influenced by spineorbit coupling,
while Gd3þ with its exactly half-filled f-shell has an orbital momentum equal to zero
and, thus, is unaffected by spineorbit coupling. In addition, the electronic structure of
Gd ions is influenced by the crystal field of GaN. This effect is about three orders of
magnitude smaller than for TM ions because the partially filled 4f shell is shielded by
5s and 5p electrons. The splitting caused by the crystal field can still be resolved in lumi-
nescence, transmission, or magneto-resonance spectra providing valuable information
on the environment of the Gd ion. Carrier-mediated spin coupling is of particular
significance as charge transfer transitions between Gd and the bands of the host crystal
(Gd) may act as a donor or acceptor. Accordingly the energy needed to accomplish such
a charge transfer process can be correlated with a position in the GaN energy band
structure. Establishing this position is central for the evaluation of any DMS.
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Dalpian and Wei (2006) have performed ab initio band structure calculations that
show that the ferromagnetic phase in Ga1�xGdxN can be stabilized by introducing elec-
trons, while the coupling between Gd atoms in the alloy is antiferromagnetic. To this
end Si codoping has been carried out in Ga1�xGdxN thin films grown on sapphire
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substrates by RF-plasma-assisted MBE (growth temperature <300�C) on sapphire
substrates (Zhou et al., 2008). Si-doped Ga1�xGdxN (x ¼ 8.9%) showed a larger
magnetization at RT of about 1046 emu/cm3 as compared to 137.27 emu/cm3 for
the undoped GaGdN. It is considered that carriers (electrons) originating from defects
such as nitrogen vacancies stabilize ferromagnetism in Ga1�xGdxN, and Si codoping
increases electron density, thereby supporting the theory of carrier-induced
ferromagnetism.

We have previously studied the effects of interstitial oxygen on the ferromagnetism
in Gd-doped GaN system via first-principle calculations, including both total energy
and band structure calculation. In particular, the formation energies of different inter-
stitial O atomic configurations in Ga1�xGdxN, the resulting ferromagnetism, and its
stability in n-type Ga1�xGdxN have been studied. It was found that splitting interstitial
sites O was a likely candidate for defect-induced magnetism in n-type Ga1�xGdxN
systems. Through ped hybridization, Gd spin polarization could magnetize p state
of interstitial O and in turn this hybridization renders a ferromagnetic coupling state
among all Gd dopant, and a TC above RT. It is suggested that both the 5d and 4f
orbitals of Gd take part in the coupling to O 2p orbitals. Furthermore, based on the
results of formation energy of different interstitial O atomic configurations, it was
found that the split-interstitial O, which could support ferromagnetism, was not the
most stable site energetically. It is thought that this could be the reason why many
previous experimental observations of magnetic behaviors have been contradictory.

Theoretical studies by Gohda et al. suggest that the 5d electrons participate in nitro-
gen bonding and do not contribute to the magnetic moment. Their findings reveal that
Gd incorporation causes Ga vacancies and the formation of defect complexes between
Ga and Gd atoms are energetically favorable and result in ferromagnetic interactions
(Fig. 10.7) (Gohda and Oshiyama, 2008). In the absence of VGa, the magnetic moment
comes from the 4f electrons (7 mb), and for each VGa the magnetic moment increases
monotonically by 3 mb. Overall, this report suggests that the large magnetism observed
is due to VGa that introduce holes above the VBM and implies that holes are respon-
sible for the large magnetization.

It must be pointed out that many theoretical models reported have been developed
to explain the experimental observation of the large magnetic moment of 4000 mb/Gd
ion in the Ga1�xGdxN films grown by Dhar et al. (2005a, p. 4). Recent theoretical
predictions point to the fact that in wurtzite GaN holes result in greater exchange
interactions and larger magnetization strengths as compared to electrons, but this has
yet to be demonstrated experimentally (Liu et al., 2008; Gohda and Oshiyama, 2008).

Local spin density calculations have been performed by van Schilfgaarde and
Mryasov (2001, pp. 233205-1) for 1e5% TM doping in III-V semiconductors. Their
calculations show that the TM atoms form deep levels in the host semiconductor.
Furthermore, their calculations show that there is a strong driving force that favors
the clustering of the TM atoms and that whether this clustering actually occurs is
ultimately decided by the growth kinetics. The model considers magnetic interactions
based on number of nearest neighbors and next nearest neighbors present and the
distances between them. Exchange interaction calculations show that Cr and Mn
clusters are ferromagnetic and that Fe clusters result in antiferromagnetic interactions.
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Thus these interactions are a function of the d-band filling. Initially increasing the TM
concentration will result in an increase in the number of TM pairs and thus an increase
in TC, however, at really high concentrations the TM pairs are no longer separated and
the contribution per pair starts to decrease resulting in a decrease in TC. First-principle
calculations by Das et al. (2006) show that TM cluster around N atoms and the TMeN
interaction is AFM, while the TMeTM interaction is FM. Thus the ferromagnetic
interaction in DMS is an indirect exchange mechanism mediated by N atoms. It has
been suggested that the high TC observed experimentally is due to the presence of these
ferromagnetic clusters.

Furthermore, recent theoretical models by Dietl (2008) suggest that spinodal
decomposition occurs in DMS and is responsible for the varying values of TC reported
for TM-doped GaN. Spinodal decomposition occurs when the TM doping concentra-
tion exceeds the solubility of the ion. The film then consists of regions of high and low
TM concentrations, which results in magnetic nanocrystals being embedded in the
semiconductor. As mentioned in the previous section, there is a strong driving force
for the TM ions to cluster. The energy gained by bringing two Cr atoms together in
GaN is 350 meV and for two Mn atoms is 300 meV. Spinodal decomposition does
not necessarily result in a crystallographic phase and so can be hard to detect by
traditional methods. These clusters may be ferromagnetic, ferrimagnetic, or antiferro-
magnetic. Furthermore, at this point there is no model to predict whether these
clusters should be metal or insulators. However, due to the large TM concentration
in the clusters, they tend to have high ordering temperatures. As mentioned earlier,
the TM d-shells reside in the bandgap in the nitrides. This property has been utilized
to develop semiinsulating materials as these midgap levels can trap carriers arising
from impurities and defects in the materials. This trapping of carriers by the TM
alters their charge state and impacts their Coulombic interactions. In materials with
small carrier concentrations these interactions are not screened and so Coulombic
interactions can overcompensate the lowering of the free energy arising from the
nearest-neighbor bonding (Dietl and Ohno, 2006). Thus codoping of DMS with
shallow acceptors or donors could provide an avenue for reducing or enhancing
the TM aggregation. Furthermore, antisurfactants can be used to enhance the aggre-
gation of TM ions if desired. Similarly, ab initio electronic structure calculations by
the KorringaeKohneRostoker coherent potential approximations (KKR-CPA)
method within the local-density approximation by Katayama-Yoshida et al. (2007)
have attributed the high TC observed in nitrides to spinodal decomposition. For
30% Cr doping, a TC of 100 K is formed due to a percolation network, while for
5% Cr doping a high TC of 700 K occurs due to a 3D Dairiseki phase (clusters)
caused by spinodal decomposition.

There are several theoretical models and exchange mechanism proposed for the
ferromagnetism in DMS, with most of these models presenting conflicting arguments.
These models are often revised or proven unlikely based on experimental observations.
Pinning down which magnetic mechanism produces a particular experimental result is
very challenging. Thorough growth and characterization studies are needed to obtain
the real picture.
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10.3 MOCVD growth of Ga1�xTMxN and Ga1�xRExN

There has been great confusion regarding the nature of ferromagnetism in the nitrides.
This can be partly attributed to the different growth techniques used, which results
in material of different quality with different structural and electronic defects within
the material. MOCVD is the growth technique normally applied to achieve high
quality GaN. TM doping of GaN by MOCVD has been carried out by MOCVD
using a commercial rotating disk reactor with a short vertical jar configuration.
The reactor has a specially modified flow flange injection system with dual injector
blocks to minimize prereactions of the nitrogen and TM/RE precursors in the
transport phase. Ga1�xMnxN films (0.5e1 mm thick) with Mn concentration up to
w2% were grown on top of a 2 mm GaN buffer layer, which is grown in turn on
200 sapphire (0001) substrates (Kane et al., 2005a). In this study, ammonia,
trimethyl gallium (TMGa), bis-cyclopentadienyl manganese, bis-cyclopentadienyl
magnesium, and silane (SiH4) were used as the nitrogen, gallium, manganese,
p- and n-dopant sources, respectively.

Presented next are the material characterization results for these MOCVD-grown
Ga1�xMnxN films. The GaN:Gd films, typically 500 nm thick, were grown on 2 mm
thick GaN templates (GaN/sapphire). The gadolinium sources were Tris(2,2,6,6-
tetramethyl-3,5-heptanedionato) gadolinium ((TMHD)3Gd), and Tris(cyclopenta-
dienyl)gadolinium (Cp3Gd). The key difference between these sources is that the
organic ligand in TMHD3Gd contains oxygen, while the ligand in Cp3Gd does not.
In addition, films with n-type (Si) and p-type (Mg) codoping were also grown and
standard p-GaN activation steps were applied to p-Ga1�xGdxN. The in situ reflectivity
data for Ga1�xTMxN thin films are shown in Fig. 10.8. It can be seen that fairly consis-
tent oscillations were obtained indicating no significant material quality deterioration
or surface roughening. Silane and Mg doping of these optimized Ga1�xTMxN films
were also carried out to determine the effect of n- and p-dopants on this material
system. The next section presents a detailed analysis of the material properties of
the films grown.

Several growth techniques have been developed with the aim of obtaining an RT
ferromagnetic semiconductor. Presented next is a synopsis of the experimental results
obtained for Ga1�xTM(RE)xN.

Most of the GaN growth studies have been focused on Mn, as it has the highest
number of unpaired spins when it is introduced into GaN. Various growth tech-
niques such as ammonothermal growth (Zajac et al., 2001a), ion implantation
(Theodoropoulou et al., 2001b), postgrowth diffusion (Reed et al., 2001), MBE
(Bimberg et al., 1999; Overberg et al., 2001), and MOCVD (Kane et al., 2005a)
have been applied with the objective to develop single-phase Ga1�xMnxN that
exhibits ferromagnetism at RT.

An ammonothermal method has been used to produce microcrystalline Ga1�xMnxN
samples with Mn content up to x ¼ 0.005 (Zajac et al., 2001a). This technique resulted
in the presence of nonuniform crystallites, and X-ray diffraction (XRD) showed the
characteristic diffraction lines for hexagonal GaN phase mixed with a small
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contribution from a Mn3N2 phase. Raman spectra exhibited peaks that could be asso-
ciated with Mn-induced lattice disorder. Electron spin resonance and magnetization
measurements showed that the material was paramagnetic.

Ga1�xMnxN films were later produced by ion implantation of MOCVD-grown
p-GaN films with high doses (1 � 1015 e 5 � 1016 cm�2 to produce Mn concentra-
tions from 0.1% to 5%) of Mnþ ions at w350�C and annealed at 700e1000�C
(Theodoropoulou et al., 2001b). At low doses (<3%), the Ga1�xMnxN are paramag-
netic with a large number of lattice defects. At high does (>3%) platelet-like structures
of Ga1�xMnxN are formed, which have been attributed to the observed ferromagnetic
behavior in the samples up to w250 K.

Pretreatment
(a) (b)

(c)

Hight temp GaN

Low temp GaN

GaN
template

In
te

ns
ity

 (a
.u

.)

0.7% Fe

2% Mn

3% Cr

0 2000 4000 6000 8000 10000

Time

Time (secs)

Te
m

pe
ra

tu
re

Ga1–xTMxN
500 nm – 1 μm Ga1–xTMxN

2 μm GaN

c-Sapphire

Annealing

Figure 10.8 (a) Growth profile for Ga1�xTMxN on sapphire, (b) schematic of the final structure
grown, (c) in situ optical reflectometry curve for Ga1�xTMxN (after dotted line) grown on GaN
templates (before dotted line).
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Ga1�xMnxN has also been produced by postgrowth doping of GaN using solid state
diffusion of Mn (Reed et al., 2001). This resulted in samples that had a background
concentration of 1e2% Mn away from the surface where diffusion took place.
Mn-doped GaN with TC in the range of 228e370 K were obtained and structural
characterization by XRD suggested that the ferromagnetic properties are not a result
of secondary magnetic phases. The reported Bohr magneton number for diffusion
grown Ga1�xMnxN can exceed 2 mb/Mn, which is difficult to reconcile through the
undetectable clustering description. These Mn-doped GaN films have ferromagnetic
behavior with hysteresis curves showing a coercivity of 100e500 Oe. All these
techniques produced highly nonuniform material that was difficult to measure because
the data was always some average of the properties of the crystallites and the layer.

Given the low solubility limit of the TMs in GaN matrix, nonequilibrium growth
techniques such as MBE and MOCVD are preferred. These techniques result in a
more uniform layer and allow for easier integration of these materials into devices.
A number of groups have reported the growth of Ga1�xMnxN using various modifica-
tions of MBE with different levels of success.

One of the first reports of the thin film growth of Ga1�xMnxNwas by Overberg et al.
(2001), who used gas source MBE with an N-plasma source. Auger electron spectros-
copy showed that 7% Mn could be incorporated in a single phase as determined by
XRD. The ferromagnetic Ga1�xMnxN had a TC between 10 and 25 K. A similar TC
has been reported for plasma-assisted MBE growth study (Sarigiannidou et al., 2006).
A low temperature (400e650�C) MBE study with 2% Mn incorporation resulted in
paramagnetic films that were highly resistive (Soo et al., 2001). The most successful
report of the MBE growth of Ga1�xMnxN was by Sonoda et al. (2002), using ammonia
(NH3). They claim to have produced wurtzite Ga1�xMnxN films showing ferromagnetic
behavior well above RT. They estimated the TC of Ga1�xMnxN to be 940 K, which far
exceeds that measured by other groups or suggested by theoretical models.

The as-grown films Ga1�xMnxN were specular in nature and had a reddish hue with
increasing thickness and Mn incorporation. Under nonoptimal growth conditions
hexagonal GaN growth temperature defects are visible via optical microscopy.
Secondary ion mass spectrometry (SIMS) verified the uniform incorporation of
manganese within the layers. High resolution XRD (HRXRD) scans did not show
the presence of any secondary phases. Upon annealing at temperatures as low as
700�C, other phases do appear in the 2q�u scans, which point to the (110) reflec-
tions of the Mn3GaN phase. This is consistent with the report of Mn3GaN phases
as a key component in secondary phase segregation in heavily doped samples.
This phase has been observed previously, though the peak position is quite close
to a GaMn intermetallic phase reported to be present in overdoped MBE-grown
material (Thaler et al., 2004). The Mn6N2.58 and Mn3N2 phases were not observed
via XRD in the annealed MOCVD-grown samples as has been previously reported
in implanted samples, though this may simply be due to the relatively small local
concentrations of Mn. Note that due to the anticipated small size of the precipitates
and low volume fraction used in the growth, it would be very difficult to observe
precipitates through standard structural characterization techniques. High resolution
cross-sectional transmission electron microscopy (TEM) also shows no indication
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of secondary phases in the as-grown samples at low doping concentrations, though
stacking faults are visible in Mn-containing buffer layers.

Surface morphology by AFM reveals clear step flow growth patterns for GaMnN
films grown at low temperatures and low growth rates (Fig. 10.9). The root mean
square (RMS) roughness of the Mn incorporated film is similar to that of the underly-
ing GaN template layer (3.8 Å vs 3.4 Å). There is little change in the morphology of
the layer with low temperature annealing (700�C), however there is a significant dif-
ference in the AFM images with annealing at higher temperatures. The AFM image of
the uncapped sample annealed at 900�C shows clear areas of what is likely second
phase precipitate on the surface (Fig. 10.9). XRD scans can attribute this phase to
either MnN or Mn3GaN type phases. On the other hand, the annealed capped samples
show no change in surface morphology even at the elevated temperature. This suggests
that one mechanism for the decay of the thermodynamically unstable Ga1�xMnxN
compound is nitrogen desorption and phase rearrangement of the surface at the
Ga1�xMnxN-to-atmosphere interface in the absence of a reactive nitrogen environment
that is present during MBE or MOCVD growth.

Micro-Raman spectra were recorded at RT in a back scattering geometry for GaN epi-
layers varying in Mn concentration from 0.0% to 1.5%, as shown in Fig. 10.10. Most
prominent in all these spectra are the E2(high) and the A1(LO) Raman modes that
were detected at 567 cm�1 and 734 cm�1, respectively. These values are in good agree-
ment with those measured for relaxed GaN revealing that no additional strain was intro-
duced even though a high concentration of Mn ions (w1020 cm�3) was incorporated in
the GaN. A high carrier concentration (above 1018 cme3) was ruled out since no broad-
ening of the A1(LO) mode and no local phonon-plasmon modes were detected.
The appearance of a mode at w669 cm�1 and a shoulder at 664 cm�1 were found
strongly correlated to the Mn concentration. The intensity of this mode, but not the
line width, increased with increasing Mn concentration. In this spectral range, a mode
was found in GaN microcrystals at 670 cm�1, and it was assigned to a disorder-
activated vibrational mode (Gebicki et al., 2000; Limmer et al., 1998).

Figure 10.9 Atomic force microscopy images of, from left to right, undoped GaN, as-grown
Ga1xMnxN (x ¼ 0.01), Ga1xMnxN (x ¼ 0.015) after 30 min anneal at 700�C, and Ga1xMnxN
(x ¼ 0.015) after 5 min anneal at 900�C. RMS roughnesses are, from left to right, 0.33, 0.40,
0.37, and 0.68 nm (Kane et al., 2006).
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Whereas in a more general study Limmer et al. (1998) reported on such a mode
caused by vacancies in ion-implanted GaN epilayers. In a more recent work based
on MBE-grown Ga1�xMnxN (Harima, 2004), this line was attributed to a local vibra-
tional mode of the GaN host lattice caused by a vacancy. The data obtained from
MOCVD-grown GaN and presented in this work appear to support the conclusions
drawn by Harima (2004). An additional broadband around 300 cm�1 (Fig. 10.10)
that is disorder activated (Limmer et al., 1998; Gebicki et al., 2000; Zajac et al.,
2001a) did not show a systematic dependence on the Mn concentration but correlated
more strongly with the crystalline quality determined by XRD, electron paramagnetic
resonance (EPR), and AFM (Strassburg et al., 2005; Kane et al., 2005a). In addition,
the lower intensity of the 669 cm�1 mode compared to that reported elsewhere could
be explained as a consequence of the MOCVD growth (Harima, 2004). Therefore, a
GaN:Mn, Si sample was grown to study the role of vacancies. The Mn concentration
was chosen as 1.5% and the nominal Si concentration wasw1020 cm�3. The incorpo-
ration of Si as a donor on Ga sites is known to reduce the amount of nitrogen vacancies
in GaN (Van de Walle And Neugebauer, 2004). Raman spectra of the undoped and
Si-doped Ga0.985Mn0.015N epilayers are shown in Fig. 10.10. The intensity of the
669 cm�1 mode increases with increasing Mn concentration, though the line width
does not change. Also, it is obvious that upon Si codoping the intensity of the
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Figure 10.10 Raman spectra of MOCVD-grown GaMnN layers. The right hand shows the
sensitivity of the vacancy-induced local vibrational mode at 669 cm�1 on codoping in
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669 cm�1 mode is strongly reduced. Moreover, the lack of plasmonephonon coupled
modes indicates that Mn was incorporated as an acceptor leading to the trapping of the
electrons provided by the Si donors.

Local vibrational modes of Mn ions on Ga site based on the GaN E2(high) LO mode
with respect to the difference in the reduced masses might be expected around
580 cm�1. However, no such mode was found in the Ga1�xMnxN epilayers, and no
phase separation was detected (Kane et al., 2005b). Unambiguous detection was
prevented by the dominance of the GaN E2(high) LO mode and a mode near
576 cm�1 that was also seen in the bare sapphire substrate.

van der Pauw Hall measurements were used to analyze the carrier type and concen-
tration in these materials. The measured carrier type in all of these samples is n-type,
similar to what has been reported in literature (Overberg et al., 2001). However, it is
likely that this it is merely a function of the template layer used to grow the samples,
especially in the samples without Si codoping. To achieve high structural quality for
the Ga1�xMnxN layer, these epilayers were grown on 1 mm thick GaN template layers;
for the Si codoped samples, these layers were doped n-type. The measured Hall
concentration of the as-grown, unintentionally doped Ga1�xMnxN films was around
n ¼ 5 � 1016 cm�3, which is very close to the measured background carrier concen-
tration of the unintentionally doped template layer. Similarly increasing the Si doping
within the Ga1�xMnxN layer does not result in an increase in measured carrier concen-
tration from n ¼ 8 � 1017 cm�3, which is similar to the measured carrier concentration
of the n-type template layer on which these films were grown. Thus, all the measured
n-type behavior is due to parallel conduction through the virtual template, and the
observed n-type character that is often reported in these systems may be solely due
to the template (Fig. 10.11). In order to clarify this point, layers were grown from
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Figure 10.11 van der Pauw Hall effect data for Mg- and Si-codoped Ga1xMnxN. Note that in all
cases, the measured carrier concentrations fall closely along the line for the template layer
doping concentrations.
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the substrate with Mn in the virtual template layers. For these samples, the resistivity
was too high to measure and the contact resistance increased by several orders of
magnitude, consistent with predictions and other observation of Mn as a deep impurity
level. It should be noted that the layers grown on the Mn-containing template have a
reduced quality and do not display strong ferromagnetism even though it exhibits a
strong reddish tint indicative of Mn2þ incorporation.

Superconducting quantum interference device (SQUID) magnetometry was per-
formed to determine the overall magnetic behavior of the MOCVD-grown Ga1�xMnxN
films. Ferromagnetic hysteresis was recorded in the as-grown Ga1�xMnxN films at
300 K (Fig. 10.12). There is little deviation between the magnetization data obtained
at RT and 5 K, indicating the hysteresis is due to a phase with a high TC. To check
whether the magnetic behavior is due to second phases or clusters, the concentration
per magnetic element was calculated. Assuming a uniform growth rate and based on
the Mn concentration as measured by SIMS across the wafer, the measured saturation
magnetization corresponds to a contribution of 2.4 mb/Mn for the 1% doped sample
and 1.2 mb/Mn for the 1.5% doped sample. This compares favorably with the predicted
contribution based on first-principle band structure calculations of 4 mb/Mn when the
Fermi level is located in the center of the Mn impurity band. This is away from the
predicted magnetic moment per Mn4N cluster, which is 17 mb (Rao and Jena, 2002).
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Figure 10.12 Room temperature SQUID magnetometry measurements from various
Ga1�xMnxN films with different doping levels and processing conditions. Note the decrease in
magnetization with Si-codoping or annealing of the samples.
From Kane, M.H., Strassburg, M., Asghar, A., Fenwick, W.E., Senawiratne, J., Song, Q.,
Summers, C.J., Zhang, Z.J., Dietz, N., Ferguson, I.T., 2006. Alloying, co-doping, and annealing
effects on the magnetic and optical properties of MOCVD-grown Ga1�xMnxN. Materials
Science and Engineering: B 126, 230.
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The strength of this magnetization depends on the thickness of the sample and film
growth rate, with stronger magnetization in general being exhibited for films with
slower growth rates. As seen in Fig. 10.12, upon annealing, the magnetization of
the same sample drops precipitously. There is still some area remaining in the hyster-
esis loop observed in this sample, indicating that the ferromagnetic phase is not
completely lost or there may be a small contribution from local areas of the alloy
that were unaffected by the anneal or that consist of ferromagnetic second phases. A
similar behavior for the magnetism is seen in the Si-doped Ga1�xMnxN
(Fig. 10.12). The magnetic moment decreases with increasing Si doping concentration
and is nearly destroyed at Si concentrations greater than 1019/cm3.

