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0.1 General Information

e Aim/Following-up: The course provides an introduction to advanced techniques
in quantum mechanics and their application to several selected topics in condensed

matter physics.

e Contents: Dirac notation and formalism, time evolution of quantum systems, angu-
lar momentum theory, creation and annihilation operators (the second quantization
representation), symmetries and conservation laws, permutation symmetry and identi-
cal particles, quantum statistics, non-degenerate and degenerate perturbation theory,

time-dependent perturbation theory, the variational method
e Prerequisites: PHYS2321, PHYS2322, PHYS2323, and PHYS2325
e Co-requisite: Nil
e Teaching: 36 hours of lectures and tutorial classes
e Duration: One semester (1st semester)
e Assessment: One-three hour examination (70%) and course assessment (30%)
e Textbook: J. J. Sakurai, Modern Quantum Mechanics (Addison-Wesley, 1994)

e Web page: http://bohr.physics.hku.hk/ phys3332/ All lectures notes in pdf files can

be download from the site.
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e References: L. Schiff, Quantum Mechanics (McGraw-Hill, 1968, 3nd ed.); Richard
Feynman, Robert B. Leighton, and Matthew L. Sands, Feynman Lectures on Physics
Vol. III, (Addison-Wesley Publishing Co., 1965); L. D. Landau and E. M. Lifshitz,

Quantum Mechanics
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Chapter 1

Fundamental Concepts

At the present stage of human knowledge, quantum mechanics can be regarded as the
fundamental theory of atomic phenomena. The experimental data on which it is based
are derived from physical events that almost entirely beyond the range of direct human
perception. It is not surprising that the theory embodies physical concepts that are foreign
to common daily experience.

The most traditional way to introduce the quantum mechanics is to follow the
historical development of theory and experiment — Planck’s radiation law, the Einstein-
Debye’s theory of specific heat, the Bohr atom, de Broglie’s matter wave and so forth —
together with careful analysis of some experiments such as diffraction experiment of light,
the Compton effect, and Franck-Hertz effect. In this way we can enjoy the experience
of physicists of last century to establish the theory. In this course we do not follow the
historical approach. Instead, we start with an example that illustrates the inadequacy of

classical concepts in a fundamental way.



CHAPTER 1 — MANUSCRIPT

1.1 Relation between experimental interpre-

tations and theoretical inferences

Schiff’s book has a good introduction to this theory. Please read the relevant chapter in the
book after class. Here we just list several experiments which played key roles in development
of quantum theory.

Experimental facts

e Electromagnetic wave/light: Diffraction (Young, 1803; Laue, 1912))

e Electromagnetic quanta /light: Black body radiation (Planck, 1900); Photoelectric
effect (Einstein, 1904); Compton effect (1923); Combination Principle (Rita-Rydberg,

1908)

e Discrete values for physical quantities: Specific heat (Einstein 1907, Debye 1912);

Franck-Hertz experiment (1913); Stern-Gerlach experiment (1922)
Theoretical development

e Maxwell’s theory for electromagnetism: Electromagnetic wave (1864)
e Planck’s theory for black body radiation: E = hw: Electromagnetic quanta (1900)
e de Broglie’s theory: P = h/\: Wave-Particle Duality, (1924)

e Birth of quantum mechanics: Heisenberg’s theory (1926); Schrodinger’s theory (1926)



CHAPTER 1 — MANUSCRIPT

1.2 Materials from Britannica Online

1.2.1 Photoelectric effect

The phenomenon in which charge particles are released from a material when it absorbs
radiant energy. The photoelectric effect commonly is thought of as the ejection of electrons
from the surface of a metal plate when light falls on it. In the broad sense, however, the
phenomenon can take place when the radiant energy is in the region of visible or ultraviolet
light, X rays, or gamma rays; when the material is a solid, liquid, or gas; and when the
particles released are electrons or ions (charged atoms or molecules).

The photoelectric effect was discovered in 1887 by a German physicist, Hein-
rich Rudolf Hertz, who observed that ultraviolet light changes the lowest voltage at which
sparking takes place between given metallic electrodes. At the close of the 19th century,
it was established that a cathode ray (produced by an electric discharge in a rarefied-gas
atmosphere) consists of discrete particles, called electrons, each bearing an elementary neg-
ative charge. In 1900 Philipp Lenard, a German physicist, studying the electrical charges
liberated from a metal surface when it was illuminated, concluded that these charges were
identical to the electrons observed in cathode rays. It was further discovered that the current
(given the name photoelectric because it was caused by light rays), made up of electrons
released from the metal, is proportional to the intensity of the light causing it for any fixed
wavelength of light that is used. In 1902 it was proved that the maximum kinetic energy
of an electron in the photoelectric effect is independent of the intensity of the light ray and
depends on its frequency.

The observations that (1) the number of electrons released in the photoelectric

effect is proportional to the intensity of the light and that (2) the frequency, or wavelength, of
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light determines the maximum kinetic energy of the electrons indicated a kind of interaction
between light and matter that could not be explained in terms of classical physics. The
search for an explanation led in 1905 to Albert Einstein’s fundamental theory that light,
long thought to be wavelike, can be regarded alternatively as composed of discrete particles
(now called photons ), equivalent to energy quanta.

In explaining the photoelectric effect, Einstein assumed that a photon could
penetrate matter, where it would collide with an atom. Since all atoms have electrons, an
electron would be ejected from the atom by the energy of the photon, with great velocity.
The kinetic energy of the electron, as it moved through the atoms of the matter, would be
diminished at each encounter. Should it reach the surface of the material, the kinetic energy
of the electron would be further reduced as the electron overcame and escaped the attraction
of the surface atoms. This loss in kinetic energy is called the work function , symbolized by
omega (w). According to Einstein, each light quantum consists of an amount of energy equal
to the product of Planck’s universal constant (h) and the frequency of the light (indicated
by the Greek v). Einstein’s theory of the photoelectric effect postulates that the maximum
kinetic energy of the electrons ejected from a material is equal to the frequency of the
incident light times Planck’s constant, less the work function. The resulting photoelectric
equation of Einstein can be expressed by Er = hv —w , in which E} is the maximum kinetic
energy of the ejected electron, h is a constant, later shown to be numerically the same as
Planck’s constant, v is the frequency of the incident light, and w is the work function.

The kinetic energy of an emitted electron can be measured by placing it in an
electric field and measuring the potential or voltage difference (indicated as V) required to
reduce its velocity to zero. This energy is equal to the product of the potential difference

and an electron’s charge, which is always a constant and is indicated by e; thus, Fy = eV.
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The validity of the Einstein relationship was examined by many investigators and
found to be correct but not complete. In particular, it failed to account for the fact that the
emitted electron’s energy is influenced by the temperature of the solid. The remedy to this
defect was first formulated in 1931 by a British mathematician, Ralph Howard Fowler, who,
on the assumption that all electrons with energies greater than the work function would
escape, established a relationship between the photoelectric current and the temperature:
the current is proportional to the product of the square of the temperature and a function of
the incident photon’s energy. The equation is I = aAT?¢(x), in which I is the photoelectric
current, a and A are constants, and ¢(x) is an exponential series, whose numerical values
have been tabulated; the dimensionless value x equals the kinetic energy of the emitted
electrons divided by the product of the temperature and the Boltzmann constant of the

kinetic theory: x = (hv — w)/kT'; in which x is the argument of the exponential series.

1.2.2 Frank-Hertz experiment

in physics, first experimental verification of the existence of discrete energy states in atoms,
performed (1914) by the German-born physicists James Franck and Gustav Hertz .

Franck and Hertz directed low-energy electrons through a gas enclosed in an
electron tube. As the energy of the electrons was slowly increased, a certain critical electron
energy was reached at which the electron stream made a change from almost undisturbed
passage through the gas to nearly complete stoppage. The gas atoms were able to absorb the
energy of the electrons only when it reached a certain critical value, indicating that within
the gas atoms themselves the atomic electrons make an abrupt transition to a discrete higher
energy level. As long as the bombarding electrons have less than this discrete amount of

energy, no transition is possible and no energy is absorbed from the stream of electrons.
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When they have this precise energy, they lose it all at once in collisions to atomic electrons,

which store the energy by being promoted to a higher energy level.

1.2.3 Compton effect

increase in wavelength of X rays and other energetic electromagnetic radiations that have
been elastically scattered by electrons; it is a principal way in which radiant energy is ab-
sorbed in matter. The effect has proved to be one of the cornerstones of quantum mechanics,
which accounts for both wave and particle properties of radiation as well as of matter.

The American physicist Arthur Holly Compton explained (1922; published 1923)
the wavelength increase by considering X rays as composed of discrete pulses, or quanta,
of electromagnetic energy, which he called photons . Photons have energy and momentum
just as material particles do; they also have wave characteristics, such as wavelength and
frequency. The energy of photons is directly proportional to their frequency and inversely
proportional to their wavelength, so lower-energy photons have lower frequencies and longer
wavelengths. In the Compton effect, individual photons collide with single electrons that
are free or quite loosely bound in the atoms of matter. Colliding photons transfer some of
their energy and momentum to the electrons, which in turn recoil. In the instant of the
collision, new photons of less energy and momentum are produced that scatter at angles the
size of which depends on the amount of energy lost to the recoiling electrons.

Because of the relation between energy and wavelength, the scattered photons
have a longer wavelength that also depends on the size of the angle through which the X
rays were diverted. The increase in wavelength or Compton shift does not depend on the
wavelength of the incident photon.

The Compton effect was discovered independently by the physical chemist Peter
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Figure 1.1: The Stern-Gerlach Experiment

Debye in early 1923.

1.3 The Stern-Gerlach Experiment

We start with the Stern-Gerlach experiment to introduce some basic concepts of quantum
mechanics. The two-state problem can be regarded as the most quantum. A lot of important
discoveries are related to it. It is worthy studying very carefully. We shall repeat to discuss

the problem throughout this course.

1.3.1 The Stern-Gerlach experiment

Oven: silver atoms (Ag) are heated in the oven. The oven has a small hole through which

some of the silver atoms escape to form an atomic beam.

Ag: (Electron configuration: 1s22s22p%3s23p63d104s24p4d105st). The outer
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shell has only ONE electron (5s!) . The atom has an angular momentum., which is due
solely to the spin of 47" electron.

Collimating slit: change the diverging Ag beam to a parallel beam.

Shaped Magnet: N and S are north and south poles of a magnet. The knife-edge
of S results in a much stronger magnetic field at the point P than Q . i.e. the magnet
generates an inhomogeneous magnetic field.

Role of the inhomogeneous field: to change the direction of the Ag beam. The

interaction energy is £ = —pu - B. The force experienced by the atoms is

0B,
0z

L 0 N

If the magnetic field is uniform , i.e. % = 0., the Ag beam will not change its direction. In
the field different magnetic moments experience different force, and the atoms with different
magnetic moments will change different angles after the beams pass through the shaped

magnet. Suppose the length of the shaped magnet L. It takes a time L/v for particles to

go though the magnets. The angle is about

aAt L=l % 0B,
= = = L 2E .
v v mo2 25 Oz / E X U,

They will reach at different places on the screen.
Classically: all values of u, = pcosf (0 < 8 < 7) would be expected to realize
between |u| and — |u|. It has a continuous distribution.

Experimentally: only two values of z component of S are observed (electron spin

Al

=
®

Consequence: the spin of electron has two discrete values along the magnetic
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Figure 1.2: Beam from the Stern-Gerlach apparatus: (a) is expected from classical physics,

while (b) is actually observed experimentally.

field
h/2
S =
—h/2
i = 1.0546 x 10~ *"erg.s = 6.5822 x 10~ %eV s

— — — — Planck’s constant divided by 27

It should be noted that the constant cannot be determined accurately from this experiment.

1.3.2 Sequential Stern-Gerlach Experiment

SGz stands for an apparatus with inhomogeneous magnetic field in z direction, and SGx in
x direction
Case(a): no surprising!

Case(b): S,+ beam is made up of 50% S,+ and 50% S,—7 S,— beam?
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Figure 1.3: Sequential Stern-Gerlach experiment

Case(c): Since S,— is blocked at the first step, why is S,+ beam made up of
both S,+ and S,— beams?

Consequences of S-G experiment:

e Spin space cannot be described by a 3-dimensional vector.

e The magnetic moment of atom or spin is discrete or quantized.

e We cannot determine both S, and S, simultaneously. More precisely, we can say that

the selection of S, + beam by SGx completely destroys any previous information about

S..

10
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1.3.3 Analogy with Polarization of Light

It is very helpful if you compare the situation with the analogy of the polarized light through

a Polaroid filter. The polarized light wave is described by a complex function,
E = Epxcos(kz — wt).

Please refer to Sakurai’s book, P.6-10.

1.4 Dirac Notation and Operators

The Stern-Gerlach experiment shows that the spin space is not simply a 3-D vector space
and lead to consider a complex vector space. There exists a good analogy with polarization
of light. (Refer to Sakurai’s book). In this section we formulate the basic mathematics
of vector spaces as used in quantum mechanics. The theory of linear algebra has been
known to mathematician before the birth of quantum mechanics, but the Dirac notation
has many advantages. At the early time of quantum mechanics this notation was used to
unify Heisenberg’s matrix mechanics and Schrodinger’s wave mechanics. The notation in
this course was first introduced by P. A. M. Dirac.

Ket space: In quantum mechanics, a physical state, for example, a silver atom
with definite spin orientation, is represented by a state vector in a complex vector space,
denoted by |a), a ket. The state ket is postulated to contain complete information about
physical state. The dimensionality of a complex vector space is specified according to the
nature of physical system under consideration.

An observable can be represented by an operator A

A(la)) = Ala)

11
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Eigenket and eigenvalue:

A(le)) = ala)

Eigenstate: the physical state corresponding to an eigenket, |«).

Two kets can be added to form a new ket: |a) + |3) = |7v)

One of the postulates is that |«) and c|«) with the number ¢ # 0 represent the
same physical state.

Bra space: a dual correspondence to a ket space. We postulate that corre-
sponding to every ket there exist a bra. The names come from the word “bracket” —

“bra-c-ket”.

1. There exists a one-to one correspondence between a ket space and a bra space.

) == {qf

2. The bra dual to c|a) (c is a complex number)

cla) <= c* (a]

Inner product: In general, this product is a complex number.

(Bla) = ((B]) - (la))

Two properties of the inner product:

1. (B|a) and («|B) are complex conjugates of each other.

(Bla) = ({a]B))”

12
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2. the postulate of positive definite metric.
(ala) =0

where the equality sign holds only if |«) is a null ket. From a physicist’s point of view
this postulate is essential for the probabilistic interpretation of quantum mechanics.

Question: what happens if we postulate (a|a) < 07

Orthogonality:

(alB) = 0.

Normalization: all vectors can be normalized!

|&>=< - )%|a>, (@la) =1

(ala)

The norm of |a) : (<a]oz>)1/2
Operator: an operator acts on a ket from the left side, x|«), and the resulting
product is another ket. An operator acts on a bra from the right side, («|x,and the resulting
product is another bra.
e — Equality: x =y if x|a) =y |«a) for an arbitrary ket
— Null operator: x|a) = 0 for arbitrary |a)
— Hermitian operator: x = x'

— x|a) «— {(a] xT
Multiplication

° — Noncommutative: Xy # yx
— Associative: x(yz) = (Xy)z = xyz

13
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— Hermitian adjoint: (xy)'=y'x! (Prove it!)

yla) = (ay
xyley = x(yla) = ((o|y")x" = (o] y'x

Outer product: |a) (8| is an operator!
The associative axiom of multiplication: the associative property holds as long

as we are dealing with “legal” multiplications among kets, bras, and operators.

L (e (BI) - [7) = la) (BL1) ;
2. ((B) - (x|e)) = ((BIx) - (lay) = (B |x] ) ;

3. (Blx|a) = (8] - (x]a)) = {({a]x") - [B)}* = {a|x!|B)".

1.5 Base kets and Matrix Representation

1.5.1 Eigenkets of an Observable

The operators for observables must be Hermitian as physical quantities must be real.

1). The eigenvalues of a Hermitian operator A are real.

Proof. First, we recall the definitions
Ala) = ala) < (a| AT = (a] a*
(a| Ala) = a < (a] AT |a) = a*
fA=A"l=a=a"

14
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H
2). The eigenkets of Hermitian A corresponding to different eigenvalues are
orthogonal.
Proof.
Ala) = ala) = (d'|A|a) = a(d|a)
(@AY = (d|d = (d'|Ala) = d’ (d|a)
We have

(a—a'){d|a) =0= (d'|a) =0

It is conventional to normalize all eigenkets |a’) of A so that {|a’)} form an orthogonal set:

(a” |CL/> = 5a’,a”- [ |

1.5.2 Eigenkets as Base kets:

1. All normalized eigenkets of an observable A form a complete and orthonormal set.
{|a(")>}. The number of the eigenkets is equal to the dimensionality of the complex

vector space.

2. An arbitrary ket in the ket space can be expanded in terms of the eigenkets of A:
la) =>"C, ‘a(”)> = <a(”)|a> =C,

3. The completeness relation (or closure):

a<n>> <a(n>

=1

2.

n

15
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a<n>> <a<n>

a<n>> <a(n> a<m>> <a<m>( =

a(”)> <a<n> a<n>> <a<n>

This relation is very essential to develop the general formalism of quantum mechanics.

b

)(%; ’a(m)> <a(m)‘)

- x

a(n)> 5, <a<m>‘

R

:(;

> ]a<m>> <a<m>‘ 1) =0

4. Projection operator: P, = ‘a(”)> <a(”)}

P, o) = ‘a(”)> <a(")

a) =C, ’a(”)>

P, selects that portion of the ket |a) parallel to }a(”)>: P, - P, = P, such that P,’s

eigenvalues are either 1 or 0.

P,-P, = (’a(”)><a(")

)(‘a(")> <a(n>

- ‘a<n>> <a<n>|a<n>> <a<n>
- ‘a<n>> <a<n>

)

=P,

1.5.3 Matrix Representation:

Having specified the base kets, we show how to represent an operator, say X, by a square

matrix.

X = (X

a<n>> <a(n>
a<n>> <a(")

_ (<a<n> X‘a(m)>) ‘a<n>> <a<m>‘ =3 Xom ‘a(”)> <a<m>(

m.n

)X(; ‘a<m>> <a<m>‘)

- n

o) (o

16
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Let us assume that <a(")} =(0,---,0,1,--+) and

o)

-

Thus the outer product of (a(™| and |a(™) gives a new operator in the form of square

matrix,

’a<n>> <a<m>‘ -

Thus X can be expressed in a matrix form,

<a(1)| X |a(1)> <a(1)} X |a(2)>

X=| (a®@|X|a®) (a®|X|a®)

For an operator A which eigenstates are |a(")>

Basic Matrix Operations:
1. Transpose: C = AT = ¢;; = a;;
2. Addition: C=A +B — Cij = Q4 + bij

17
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3. Scalar-matrix multiplication: C = aA = ¢;; = aa;;

T
4. Matrix-matrix multiplication: C = AB = ¢;; = ) a; - bi;
k=1

1.6 Measurements, Observables & The Uncer-

tainty Relation

1.6.1 Measurements

“Measurement” has special meaning in quantum mechanics. It is a physical operation proce-
dure. It is quite different from that in classical physics. In the classic case the measurement
reflects the state of an object, such as position, velocity, and energy. The process of measure-
ment does not change the state of the object. For instance we measure your body height,
which does not change your body height. In the quantum case the process of measurement
changes the state of the object. If we want to measure the spin state of electron we have to
let electron go through the Stern-Gerlach apparatus. The magnetic field changes the spin
state, and select one of the eigenstates along the direction of the magnetic field. This is not
a particular easy subject for a beginner. Let us first read the words of the great master, P.
A. M. Dirac, for guidance.

“A measurement always causes the system to jump into an eigenstate of the
dynamic variable that is being measured .”

—P.A.M. Dirac

Interpretation word by word:

1. Before the measurement of observable A is made, the system is assumed to be repre-

18
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sented by some linear combination

a<n>> <a<n> a<n>>

2. When the measurement is performed, the system is “thrown into” one of the eigen-

) = (2

n

o) :zn:cn

states, say |a(1)> , of the observable

|a) A measurement ‘a(1)>

3. A measurement usually changes the state. When the measurement causes |a) to

change into }a(1)> it is said that A is measured to be a(}) |

1.6.2 Spinl/2 system

We are ready to derive the spin 1/2 operator we encounter in the Stern-Gerlach experiment.
The eigenvalues of S, are £h/2. We denote the corresponding eigenkets as |[+) and |—),
respectively,
(HH) = (1) =1 {4 =0,
|+) and |—) form a complete (7) and orthonormal (7) set of basis. From the completeness
relation: 1 = (|4) (+|) + (|]—) (—|), we have
S.|+) =3 +) S |+) (+] = 5 [+) (+]
<~
S.1-)=-%1-) S. =) (== =% =) (-
h
Sz (|4 (H+ =) (=) = 5 () {(+[ = [=) {=])
h
2

S. =5 ([0 (+[ ==Y (=)

Let us construct two operators:

Sy = hl+) (-]

19
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From the definition, we get

S_|+) =hl=) (+|+) = h|-)

S_|=) =hl=)(+l-) =0

Let

On the base, we have

1 0 0 1 0 0
o I e |
2

1.6.3 Probability Postulate

The probability for jumping into some particular |a(”)> is given by
2
the probability for ‘a(”)> Cp, = ‘<a(”)|a>‘

provided that |a) is normalized ((a|a) = 1). (|a) = > |a(”)> (a™]a)). The expectation

value of A with respect to state |«) is defined as

(A)

(@|A]a) = 3 <a|a(”)> <a(”) A a<m>> <a(m)|a>

— Y™ x ‘<a|a(")>‘2 o

where p,, is the probability in the state !a(”)>.

Selective measurement (or filtration)

20
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We imagine a measurement process with a device that selects only one of the
eigenket and rejects all others. Mathematically, we can say that such a selective measurement

amounts to applying the projection operator.

1.6.4 S, and S,

We are now in the position to determine the eigenkets of S, and S, and the operators from
the results of sequential Stern-Gerlach experiments.(see Fig.1.3)
Case (b): The eigenstates of S, and S, can be expressed in terms of the eigen-

states of S,. Similar to S.:

S. = (‘Sx+> <Sac+‘ - ‘Sw_> <Sw_|)

o | S

From experiment — |<—i—|Sx—|—>|2 = |(—|—|,S’x—>|2 =1/2
From experiment =— |<—|Sx—|—>|2 = \(—|,S'gc—>|2 =1/2

S2+) = 575 |+) + 52€1 | =)

[Se—) = 211/2 [+) + 211/2 e’ |—-)

5 (HH 5 (=) e = 0 = & =n+4

N | St

(’Sx+> <Sac+| - |Sac_> <Sx_|)

= 2l o+ ) )

Likewise,

Sy = (e [+ (=] + €% ) (+])
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How to determine §; and 657

From experiment |(S, £ |Sx+>\2 = [(Sy+£ |S$—>\2 =1/2

— 51—(52::|:7T/2

We just can determine the difference of 1 and d. For convenience we take S, to be real

such that,
51:0and52:7r/2.
Therefore,
1 .
et = () £ 1)
1 )
1Syx) = Siplh) £il-)
and
h
Se = () (=[+]=)(+)
h, . )
Sy = (=t (=[+1]=)(+])
In the form of matrix.
0 1 0 —1 1 0
Sm:E ;Sy:E ;SZ:E
2 2 2
1 0 i 0 0 -1

The relations between S,, S, and Sy:

S. = S;+1iS,
S_. = S;—1iS,
Define
Sazgaa



CHAPTER 1 — MANUSCRIPT

where the dimensionless o, are called the Pauli matrices:

The eigenvalues of these three matrixes are +1. (Please check it after class!)

1.6.5 The Algebra of Spin Operators

1. The commutation relations

[Sz,Sy] = ihS;;
[S,,S.] = —ihS.;
[Si,Sj] = ieijkhSk

€xyz = €yzax = €zyx = 1

€ryr = €yxz — €xzy — -1

€% 18 an antisymmetric tensor.

2. The anticommutation relations:
1.9
3. The increasing and decreasing operators: Si = S, £1S,
S.,S+] = [S.,S;]£I[S:,S,] =4S, £i(—iS;)
= £S, +1iS, = £S4

[S_,S.] = -28,
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4. The square operator of S

$* = S1+8)+82=K =SR2

1.6.6 Observable

Compatible Observables: Observables A and B are defined to be compatible when the
corresponding operators commute,

[A,B] =0

and incompatible when

(A, B] #0

Degeneracy: Suppose there are two or more linear independent eigenkets of
A having the same eigenvalues then the eigenvalues of the two eigenkets are said to be
degenerate.

If a ket |«) is an eigenket for both A and B, i.e.
Ala) =ala)  Bla) =bla)

the ket |a) is a simultaneous eigenket of A and B. We can denote it by |a) = |a,b) ,e.g.

[S2,8.] = 0
%) = SR S =+ |)
S(alt) +81) = 2R(alt)+8])
h
S.(al9)+61-) = Salt) -l
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Theorem 1 Suppose that A and B are compatible observable, and eigenvalues of A are

nondegenerate. Then the matriz elements (a” |B|a’) are all diagonal. (A|a) =ala) )

Proof. Suppose A is diagonal on the basis ket {}a(”)>}

a(”)>

and all a™ # a(™ if a #m A and B are compatible, [A, B] =0

A ’a<n> )

<a(n) A, B]| a(m)>
- <a<"> [AB — BA]| a<m>>
= (a™ —q(m) <a(") B a<m>> —0
= <a(") |B|a(m)> =0 ifn#m

If A and B are compatible, we can always diagonalize them on one set of basis

ket simultaneously no matter whether A has degenerate eigenvalues! W

Measurement of A and B when [A,B] =0

1. Nondegenerate

) — |a,b)
2. Degenerate

@) — e

a', b >

—

Cl,/, b(z)>

Whether or not there is degeneracy, A measurements and B measurements do not

interfere. We can measure A and B accurately at the same time!

25
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Incompatible Observables

1. Incompatible observables do not have a complete set of simultaneous eigenket.

Proof. Proof: Assume A and B are incompatible and {|a’,b")} is a complete set of simul-

taneous eigenkets. Then
AB |d, b)) = AV |/, b)) =ad'b |d, V)

BA |d,b) = Bd |d, V) =d'bt |a', )
(AB—BA)|d,b) = [A,B]|dV)=0 forall {a'd'}
— [A,B]=0
This is in contradiction to the assumption! W

1. Accidently, there may exist an simultaneous eigenket r a subset of simultaneous eigen-

ket for incompatible A and B.

1.7 Change of Basis

Example 1
Spin 1/2 system:

Basis I:{|S, : +), |S.:—)}

S. = S(18.:+) (. + =185 ) (8. )
S. = 5018+ (S - 182 ) (85 +)

S, = g(—i|8z:+>(5z:—|+i|5z:—)(SZ:+|)
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Basis II: {|S; : +),[S. : —)}

S. = 5018 +) (S + =18 ) (ks )

S, = (S5 4) (S i = =15, : =) (S, +)
h

S. = D(-ilSe # (St | +ilSu ) (S H)

Connection of two basis

|S, : £) = 21/2 S, 1 +) £ SV 1S, 1 —)
1S, ¢ +) - i 1S, : +)
|SZL‘ : _> 211/2 _211/2 |Sz : _>

1.7.1 Transformation Operator

Suppose we have two incompatible observables A and B. The ket space can be viewed
as being spanned either by the set {|a’)}or by the set {|b')}. i.e. A representation or B
representation. Changing the set of base kets is referred to as a change of basis or change

of representation. The two bases are connected by a transformation operator.

Theorem 2 Given two complete and orthogonal sets of base kets, there exist a unitary

operator U such that |b(”)> =U |a(”)> :

Unitary operator: UUT =UTU =1

Proof. This theorem is proved by an explicit construction of u: the summation of the

out-product of two sets of eigenket forms an operator
a=g ) o
k
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1)
U ‘a(l)> — % ‘b(k)> <a(k)|a(l)> _ (b(l>>
2)
UuUt = kz; b<k>> <a(k)‘ a(l)> <b<l)‘
— ; b<k>> <b(k)‘ _1
[ |

1.7.2 Transformation Matrix

In the matrix representation, the u operator can be expressed in the form of a matrix in the
base ket {|a(V))}

U = {{a® fula®)} = {(a®p)}

For an arbitrary ket in two representations

A:

Relation of two representations:

<b<n>\a> _ zk:<b(”)\a(k)><a(k)\a>

. <a<n> U] a(k)> <a(k)|a>
k
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Relation of an operator in two representations
<b<m> X b<n>>

- 3 <b<n>|a<k>> <a<k> IX| a(l>> <a<l>\b<n>>
= 3 <a(m> ut| a(k)> <a<kz> X a(l)> <a<w U] a(n>>
— <a<m>‘ Ut'x.Ou ‘a(”)>

— X, =U'X,U

—————— A similarity transformation

Trace of an operator:

T(X) = ¥ (al"

X ’a(”)>

— < () (k) ><b<k> X| b<l>> <b<l>|a<n>>
— <b<l o >< <n>‘b<k>> <b<k> X b<l>>

— > <b(l)|b(k)> <b(k) IX| b(l)>

- <b D x| b<l>>
The trace of X is independent of representation. We can also prove:

tr(zy) = tr(y2); tr(u"au) = t.(z)

29



CHAPTER 1 — MANUSCRIPT
1.7.3 Diagonalization

When we know the matrix elements of B in the base {|a’)}, how do we obtain the eigenvalues

and eigenket of B:

B(b<l>> — i ‘b(l)>

In the base ket {|b(l)>}, the operator is expressed as

s ] = ) (v
) 7] = o))
B - Zbl‘b(l)><b(l)‘

In the Dirac bra-ket notation, we rewrite it as

3 <a<m> B a<n>> <a(”)|b(l)> 3 <a<m>|b<z>> _

n

Furthermore, in the matrix form,

Bii B - c® ctV

_
By1 Byy - Cz(l) =" Cél)

where

B, — <a<m> B| a(n)>

and

o = <a<k>|bm>

As we know from linear algebra, the eigenvalues are determined by
det(B—X\) =0
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Example 2
0 1
5!
2
1 0
-\ L
det(S; — AI) = 0= det > | =0
LA
hQ
Mo— = 0= A=+
1 - 2
FEigenvectors?

1.8 Position, Momentum, and Translation

1.8.1 Continuous Spectra

When the eigenvalues of an observable is continuous, the dimensionality of the vector space

is infinite. Denote the eigenvalue-eigenket relation by

£16) =€[¢)

We generalize of a vector space with finite dimension to that with infinite dimension

discrete continuous

(d']a”) = darar (€'1g7) =& - &)

2. la) (| =1 Jdgle) € =1

o) =2 ™) (@™ a) o) = [dele) (€] a)

(a” [Ald') = adqrar (€7 1E1g) =€ -9
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1. The Kronecker symbol ¢ is replaced by Dirac’s ¢ -function.

2. The discrete sum over the eigenvalues is replaced by an integral over a continuous

variable.

1.8.2 Some properties of the J—function.

7. 6(x—a)- f(x) = (6(z —a)f(a)

00]

. [dxd(a—2)6(b—x) =d(a—b)

Representation of the d—function

5(z) = lim 2297
g—oo T

1 2 2

_ . —z°/o
o) = I e

Normalization in terms of the §—function
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—+oo 400 .
[ daui(ru(r) = o [ e~ Hka—la)z
= a?216(ky — 1) = 0(ky — L)

= a=2mn)"?

1.8.3 Position Eigenkets and Position Measurements

To extend the idea of a filtering process to measurements of observables exhibiting continues
spectra, we consider the position operator in one dimension. The eigenkets |z’) of the
position operator x satisfying

x|z'y =2’ |z')

are postulate to form a complete set. The state ket for an arbitrary physical states can be

expanded in terms of {|z')}
la) = /dm’ |2") (z']a)

Suppose we place a very tiny detector that clicks only when the particle is precisely at x’
and nowhere else after the detector clicks, we can say the state in question is represented
by |z’). In practice the best the detector can do is to locate the particle within a narrow
range (v — 5,25 + 5) (A is very small). When the detector clicks, the state ket changes

2

abruptly as follows

0o rs+5
o) = / dy 2"y (x'|) measurement [ dy |2’) (2']a)

— 00 Ts— %
Assume that (z'|a)) does not change appreciably within the narrow interval, the probability

that the detector clicks is given by

[(zoler)|* A
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Obviously

oo 2
_f [(zla)|"dz =1 = (a|a).

In the wave mechanics, the physical state is represented by a wave function. Thus (z|«a) is
the wave function for the state |a)

Wave function in position space: (z'|a) in |a) = [dy |2') (2'|a) is the wave
function in the position space. We assume that the position eigenkets |z') are complete. It
can be three dimensional, i.e. x” in |z') stand for three components of the position vectors.

In this word the position is an observable, and [z;, z;] = 0.

1.8.4 Translation

Suppose we start with a state that is well located around x’, and introduce an translation
operator T() such that

T()|z) =|x+1).
Several properties of T(1):
1. Ti=0)=1
2. T(L)7T(l2) =Tl +12)
3. T(-)T() =1+ T(-1) =T
4. T(=1)TT(I) =1
From the definition we have
@O = (@+1]

(x |T(Z)TT(Z)| ) = (z+llz+1) = (z|z)
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We now consider an infinitesimal translation [ = dx — 0. We demonstrate that if T'(dz) is
taken to be

T(6z) = 1 — iKdoz + 0((6z)?)

where K is an Hermitian operator K = K. then all properties listed are satisfied.

Let us check them..

1. dx =0:

(1 — 2K(5$1)(1 — ’LK(S.TIQ)

= 1—iK(dx1 + dx2) + 0(dz1d22)

3. T(—0x)T(dz) =1

(1+iKéx)(1 —iKdoz) =1—iK?*(6x)* =1

4. T(6z)IT(6z) = 1

(1 -iKdz)'(1 —iKéz) = (1+iK'6x)(1 —iKozx)

= 144K — K)dz + 0((62)?)
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Commutation relation of x and K:

xT(6z)[z) = x|z+06z) = (v +6z)|x + ox)
TOz)x|z) = T(6z)z|z) = 2T(62)|z) = = |z + oz)

—  (xT(0z) — T(62)x) |z) = 6z |z + o)

—  (—ixKdz + iKx67) |z) = 62 |z + 0z) ~ b |z)

= [x, K] =1

x and K do not commute with each other!
Momentum Operator in the Position Basis.
Translation Operator for an infinitesimal small displacement is defined as (T'(dz) =

1 —iKox). Let T(dx) act on an arbitrary state
la) —  T(x)]|a) = /da:T(5a:) |z) (z|a) = /dx |z + 0x) (z|a)

= /dx|x)<x—5x]oz> T+, = x

= [ dolo) (tala) — 55 (e 50) = [ dala) (1 = G (ol

also = /daz |z) (x| (1 —iKox) |a)

_ /da: lz) ((z]a) —iK (z|a) dz) = K = —ié%

Consider an ideal wave function

which has the momentum P
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The physical significance of K is that K is an operator for the momentum with a propor-

tionality factor. The factor is the Planck’s constant over 27 : h = h/27

L. de Broglie’s relation (1924):

de Broglie wave s also called matter wave, any aspect of the behavior or prop-
erties of a material object that varies in time or space in conformity with the
mathematical equations that describe waves. By analogy with the wave and par-
ticle behavior of light that had already been established experimentally, the French
physicist Louis de Broglie suggested (1924) that particles might have wave prop-
erties in addition to particle properties. Three years later the wave nature of
electrons was detected experimentally. Objects of everyday experience, however,
have a computed wavelength much smaller than that of electrons, so their wave
properties have never been detected; familiar objects show only particle behavior.
De Broglie waves play an appreciable role, therefore, only in the realm of sub-
atomic particles. The response of the wave properties of a particle to an external
force follows a basic law of quantum mechanics that, in its mathematical form,

is known as the Schrédinger equation.

The momentum operator in the position space

0
P=—h—.
m@x
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The commutation relation:

x,p] = ih
% BLI@) = (b~ px)f(a) = ihos - f(@) +ih (2 (2)
0 9 |
= —zhx%f(x) + zhx%f(az) + ihf(x)

Therefore

%, plf(z) = ihf(x)

1.9 The Uncertainty Relation

The commutation relation [x,p] = ¢h shows that the position and the momentum are

incompatible. This relation leads to the famous uncertainty relation

((Ax)?) ((Ap)?) = h*/4

Let A ad B be observables. Define AA = A — (A). The expectation value of ((AA)?) is

known as the dispersion of A. For any pair of operators, A and B, we have
((AA)*) ((AB)*) > [{[A,B])|* /4.

The uncertainty relation can be understood from the postulate of measurement.

Proof.

(AA)) = ((A—(A)?) = (A2-2A(A)+(A)*)
= (A?) - (a)

1) The Schwarz inequality
(ala) - (818) > |(aB)[*
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where the equality only holds if |a) = |3) .

({al + A" (B (le) + A[B)) 2 0

__ (Blv)
take A= — 1315

~

= (ala) (818) > [(alB)’
To simplify the problem, we can take (o|a) = (8]8) = 1 and |{«|8)|* < 1. Let

@) = AAJ

8) = AB])
= ((AA)?) ((AB)?) > [(AAAB)/?

where we have used the hermiticity of A and B since they are observables

2)
AAAB = %(AAAB — ABAA)
+%(AAAB + ABAA)
_ %[AA, ABJ + %{AA, AB)
1 1
= 5[A.B]+ 5{AA, AB}
Anti-Hermitian of [A, B]:
[A,B]! = (AB-BA)'

— (AB)' - (BA)'

— BfAT - ATBT

= _[A7B]
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Hermitian of {AA, AB}

({AA,AB))* = {AA,AB}

3) a. The Hermitian operator has only purely real expectation value

H' = HHI|h) =h|h)
(hH' = h(h]
(h[H|h) = h
(h|HT|h) = h*

b. The anti-Hermitian operator has only purely imaginary expectation value

AT = —A,
Ala) = ala),(a| AT =a" (g
(a|Ala) = a, <a‘AT‘a> =a*

Therefore

(AAAB) = L (IA.B]) +3(({AA, ABY))
= +ilm (AAAB) + Re (AAAB)
(AAAB) = (A B])? + S ({{AA, AB))?
1 2
> ((AB])
(AA)(AB)) > <(([A.B))’
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[va] = ih

(Ax)%) (Ap)?) > /4

Since the position and momentum operators are incompatible, [x,p] # 0, we
cannot find a complete set of simultaneous eigenkets for x and p such that the two observables
can be measured at the same time. For instance for an eigenstate of x, x |z) = z |x), it is

not an eigenstate of the momentum. It can be spanned in the momentum space,

pngﬁmm@mz/@@mmm

You may have an expectation value.
Example 3

A plane wave with a momentum py:

1
Ppo (€) = 72 explipoz]

(2mh

* =

The probability to find x is a constant in the whole space, }qbp . (@)

2mh*

Example 4

A particle at © = zq:

Puo () = 0(x = 20)
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In the momentum space,

¢uo(®) = 0z —20)

_ dp ip(z—z0)
N /27The

Example 5

A Gaussian wave package:

p(z) =

m exp[—xQ/Q:Ug]

The particle is mainly confined in the regime, dx ~ x(. In the k space,

1 —1ipx
¢(p) = W/Qﬁ(l’)@ M da

1 ! 2 2 .
IRCORE / a7 oxPl=a"/2a8 — ipe/Hde
0

1 / 1 exp] 1/ x L 1pxg 2]d
pu— X —_—— —
@2 | g P\ TR )

\/§7T1/433(1)/2/ 1 exp] 1/ x . 1pxg Q]dx
pr— X —_—— —_—
22 ) 2oz P8 2 \ae Tk

exp[—% (@)Q]

_ Lo 2.2 7032
= W1/4x(1)/2 exp|—p-x5/2h7]

The particle is mainly confined in the regime, ép ~ h/xq. Thus dzdp ~

h.

42



CHAPTER 1 — MANUSCRIPT

Example 6

Momentum Determination Experiment

We assume that the particle is an atom in an excited state,
which will give off a photon that has the frequency v if the atom is
at rest. Because of the Doppler effect, the motion of the atom toward
the observer with speed v means that the observed frequency is given

approximately by

v v
1/:1/0(1+E):>v:c(y—0—1)

Accurate measurement of the momentum mwv by measurement of the
frequency v requires a relatively long time 7; the minimum error in the
frequency measurement can be shown to be Av = 1/7. The instant
at which the photon is emitted is uncertain by 7, at this instant, the
momentum of the atom decreases by hiw/c , and its velocity decreases
by hw/mc . This makes the subsequent position of the atom uncertain

by the amount Az = % - 7.Since the later the photon is emitted,
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the longer the atom has the higher velocity and the farther it will
have traveled. This position uncertainty arises entirely because of
the finiteness of 7. If 7 were zero, and we knew the velocity and the
velocity change on emission of photon, we would know where the atom
is at each instant; it is because 7 is finite that we do not know when
the velocity changed and hence where the atom is later times. The

momentum uncertainty is obtained:

Q

mAv = mc(l -1)
Vo

Apy

mc mc
—Arv =~ —
1Z0) VoC

Q

In the nonrelativistic case considered here v/c << 1 = v = v
Therefore

Ax-Ap~h

Example 7
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2 x 2 matrix: Suppose a 2 x 2 matrix X is written as

X = ayoo+a-o (ag and a; are real)
a, 0 0 a,
= +
0 a, a, 0
0 —iay, a, 0
+ +
10y 0 0 —a,

ap+a,  azp —tay
(g + 10y ag — Qy
FEigenvalues of X:

det(X — AI) =0

ag+a; — X azp —iay
det
az +1iay ap—a; — A

= (ao+a,—AN)( a—a; — ) — (ay —iay)(agy + iay)

= (a0—>\)2—a2_a/§_a520

1/2
— )\i:aoj:(ai—i—af}—l—ai)/
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Chapter 2

Quantum Dynamics

This chapter is devoted exclusively to the dynamic development of state kets and/or ob-

servables. In other words, we are concerned here with the quantum mechanical analogue of

Newton’s equation of motion.

2.1 Time Evolution and the Schrédinger Equa-
tion

2.1.1 Time Evolution Operator

We now discuss how a physical state evolves with time. Suppose we have a physical system

whose state ket at ¢y is represented by |a). Let us denote the ket corresponding to the state

at some later time ¢ by

|Oé, t() . t>
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Our main task is to study the time evolution of a state ket:
|Oé> = |Oé,t0 : t0> — |Oé,t0 : If>

As in the case of translation, we assume that the two kets are connected by the time-evolution

operator

la,tg i t) = U(t, to) |a)

Several properties of U:

1. The identity

U(to,to) =1

2. The unitarity

Ut (t,t0)U(t, to) =1

3. The composition:

Ulta, to) = Ulta, t1)U(t1, o)

Because time is assumed to be continuous, we consider an infinitesimal time-

evolution operator

|, to; to + 6t) = Ul(to + 0t, to) )

61t1£>n0 U(t() + (St, t()) =1

we expand the operator in terms of 6t

0
Ulto+0t,to) = Ulto,t) + Ut to) =10t + ..

= 1—iQst+ ...
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Just like the operator K in the translation operator 7 (1), () is a Hermitian operator.
What’s the physical meaning of 2?