The large decrease in the magnetization with codoping and annealing suggests that
there may be a common origin to the deterioration of the magnetic properties of
Ga1�xMnxN. EPR in the X band was used to study the incorporation and the electronic
structure of the manganese ions in GaN. The typical spectra of isolated Mn2þ were
observed in the X band, but only in annealed and Si codoped Ga1�xMnxN.

Optical transmission measurements reveal that the incorporation of Mn into GaN
layers during MOCVD growth leads to a broad absorption band, a spectrally diffuse
line centered around 1.5 eV (full width half maximum (FWHM) of 150 meV), as
shown in Fig. 10.13. The FWHM and intensity increased with an increase in the
Mn concentration. The observed absorption band is assigned to the Mn3þ transitions
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Figure 10.13 RT optical absorption spectra from Ga1-xMnxN with and without Si-codoping.
Note the Mn3þ internal transition that disappears with codoping.
From Strassburg, M., Senawirante, J., Hums, C., Dietz, N., Kane, M.H., Asghar, A., Payne,
A.M., Ferguson, I.T., Summers, C.J., Haboeck, U., Hoffman, A., Azamat, D., Gelhoff, W.,
2005. Optical and structural investigations on Mn-ion states in MOCVD-grown Ga1�xMnxN.
MRS Proceedings 831, E9.5.1.
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from the E state to the partially filled T2 levels of the 5D state (Sato et al., 2003a). The
absence of the absorption band around 1.5 eV in the Ga1�xMnxN layer codoped with
silicon indicates sensitivity of the E to T2 transitions to the position of the Fermi level.
The Fermi level is shifted toward the conduction band because electrons are present at
deep defects. No other absorption features were detected further in the infrared spectral
range (down to 0.5 eV). This suggests that the location of the Fermi level in the inves-
tigated samples in the broad absorption band is around 1.8 eV above the top of the
valence band, and even closer to the conduction band than for the Si codoped sample
(Kane et al., 2006).

Low temperature optical transmission measurements reveal a distinct peak near
1.41 eV, which is characterized as the zero-phonon line of an internal forbidden
ded transition in Mn3þ (d4) (Graf et al., 2002). The sharpness of this peak is inconsis-
tent with the broad impurity band-like behavior. In addition to the sharp absorption
zero-phonon line, there are multiple phonon replicas at high energies; these have
also been reported in MBE-grown Ga1�xMnxN. The phonon replicas superimposed
with Fabry-Perot oscillations from reflections of the film/substrate and film/air inter-
faces are likely responsible for the observed band-like behavior at high temperature
(Yamamoto et al., 2005).

PL studies were performed in the UV and visible spectral range in order to further
understand the Mn-induced midgap states of MOCVD-grown Ga1�xMnxN epilayers.
In addition to GaN peak, a blue emission band was found to dominate the PL spectrum
of the samples with a Mn concentration >0.5% resulting in two distinct peaks at 3.0
and 2.8 eV (Kane et al., 2005a). These bands are also known to appear in GaN upon
compensation of acceptors by doping induced defect states as well as by the incorpo-
ration of hydrogen on interstitial sites.

Blue band emission was observed in MBE-grown Ga1�xMnxN and ion-implanted
material, and the appearance of these bands (actually a broad emission from 2.7 to
3.1 eV) was assigned to transitions from conduction-band electrons to Mn-related
states and from shallow donor (eg, N vacancy) to Mn acceptor states. In comparison,
a pronounced yellow band attributed to intrinsic gallium defects was observed in the
lightly Mn-doped Ga1�xMnxN samples (<0.5%), annealed samples, and the samples
codoped with Si with almost no blue band emission. In the first case, the behavior
is assigned to the lower amount of Mn ions available to substitute on lattice sites,
reducing the amount of Ga vacancies. In the latter two cases, intrinsic and extrinsic
shallow donor states are introduced, leading to a compensation mechanism of the
Mn3þ acceptors. An even stronger compensation of Mn acceptors is seen for Si
codoping.

To date there is great debate regarding the mechanism associated with the ferromag-
netism observed in Ga1�xMnxN. Experimental results have shown Mn is a deep
acceptor in GaN and results in a semiinsulating material with localized carriers on
the Mn site (Berciu and Bhatt, 2001). Despite this, ferromagnetism is still observed,
contradicting the hypothesis made by the mean field Zener model. Although the
double exchange mechanism does appear promising, the conflicting reports of a
wide range of TC and the presence of the sharp absorption zero-phonon line at low
temperature pose a challenge to this theory. Recently, there has been a shift among

Transition metal and rare earth doping in GaN 339



theoreticians who believe that clustering may be responsible for this observed
ferromagnetism. Nanoscale clusters have been observed in some samples by TEM
(Dhar et al., 2003), though only at extremely high doping levels (w13%) and it has
not been shown conclusively that this behavior will be the same at lower concentrations.

To understand the mechanism further, this chapter will proceed to investigate
Ga1�xFexN. The investigation of various TMs enables the concurrent variation of a
number of other parameters of interest in the various materials systems. In particular,
the location of the acceptor level in III-V semiconductors is an important parameter, as
it influences the interaction of the magnetic center and band carriers (electrons or
holes) in the carrier-mediated model or polaronic radii and percolation threshold in
a bound magnetic polaron model. The degenerate doping levels needed in these
materials can also induce the formation of impurity bands and act as a pinning level
for the Fermi energy. The location of this pinning level will also influence the
materials’ properties and growth behavior; in particular, the formation and nature of
defects (Vn or Gai) in GaN are sensitive to the position of the Fermi level within the
bandgap (Van de Walle And Neugebauer, 2004). Furthermore, this method also en-
ables verification of whether or not the magnetization is solely due to incommensurate
impurities in a heterogeneous system as the relative difference in the precipitates with
TM doping should point to the physical nature of these precipitates. For example,
Mn4N is ferromagnetic with a TC of 743 K, whereas Fe3N has a TC of 535 K.

10.3.1 Experimental results for Ga1�xFexN

The use of MOCVD for the incorporation of Fe has actually been of interest for a
longer period than Mn. Specifically, the use of iron in semiinsulating MOCVD-
grown GaN templates for high electron mobility transistors was reported as early as
2002 (Heikman et al., 2002). Moreover, the use of MOCVD as the growth technique
has a number of challenges, including memory effects and selection of suitable
precursors (Heikman et al., 2002).

MOCVD-grown p-GaN (3 � 1017 cm�3) has been doped with 3% Fe by ion
implantation and displayed hysteresis until 250 K with no evidence of secondary
phases (Theodoropoulou et al., 2001a). A similar study showed a transition from
overall paramagnetic behavior at 5% doping to RT ferromagnetic behavior at 10%
doping of Fe into p-GaN by ion implantation (Shon et al., 2004). Hexagonal GaFeN
microcrystals with 0.5% Fe molar concentration have been grown by the ammonother-
mal method. Magnetization measurements revealed the presence of both paramagnetic
and ferromagnetic phases (Gosk et al., 2003). MBE have been used to dope GaN with
Fe (1019 cm�3) resulting in ferromagnetic properties up to 100 K. X-ray absorption
fine structure data show that the Fe is substituting for Ga in GaN (Akinaga et al.,
2000). X-ray absorption near edge structure spectra indicate that the observed magne-
tization is due to the change in Fe electronic state in response to the strong hybridiza-
tion between Fe 3d and N 2p states (Ofuchi et al., 2001). Another MBE study with
5 � 1021 cm�3 concentration in GaN shows superparamagnetic behavior that has
been attributed to the formation of nanoscale Fe or FeN crystallites in the epilayer
(Kuwabara et al., 2001). Recent efforts have focused on producing Ga1�xFexN at
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lattice concentrations suitable for spintronics, and there have been reports of MOCVD
grown material that exhibit RT ferromagnetism (Przybylinska et al., 2006, p. 222). It
was determined that Fe has a 0.4% solubility in GaN. The ferromagnetic response in
these films has been attributed to the presence of coherent nanocrystals (presumably
FexN), which have been observed by TEM and energy dispersive X-ray spectroscopy
(EDS) (Bonanni et al., 2007).

In order to obtain a better understanding of the properties of Ga1�xFexN and its
performance as compared to Ga1�xMnxN, this chapter next will discuss the results
obtained by MOCVD-grown Ga1�xFexN (Kane et al., 2007).

We have performed MOCVD growth studies on Ga1�xFexN films on 200 sapphire
substrates with bis-cyclopentadienyl iron (Cp2Fe) used as the Fe dopant (Kane
et al., 2007). Magnetization studies resulted in a hysteresis curve at RT.

The Ga1�xFexN films obtained in our study were colorless, except when codoped
with high levels of Si (>1019 cm�3) the color of the Fe-thin films turns yellow.
This coloring can be attributed to the absorptions due to the ded transitions in substi-
tutional divalent TM atoms. Similar to Ga1�xMnxN, no secondary phases were
observed in the HRXRD measurements. AFM measurements revealed step flow
behavior for Ga0.999Fe0.001N films with an RMS of 0.4 nm. Increasing the concentra-
tion to 0.9% Fe doping resulted in degradation of the film quality with an increase in
RMS to 28.4 nm. This degradation in film quality is observed in the reflectivity
measurements during high Fe concentration growth when a sharp drop in intensity
is observed.

Micro-Raman spectroscopy measurements were carried out between 525 cm�1 and
750 cm�1 for Ga1�xFexN (x ¼ 0.7%). Similar to the results obtained for Ga1�xMnxN,
the most prominent features in the scans were the E2(high) and A1(LO) modes at
569 cm�1 and 735 cm�1, respectively. This indicates that there is not a significant
degradation in crystalline quality or strain induced with Fe doping.

Furthermore, no local phononeplasmon coupled modes are seen in the Raman
spectra near the E2(high)mode, which also points to a low carrier concentration. Similar
to Ga1�xMnxN scans, a mode is seen at 710 cm�1, which appears as a shoulder to the
A1(LO). In addition to the allowed c-plane GaN Raman modes, in the Ga1�xFexN
scans there appears an additional A1(TO) mode. The appearance of this mode is likely
due to a relaxation of the Raman selection rules about the Fe-induced defects within the
system and is consistent with the observed degradation in the structural ordering in the
system (Kane et al., 2007).

Fe doping reduces the electronic concentration and results in semiinsulating GaN
films. Hall measurements performed by Bonanni et al. (2007) suggest that at low Fe
precursor flow rates the Hall concentration is lower than GaN, which has been attrib-
uted to the trapping of electron by Fe3þ resulting in a conversion to Fe2þ. Their work
also shows that at high Fe concentrations (>1020 cm�3), an increase in Hall concen-
tration is observed along with a change in its temperature dependence. This has
been attributed to the increase in oxygen donor density. It has also been suggested
that in some cases Fe occupies the interstitial sites and Fe2þ acts as a double donor.

The effects of Fe incorporation on the optical properties of GaN have also been
investigated by PL. The major features in this scan are a near-band-edge luminescence
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peak and a broad blue band luminescence peak centered at 2.8 eV. This peak at 2.8 eV
is outside the range typically seen for intrinsic defects in GaN, which are usually
located in the yellow region of the visible spectra. This is slightly different than
previous results reported for Mn, where the most prominent feature is the blue emis-
sion band around 3.0 eV (Kane et al., 2005a). A transition from native defects (eg, a
nitrogen vacancy) and TM-caused complexes is probably the origin of these emission
bands. A finer structure near the band-edge spectra is also visible for these Fe-doped
samples.

Optical measurements conducted at 20 K by Bonanni et al. reveal zero-phonon
lines at 1.3 eV, which is attributed to the internal spin forbidden 4T1(G)e6A1(S)
transition. The intensity of this peak reduced with Si codoping and increased with
Mg codoping. The increased electron concentration in GaN:Fe, Si as compared to
GaN:Fe leads to a reduction of the carrier recombination rate at the Fe2þ/3þ acceptor
level (the opposite occurs with Mg codoping) (Bonanni et al., 2007).

We have conducted SQUID measurements to determine the ferromagnetic proper-
ties of MOCVD-grown GaFeN with 0.7% Fe doping. RT ferromagnetism is obtained
for these films as shown in Fig. 10.14. Additionally, no change is observed in the
magnetic signal with Si doping, unlike the case with Ga1�xMnxN. In this case the
free carrier density is too low for carrier-mediated exchange. Furthermore, the TM
concentration is too low to support the double exchange mechanism. This suggests
that the observed RT ferromagnetism must be attributed to another mechanism and
possibly due to the presence of clusters as discussed later.

In addition to the GaN band-edge emission at 3.4 eV, the RT PL spectrum shows a
broad blue band luminescence peak centered at 2.8 eV, which is likely to be due to the
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Figure 10.14 RT magnetization results for as-grown and codoped Ga1�xFexN.
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Fe3þ/Fe2þ charge transfer level above the valence band (Malguth et al., 2006). This
transition represents a hole bound to the Fe2þ ground state. The Fe2þ state is created
either by optical excitation of Fe3þ or by the n-type carrier background of GaN that
possibly converts the Fe3þ to Fe2þ, and thus both states exist in the semiconductor.
Peaks are observed near the band-edge emission and probably arise from anisotropy
caused by the structural degradation of the material. The transition at 2 eV has been
observed in the optical transmission spectra for Ga1�xFexN films at temperatures of
2 K and is attributed to an internal Fe3þ transition between 4T2(G) and

6A1S.
Low temperature optical measurements conducted on Ga1�xFexN grown by

MOCVD (at 20 K) and high vapor phase epitaxy by other groups have shown the pres-
ence of zero-phonon lines at 1.299 eV, which are attributed to the internal, spin
forbidden 4T1(G)e

6A1(S) transition. The intensity of this peak reduces with Si codop-
ing and increases with Mg codoping. The increased electron concentration in GaN:Fe,
Si as compared to GaN:Fe leads to a reduction of the carrier recombination rate at the
Fe2þ/3þ acceptor level and causes the drop in emission intensity (the opposite occurs
with Mg doping) (Bonanni et al., 2007).

These optical studies indicate that Cr, Mn, and Fe are all deep acceptors and do not
introduce free carriers in the GaN, thereby suggesting that, contrary to the theoretical
predictions, carrier-mediated ferromagnetism in this system is highly unlikely and that
these films should be semiinsulating.

10.4 Experimental studies for Ga1�xCrxN

Growth studies have also been conducted on Cr-doped GaN, which is attractive since it
has been stated that the background carrier concentration of the nitrides will cause the
CrAl and CrGa t2 defect level which sits atw2 eV above the valence band to be pushed
from a 1/3 filling to a 1/2 filling (Newman et al., 2006). The interatomic exchange is
maximum for a 1/2 filled level as per the Zener double exchange model. First-principle
calculations have shown coupling between Cr atoms in GaN to be ferromagnetic with a
magnetic moment per atom of 2.69 mb in bulk GaN and 4 mb in clusters (Liu et al.,
2005). Single crystals of GaCrN with a TC of 280 K have been demonstrated by a
sodium flux method (Park et al., 2002). In these films the carrier density in the crystal
is about 9 � 1018 cm�3 (n-type), and the mobility is about 150 cm2/V.

(Ga,Cr)N thin films grown by MBE were deemed very encouraging. MBE has been
used to grow Ga1�xCrxN (x ¼ 1.5%) on sapphire substrates with a higher TC of 400 K
(Hashimoto et al., 2003b). Magnetization measurements revealed that the coercivity is
about 90 Oe at 300 K. The spontaneous magnetic moment per Cr atom was determined
to be 2.6 mb. Optical studies conducted at 10 K on ECR-MBE grown Ga1�xCrxN
(x ¼ 0.5e1.5%) show the presence of a sharp excitonic peak at 3.36 eV, a blue
luminescent band centered in the range of 2.79e2.91 eV and also an increase in
the yellow luminescent band. The blue luminescence is caused by Cr doping and
is attributed to a donoreacceptor pair transition, where the donor is the deep-
acceptor related center, CrGa, and the acceptor is the shallow compensating vacancy
complex, CrGaeVN (Subashchandran et al., 2006).

Transition metal and rare earth doping in GaN 343



Of particular interest have been MBE reports of Cr doping of GaN (3% Cr) and AlN
(7% Cr) on SiC substrates. These epitaxial films were reported to have a TC as high as
900 K (Liu et al., 2004). The coercive field for GaCrN is 100 Oe at 325 K and de-
creases to 60 Oe at 800 K. On the other hand, it was reported that for 7% Cr doped
AlN, the coercive field is 120 Oe at 300 K and 70 Oe at 800 K. The saturation magne-
tization moment for 3% Cr-doped GaN was determined to be 1.8 mb, implying that
60% of the Cr is magnetically active. Similarly, the maximum saturation magnetiza-
tion moment for 7% Cr doped AlN was found to be 0.6 mb, suggesting that 20% of
the Cr is magnetically active. No ferromagnetic secondary phases were seen from
XRD, TEM, and electron energy loss spectrum. Trace amounts of CrN were seen in
Ga1�xCrxN, but this phase is deemed to be antiferromagnetic.

Electrical measurements of Ga1�xCrxN grown on sapphire substrates revealed that
the resistance followed the following equation:

R ¼ R0

�
T0
T

�1=2
[10.3]

which is characteristic of variable range hopping between localized states with a
Coulomb gap as per Mott’s law. Theoretically and experimentally Cr is shown to form
a near midgap deep level in the nitrides (Polyakov et al., 2003c; van Schilfgaarde and
Mryasov, 2001, p. 233205). The d levels are exchange split, and the crystal field causes
a threefold degenerate t2 and a doubly degenerate e level, with the e level beingw1 eV
below the t2. The majority t2 is 1/3 filled for Cr, leading to a magnetic moment of 3 mb.
The partial filling of the t2 level accounts for the magnetism of substitutional Cr in GaN
and AlN. The observed conduction is due to the variable range hopping of
spin-polarized electrons in the Cr impurity band and concludes that ferromagnetism
in Cr-doped GaN and AlN can be attributed to the double exchange mechanism
within the partially filled Cr t2 band (Newman et al., 2006). The electron carrier
density and Hall mobility at 300 K for Ga1�xCrxN were measured to be
1.4 � 1020 cm�3 and 0.06 cm2/V s for magnetic fields up to 5 T. The extremely low
mobility is related to the observed hopping conductivity. The CreAlN (grown on
sapphire substrates) samples were found to be quite resistive, with a resistivity greater
than 103 U cm (Liu et al., 2004).

MOCVD-grown GaCrN has been reported, which shows a hysteresis curve at a low
temperatures of 5 K (Cho et al., 2007).

Early experimental results to date point to double exchange being the mechanism
for ferromagnetism in Ga1�xCrxN and this magnetization is expected to be enhanced
by Si doping as an extra electron is added to the t2 level. Based on the AFM images and
the in situ reflectometry curves, it is apparent that the solubility of the TM ions in the
GaN host lattice is fairly low. The solubility limit of Mn is higher than for Cr and Fe as
it is possible to obtain smooth surfaces for 2% Mn doping, whereas the GaN films
doped with Cr and Fe are limited to 0.7% Cr and 0.3% Fe doping, respectively. The
low solubility limit presents a challenge for obtaining a uniform DMS, as cluster
formation is more favorable under these conditions.

344 Rare Earth and Transition Metal Doping of Semiconductor Materials



Raman spectroscopy studies were performed to examine the effect of TM incorpo-
ration on the vibrational modes of the GaN lattice. These studies were recorded at RT
in back scattering geometry. Fig. 10.15 shows the Raman spectra for an as-grown GaN
epilayer along with GaN doped with 3% Cr, 1.5% Mn, and 0.7% Fe. The most prom-
inent feature in all of these scans is the E2(high) and A1(LO) modes at 569 cm�1 and
735 cm�1, respectively. These observations indicate that there is no significant strain
introduced by TM doping since no shift is observed in the dominant peaks. Further-
more, the high intensity of the E2(high) peak indicates that there is no significant degra-
dation of the crystalline quality. Furthermore, the presence of the A1(LO) mode (which
is similar to GaN in both intensity and FWHM) indicates that there are no free carriers
introduced by TM doping, providing further confirmation that carrier-induced ferro-
magnetism is unlikely in these materials.

Furthermore, for both the Mn and Fe samples there is an additional mode at
710 cm�1 which appears as a shoulder to the A1(LO) mode. With increasing doping
concentration of the TM, this mode increases in intensity. This mode has previously
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Figure 10.15 Raman spectrum for TM-doped GaN reveals strain-free films.
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been reported in other Raman studies of TM-doped GaN and due to its insensitivity to
the nature of the dopant, has been best attributed to a structurally induced disorder
mode (Shanthi et al., 2005). In addition to the allowed c-plane GaN Raman modes,
in the Cr- and Fe-doped sample scans there appears an additional A1(TO) mode.
The appearance of this mode is likely to be due to a relaxation of the Raman selection
rules about the Cr- and Fe-induced defects within the system and is consistent with the
observed degradation in the structural ordering of the system (Harima, 2004).

A zoomed-in Raman spectrum (conducted with a 532 nm sources) showing the
effect of Cr concentration and Si doping is presented in Fig. 10.15. It can be seen
that as the Cr or Si concentration increases, the intensity of the E1(TO) mode at
560 cm�1 reduces (Fig. 10.15). Additionally a blue shift is observed in the E2(high)
upon increased Si doping, indicating the possibility of strain. With regard to the
A1(LO) mode, upon Si doping a blue shift is observed and the intensity of this
mode decreases and broadens, which is to be expected as free carriers are introduced.
This may be promising since with Si-doped Cr has the same electronic configuration
as Mn3þ.

RT PL studies reveal that Cr doping dampens the band-edge emission, with the
emission completely disappearing when codoped with 3% Cr. PL measurements for
Si and Mg-doped Ga0.995Cr0.005N films revealed similar features to codoped GaN,
which is not surprising when the low Cr concentration used in the codoped films is
considered.