We consider a simple example. In the position space

(x|a, tg, t) = (x|U(t1tp)|cx)
|2 Ty
(2751/2 ei(k’x—w(t—to)) ~~~~~~~ (2751/2 etk

t—th+dt—=0=w

In the old quantum theory, the time-frequency w is postulated to be related to energy
E = hw (Planck-Einstein Relation)

In the classical mechanics, the energy is related to the Hamiltonian operator H , which is also
the generator of time-evolution. It is then natural to relate or define Q) to the Hamiltonian

operator H:
Q=H/h

Thus

A

H
Ulto + 0t to) = 1 — it + ..

2.1.2 The Schrodinger Equation.

We are now in the position to derive the fundamental differential equation for the time-

evolution operator. U(t,ty) and a physical state |«). From the composition property of
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U(t+dt,tg) = U(t+6t,t)U(t,to)

= (1 - i%ét) U(t, to)

U(t+dt,to) — Ut to)
z = ——HU(t,t))

Take 6t — 0T, we obtain

L 0
ZhaU(t, to) = HU(t, to)

Multiplying a state ket from the right sides

m%U@mﬂm —  HU(t, to) |o)
1 ot t) = Hlato: )
t ot Q, 10, — Q, 10,

The formal solutions to the Schrodinger equation for the time-evolution operator U (t, %)

Case A: The Hamiltonian operator is independent of time,

0
’L]L”LEU(t,tQ) = HU(t,to)
(ol
5 U (1 to)
pot— > g
U t)
ihgan(tt) = H
at y L0 -
i t
In U(t,to) —In U(to,to) = —= Hdt

Ut 10) = expl—3 H(t ~ to)]

Case B: The Hamiltonian H is time-dependent but the H's at different times

commute

l/ﬁMU@Mz—%/ﬁH@

to tO
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U(t to) = exp [—% /1t t dtH(t)]

Case C: The Hamiltonian H is time-dependent but the H's at different times do

not commute, i.e.

[H(t1), H(t2)] # 0

dtl

tio0

Ult,ty) = 1—%/dt1
0

dig tl tz)
to

= 1+Z /dtl/tldtz /t _ldt X H(t1)H (t2)...H(ty)

Energy Eigenkets:
To be able to evaluate the effect of time-evolution operator on a general ket |a),
we consider a special base ket used in expanding |a). Assume that we know all energy

eigenkets of an time-independent H with eigenvalues F,,

H)a<n>> ~E, )a<“>>

{’a(”)>} forms a complete and orthogonal set of base kets. Therefore
iH
U(t,ty) = exp(—7(t —tp))
. ‘a<m>> <a<m>’ e~ it (t=to)

a<n>> <a<n> ,

Once the expansion of the initial ket |a) in terms of {|a(™)} is known,

a<n>> <a<n> a)

The time-evolution operator enables us to solve any initial time problem,

a(”)> <a(")

= ¥ e—i%(t—to)

n.

) =22

n.

=>C, ‘a(”)>.

o to;t) = e R0 |q)

(t—to)

= > C’ne*iEﬁn

n.

a(")> :
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In other words

Colt = to) = Cyy — Ci(t) = Ce 1= (t=10),
The phase of C,,(t) changes with time, but its modulus remains unchanged. If all eigenvalues
are not degenerate, the relative phases of C), do vary with time and the state ket varies with
time.
A special case: if the initial state happens to be one of energy eigenkets, say
la) = ‘a(”)>, we have

o o3 8) = e (t0)

a(”)> :

The state remains unchanged. Thus the basic task in quantum dynamics is reduced to find a
complete set of energy eigenket and eigenvalues. It is very helpful if we can find a maximal
set of commuting observables A,

B, C,...Which also commute with the Hamiltonian

In the case, the energy eigenket can be characterized by the indices {a,b,c...} = {k} For

example,

Alk) =alk),

B|k) =blk), ..

| AR = ER)
Therefore it is of fundamental importance to find a complete set of mutually compatible

observables that also commute with H.
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2.1.3 Time Dependence of Expectation Value: Spin Pre-

cession.

It is instructive to study how the expectation value of an observable changes as a function of
time. To end this we treat an example here: spin precession. We start with a Hamiltonian

of a spin 1/2 system with magnetic moment p = efi/am.c subjected to an external magnetic

field B = BZ
H=_°35.5-_“Bg_.35
MeC MeC
As
- rl 1 O
Sz:_
2
0 —1

then the corresponding eigenvalues of H are
EL = :I:gw (= S,w).
Since the Hamiltonian is time-independent, the time-evolution operator for the state ket
U(t,0) = ¢~ S=t/h

The eigenkets of S, are

1 I
+) = forSz:+§

0

0 h
|—) = forSZ:—§

1

1
= H|+) = iihw |£)
i.e., |+) are also the energy eigenkets with eigenvalues +/w/2. Suppose at t = 0
ja) =Cy [+) +C-|-)

52



CHAPTER 2 — MANUSCRIPT

At a later time t,
la,tg i t) = U(t,to) |a)

1wt

— Coe | +C )

Specifically, (1) Let us suppose the initial state |«) is the spin up state |+) ,i,e. Cy =1 and

C_ =0, then

wt

la, tg i t) = e VT |+)

This is a stationery state ! (2) Suppose the initial state |«) is the spin state |S,+) :

1

1
1Sut) = 5175 1) + 5275 1)

21/2
At a later time t
- wt - wt

1 —g &t 745t
|a,t02t>=m€ 2 |+>+m€ 2 =)

The probability for the system to be found in the state |S,+) = % (|+) £1-))

<Sx + |Od,t0 . t>

= (g (e [+ )

1Sy + |, tot)]? = cos? %t
(Sp — |a,to.t) = —i sin%t
(S — lo, to:t)[* = sin® %t

The total probability is conserved.
(e + |a, to:t)|? + [(Se — o to.t)* = 1
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The expectation value of 5, is

<Sx> = <Oé,t0;t |Sm| Oé,to;t>
h h
= =[Sy + |, to:t) — = [(Se — | to.t)]?
2 2
= 2 cos wt
Similarly, we have
(Sy) = gsinwt
<Sz> = 0

Question: what happens if we take B = B3?

2.2 The Schrodinger versus the Heisenberg Pic-

ture

2.2.1 Unitary operators

Unitary operators are used for many purposed in quantum mechanics. It satisfies that
UTU = 1. Under the unitary transformation that changes the state kets it is important to

keep in mind that the inner product of a state bra and a state ket remains unchanged,
(alB) = (a|UTU|B).
Another mathematical observation is that
(o UT) X (U'18)) = (o] (UTXU) |8)
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that follows from the associative axiom of multiplication. This identity suggests two different

approaches to evaluate the expectation values of physical observables under the unitary

transformation.

2.2.2 Two Approaches

When we are concerned with a time-dependent of a physical observable X there are two

approaches:

Approach I:
) = Jayto:t) = Ult, to) | to)
<X>H  layto: t| X |ayto s B)
= (a|UTXU|a)
Approach II:
) — o)
X — UTXU=X(@)
(%) = (alx®)la)
= (a|UTXU|a)

The expectation values of two approaches are the same!

Approach I (The Schrodinger Picture): The state ket varies with time |a) — U |«)
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while operators do not change. Recall the Schrodinger equation for the wave function, i.e.,
the state.

Approach II (The Heisenberg Picture): The operators vary with time X —
U™ XU while the ket does not change. Recall the Heisenberg equation for operators.

We denote the operator X () in the Heisenberg picture. U(t) = U(t,ty). The

relation of an observable in two pictures
XHE 1)y =Ur)XSU(t)
The state ket

la,to i t)y = |a,to=0);

la,to:t)g = Ut)|oyto=0) =U(t)|o,to: t) 5

2.2.3 The Heisenberg Equation of Motion.

We now derive the fundamental equation of motion in the Heisenberg picture. Assume that

A

X ) does not depend explicitly on time

d d i
X~ E[U+(t)X<S> U(t)]

_ (%m(t)) XS Uy +Ut)Xx “%U (t)

1 .o 1 NP
= —%Uﬂt)HX(S) U(t) + _—hU+(t)X<S> HU(t)
1 1

1 A . 1 .
= +EU+ XS URUF()HU(t) — EU+(t)HU(t)U+(vt)X<S>U(7¢)
Ly g

Y

ind xm _ xm

g7 H)
dt ]
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This is the Heisenberg equation of motion! In the case that H is time-independent or the

H s at different times commutes we have
o™ =UTHU = H

Thus

d .
ihEX(H) =[x H]

2.2.4 How to construct a Hamiltonian

1. For a physical system with classical analogue we assume the Hamiltonian to be of the
same form as in classical physics; we merely replace the classical x; and p) by the
corresponding operators &; and p; in quantum mechanics. With this assumption we
can reproduce the correct classical equation in the classical limit. It is required that

the Hamiltonian in quantum mechanics should be Hermitian.

2. When the physical system in question has no classical analogues, we can only guess
the structure of the Hamiltonian. We try various forms until we get the Hamiltonian

that leads to results agreeing with empirical observation.

Two useful formulas:

3, P = ihp -
and

b, G()] = —ih-2-G

'z = o,

where F and G are functions that can be expanded in powers of p}s and x}s respectively.

Example 1
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A free particle: The Hamiltonian to describe the motion of a free
particle of mass m is taken to be of the same form as in classical

mechanics:

P2 1 2 2 2
H: — T —
o = 3, (pz +p;, +p3)

We look at the observables x; and p; (they are operators, NOT num-

bers)

%pi = %[pi,H] =
So

z;(t) = z;(0) + pislo)t
We know

[2i(0),2;(0)] = 0

but

(1), 2:(0)] = —i

Example 2

A particle in a potential.

p2
H=—
2m + V(a:)

The Heisenberg equation of motion leads to

dp; 1 0

D V@] = V()
dx; 1 Di

— . H =2
dt gl =
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Furthermore,
dziﬂi 1 dz; 1 p; 1 dp;
— = —|—,H|=—=|—,H| = —
dt? ih[dt’ | ih[m’ | m dt
dQSCZ'
el —VV(z)

Newtonian Equation?

The expectation value of this equation is known as the Ehrenfest
theorem. It has the classical mechanics analogue. The reason is that

the Planck constant disappears in the equation.

2.3 Simple Harmonic Oscillator.

2.3.1 Eigenvalue and eigenstates

We consider a simple harmonic oscillator in a one-dimensional case. The basic Hamil-

tonian is

2

p m 9 9
H=— +—

2m+2wx

where x and p are Hermitian since they are physically dynamic variables. The quantum
condition is
@, p] = ap — pz = ih

As the first step to solve the problem, we evaluate the commutator basket of x and p with

H
1 ih
H]l = —J[z.p% = —
[‘fE, ] Qm[x7p ] mp

mw2

p, H| = 5 [p, %] = —ihmw?z
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Adding the two equations, we have

) ih
[x +iyp, H] = 'yhmw2:c + Ep
1 1
= yhmw?(z + Z; m2w?2 p)

where 7 is a constant. Here we take

We have
1 1
[z £i—p, H] = £hw(z £i—p)
mw mw
As
1 o1 2h
[z +i—p,x —i—p] = —
mw mw mw
we take
mw\ 1/2 1 n mw 1/2 1
a=(gr) i at=(gr) " @i
such that
[a,a] =1
Furthermore,
L Loy H 1
@ a 2h (@ —i wp)(a:—l—zmwp) mw 2
Thus
~ 1
H = hw(N + 5)
where
N = ata,
Obviously,
[H,N] = i.e.



CHAPTER 2 — MANUSCRIPT

N and H can be diagonalized simultaneously. We denote the eigenkets of N by its eigenvalues

n. So
and
1
Hin) = (n+ 3l |n)
What’s n?
We first note that
[a,N] =aa™a — ataa = [a,at]a =a
lat,N] = —a™
As a result,
Nat|n) = {[N, a*]+ a+z\7} In)
= (n+1)a"|n)
Likewise,

Nal|n) = (n—1)a|n)

Thus a* |n) is also an eigenket of N with eigenvalue n + 1 (increased by one). a|n) is an
eigenket of N with eigenvalue n—1 (decreased by one). So we call a the decreasing operator
and at the increasing operator. From the point of view of energy, the increase (decrease)
of n by one amounts to the creation (annihilation) of one quantum unit of energy. Hence

the terms “creation and annihilation operator” for a* and a are deemed appropriate. Since
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a|n) is an eigenket with n —1 . We write

aln) = Cpln—1)
((nla)(aln)) = (n—=1(C;Cn)In—1)
I
(nlataln) = n=[Ca|*>0

We take C), real. then,

aln) =n'?|n—1)

Likewise,

a*|n) = (n+ 1) n + 1)
Suppose we keep on applying a to both sides of eq.(1),
a® In) = [n(n — )]'* |0 —2)

a®|n) = [n(n —1)(n — 2)]'/* |n - 3)

The sequence of the eigenket must terminate at n = 0 as n > 0. If n is a non-integer, the
sequence shall not terminate and leads to eigenkets with negative eigenvalues. This is in
contradiction with n > 0 . To conclude n is a nonnegative integer. The lowest energy state,

i.e. the ground state of the oscillator is

En:O - §hw

62



CHAPTER 2 — MANUSCRIPT

The eigenstate eigenvalue
0) 2he
1) = a* o) 3
12) = 5= (a*)?10) 3w

3) = Gmz@)?0)  Fhw

n) = o=@ 0y (n+3)hw

Position and Momentum

r = (L) v (a+a™)

2mw
o\ /2
p = i(—m > (—a+a™)
2
From the orthonormality conditions
(n'laln) = n'/?6,m
(n lat|n) = [n—l—l]l/zén/n“
In the matrix form,
01 0 0
00 212 0
a=10 0 0 32
0 0 O 0
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The matrix elements of x and p are

gl n) = (%)/

(n1/25n’n—1 + (Tl - 1)1/2 5n’n+1>
1/2
[ mwh
o = i(75")
(_nl/Qén’n—l + (TL - 1)1/2 5n’n—|—1)

In the Position Representation: the wave function

We first derive (z|0)
al0) = 0
= (za]0)=0
— /d:c’ (2 la| 2') (2 [0} = 0
Recall

o= (5) i)
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Figure 2.1: Energy eigenfunctions for the first six states of the harmonic oscillator.

(x|2|2"y = x6(x—2')

Take h/mw = x2. The solution of the equation is

1 12°
(20) = ——75 exp(—5—)

T4Z
(xln) = <:c

o>:<x

In general

(a™)"
(n!)l/2

(aF)"
(n!)l/2

x> (]0)
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Figure 2.2: The position probability density for the state n=10 of a harmonic oscillator

(solid curve) and for a classical oscillator of the same total energy (dashed line).

2.3.2 Time Development of the Oscillator

So far we have not discussed the time evolution of oscillator state ket or observables like a
and p. Everything we did is supposed to hold at some instant of time, say ¢t = 0. Now we

come to see the time evolution of x and p. In the Heisenberg picture,

- = _zh[ ,H| = —muwz;

dx 1 P

& g H =2

dt zh[x’ ] m
d*p 1 dp 1 9 9
il A Y o . Hl = _
2 ihigp 1= gplmmete, Hl = —wp;
d*z 1 dx 1 p
= = = - —[= H] = —w?
dt2 il B =l Hl = —ww
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Equivalently,
d ,
d—j = —iwa = a(t) = a(0)e "
da™ :
e at(t) = at(0)e™?
dt
2O+ —plt) = (@(0) +iED)e
mw mw
’ D(0) \ it
) — —p(t) = — =9
o)~ —p) = (2(0) L)
(t) (0) cos wt + = (0) sinwt
= x wt + — inw
x mwp
p(t) = —mwz(0)sinwt + p(0) coswt

For any energy eigenket, we have
(nla(t)|n) =0
(nlp(t)[n) =0
For a superposition of energy eigenstates such as

@) = Co|0) + C1 1)

we have

5 _ _ 1/2
(alz(t)|a) = =(C§Cle“"t + COC’fe_""t)

2mw

= 212X, |CoC4| cos(wt + 6)

2.3.3 The Coherent State

How can we construct a superposition of energy eigenstates that most closely imitates the

classical oscillator? In wave-function language, we want a wave packet that bounces back
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and forth without spreading in shape. It turns out that a coherent state does the desired
job.
A coherent state:

a|A) = AN)

Properties of |\)

1. The coherent state |a) = > "~ f(n) |n)

|f(n)|? is of the Poisson type about some mean value i

2. It can be obtained by translating the oscillator ground state by some finite distance.

3. It satisfies the minimum uncertainty relation at all time
((Ax(t)®) (AP®)*) = h2/4

4. A= (n)'/?

2.4 Schrodinger Wave Equation: Simple Har-

monic Oscillator

The Schrodinger equation (see p66 in Schiff’s book)

2
Y = (2 4 222w = Eu
2m 2
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To solve the problem we first introduce the dimensionless variable £ = z/x,

h? d2+m 2222\ gy — Ry
meo de? 0
> m2w? 2max?
(i) v - S
d? 2F
= — VU =)V
( d§2+5) i
We take
h
2—_
0T

As the potential approach infinite when x— +o00 we require the wavefunction approach to
zero. From the equation we have
T e/,
We assume
U — H(Ee ¢ /2,

Then

H' —2¢H +(A—1)H =0
The solutions are the Hermite polynomials,
H, —2¢H, +2nH, =0

such that

A=2n+1;E,=(n+ )hw n=20,1,2,..

Alternatively, we may write the Hamiltonian in the form



The ground state
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- )-8

(2a’a+1) ¥ = AT

CL\I/() =0.

2.5 Propagators and Feynman Path Integrals

2.5.1 Propagators in Wave Mechanics.

Time-evolution problem with a time-independent Hamiltonian can be solved once we expand

the initial ket in terms of the eigenkets of an observable that commute with H.

|Oé,t0,t>

= exp(—ﬁH(t —t0)) |a, to)

= 5 e H(E— 1) ld) (o o )
{a’}

= 5 el But — to)) o) (o s 1)
{a’}
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Multiplying both sides by (x| on the left, we have
(x|a, to = t)
— %;exp(—%Ea/ (t —to)) (2l (d [, 1)
= /da:’ ;exp(—%Ea/(t —t0)) (z|a’) {(a|2") (2 |, to)

= /da:/K(a:,t,a:’,té) (x|, to)

where

K (o, 1,0, th) = 3 (ala’) a/|a) = P 000

Cl,/

Denote by v, (x,t) the wave-function

v, (x,t) = (x|ayto: t)

we have
VY, (x,t) = /d:c'K(x,t,x',tf))wa(:c',t)

We call the kernel of the integral operator K as the propagator in the wave mechanics. In
any given problem the propagator depends only on the potential and is independent of the
initial and final wave-function. It can be constructed once the energy eigenvalues and eigen
functions are given. Clearly the time evolution of the wave function is completely predicted
if K is known and v (2, t) is given initially. The only peculiar feature, if any, is that when
a measurement intervenes, the wave function changes abruptly in an uncontrollable way,,
into one of the eigen functions of observable being measured.

Two Properties of K:

1. For t > tg, K satisfies the Schrodinger’s time-dependent wave equation in the variables
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x’ an t with x and tq fixed.

ihQK(x, t,z' ty) = HK (z,t,2',t)

ot
2.
Jim K(z,t, 2" t) = 6(x — a')
—1to
Proof.

LE o
lim K (z,t,2',t)) = lim 3 (zfa’) (a'[a’) e 70
—to

t—to ol
= lim 3 {ala) (a/|2) = {zla') = bz — o)

The propagator K is simply the Green’s function for the time-dependent wave equation

satisfying
h2

—%VQ + Vi) — ihﬁ)K(:ﬂ, t,x' ty) = —ihd(z — x')o(t — to) (2.1)

( ot

With the boundary condition
K(z,t,2',t)) =0 for t <ty

The §-function 6(t — to) is needed on the right hand side of the Eq.(2.1) because K varies

discontinuously at ¢t = t;. W
Example 3

A free particle in 1D

The Hamiltonian is expressed as
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The momentum P commutes with H. Hence |P) is a simultaneous

eigenket of the operators P and H.

P|P) = P|P)
R p2
H|P) = %U-D)

Thus

K(z,t, ' t;)

— 5 lelp) ) exp |—i 0 )

p
dp pr px  p?
= [ = i (-t
/%heXp [Z P i wy AU
i dp’ t—to m(x—2a') , m(z—az)?
_ » p_mz—a), m—a)
/2mheXpl o ¢ - +z2h(t—to)]

“+o0
, dp t—to m(x —2') ., m(z—2x')?
- P oxp |—alp| - p- Py 2T
ailg+/2mheXp[ alpl—ig o e Y F—

1/2 "2
m m(x — ')
[Qm'h(t —to)] exp(i 2h(t — o) )

Certain space and time integral derivable from K are of considerable.

Without loss of generality, we set ¢ = 0 in the following
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Gt = / dzK (z,1,7,0)

Eqt

= [ o (ola) (ala) e

a

Eqt

_ /dazz (alz) (z]a) e~ 15

a

Egt

= X (ala)e™

a

_ Tr(e—th/h)
(2) Let us consider the Laplace-Fourier transform of G(t).

G(E) = —i / Q) B2t (o, o)
0

_ _i/dtze—i(E—Ea—i—ia)t/h

0 a

1
_ +
- ZE—EaJrz's (e =07)

a

The complete energy spectrum is exhibited as simply poles of G(E)

in the complex plane.

74



CHAPTER 2 — MANUSCRIPT
2.5.2 Propagator as a Transition Amplitude.

To gain further insight into the physical meaning of the propagator, we rewrite it in an

alternative form, which is related the concept of transition amplitude.

K(z,t,2',0) = Y (z[a) (a]z’) e~ Fali=to)/
iEBqt iEqtg

= Z<m‘6_ R a> <l’ e h $/>
iHtg

e h

#a)(a

;c’>
= (x,t|z’ to)

Where |z,t) and |2/,t) are to be understood as an eigenket and of the position operators
in the Heisenberg picture. Roughly speaking, (x,t|x’, o) is the amplitude for the particle to
go from a space-time point (x’,ty) to another one (x,t)

Path Integral as the Sum Over Paths

Without loss of generality we restrict ourselves to one-dimensional problem. The

entire time interval between t* = t; and t/ = ty is divided into N-1 equal parts.

tn —t1
N -1

tj—ti_1 = At =
Exploiting the composition property we obtain
(xn,tn|x1,t1)
= /de_lfdasN_g.../da:Q
X (zn,IN[ZN—1,tN—1) (TN-1, IN—1]ZN 2, N _2)
(T, ta|xy,t1)
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Figure 2.3: Paths in x-t plane.

Before proceeding further, it is profitable to review here how paths appear in classical

mechanics. Suppose we have a particle subjected to a force field, say gravitional field,.
Viey & mgx

(l’l,tl) - (h, 0)

(onotn) & (0, (%)m)

The classical Lagrangian is written as
1 dz\ >
L. N== — | =
(x,z") 5™ (dt) V(x)

According to Hamiltonian’s principle, the unique path is determined by minimizing the

action
tN

5/dtLC(9:,x) =0
31

Feynman’s Formalism
The basic difference between classical mechanics and quantum mechanics should

be apparent: In classical mechanics, a definite path in x-t plane is associated with the
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particle’s motion; in contrast, in quantum mechanics all possible paths must play roles
including those which do not bear any resemblance to the classical path.. Yet the difference
should disappear when A — 0 . To formulate Feynman’s approach, let us go back to

(Tpytn|Tp_1,tn_1) with At =t, —t,—1 (At — 0). We write

1 S(n,n—1)
<xn7tn|xn—1atn—1> — w(At) eXp(Z 3 )

where
tn

S(n,n—1) = / dtLo(z, )

1

and w(At) is determined by

<xnatn|xn—17tn—1> ’tn:tn_l - 5(3377, - xn—l)

Because at any given time the position kets in the Heisenberg picture form a complete set,

it is legitimate to insert the identity operator written as

/dm\x,t) (2t = 1

at any time we desire. For example,

(xf t ]2t 1) = /d:c (zf ¢t |z, t) (z,t|2", ¢")

= /dxdac’ (xf t 2! ) (2 |2, t) (o, bt 27

and so on. If we somehow guess the form of (xs,ts|z1,t1) for a finite time interval by
compounding the appropriate transition amplitude for infinitesimal time interval. This

property leads to formulate a space-time approach to quantum mechanics. Our task is to
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evaluate the At — 0 limit of S(n,n-1). As At — 0,

tn

Sn,n—1) = / dt(%m:i:2 —V(x))
= At(%m(aj” _A:”—l )2 — V(xn _23771—1 ))

For a free-particle case, V =0,

<xn7tn|xn—1atn—1> |tn:tn_1 - 5(3771 - xn—l)

we obtain

/
w(lAt) - (271';;At>1 2

where we have used
O

t/ (Q?ZAt)U2a§ﬁhggdf=:1
T

— o0

and

li ( m
ArSo \2mihAt

12 .
) elminatt = §(€)

To summarize, as At — 0, we obtain

m 1/2 Z-W(n,nfl)
(&

n;tn n— 7tn— - ( . h
(@ [0 1 2mihAt

The final expression for the transition amplitude with ¢y — 1 is

(xn,tN|T1,t1)

N

m N-1 - W(n,n—1)

= lim 2 dryn_1drNn_o...dx et n
N—>+oo(27TiﬁAt) / N-1 N=2 2 H

n=2

TN
/D(m(tl))eifttf’ Le(z,@)dt/h

This is Feynman’s path integral!
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2.6 The Gauge Transformation and Phase of

Wave Function

2.6.1 Constant Potential

In classical mechanics, it is well known that the zero point of potential energy is of no
physical significance. The force that appears in Newton’s second law depends only on the

gradient of the potential; an additive constant is clearly irrelevant. e.g.

dg mg —elF
e =T
— Vo, — V&
when ¢ — ¢ + ¢
dv dv
it it

Let us look at the time evolution of a Schrodinger picture state ket subject to some potential
Vi = Vi) + Vo

P2 P2

la,tg i t) = |a,tg:t) =7
To be precise we consider a time-independent H
o, to o t) = e T (1) | )

Thus

—~——

Vo (t—tg)
la,tg ity =e™" —

la, to 2 t)
For a stationary state, if the time-dependence computed with V(x) is

c—iB(t—to)/h
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IoGkeid sy = &™¢ F ’”M T

LoPRE e s
- -P_’:I L ‘hi,-' lmffsyzareﬂfp
s O o b

. Vi
e —.{"'_"(z,—fa}
J\maze A loc = F

Figure 2.4: Quantum-mechanical interference to detect a potential difference.
then the corresponding time dependence computed with V(x) 4+ Vj is

e—i(E—f—V())(t—to)/h

Even though the choice of the absolute scale of the potential is arbitrary, potential
difference are of non-trivial physical significance and in fact, can be detected in a very striking
way. A beam of charged particles is split into two parts, each of which enters a metallic
cage. A particle in the beam can be visualized as a wave packet whose dimension is much
smaller than the dimension of the cage. Inside the cage the potential is spatially uniform.
Hence the particle in the cage experience no force. If we desire, a finite potential difference
between the two cages can be maintained by turning on a switch. The final state which the

two beams reach at interference region is

1 1
\f) = m|a,toit>1+m|a,toit>u

Thus

(fIf) = 1+ cos(Vr = Vir)t/h

This is an observable effect! This is a purely quantum mechanical effect and has no classical

analogue.

80



CHAPTER 2 — MANUSCRIPT

2.6.2 Gauge Transformation in Electromagnetism

We first recall the Maxwell’s equations

(

VD = 4mp;

_ 4w 10D,
VXH—TJ—sz,

V-B=0;
_ 18D
\ VXE=-2%"
D = FE+4nxP
H = B—-47M

with
- 10¢
A+—-——=0
VATt c Ot
Under the gauge transformation.
A — /_f-|— VA
OA
$—d— 15
with
1 02
A—- = =—=A=
c? Ot? 0
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the Maxwell’s equations keep unchanged! In quantum mechanics, the Hamiltonian for a
particle of electric charge e (e < 0 for electron in Sakurai’s book) , subjected to the

electromagnetic field is taken from classical physics to be

1 e
H = —(p—-A)?
5 (P ——A) +ep
- Lpr-%pa-a +£A2)+e¢
 2m cp c P c?
4 LA Sy e
—(p* — — — e
2mp cp c2

because p and A do not commute, [p, A] # 0. It is straightforward to examine that the
Hamiltonian in this form is Hermitian, H = H™T. To study the dynamics of a charged

particle subjected to ¢ and A, let us first proceed in the Heisenberg picture:

d 1 1 e
= —[zi, H = —(pi — - 4i)
m c

where ¢ = x,y, z. Define
dz e
T=m—=p—-A
at P
We call that p is canonical momentum and 7 is kinetic (or mechanical) momentum. The

commutation relation of 7; and ; is

ihe , 0 0
(i, 5] = —T(a—%Aj—a—%Aj)
he

= —i?eijk(v X A)k

Hence the Hamiltonian can be rewritten as

2

2m
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We now study the Schrodinger’s equation with ¢ and A in the position space.
e 5 '
<:c ‘(p — EA(SC)) ‘ a,to t>
e
_ /dml/dxg 0~ SA@)| o) (|0~ SA@)) 22) (2 | oo - )
= (=ihv —=A@))? (alasto : )

Thus the Schrodinger’s equation is derived as

1, e L 0
[%(—zh \VA —EA(QS))2 + ed| (z|a,ty : t) = zha (x|a, to = t)

Denote

o(x) = (x|a, tg : t)

and
p=¢"(z)p(x)

The time derivative of the density is

2 ((9 Vo + 5 r
8
where
. h . e
j=—In(e" V) — —Alpl
m mec
For
o = Ql/2eis/h
) e
i = Lys-Sa
m c
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2.6.3 The Gauge Transformation

In quantum mechanics, we consider the gauge transformation

¢— ¢
A— A+ YA

e.g. Consider a uniform magnetic field in z direction

= 0 0

To derive the field, we can choose

(1). A, = —1iBy, A, = 1Bz,
(2). A, =—-By, A, =0.

These two vector potentials are connected by a gauge transformation

Bx
A=A+ v(= =)
Let us denote by |a) the state ket in the presence of A, and |&) the state ket in the presence

of . The Schrodinger’s equations for these two state kets are

o (p— £A) + edl ot : ) = it oty

1 —_~— P

2m(p—zfl——vA) + edl|a, to : t)-zh |a to : t)

[

—_——

What’s the relation of |a,to : ¢) and |a,to:t) 7

We come to construct an operator G such that
&) =G )
with GGT=1.
G (p— CA— T A2+ edlG oty : 1) _m o to <1
2m C c
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We require

(1). (alz]e) = {(alz|a) :

2). {alp— 2Ala) = <a|p - 5A|a> :
t(p_C4_¢ _ _¢
G'p,g] = +§ v A
GH(—ihVG) = +§ v A

ihVInG = +§ 7 A

Therefore, if we take

then
e 1 e e
—ZEA - _ _ _ 2
e (5-(p =A==V A +ege
1 e
= —(p—=A)?
Qm(p c ) ted

The two wave-function are related via

p(z,t) = eTelp(z, )
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Figure 2.5:

In the form ¢ = p'/2 exp[iS/h],we have

A — A+VA

p = p

S — S+SA
C

2.6.4 The Aharonov-Bohm Effect

Consider a particle of charge e going above or below a very long impenetrable cylinder, as
shown in Fig.

Inside the cylinder is a magnetic field parallel to the cylinder axis, taken to be
normal to the plane of Fig. So the particle paths above and below enclose a magnetic flux.

Assume the magnetic field

Bz ifp<p,
B =

0 itp>np,

Hence the particle does not experience the Lorentz force outside cylinder.

A (0,5Bp,0), ifp<p,

(0,55 Bp2,0), if p>p,
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Our object is to study how the probability of finding the particle in the interference region
B depends on the magnetic flux. For pedagogical reason we prefer to use the Feynman
path-integral method to attack this problem.

In the presence of the magnetic field, the Lagrangian can be obtained

L0 = L4y cdT x

1 2
s g™ ( ) ca

The corresponding change in the action is given by

(0) (0) e ' dT o
SPn,n-1) — SPnn-1)+- [ thA
Ct, 1

:S(O)(n,n—l)—l—E fn di- A

Tn—1
where dl is the differential line element along the path segment. So when we consider the

entire contribution from x; to x,,.We have

[Texp(iS©® (n,n —1)/h)

— [lexp(iSP(n,n —1)/h)exp(— [ A-di)
" he 7 )
The entire transition amplitude is
Tn Tn
iS(O)(N 1) Z% A'dlabove ZS<O)(N 1) ZE_EC A'dlbelow
f D[fﬂ(t)]e [ X e 1 -+ f D[x(t)]e h X e 1
above below

The probability for finding the particle in the interference region B depends on the modulus
square of the entire transition amplitude and hence on the phase difference between the

contribution from the paths going above and below. i.e.

p o< 14 cos(p; — ¢s)
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where
1= P2 = %{ZA'dl:Lbove_Zg'dﬁjelow}
- % A-dl
= %//Vx/l-dc?
= —op

where ¢ stands for the magnetic flux inside the impenetrable cylinder. This means that
as we change the magnetic field strength, there is a sinusoidal component in the probability
for observing the particle in region B with a period given by a fundamental unit of magnetic

flux, namely

2mhe

] —4.135 x 1077  Gauss-cm?
e

2.7 Interpretation of Wave Function.

2.7.1 What’s V,(z)?
Since
la to : 1) = /dm @) (@l to : 1) = /dm ) U (2, 1)

U, (z,t) is regarded as an expansion coefficient of |«, ¢ : t) in terms of the position eigenkets
{|z)}. The quantity

pla,t) = [Wo(a, )|

is defined as the probability density. So p(x,t)dz is the probability that the particle appears

in a narrow range round x at time t. This is the so-called the probabilistic interpretation of
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wave function.

The Continuity Equation.

0
ap(a%t)

o . . )
= (50 @ 0)¥(e,0) + " (2,0)(5, ¥ (e, 1))

1 1
= ——(H*U")U+ ¥ —HU

1h ih
Assume
2
H— -y
2m
9 (z,t) = i#h(qx*(vﬁm—@(vzxy*))+i(V—v*)\p*\y
8pp ’ - 2m ih
As
TV = V(I*'VY) — (VI (VD)
VAP = V(IVI*) — (V) (V)
o) h 1
—p = i—V(T'VY - UVE*) + 1, (V)-
5" z2mV( \% \% )—I—h (V)-p
o) 1
— g o= =1, .
5PtV 7 Lm (V) - p
il h
j = —— (VY —UVU*) = — [, (T*VT
J 5 (7Y VI = I (TTVT)

——The probability flux.

When V is purely real, we have

0

— V-j=0
ot ptV-]

This is the conservation law for probability. When V is complex, which is often used for

nuclear reaction for particles absorbed by nuclei, it is accounted for the disappearance of
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particles. Except for the probability density, the wave function contains more physics than

expected. Let us write it as
U(z,t) = p(x, t)"/? expliS(z,t) /h]
with p > 0 and S real.

VY = p1/2Vp1/2+%pVS

— j=%VS

The spatial variation of the phase of the wave function characterizes the probability flux;
the stronger the phase variation, the more intense the flux. The direction of j at some point
x is seen to be normal to the surface of a constant that goes through that point. Since j is
a flux, j can be rewritten as

J=p(VS/m) = pv

This physical meaning is still unclear. It is not a velocity traditionally!

2.7.2 The Classical Limit

Substituting ¥ = p'/2e*5/" into a Schrodinger equation leads to

2 2 1
—5 (V2P 4 SV V)

LRV 2 Ly 1292 1/2
o P IS+ ()P TVES 4 TV

. . 5,01/2 ) 1/285
= gt )

Taking h — 0 , we obtain

1 9 9, B
I VS (z,t)]” +V(x)+ QS(x,t) =0

This is the Hamilton-Jacobi equation in classical mechanics. In this sense, the Schrodinger

equation goes back to the classical mechanics in the limit & — 0. In the classical mechanics
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Figure 2.6: One-dimensional square well potential with (a) perfectly rigid walls (b) finite

potential.

S(z,t) stands for Hamiltonian principal function. In a stationary state with time dependent

e~ Bt/ the Hamilton’s principle function S is separable

S(z,t) =W(x) — Et

2.8 Examples

2.8.1 One dimensional square well potential

Perfect rigid wall

0, || <a
V(z) =
+o0, |z|>a

Since the potential is infinite at || > a the wave function must vanish at the points x = +a.

The wave function for |z| < a is simply

h2 d%u

——— = Fu.
2m dx? Y
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Introduce a dimensionless quantity x = £a,

d? 2ma?

— = — Fu = —ao?
d£2’u h2 U U

where o = (2ma?E/h?)'/2. The general solution is

u(§) = Asinaé + B cos aé.

Application of the boundary conditions at z = *+a, i.e., £ = 1, gives

Asina+ Bcosaa = 0

—Asina+ Becosa = 0

There are two possible classes of solution

(1). A=0and cosaa =0

1
a = (n+ 5)7‘(‘
2 1
U = Bcosa&chosM
2a
2 o  (2n+1)27%h2
E — _— =
2m a? 8ma?
(2) B =0 and sina =0
a = nr
u = AsinaﬁzAsin@
a

h? o2 n?m2h?

EFE = — =
2m a? 2ma?
Finite potential step
0, |z|] <a
Viz) =
Vo, |.T| > a
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The wave equation at |z| < a

h? d?
g =
The wave equation at |z| > a
—%% + Vou = Eu
—%% =(F—W)u
The general solution for ¥ < Vj
Ce P* x>a

where 5 = [2m(Vp — E)]1/2 /.

For £ >V}

Cysinkx + Dqcoskx, x > a
u(z) =
Cysinkx + Dy coskz, x < a

The wave equation at |x| < a is the same as that in the rigid wall potential, and the general
solution is.

u(€) = Asinkz + B coskz.

where k = (2mE/h?)'/2. We now impose on the solutions (1) and (2) the requirements that

u and du/dx be continuous at x==+a.

Asinka + Becoska = Ce P
kAsinka — kBcoska = [Ce P?
—Asinka + Bcoska = De P°

Asinka + Bcoska = ﬁpe—ﬁa
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from which we obtain

2Asinka = (C —D)e Pe
2kAcoska = —pB(C — D)e Pe

2Bcoska = (C+ D)e Pe
2kBsinka = B(C+ D)e P?

Two classes of solutions

(1) A=0 and C=D

ktanka = (3
(2) B=0 and C=-D
kcotka = —pf
Parity
The Schrodinger equation
B h_2 d?u(x)

ST + V(z)u(z) = Eu(z)

If the potential is symmetric about = = 0, V(x) = V(—z), we have

h_2 d*u(—x)

o a2 + V(z)u(—2z) = Eu(—2)

The u(x) and u(-x) are solutions of the same wave equation with the same eigenvalues
E. Addition or subtraction these two equations gives u(xz) + u(—=x), the solution of the

Schrodinger equation. To simplify the notation, u(xz) = fu(—z). Such wave function are
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said to have even or odd parity. Note that
cosz = cos(—x)

sine = —sin(—z)

2.8.2 A charged particle in a uniform magnetic field

Consider a charged particle in a uniform magnetic field. Assume the particle is confined in
a two-dimensional plane, and the magnetic field is perpendicular to the plane, say along the

z direction. The Hamiltonian is given by

1 e
H=—(p—SA)?
5 (P ——A)
with
- 0 0
B:BA: =A _=Aa: 2
To derive the field, we can choose
(1). A, =—-By, A, =0.
(2). Ay, = —4By, A, =iBz.
Case (1): A, =—-By, A, =0.
H o= 2 (e %42+ (p, - %4 7|
- 2m L Pe ¢’ Py c Y
17 eB ., 5
— o |- TP
Notice that [p,, H] = 0, i.e. p, is a good quantum number. The general form of the

wavefunction is

U = p(y)e™”
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The Schrodinger equation H¥ = EVU is reduced to

s (0= S0+ (0] 000) = o)
Alternatively
[;’—; B - y0)2] (0) = Eoly)

with yo = <. Thus the problem is reduced to the simple harmonic oscillator.

(2). A, =-1By, A,=1Bux.

1 e . 9 € . \92
H = om (P2 CA:C) + (py CAy) }

1 eB eB |,

 2m (px 2c y) + (py * 2c a:) ]

In this case both p, and p, are not good quantum numbers. We cannot solve this problem

like in the case (1). Take

eB
Te = Do— 5U;
p 0 Y
n eB
T, = —x
Y Py 2c
eB heB
oy = =2k = 2
[Te, Ty ih— i—

1
H = % |:’/T?E + 7T:l2/:|

= o (me +imy)(me —imy) + (mg — imy)(ma + i)

. ) 2heB
[Ty — imy, Ty + iy = ——
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Take

a = /g —in)
= \/2heB VT

t ¢ -
a 2heB(7rx+z7ry)

Thus [a,a’] = 1.

heB

H = %(cﬂa#—aoﬁ)
heB 1 1
= Z(dlat+=)ehw(aats
mc 2 2
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Chapter 3

Theory of Angular Momentum

This chapter is concerned with a systematic treatment of angular momentum and related

topics.

3.1 Rotation and Angular Momentum

We consider the rotation in the space of a physical system in a state represented by a ket
|a) or the wave function ¢ (r). We describe a rotation by a linear operator R, which is so
defined that any vector r is rotated into the new vector R r. The rotation changes the ket
|a) into the new ket |a’) or change the wave function ¢ (r) into the wave function ¢, (r'),

which means
(pa’(Rr) = Pa (I‘)
(r {D+(R)D(R)| o) = (r|o)

(Rrla’) = (r|a)
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Figure 3.1: Example to illustrate the noncommunativity of finite rotation.

3.1.1 Finite versus infinitesimal rotation

From elementary physics, we know that

(1) Rotations about the same axis commute.

(2). Rotation about different axes do not commute.

Ro(3)R:(5) # Re(5)Ra(3)

Consider a vector V with three components V,, V,, and V,. When we rotate

the vector , we obtain a new vector, Vg with Vg,, Vgry,and Vg,. These two vectors are
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connected by a 3 x 3 matrix

VRx Rxm Rac Y Rac z Vac
Vry T Bye By Ry Vy
VRz sz Rzy Rz z Vz

The requirement that Vi be real when V are real means that the elements of R are real.