To obtain an in-depth understanding synchrotron radiation deep UV (150e300 nm)
excitation PL measurements were conducted on GaN doped with 0.5% Cr over a
temperature range of 20e300 K (Fig. 10.16). The GaN excitation recombination
peak at 365 nm is observed along with a series of peaks at 379, 389, 400, and
416 nm, respectively. These shoulder peaks become more prominent at temperatures
below 77 K (Subashchandran et al., 2006). For Si-doped samples, the GaN exciton
line at 365 nm became weaker and broader, indicating that the crystalline perfection
became poorer. In addition, the neighboring peaks are shifted and the peaks that appear
at 380.0, 390.6, 403.3, and 419.9 nm are shifted upon Si doping to 379.0, 389.0, 400.8,
and 415.9 nm, respectively. These shoulder peaks are characteristic of donoreacceptor
pair (DAP) transitions that have also been observed in MBE-grown Ga0.985Cr0.015N
films (Subashchandran et al., 2006). These DAP peaks are attributed to a transition
between nitrogen vacancy and chromium.

The effects of Cr concentration on the magnetization at RT were analyzed by
SQUID measurements, the results of which are shown in Fig. 10.17. The magnetiza-
tion strength increases from approximately 3 emu/cm3 for the 0.5% Cr to 4 emu/cm3

for 0.7% Cr and then to 7 emu/cm3 for 3% Cr. Low temperature SQUID measurements
were performed at 5 K on these films, but there is no significant difference in the
magnetization data. These results are similar to the magnetization results reported
for MBE-grown films, which attribute the observed ferromagnetism to a double
exchange mechanism (Newman et al., 2006).

Based on the double exchange mechanism, codoping Cr with Si should cause an
extra electron to be added to the t2 level of Cr and enhance the magnetic moment of
each Cr atom. Codoping studies with Si and Mg were carried out on the GaN films
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doped with 0.5% Cr. The RT magnetization results are presented in Fig. 10.17. Con-
trary to expectations, it is seen that Si doping causes a reduction in the magnetization
and makes the film diamagnetic.

Furthermore, it would be expected that with Mg doping the magnetization would
reduce as the t2 band will be empty, but this does not occur; rather, the magnetization
is further increased. Carrier-mediated magnetization is unlikely as Cr is a deep
acceptor (impurity level of 2 eV) and no free carriers exist. In addition, the double
exchange seems unlikely. Based both on these experimental results and on theoretical
calculations it is proposed that a percolation limit of 20% is necessary to facilitate
nearest-neighbor interactions (Katayama-Yoshida et al., 2007). The origins of these
magnetic properties are explored in the next section.

RT magnetic hysteresis is observed in both the Mn- and Fe-doped samples, even at
relatively dilute alloying concentrations. These doping levels are far less than the
percolation threshold needed in either a double exchange or impurity band-mediated
(Coey et al., 2005) model for ferromagnetism in the systems. Hysteresis curves for
both the Fe- and Mn-alloyed samples show a distinct parallelogram-like shape instead
of the more square-shaped hysteresis loop shapes typically observed in Ga1�xMnxAs;
this has been attributed to nonuniform cluster distributions in the Ga1�xMnxAs
samples. With increasing silicon doping, the strength of the measured magnetization
decreases considerably in the Mn-doped samples; there is roughly no change in the
magnetization of the Fe-doped samples and a hysteretic magnetic signal persists in
all the measured curves. SIMS has confirmed that there is no systematic variation in

Energy (eV)

In
te

ns
ity

 (a
.u

.)

1.6 2.0 2.4 2.8 3.2 3.6

Wavelength (nm)

390 nm 380 nm
365 nm

20K

30K

50K

77K

100K

150K

200K

300K

403 nm
420 nm

800 700 600 500 400

Figure 10.16 Synchrotron radiation measurements on Ga0.995Cr0.005N as a function of
temperature.

Transition metal and rare earth doping in GaN 347



the overall incorporation of Mn, save for some local lateral fluctuations across the
wafer described in more detail later. The zero field cooled (ZFC) and field cooled
(FC) magnetization curves from as-grown films show no indication of a classic super-
paramagnetic cusp (Fig. 10.18(a)). Three contributions exist to the overall measured
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Figure 10.17 RT magnetization data from SQUID for Ga1�xCrxN (a) effect of varying Cr
concentration, (b) effect of codopants on magnetization.
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magnetizationda Pauli paramagnetic contribution from the d5 ions (Mn2þ/Fe3þ), a
temperature independent Van Vleck paramagnetic contribution from the d4/d6

(Mn3þ/Fe2þ) ions, and an above-RT ferromagnetic contribution from an as-yet
unidentified Mn-rich phase. Van Vleck paramagnetism has been previously reported
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Figure 10.18 (a) ZFC and FC measurements for as-grown and codoped Ga1�xMnxN and
as-grown Ga1�xFexN, (b) effect of different Si doping levels on the magnetic properties of
Ga1�xMnxN (x ¼ 1.5%).
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from Cr2þ (d4) and Fe2þ (d6) ions in II-VI semiconductors (Kartheuser et al., 1993, p.
14127); more recently, it has been suggested to be the source of the temperature
independent contribution in Ga1�xFexN films (Przybylinska et al., 2006, p. 222).
The relative strengths of the temperature independent portions of the ZFC/FC curves
are consistent with this assignment, as the trivalent state of the Mn3þ ion has an even
number of electrons, which is more conducive to Van Vleck paramagnetic behavior
than the odd-numbered Fe3þ or Mn2þ (postcodoping) ions.

An interesting behavior is observed in the films with increasing Si codoping
(Fig. 10.18(b)). A pronounced superparamagnetic splitting reminiscent of distributed
sizes of magnetic nanoparticles can be observed in the ZFC/FC curves with increasing
Si molar flow rate. This observation can be understood by looking at the role of silane
on both the charge state of the manganese ions and the expected behavior of a group of
magnetic nanoparticles of distributed size. The equation for the blocking temperature
(Tb) of a magnetic cluster is given by:

Tb ¼ KV

kB ln
�
sexp=so

� [10.4]

where V is particle volume, K is the anisotropy constant, sexp is the measurement time,
and so is the lifetime due to the natural gyromagnetic frequency of the particles. The
two parameters of particular importance in the Tb of the Ga1�xMnxN films are the
magnetic anisotropy term and the volumetric term, since the blocking temperature
scales linearly with each. The magnetic anisotropy term can be particularly high for the
embedded GaxMnyNz particles, due to the highly anisotropic nature of the polar
wurtzite GaN films and 2D surface diffusion during the growth. Combined with the
volume of the particles, this could lead to blocking temperatures well above RT, and an
observed magnetic hysteresis in the films below the blocking temperature.

Silicon has two effects on the growth of MOCVD-grown films that could affect
these samples. One effect is the aforementioned reduction of the Mn valence state,
which could result in an effective decrease in the order parameter and the inhibition
of MneMn interactions, which would result in spinodal decomposition. The second
effect of silicon is that of an antisurfactant, and it has been used as a nucleation center
for the high temperature MOCVD growth of quantum dots (QDs) (Tanaka et al.,
2000). Silicon on the GaN growth surface increases the local surface energy, and
acts as a nucleation site for islands, which lowers the effective diffusion length of these
atoms, and hence lowers the number of MneMn interactions necessary for the forma-
tion of the Mn-rich phase. This results in an overall decrease in the volume of the
nanoparticles, which in turn leads to a greater fraction of this assembly with lower
Tb, and hence a more pronounced splitting in the ZFC/FC magnetization curves.

It might be expected that the Fe codoped samples should also exhibit a similar
decrease in the magnetization strength based on interaction of charged impurities.
However, it should be noted that the absence of such a behavior in not surprising in
light of the growth processes and relative concentrations of the Mn and Fe used.
The growth rate for the Mn-doped films in these studies was 0.4 mm/h as monitored
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by in situ reflectivity during the growth process; for the Fe-doped films, a higher
growth rate of 0.9 mm/h was employed. This allows for shorter diffusion distances
and fewer FeeFe interactions. The lower precursor ratios, which lead to fewer TM
ions on the surface, increase the surface diffusion path necessary to reach additional
TM atoms on the surface, thus reducing the rate at which spinodal decomposition
occurs. Moreover, since the rates of bulk diffusion in GaN at typical MOCVD growth
temperatures are considerably smaller than the surface diffusion lengths, 2D surface
diffusion is the dominant effect that results in MneMn interactions and Mn-rich phase
formation. As a result, the expected shape of the embedded nanoparticles is not spher-
ical, but disc-like. As the major axis of these embedded nanoparticles would be
perpendicular to the growth direction, their observation in cross-sectional TEM would
be almost impossible.

The low alloy concentrations of Mn used in this study likely preclude the observa-
tion of the theoretically proposed columnar Konbu-phase (Fukushima et al., 2006).
The Fe films also have increased surface roughness, which is consistent with lower
overall surface diffusion lengths and more 3D growth. Conditions that promote longer
diffusion lengths and smoother surfaces would also tend to promote MneMn interac-
tions and phase decomposition. The concurrent observation of the appearance of the
superparamagnetic phase and the optical observation of the conversion of Mn3þ

ions to Mn2þ is consistent with predictions (Dietl, 2006) of charged controlled phase
separation in these semiconductor alloys. Similarly, magnetization reports by Bonanni
et al. (2007) also suggest the RT ferromagnetism observed in their GaFeN samples is
due to the presence of Fe-rich nanocrystals formed by spinodal decomposition.

Three contributions exist to the overall measured magnetizationda Pauli paramag-
netic contribution from the d5 ions (Mn2þ/Fe3þ), a temperature independent Van Vleck
paramagnetic contribution from the d4/d6 (Mn3þ/Fe2þ) ions, and an above-RT
ferromagnetic contribution from an as-of-yet unidentified Mn-rich phase. Van Vleck
paramagnetism has been previously reported from Cr2þ (d4) and Fe2þ (d6) ions in
II-VI semiconductors (Kartheuser et al., 1993, p. 14127); more recently, it has been
suggested to be the source of the temperature independent contribution in Ga1�xFexN
films (Przybylinska et al., 2006, pp. 222-5). The relative strengths of the temperature
independent portions of the ZFC/FC curves are consistent with this assignment, as
the trivalent state of the Mn3þ ion has an even number of electrons, which is more
conducive to Van Vleck paramagnetic behavior than the odd-numbered Fe3þ or
Mn2þ (postcodoping) ions.

ZFC and FC measurements were conducted to enable a better understanding of the
ferromagnetism mechanism in Ga1�xCrxN as well. The ZFC and FC measurements
were performed in the presence of an applied field of 200 Oe for Ga1�xCrxN at several
different Cr concentrations. The results are shown in Fig. 10.19, and reveal a
pronounced splitting for all tested concentrations of Cr in GaN. From the ZFC and
FC plots, it is apparent that the Si-Ga1�xCrxN is magnetically inactive. Si codoping
of Ga1�xCrxN converts the Cr3þ to the Cr2þ, which has been associated with
Van-Vleck-type paramagnetism (magnetization that does not vary with temperature)
in II-VI semiconductors (Kartheuser et al., 1993, pp. 14127e14134). On the other
hand the Mg-doped films show a pronounced splitting (larger than the Ga1�xCrxN
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films), indicating that magnetic clusters exist in the material and are enhanced by
Mg doping. These measurements point toward the fact that the enhanced magneti-
zation is due to magnetic clusters that are occurring in the material rather than the
formation of a DMS. As mentioned this is consistent with unoptimized
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Ga0.995Cr0.005N under an applied field of 200 Oe.
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p-Ga1�xMnxN films in which Mg facilitates the increase in Mn concentration and
thereby enhances the magnetization by as much as four times (Reed et al., 2005).

This markedly different behavior, namely the increasing ZFC/FC difference on
lowering temperature, indicates the presence of clusters state whose response is
determined by thermally activated processes across some energy barriers. This
behavior is characteristic of anisotropic magnetic clusters below its blocking
temperature. Thus, the Cr doping in GaN undergoes spinodal decomposition (ie,
segregates into regions of varying TM concentration) above the solubility limit
to create magnetic clusters. The size distribution of these clusters results in a dis-
tribution of Tb and thus the Tb recorded is a mean value for all the magnetic clusters
present. Energy density calculations show that Cr distribution in GaN is not random
or homogeneous but that it is energetically favorable for the Cr atoms to be
embedded as clusters, and it is likely that the clusters formed will be of varying
sizes and configurations (Cui et al., 2005). The cluster formation is enhanced
both by increasing the TM concentration and also by high growth temperatures.
These allow for enhanced TM cluster interactions and for enhanced TM mobility,
respectively. Density function calculations have shown that Cr atoms may cluster
around N to form Cr2N and Cr3N nanoclusters, which have been found to be ferro-
magnetic with magnetic moments of 9 and 13 mb, respectively (Wang et al., 2003).
The p-doping causes an increase in magnetization and a pronounced splitting in the
ZFC and FC measurements are consistent with the theoretical studies that state that
doping with shallow acceptors enhances carrier screening and leads to nanocrystal
aggregation (Dietl, 2008).

Spinodal decomposition is limited in Ga1�xMnxAs since it is grown at low temper-
atures and phase segregation is kinetically limited. Furthermore, Mn is a shallow
acceptor and, due to its large Bohr radius, the holes reside in the valence band, which
in turn makes the Mn negatively charged, reducing the clustering and making it
possible to deposit homogeneous films beyond the solubility limit (Dietl, 2008; van
Schilfgaarde and Myrasov, 2001, p. 233205). Overall, the experimental results in
this study along with theoretical predictions support the fact that ferromagnetism in
Ga1�xTMxN is mediated through magnetic clusters that are promoted through spinodal
decomposition and Coulombic interactions rather than the double exchange mecha-
nism previously reported.

10.4.1 Rare earth doping of GaN

RE elements are promising alternatives to TMs for use in developing a DMS for
spintronic applications. RE elements have unpaired electrons in the 4f orbitals and
thus have a higher net magnetic moment as compared to TM ions. The 4f orbitals
are localized and the direct coupling between the 4f ions is weak (Zhong et al.,
2008). There have been several attempts of using RE elements for optoelectronic
applications, as their various internal f-shell electronic transitions vary in energy
from infrared to visible (Steckl et al., 2001, 2002).

RE elements have also been used as dopants for spintronic applications. Instead of
relying on the d-shells of the TMs as the magnetic element, the f electrons from the RE
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elements are used. There have been several reports of using RE elements for optoelec-
tronic applications, as it is possible to cover the entire spectrum from the infrared to the
visible range due to the different internal f-shell electronic transitions (Steckl et al.,
2002). However, the low solid solubility of RE elements in the GaN lattice results
in reduced efficiency of these electronic devices. There exists a chemical driving force
away from solubility on the lattice site, and differences in ion sizes provide a hindrance
for the lattice solubility of RE in GaN. Such challenges will be magnified for the
development of RE compounds for spintronic applications, as they will need, in
general, to exhibit much larger concentrations of RE ions in order to promote magnetic
interactions based on most of the existing theories.

In spite of these challenges, there have been explorations and reports on the use of
Ga1�xGdxN and Ga1�xEuxN and their magnetic properties, though the data are still not
well understood (Hashimoto et al., 2003a; Dhar et al., 2005a, pp. 037205-4). The first
reports on epitaxial Ga1�xGdxN layers were made by Teraguchi et al. (2002,
pp. 651e653) who used RF-plasma-assisted MBE to grow the epitaxial layers on
(0001) Si-face of SiC substrate. They grew Ga0.94Gd0.06N, which displayed ferromag-
netic behavior with TC higher than 400 K.

Their optical characterization at RT yielded an emission peak at 370 nm and
slightly longer than that of GaN (363 nm), which means that the bandgap shrinks
when Gd atoms are incorporated. An emission peak centered around 645 nm was
also observed and is believed to be related to Gd3þ according to the analogy of
Eu-doped GaN (Teraguchi et al., 2002, pp. 651e653). Another study on GaN bulk
crystals doped with Gd shows that Gd doping introduces some new features. Low
temperature PL measurements performed at 4.2 K reveal that in addition to the GaN
bandgap, luminescent peaks have been observed at 3.3 eV and have been attributed
to a transition from Gd3þ(4f7) excited level 6P7/2 to its ground state 8S7/2. Additional
peaks are also seen at 1.6e1.8 eV and have been attributed to Gd3þ. These are
believed to be a transition between 6G7/2 to 6PJ (J ¼ 7/2, 5/2, 3/2) states (Lipinska
et al., 2006).

Lightly doped (<1016 cm�3) Ga1�xGdxN were grown by reactive molecular beam
on SiC substrates. This epitaxial film appeared to be a single phase material and
exhibited a very large ferromagnetic moment (w4000 mb/Gd as opposed to its atomic
moment of 8 mb/Gd) (Dhar et al., 2005b, pp. 245203-9). Based on the convergence of
the FC and ZFC curves, the TC was reported to be 360 K. As of yet, there is not a robust
theory to explain the giant magnetic moment observed in these materials, but a
phenomenological model has been proposed that suggests that the long-range spin
polarization of the GaN matrix is caused by the strain field induced by the introduction
of the Gd atom (Dhar et al., 2005b, pp. 245203-9). It has been suggested that because
Gd has a larger atomic size than Ga, it is possible that Gd substitution of Ga in GaN
produces a large strain field around it. Due to the large piezoelectric coefficient of GaN
along the c-axis, it is quite plausible that the strain field generates a potential dip
around each Gd atom. These potential minima can trap carriers locally. If there is a
spin-splitting in the band structure, the localized carriers will be spin polarized.
Ga1�xGdxN thin films with Gd concentration as high as 12.5% were obtained by
RF-plasma-assisted MBE (growth temperature <300�C) on sapphire substrates
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(Zhou et al., 2008). X-ray diffraction results showed no obvious secondary phase and
yielded films that displayed RT ferromagnetism. Extended X-ray absorption fine struc-
ture measurement show that the Gd atoms were mainly incorporated into Ga sites.

Ga1�xEuxN films grown by MBE have also been studied for their magnetic prop-
erties (Hite et al., 2006). Under certain conditions, RT ferromagnetic hysteresis can
also be observed in these films. It was concluded that this must also be the function
of a DMS alloy, because there are known unitary or binary Eu alloys and compounds
with above-RT ferromagnetic ordering. Other possibilities include TM impurities,
interfacial effects, oxygen-induced valence band splitting, or the formation of nonequi-
librium magnetic phases.

GaGdN is promising, since it has the potential to be doped with donors (acceptors)
with a concentration exceeding that of Gd to generate spin-polarized electrons (holes)
in the conduction band (valence band), which could be applied to spintronic devices
(Wolf et al., 2001; Dhar et al., 2005a, pp. 037205-4).

GaN:Gd thin films have been successfully grown by MOCVD to date (Gupta et al.,
2011), which is the standard commercial growth technique for producing
device-quality compound semiconductor thin films. These films were found to be
ferromagnetic at RT and electrically conducting although the mechanism for the ferro-
magnetism was not well understood (Jamil et al., 2011). We have completed a more
systematic investigation of the interrelationship of chemical, magnetic, and electrical
properties of GaN:Gd. First-principle calculations based on density functional theory
have shown that the ferromagnetism was likely mediated by interstitial oxygen as
described earlier. This was confirmed, in part, because ferromagnetism was only
observed in GaN:Gd thin films grown using TMHD3Gd, an oxygen-containing
metalorganic Gd precursor. It was found that the GaN:Gd was residually n-type
(mid 1017 cm3) rather than the highly resistive material grown using TMs and could
be effectively n-type (Si) or p-type (Mg) doped without losing their ferromagnetic
properties. These Si and Mg codoped GaN:Gd films could then be used for spin
injection into spin LEDs and other spintronic devices.

A series of GaN:Gd films were grown by MOCVD using two different Gd sources
to study the role of oxygen in the observation of ferromagnetism in these materials. In
this instance, Tris(2,2,6,6-tetramethyl-3,5-heptanedionato)-gadolinium (TMHD3Gd)
and Tris(cyclopentadienyl)-gadolinium (Cp3Gd) were used as the Gd sources. The
key difference between these sources is that the organic ligand in TMHD3Gd contains
oxygen, while the ligand in Cp3Gd does not. This means that one series of samples
grown using TMHD3Gd should potentially have oxygen incorporated in them,
depending on the growth conditions, and the other series of samples grown with
Cp3Gd should not. Table 10.1 shows the atomic composition of GaN:Gd films pro-
duced with varying flow rates of the two precursors. Flow rates are given here because
of the difficultly of measuring the actual Gd composition. The samples produced with
the TMHD3Gd precursor all showed the presence of both gadolinium and oxygen in
the films, however varying the flow rate of this precursor did not appear to systemat-
ically change the observed Gd density measured by EDS. The films produced using the
Cp3Gd source all showed much higher Gd content than the TMHD3Gd films, but con-
tained no oxygen.

Transition metal and rare earth doping in GaN 355



XRD measurements of the films showed no discreet evidence of macroscopic
secondary phases of Gd2O3, GdN, or Gd metal; only a peak around GaN 002 was
observed. The TMHD3Gd samples showed a systematic shift of the GaN 002 peak
to higher diffraction angles with increasing precursor flow. This is likely due to the
incorporation of oxygen, as oxygen typically substitutes for nitrogen in GaN, and
oxygen has a smaller covalent radius than nitrogen, leading to a slight decrease in
lattice size. The Cp3Gd films did not show this trend, which supports the theory that
the shift is likely due to oxygen incorporation.

The magnetic properties of films produced with both precursors were studied using
vibrating sample magnetometry (VSM). Fig. 10.20 shows magnetization curves for (a)
TMHD3Gd films and (b) Cp3Gd films. The GaN:Gd films produced with TMHD3Gd
exhibited smooth, well-defined S-curves, with saturation magnetic moments of
approximately 40 emu/cm3. The films produced with Cp3Gd showed much lower
magnetic moments. The film produced with 80 sccm appeared to be diamagnetic,
similar to the undoped GaN reference, while the film with 160 sccm precursor flow
exhibited very weak ferromagnetism with a saturation magnetization of w5 emu/
cm3. These results supported the theory that oxygen incorporation in GaN:Gd
enhances the ferromagnetic behavior of the material although the actual incorporation
of the oxygen and the type of interstitial, if it exists, has not yet been investigated.