The length of the vector V and Vi do not change, which means

VRJ:
(VRma VRya VRz) VRy = sz + Vy2 + Vf
VRz
ViVrR = VIRTRV =VTV

RTR=RRT =1

where “T” stands for a transpose of a matrix: R, = Rj;. To be definite we consider a

rotation about z_axis by an angle ¢

VRZ - ‘/z
Ve = Vzcosg—V,sing (= Vycos(¢+ ¢))
Vry = Vising+ Vycos¢ (= Vysin(o + ¢))

where V,, = Vj cos p and V,, = Vjsin . In the matrix form, we obtain

cosgp —sing 0
R.(¢) = sing cos¢p O

0 0 1
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Similarly
1 0 0
R.(¢)=1| o cos¢p —sing

0 sing cos¢

cosp 0 sing
Ry(¢) = 0 1 0

—sing 0 coso

We are particularly interested in an infinitesimal form, from which a great deal can be

learned about the structure of R. Take sin ¢ =~ ¢, cos¢p = 1 — %2, we have

—€ 0 1-—¢2/2

R.(¢) = € 1—¢2/2 0

Elementary matrix manipulation lead to

Rx(é)Ry(g) - Ry(é)Rx(E) = Rz(€2) - L

If we just remain the quantities of first order in € , any two rotations about different axes

commute because R,(?) ~ 1
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In quantum mechanics

Because rotations affect physical systems, the state ket corresponding to a rotated
system is expected to look different from the state ket corresponding to the original system.
Given a rotation operator ﬁ, characterized by a 3 x 3 matrix R, we associated with an

operator D(R) in the appropriate ket space such that
@) g = D(R) |e)

where |o) , and |«) stand for the kets of the rotated and unrotated systems, respectively.
To construct the rotation operator, it is again fruitful to examine first its properties under

an infinitesimal rotation
J-h
h

D(hdg) =1 — i—do

we define J the k- component of the angular momentum. A finite rotation can be obtained

by compounding successively infinitesimal rotation about the same axis

: ¢
D.(9) = Jlim (DL
. . Jz ¢ N
= yim (=g )
J. ¢ -
= i _ 2z LoNw/(=ide) |
L 2
S,
= exp(-i20)
. . 1
Definition: lim (14+—)*=e
xr—+00 x

In order to obtain the angular momentum commutator relations we need more

concepts. For every R, there exists a rotation operator D(R) in the appropriate ket space

R = D(R)
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We postulate that D(R) has the same group properties as R.

1. Identity:
R-1=R=— D(R) -D(0) =D(R)
2. Closure:
Ry - Ry = R3 = D(R1)D(R2) = D(R3)
3. Inverse:

4.Associativity:

Ri(R2R3) = (R1R2)R3

D(R)D(RyR3) = D(RiRy) D(Rs)

we examine

J.e  J2e2 Je J2e?

= (] —4=2=_ == 1,24 Y~
(=i = )i = o)
Je J2e? Jee  J2e?
—(1—i— - )1 —i—=— — Z5)

no 2n2 ho 22

— [ Jo, J,) = ik,
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Similarly, we obtain

[JZ', Jj] = iheiijk

or

Jx J=ihJ
Comparing with a conventional vector v

v xv=0.

3.1.2 Orbital angular momentum

If the vector gg is of infinitesimal length and only quantities of first order in 5 are retained,

the relation Vp = RV may be written

where
1 _¢z ¢y
R= gbz 1 _¢x
- ¢y (bx 1

To derive the formula we have used the infinitesimal rotation, for example,

cos¢, —sing, 0

R.(¢) = sing, cos¢, O
0 0 1
0 —¢, O

= 1+ ¢, 0 0
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and the infinitesimal rotation about any axis are commutable.

Now we wish to find a transformation |a) 5 that changes the ket |a) into the ket

) p

Thus we have

D(@)¢a(r) = ¢a(R'r)

Q
©
Q
s

|
-

X
3

Q
©
Q
=

|
N

X
2
<
S
Q
S

h
where
L=rxP
Le = yP.—2Pyf= —ib(ym — o)
{L’_yz Zy_Zyaz Zay
Ly = 2Pe—aP(= —ih(zm —a )
y = 2P —aPi(= —il(zg o
0 0
L. = aP, —yP.(= g _,Z
. TPy — yPy( zh(may y@:c)

These operators satisfy
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3.1.3 Rotation operator for spin 1/2

We have already checked that
[Si,S;] = ihei;r Sk
Consider a rotation by a finite angle ¢ about the z-axis. If the ket of a spin 1/2 system
before rotation is given by |«a), the ket after rotation is given by
@) g = D= (¢) o)
with
D.(¢) = 77"

To see the physical meaning of D, (¢), we compute

D ($)S.D:(9)
= IS RO () (] ) () e
_ he i% —ig —i2
= 5 () (e e ) (] eF)
= DU 1+ 1) (H eos i (1) (-]~ 1) (+) sing

= Spcosgp— Sysing

Sy Sy cosg — Sy sing
Di(¢) S, |- (@) =] S,sing+ Sy cos ¢
S, S
cos¢ —sing 0 Sz
= sing cos¢p O Sy
0 0 1 S.
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Compare with

Vi = RV.

3.1.4 Spin precession revisited

The Hamiltonian is
H = - °s.B
me
= wS,
where w = |e| B/mec. The time evolution operator is given by
U(t) = exp [—iHt/h] = exp [—iowt/2].
For an arbitrary state |«), at a later time t
oty = U(t) )
= U@(+) (+H +1=) (=) )

= IR (Ha) + T2 ) (—a)

The operators change as

(Sz); = (Sa)i—gcoswt —(Sy),_,sinwt
(Sy), = (Sy),_gcoswt+ (Sy),_sinwt
(Sz); = (Sz)i
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Conclusion: the period for the state ket is twice as long as the period for spin precession:
Tprecession = 271'/&);

Tstate ket — 47‘[’/&.).

3.2 Rotation Group and the Euler Angles

3.2.1 The Group Concept

The branch of mathematics that is appropriate for a full treatment of symmetry is the theory
of groups. Here we give a few basic definitions: A set of objects a,b,c... form a group if a
process can be defined that enables us to combine any two of the objects, such as a and b,

to form an object ab, and if the following conditions are satisfied:

1. All results of combination, such as a,b, are members of the group.
2. The group contains an identity or unit member e that has the properties ae = ea = a,
where a is any member of the group.

3. Each member a has an inverse a~! also in the group, such that aa™! = a~la = e.

4. Group combination is associative, so that

a(bc) = (ab)c

The members of the group are called elements. Though we frequently refer to the
combination as “multiplication”, this does not mean ordinary multiplication. For example,
the set of integers, positive, negative, and zero, form a group if the law of combination is

ordinary addition.
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A group is abelian if multiplication is commutative, so that ab = ba for all pair
of elements. Otherwise the group is non-abelian.

Two groups are said to be isomorphic to each other if there is a unique one-to-
one correspondence between elements of the two groups such that products of corresponding
elements correspond to each other.

Examples:

(1). The elements are 1 and -1 and the law of combination is multiplication.

(2). {e,a,a?...a” = e}: ais the root of z?¥ = 1.

3.2.2 Orthogonal Group

We discussed rotations of a vector. The rotated vector and unrotated vector are connected

by a 3 x 3 real and orthogonal matrix
VR =RV
All rotation matrices form a group.

1. Combination of two R; and Rs is a new matrix R Rs

[}

. Identity: R =1

3. The inverse matrix: R = R~! and RTR=RRT =1

4. Associativity:(R1 Ry)Rs = R1(R2R3)

This group is named SO(3), where S stands for special, O stands for orthogonal,

3 for three dimension. If the vector is n-dimensional, the R form a SO(n) group.
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3.2.3 “Special”?

Consider

Its determinant is

In fact,

det(R) = 1 = “S”

-1 is not one of elements in SO(n). We postulate that D(R) has the same group properties

of R. The determinant of D(R) is

det[D(R)] = det (exp[—i‘]}'iﬁqﬁ])

-
—

= exp [det(—iji;bngb)] =1

since

det[.J,] = 0.

3.2.4 Unitary Unimodular Group

Another rotation we discussed is for the spin 1/2 system, where the rotation matrices are

2 x 2. We can write a unitary unimodular matrix as

a b
u(a,b) =

—b* a*
where a and b are complex satisfying |a|® + [b]* = 1. All these matrices form a group.
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(1) Closure:
u(al, bl)u(ag, b2) = u(a1a2 — blbg, CL1b2 + a;b:[)

where

|CL16L2 — b1b2|2 + ‘albg + a§b1|2 =1

(2) Identity:

(3) Inverse:

ut(a,b)u(a,b) = 1

(4) Associative: multiplications of matrices are associative.

If we set

Re(a) = cos 4

2
Re(b) = —ny sing
Im(a) = —n.sin ¢
2
Im(b) = —ngsin ¢
2

the u(a,b) can be rewritten as

—i A

u(a,b) = e "2

As det[u(a,b)] = 1, this group is called SU(2) group. SU(2) and SO(3) have a two-to-one
correspondence: In SU(2). a rotation by 27 produces -1. a rotation by 47 produces 1. In

SO(3) , a rotation 27 produces 1. More generally, U(a,b) and U(-a,-b) correspond to one

matrix in R (in SO(3)).
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Figure 3.2: Euler rotations.

3.2.5 FEuler Rotations

Three steps:

(a) @ Ru(a) y—u

(b) : Ry(8) 22

(© : Ra(y) y =y

In terms of 3 x 3 orthogonal matrices the product of the three operations can be written as

R(a,B8,7) = R (7)Ry (B)R.(c)

There appear both rotations about body axes and about the space-fixed axes. This is rather

inconvenient! It is desirable to express the body-axis rotations in terms of space-fixed axis

112



CHAPTER 3 — MANUSCRIPT

rotation. Fortunately, we have
Ry(B) = Ru(c)Ry(B)R:* (o)

R.(y) = Ry(B)R.(v)R,'(B)

Therefore,

R(a, B,7) = R.(a) Ry (B)R.(7)

As an example we calculate D(«, 3,7) for a spin 1/2 system.

D(e, 8,7) = Dz(a)Dy(8)D=(7)

Recall that

ol G
X —1
Pty

L
ng)—cos2 i0 - Tisin o

To prove the identity we use the (& -7)? = 1.

cos%—isin% 0
D(a, B,7) =
[0 . [0
0 cos 5 +isin g
B _qnB 2 igin 2
Ccos 5 sin 5 COS 3 — i 8in 3 0
0 B B 24 igin 2
sin 5 COS 5 0 CoS 4 + i sin 3
_ oty _soa—y
e 5 cos B —e " T sin 2
2 2
ey . oty
e 'z smg e~ cos B
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3.3 Eigenvalues and Eigenkets of Angular Mo-

mentum

The commutation relation between three components of J are already derived:

(o J,] = ihJ,
[y, J.] = ihJ,
)., J.] = ihJ,

These relation are often rewritten in a more compact form
J x J=1ihJ

In this section we work out the eigenvalues and eigenkets of angular momentum. To this

end, we introduce a new set of operators:

(1). J* = Judo+Jydy + J.J.

2). Jy = J.xid, [J,=(J_)7]
J? commutes with all three Jy, (k = x,v, 2)
[J%,Je] =0

As J,, J, and J, do not commute, we cannot diagonalize J, ,J, and J, simultaneously.
However we can choose one J; to be diagonalized with J2. By convention, we choose .J, .

We denote the eigenvalues of J2and J, by a and b, respectively

J?|a,b) = ala,b)

JZ |CL, b> = b|a’7 b>
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To determine the values of a and b, it is convenient to work with the ladder operator, J4.

[J., Jy] = —ihJy
(]2, Js] = ihJy
[J., Jy] = —ihJy
(e, e + 1yl = R(Jy +1idy)
The commutation relations become
., Je] = +hs
[Jy,JJ_] = 2hJ,
[Je,J?] = 0
First of all , we have
(a' 0| J?|a,b) = abaq Oy
(@, 0'|J:]a,b) = bdaader
Then
JoJxla,b) = [z, Jx] + JiJ.} a,b)

= (£hJs +bJs)|a,b)

= (b£h)Jy|a,b)
From this relation, we conclude
Ji|a,b) = Cy(a,b)|a,b+th).
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Note that the bra of Jy |a,b) are

(a,b|Jx = (a,b£h|CL(a,b)

(a, b| JrJx |CL, by = |O:|:(CL, b)|2
J?2 can be expressed in terms of J+ and J,

1
J? = §(J+J_+J_J+)+J§

= J J + 2+ T h=J.J +J2—J.h

a=|Cy(a,b)]> +b(b+h) =|C_(a,b)]* + b(b— h)
ICi(a, b)) = a—blb+h) >0

IC_(a,b)]* = a—bb—h) >0
If |a, b) is one of eigenkets, then
Jila,b) = Cx(a,b)la,bL h)

If Cy (a,b) or C_(a,b) is not equal to zero, |a,b £ h) is also one of eigenkets suppose that we
keep on applying J+ to both side of the equation above. We can obtain numerical eigenkets
with smaller and smaller or larger and larger b +nh until the sequence terminates at some

bmax and b, such that

C+ (a, bmax) =0

C, (a, bmin) =0
So

|C_|_(CL, bmax)’2 = a-— bmax(bmax + h) =0

|C_(CL, bmax)|2 = a-—- bmin(bmin - h) =0
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a = bmax<bmax + h) = bmin(bmin o h)

— bmax - - bmin

Clearly, we must be able to reach |a, bmax) by applying Jy successively to |a, byin) a finite

number of times. i.e.

|CL, bmax> X (J—F)n |CL, bmin>

X |a, byin + nh)

We obtain
bmax = bmin + Nh
As a result,
brnax h
and

It is conventional to define

n
bmax - _bmin = —h=jh
5 J
and
|a, b) == [j,m)
such that
J2j,m) = §(+ 1R |j,m)

with m = —j,—j + 1, ...J.

117



CHAPTER 3 — MANUSCRIPT

Take C4 (a,b) real, we have

J+ |.77m>

J-|j,m)

The eigenkets {|j,m)} form

1/2

= U+ —mm+ "7 hljm+1);

= [G+1) —mim—1]"*hljm-1).
a basis for angular momentum operator

<jm |j/7m/> = 5jj’5mm’-

In the form of matrix, elements of Ji

Glm! | x| jm) = R[5 + 1) — m(m £ 1)) 655 6mimar.

As a result,

J++J_‘jm>

' o) = (3'm|F

GG+ 1) = m(m + )] 656mimi

| St

h... .
+5 130G+ 1) = mlm = D] 8558 m—

(7'm"|Jy| gm)
ho. . 1/2
% G +1) —m(m+ 1) 85 0mmsr

o,

(gm/ || jm) = mhdmms;

(Gm’ | T2 gm) = §(G 4+ 1A S
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Our choice of a representation in which J? and J, are diagonal has led to discrete sequences
of values for the corresponding labels j and m. The infinite matrices thus obtained are most
conveniently handled by breaking them up into an infinite set of finite matrices, each of
which is characterized by a particular value of 7 and has 25 + 1 rows and columns.

(1) j=1/2: m=+1/2

o o i
Jp =1 Jy =1

1 O 7 0

oo R I

0 —1 0 1

(2)j=1,m=%1,0

01 0 0 —i 0
Jp = 2171/2 1 0 1 Jy = 21h/2 - 0 —
01 0 0 i 0
1 0 0 100
J.=h|l 0 0 0 JE=20| 0 1 0
0 0—1 0 0 1
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0 —i372 0 0
b —i3t/2 0 —2i 0
==
2 0 2i 0 —i3l/2
0 0 i31/2 0 /
30 0 0
nl o =1 0 o0
JZ:5
0 0 -1 0
0O 0 0 -3
1 000
Jzz%kg 01 0 0
001 0
0 0 0 1)

3.3.1 Representation of Rotation Operator

Have obtained the matrix elements of J, and J. , we are now in position to study the matrix
elements of rotation operator D(

mm/’ (

= (jm’ |e="/"¢/"| jm)Since [J2, J;] = 0, we have
[D(R),J?] =0

So D(R) |j, m) is still an eigenket of J? with the same eigenvalue j(j + 1)h>

J*D(R) |jm) = j(j + DI*D(R) |jm)

We just consider the matrix elements of D(R) with the same j. For every j there are 25 + 1

values of m. D(R) should be a (2j + 1) x (25 4+ 1) square matrix. For a rotated ket

R) |[jm) = me ) (jm' |D(R)| jm'y =" DY) (R) |jm’)

m/’
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As is well known, the Euler angles may be used to characterize the most general rotation.

We have
D(]) ( 6, ) — < th « —z ﬁyﬁ z%’y’]m>
ei(m’a—m’y) < ! 62%6‘jm>
For j =1/2
A 0 —2
Jy ==
2
1 0
8 B
{< / e—iJTyﬁ ]m>} _ CoOSy —Sllyg
sin% cosg

To derive the matrix we can make use of the identity: (J,/h)* = 1/4.

For j =1,
0 —i 0
h
Jy gtz | ¢+ 0 —i
0 ¢ 0
c g —21% sin 3 sin? %
. _iJugl| .
{< Memt P ]m>}: 211/2 sin (3 cos 3 —#sinﬁ
sin? g 517 sin 3 cos? %
To derive the matrix we can make use of the identity: (J,/h)% = J,/h.

3.4 Schwinger Oscillator Model.

There exists a very interesting connection between the algebra of angular momentum and

the algebra of two independent simple harmonic oscillators. Let us consider two types of
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oscillator: plus and minus type. The creation and annihilation operator are denoted by a4
and aZ , respectively,

lar,af]=1,]a_,at] =1

These two oscillators are uncoupled,
[a—bat] = [a—aa+] =0

Define the number operators

Ny = aiaJr
N_ = ata_
We have
[Ny a4] = —aq
[N_ja_] = —a_
[Ny,af] = af
[N_,a] = a”
Since [Ny, N_] = 0, we define the simultaneous eigenket of Ny and N_ by |n4,n_) such
that

o ((M)”Z )
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with
at0,0) = 0
aflngn.) = (ng+1)"2ng +1,n)
alng,ns) = ()2 ng,no —1)
We define
Jp = haia_; _=hata,
. = olafa, —atal)= o2 lJy J ] = o(Ny N )

We can prove that these operators satisfy the angular momentum relations
[J., Jt] = +hJL
Define the total number operator N by
N =N, +N_,
we can prove
2 2, 1
J — Jz +§(J+J_+J_J+)

N N
= —(=+1)hr%
AT
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Therefore, we have

h2n++n_ ny +n_—

J2 ’n+7n_> = 2 ( 2 +]‘) |n+7n_>
Ji|ng,n_) = hala_|ng,n_)
= Al(ns + 0] ny + 1,0 — 1)
J_|ngns) = hlng(no + D] g — Lo +1)
h
Jolng,no) = Sng —no)lng,no)

These expression can be reduced to the familiar forms for angular momentum provided that
ngy = j+m
n. = j—m

@y (@

e ) = B = T G
So we can check

J2jm) = (G +1)h%|j,m)

Teljm) = [iG+1)—mim—D]"2hlj,m+1)

J_ljym) = [iG+1)—m(m—1)]"?hljm-1)

J.|jm) = mh|j,m)
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3.4.1 Spin 1/2 system

We define the spin 1/2 operators Sy and S, in terms of the creation and annihilation

operators a} and a, (o0 =1,|). For S =1/2,
ny+n; =2s=1.

We have two eigenkets for .S,

) = aflo)
) = af o
The operators are expressed as
Sy = ha}"al
S_. = hai"aT
S, = }—;(a?aT - afal)
Since [at, a?] = [ay, af] =1, we usually call a and a™ the boson operators. In the case of

S =1/2, a2 = (af)? = 0. So they are called hard-core bosons since no two bosons can be

occupied at the same site. (Please check whether the commutation relations still hold if

{aT,a}F} = aTOL}F + a%raT =1
{al,af} = 1
{al,a?} = 0

i.e., a are fermionic operators.)
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3.4.2 Two-spin—1/2 system
We now consider two-spin-1/2 system: S; and Ss. For each S;(i = 1,2), we have
i+) = a}|0)
o) = afl0)

There are four possible configurations for combination of two spins

1+2+) = [14) @[2+) = af}ad; 0)
1+2-) = [1+)®[2-) = afja], [0)
1-24) = [1-)®[2+) = a] a3, |0)
1-2-) = [1-)®[2-) =a] a5 [0)

We are now in a position to construct eigenstates of the total spin
S=51+5

and its z_ component

S, =57+155.
We first examine the two kets: |14,2+) and |1—,2—) .

S.1+4,24) = (Si.+ S2.) |14, 2+)

= h|l+,24)
S% |14, 2+4) = 2% |14, 2+)

We denote

s =1,m =1) = [1+,24) = af;a3; |0)
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Similarly,
s =1,m = —1) =[1-,2-) = af a3, |0)

Recall that

J_|j,m)

= [j(j+1) —m(m—1)]"?hlj,m - 1)

|s =1,m =0)
1
= ms_|521,m:1>
Lo+ 4 + .+
= 91 (atta3) +ayjas,)|0)

We have obtained three eigenkets for S and S,. There should exist another eigenket since
there are four possible configurations for two spins. The fourth eigenket must be a combi-

nation of [14,2—) and |1—,2+)

la) = a|l+,2=) + b |1 — 2+)

It is easy to check

S, lay =0
We make use of property of orthogonality of eigenkets
(s=1,m=0]a)=0

From this equation, we obtain

Furthermore,
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+
21/2 (ai—Ta;—l o a’ii_la’ZT) |O>

3.4.3 Explicit Formula for Rotation Matrices.

Schwinger’s scheme can be used to derive in a very simple way, a closed formula for rotation
matrices. We apply the rotation operator D(R) to [jm). In the Euler angle rotation the

only non-trivial rotation in the second one about y- axis . So
D(R) - D(CY, 57 7)042’720

c—iJyB/h

Applying D(R) on |j,m), we have

D(R) |jm)

(D (@t
(G +m)]? [(G —m)™? o

CL+ —17154+m CL+ —1715—m
_ o +D(Rf}; o ‘D(RBL; D(R) |0)
(5 +m)!] (5 —m)!]

— D(R)

1 1
Jy =5 (Jp —J-) = Z(aia— —a’ay)

We have

J,10) =0

and

We come to calculate



Similarly

The solutions are
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. J . J
5ﬁ45> = —ize TPy, 0]t

1
= —e ’3 +e h B
2

d

1
ng—@D=:—§ﬁA5)

T F2(0)+ (3P 14(6) =

f+(B) = cos gélj: + Singé&

The boundary conditions are

d
dap

We have

fi(ﬁ”g:o =al = Cra = al

Recalling the binomial theorem,

1 -
3f+0) =5 f50)]s=0 = Cox = +aj
B=0
fi(ﬁ):cosg :l:smga;E
T B8 in B +
a COS 5 Sin = a
+ DY(R) = 2 2 +
+ - +
a’ —sm% cosg a’
N
n N'! n, N—n
(+y)" = ?;) mx Yy
[cos 6a+ +sin 5 a+]3+m [cos gaf — sin gai]j_m
X
=T (5 — )]/

S d),.(8) i)

m/
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M bt LG+ )G = m)!G A+ )G —m))?
dyim = Xk:(_l) i (G+m—FK)EK(—k—m)(k—m+m)
% (COS §)2j—2k+m—m’(sin §)2k—m+m’

Notice that dfj}m(ﬁ) = (ym/| D(R) |jm,) .

3.5 Combination of Angular Momentum and

Clebsh-Gordan Coefficients

One of the important problems in quantum theory is the combination of the angular mo-
menta associated with two parts of a system (such as the spin and orbital angular momenta
of one electron) to form the angular momentum of the whole system. The addition of two
vectors v and vy forms a triangle. The third vector ¥ = ¢ + 5. The maximal value of v is
v1 + v2 and the minimal value of ¥ is [v; — vo|. We start with two commuting angular mo-
mentum operators J; and Js : all components of J; commute with all components of J,.The
orthonormal eigenkets of J12 and Jy, are |jym;) and Jy has no effect on them. Similarly,

|jamz) are the eigenkets of J22 and Jo,, and J; has no effect on them. Denote

|j1j2mima) = |jimy) ® |jame)
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we have

J jrjemama) = j1(j1 + 1)A* |jrjamams)
Jiz [jijemamsz) = mahljijamims)

J3 ljrjamims) = ja(ja + DA [j1jamima)
J3, |j1jomama) = mah|jijomims) .

The infinitesimal rotation operator that affects both subspaces is written as

Ji 109 Jo 1o

V& (I — i S QI+ Jo® 1

3 ):Il®12—l 7 n(SQb

So we define the total angular momentum
J=LQ@L+1LH®J=J +Jo

It is noted that

JxJ=1ihJ
Since J?2,.J2,.J2 and J, are compatible, we denote their simultaneous eigenkets by
[J1j2gm) = |im)

Recall that there are (2j; + 1) eigenkets |j1mq) and (272 + 1) eigenkets |jams) . Therefore

there are (277 + 1) x (2j2 + 1) kets

|J1jemimse) = |jimi) ® |[jame) (= [m1, ma))

These kets form a complete and orthogonal set of basis:

J1 J2
Z Z |m17m2> <m1,m2|:1

mi1=—j1 ma=—jz
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The connection between |jm) and |mq,mg) is

gm) = Y [m1,ma) (ma, maljm)

mimsz

{(m1,ma|jm)} are the Clebsh-Gordan coefficients. Note that
(Jz —le —Jzz) ’]m) =0
(m —mq —mg) (my, ma|jm) = 0

It is apparent that (my, mo|jm) is zero unless m = my +ms. The largest value of m is j; + jo
and this occurs only when m; = j; and my = jo. Therefore the largest j is j; + j2 , and

that there is only such a state
J1 + J2 1+ J2) = |71, 72)

17 =71+ J2 m=7j1+ J2) = |m1 = j1,m2 = ja)

The next largest value of m is j; + jo — 1 and this occurs twice: when (1) m; = j; and
mo = jo—1. and (2)m; = j1 —1 and mg = js. One of the two linear independent combination
of these two states (m = j; +j2 — 1) must be associated with the new state with j = j; +j
and m = j; + jo — 1. Since for each j value there must be values of m ranging from j; + jo
to —j1 — j2 . The other combination is associated with j = j; + jo — 1. By an extension of
this argument we can see that each j value, ranging from j; + jo to |j1 — j2| by integer steps,

appears just once. Each j value is associated with 25 + 1 combinations of the original kets
J1+j2
> @i+ =Cn+ 12+
J=lj1—j2|

which is equal to the number of |mq,ms) as expected.
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3.5.1 Clebsch-Gordan coefficients

The Clebsch-Gordan coefficients form a unitary matrix. Furthermore the matrix elements
are taken to be real by convention. An immediate consequence is (jm|my, ma) = (mq, ma|jm) .
The orthogonality conditions of the matrix are
(1) <m1a m2‘m{hml2> = 6m1m/15m2m’2
Z (my, maljm) (jm|m}, my) = 5m1m’15m2m’2
jm

(2). (gmlj'm’) = 05 O mm

J1 J2
Z Z <jm|m17m2> <m1,m2|j'm'> = 5jj’5mm’
mi=—7J1 Ma2=—j2

(3). (jm|mi,mso) # 0 only if m = mq + mo
Recursion Relations
We apply J+ to the left side of Eq.
J2 J2
gm)y =Y Y |my,mb) (mh,mh|jm)
mi=—j1 my=—/j2
J4 |gm)
J2 J2

= Z Z (14 + Joi) [my, ma) (my, my|jm)

P ’_
mi;=—J1 My=—7J2

1/2|

(G +1) =m(m+ 1]~ |jm +1)

1/2

= Y01 +1) —mi(my + D7 [my + 1,ma) (my, my|jm)

+ 3 la(a + 1) — ma(ma + D)2 [miy, mly + 1) (my, mb|jim)
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Multiplying (mq, mz| from the left side

GG+ 1) = mm + DY (ma,malj m + 1)
= [0 +1) = ma(ma + 1] (my — 1, majm)

+ (2 (G2 + 1) — ma(ma + 1)]Y? (my, ma — 1]jm)
Similarly,

[5G +1) — m(m — )] (my, ma|jm — 1)
= [0+ 1) —ma(my — DY (my + 1,ma|jm)

+ (22 + 1) — ma(ma + 1)]Y? (my, ma + 1]jm)

Construction Procedure

Combination of the two recursion relations and the orthogonality conditions can
leads to all Clebsch-Gordan coefficients . We start with the sector with the largest value of
m :

()m=j1+j2, =71+ J2
(i, jalii+ 72 di+d2) =1

(2) m=j1+j2—1

(a) mi = ji1, ma=jo—1
(b)m1 = ji—1, ma=js
J = 1t
J = jitj2-—1
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| 1 +J2 ji+J2) =|j1,02)
(G + 2 )1 + g2+ 1) — (G + j2 )G + ja — D]
X|j1+j2 j1+72—1)

= [+ D) =G =DM =1, ja)

+ (o + 1) = jaGiz — DY i1, g2 — 1)

. 1/2
(j1 — L g2lji+Jj2 s1i+j2 —1) = ( 1 )
71t 2
g \'"7?
(J1,92 —1ji+Jj2 s1+j2 —1) = < >
71t 2

(mi,mo|j1 +j2—1, ji+ja—1)

These two coefficients are determined by the orthogonality conditions

<.77]_1|]_17.] _1>:0

(1 +d2,51 +d2 —Ljije— 1) (Gije —1llj1 + g2 — L ji +j2 —1)

+ 1 +J2 i +de —lin—1g2) (1 —1jgelin+jo—Lji+j2 —1)=0

. 1/2
(jﬁijz) (J1,Jo —lj1i+j2—1, 1 +jo — 1)

. 1/2
+(. J1 ) (i1 —Ljaljn+d2—1, ji+j2 —1)=0
J1+ )2
( i )1/2
X == ; s
J1+ 2

, - < ja >1/2
g1+ J2
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(i+Jge—1, ji+je —1lji+je—1,a+j—1) =1

. L _ L V2
iz —Up+ja—Lja+j—1)=+ (jl‘z’i]é)

: D . , . o\ 1/2
1—150lh+i—Lia+j—1)=- (jljsz)
The convention here is that the first matrix element, which has the form (ji,5 — ji|j,7) , is

real and positive.

(3) m=j1+Jj2 —2

(a) mi = j1 mg=ja—2
(b)ymi = ji1i—1 mog=jas—1
(c)mi = J1—2 my=js

J = 1t

J = n+tj-—1

J = J1tJ2—2

(mqy, mal|j1 + j2, m ) and (mq,mo|j1 + j2 — 1, m ) are determined by the recursion relations
and the coefficients in (2). The coefficients (mq,ma|j1 + j2 — 2, m ) are determined by the
orthogonality conditions.

In this construction procedure, the only difficult part is the use of orthogonally,
which becomes progressively more complicated as the rank of the submatrix increases. How-
ever it needs be employed only once for each submatrix, and it is easier to work out an ex-

ample with particular numerical values for j; and jo than the general case just considered.
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(a) J_|j1 + j2, 51 +J2 — 1)

j2(2j2 — 1) 1 :

2 =2+t —2) = | s -
(J1J2 lJ1 + J2, 71 + J2 ) l(91+32)(2]1+2]2—1)

=

47172 1

j1—1j2—1’+','+'—2=l. . : :
< 1+ gy ¥ 52 = 2) (41 4+ 72)(241 + 242 — 1)

J1(2j1 — 1) 1 :

1 — 2j2|j1 +Jo, J1 T2 —2) = | ——— ;
(J1 — 2j2lg1 + Jo, 1 + J2 ) l(31+32)(231+232—1)

(b) J_|j1+j2—1, j1+7j2—1)

1
. , , . . (950 1 1
(j1j2 — 2|j1 +jo — 1,41 + jo — 2) l( J1(2j2 — 1) ]

J1+72) (g1 +j2 — 1)
J1— Jj2
[(G1 + 72) (g1 + g2 — 1)]2

(1 —Ljo—1j1+jdo—Lj1+j2—2) =

(71 — 22|71 +Je— 1,51 +Jj2 — 2)

_l( Jj2(2j1 — 1) F

J1+7J2)(Jr +j2— 1)

3.6 Examples

3.6.1 Two spin-1/2 systems

3.6.2 Spin-orbit coupling

PROBLEM
0 —1
1. Find the eigenvalues and eigenvectors of o, = . Suppose an electron is in
t 0
o
the spin state . If S, is measured, what is the probability of the result i/27?
5
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2. Let n be a unit vector in a direction specified by the polar angles (0, ¢). Show that

the component of the angular momentum in the direction n is

L, = sinfcos@L, + sinfsin ¢L, + cosL,

1 . .
= 3 sin 6 <€_Z¢L+ + ' L_)+cosL..
If the system is in simultaneously eigenstates of L? and L, belonging to the eigenvalues

[(1+ 1)h% and mh, i.e., [I,m),

(a) what are the possible results of a measurement of L,,?

(b) what are the expectation values of L,, and L2?

3. Obtain an explicit expression for

Un() = exp(—ign - S/h)

in the form of a 2 x 2 matrix when S is the spin operator with S = 1/2. Let the unit
vector n have the polar angles 6 and ¢. Show explicitly that your matrix for Ug(¢) is

unitary and that it is equal to -1 when ¢ = 27.

4. Prove a sequence of Euler rotations represented by

D(1/2)(e, B,7)

= exp (—ig03) exp —igUz exp (—i103>
2 2 2

e=i0tN/2 s 8 mila=)/2gjp B
e—i(a=7)/2 gip g e at7)/2 o5 g
Because of the group properties of rotations, we expect that this sequence of operations

is equivalent to a single rotation about some axis by an angle ¢. Find ¢.
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. Calculate the matrix of Clebsch-Gordan coefficients in the case of j; = 1/2 and j; =
1/2. According to the matrix, write explicitly the eigenstates of the total angular

momentum and its z component in terms of (j1,m1) and (jz, m2).

. Use the raising or lowering operator to find the following Clebsch-Gordan coefficients

31 1 1 11
SV =a, )@ |5, —= ) o1 = o).
55) —alle|5-5)+onoe|5)
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Chapter 4

Symmetries in Physics

Symmetry is a fundamental attribute of the natural world that enables an investigator to
study particular aspects of physical systems by themselves. For example, the assumption
that space is homogeneous, or possesses translational symmetry, leads to the conclusion that
the linear momentum of a closed isolated system does not change as the system moves. This
makes it possible to study separately the motion of the center of mass and the internal motion
of the system. A systematic treatment of the symmetry properties and the conservation law
is useful in solving more complicated problems. It provides a deeper insight into the structure
of physics.

In this chapter we consider the geometrical symmetries that may be associated
with the displacements of a physical system in space and time, with its rotation and inversion

in space, and with the reversal of the sense of progression of time.
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4.1 Symmetries and Conservation Laws

4.1.1 Symmetry in Classical Physics

An alternative way to describe a classical system is to introduce Lagrangian L:

4oL oL
dt 8¢;  Oqi

which is called the Lagrange equation. For a conservative system,

L=T-YV

where

V=V(q1,q9,---qn)-

For example, the Lagrangian for a harmonic oscillator is

1 1
L =-mi*— =kz?.
2m:c 5 x
From the Lagrange equation, we obtain
mi = —kx.

This is the Newtonian equation of motion! When the potential is related to velocity or
generalized velocity, the Lagrangian is constructed in a different way. For instance, the

Lagrangian for a charged particle subjected to an electromagnetic field
q
L=T—-qgp+-A-v.
c
If the Lagrangian is unchanged under displacement in the general sense,

g — ¢ +9q;
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ie.,
oL
— (),
dq;
from the Lagrange equation, it follows that
dP;
=0
dt
where that canonical momentum is defined as
p -9
04q;

In other words, the canonical momentum is conserved, i.e. the law of conservation.

4.1.2 Symmetry in Quantum Mechanics

In quantum mechanics, we have learned to associate a unitary operator, say U, with an
operation like translation and rotation. It has become customary to call U a symmetry
operator regardless of whether the physical system itself possesses the symmetry to U.

When we say that a system possesses that symmetry to U, which implies that
U'HU = H
For a continuous symmetry, we take an infinitesmal displacement € and expand the operator,
v=1-=a
where G is the Hermitian generator of the symmetry operator. Thus,
G, H] =0.

By virtue of the Heisenberg equation of motion, we have

dG
— =0.
dt
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Hence G is a constant of the motion. In the language of quantum mechanics, we say that G
and H can be diagonalized simultaneously. Suppose |g) an eigenstate of G. Then, the state

at a later time
|97 tOv t> = U(t7 tO) |g>

is also an eigenstate of G.

Proof.

Glg,to,t) = GU(t,to)|g)
= U(t,t0)Glg)
= gU(t,t0) |g) -

H
4.1.3 Degeneracy
Suppose that
[H,U] =0

for the symmetry operator U and |n) is an energy eigenket with eigenvalue E,,. Then, U |n)

is also an eigenket of H with the same energy eigenvalue.

Proof.

HU |n) = UH|n)

= E,U|n).

Suppose |n) and U |n) represent two different kets. Then these two states with the same

energy are said to be degenerated. W

143



CHAPTER 4 — MANUSCRIPT

Remark 3 The proof is very trivial, but the concept play a far more important role in

quantum mechanics.

4.1.4 Symmetry and symmetry breaking

If |n) is non-degenerated, U |n) and |n) must represent the same physical state although

they can differ a trivial phase factor, i.e.,
Uln) =€®|n) .

In the case, we say that the state |n) also possesses the symmetry. If
Uln) # € |n),

we say that the symmetry is spontaneously broken in the state although the Hamiltonian
possesses the symmetry. The spontaneous symmetry breaking occurs when the state is
degenerated. The spontaneous broken symmetry is one of the most important concepts in

modern physics, from elementary particle physics to condensed matter physics.

Example 1

for a hydrogen atom problem,

1
H=_—P? .
5 PV

The Hamiltonian is rotational invariant
(D(R), H] = 0.
One of eigenstates is denoted by |n, j,m) with E,,. Then

D(R)|n,j,m) =>_ DY) |n, j,m’)
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is also an eigenket of H with the same energy F,. For each pair of n

and j there are 25 + 1 values of m:

m=—-75—7+1,...,7

Therefore |n, j, m) should be at least (25 + 1)-fold degenerated.

Example 2

Two-spin Problem

The Hamiltonian for two spins S; and S, is written as

H=JS;-8S,.

Denote the eigenstate for H by |Sior, M)

J
ISt M) = 5 |(S1+82)° = 83 = 3] |Siot, M)
J
= E [Stot (Stot + 1) — 28(8 + 1)] |Stot, M>

The total spin can be

Stot == 28, 25 — 1, ,O

As the M can be taken to be

M = —Sot, —Stot +1, ..., Stot.

and the eigenvalue of H is independent of M, so the state |Syo¢, M) is
(2St0t + 1)-fold degenerated.

The ground state energy:
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(1) Antiferromagnetic J > 0, Syt = 0
E,=—s(s+1)J
(2) Ferromagnetic J < 0, Sior = 28
E, = s2J

SU(2) symmetry: When the system is rotated the rotation

operator
U = 72
As
[H,S] =0,
we have
UTHU = H.

For the ground state

(1) J>Oa Stot =0

UlS=0,M=0)=|S=0,M=0)

The state also possesses the SU(2) symmetry.

(2)J < 0, Stot = 2s

UlS=2s,M=0)#|S=2s,M =0)

The ground state is (4s + 1)-fold degenerate. The symmetry is spon-

taneously broken.
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4.1.5 Summary: symmetries in physics

Space Translation | r — r 4+ dr Momentum
Time evolution t—t+ 0t Energy
Rotation r—r Angular Momentum
Space Inversion r— —r Parity
Time reversal t— —t Charge conjugate
Permutation (12) — (21) | Quantum Statistics
Gauge U —e?W Charge

Space translation

Ul(p)rUp(p) =7+ p

Ul (p) = expl—i— ]

Ut

T

Time evolution

[P,H] =0

(P HU(p) = H

U/ (T)tUy(r) =t + 7

Ul (1) = exp[—i

—1]

h

Ul (1)HU (1) = H

|a(t)) = exp [—iHt/h] [(0))
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Rotation

[J,H] =0
Gauge Invariance
0
HY =ih—U
"ot

This symmetry is related to the conservation of “charge”, i.e., the number of the particles.

4.2 Discrete Symmetries

In this section we consider two symmetry operators that can be considered to be discrete

4.2.1 Parity

The parity operation, as applied to transformation on the coordinate system, changes a right-
handed (RH) system into a left-handed (LH) system. Let us denote the parity operator II,

which satisfies

) — Il a)

) fzll = —x
{z,1I} =0
I =1
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RH 13 +
A x
yl ,"’
” Lrrmmmm e
¢ ; ¥
i
X f
x ‘
\Erg’
Figure 4.1:
NM=1->T =10 =11
The physical meaning is that under this operation
Vo = (xvya Z) =V = <_$7 Y, _Z)
V' = RV
where
-1 0 0
R= 0 -1 0
0o 0 -1

How does an eigenket of the position operator transform under parity? Assume

Ple) = o)
Mi|z) = aoll|z)
i) = all|z)
() = —z((dfz))
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Thus we conclude that

|z) =e @ |—z).

Applying the parity operation twice

and
Thus

Therefore its eigenvalue can be only +1 or -1.

4.2.2 The Momentum Operator

Space translation followed by parity is equivalent to parity followed by translation in the

opposite direction:

7 (dx) |y = II|z+ dx)
= A|—z —dx)
= T(—dx)\|—z)

= T(—dx)II|x)

Since

P
T(dx)=1-— z'?da: + .

it follows that

IIP = —PII
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or

{II, P} = 0.

4.2.3 The Angular Momentum

Define

L=xXP,

then

I1£ = LII.

For 3 x 3 matrices, we have

R(parity) R(Totation) — R(r) R(p)

where

D(R)=1—iJ ne/h+---

IIJ = Jl
Is = S
IIL = LII
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Let us now look at the parity property of wave function whose state ket is |a) :

U(z) = (z]a) .

Suppose |«) the eigenket of parity

IIa) = Ala). (A==£1)

Then
(@/I]a) = Az o)
(~zlo) = Azla)
U(—z) = \U(z)

The wave function is also parity.
Example 3

Solution for a square-well potential

12 d*U ()

" 29m  dx?

= EU(z)

with |z| < a. In the replacement z — —x,

B U

om  dz® EU(=2)

Thus if U(x) is one solution, U(-x) must be also one solution. The

solutions are

U(.CC) — 6:|:ik:~x/h
where k? = 2mE/h?. We can construct
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Odd Parity: U(z) — U(—z) = Upqa(x)
Even Parity: U(z) 4+ U(—x) = Uepen ()

sinkx/h and cos kx/h

Example 4

Simple harmonic oscillator: The basic Hamiltonian is

2
p 1 2 2
H=——4+— .
o —+ 2mw X
We have
O'HII = H
and
IIfxII = —x IMfa'll = —af
=
IIfpll = —p Ifall = —a

The eigenkets are

The ground state wave function is

(5l0) = 7 exp [—%—]
So
(z]0) = (==[0)
How about (z|n)?
(z[ln) = (=1)" (z[n)
(=z[ln) = (=1)" (z|n)
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At z =0, we have (x = 0|n) = 0 for odd n.

Example 5

Double well potential

Let us now look at the parities of energy eigenstates.

Theorem 4 Suppose [H,1I] =0 and |n) is an eigenstate of H with eigenvalue E,

then (a) if |n) is nondegenerate, I1|n) is also a parity eigenket; (b) if |n) is degenerate, II |n)

may not be a parity eigenket.