GaN:Gd films grown by MOCVD showed residual n-type conductivity, typically
mid 1017 cm3, which opens the possibly to control the conductivity of these films
with codoping without destroying the ferromagnetism. A series of n-type (Si)
and p-type (Mg) GaN:Gd films were grown with expected Gd concentrations
between 0.5% and 4% in the gas phase. Typical p-GaN activation steps were
applied to p-GaN:Gd. GaN:Gd films with an apparent Gd incorporation from
1012 cm�3e10% appeared possible in this growth system, at least in the gas phase.
However, it should be understood that there are always tremendous difficulties in
accurately calibrating new material compositions. XRD and Raman spectroscopy
revealed good structural quality with no significant deterioration or strain induced
through the Gd incorporation even though Gd is a large atom. XRD measurements
of the samples did not detect any secondary phases or precipitates. In addition,

Table 10.1 EDS data for MOCVD-grown GaN:Gd samples

Precursor, flow Ga% N% Gd% O%

TMHD3Gd, 10 sccm 44.46 44.41 0.06 1.18

TMHD3Gd, 40 sccm 49.07 48.46 0.01 0.88

TMHD3Gd, 80 sccm 47.74 48.61 0.01 1.55

Cp3Gd, 10 sccm 46.51 47.03 0.35 0.00

Cp3Gd, 80 sccm 46.33 46.37 0.34 0.00

Cp3Gd, 160 sccm 47.48 46.34 0.53 0.00
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Figure 10.20 VSM curves for (a) TMHD3Gd films, and (b) Cp3Gd films with Gd precursor
flows. Gd precursor flows indicated for each curve.
From Gupta, S., Zaidi, T., Melton, A., Malguth, E., Yu, H., Liu, Z., Liu, X., Schwartz, J.,
Ferguson, I.T., 2011. Electrical and magnetic properties of Ga1�xGdxN grown by metal organic
chemical vapor deposition. Journal of Applied Physics 110, 083920.
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AFM studies revealed smooth sample surfaces with no apparent surface precipita-
tions. RT magnetization data for GaN:Gd have been obtained by VSM (Fig. 10.20).
It was observed that as the Gd flow rate is increased, a transition from diamagne-
tism to ferromagnetism occurs; the magnetization strength observed was 20 emu/
cm3 for 4% Gd flow for undoped material. Additionally, the GaN:Gd could be sys-
tematically codoped with Si or Mg and the saturation magnetization was found to
be enhanced by this n-type or p-type codoping (Fig. 10.20). A maximum magneti-
zation of w500 emu/cm3 was obtained for p-type Ga1�xGdxN with (x ¼ 4%)
following annealing to activate the dopant. This is the first report of observed
RT ferromagnetism in p-type GaN:Gd or successful codoping of GaN:Gd with
Mg. At this time, the underlying mechanism for the observed magnetism remains
unknown but this will be further investigated by Anomalous Hall Effect and Circu-
lar Magnetic Dichroism measurements since, unlike TM-doped GaN, these
Gd-doped GaN layers were found to be conducting.

RT and low temperature PL measurements performed on the epitaxial Ga1�xGdxN
(x ¼ 4%) layers show the presence of peaks in the range of 3.1e3.3 eV in addition to
the GaN emission. In the literature these peaks have been attributed to the internal
transition associated with Gd3þ and other deep levels (Kenyon, 2002) and this could
be used in optimizing the material properties.

10.5 LEDs containing nitride dilute magnetic
semiconductors

The development of a spintronic device that functions at RT has been a quest for a
decade now. In this regard, RT spin LEDs are interesting to pursue as they are compar-
atively easy to fabricate. The analysis of the polarization of the light emission from
these LEDs can provide insight into the spin injection efficiency, transport, and spin
lifetimes.

Ion implantation of p-GaN with Mn have been carried out to develop a spin LED
(Polyakov et al., 2003b). Such a device should allow the modulation of the polarization
of the light emitted by the spin LED by the application of an external magnetic field.
However, it was found that the high resistance of the implanted region and high density
of deep recombination centers significantly decrease the electroluminescence (EL)
efficiency, and increase the forward voltage (Vf) from w4 to w8 V. No reports on
the polarization analysis were made in this study.

MBE-growth of Ga1�xMnxN (x ¼ 3%) films that show RT ferromagnetism has
been reported by several groups (Thaler et al., 2004). Due to the n-type conductivity
of these layers it was necessary to grow inverted LED structures with an n-type contact
layer (Polyakov et al., 2003a; Buyanova et al., 2004). However, such a structure is
difficult to fabricate and has a higher series resistance due to the lower lateral conduc-
tivity of p-GaN compared to n-GaN. It has also been shown that it is more difficult to
attain a high quality of the GaN/InGaN multiple quantum well (MQW) active region
when growing on a very heavily Mg-doped p-GaN layer. Further, Ga1�xMnxN is
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highly resistive and results in poor ohmic contact formation. It is essential to ensure
that the annealing temperature of the ferromagnetic layers does not destroy the
ferromagnetism.

10.5.1 GaMnN-based light emitting diodes

Through the use of MOCVD, LED structures were grown with the aim of using the
Ga1�xMnxN as a spin aligner layer. In this device unpolarized holes are made to
pass through the ferromagnetic Ga1�xMnxN layer with the aim of aligning the holes
to make them spin polarized. These spin-polarized holes should then recombine
with the unpolarized electrons to produce circularly polarized light. The polariza-
tion of this light will provide insight into the spin injection efficiency of this
LED structure.

To this end, a thin 100 nm Ga0.985Mn0.015N layer was inserted into a regular LED
structure right before the p-GaN layer was grown (Fig. 10.21). The active structure
consisted of five MQW structures consisting of InxGa1�xN wells (with x ¼w12%)
and GaN barriers. Magnetization measurements were conducted on this device,
showing that the Ga0.985Mn0.015N retains its magnetization despite its reduced thick-
ness in the device structure. However, upon annealing to activate the p-type carriers,
the magnetization is significantly reduced, but is still ferromagnetic. A reference LED
was grown, which is basically a regular GaN-based LED without the ferromagnetic
Ga1�xMnxN layer.

I-V measurements were conducted on both the spin LED outlined earlier and on a
reference LED. It was found that the spin LED had a higher turn on voltage (Vf) of
6.5 V, compared with 3.5 V for the reference LED when both were biased at 20 mA
(Fig. 10.21). This increase in turn on voltage is not surprising as Mn is a deep acceptor
in GaN and increases the resistivity of the ferromagnetic film and thus of the overall
device.
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Figure 10.21 (a) Schematic of the spin LED structure using a spin aligner layer, (b) turn on
voltage for the spin LED in comparison to a reference LED.
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EL measurements showed a broad peak with maxima at 448 and 456 nm. The two
peaks result from fluctuations in the indium composition, which in turn arise from the
spinodal decomposition of indium in the nitrides. This is caused by strain-induced
piezoelectric effects resulting from the growth conditions. RT EL measurements
were performed in the presence of a magnetic field, but no difference was found in
the light emissions at polarizations of both left and right polarization of the light as
the magnetic field strength was increased (Fig. 10.22).

Very similar results to those found here have been reported in the literature: both
Polyakov et al. and Buyanova et al. report EL peaking at 450 nm with a Vf of 15 V
(Buyanova et al., 2004; Polyakov et al., 2003a). No polarization of light emission at
RT was observed in applied magnetic fields ranging from 0 to 5 T in either of their
EL and PL measurements. It was determined that, independent of the spin polarization
of the Ga1�xMnxN (x ¼ 3%) layer, the fast spin relaxation in the In1�xGaxN (x ¼ 40%)
MQW will itself destroy any spin polarization of injected carriers leading to the
vanishing spin injection efficiency of the spin LED. It was stated that the observed
fast spin relaxation in the In1�xGaxN MQW is likely to be caused by breaking of
symmetry and the resultant mixing of the spin states. This in turn is caused by strong
compositional nonuniformity, strain, and a built-in electric field in In1�xGaxN, as well
as strong spin scattering by defects.

Thus, an effective spin detector that will be sensitive to injected spin polarization
(eg, by increasing the hhelh energy separation), or looking at alternate recombination
schemes, is needed. It has been suggested that it is difficult to create polarized carriers
with high indium composition due to large Stokes shift (up to 200 meV) in the MQWs
(Julier et al., 1999). However another study has suggested that high indium composi-
tion results in phase separation causing the formation of QDs (Nagahara et al., 2005).
The carrier localization in these QDs suppresses the scattering process, which

400 420 440 460 480 500 520
Wavelength (nm)

E
.L

. i
nt

en
si

ty
 (a

.u
.)

B = 0 kG

B = 3 kG

B = 6 kG

T = 293 K
Current = 8 mA

Faraday geometry
Top emission Light

B

σ – Left
σ + Right

Figure 10.22 RT EL for a spin LED for varying magnetic fields.
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decreases the spin flip rate, thereby increasing the spin lifetime. At this time, the effect
of indium composition in the InGaN MQW on spin relaxation time is unclear and
further study is needed to clarify this.

A great challenge to the use of TM-doped GaN in spintronic devices is the reduction
in magnetization upon annealing (a crucial step in LED processing). Moreover, as the
ferromagnetism is caused by cluster formation it will be essential to exercise control
over their magnetic properties through the use of growth and codoping methods to
ensure their utility in device structures.

10.5.2 GaN:Gd spin light emitting diodes

Even though the precise mechanism for the ferromagnetism in the codoped GaN:Gd is
not well understood this does not stop the development of devices using this material
as a potential spin injector. In addition, if these devices work they provide additional
insight into the physical mechanism for the ferromagnetism. A series of consecutive
LED structures were grown with and without the GaN:Gd spin injector layer. Both
n-type and p-type spin injection layers were used in these devices. Simplified
schematics of the GaN-based reference LED structure and the GaN:Gd-based
spin-polarized LEDs are shown in Fig. 10.23 (Jamil et al., 2011). These device struc-
tures consisted of a 500 nm n-type layer, followed by GaN/InGaN MQW active
region, and finally a p-type region. The n- and p-type regions in the spin LED were
GaN:Gd layers, based on the layers discussed previously, and have the same physical
properties. The I-V curves for the two LEDs are shown in Fig. 10.23 and it can be seen
that the GaN:Gd LED has a larger series resistance and a slightly higher turn on
voltage. The larger series is most likely due to the slightly higher resistance of the
p-type GaN:Gd compared to the p-type GaN grown under the same conditions.

The GaN:Gd LED and the reference GaN LEDs were both mounted on a nonmag-
netic DIP package for functional testing under magnetic field. This testing was per-
formed in a Faraday configuration, in which the LED is placed inside the poles of
an electromagnet capable of generating up to 5000 Gauss magnetic field. Current is
passed through the devices, and the resulting EL is collected and focused through
a quarter wave plate. As expected, no response was seen for the reference GaN
LED with magnetic field for either right circularly polarized (RCP) or left circularly
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polarized (LCP) EL from these devices (Fig. 10.24). This was not the case for the GaN:
Gd LED, which showed a systematic variation of the RCP and LCP emission with
magnetic field (Fig. 10.25). The primary figure of merit for a spin LED is the degree
of polarization, Pspin, which is defined as the difference between the left and the right
circularly polarized light intensities divided by their sum. A maximum EL polarization
of 14.6% was observed at an applied field of 5000 Gauss at RT shown evidence for
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Figure 10.24 (a) Right and (b) left circularly polarized EL from reference GaN-based LED.
From Jamil, M., Zaidi, T., Melton, A., Xu, T., Ferguson, I.T., 2011. Ga1�xGdxN-based spin
polarized light emitting diode. In: MRS Proceedings, 2011, Cambridge Univ Press,
mrsf10-1290-i02-05.
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Figure 10.25 (a) Right and (b) left circularly polarized EL from GaN:Gd-based spin LED
(plotted on same scale). Both right and left circularly polarized light are significantly increased
by a 4 kGauss applied field.
From Jamil, M., Zaidi, T., Melton, A., Xu, T., Ferguson, I.T., 2011. Ga1�xGdxN-based spin
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spin injection at RT. This is comparable to the 22.1% polarization at 10,000 Gauss and
10 K reported for a Ga1�xMnxAs LED (Kohda et al., 2006).

Fig. 10.26 shows the normalized values of Pspin for the GaN:Gd LED at sequen-
tially applied magnetic fields. These values form one quadrant of a hysteresis curve
starting at 0 Gauss, sweeping up to 5000 Gauss, then back to 0 Gauss. The EL polar-
ization of 14.6% was highest observed in this study at an applied field of 5000 Gauss;
however, the EL polarization did not appear to have saturated at this value of field. The
final measurement shows a persistent EL polarization of 9.3% after removal of the
applied magnetic field, at 0 Gauss. It was found that the sign of the applied magnetic
field did not change the sign of the EL spin polarization for this device. Additional
studies are needed to fully understand this behavior and to investigate the performance
of alternate GaN:Gd-based device structures.

10.6 Conclusions

Tremendous progress has been made in the growth of TM- and RE-doped GaN,
despite the constraints posed by the solubility limits of these dopants. Based on several
theoretical and experimental results it is apparent that the TMs are located deep in the
GaN bandgap, making these materials unsuitable for spin injection. Significant effort
has been applied to grow Ga1exMnxN thin films. RT ferromagnetism was obtained for
this material and it was shown that the magnetization can be controlled by TM
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Figure 10.26 Degree of polarization of EL from Ga1�xGdxN-based LED at sequentially applied
magnetic fields (RT).
From Jamil, M., Zaidi, T., Melton, A., Xu, T., Ferguson, I.T., 2011. Ga1�xGdxN-based spin
polarized light emitting diode. In: MRS Proceedings, 2011, Cambridge Univ Press,
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concentration, Si codoping, and annealing. Further studies have now shown that spi-
nodal decomposition occurs during the growth of transition and RE-doped GaN and
nanoclusters (which are difficult to detect with the current characterization) are respon-
sible for the observed magnetization. Furthermore, interesting results were obtained on
Gd doping in the nitrides. In MOCVD-grown samples, the magnetization is strongly
dependent on the precursor and oxygen contamination is the likely origin of the ferro-
magnetic signal. Preliminary spin-polarized GaN:Gd-based LEDs were produced,
which had a maximum spin polarization of 14.6% at 5000 Gauss and exhibited
magnetic hysteresis at RT. The ultimate key to the future utilization of DMS for
spintronic applications will be to determine the mechanism behind the observed
ferromagnetism and to be able to use the growth techniques to control their properties
in a systematic and consistent manner.
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11.1 Introduction

Diluted magnetic semiconductors (DMSs) have been gathering much interest from the
industrial viewpoint because of their potentiality as a new functional material, which
will open a way to fabricate novel functional semiconductor devices. For the device
application, it is very important that the Curie temperature (TC) of DMSs should
be higher than room temperature (RT). GaMnAs is a well-investigated and
well-established DMS [1]. However, the TC for the GaMnAs is still w160 K [2]
and is much lower than RT.

Theoretical calculations suggested that the transition metal-doped GaN will
exhibit RT ferromagnetism [3,4]. Mn-doped GaN was grown by molecular beam
epitaxy (MBE) and observed high-temperature ferromagnetic (FM) characteristics
with TC as high as 940 K [5]. Cr-doped GaN was also grown by MBE and observed
high-temperature (>400 K) FM characteristics [6] as well as the photoluminescence
(PL) emission [7]. The observation of PL emission at RT is important to fabricate
practical spintronic devices that control charges, photons, and spins; this is in
contrast to GaMnAs, where no PL emission was observed. High-temperature FM
characteristics were also reported by many other groups [8,9]. The observation of
FM characteristics was attributed to double exchange interaction by ab initio compu-
tations. However, the first principles Monte Carlo simulations suggested that the
magnetic exchange interactions in wide bandgap DMSs are effectively short range
and the calculated TC should be low for the low concentrations of magnetic ions
and in the absence of delocalized or weakly localized carriers [10]. Considering
the spinodal decomposition into one-dimensional high concentration of magnetic
ions (Konbu phase), high-temperature FM characteristics were simulated [11].

Rare earth (RE)-doped semiconductors are widely studied for the application to
photonic devices. However, the first observation of high-temperature FM characteris-
tics was reported for the MBE-grown Gd (gadolinium)-doped GaN with TC > 400 K,
similar to GaCrN [12]. Since then, extensive studies have been conducted theoretically
[13e17] and experimentally on the magnetic semiconductor GaGdN prepared by
various techniques, which include MBE [18e21], metal organic vapor phase epitaxy
(MOVPE) [22], as well as via Gd ion implantation into GaN [23,24]. In addition, ferro-
magnetism with incredibly high values of TC (TC w 700 K) was reported in GaGdN

Rare Earth and Transition Metal Doping of Semiconductor Materials
http://dx.doi.org/10.1016/B978-0-08-100041-0.00011-1
Copyright © 2016 Elsevier Ltd. All rights reserved.

http://dx.doi.org/10.1016/B978-0-08-100041-0.00011-1


films [25]. The enhancement of magnetization by Si codoping was reported [24,26].
On the other hand, Dhar et al. reported the colossal magnetic moment in the low Gd
concentration (1016e1018 cm�3) of GaGdN grown by MBE and explained within
the framework of the phenomenological model [27]. They also reported the colossal
magnetic moment in the low Gd concentration (1016e1018 cm�3) of the Gd-implanted
GaGdN [28]. The origin of the FM order was attributed to the polarization of the sur-
rounding host medium, interstitial nitrogen, and oxygen-induced or electron-mediated
ferromagnetism [14,29].

Examples of the semiconductor spintronic devices are tunnel magnetoresistance
(TMR) devices, circular-polarized laser diodes (CP-LDs), and spin field effect transis-
tors. CP-LDs are one of important devices to realize the optical communication sys-
tems that are resistant to wiretapping. CP-LDs can be fabricated by using the DMS
as an active layer or a cladding layer. CP-LDs are also important devices to construct
the information processing systems by the combination of circular-polarized
light-controlled TMR devices. Bhattacharya et al. [30] reported the fabrication of
CP-LDs by using vertical-cavity surface-emitting laser structure with GaMnAs
DMS layer as spin-polarized carrier (hole) supplying layer and the observation of
circular-polarized light at a low temperature (LT) of 80 K because of low TC of
GaMnAs. To fabricate practical CP-LDs, RT FM DMS is requisite. The Gd- and
dysprosium (Dy)-doped III-nitride DMS exhibited the RT FM characteristics as well
as PL emission and conducting characteristics. Therefore we can expect to fabricate
the spintronic devices operating at RT.

In this chapter, we will describe the experimental results for the Gd- and Dy-doped
III-nitride DMSs so far reported until now.

11.2 Growth and structural properties of Gd-doped
III-nitride semiconductors

RE-doped III-nitride semiconductors and their superlattice (SL) structures were grown
on sapphire (0001) substrates and MOVPE-grown GaN (0001) templates after the
growth of GaN buffer layer by plasma-assisted MBE. Elemental Ga, In, Gd, and
Dy, and plasma-enhanced N2 were used as sources. Growth temperature was
600e700�C for most samples, while the LT growth was also conducted to increase
the RE atom concentration. Si codoping into (In)GaGdN layers and GaN barrier layers
of SL structures were also carried out.

X-ray diffraction (XRD) curves for the GaGdN layers with Gd concentration of
0e7.8% are shown in Fig. 11.1(a) [31]. No diffraction peaks from secondary phases
are observed for the samples with 0e6% Gd concentrations. Only 7.8% sample exhibits
additional peaks assigned as NaCl-type GdN (111) and GdN (222). Expanded XRD
curves near GaGdN (0004) diffraction are shown in Fig. 11.1(b). The peak position
for the GaGdN shifts to lower angle as Gd concentration increases up to 5.8%, indicating
that the lattice constant c in the c-direction increases with the increase of GdN content x,
as can be seen in Fig. 11.1(c). This tendency agrees with the larger atomic diameter of
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Gd than that of Ga. Fig. 11.1(b) and (c) show that for the Gd concentration higher than
6% the diffraction peak and lattice constant again approach those of GaN. This indicates
that the lattice relaxation occurred for these Gd concentrations.

X-ray absorption fine structure (XAFS) measurements were conducted to study the
Gd atom substitution of Ga site in GaGdN samples [31]. Radical distribution functions
for GaGdN samples calculated with the XAFS data are shown in Fig. 11.2. The first
nearest (N) and second nearest (Ga) atom peaks from the Gd atom agree well with
those of GaN (middle curve) and are clearly different from those of NaCl-type GaN
and Gd metal (lower two curves). This clearly indicates that the most of Gd atoms sub-
stitute the Ga sites. The substitutional incorporation of Gd atoms into InGaGdN layer
was also confirmed by XAFS [32].

11.3 Properties of Gd-doped III-nitride semiconductors

11.3.1 Magnetic and optical properties of single layers

Magnetization versus magnetic field (M-H) curves for the GaGdN sample at 7 and
300 K are shown in Fig. 11.3(a) [12]. The magnetic field is parallel to the sample
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Figure 11.2 Radical distribution functions for GaGdN samples calculated with the XAFS data.
For comparison, those of GaN, NaCl-type GdN, and metal Gd are also shown.
After Asahi H, Hasegawa S, Zhou YK, Emura S. Proceedings of 2010 fall MRS meeting;
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plane. Hysteresis curves are observed at both temperatures. This indicates that the
GaGdN is FM at both temperatures. The saturation field was about 2 T and the coer-
civity Hc was about 0.07 T (70 Oe) at 300 K.

Temperature dependence of magnetization at applied magnetic field of 100 G is
shown in Fig. 11.3(b) [12]. The magnetization decreases slowly with increasing tem-
perature and remains even at 400 K and there was no discontinuous change in the
curve. This indicates that TC of GaGdN is higher than 400 K.

To fabricate the long wavelength spin-controlled photonic devices, InGaGdN
layers were also grown on MOVPE-grown GaN (0001) template substrates at

–4000
–3

–2

–1

0

1
M

ag
ne

tiz
at

io
n 

(e
m

u)

Field (Gauss)

GaGdN
(Gd = 6%)

GaGdN
(Gd = 6%)

100 Gauss

Temperature (K)

7 K
20 K
50 K

300 K
M

ag
ne

tiz
at

io
n 

(××
10

–5
em

u)

2

3 × 10–4

–2000 0

0.0

0.5

1.0

1.5

2.0

2.5

3.0

200100 300 400

2000 4000

(a)

(b)

Figure 11.3 (a) M-H curves for the GaGdN sample at 7e300 K. (b) Temperature dependence
of magnetization for the GaGdN sample at applied magnetic field of 100 G.
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400�C [32]. Fig. 11.4 shows RT PL spectra for the InGaGdN layers with different In
compositions [33]. Both samples contain about w1% of Gd concentrations. For the
samples with the In composition of 28% and 35%, the emission peaks are observed
at 2.38 and 2.19 eV, respectively. The peak energy is red-shifted according to their
InN molar fractions.

PL spectra for the InGaGdN (In: 23%, Gd: w1%) sample as a function of temper-
ature are shown in Fig. 11.5 [33]. PL emission is clearly observed at all measuring tem-
peratures (10e300 K). The temperature variation of PL peak energy exhibits S-shaped
behavior (redshiftdblueshiftdredshift) with increasing temperature, which is attrib-
uted to localized excitonic emission due to inhomogeneity and carrier localization in
InGaGdN alloys with the consideration of the band-tail approach [33]. This tempera-
ture variation is similar to those for the InGaN layers without Gd doping.