Proof. We can construct two states

4.2.4 Lattice Translation
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fg

FIGURE (a) Periodic potential in one-dimension with periodicity a. (b) The periodic
potential when the barrier height between two adjacent lattice sites becomes infinite.

(from Sakurai, 1994)

Consider a periodic potential in one dimension:
V(zxa)=V(x).
We introduce a translational operator 7(a) such that

TT(a)xT(a) = x+a;

TT(a)V(:C)T(a) = V(z+a).
Thus the Hamiltonian is invariant under the translation
(a)H1(a) = H.

As 7 is unitary, we have

Hr=71H.

7 and H commute with each other. So 7 can be diagonalized with H simultaneously. 7 is

unitary, but not hermitian. We expect the eigenvalue to be a complex number of modulus
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1. Denote |n) a state ket in which the particle is localized at the n** site. When 7 is applied
to it

7(a)[n) = |n+1).

To construct an eigenket for 7, we consider a linear combination

“+o0
0) = Z e |n) .
This state is an eigenstate for 7 :
00 . 00 .
@0y = Y e"r(a)n)= Y e"in+1)
— 6—20 Z ez(n—l—l)@ |TL + 1>
T(a)|) = e7|6)
A more realistic example:
(n|H|n) = Eo
(n|Hnt1l) = —t

and all other elements are equal to zero. That is
Hn)y = Eyln)—tn+1)—tjn—1)
H = S {Eoln){nl —tln+1) (nl — tn—1) (nl}
H|0) = Y {Eoln)(n|—tln+1)(n|—tln—1)(n[}|6)
= (Ey—2tcos?)|0)
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4.3 Permutation Symmetry and Identical Par-

ticles

4.3.1 Identical particles

Identical particles cannot be distinguished by means of any inherent properties, since other-
wise they could not be identical in all respect. In classical mechanics the existence of sharply
definable trajectories for individual particles makes it possible in principles to distinguish
between particles that are identical except for their path since each particle can be followed
during the course of an experiment. In quantum mechanics, the finite size and the spread-
ing of the wave packets that can describe individual particles often make it impossible to
distinguish between identical particles because of their positions, especially if they interact

with each others to an appreciable extent.

Distinguishable and indistinguishable identical particles

Two identical particles are indistinguishable if the wave functions for the two particles

overlap, and distinguishable if the wave functions do not overlap.

Permutation Symmetry

Let us consider the Hamiltonian of a system of two identical particles.

1

1
H=_—P+ —
m

sz22 + V})air<|x1 - -772|) + %mt(xl) + Vext(x2)

Symmetry: to exchange the positions of two particles: 1 < 2, the Hamiltonian
is invariant

H < H.
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Define the permutation operator

Piay|z1), @ [12)y = |22); ® |71),
P1T2H(x1,x2)P12 = H(zg,x1).
Clearly
Piys = Py
P, =1

Consider a state ket for two particles:
k)1 @ k'),

Py |k), @ Ky = [E'), @ |k),

We can construct two states
1 / /
5 (B} @ 1K), £ 1K), ® |K))]

which are eigenstates of P15 with eigenvalues +1, respectively.
Our consideration can be extended to a system made up of many identical par-

ticles

Clearly
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just as before, and the allowed eigenvalues of P;; are 1. It is important to note that, in

general
[Pij» Pim] # 0.
Connection between spin and statistics

Half-odd-integer spin particles are fermions: electrons, protons, - - -

Integer spin particles are boson: mesons, *He nucleus,- - -

Although the allowed values of P;; are 1, system containing N identical particles
are either totally symmetrical or antisymmetric under the interchange of any pair.

Boson:

P;; |N bosons) = |N bosons)

Fermions

P;; |N fermions) = —|N fermions)

It is empirical fact that a mixed symmetry does not occur.

The exclusion principle

An immediate consequence of the electron being a fermion is that the electrons must satisfy
the Pauli exclusion principle, which states that no two electrons can occupy the same state.

Let us consider a system containing N electrons without interaction

H(1,2,,---,N) = Ho(1) + Ho(2) + - - - + Ho(N).

Assume U, (n) are the wave functions of Hy(n) with energy ¢,

Hy(n)Uq(n) = eqUq(n).
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The product of N one-particle eigen functions are the energy eigen wave function of total

system..

U(1727"'7N) = Ua(l)Uﬁ(n)U’Y(N)

HU = (eq+eg+---+¢4)U.

As electrons are fermions, we have to express the wave function in an antisymmetric form.

One way is to express as a determinant of the U’s

UA(1,2,--- ,N)
Ua(l) Ua(2) Ua(N)
Us(1) Us(2) Us(N)
= det
U, (1) Uy(2) - UL(N)

This function is antisymmetric and satisfies the Schrodinger equation with energy

Ea tEg+ -+ &,y

If two or more of the U’s are the same,

which is the so-called Pauli exclusion principle.

To simplify the notation we introduce the creation and annihilation operator cf
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and ¢ such that

Hoc, [0) = cacl, 0)
e |0y = 0
cacL + cha = 1
c];cg + CECL = 0

The Shcrodinger equation can be reduced to
H|Up) = (ea+eg+---+¢e4)|Ua)
with
\Ua) = CLCIE . -cL 0) .

Example 6

Two-particle problem

A system contains two particles, which is described by the

Hamiltonian
H=H; + Hy
where
1 1
H = —P?+ —ka?
! omy 1 T M
1 1
Hy = — P2+ Zkoo?
2 o, 2 T T2

(1) ma 7& mao, ]{31 7£ ]{12

(2) mip = My, kl = kz
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4.4 Time Reversal

In this section we study a discrete symmetry, called time reversal. The terminology was first

introduced by E. Wigner in 1932.

4.4.1 Classical cases

Let us first look at the classical case: a motion of particle sujected to a certain force. Its

trajectory is given by the Newtonian equation of motion,

If r(t) is the soltion of the equation, then r(—t) is also the solution of the equation. In
another word, when we make a transformation ¢ — —t, the Newtonian equation of motion
keeps unchanged. Of course we should notice the change of the boundary condition or initial
conditions for the problem.

Maxwell equations:

4.4.2 Antilinear Operators

4.4.3 Antiunitary operators

4.4.4 T for a zero spin particle

4.4.5 T for a nonzero spin particle
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Approximation Methods for

Bound States

As in the case of classical mechanics, there are relatively few physically interesting prob-
lems in the quantum mechanics which can be solved exactly. Approximation methods are
therefore very important in nearly all the applications of the theory. In this chapter we shall
develop several approximation methods.

Approximation methods can be conveniently divided into two groups, according

to whether the Hamiltonian of the system is time-independent or time-dependent.

5.1 The Variation Method

The variation method can be used for the approximate determination of the lowest or ground-

state energy level of a system when there is no closely related problem that is capable of
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exact solution, so that the perturbation method is inapplicable.

5.1.1 Expectation value of the energy

We attempt to estimate the ground state energy by considering a trial ket, }C)>, or a trial
wave function. To this end we first prove a theorem of a great of importance. We define the

expectation value H such that
- 0H0)
(0[0)

Then we can prove the following

Theorem 5 The expectation value of a trial state ket is always not less than the ground

state enerqy

H > E,.

Proof. We can always imagine that any trial state can be expanded as

0) = > k) (KI0)
k
where |k) is an exact eigenket of H. The expectation value
: (0] # ]0)

o)

> (O1%) (KIH]) (110)
(0[0)
>, (Olk) (H0) B
(0[0)

S (OR) (HIO) B
=)

In the last step we use the property B > Ey. B
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The variation method does not tell us what kind of trial state ket are to estimate
the ground state energy. Quite often we must appeal to physical intuition. In practice, we
characterize the trial state ket by one or more parameters \,, can compute H as a function
of \,. Then we minimize the H by setting the derivatives with respect to the parameters

Z€ero

The result of the variation method is an upper limit for the ground state energy of the
system, which is likely to be close if the form of the trial state ket or the trial wave function
resembles that of the eigenfunction. Thus it is important to make use of any available

information or physical intuition in choosing the trial function.

5.1.2 Particle in a one-dimensional infinite square well

We attempt to estimate the ground state energy of the infinite-well (one-dimensional box)

problem defined by
0, for |z| <a
400, for z > a.

The exact solution are, of course, well known:

1 X
(x|0) = 1/ 08 (2_a) )

w = () (3):

But suppose we did not know these. Evidently the wave function must vanish at x = +a.
Further the ground state should has even parity. The simplest analytic wave function that
satisfies both requirements is

(z]0) = a® — 2.
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There is no variational parameter. We can compute H as follows

2

7 J dx (0]z) 3 (x]0)
J da (0]z) (=]0)

1
- —SEO ~ 1.0132E).
T

A much better result can be obtained if we use a more general trial function
(x]0) =a” — 7.

where 7 is regarded a variational wave parameter. Straightforward algebra gives

4_FDEr D R
N 2y —1 4ma?’

which has a minimum at

14+ 61/2

v ~ 1.72,

This gives

5 2 1/2

H = %EO. ~ 1.00298
7

The state with an odd parity?

(|0) = x (a” — 7).

5.1.3 Ground State of Helium Atom

We use the variation method with a simple trial function to obtain an upper limit for the
energy of the ground state of the helium atom. The helium atom consists of a nucleus of

charge +2e surrounded by two electrons, we find that its Hamiltonian is

[ 2
H - _% (Vl + VQ>
1 1 2
92 <— + —> + =
1 T2 12
= Hy+ Hs+ Vo
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where r; and ry are two position vectors of two electrons with respect to the nucleus as origin,
and 712 = |r; — ro|. If we neglect the interaction energy % between the two electrons, the
ground state wave function of H would be product of two normalized hydrogenic wave

functions

Z3
U (ry,ry) = —e (#/e)lritra) (5.1)

Tay
with ag = h%/ue? and Z = 2.

Why Z = 27

We shall use Eq.(5.1) as the trial wave function and permit Z to be the variation

parameter. The kinetic energy of each electron is

72 02 72
Ekl = /drler\IJ* (1'171'2) (—%v%) v (rl,rQ) = 2@0 .
The Coulomb energy of each electron is
N 2¢? 2¢27
ECl = /dl‘ldl‘g\ll (1'1,1‘2) <——) \I’ (1'1,1'2) = — .
1 ao
The interaction energy of two electrons is
2 5e2Z
Eint = /drldrz‘lf* (r1,r2) <e—) U (ry,re) = — ==
T12 8&0

Here we make use of the formula

1 1 o0
— = —E < >Plcose) rL > To
"

=

1 1 &
— = —E ( )Bcos@) ro > 11
-

r
12 I—0

where P, is the spherical harmonics and 6 is the angle of there two vectors.
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Totally, the expectation value of the Hamiltonian is

272  4e27 5e2Z
— +

H =
ao ap 8(10

The expectation is minimized at
Z =27/16 =~ 1.69.

and

~ 27\ ? ¢2 e?
H=-(Z) = =_-285—.
<16> ap 850,0

The experimental value for a helium atom is 2.904¢? /ag, so our estimation is about 1.9 high.

5.2 Stationary Perturbation Theory: Nonde-

generate Case

5.2.1 Statement of the Problem

In this section we shall discuss the Rayleigh-Schrodinger perturbation theory, which analyses
the modifications of discrete energy levels and the corresponding eigenfunctions of a system
when a perturbation is applied.

We consider a time independent Hamiltonian H such that it can be split into two

parts, namely

H=Hy+V.
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The perturbation theory is based on the assumption that when V=0, both the exact eigen-

values quo) and the exact energy eigenkets !n(0)> of Hy are know

H, ‘n<o>> — EO ‘n<0>>,

We are required to find approximate eigenkets and eigenvalues for the full Hamiltonian

problem

(Hy+V)|n) =E,|n).

In general, V' is not the full potential operator. We expect that the V' is not very “large”
and should not change the eigenvalues and eigenkets of Hy very much.

It is customary to introduce a parameter A such that we solve
(Ho + AV)|n) = E, |n)

instead of the original one. We take 0 < A < 1. The case of A = 0 corresponds to the
unperturbed problem and the case of A = 1 corresponds to the full strength problem we

want to solve.

5.2.2 The Two-State Problem

Before we embark on a systematic presentation of the basic method, let us see how the
expansion in A might indeed be valid in the exactly soluble two-state problem we have

encountered many times already. Suppose we have a Hamiltonian that can be written as
H = Hy+\V

_ E© ‘1<o>> <1<o>’ + EO ‘2<o>> <2<o>) + AV, ‘1<o>> <2<o>‘ 4 AVy ‘2<o>> <1<o>‘
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where ET(LO) and |n(0>> are the exact eigenvalues and eigenstates for Hy.The index “0” stands

for the unperturbed problem. We can also express the Hamiltonian by a square matrix

EY AV,
H =
AVay  EY
What is the eigenvalues of H?
- q1/2
EO L g O _gO\* /
E1 = % + % + A ‘/12‘/21 ;
- q1/2
EO L po EO _gO\® /
E, = % - % + A VigVoy

So this problem can be solved exactly. Let us suppose AV is small compared with the

relevant energy scale, the difference of the energy eigenvalues of the unperturbed problem:
AMVia| < ‘E}O) - Egm\

Using the formula

1 1
=1+ -2 — =z?

1 1/2
(1+x) 5 3

SR (5.2)

we obtain the expansion of the energy eigenvalues in terms of A

2
B E£0)+ >20)V12V2(10) P
By - Ey
B, = EO_ A" V12 Vo
- 2 0 0
E — B

As the expansion in Eq.(5.2) holds for x < 1, the expansion is available in the case of small

V.

5.2.3 Formal Development of Perturbation- - -

We are dealing with the perturbation of a bound state. The assumption that V is small

compared with the energy scale suggests that we expand the perturbed eigenvalues and
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eigenkets as power series in V. This is most conveniently accomplished in the terms of the
parameter A\ such that the zero, first, etc., powers of A correspond to the zero, first, etc.,
orders of the perturbation calculation.

The perturbed wave function and energy level are written

ny = )n(0)> + A )n(1)> + A2 ‘n(2)> +-
E, = EQ+XEL +NEP ...

and are substituted into the wave equation to give

(Ho+AV) ([n@) 4+ A[n®) 4 22 [n)) + )

— (E;Lm FAEW £ A2E® +) y (’n<o>> +A‘n<1>> 12 ‘n<2>> +) _

Since the Equation is supposed to be valid for a continuous range of A\, we can equate
the coefficients of equal powers of A on the both sides to obtain a series of equations that

represent successively higher orders of the perturbation.

(0)

(1) (1) _ ) n(0)> (5.4)

n
n
n
n

(3)

)
)

(2)> — (EW _V) n<1>> + E® ‘n<0>> (5.5)
)

— (BW V) n(2)> +E® ‘n(1)> + E® ‘n(0)> (5.6)

Zero-order perturbation
The Eq. (5.3) means that ‘n(0)> is one of the unperturbed eigenkets, as expected.

We can obtain it directly by taking A\ = 0. The eigenvalue is E7(10). Since we are dealing
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with the perturbation of a bound state, the state ket ‘n(0)> is discrete. It is assumed to
be nondegenerate as well, although others of unperturbed eigenkets may be degenerate or
continuously distributed in energy.

First-order perturbation

Multiplying an eigen bra of the unperturbed Hamiltonian from the left hand on

both sides of the Eq.(5.4), we obtain

<n(0)‘ (Ho ~ E,(LO)) ‘n(1)> - <n(0)‘ (EW —v) ‘n(0)> (5.7)
<m(0)‘ (HO — E}f’)) ‘n(1)> = <m(0)‘ (EL —v) ’n(0)> (5.8)

where m # n. The Eq. (5.7) gives
EW = <n(0)‘ v ‘n(0)> = V.

It is convenient to calculate ‘n(1)> by expanding it in terms of the unperturbed eigenkets

’n<1>> =3 e ‘m(0)>
m
where the summation runs over all possible eigenkets of Hy. To simplify the notation, we

define

Vinn = <m(0)‘ V )n(0)>

From the Eq.(5.5),

(Ho— EQ) DD [m®@) = (B = v)|n®)
S (B9~ BO) @) = (BD ~v)[n®)

multiplying <m(0)| from the left hand side, we obtain
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Second-order perturbation

The second-order correction to the energy is

£« (0] i) - 5 ety

m#n

Similarly, we expand |n(2)> in terms of the unperturbed eigenkets

‘n<2>> _ ch) }m<0>> ,

(2) , we apply <m(0)| from the left hand on both side of the Equation and obtain

To calculate ¢,

<m<o>‘ ( Hy — Egn) ‘n<2>> _ <m<o>‘ (EW — ) ’n<1>> 4 <m<o>‘ E® ‘n<o>> .

That is
1
(2) (0) (1) (1) )| @(2) ,,(0)
cyo PONE=0 {<m ‘(E V) n >—|—<m )En ‘n >}
Summary

In short, the explicit expression for the energy expansion is

Ep= B + Ay + X2 Y —mbmn_

The expansion of the perturbed eigenket is as follows

m = [)
+A Z ‘m(0)>
m;én
DY s )
2 gg) EO EO _ O
V Vi
_)\2 mn nn ‘m(0)>
l#zn El(o) _ E7(10) El(o) _ E7(10)
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Remark 6 The state ket |n) is not normalized. A normalized state ket should be

Example 1

Two-state problem

5.3 Application of the Perturbation Expan-

sion

To illustrate the perturbation method we developed in the last lecture, let us look at several
examples. All examples can be solved analytically. We can compare the perturbation results

with the exact results.

5.3.1 Simple harmonic oscillator

The first two examples concern a simple harmonic oscillator whose unperturbed Hamiltonian

is the usual one

2
1
Hy = 2p—m + Emw2$2.

As we already know the Hamiltonian can be solved in this way

1
HO = ﬁw <G,TCL+ 5)
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where
i = () i)
2h mw
o= (5 (i)

with the eigenvalues

Example 2

2,.2

Vo = Smw x

3
This problem can be solved exact in this way:
H = Hy+V

2
P 1

— —_ ]_
577 + 2m( +5)

The eigenvalues are
1/2 1
E,=hl4¢)""w n+§ .

In the perturbation approach, we just concern the ground state energy.

The first order perturbation is
1
E1:(0|V()|0>:5<0|2mw 22 (0) = 4hw

The second order perturbation is

(k| Vo |0} |2l Volo))?  ¢?
By = = ——hw
Z Ey — Ep Eo — Fs 16

Thus the perturbation correction to the ground state energy is

pp (52 o).
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Compare it with the exact result

Example 3
V() = \x
This problem can also be solved exactly:
p* 1
H = Hy+Vy=+—+ -mw*z?+ \z
2m 2
21 1
= 2p—m - imw2(a: —x0)? — imw%@%
where
I A
0 T hmw?

Making a replacement, y = x — z¢ and 9, = 0,, we have

h?od? 1 1
= _ﬁTyQ + Em(,uzy2 — Emaﬂac%.

The eigenvalues are

1 \?
B, = hw IR
<n+2> 2mw?

The first order perturbation is
E,=(0|Vy|0) =0

The second order perturbation is

(k] Vo [0}
B, =
2 Z Eo — E,
k0

(1] Vo |0)]?
Ey — Ey

)\2

2mw?
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5.3.2 Atomic hydrogen

The Schrodinger equation for a hydrogen atom is

W _,  Ze?
——V - —)®=Fo
(=5, V"~

In the spherical coordinates,

2
Vz_i£<23>+ ! 0 <sin92>+;a—.

2 9r 4 or 72 sin 6 90

The wave function can be written as
® = R(r)Yim (0, ¢)

where Y}, (0, ¢) is a spherical harmonic. (See Schiff, P.76 or Sakurai, P. 454). It is the

eigenfunction for orbital angular momentum operators

LY (0,0) = I(1+1)h*Yp (0, )

LZYZm (9, Qb) = mhY, (97 ¢)

The Schrodinger equation is reduced to

(10 (,0 I(1+1) zZe*]
(a5 -5 S reem

The solution of this equation is

5o ,uZ264_ Z2e?
" 2K2n2 T 2a¢n?

where n =n’ + 1+ 1 and ag = h?/ue®. The first three radial functions are

7 3/2
ro = (Z)" 2
ago
3/2
Roy = <£) (Q—Q)e_zr/%o
2(10 ao
3/2
Ry = (£> ﬁe*ZT/zao
6&0 ap
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Degeneracy
n = 1: the ground state is nondegenerate
n = 2: the first excited state is four-fold degenerate. (1) [ = 0 and m = 0; (2)

[=1and m=—1
Example 4

Gravitational energy shift
Let consider an ordinary hydrogen atom (proton + elec-

tron) whose unperturbed Hamiltonian is

h? v Ze?
21 r

where p = meM,/(me + M,) is the reduced mass. Now the proton
and electron interact not only through the electrostatic potential, but

also by means of the gravational interaction. The perturbation due to

the gravitational force is

me M),
r

V=-G

where G is the gravitational constant. The ground state wave function

of atomic hydrogen is

CI) = RlO(T)YOO (9, ¢)

where

Yoo (0, ¢) = ( : )1/2

4z

To first order in the perturbation theory, the energy shift of the ground
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state of atomic hydrogen due to this perturbation is
BN = (0o o)
= /dl‘ 1Yoo(6, ¢)R10(T)|2 V(r)
™ 2 00
= / wgnq/ d¢/ drr? [Yoo(8, ¢) Rio(r)[* V(r)
0 0 0

— /OO drrzige_r/ao <—GmeMp> — —GmeMp
0

The ground state energy is

2

i ——
2@0
The relative energy shift is
g 2GmeM,
. P ~87x10%.

E%O) e2
Needless to say, it is not necessary to calculate higher order correction

in the present case.