M-H curves for the InGaGdN single-layer samples with different Gd concentrations
exhibit clear hysteresis and saturation magnetization (MS) at RT, as shown in Fig. 11.6
[34]. Even clear hysteresis can be further observed from the expanded curve of both
samples as shown in the inset of Fig. 11.6. It shows that the saturation magnetization
increases with the increase in Gd concentration. With the increase of magnetic Gd
atoms, the FM interaction is increased.
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After Asahi H, Hasegawa S, Zhou YK, Emura S. J Lumin 2012;132:3136.

376 Rare Earth and Transition Metal Doping of Semiconductor Materials



11.3.2 Effect of low-temperature growth

To increase the incorporated Gd concentration without secondary phase formation and
to enhance the magnetization, GaGdN layers were grown at LT of 300�C on sapphire
(0001) substrates [26]. XRD q�2q scan curves for the LT-grown GaGdN samples
showed diffraction peaks from sapphire and GaGdN, but no obvious secondary phase
such as GdN was detected. XRD peak from the GaGdN layer showed single crystalline
characteristics, though the full width at half maximum is about twice of GaGdN layer
grown at 700�C [26]. By LT-growth, GaGdN layers with Gd concentration as high as
12.5% and no secondary phases were obtained. When the growth was conducted at
700�C, the highest Gd concentration is about 5.8%. Radical distribution function
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obtained by the XAFS measurement clearly showed that the Gd atoms substitute the
Ga sites [26].

Fig. 11.7 shows the RT M-H curves for the GaGdN layers grown at 300�C with
different Gd concentrations [26]. With increasing Gd concentration, magnetization
per unit volume is increased. Theoretical calculations [13,14] showed that the
spinglass state is stable for the GaGdN without carriers, but electron doping into
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GaGdN enhances the FM interaction in GaGdN. It is possible that the carriers
(electrons) coming from some types of defects such as nitrogen vacancies enhance
the ferromagnetism in GaGdN layers.

From LT-grown GaGdN samples, PL emission was observed in the photon energy
range of 2e3.5 eV as shown in Fig. 11.8 [31]. Most emission peaks are related to
defects. Yellow and blue broad luminescence peaks are observed at 2.28 and
3.0 eV, respectively, in Fig. 11.8(a). In the expanded energy figure (Fig. 11.8(b)),
Y5 and Y7 exciton bound to structural defect emissions as well as e-A related emis-
sions are also observed at 3.34, 3.23, and 3.28 eV, respectively.

11.3.3 Effect of superlattice structures on magnetic properties

GaGdN/GaN SLs having various GaGdN and GaN layer thicknesses were grown on
sapphire (0001) substrates [19,21]. M-H measurements for the 230-nm-thick GaGdN
bulk layer and the GaGdN/GaN SL samples having nearly the same total thickness of
GaGdN (Gd concentration: 1.2%) showed the clear hysteresis and saturation (FM
characteristics). The magnetization for the SL samples is larger than that for bulk sam-
ple [19]. Furthermore, the thinner each GaGdN QW layer thickness is or the thicker
each GaN barrier layer thickness is, a larger magnetic moment per Gd atom was
observed as shown in Fig. 11.9 [21]. In Fig. 11.9(a), the GaN layer thickness is
kept constant at 3.8 nm and the GaGdN thickness is varied from 1.1 to 2.9 nm.
With decreasing the GaGdN layer thickness, the magnetic moment per Gd atom is
increased. In Fig. 11.9(b), the GaGdN layer thickness is kept constant at 1.3 nm and
the GaN thickness is varied from 2.2 to 10.8 nm. With increasing the GaN layer
thickness, the magnetic moment per Gd atom is increased.
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It is expected that electron carriers in GaN layers flow into and accumulate in the
narrower bandgap GaGdN layers resulting in higher electron concentration
(>1018 cm�3) in the thinner GaGdN layers. Especially, the distribution of Gd atoms
is inhomogeneous in the layer [26], so that local areas having higher Gd concentration
would have very high electron concentration in the GaGdN layers. The stronger inter-
action between Gd spins through the electron spins is expected in the thinner GaGdN
layer. Therefore the observed enhanced magnetic moment can be understood with the
carrier-mediated ferromagnetism.

Similar enhanced magnetization was also observed on the InGaGdN/GaN SL sam-
ples compared with that for the InGaGdN single-layer (thickness: 100 nm), as shown
in Fig. 11.10 [33]. Both samples were grown under similar growth conditions except
for the sample structure. The magnetic properties of these samples show clear satura-
tion magnetization at about 16 and 7 emu/cm3 for the SL sample and single-layer sam-
ple, respectively. In the SLs, electron carriers can flow into narrow bandgap InGaGdN
well layers from the wider bandgap GaN layers. These increased carrier concentrations
improve the magnetization.

However, in the InGaN/GaGdN SL structures the magnetization was decreased. Such
observation is indicated in theM-H curves in Fig. 11.11, between the InGaGdN/GaN SL
and InGaN/GaGdN SL set of samples measured at RT [33]. In the InGaN/GaGdN SL
structure, carriers (electrons) flow out of the Gd-containing GaGdN layers and into
the narrow bandgap InGaN layers. So the carrier concentrations in the GaGdN layers
are decreased, resulting in the suppression of the carrier-mediated magnetization.

11.3.4 Si codoping effect on magnetic and electric properties

Si-codoped GaGdN layers were grown at 300�C. Fig. 11.12 shows the RTM-H curves
for the Si-doped and undoped GaGdN samples with Gd concentration of 8.9% [26].
Clear hysteresis was observed for both samples. The saturation magnetization of
Si-doped GaGdN, about 1046 emu/cm3, is seven times as large as that of undoped
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GaGdN. Codoping with Gd and Si is expected to increase the shallow donor
concentration and to enhance the FM interaction. The enhancement of magnetization
by Si codoping suggests the carrier-mediated ferromagnetism.

A similar effect was also observed for the InGaGdN samples [35]. Fig. 11.13 shows
theM-H curves of the InGaGdN sample and Si-codoped InGaGdN sample. Both sam-
ples show clear hysteresis and saturation characteristics measured at 300 K. With the
increase of Si cell temperature (that is the increase of Si concentration), the increase of
the saturation magnetization was observed [35]. Electrical properties are listed in
Table 11.1. The increase in magnetization for the Si-codoped sample is closely related
to carrier-mediated ferromagnetism; that is, the Si codoping increases the electron con-
centrations in InGaGdN layers as also inferred in the Si-codoped GaGdN samples and
GaGdN/GaN SL samples.

Moreover, Si doping into wide bandgap GaN barrier layers in the InGaGdN/GaN
SL structures was found to increase the magnetization as clearly observed from the
RT M-H curves shown in Fig. 11.14 [33]. One reason that could induce the enhance-
ment of magnetization is also the carrier-mediated ferromagnetism.

11.3.5 Properties of nanorod structures

GaGdN nanorod structures were grown on Si(001) substrates with native SiO2 layer by
radio-frequency plasma-enhanced MBE (RF-MBE) under nitrogen-rich conditions
[36]. After thermal cleaning of Si substrates at 870�C for 15 min, LT GaN buffer layers
were grown at 450�C for 60 s. Then annealing was performed at 850�C for 10 min in
the plasma-activated nitrogen atmosphere followed by the growth of GaN nanorods at
800�C for 15 min. Then GaGdN nanorods were grown. Finally GaN layers were
deposited to prevent the oxidation of GaGdN nanorods’ surface.
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When GaGdN nanorods were grown at high substrate temperatures, for example at
850�C, the nanorod diameter is kept constant independent of nanorod length [36].
However, when grown at LTs, for example at 550�C, to increase the incorporated
Gd concentration, the use of high Gd flux gradually increased the diameter of GaGdN
nanorods with the progress of growth and the crystalline quality of nanorods
degraded [37]. To solve this problem, the GaGdN/GaN SL structure nanorods
were grown, as shown in Fig. 11.15(a) [38].

Table 11.1 Magnetic and electrical properties obtained at room
temperature for the undoped and Si-doped InGaGdN samples
shown in Fig. 11.13

Sample Gd (%) Ms (emu/cmL3) Hc (Oe)

Electron
concentration
(cmL3)

Resistivity
(ohm cm)

Undoped
InGaGdN

3.7 1.8 120 1.1 � 1017 0.01

Si-doped
InGaGdN

3.0 4.0 60 4.7 � 1018 0.003

After Tawil SNM, Krishnamurthy D, Kakimi R, Ishimaru M, Emura S, Hasegawa S, et al. Phys Status Solidi C 2011;8:491.
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Cross-sectional scanning electron microscopy (SEM) photographs for these
GaGdN/GaN SL structure nanorods with different nanorod aspect ratio (height-
to-diameter ratio) are shown in Fig. 11.15(b) [38]. On these GaGdN nanorods, clear
hysteresis and saturation were observed in the M-H curves at RT. Furthermore, by
changing the nanorod aspect ratio, the vertical magnetization was improved as shown
in Table 11.2 [38]. To realize the CP-LDs, vertically magnetized DMS layers are
essentially required.

11.4 Properties of Dy-doped GaN

RE Dy-doped GaN is considered to be a very attractive material. As a trivalent metallic
RE element, Dy ion has the highest magnetic moment (10.6 mB) of all naturally occur-
ring elements and possesses other unusual magnetic properties [39]. It is expected that
GaDyN will have the largest magnetic moment of any RE-doped GaN with the same
concentration of the RE element.

GaDyN layers were grown on c-plane sapphire substrates at 300�C and 700�C
by RF-MBE with various Dy concentrations. Elemental Ga (purity: 7N) and Dy
(purity: 3N) and RF plasma-enhanced N2 were used as sources [39]. XRD measure-
ments on the GaDyN samples grown at 300 and 700�C showed two diffraction peaks
at around 42� from sapphire (0006) and 35� from GaDyN (0002), respectively. No
obvious secondary phase, such as DyN, was detected [39].

11.4.1 Magnetic and optical properties

Hysteresis and saturation characteristics were observed in the M-H curves at RT
(Fig. 11.16) [40]. This indicates that GaDyN is FM.

PL spectra for the 700�C-grown GaDyN at various measuring temperatures are
shown in Fig. 11.17(a) [40,41]. Broadbands are originated from crystal defects. Sharp
lines are assigned to those within a framework of intra-4f transitions, because these
peaks are sharp, the peak energies are independent of temperature, and the lifetime of

Table 11.2 Residual magnetization (Mr) ratio for the GaGdN nanorod
structures as a function of nanorod aspect ratio (height/diameter)

Ga flux (Torr) Gd (%)
Aspect
ratio (H/D)

Mr ratio
(Mr/Ms)⊥/(Mr/Ms)||

A 1 � 10�9 1.2 20 0.97

B 2 � 10�9 2.2 8 0.94

C 3 � 10�9 8.7 5 0.28

Ms is saturation magnetization.
After Uenaka M, Kimura M, Hasegawa S, Asahi H. Abstracts of the 59th Japan Society of Applied Physics Spring Meeting,
#17a-F12-9 (Tokyo, Japan); 2012.
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these emissions was 87 ms at 13 K. These sharp peaks, labeled 1 through 4, are assigned
to the following intra-4f orbital transitions: 4F9/2e

6H9/2,
4F9/2e

6H15/2,
4F9/2e

6H13/2, and
4F9/2e

6H15/2 transitions, respectively [42,43].
Fig. 11.17(b) shows the temperature variations of the integrated PL intensities of the

broad peak from about 2.0 to 2.6 eV (open triangles) and the sharp line at 2.13 eV
(open circles) [40]. The PL intensity of the 2.13-eV sharp peak decreases with
increasing temperature in proportion to that of broad peak. In general, the intra-4f
orbital transition is independent of the thermal effects of the crystal. Therefore these
sharp intra-4f orbital transition peaks are related to the broad peak luminescence.
That is, the Dy ion absorbs luminescence photons from the defects. This excites the
Dy ion to a higher level of 4f multiplets. Through the adequate paths, the excited
electron relaxes to the initial state 4F9/2 and produces the observed sharp luminescence.

11.4.2 Magnetic circular dichroism

GaDyN exhibited significant enhancement of magnetic circular dichroism (MCD) sig-
nals compared with GaN, which suggests that the observed magnetic properties orig-
inate from the interaction between host semiconductor and doped magnetic ions [39].
Fig. 11.18 shows the MCD spectra at 10 K for the 300�C-grown GaN and GaDyN at
the magnetic field of 1, 0, and �1 T. Large Zeeman splitting is observed at around
bandgap energy of GaDyN. Compared with GaN, the maximum MCD signal value
from the GaDyN layer is nine times larger than that from GaN.

The MCD signal from GaDyN grown at 700�C was smaller than that grown at
300�C (Fig. 11.19) [39]. This is because the reevaporation of Ga and Dy atoms are
larger than that at lower growth temperature and the GaDyN grown at 700�C has lower
Dy concentration. LT growth technique can obtain higher RE element concentration
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without secondary phase separation [41]. The MCD spectra for GaDyN with different
Dy concentration also supported this result.

The MCD signal as a function of magnetic field for GaDyN grown at 300�C shows
very clear hysteresis as shown in Fig. 11.20, where the measurements were conducted
at 10 K and the wavelength was fixed at 363 nm [39]. This curve is not like the M-H
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Figure 11.17 (a) PL spectra of 700�C-grown GaDyN with a Dy concentration of 3% at various
temperatures. (b) Temperature variations of the integrated PL intensities of the two peaks from
the GaDyN sample.
After Zhou YK, Takahashi M, Emura S, Hasegawa S, Asahi H. J Supercond Nov Magn 2010;
23:103.
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curve measured by the superconducting quantum interference device magnetometer,
which shows clear saturation magnetization for GaDyN. In the GaN, A-band, and
B-band, free excitons exist near to the G point, and their energy separation is about
10 meV. Because A-band and B-band excitons have almost the same energy, cancel-
lation of optical polarization for equal population at A and B state results in no-spin
polarization [44,45]. However, in low-temperature grown GaDyN, many types of
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Figure 11.18 MCD spectra at 10 K for the 300�C-grown (a) GaN and (b) GaDyN samples.
After Zhou YK, Emura S, Hasegawa S, Asahi H. Phys Status Solidi C 2011;8:2173.
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defects were included, and they cause the incomplete cancelation of optical polariza-
tion. On the other hand, high-concentration magnetic Dy ions enhanced Zeeman split-
ting of A and B bands because of s-f exchange coupling. The observation of hysteresis
loop implies the s-f exchange coupling in FM coupling.

11.5 Spintronic device application

In this section, examples of the target spintronic devices and then the present status for
the preparation of such devices are described.

Fig. 11.21(a) shows the schematic illustration of the CP-LD, where the cladding
layer or active layer of the LD is replaced with the DMS layer. As shown in
Fig. 11.21(b), when the spin-polarized electrons are recombined with holes,
circular-polarized light is emitted and circular-polarized laser operation is realized.
Fig. 11.22 shows the schematic illustration of the TMR device consisting of DMS
layers and a tunnel barrier layer. This device acts as circular-polarized
light-controlled TMR device. When the circular-polarized light is incident, the spin di-
rection of the DMS layer is changed according to the direction of the circular-polarized
light. This process is the inverse of Fig. 11.21(b). The combination of these two de-
vices acts as an information processing system.

CP-LED (spin-LED) was fabricated by using MOVPE-grown Gd-doped GaN [46].
InGaN/GaN multiple quantum well (MQW) active layer was sandwiched with Si and
Mg-codoped GaGdN cladding layers (inset of Fig. 11.23(a)). The fabricated
light-emitting diode (LED) exhibited RT spin-polarized electroluminescence, control-
lable through an applied magnetic field in the Faraday configuration (Fig. 11.23(a)).
Additionally, polarization hysteresis was observed, with the spin-LED retaining
9.3% spin polarization at zero-applied field after being exposed to the magnetic field
of 5 kG (Fig. 11.23(b)).

With the interesting magnetic and optical properties observed on the Gd-doped
InGaN-based DMS layers, InGaN-based DMS material will enable the fabrication
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Figure 11.20 MCD signal versus magnetic field at 363 nm measured at 10 K.
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of longer wavelength spin-based electronic (spintronic) devices such as CP-LEDs
and CP-LDs. MQW LED structures, 3 nm-InGaGdN (In: w3.9% and w6%,
Gd: w1%)/9 nm-GaN, sandwiched between Si-doped n-type and Mg-doped p-type
GaN layers, were grown on n-type GaN templates [33]. From these MQW LED
structure samples, PL emission from the InGaGdN/GaN MQW layer was observed
at around 400e500 nm at RT as shown in Fig. 11.24. Emission from GaN layers
and defect-related broadband emission are also observed. To realize the current
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injection CP-LEDs and CP-LDs by using MBE-grown GaGdN or GaDyN layers as an
active layer or cladding layer, further studies are needed.

11.6 Summary

In this chapter, the present status of the Gd- and Dy-doped III-nitride semiconductor
layers grown by plasma-assisted MBE was described. XRD measurements indicated
no phase separation and the Gd incorporation was verified with the XAFS measure-
ment. PL emission was also observed and the PL peak energy for the InGaGdN was
red-shifted according to the InN molar fraction. Clear hysteresis and saturation were
observed in the M-H curves at RT. Si codoping into (In)GaGdN layers enhanced
the magnetization. In the InGaGdN/GaN SL samples, enhanced magnetization was
also observed. Si doping into wide bandgap GaN layers in these SL structures further
increased the magnetization. Such results can be understood with the carrier-mediated
ferromagnetism. Results for the LT growth and the growth of the nanorod structures
were also described. Finally, examples of the spintronic devices, where the relation
between the spin-polarized carriers and the circular-polarized light is used, and the
present status to realize such devices were described.
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12.1 Introduction

Semiconductors can be classified into two categories: nonmagnetic or magnetic.
Among the nonmagnetic semiconductors, silicon (Si) is the most technologically
important and forms the basis for modern electronics. Other nonmagnetic semiconduc-
tors include the III-V compounds, such as GaAs, InP, and GaN, which have a direct
bandgap and are the basis for optoelectronic light emission applications. On the other
hand, magnetic semiconductors provide an additional level of functionality that offers
the potential for on-chip integration of electronic, optical, and magnetic capabilities.

Typically, magnetic semiconductors are formed by introducing magnetic ions, such
as transition metal (TM) or rare-earth (RE) atoms, into a semiconductor host material.
Many magnetic semiconductors, including spinels and Eu chalcogenides, are alloys in
which the magnetic ions constitute a large percentage of the overall material. On the
other hand, dilute magnetic semiconductors (DMS) are semiconductor materials in
which only a small fraction of the host atoms are replaced by TM or RE atoms. The
synthesis of these materials is relatively easy compared to the magnetic semiconductor
alloys, and methods for device fabrication are already in place. Mn-doped III-V com-
pounds are among the most widely studied DMS materials and carrier-mediated ferro-
magnetic (FM) ordering has been well documented.

Since the discovery of FM behavior in Mn:GaAs and Mn:InAs, there has been
widespread research activity to optimize such materials for potential applications
that involve both information processing and data storage (Ohno et al., 1996;
Munekata et al., 1989). In Mn-doped III-V arsenide semiconductors, Mn substitutes
for the cation, providing a p-type dopant and inducing a magnetic moment. DMS
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materials that function at room temperature (RT) would have a tremendous technolog-
ical impact especially in the field of spin transfer electronics, where the spin of the
electron is manipulated in addition to its charge transport. Among the potential spin-
tronic devices is a new class of magnetic random access memories, with nonvolatility,
low power consumption, and ultra-high storage density. The efficient injection, trans-
port, and detection at RT of spin-polarized electrons in a semiconductor material are
essential requirements. However, in spite of numerous efforts, the FM properties of
Mn:GaAs and Mn:InAs materials have a Curie temperature (TC) limited to w160 K,
which is a major disadvantage for device development (Chen et al., 2011; Reed
et al., 2000; Parker et al., 1999a,b).

Several different models have been proposed to explain the magnetic properties of
DMS materials based on doping with TM elements. In these materials, TM atoms lose
their outermost electrons and the remaining 3d shell electrons give rise to magnetic
effects. In the Zener mean field theory model, FM ordering occurs through correlation
of the spins of the localized magnetic ions (Zener, 1951). Based on Hund’s rule of
maximum multiplicity, if two or more electron orbitals of equal energy are available,
the 3d electrons will occupy them singly before filling them in pairs. In addition, the
lowest energy state for the atom occurs when all the spins of unpaired electrons are
aligned in the same direction. Since each electron carries a magnetic moment of one
Bohr magneton mB, the overall atom will then have a net effective magnetic moment
meff. Table 12.1 lists the spin orientation of the electrons in the 3d shells for selected
TM elements, showing the occupancy order, the number of electrons present per shell,
and the magnetic moment. The magnetic interaction between the 3d shell electrons of
adjacent atoms leads to an antiferromagnetic (AFM) coupling. However, since the spin

Table 12.1 Spin orientation of 3d shell electrons for transition metal
elements

Transition metal ions Spin of 3d orbitals Magnetic moment (mB)

Ti3þ, V4þ [ 1

Ti2þ, V3þ [ [ 2

V2þ, Cr3þ, Mn4þ [ [ [ 3

Cr2þ, Mn3þ [ [ [ [ 4

Mn2þ, Fe3þ [ [ [ [ [ 5

Fe2þ, Co3þ d [ [ [ [ 4

Co2þ d d [ [ [ 3

Ni2þ d d d [ [ 2

Cu2þ d d d d [ 1

Zn2þ, Cuþ d d d d d 0
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of an incomplete 3d shell is strongly coupled to the conduction electrons, this coupling
tends to align the spins in an FM manner. The competition between these two mech-
anisms determines the magnetic state of the material. Without conduction electrons,
magnetic ordering is not possible. The TC is determined through a competition be-
tween the AFM and FM interactions. The Zener model has been able to successfully
predict the TC of Mn:GaN and Mn:InAs.

Another model, the double exchange mechanism, was proposed to explain ferro-
magnetism in TM-doped ZnO, a wide bandgap II-VI semiconductor (Sato and
Katayama-Yoshida, 2000). In this model magnetic ions in different valence states
couple with each other by a virtual hopping of the “extra” electron from one ion to
another. If the magnetic moments of neighboring TM metal ions are aligned, the 3d
energy band is widened by the hybridization between the spin-up states. The band en-
ergy in the FM configuration is lowered by introducing carriers in the 3d band. In this
case, the partially filled 3d bands of the TM ions facilitate hopping of carriers from one
ion’s orbital to another, provided that the spins of the hopping electrons are in the same
direction (see Lambrecht, 2015, this volume, for further details). Consequently, the
electrons lower their kinetic energy by hopping in the FM state. This model has
also been successfully used to explain FM behavior in Mn:InAs (Akai, 1998; Akai
and Dederichs, 1993).

The Zener mean field theory model has been extended to treat magnetic behavior in
zinc-blende Mn-doped III-V and II-VI semiconductors (Dietl et al., 2000). This study
predicted that the wide bandgap semiconductors, such as GaN and ZnO, would exhibit
FM behavior with a TC > 300 K provided that the semiconductors had a Mn concen-
tration >5 at.% and a hole concentration >3.5 � 1020/cm3. This prediction resulted in
a flurry of research activity focused on TM-doped wide bandgap semiconductors,
especially Mn-doped GaN (Mn:GaN). Several research groups have reported FM
behavior at RT in Mn:GaN specimens even though the TM concentrations and the
hole concentrations, required by the model, were not achieved (Reed et al.,
2001a,b). In addition, the experimental results from these different groups are not in
good agreement, indicating that the synthesis and processing conditions have a major
effect on the resultant magnetic properties.

Various synthesis methods have been used to incorporate TM in III-V nitride semi-
conductors and to examine the magnetic behavior. The principal ones include solid
state diffusion, ion implantation, and epitaxial growth, such as metal organic chemical
vapor deposition (MOCVD) and molecular beam epitaxy (MBE). Each of these
methods possesses certain advantages and disadvantages. Solid state diffusion is a
rather simple method that can be used for different TMs. This was one of the first
methods to successfully dope GaN with Mn with evidence of FM behavior having a
TC as high as 380 K (Reed et al., 2001a,b). However, diffusion is limited by solubility
constraints and only shallow doped regions, with a nonuniform dopant distribution, are
produced. Ion implantation is a nonequilibrium method that can be used to incorporate
a wide range of elements into a given host material. However, ion implantation creates
significant lattice damage and post-implantation annealing is needed. In addition, the
implanted ions have a nonuniform distribution and are limited to shallow surface
regions (Hebard et al., 2002). In situ doping during epitaxial growth has been shown
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to produce GaN layers having uniform Mn concentrations. Even though the III-V
nitrides lack a natural substrate, this approach has been shown to produce thick
Mn-doped GaN (Mn:GaN) films with high Mn concentrations. However, these films
typically suffer from a large density of dislocations that adversely affect conductivity
properties. Nevertheless, each of these methods has been shown to produce Mn:GaN
films with FM properties at RT even though the conductivity and Mn concentrations
do not correspond to the necessary conditions of the theoretical model.

The experimental data presented in this chapter are aimed at clarifying the origin of
FM ordering in TM-doped III-V nitride semiconductors and determination of the syn-
thesis and processing conditions needed to optimize the observed magnetization. In
Section 12.2 we describe results pertaining to Mn-doping of GaN and InGaN films
through solid state diffusion. Structural characterization and magnetic measurements
of RT-FM behavior are presented. Related experiments concerning Fe-doping of
GaN films by diffusion are also given. In Section 12.3, we summarize results of
in situ Mn-doping of GaN films using MOCVD. In Section 12.4, we describe our ef-
forts to enhance the magnetic behavior of Mn:GaN epilayers by modifying the Fermi
level in heterostructures. In Section 12.5, we present results concerning a prototype
spin device in which the FM effects can be turned on and off by means of an applied
electric field.

12.2 Transition metal-doping of III-V nitride
films by diffusion

A two-step process was used to diffuse Mn into GaN and InGaN films. First III-V
nitride templates were prepared by atmospheric MOCVD on c-plane sapphire sub-
strates. Initial growth of a GaN buffer layer, 40e100 nm thick, grown at 500�C was
followed by recrystallization of the layer by high temperature annealing. Subse-
quently, an epitaxial GaN was grown at w1010�C, with film thickness of
w1.3 mm. For certain GaN templates this layer was codoped with either Mg or
Si to produce p-type or n-type conductivity, respectively. For InxGa1exN templates
the temperature was lowered to w750e830�C for growth of films with an In con-
tent (x) less than 0.20. Following MOCVD growth the GaN and InxGa1exN tem-
plates were cleaned and loaded into an ultra-high vacuum-pulsed laser deposition
(PLD) chamber for deposition of a thin layer of Mn, w10e100 nm thick. A
Lambda Physik KrF Excimer Laser with emission wavelength of 248 nm was
used as the laser source for the PLD. Samples were then annealed at temperatures
ranging from 250 to 800�C for times up to 24 h to permit solid state diffusion of
Mn into the GaN and InGaN films. The post-deposition annealing was carried
out at the deposition temperature. In situ reflective high-energy electron diffraction
(RHEED) patterns were recorded during this process to monitor changes in crystalline
quality and lattice parameters of the films. After diffusion the specimens were
unloaded and etched in 30% H2O2 solution for up to 10 min to remove the remaining
Mn metal from the surface.
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12.2.1 Structural and magnetic characterization
of Mn-doped GaN films

In Fig. 12.1 RHEED patterns for GaN along the [1 1 2 0] azimuth prior to Mn depo-
sition and after Mn deposition and diffusion are shown. These RHEED patterns are
typical for samples grown and annealed at substrate temperatures ranging from
550e600�C. The streaky pattern in Fig. 12.1(b) indicates 2D growth of single crystal-
line GaN material with wurtzite structure. These results are similar to RHEED patterns
reported for 2D growth of Mn:GaN by MBE (Kuwabara et al., 2001; Kondo et al.,
2002; Sonoda et al., 2002).

The RHEED pattern in Fig. 12.1(b) for Mn:GaN shows an increase in the streak
separation as compared to the as-grown GaN film in Fig. 12.1(a). An increase in the
streak pattern represents a decrease in the distance between the atoms in the lattice;
that is, the diffusion of Mn causes the GaN lattice to contract.

Secondary ion mass spectrometry (SIMS) analysis verified that the diffusion pro-
cess was successful for Mn doping of GaN (Reed et al., 2001a,b). The Mn diffusion

Figure 12.1 RHEED pattern for (a) GaN along the [1 1 2 0] direction prior to Mn deposition and
(b) epitaxial Mn:GaN after diffusion. Addition of Mn causes the GaN lattice to contract.
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profiles, shown in Fig. 12.2, indicate that the diffusion rate of Mn in n-type GaN
samples occurs more rapidly than for undoped GaN. The units for these SIMS mea-
surements are given as counts per second as a function of sputtering rate, and the thick-
ness (depth) was determined by measuring the crater depth after the analysis.

In Table 12.2, the samples used in this study are listed along with the Mn deposition
temperatures (TD) and annealing times. The table also lists the magnetic response
(FM ¼ ferromagnetic, PM ¼ paramagnetic, and DM ¼ diamagnetic), and TC of
Mn:GaN films.

The crystalline quality of Mn:GaN films was determined by X-ray diffraction
(XRD) measurements that were calibrated using the (0006) diffraction peak from
the Al2O3 substrate. The binary MneGa phases and cubic perovskite Mn3GaN phase
are known to be structurally compatible with the wurtzite structure of GaN. The
Mn3GaN phase can be formed by the direct reaction of Mn with GaN where Mn re-
places Ga in the lattice (Bouchaud, 1968). These phases are ferrimagnetic and can
form epitaxially either as clusters or platelets within a GaN film. We have observed
formation of Mn3GaN in some samples that were processed at high temperatures
and annealed for times in excess of 24 h. An XRD pattern showing the presence of
the (111) reflection peak from secondary Mn3GaN phase is shown in Fig. 12.3. Since
the Neel temperature for Mn3GaN isw20 K, it would not result in a magnetic moment
at RT.

Superconducting quantum interference device (SQUID) measurements were
performed at RT to determine the magnetic properties of the Mn:GaN samples. The
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Figure 12.2 SIMS depth profiles showing the general trend for the diffusion of Mn into n-type
and undoped GaN substrates. The Mn profile is shown as counts per second versus sputtering
time and depth.
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applied field (Ha) was applied in both parallel and perpendicular directions to the plane
of the film and the resulting magnetization (M) recorded. Estimates of TC were
obtained by measuring the saturation magnetization (Ms) as a function of temperature
(T ), which was varied from 5 to 400 K. Determination of the precise origin of the FM

Table 12.2 Samples studied in these diffusion experiments (the data
clearly indicate that Mn incorporation, and resulting magnetic
properties, depend on the processing conditions)

Sample ID
T (8C)
(Mn-doping)

Annealing
T (8C)

Annealing
Time (min)

Magnetic
response TC (8K)

Mn-037 280 700 123 PM e

Mn-051 320 350 360 PM e

Mn-049 460 N/A N/A PM e

Mn-050-01 460 430 60 PM e

Mn-059 500 N/A N/A DM e

Mn-054 500 500 60 DM e

Mn-053 500 500 77 PM e

Mn-062 550e600 550e600 60 PM e

Mn-067 550e600 550e600 60 FM 298

Mn-068 550e600 550e600 60 PM e

Mn-077 550e600 550e600 60 FM 264

Mn-079 550e600 550e600 60 FM >380

Mn-080 550e600 550e600 60 FM 264

Mn-082 550e600 550e600 60 FM >363

Mn-087 550e600 550e600 60 PM e

Mn-088 550e600 550e600 60 FM >363

Mn-095 550e600 550e600 60 FM 330

Mn-044 550e600 550e600 60 FM 357

Mn-048 550e600 550e600 60 FM 247

Mn-105 550e600 550e600 80 PM e

Mn-102 550e600 550e600 100 PM e

Mn-098 550e600 550e600 145 PM 350

Mn-052 550e600 550e600 180 PM e

Mn-034 680 680 174 FM >300
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properties is extremely important since phase separated precipitates, or clusters with
small volumes, can exhibit superparamagnetic behavior. Criteria for the existence of
superparamagnetism are (1) magnetization curves measured at different temperatures
(Ms as a function of Ha/T) overlap and (2) no hysteresis is found; that is, the coercive
field (HC) and residual magnetization (Mr) are zero.

To confirm that the Mn layer was completely removed from the surface prior to
magnetic measurements, energy dispersive X-ray spectroscopy (EDX) analysis was
performed. The absence of a Mn peak in the EDX spectrum indicated that no Mn
atoms remained on the surface. RT SQUID measurements with the Ha perpendicular
to the plane of the film are shown in Fig. 12.4. The magnetic curves indicate FM
behavior with a coercivity w100 Oe and Ms ¼ 20e25 emu/cm3. Based on the
estimated Mn concentration [Mn] w2%, the effective magnetization was determined
to be 2.8 mB/Mn atom.

12.2.2 Electrical characterization of Mn:GaN films

Electrical transport measurements as a function of temperature and applied field pro-
vided detailed information regarding the magnetic ordering in the Mn:GaN samples. In
particular, extraordinary Hall Effect (EHE) measurements were performed using the
van der Pauw setup for magnetic characterization of these films. The Hall resistance
(RHall) in FM materials can be expressed by (Ohno, 1999):

RHall ¼ RoB

d
þ RsM

d
[12.1]

where Ro is the ordinary Hall coefficient, Rs is the anomalous Hall coefficient, d is the
sample thickness, and M is the magnetization.
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Figure 12.3 XRD (q-2q) pattern for sample Mn-038 showing the (111) Mn3GaN reflection
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In Fig. 12.5(a) hysteresis curves measured by EHE at RT for Mn:GaN sample
Mn-079 are shown. The coercive field of this sample was w500 Oe, which is consis-
tent with results measured by SQUID. The EHE results for an un-doped GaN sample,
shown in Fig. 12.5(b), indicates that this sample was diamagnetic (DM).

EHE measurements were made at different temperatures to study the transition from
PM to FM behavior of the GaMnN samples. The effects of temperature on the shape of
the magnetization curves for two samples, Mn-048 and Mn-079, are shown in
Fig. 12.6. The magnetization curves undergo a transition from a linear behavior to a
typical S-shape curve at lower temperatures. This approach provides a method for
determining the magnetic ordering temperature, which was found to be w247 K for
sample Mn-048. The TC for Mn-079 could not be determined as it was above the
maximum achievable temperature for the EHE setup.

Little information exists for superparamagnetic behavior in Mn particles since close
coupling between Mn atoms results in AFM alignment of the spins. However, super-
paramagnetic behavior may result from small size secondary phases within the film.
Substantial effort has been made to identify the presence of any secondary phases
within the film but no experimental evidence of their presence was found at low Mn
concentrations (<1%Mn). Several authors have claimed that secondary phases, or pre-
cipitates, can exist within the material even though they cannot be detected by high
resolution characterization techniques such as high-resolution transmission electron
microscopy (HRTEM) (Overberg et al., 2001; Kuwabara et al., 2001; Sonoda et al.,
2002). In order to rule out superparamagnetic M behavior in the Mn:GaN samples pre-
pared by solid state diffusion, temperature-dependent Hall measurements were per-
formed. Results of these measurements are shown in Fig. 12.7 where RHall versus
Ha/T curves are plotted for a typical sample. However, no evidence of superparamag-
netic was observed and the FM properties reported for the Mn:GaN samples are due to
a solid solution of Mn atoms in the GaN film.
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Figure 12.4 SQUID measurement at 300 K for Mn:GaN sample Mn-79 showing FM behavior.
The effective magnetization was estimated to be 2.8 mB/Mn atom.
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We have observed that the magnetic properties of the Mn:GaN samples depend
upon the electrical properties of the substrate. In general, DM behavior was observed
using Si-doped (n-type) substrates; PM behavior using Mg-doped (p-type) sub-
strates; and FM behavior using nonintentionally doped (u-GaN) substrates. After
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Figure 12.5 (a) EHE measurements for sample Mn-079 at T ¼ 323 K showing FM behavior
with TC > 380 K; (b) typical response for a GaN without Mn doping.
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Mn diffusion most of the films became very resistive, making it difficult to measure
the carrier type and concentration. This change in electrical behavior is due to a
deep-level acceptor at 1.4 eV above the valence band in Mn-doped GaN films
(Korotkov et al., 2001).
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12.2.3 Structural and magnetic characterization of
Mn-doped InGaN films

InxGa1exN has been a key material system in the development of blue-green light emit-
ting diodes and lasers. These devices rely on GaN/InGaN double heterostructures and
quantum wells (QWs), where the InxGa1exN is under compressive strain due to its
lattice mismatch with GaN. The compressive strain in these films greatly affects their
electrical and optical properties. Achieving FM properties in ternary compounds, such
as InxGa1exN, allows the investigation of the effect of strain on the spin polarization
properties and the role of spin-polarized carriers in the QWs where electronehole
recombination process takes place.

The InxGa1exN films were grown on III-nitride templates using MOCVD and Mn
diffusion was performed as described earlier. The In content was limited to <20% to
avoid any complications due to ordering, spinoidal decomposition, and/or phase sep-
aration (El-Masry et al., 1998; Behbehani et al., 1999) that have been observed for
values of x > 0.2. The resulting films exhibited FM properties, with TC exceeding
RT and the magnetic orientation was determined by the strain state of the as-grown
InxGa1exN film. The In content of relaxed InxGa1exN films, with thickness
t > 0.3 mm, was determined using XRD (q-2q scans) of the (0002) and (0004) reflec-
tion peaks. The thicker InxGa1exN films were determined to be unstrained since the
measured lattice spacings (a and c) were independent of film thickness, and a(InGaN)
was larger than that of a(GaN). The (0004) reflection peak was used to calculate values
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Figure 12.7 RHall plotted as a function of Ha/T for Mn:GaN sample Mn-048. The absence of
hysteresis clearly eliminates superparamagnetic behavior; RHall is directly proportional to the
magnetization.
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of x for thick InxGa1exN films in accordance with Vegard’s law. Thinner films grown
under identical growth conditions as the thick films were assumed to have the same In
content. Table 12.3 lists the In content and strain state of the InxGa1exN films used for
these experiments.

XRD was used to determine the crystalline quality of the Mn:InxGa1exN films and
to establish whether any secondary phases were present. In Fig. 12.8 XRD spectra for
sample In-124, In0.154Ga0.845N, are shown for both the as-grown film and after Mn
diffusion. No change in In-concentration was found for this sample or for any film
as a result of Mn diffusion. In addition, the XRD spectra did not show any change
in the lattice constant of the film, keeping in mind that the XRD peaks are fairly broad
due to the high density of defects in this material system.

Therefore, within the accuracy of our measurements, no additional strain results
from the diffusion process and no secondary magnetic phases, such as MnGa or
Mn4N, or Mn3GaN, were present. In Fig. 12.9 the electron diffraction pattern (EDP)
is shown for sample In-02, Mn:In0.06Ga0.94N, which exhibited FM behavior at RT.
The absence of extra diffraction spots in the EDP indicates the absence of secondary
phases in the film.

The Mn concentration profiles in the Mn:InxGa1exN samples were measured using
SIMS based on a Mn ion implanted GaN standard. In Fig. 12.10 the Mn, In, and Ga
depth profiles for sample In-02 are shown. The Mn concentration is reported in atoms/
cm3, whereas the Ga and the In-concentrations are reported in counts per second. The
thickness of the In0.06Ga0.94N filmwas estimated to bew180 nm, after which the In con-
tent drops off rapidly, as indicated by the arrows in the figure. Although not uniform, the
average Mn concentration in the In0.06Ga0.94N layer is w3.7 � 1021 atoms/cm3, which
corresponds to w8e9 at.%. Such a large Mn incorporation might be expected to
lead to a change in the lattice parameters of the film. However, the shift may be
embedded in the broad XRD spectrum of the InxGa1exN layer shown in Fig. 12.8.

Table 12.3 Summary of the results for the magnetic properties
for Mn:InGaN samples studied in this work

Sample ID x Stress state
Thickness
(InGaN, nm)

In plane
Hs (Oe)

Out of plane
Hs (Oe)

In-122 0.154 Strained 35 None None

In-03 0.154 Transitional 105 2700 3200

In-125 0.154 Relaxed 420 None 2000

In124 0.154 Relaxed 630 None 5100

In-123 0.154 Relaxed 840 None None

In-01 0.051 Strained 157 3750 None

In-02 0.063 Transitional 175 1000 2190

In-06 0.048 Relaxed 315 None 2700
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Vibrating sample magnetometry (VSM) measurements were performed at RT to
characterize the magnetic properties of the Mn:InxGa1exN samples. The data indicate
that the easy axis is either in-plane or out-of-plane, depending on the stress state of the
InxGa1exN film. The RT VSM curves for sample In-01 are presented in Fig. 12.11.
The In0.051Ga0.949N layer was 157 nm thick and is determined under compressive
strain. The easy axis for this sample is in-plane with coercive field HC ¼ 420 Oe.

Some samples showed hysteresis behavior both for in-plane and out-of-plane
applied field orientations. This behavior can be seen in Fig. 12.12, for sample In-03,
with x ¼ 0.15 and a thickness of 154 nm. The as-grown In0.15Ga0.85N layer was in a
transitional state of stress.

In Fig. 12.13 the hysteresis curves for a relaxed sample, In-125, are shown. The
as-grown In0.154Ga0.846N layer was 154 nm thick. The easy axis for this film was
out-of-plane with HC ¼ 60 Oe.

Our data provide evidence that the stress state of the Mn:InxGa1exN films affects the
magnetic properties of these films. The effect of strain on the magnetic properties may
be due to the magnetoelastic effect as was reported for Mn:GaAs and Mn:InGaAs
compounds (Yun et al., 2002; Matsuhura et al., 1998, 1999). In those studies the
easy axis of magnetization was in-plane when the film was under compression and
out-of-plane when it was under tension.

Similarly, our findings for Mn:InxGa1exN films can be explained in terms of the
magnetoelastic effect. In general, the magnetic anisotropy depends on the crystal
symmetry of the host material. Its effect is determined by the interaction between
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the orbital state of the magnetic ion and the surrounding crystalline field, which can be
altered by the amount of strain present in the film. The InxGa1exN films, grown on a
GaN template, are under a compressive strain for thicknesses below the critical layer
thickness (CLT) for a given In content. Therefore, the spineorbit coupling along the
a-axis will be strong when the films are under compressive strain. Upon relaxation, this
will change and the easy axis will be along the c-axis of the films, which is typical for
hexagonal crystals.

Previously, we studied the relaxation process for wurtzite InxGa1exN films as a
function of film thickness. We reported that the transition from the strained to the
relaxed state does not occur abruptly as in the case of zinc-blende As-based films
such GaAs (Reed et al., 2000; Parker et al., 1999a,b). For InxGa1exN films this tran-
sition occurs gradually as the strained films undergo partial relaxation as the film
thickness begins to exceed the CLT. A possible explanation for this occurrence is
that the misfit dislocations, which are required to relieve the lattice mismatch, are
more difficult to form in III-V nitride compounds than in zinc-blende III-V arsenide
compounds.

Samples In-02 and In-03 were determined to be in a transitional state of stress, and
as a result, these films exhibited both in-plane and out-of-plane FM behavior. These
samples displayed similar magnetization curves at RT even though the Mn concentra-
tion was 3.7 � 1021 atoms/cm3 for In-02 and only 9.64 � 1020 atoms/cm3, for In-03.
The effective magnetic moment meff of In-02 was only 0.392 mB/Mn atom, versus
3.43 mB/Mn atom for In-03. The lower meff in the film with higher Mn concentration
may be due to AFM coupling that results from a closer separation between Mn atoms.
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Figure 12.13 RT VSM curves for sample In-125, Mn:In0.154Ga0.846N, with an out-of-plane
easy axis. The as-grown In0.154Ga0.846N layer was 154 nm thick and the film was in the relaxed
state.
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12.2.4 Structural and magnetic characterization
of Fe-doped GaN films

Here we report on our findings concerning solid state diffusion of Fe into GaN films and
the resulting FM behavior. The undoped GaN films were grown by MOCVD on III-V
nitride templates as described in Section 12.2. Fe doping was achieved by PLD depo-
sition and annealing at temperatures ranging from 400 to 600�C. The post-deposition
annealing time was varied between 45 and 180 min and was carried out at the deposi-
tion temperature. Following annealing, the Fe:GaN samples were etched in a solution of
(3:1) HCl:H2O for 10 min to remove residual Fe on the sample surface.

Atomic depth profiles of Fe in the Fe:GaN samples were measured by SIMS.
A typical profile is shown in Fig. 12.14 for sample Fe-51, in which the Fe concentra-
tion (NFe) forms a gradient profile ranging from w3 � 1021 Fe/cm3 at the surface to
w2 � 1017 Fe/cm3 at a depth of 0.38 mm. Relative to the Ga sublattice, NFe was
estimated to be w7.6%, at the top of the film. An estimate of the average NFe in the
top 0.2 mm of the doped region is w2.3 � 1020 atoms/cm3. The SIMS data also
indicate that no Fe atoms remain on the surface of the etched sample.

The crystalline quality of the Fe:GaN films, which were etched samples and found
to be magnetic, was examined by XRD. No peaks were found corresponding to
secondary magnetic phases such as FexN, or stable oxides such as Fe3O4, Fe2O3,
FeO. Some of the diffraction patterns did show a very weak peak at qz 17.9� that
corresponds to the forbidden (0001) GaN peak and is likely due to double diffraction
or stacking faults in the films (Reed et al., 2001a).

To investigate whether secondary phases, such as nanoscale Fe or FexN precipi-
tates, had been formed in the Fe:GaN films, EDX (STEM mode) measurements
were made covering the film thickness at 1 nm steps. The EDX spectra showed no
Fe peaks indicating the absence of precipitates larger than 1 nm, which is the STEM
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Figure 12.14 SIMS measurement of the Fe depth profile in Fe:GaN sample Fe-51.
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resolution limit. Special attention was given to the top of the GaN film and at locations
such as at dislocation lines or stacking fault boundaries, where faster diffusion might
be expected. However, no Fe peaks were detected.

The HRTEM image in Fig. 12.15 is an image of a Fe:GaN film, Fe-51, in which no
Moire fringes or irregularities in the lattice spacing are present, indicating that the sam-
ple contains no Fe rich precipitates, or particles larger than 1 nm.

Another approach to verify that any magnetic behavior found in the Fe:GaN films is
not due to Fe crystallites or clusters is to calculate the mean distance between two
possible Fe clusters that would lead to FM behavior. The mean distance between
clusters, assuming them to be 1.7 nm in diameter and containing w1.77 � 1017 Fe
atoms, in the top 0.2 mm isw38 nm. Considering the field of the transmission electron
microscopy (TEM), which is w200 nm, it should have been possible to identify such
crystallites, if they were present in the film. However, no clusters were observed.

The possibility of clusters smaller than 1 nm being superparamagnetic needs to be
addressed. The transition between FM and superparamagnetic behavior depends on
both temperature and clusters size, with lower temperatures and larger sizes supporting
FM behavior. The transition, or blocking, temperature (TB), below which the clusters
are FM, can be estimated for spherical shapes from the expression:

kVp=kTB ¼ 25 [12.2]

where Vp is the cluster volume, k is Boltzmann’s constant (1.38 � 10�16 erg/K), and k
is the anisotropy constant for Fe (4.8 � 105 erg/cm3) (Cullity, 1972). Clusters with
diameters less than the TEM detection limit of 1 nm would have TB < 1 K and could
be superparamagnetic. However, an additional criterion for superparamagnetic
behavior is that magnetization curves measured at different temperatures (M vs Ha/T)

Figure 12.15 HRTEM image of the Fe:GaN sample Fe-51; no coherent or incoherent
precipitates are observed in all the images taken for the film.
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must superimpose on a common curve. A corollary is that the low-field magnetic
susceptibility must follow a Curie law; that is, be proportional to 1/T.

SQUID measurements were made at 5, 200, and 300 K with Ha parallel to the sam-
ple plane. Data for an etched Fe:GaN sample, Fe-47, are shown in Fig. 12.16(a), where
the DM background from the GaN substrate was subtracted. There is a magnetic
saturation at all temperatures and a decrease in MS from 1.2 � 10�4 emu at 5 K to
8.9 � 10�5 emu at 300 K. The low-field susceptibility did not vary over this wide
temperature range, a trend that is not compatible with superparamagnetic behavior.
In addition, when M is plotted as a function of Ha/T, as seen in Fig. 12.16(b), the
data do not superimpose on a universal curve. In Fig. 12.16(c) MS is plotted as a func-
tion of T, with Ha ¼ 3500 Oe for temperatures from 5 to 400 K. The observed FM
behavior indicates that the ordering temperature of Fe:GaN exceeds 400 K.

VSM data for etched Fe:GaN samples Fe-47 and Fe-45 are shown in Fig. 12.17.
Sample Fe-47 displayed FM behavior while Fe-45 exhibited DM behavior, even
though both samples were prepared on the same GaN substrate. However, Fe-47
was annealed at 500�C for 135 min whereas sample Fe-45 was annealed at 410�C
for 210 min. The difference in magnetic behavior can be attributed to the higher
concentration of magnetically active Fe atoms in sample Fe-47 as a result of higher
diffusion temperature (Table 12.4).

12.3 Mn doping of GaN films by MOCVD

Initial experiments regarding the in situ Mn-doping GaN during MOCVD growth
were focused on establishing the basic properties of the films and the relationship to
the growth conditions. The samples were grown in an in-house custom-built MOCVD
reactor. The films were extensively characterized both magnetically and structurally
in order to gain a good understanding of the growth parameters. The first set of exper-
iments focused on determining the concentration of Mn (CMn) in the films based on the
precursor flow rate (PFR) of ethyl bisethyl cyclopentadienyl-Mn [(EtCp)2Mn] during
growth.

Samples were grown with (EtCp)2Mn PFRs of 50, 100, or 200 sccm and analyzed
by SIMS. A Mn-implanted GaN standard was used for calibration and to quantify the
CMn data. The SIMS data established that Mn was incorporated into the GaN film and
the average CMn was 2.3 � 1019, 4.7 � 1019, and 1.1 � 1020 Mn/cm3 for PFR of 50,
100, and 200 sccm, respectively. Fig. 12.18 illustrates the SIMS depth profiles for Mn
and Ga obtained from GaMnN sample N133-03 grown at a 200 sccm PFR. SIMS data
for Mn are given in Mn/cm3 and in counts/sec for Ga.

In Fig. 12.19 the average CMn is plotted as a function of PFR at the growth
temperature of 1021�C; another data point at 993�C is also presented. The data suggest
that lower growth temperatures result in higher CMn in the final film for the same
flow rate.

A wide range of flow rates, up to 500 sccm, was studied to determine the onset of
secondary phase formation and ensure the growth of single crystal films. The
experiments led to a phase diagram, shown in Fig. 12.20, indicating regions where
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Figure 12.16 (a) Temperature dependence of the magnetization curves for etched sample Fe-47
showing the decrease in Ms with increasing temperature. (b) Magnetization curves plotted
versus Ha/T showing that the curves do not superimpose as required by superparamagnetic
behavior. (c) The temperature dependence of MS with Ha ¼ 3500 Oe applied parallel to the
film. FM behavior is still present at 400 K, which is the operating limit of the equipment.
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single crystal films are free of secondary phases and other regions where secondary and
polycrystalline phases are obtained. The solid red circles represent GaMnN films with
secondary phases that had magnetic behavior, whereas open red circles indicate those
with nonmagnetic behavior. The solid blue circles represent GaMnN films with no
secondary phases that had magnetic behavior, whereas open blue circles indicate those
with nonmagnetic behavior.

In these experiments higher flow rates and higher growth temperatures led to films
with rough surfaces, polycrystalline GaN phases, and eventually to secondary phases.
The optimum PFR and temperature for a smooth surface were determined to be
100 sccm and 1020�C. To examine the presence of secondary phases, XRD scans
of all samples were made. A typical XRD scan for GaMnN sample N131-03 is shown
in Fig. 12.21. No peaks from secondary phases were found, only those from GaN and
the sapphire substrate.
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Figure 12.17 VSM magnetization curves at RT for etched Fe:GaN samples (a) Fe-47 showing
FM behavior and (b) Fe-45 showing DM behavior.
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A SQUID magnetometer was used to measure the magnetization of the GaMnN
films grown by MOCVD. Fig. 12.22 shows results of a SQUID measurement at RT
for GaMnN sample N129-03 indicating the FM hysteresis behavior with finite
remnance and coercivity.

TEM measurements indicated that the MOCVD grown GaMnN material is single
crystal and free of secondary phases. Some twin boundaries, stacking faults, and
dislocation loops were observed.
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Figure 12.18 SIMS depth profiles for Mn and Ga for GaMnN sample N133-03 grown at
1021�C with a PFR of 200 sccm.

Table 12.4 List of annealing conditions and magnetic behavior, after
etching, of Fe:GaN samples using two different GaN substrates

Sample name TAnneal (8C)
Time (growth D anneal)
(min)

Magnetic behavior after
etching

Fe-43 560 210 Ferromagnetic

Fe-51 500 270 Ferromagnetic

Fe-47 500 135 Ferromagnetic

Fe-45 410 210 Diamagnetic

Fe-40 560 165 Diamagnetic

Fe-42 560 210 Diamagnetic

Fe-50 500 270 Ferromagnetic

Fe-46 500 135 Diamagnetic
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The solid line is the best fit for samples grown at 1021�C.
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The SQUID measurements at RT showed that the MS of the films scaled with CMn

up to a maximum at w5%. Further increases in CMn caused the magnetization to
decrease to the background value. In Fig. 12.23, the dependence ofMS on CMn is illus-
trated for films grown at 1021�C. Two data points for films grown at 903�C are also
shown. The reduction inMS with CMn > w5% may be due to AFM coupling between
the Mn ions at higher concentrations.

There have been conjectures that secondary phases, spin-glass behavior, or super-
paramagnetic clusters are responsible for the FM behavior in wide bandgap semicon-
ductor materials. In order to rule out the possibility that spin-glass behavior occurs,
remnant magnetization (MR) measurements were performed as a function of time. In
FM materials, the value of MR should be constant for extended periods of
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Figure 12.22 Hysteresis data for GaMnN sample N129-03 at 300 K indicating FM behavior.
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Figure 12.21 XRD scan of GaMnN sample N131-03 indicating the absence of secondary
phases. The observed peaks are from GaN and the sapphire substrate.

Ferromagnetic behavior in transition metal-doped III-N semiconductors 419



time, �30 min, below the critical temperature. Fig. 12.24 shows the results of such a
measurement for GaMnN sample N129-03, which was cooled to 20 K and saturated
with a field of 1 T. There was little change in MR for over 8 h, which is the behavior
of an FM material.

In superparamagnetic materials, MR is negligible and plots of magnetization
(M) versus Ha/T should overlap. Data from such measurements for GaMnN sample
N131-03 are shown in Fig. 12.25. Clearly the hysteresis curves at different tempera-
tures have different slopes and are not overlapping, excluding superparamagnetic
behavior in the MOCVD GaMnN grown films.
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Figure 12.24 Time dependence of MR for GaMnN sample N129-03 recorded at 20 K with a
zero applied field.
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grown by MOCVD.
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12.4 Fermi level engineering of magnetic behavior
of GaMnN

As described in Section 12.2, the Zener theory of FM behavior in semiconductor
materials is based on the interaction between the delocalized carriers and localized spins
of the magnetic impurities. This theory works well to explain the FM properties of
GaMnAs and InMnAs semiconductors. In these materials Mn assumes a 2þ valency
that results in formation of an acceptor level band near the valence band (EVB) of
GaAs or InAs. This impurity band also hybridizes with EVB provided that a sufficient
Mn concentration is reached. An abundance of holes in p-type GaMnAs mediates the
magnetic interaction and leads to FM behavior. However, for GaMnN materials the sit-
uation is quite different; Mn forms a deep impurity level approximately 1.4 eV above
the EVB of GaN. This deep band, whose width depends on the Mn concentration
(Korotkov et al., 2001; Kronik et al., 2002), does not supply holes to hybridize with
EVB and hence the resulting crystal is electrically insulating. Consequently, carrier-
mediated ferromagnetism in GaMnN does not occur in the same manner as with
GaMnAs. Since we have observed FM properties (see Sections 12.2 and 12.3) and
have precluded the existence of secondary phases or spin-glass behavior, a different
mechanism must be at work to produce magnetic ordering in the GaMnN films.

Based on our experimental data, we have proposed that FM properties in GaMnN
are a function of the position of the Fermi level (EF) within the crystal (Reed et al.,
2005a,b). More specifically, long-range magnetic ordering occurs when EF coincides
with the Mn-induced impurity band (E{Mn}). Once this band is partially filled, carriers
(holes) are rendered mobile and can polarize the spins of the Mn ions resulting in FM
order. When EF is below E{Mn}, this band is devoid of carriers and minimal interaction
between the Mn ions occurs. Conversely, if EF is located above E{Mn}, then the band is
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Figure 12.25 M versus Ha/T measurements for sample GaMnN N131-03 excluding the
possibility of superparamagnetic behavior.
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completely filled with electrons, and again FM ordering is prohibited. The three cases
are illustrated in Fig. 12.26.

12.4.1 Codoping of GaMnN with either silicon or magnesium

Several experiments were undertaken to alter the position of the Fermi level in the
GaMnN crystal and to monitor the change in the magnetic properties. The first
approach was in situ codoping of GaMnN during MOCVD growth with either Si or
Mg, which are n-type and p-type dopants, respectively.

MOCVD growth conditions were selected to produce FM properties in the undoped
films. The silane was added as a Si codopant at different flow rates during the growth.
The addition of silane was expected to raise the position of the EF level in the bandgap
of GaMnN material. After growth, the films were examined using alternating gradient
magnetometry (AGM) for magnetic properties. In Fig. 12.27 magnetization versus
applied field Ha curves are shown, indicating that the addition of silane during growth
lowers the saturation magnetization.

SIMS measurements were performed on these samples to determine the change in
Si concentration due to the silane flow rate. SIMS atomic depth profiles are shown in
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Mn 3d

(a) (b) (c)
Figure 12.26 Illustration of the GaMnN band structure with the location of the Mn impurity
band and three possible positions for the Fermi level: (a) EF coincides with the Mn band, (b) EF

lies above the Mn band, and (c) EF is below the Mn band. Magnetic ordering occurs only in
case (a).
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Figure 12.27 Magnetization versus applied field curves at RT for GaMnN films grown:
(a) without silene, and under different silane flow rates; (b) 2.0 nmol/min; (c) 6.78 nmol/min;
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Fig. 12.28 for two of the GaMnN samples. The Si concentration is w1018/cm3 for a
low flow rate and w1020/cm3 for a high flow rate. Depth profiles for Ga and Mn
are also shown indicating only small changes due to Si codoping. The EF rises toward
the conduction band (ECB) under high flow rate conditions and the film becomes
paramagnetic (PM).

Next, the effect of Mg codoping on the magnetic properties of the GaMnN films
was studied using bicycle penta-dienylmagnesium (Cp2Mg) as the Mg source during
MOCVD growth. It has been well established that Mg-doping of GaN leads to a deep
acceptor level located about 0.15 eV above the EVB. At RT, the Mg acceptor level in
GaN:Mg is barely activated and for a Mg concentration of w5 � 1019/cm3, the hole
concentration is only w1017/cm3. For Mg-doped GaMnN films, carriers are thermal-
ized into the acceptor level and as the Mg increases the EF is lowered below E{Mn}.
This depletes carriers in the E{Mn} band and reduces the magnetic moment of these
films. Fig. 12.29 illustrates the effect of Mg codoping on the magnetic properties of
GaMnN films. Magnetization curve (a) represents an undoped GaMnN film grown
under ideal growth conditions for FM behavior. Curve (b) is the magnetic response
of a GaMnN film grown under identical conditions except for Mg codoping, which
essentially eliminates the hysteresis.

Fig. 12.30 summarizes the effect of codoping GaMnN films with either Mg (red
lines) or Si (black lines). Codoping moves the EF away from the E{Mn} and reduces
the availability of carriers to mediate magnetic ordering. Consequently, the magneti-
zation decreases.

12.4.2 Charge transfer through heterojunction interfaces

In order to further clarify these effects another set of experiments was conducted in
which the GaMnN layer remained undoped but was grown adjacent to a Mg-doped
or Si-doped GaN layer. Results of these experiments show that the FM properties of
the GaMnN layer can be altered by carrier transfer across heterojunction interfaces.

In the first case GaMnN films were grown under conditions that are outside the
range for producing FM behavior in the GaMnN films. The Mn concentration in these
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Figure 12.28 SIMS depth profiles for Si, Ga, and Mn in GaMnN films grown under different
silane flow rates: (a) low flow rate and (b) high flow rate.
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films was 1020/cm3, as measured by SIMS, and magnetization curves indicated very
weak FM or PM behavior. Essentially, EF was above the E{Mn} band and holes
were not available to mediate magnetic ordering. However, the magnetic behavior
could be altered by growing a GaN:Mg/GaMnN single heterostructure (SHS) shown
schematically in the inset to Fig. 12.31. In this set of samples the GaMnN layer thick-
ness was kept constant at 0.375 mm and the GaN:Mg layer thickness varied from 0.15
to 0.75 mm. Initially, there was only weak FM response of the SHS for a GaN:Mg
thickness of 0.15 mm. However, by increasing the GaN:Mg layer thicknesses, the
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Figure 12.30 Magnetization saturation values measured at RT for GaMnN films and plotted as
a function of Mg codoping (red lines) or Si codoping (black lines). In either case, the EF moves
away from the Mn impurity band and the magnetization decreases.
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(b) Mg codoped GaMnN films.
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magnetization response increased. Sufficient holes from GaN:Mg layer entered the
GaMnN film and the EF was moved within the E{Mn} band.

Another set of samples consisted of GaN:Mg/AlGaN/GaMnN/AlGaN/GaN:Mg
multilayer heterostructures with the AlGaN layers serving as a wide bandgap barriers
for the carriers (see inset in Fig. 12.32). Based on the data presented in Fig. 12.31, the
GaMnN films were grown under conditions that are outside the range for producing
FM behavior. The thicknesses of the GaN:Mg (0.75 mm) and GaMnN (0.38 mm) layers
were held constant whereas the thickness (tb) of the AlGaN barriers, with Al
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concentration of 30%, varied from 25 to 200 nm. The magnetization versus applied
field curves of these multilayer structures are shown in Fig. 12.32. For the structure
with barrier thickness tb w25 nm, curve (a), magnetic behavior was nearly the same
as for films having no AlGaN barriers (see Fig. 12.31). Charge transfer across the
GaN:Mg/GaMnN interfaces took place by tunneling, or thermionic emission, and
magnetic ordering occurred. However, as the barrier thickness was increased
tb > 50 nm (see curves (b) and (c)), the AlGaN barrier layers impeded carrier transfer
from the GaN:Mg layers and the films did not exhibit any magnetization (hysteresis
or Ms). The magnetic response for these samples was practically paramagnetic, as
shown in Fig. 12.32.

A third set of samples was grown to study the effect of adjacent layers with
Si-doping. In this case, the GaMnN layer was grown between GaN:Si layers to
form a double heterostructure (DHS) GaN:Si/GaMnN/GaN:Si, shown in the inset in
Fig. 12.33. The GaMnN layer was grown under conditions that led to FM behavior,
(ie, EF was within E{Mn}). Magnetization versus applied field curves measured at
RT are shown in Fig. 12.33 for the GaMnN film, having Mn concentration of 0.3%,
and for the two DHS samples. The magnetic response for the single film, curve (a),
displays hysteresis and Ms > 0. When such a layer is grown between GaN:Si layers,
the magnetic response was reduced (see curves (b) and (c)). For sample (b), the
Si-doping concentration was w5 � 1018/cm3 and the magnetic response still showed
hysteresis, but with a reduced Ms. In sample (c), the Si-doping concentration was
w1020/cm3 and no indication of FM behavior was found. Since Si is a shallow donor
in GaN with an energy level 5e10 meV below the conduction band (ECB), electrons
from the GaN:Si layers were able to transfer to the GaMnN layer. For sample
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Figure 12.33 Magnetization versus applied field curves measured at RT for a GaMnN
single layer (a); and, for GaN:Si/GaMnN/GaN:Si double heterostructures. The Si-doping
concentration was w5 � 1018/cm3 for (b), and w1020/cm3 for (c).
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(b) the Si doping was much less than the Mn content and the carrier transfer from the
GaN:Si layer to GaMnN layer was not sufficient to quench the FM behavior properties.
However for sample (c), the higher Si doping was sufficient to reduce EF below E{Mn}

to eliminate FM behavior.
These results provide compelling evidence that FM behavior depends upon the

Fermi level in MOCVD grown GaMnN. When EF was within the Mn 3d band
E{Mn}, FM behavior was observed. However, when EF is either above or below
E{Mn}, magnetic ordering did not occur. Furthermore, FM behavior of a GaMnN
film could be altered by growing multilayer heterostructures with either GaN:Mg or
GaN:Si layers. Transfer of carriers from such adjacent layers can change EF in GaMnN
and the availability of carriers in the E{Mn} band that are necessary to produce FM
behavior.

12.5 Room-temperature spintronic device based
on GaMnN

There have been previous reports of electric field control of the FM properties in struc-
tures based on GaMnAs magnetic films. However, due to the low TC of these materials,
such devices function only at temperatures less thanw110 K (Matsukura et al., 2015).
In this section we present a novel GaMnN structure that enables electric field control of
the FM behavior at RT. Such devices could utilize both the charge and spin of elec-
trons to process and store data, with higher speeds and lower power consumption,
than conventional Si-based devices (Bedair et al., 2010).

In Section 12.4 we demonstrated that the location of EF in the GaMnN film deter-
mines the magnetic interaction between Mn ions leading to FM behavior ordering
(Arkun et al., 2004). We also showed that the EF in the GaMnN film can be altered
by adjacent Mg or Si-doped GaN layers. In addition, since Mn forms a deep acceptor
band in GaMnN, the resulting films are highly insulating (Arkun et al., 2004; Mahros
et al., 2007; Schubert et al., 1996). Based on these results, several p-GaN:Mg/GaMnN/
n-GaN:Si (p-i-n) structures were grown by MOCVD and processed into prototype
devices. However, electric field control of FM behavior was not observed. Two
main issues appeared: high Mn concentrations in p-GaN:Mg led to poor crystal
quality, and electrical p-type conductivity in this layer was still too low for device
demonstration. In order to overcome these issues, p-type (Al0.2Ga0.8N/GaN:Mg)
strained-layer superlattice (SLS) multilayers, with a period ofw16.6 mm, were grown
to replace the p-GaN:Mg layer (Wojtowicz et al., 2003). The p-GaN-SLS structures
had higher hole concentrations than the single p-GaN:Mg layers due to
strain-induced polarization effects and band-bending at the interfaces. Furthermore,
the GaMnN was grown on top of the p-GaN-SLS to form an i-p-n device structure
to improve electrical control of carriers (holes) necessary for magnetic ordering
(Schubert et al., 1996; Wojtowicz et al., 2003).

Fig. 12.34 shows a schematic of the multilayer GaMnN/p-GaN-SLS/n-GaN struc-
ture grown on the c-plane GaN/sapphire substrate. The GaMnN layer had a thickness
of 0.5 mm and Mn concentration w1020 cme3 as determined by SIMS measurements.
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Device structures with different p-GaN-SLS layer thickness (Xp) were fabricated using
photolithography and inductively coupled plasma dry etching. The size of each device
was about 2 � 2 mm. Contacts were deposited on the p-GaN-SLS and n-GaN layers
forming a rectifying junction. Under reverse bias, the depletion width (WP) increased
at the p-n interface and the available carriers (hole) required for mediating FM ordering
decreased.

The GaMnN layer was grown under conditions that would lead to PM behavior.
Magnetic properties of fabricated device structures were examined using AGM mea-
surements at RT. Similar to the results shown in Fig. 12.31, the magnetic response of
the i-p-n device structure had a strong dependence on the thickness of the p-GaN-SLS
layer (Reed et al., 2005b). For thin layers, Xp � 0.066 mm, the GaMnN structure is PM
as a result of insufficient mediating holes due to carrier depletion at the p-n junction.
As the thickness Xp increases, the magnetic response of the structure begins to show
FM behavior and reaches a maximum for Xp � 0.25 mm. Since Ms depends on the
interaction between itinerant holes from p-GaN-SLS and the localized Mn ions,
magnetic ordering is limited by the penetration of the hole wave function into the
GaMnN layer. Previously, the magnetic properties of modulation-doped GaMnAs/
AlGaAs:Be heterostructures have been reported (Wojtowicz et al., 2003; Bougrov
et al., 2001). That study indicated that the source of holes had to be less than 3 nm
away from the GaMnAs layer for coupling to occur between holes and Mn ions.

The next step in demonstrating a functional device for control of FM behavior was
to provide an applied voltage (Va) to the GaN p-n junction. AGM measurements of the
magnetization versus applied field were made at RT for the GaMnN i-p-n device struc-
ture under different values of Va (Nepal et al., 2009). Results of these measurements
clearly show FM behavior as a function of the reverse bias voltage (see Fig. 12.35).
For forward bias and reverse bias voltages down to �3 V, hysteresis curves with a
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Figure 12.34 Schematic diagram of the fabricated GaMnN i-p-n device structure where Xp is
the p-GaN-SLS thickness, Wp the depletion width, and Va the applied voltage. Under reverse
bias, Wp at the p-n interface increases and the hole concentration, mediating FM behavior,
decreases. Also shown are the four point contacts used to perform Hall measurements.
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constant Ms were measured. With increased reverse bias, the Ms decreased at
Va w�4 V and at we5 V the magnetic response was nearly PM. The data provide
evidence that ferromagnetism can be modulated by an applied voltage to a p-n junction
adjacent to the GaMnN layer.

The results of these measurements can be explained in terms of the electronic
properties of the semiconductor multilayer structure. The GaMnN i-p-n device had a
p-GaN-SLS with thickness Xp ¼ 0.25 mm. At zero bias the depletion width Wp was
w161 nm due to built-in potential between the p-n regions. With increasing bias
voltage Wp also increased and was w0.221 mm at �3 V. This still left w30 nm of
the p-GaN-SLS region next to GaMnN layer for holes to mediate magnetic ordering.
Since the penetration depth for the hole wave function into the GaMnN layer is
w30 nm, the hysteresis curves and the value of Ms was constant for Va > �3 V.

However, with further increases in the bias voltage the hysteresis curves changed and
the value ofMs decreased due to the reduction of holes at the p-GaN-SLS/GaMnN inter-
face. For Va w e5 V the depletion width Wp was w25 mm and the GaMnN layer
becamemostly PM. There were almost no itinerant holes remaining to mediate magnetic
ordering in the GaMnN layer. Consequently, the bias voltage changed the depletion
width at the p-n junction and decreased the holes available at the junction to interact
with the localized Mn ions to produce FM behavior. Several fabricated devices were
found to repeat these results and confirm the hole-mediated FM properties.

As further illustration of this mechanism, two different i-p-n devices were etched to
investigate dependence of magnetic behavior upon the thickness of the p-GaN-SLS
layer and that of GaMnN. In one structure the thickness of the p-GaN-SLS was
0.17 and 0.25 mm in the other. In both samples the initial thickness of the top GaMnN
layer was 0.5 mm. After etching of the GaMnN layer, to reduce its thickness, AGM
magnetic measurements at zero bias voltage were performed. Results of these
measurements at RT are shown in Fig. 12.36. For the i-p-n device with p-GaN-SLS

–5 –4 –3 –2 –1 0 1 2 3 4 5
–4

–2

0

2

4

V = –5.5 V

V = –4.0 V

V = –5.0 V

V = 0 VT = 300 K
GaMnN i-p-n

M
s ( µ

 e
m

u)

Applied field (kOe)

Figure 12.35 Magnetization versus applied field curves at RT for the GaMnN i-p-n device
under different values of reverse bias voltage.
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thickness Xp ¼ 0.17 mm, no hysteresis was observed either initially or after etching.
The built-in potential at the p-n junction depletes carriers in the p-GaN-SLS layer
and magnetic ordering cannot occur. For the i-p-n device with p-GaN-SLS thickness
Xp ¼ 0.25 mm, there is no change in the FM behavior until the GaMnN layer is etched
to a thickness less than w0.03 mm. At this stage, the limited penetration of the hole
wave function into the GaMnN layer starts to take effect. While there are sufficient
holes for magnetic ordering, there are less Mn ions available for FM behavior. This
result emphasizes that the magnetic properties found in the i-p-n device, and in the
structures discussed in Section 12.4, are due to FM ordering of Mn ions only near
the GaMnN/p-layer interface.

Magnetic ordering in the GaMnN i-p-n devices was also studied by Hall resistance
measurements using the four point contacts on the p-GaN-SLS layer, shown in
Fig. 12.37. The Hall measurements indicated that the n-GaN and p-GaN-SLS layers
had carrier concentrations of 1.5 � 1018 cme3 and 1.2 � 1017 cme3, respectively. In
Fig. 12.37(a) results of measurements made at RT using the measurements made of
the magnetoresistance (DRHall) data for these layers are displayed. For these layers
RHall is a linear function of the applied magnetic field, indicating an ordinary Hall
Effect (OHE). Similar measurements for the GaMnN i-p-n devices at different values
of applied voltage resulted in much different behavior as shown in Fig. 12.37(b).
For Va ¼ 0 the DRHall has a steep initial slope followed by a plateau for higher
magnetic fields typical of the anomalous Hall Effect (AHE). The negative modest
slope of AHE curve for zero bias indicates that the carriers in the film are p-type.
The AHE dominates at low fields and RHall saturates once magnetization reaches
higher levels (Nepal et al., 2009). With applied reverse voltage, holes in the
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Figure 12.36 Results of AGM measurements at RT and zero bias voltage for two i-p-n devices
before and after etching of the top GaMnN later. TheMs data points in black correspond to the
device having p-GaN-SLS thickness Xp ¼ 0.17 mm and indicate no FM behavior. The points in
red are for the device with Xp ¼ 0.25 mm and show that Ms decreases if the thickness of
GaMnN layer becomes <w0.3 mm.
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p-GaN-SLS layer are depleted and the induced magnetic ordering in the GaMnN layer
is reduced. Consequently, the AHE behavior is less pronounced. For Va we5 V, in
close agreement with the AGM measurements, the Hall measurements show OHE
behavior indicating full depletion of the p-layer and elimination of magnetic ordering.
These results provide evidence that the magnetoresistance in the device structure can
be controlled by applying reverse bias voltage to the p-n junction.

The measurements show the AHE with a steep initial response to the applied field
followed by a plateau. Under an applied reverse voltage p-GaN-SLS becomes depleted
and a linear response is observed at e5 V.

12.6 Summary and concluding remarks

We have conducted multiple experiments demonstrating that GaN can be doped with
Mn by several techniques: (1) diffusion of Mn in GaN thin-film single crystal, and
(2) MOCVD doping of GaN thin films. The FM behavior of GaMnN layers can be
controlled by the hole concentration in a GaMnN/p-GaN heterostructure. Furthermore,
the holes can be modulated by applying a reverse bias to the GaMnN/p-GaN/n-GaN
structure, producing a transition from PM to FM behavior. We have demonstrated
that this electric current control of the FM can be achieved at RT and that the AHE
depends on the holes of the p-GaN layer and the applied reverse bias. Such
current-controlled FM GaMnN i-p-n devices would have important applications at
RT, especially in nonvolatile memory storage systems.

Figure 12.37 Magnetoresistance Hall measurements at RT of (a) n-GaN and p-GaN-SLS films
showing the linear response due to the OHE, and (b) GaMnN i-p-n device with p-GaN-SLS

thickness 0.25 mm as a function of applied magnetic field and reverse bias voltage.
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Bipolar magnetic junction
transistors for logic applications 13
B.W. Wessels
Northwestern University, Evanston, IL, United States

13.1 Introduction

With the discovery of III-V dilute magnetic semiconductors (DMSs), there has been
widespread interest in developing these materials for logic and memory devices [1].
Of particular interest are bipolar magnetic junction diodes and transistors. These de-
vices show large changes in their current transport with magnetic field. Much of the
theory of bipolar magnetic semiconductor junction devices has centered on the effect
of magnetic field on the band structure of the junction. Upon application of a magnetic
field the conduction and valence band offsets in the heterojunction are predicted to be
altered as a result of the giant Zeeman effect, leading to a large junction magnetoresis-
tance [2e5]. Other magnetic field junction effects have been proposed including
spin-selective scattering of carriers that leads to magnetoresistance. Early on it was
noted that the magnetoresistance of the magnetic semiconductor junctions had a com-
plex dependence on magnetic field [6]. For InMnAs epitaxial layers the magnetoresis-
tance is negative at low temperature (<15K) whereas at higher temperature the
magnetoresistance is positive [7]. This behavior can’t be simply explained by the giant
Zeeman effect on band structure alone as originally proposed; other magnetotransport
factors must be considered. Here we present a two-band model to describe magneto-
conduction in a DMS diode and transistor for fields up to 18 T. The carrier transport
can be expressed as a parallel circuit consisting of two resistors that represent the mi-
nority and majority spin channels. As the magnetic field increases, the spin polariza-
tion increases. The spin-polarized conduction leads to the giant magnetoresistance
observed in the diodes and the negative magnetoamplification in the bipolar magnetic
junction transistors (MJTs).

13.2 Spin diodes

Using the magnetoresistance effect spin diodes can be constructed. The spin diode is a
two-layer structure consisting of a magnetic semiconductor and a nonmagnetic semi-
conductor [2]. For the case of a III-V host such as InAs or GaAs addition of the mag-
netic ion Mn leads to p-type conduction. For low Mn concentration the layers are
paramagnetic while for high concentration the layers are ferromagnetic. The Mn ion
concentration also determines the conductivity and magnetoresistance of the layers.
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The narrow gap semiconductor InMnAs has shown either positive or negative magne-
toresistance depending on the temperature [8]. A large positive magnetoresistance in
junctions was first observed in InMnAs/InAs heterojunction diodes by May and Wes-
sels in 2005 [9]. Subsequently a giant magnetoresistance was observed for these diodes
at high fields. Fig. 13.1 shows the currentevoltage characteristics of the heterojunction
in magnetic fields up to 18 T [10]. As can be seen there is a large increase in the junc-
tion resistance with magnetic field.

To describe the magnetic behavior of the junction characteristics a semiempirical
equation given by the Shockley diode equation was utilized where there is an addi-
tional series resistance due to the junction magnetoresistance. The current I for a
bias V is given by:

I ¼ I0

�
exp

�
qV � IRðHÞ

kT

�
� 1

�
[13.1]

where I0 is a prefactor that depends on band structure and R(H) is the series resistance
that depends on the junction magnetoresistance that depends on magnetic field H. The
term k is the Boltzmann constant and T is the absolute temperature. Note that R(H) can
be either positive or negative depending on the spin-scattering mechanism, as will be
discussed. For the case of a positive magnetoresistance the junction conductance will
decrease with increasing magnetic field, whereas for a negative magnetoresistance it
will increase with field.

To explain the origin of the magnetoresistance, a two-band model for conduction in
a magnetic semiconductor diode was developed based on the Mott model applied to
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Figure 13.1 Current versus voltage characteristic for a p-n InMnAs/InAs heterojunction at
room temperature. An external magnetic field up to 18 T parallel to the current and electric
field was applied.
From Rangaraju N, Li P, Wessels BW. Phys Rev B 2009;79:205209.

436 Rare Earth and Transition Metal Doping of Semiconductor Materials



conduction in ferromagnetic metals [11]. In this model the valence band of the
magnetic semiconductor is split into two spin-polarized bands as a result of the giant
Zeeman effect [10]. This can be seen in Fig. 13.2. Conduction can occur via both the
minority and majority spin bands, however the bands will have different effective
masses depending whether the band is more p-like or d-like. The p-like bands will
have a higher conductance than the d-like bands due to differences in mobility.
Furthermore the populations of the two bands will differ. The respective carrier pop-
ulations will depend on both temperature and magnetic field strength. The carrier trans-
port thus occurs via two channels that are parallel. The conduction can be expressed by
a parallel circuit consisting of two resistances that represent the minority and majority
spin channels. To describe the magnetoconduction, the conductance and its magnetic
field dependence is given by the expression [10]

G ¼ 1

2cosh
�
mBgH
kB T

�
�
G1 exp

��mBgH

kB T

�
þ G2 exp

�
mBgH

kB T

��
[13.2]

where G1 and G2 are the conductances of channel 1 and channel 2, and G is the total
conductance of the junction. The term mB is the Bohr magneton, g is the effective
Lande factor, and H is the magnetic field.

As the magnetic field increases the relative carrier population of the two bands
will change. The resulting current through the device will be spin polarized. The
effective spin polarization P depends on the channel conductances G1 and G2 and
is given by:

P ¼ G1 � G2

G1 þ G2
[13.3]
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Figure 13.2 Density of states for ferromagnetic InMnAs. The Fermi level is resonant with the
spin-split valence band.
From Rangaraju N, Li P, Wessels BW. Phys Rev B 2009;79:205209.
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This spin-polarized conduction leads to the giant magnetoresistance. Fig. 13.3
shows the conductance characteristic of an InMnAs/InAs p-n heterojunction as a func-
tion of applied field up to fields of 18 T at 300K. The solid lines are the theoretical
curves given by Eq. [13.2]. As can be seen, the conductance decreases rapidly with
external magnetic field.

13.3 Bipolar magnetic junction transistor

The heterojunction diode forms the basis of the bipolar MJT [12]. In principle, the tran-
sistor contains two or more magnetic semiconductor layers to take advantage of the par-
allel and antiparallel magnetization configurations that lead to different output currents.
Nevertheless transistors with only one magnetic semiconductor layer and two nonmag-
netic semiconductor layers have also been proposed and demonstrated. In this case the
magnetic layer can be either the emitter or the collector and the base is the nonmagnetic
semiconductor. When the emitter is a magnetic semiconductor, under forward bias
the emitter-base current will be a strong function of magnetic field due to the positive
junction magnetoresistance. Changes in the current transfer ratio a(a ¼ Ic/Ie) will
be observed with a magnetic field. Similarly the collector can be a magnetic semicon-
ductor and the other two layers can be nonmagnetic semiconductors, both configura-
tions leading to a dependence of a on H.

Using fabrication techniques developed for a p-n heterojunction, spin transistors
were fabricated and their characteristics demonstrated [12]. A schematic of the bipolar
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inset shows fit using a two-band model.
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magnetic junction transistor is shown in Fig. 13.4. The transistor consists of three
active regions p-InMnAs/n-InAs/p-InAs. The heterojunctions were fabricated by first
depositing a 150 nm layer of InAs (n ¼ 1 � 1016 cm�3) on a p-type InAs substrate by
metalorganic vapor phase epitaxy. Subsequently a p-type InMnAs layer was deposited
forming a p-n-p transistor structure.

The transistor current gain bdc was measured as a function of the collector current Ic.
The gain is given by:

bdc ¼
Ic ðIBÞ � Ic ð0Þ

IB
[13.4]

where IB is the base current. Fig. 13.5(a) shows the bdc versus Ic characteristics for
different values of the base current. The highest amplification that was observed for
this series of transistors is 20 at 298K and zero magnetic field. At low values of Ic the
value of bdc is limited due to generation-recombination current. At higher collector
currents there is a narrow region where the transistor characteristic approaches ideal
behavior.

The transistor current gain was measured in a magnetic field. The gain for different
values of the magnetic field and collector current is shown in Fig. 13.5(b). The gain of
the transistor changes in a magnetic field, resulting in a magnetoamplification (MA)
factor given by:

MA ¼ bdc ðBÞ � bdc ð0Þ
bdc ð0Þ

[13.5]

It should be noted that the value of MA can be either negative or positive. When
bdc (0) is greater than bdc (B), a negative magnetoamplification results. The experimen-
tally observed negative magnetoamplification is consistent with a positive junction
magnetoresistance as observed for the heterodiodes.

The behavior is well described by an Ebers-Moll model for a transistor that includes
a series magnetoresistance [12,13]. In this case the equivalent circuit for the device
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Figure 13.4 Schematic of a p-n-p InMnAs/InAs/InAs heterojunction transistor.
From Rangaraju N, Peters JA, Wessels BW. Phys Rev Lett 2010;105:117202.
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consists of two coupled diodes and a magnetic field-dependent resistance R(B) in series
with a reverse biased collectorebase junction as shown in Fig. 13.6. This resistance
accounts for the magnetoresistance of the transistor. When a magnetic field is applied
perpendicular to the junction of the transistor, spin-selective transport in the reverse
bias junction leads to an increase in R(B).

While the modified Ebers-Moll model describes the behavior of the bipolar MJT,
the atomic origin of the junction magnetoresistance is not well understood. It is of in-
terest to examine the magnetoresistance of the semiconductor thin films for potential
insight into the junction properties. As shown in Fig. 13.7 the magnetoresistance of the
InMnAs layers is a function of field and temperature. As is evident in Fig. 13.7 nega-
tive magnetoresistance is observed at low temperatures only [8]. For temperatures
above 15K the magnetoresistance is positive. This positive magnetoresistance is
similar to the behavior observed for the heterojunction diodes. Thus it is presumed
that the same mechanisms are responsible for the magnetoresistance of the thin films,
diodes, and transistors. That is, the magnetoresistance is attributed to spin-selective
scattering of spin-polarized holes. Here it is presumed that the magnetoresistance
R(H) ¼ f(M), where M is the magnetization of the magnetic semiconductor [14].
The magnetization in turn is a function of magnetic ion concentration, temperature,
and magnetic field. For a DMS the magnetization M is given by:

M ¼ M0B0ðxÞ [13.6]

whereM0 is the low temperature magnetization, x ¼ gNBmBH/kT, B0(x) is the Brillouin
function, where x depends on the effective g factor and the temperature T. NB is the
transition metal concentration. At high fields and low temperatures the term M(H)
saturates, whereas at low fields and high temperature M(H) is linear in field.

B

CE

R(B)

αRIR αFIF

IF IR

IB

Figure 13.6 Ebers-Moll model for an MJT. The magnetoresistance is labeled by R(B).
From Rangaraju N, Peters JA, Wessels BW. Phys Rev Lett 2010;105:117202.
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If M is taken to be a linear function of H, then the magnetoresistance would be
quadratic in magnetic field at low fields. At higher fields the magnetoresistance would
be expected to saturate as is the case forM in Eq. [13.6]. This saturation is indeed what
is observed for InMnAs and InMnSb heterodiodes and is consistent with the conduc-
tance behavior of the junction described by Eq. [13.2] [10,15].

For practical device applications in logic and magnetosensing, small external fields
are required. As can be seen in Fig. 13.3, a field of the order of 5 T is needed to reduce
the diode conductance by an order of magnitude. To increase the junction magnetore-
sistance, increases in the magnetic ion concentration or low temperature are needed.
However, for these semiconductors the solubility of magnetic ions is limited, so the
magnetization of the single phase alloys is limited. Nevertheless there is the possibility
of increasing the magnetization by considering two phase alloys consisting of a III-V
host and a magnetic compound. One material example is GaAs:MnAs, which has been
widely investigated [16].

Another factor that comes into play in determining the junction magnetoresistance is
the effective g factor. This term depends on the semiconductor band structure and the
exchange energy, so it is host specific. Experimental g values of the order of 100 have
been measured for InMnAs/InAs and InMnSb/InSb p-n junction heterodiodes [10,15].
The g factor has been found to be temperature dependent. Furthermore since g is in the
argument of an exponential function, as in Eq. [13.2], a strong temperature dependence
of the magnetoconductance properties should be observed. In Eq. [13.2] for the junction
conductance the term gmBH/kT is the argument of the exponential, thus large junction
magnetoresistance effects are expected at low temperature. There should be an advantage
of operating these transistors at low temperatures.Much lower fieldswill then be required
to change the operating characteristic, including magnetoamplification.
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Figure 13.7 Magnetoresistance of InMnAs epitaxial thin film.
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While the magnetoresistance is limited due to the limited solubility of magnetic
ions, an alternative approach to obtain a large magnetoamplification is to use a high
gain structure. Consider a p-n-p MJT structure with a base width of W. For a bipolar
transistor the gain is given by:

bdc ¼
gaT

1� gaT
[13.7]

where g is the emitter injection efficiency and aT is the base transport factor given by:

aT ¼ 1� W2

2L2p
[13.8]

Lp is the minority carrier diffusion length. From the minority carrier lifetime mea-
surements, the length is calculated to be 9 mm. For a base width of 150 nm, a base
transfer ratio of 0.9998 is calculated. Thus for a gain of 20, g is 0.95. Since the mag-
netoamplification is proportional to bdc, large values of the magnetoamplification are
predicted. It is expected that for large gain, magnetoamplification will increase, thus
requiring small fields to change the logic state. This should enable emitter-coupled
spin-transistor logic (ECSTL) to operate at lower fields, thus simplifying logic devices
and logic circuits. However this needs to be experimentally demonstrated.

13.4 Applications

As for the potential applications of the magnetic diodes and transistors, they have been
proposed for new integrated circuit architectures. For example, they can be used in
reconfigurable logic circuits. One such logic that has been recently proposed is diode
logic, where in this case a magnetic heterodiode is used as the principal logic device
[17]. This logic family also enables constructing an intriguing and simple set-reset
(S-R) latch, shown in Fig. 13.8. As seen in the diagram, each latch NOR gate output
is routed to the other’s input, forcing the propagation of opposite values. When one of
the diodes propagates a high current, the current is suppressed in the second diode,
which allows the first diode to propagate a high current, thereby maintaining a
self-consistent state. To set the value stored in the latch, an external current is passed
through one of the diodes. To set a 1, a current is passed through NOR1, and to set a 0,
a current is sent through NOR2. This circuit is a bistable inverter chain, and can be
used to create stable memory storage.

Furthermore a logic circuit that can be potentially envisioned is an ECSTL, where
the elements are bipolar MJTs [18,19]. By replacing traditional transistors with bipolar
MJTs, a new logic family is created that results in additional functionality without add-
ing transistors. By routing a wire whose current depends on the logical state it is
possible to realize more complex logical functions without adding additional circuitry.
It has been proposed that ECSTL will have lower power dissipation at higher
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frequencies than that of CMOS logic circuits, making it attractive for high-speed
applications. For this new logic family there is a speed-up of three to five times and
a 70% decrease of power consumption, resulting in a decrease in the power-delay
product of 10e25.

Another potential application is in information storage [20]. Since both InMnAs
and InMnSb alloys are ferromagnetic for Mn concentrations of several percent, the de-
vices made from these alloys can show nonvolatility. Thus both nonvolatile logic and
reconfigurable logic could be realized, with the spin transistors making it promising for
semiconductor spintronic integrated circuits.
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