5.4 Stationary Perturbation Theory: Degen-

erate Case

Until now we have assumed that the perturbed state differs slightly from an unperturbed
bound state. The perturbation method for a nondegenerate case we developed fails when

the unperturbed state are degenerate.
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5.4.1 Revisited two-state problem

Starting from the two-state Hamiltonian

B A,
H =

AV EY

we consider the special case of Eio) = Eéo), that is, the two states are energy degenerate.

In fact, this problem can be solved exactly; the energy eigenvalues are,

El = E%O) -+ )\(V12V21)%; (59)

N|=

By = B A(ViaVay)=. (5.10)

However we cannot get this result by using the nondegenerate perturbation theory. A blind

application of the nondegenerate perturbation formula obviously runs into difficulty because

A" V1aVo1
EONEE
B = Ego) ATV

become singular if V75 is nonvanishing and E%O) = ESO). So we must modify the method of
the nondegenerate case to accommodate such a situation. One way to avoid the catastrophe
is to choose our base kets in such a way that AV has no off-diagonal matrix element. In the

two-state case, we choose a new base ket
‘ﬂ<o>> —a, ’1<o>> 4 b, ’2<o>>

the transformed perturbation becomes

. (VigVay )1/? 0
AV =)

0 —(VigVay)1/?

180



CHAPTER 5 — MANUSCRIPT

The solution to the coefficients a,, and b,, are

b (ieVa)'?
ai Va1 ’
b _ (V1o Va1 )'/?
a Via

and the state should be normalized
|an|2 + |bn|2 = 1.

The transformation matrix is

a1 b1
U =

az by

In this way the degeneracy of the perturbed state is removed. We can consider the perturba-
tion correction according to the nondegenerate perturbation theory. Note that we choose the
perturbation potential is diagonal when the unperturbed state is degenerate. The following

problem is left as an exercise:

AVii AVia
V=

AVar  AVag

as a perturbation to a two-fold degenerate state.

5.4.2 The basic procedure of degenerate perturbation

theory

We see from the two-state example that the degeneracy can be removed by choosing a new
set of base kets. Here we present a more detailed approach. Suppose now that there are
two states, |n) and |m), that have the same unperturbed energy. Then we cannot apply the

nondegenerate perturbation formula when F,, = F, unless it happens that V,,, = 0. We
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first consider the case in which V,,,,, # 0. the initial state is not specified by its unperturbed
energy; the state may be |n) or |m) or any linear combination of them. Let us suppose
that the perturbation V' removes the degeneracy in some order, so that for finite A there are
two states that have different energy. We start from the perturbation equations in the last

lecture

(Ho - E,&O)) ‘n(0)> ~ 0 (5.11)
(HO - E}f)) ‘n(1)> — (BW V) ‘n(0)>. (5.12)

Out of infinite number of combinations of the two states we choose the particular pair which

depends on V. From the Eq.(5.11), we obtain

o) = cm‘m(0>>+cn’n(0)>;

EO = EO = g0,

Substitute the combined state into the Eq.(5.12) and take the inner product of this equation

successively with [n(®)) and |m(®)), we obtain

(me - E((ll)) Cm + ancn = 0

(vm _ Egy) n + Vimem = 0.

The two solutions of this equation are

1 1 1/2
BY = S (Vi + Vi) £ 5 (Vi = Van)? + 4|V’

These two solutions are equal if and only if

me - Vnn
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In this case we say the degeneracy is not removed in the first order perturbation and we
have to consider the second order perturbation. On the other hand if either or both of two
equations are not satisfied, the two valued of E&l) are distinct, and each can be used to
calculate ¢, and c¢,. In this case, we can use the nondegenerate perturbation theory to

determine the higher order perturbation. The coefficients cl(l) are determined by

Cl(l)(Ez(O) — EOY = —Vipem — Vine

for [ £ m,n if we assume that ) = = 0.

How to solve triplet degenerate problem?

The basic procedure of the degenerate perturbation theory:

(1) Identify degenerate unperturbed eigenkets and construct the perturbation
matrix V', a g X g matrix if the degeneracy is g-fold.

(2) Diagonalization the perturbation matrix by solving, as usual, the appropriate
secular equation.

(3) Identify the roots of secular equation with the first-order energy shifts; the
base kets that diagonalize the V matrix are the correct zero-order kets to which the perturbed
kets approach in the limit A — 0;

(4) For higher orders use the formulas of the corresponding nondegenerate per-
turbation theory except in the summations, where we exclude all contributions from the

unperturbed kets in the degenerate subspace.

5.4.3 Example: Zeeman Effect

The change in the energy levels of an atom caused by a uniform external magnetic field is

called the Zeeman effect. We now consider the change of first order in the field strength for

183



CHAPTER 5 — MANUSCRIPT

a hydrogen atom

A constant magnetic field can be represented by the vector potential
1
A=-Bxr
2

since B = 57 X A. The energy related to the vector potential is

- 2
AH = _PMA o a2
e 2uc
- °B L+ ¢ B?r?sin® 6
- 2uc 8uc?

where L = r X p, 0 is the angle between r and H, and e is a positive quantity. Since we

wish to work only to the first order in B we can put

V=-"BL
2uc

The energy eigenfunctions of the unperturbed hydrogen atom are usually chosen to be
eigenstates of L, with the eigenvalues mh. We choose the magnetic field is in the z-direction,

then the first order perturbation is
0 €
B9 = (m|V |m) = 2c B

So the degeneracy of the 2/ 4 1 states is removed in first order.
(1). s-wave: [ =0, and m = 0;

(2). p-wave: [ =1, and m = —1, 0, and 1.

5.4.4 Example: First Order Stark Effect in Hydrogen

The change in the energy levels of an atom cause by a uniform external electric field of

strength E is called the Stark effect. The perturbation V is now the extra energy of the
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nucleus and electron in the external field and is ready shown to be
V =eFErcosf

where the polar axis and E are in the direction of positive z and e is again a positive quantity.
In a hydrogen atom the Coulomb potential is rotationally invariant. The wave function for
any spherically symmetric ponetial energy, when expressed in spherical harmonics, have
even or odd parity according as the azimuthal quantum number 1 is even or odd. Since
the perturbation is odd parity with respect to inversion, the ground state has even parity
and has no first-order Stark effect. The first excited state (n = 2) of hydrogen is four fold
degenerate; the quantum numbers [ and m have the value (0,0), (1,—1), (1,0), (1,1). Since

the perturbation V commutes with the z-component of angular momentum,
[L.,V]=0,

we obtain

(my; —myg) (I, m;| VI, myg) = 0.

The nonvanishing matrix elements of V' are

Vi = (1,0/V]0,0) =(0,0[V'|1,0)
= eE/druSlO(r)r cos Quapo( T)

E +1 (o)
= 6—4/ cos? 9dc050/ dr(2 — L)e_r/ao

= —3eFay.
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The first order energy correction is determined by the secular equation

- 0 0

i —E; 0 0

The four roots of the secular equation are

+ V1
\

so that half of the four fold degeneracy is removed in the first order.

5.5 The Wentzel-Kramers-Brillouin (WKB) ap-

proximation

5.6 Time-dependent Problem: Interacting Pic-

ture and Two-State Problem

When the Hamiltonian depends on the time, there are no stationary solution of the Schrodinger
equation. Thus our identification of a bound state with a discrete energy level and stationary

eigenket must be modified.
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5.6.1 Time-dependent Potential and Interacting Picture

We consider a Hamiltonian H such that is can be split into two parts,
H=H,+ V(t),

where Hj does not contain time explicitly. The problem of Hy or V(¢) = 0 is assumed to be

solved completely, i.e.,

Hy|n) = E,|n).

Assume V (t) =0 at t = 0. the state ket is given by

) =" ea(0)n).

In the system of Hy, the state ket at a later time will evolve into

@) =) ea(0)e™En ).

Our question is how the state ket of H (not Hy) changes as time goes on.

Now we must work with the time-dependent Schrodinger equation

i Ja(t)) = (Ho + V(©) alt) (5.13)

Our procedure consists in expressing

a(t)) =Y " en(t)e  Frt" n) (5.14)
Substituting Eq. (5.14) into Eq. (5.13), we obtain

0 iEgnt/h
zhack = Z (k| V |n) cpe'™® (5.15)

n

where the Bohr frequency is defined as

B, - E,
=k

Wkn
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This equation is exactly equivalent to the original problem.

Interaction picture

Two kinds of changes have been made in going from Eq. (5.13). First, we have
changed the representation from specified in terms of the coordinates to being specified in
terms of the unperturbed energy eigenvalues. Second, we have changed from the Schrodinger

to the interaction picture.
<k’ 1% ’n> — <k’ eiHost/hVSe—iHOSt/h |n>

= (k| Vg |n) e~ Ernt/h,

5.6.2 Time-dependent Two-State Problem

Exact soluble problem of time-dependent potential are rather rare. However, a two state

problem with sinusoidal oscillating potential can be solved exactly.

The Problem is defined by

Hy = Ei|1)(1|+ E2|2) (2| (B2 > Ey)

V(t) = et 1) (2] + e 2) (1.
In the interaction picture, the Eq. (5.15) can be written as

0 c1(t) 0 yettwt c1(t)
1nN— =

ot ,
ca(t) e iAWt 0 ca(t)

The equation is reduced to

ih%cl(t) = yelB¥ley(t) (5.16)
ih%cz(t) = e i (1) (5.17)
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where Aw = w + E; — Es.
How to solve this equation?

From Eq. (5.16) we have

0

ca(t) = (ye'™) g a(t)
Substituting co into Eq.(5.17),
. 8 1 Awt\—1 - a o —1Awt
zhat (ve' =) zhatcl (t)| =~e c1(t)
82 . O ,y2
5 + zAchl =330
Assume ¢; = cexpliAt], we have
N —Awx = 2/R%
1
A= 3 (Aw + \/Aw? +72/h2)
So the general solutions are
cf = a+€%(Aw+wR)t + a_e%(Aw—wR)t
cy = —E(Aw + wr)aye 3(BwmwR) E(Aw — wp)a_e 3(Bwtwn)t
2y 2y

a are two coefficients and determined by the initial conditions and

4 2 1/2

If initially, at t=0, only the lower is populated so that
c1(0) =1, and ¢2(0) =0

then the probability for being found in each of the two states is given by

2
2 7 .o (1
2 = “wpt
|c2(t)] 2+ (w + wi2)2h2/4 X s <2WR ) ;

@ = 1-le®)’

189



CHAPTER 5 — MANUSCRIPT

Absorption Emission Absorption
I;I{;I.'RI-_’ 54. Plot of |oy(1))* and |ey{)]® against time 1 exactly at resonance w = w,, and
=y h. The graph also illustrates the back-and-forth behavior between [LY and 2%,
Figure 5.1:

This is Rabi’s formula, after I.I. Rabi.

Spin Magnetic Resonance

The two-state problem has many physical applications: Spin magnetic resonance,
maser etc. Consider a spin 1/2 system subjected to a t-independent uniform magnetic field

in the z-direction and, in addition, a t-dependent magnetic field rotating in the xy plane.

B = Byz + B1(Z coswt + g sin wt)

with By and B; constant.
We treat the effect of the uniform t-independent field as Hy and the effect of the

rotating field as V(t).

HO = =820 (14 (+] = |-} =)
V() = o2 feosw (1) (—] 4 =) (+]) + sinwt (=i [b) (] 4+ =) ()]

e

Four Nobel Prize winners who took advantage of resonance in two-level systems

e Rabi (1944): on molecular beams and nuclear magnetic resonance;
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lc2(t)1Z s
1
* Full width at half maximum = 4y/n
[T e -
L P ()
(AP
FIGURE 5.5. Graph of |c;(r)|},, as a function of w, where w = wy, corresponds to the
resonant frequency. )
Figure 5.2:

e Bloch and Purcell (1952): on B field in atomic nuclei and nuclear magnetic moments;
e Townes, Basov, and Prochorov (1964): on masers, lasers, and quantum optics;

e Kastler (1966): on optical pumping

5.7 Time-dependent Perturbation Problem

5.7.1 Perturbation Theory

We now return to Eq. (5.3), replace V' by AV, and express the ¢,, as the power series in A
en =0 4 Al 4 N2 o

The substitution yields the set of equations

0

— 0

5" 0
79 (s+1) (3) +iBnit/h
zhacn = Z(nﬂ/\k‘)ck e Rt

k
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The zero-order coefficient are constant in time. We shall assume that all except one of the
C%O), say n = m, are zero, so that the system is initially in a definite unperturbed energy

state. Thus the solutions to the zero order coefficients are

9 = (n|m) = Gmn.

Integration of the first-order equation gives

) = (ih) 71 /t (n| V(t) |m) e!Enmt/hqy (5.18)

— 00
The integral constant has been chosen in such a way that 07(11) vanish at t = tg. To first order
in the perturbation, the transition probability corresponding to the transition m — n, (that

18, the probability that the system, initially in the state m, be found at time t in the state

m # n) is therefore

It is also worth noting that for ¢ > ¢ the coefficient ¢,, of the state m is given to first order

in the perturbation by
em(t) ~ () + e (1)

~ 1+(m)—1/ (m]| V(£) [m) dt

— o0

Q

e [~2 [ Vo) ]

— 00

So the principal effect of the perturbation on the initial state is to change the phase.
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5.7.2 Time-independent perturbation

The result take particular simple form if the perturbation V is independent of time, except
for being switched on suddenly at a given time. We then obtain

?

67(%) = __ <m|V|m>t
h
RO (n|V |m) 1 — eEnmt/h
" h Enm
Hence
—iEmt/h (Em+Vmm)t/h

Cme m) ~ e m)

This is in agreement with the result using the stationary perturbation theory. the first order

transition probability from m to n is given by

Pl =2 ((n| 14 |m>)2 (sin (Emnt/z))z

h Enm

It is worth noting that this is valid for nondegenerate case.

5.7.3 Harmonic perturbation

Eq. (5.18) takes a particularly simple form if the perturbation V' depends on harmonically
on the time except for being turned on at one time and off at a latter time. We shall call

these two times 0 and t(, respectively, and assume that we can write
(k| V(t) |m) = (k| V |m) sinwt

where (k| V' |m) is time independent. The first order amplitude at any time ¢ at or after ¢

@ _ _{nVim) (ei(wnmwto S eimm—to _ 1)
C = - J—
! ih

Wnm +w Wnm — W
The structure of Eq. (?7) suggests that the amplitude is appreciable only when the denom-

inator of one or the other of the two terms is particularly zero. The first term is important
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Figure 5.3:

when w ~ —w,,, and the second term is important when w ~ —w,,,. For the present, we
specialize to a situation in which the initial state m is a discrete bound state and the final
state n is one of a continuous set of dissociated states. The first order probability of finding

the system in the state |n) after the perturbation is removed is

P ALV s oo — )t

et > to) = TP

. (5.19)

5.7.4 The Golden Rule

The factor sin? [(wnm — w) t0/2] / (Wnm — w)? is plotted in Figure. the height of the main
peak increases in proportional to 3. Thus if there is a group of states |n) that have energy
nearly equal to En+hw, and for which |(n| V' |m)| is roughly independent of n, the probability
of finding a system in one or another of these states is proportional to %.

The transition probability per unit time is given by integrating Eq. (5.19) over
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n and dividing by tg

Dt > to)| p(n)dE,

w = —

2
Tt ‘

where p(n)dE, is the number of final states with energies between E,, and E,, + dFE,,. the
concept of an energy density p(n) of final state is sensible, since we are considering the case
in which the transition is to one or another of a continuous set of dissociated states. We
now take advantage of the fact that the breadth of the main peak in Sincx becomes small as
to becomes large, and we regard |(n|V |m)| and p(n) as quantities sufficiently independent
of En so that they can be taken outside in the integral. The probability is approximately

written as

where we have made use of the result

T gin? gz
5 der = 7.
oo X

This formula, first obtained by P. A. Dirac, was later dubbed by E. Fermi “The Golden

Rule” of perturbation theory.
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Collision Theory

Problems for which the energy eigenvalues are continuously distributed usually arise in
connection with the collision of a particle with a force field. In a collision problem the
energy is specified in advance, the behavior of the wave function at great distance is found
in terms of it. This asymptotic behaviors can then be related to the amount of scattering
of the particle by the force. There are so few systems of physical interest for which exact
solutions can be found that approximation methods play an important part in applications
of the theory. Various methods that are useful in scattering problems are considered in this

chapter.
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Figure 6.1:

6.1 Collisions in one- and three-dimensions

6.1.1 One-dimensional square potential barriers

We consider first the one-dimensional collision of a particle with the square potential barrier.
In this problem we are interested in a particle that approaches from the region of negative
x and is reflected or transmitted by the carrier. In the corresponding classical problem, the
particle is always reflected if its energy is less than that of the top of the barrier, and it is
always transmitted if the energy is great. We shall see that, in the quantum problem, both
reflection and transmission occur with finite probability for most energies of the particle.

Asymptotic behaviors

We are interested in representing a particle that approaches from the left with
energy ¥ > 0 and may be turned back by the potential barrier or penetrate through it.
Thus the asymptotic behavior in the region where V(z) = 0 is as follows: for z < 0 we want
the wave function to represent a particle moving to the left (reflected particle) as well as

to the right (incident particle): for z > a, we want the wave function to represent only a
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particle moving to the right (transmitted particle).

The wave function in the region where V' (z) =0 is

h? 0?
———u=Fku
2m Ox?
Our asymptotic solution are
u(z) = Ae*® 4 Be ™ 2 <0
u(z) = Ce**, x>a

where

Normalization

Recall the definition of the possibility current density

J= I vw — (Vo) .

21m

The possibility current densities at * < 0 and = > a are

Bk
J@) = = (AP =1BP). z <0
hk
J(z) = —I|C), z>a.
m

The two currents are independent of the position and should be equal due to the conversation
of the practice.

Scattering coefficients

The character of the solution inside the potential barrier depends on whether E

is greater or less than the potential barrier V.
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The case E > V)
The solution in the potential barrier is
u(z) = Fe'™ + Ge™ ™™ 0<z<a
where

e (2m<i2— %))”3

The continuity of u and du/dx at z = 0 and = = a required by the boundary condition

provides four relations between the five coefficients. At x = 0,

A+B = F+G
k(A—B) = «(F —-G)
At = = a,
Fe'@ 4 Ge ™ = (et
a(Fe' 4+ Ge ™) = kCet*a

We can eliminate F' and G and solve for the ratios B/A and C/A.

B (]{72 o a2) (1 _ e2iaa)
A (k + )2 — (k — a)2e2ica
c 4k (1 — ei(a_k)“)

A T (k+a)?— (k- a)eiad

The reflection coefficient is

2:[“@]_1.

Vi sin? aa

The transmission coefficient is

-1

2 Vi sin® aa
14 -0 22 T%
1E(E — Vy)
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s

0.8

0.6

0.2

Figure 6.2: The transmission coefficient of a square barrier.
The case E < V)

The reflection and transmission coefficients for 0 < F < V|, are obtained by replace a by i3

in the wave function in the potential barrier.

ﬁ:(%ﬂggﬁg”?

The reflection coefficient is

T ll+—4E(VO_E)]1.

Vi sinh? aa

The transmission coefficient is

? B ll Vi sinh? aa}l

1E(Vo — B)

6.2 Collision in three dimensions

Scattering cross section
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The angular distribution of particles scattered by a fixed center of force or by
other particles is conveniently described in terms of a scattering cross section. Suppose that
we bombard a group of n particles or scattering centers with a parallel flux of N particles per
unit time and count the number of incident particles that emerge per unit time in a small
solid angle Aw centered about a direction that has polar angles 6y and ¢, with respect to
the bombarding direction as polar axis. This number will be proportional to N, n and Awq
provided that the flux is small enough so that there is no interference between bombarded
particles and no appreciable diminution of the bombarded particles by their recoil out of
the target region, and provided also that the bombarded particles are far enough apart so
that each collision process involves only one of them.

The different scattering cross section oo(0o,¢,): the number of incident particles

that emerge per unit time in Awg can be written
nNUO(QO,qu)Awo.

The total scattering cross section:

(o)) :/00(90,¢0)dw0.

For a collision of a particle with a fixed scattering center, the definition of the differential
scattering cross section is equally valid in the laboratory and center-of-mass coordinate sys-
tems, since a scattering center that is fixed has an infinite effective mass and so that the
center of mass of the system does not move. For a collision between two particles of finite
mass, however, the differential cross section applies in general only to the laboratory coor-
dinate system and to the observation of the scattered incident particle. It does not describe
in the observation of the recoil bombarded particle in the laboratory system, although it is

of course possible to obtain a differential cross section for the recoil particle from (6o ¢,).

201



CHAPTER 6 — MANUSCRIPT

Figure 6.3:
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Relation between angles in the laboratory and center-of-mass systems
the relation between the differential cross section and angles in the laboratory
system and in the center-of-mass system can be found by translating the laboratory system
in the direction of the incident particle with sufficient speed to bring the center of mass to
rest. Assume that a particle of mass m; and initial speed v strikes a particle of mass mo

that is initially at rest. The center of mass moves with the speed

/ mi
V= —.
m1 + ma

Thus in the center-of-mass system the speeds of two particles are v/ = v — v’ and v’. If the
collision is elastic, they evidently recede from the center of mass after the collision with the

same speed. Thus 0y ¢, and 0 ¢ are related by

v cosh+v" = wvjcosby
v'sinf = wvysinf
¢ = <bo
From these Eqs., we obtain
sin 0
tanfy =
v + cos 6
v omy

Relation between cross sections
The relation between the cross section in the laboratory and center-of-mass co-
ordinate systems can be obtained from the definitions, which imply that the same number

of particles are scattered into differential solid angle dwg about 60y, ¢, as are scattered into
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dw about 6, ¢.

o0(00, &) sin Opdode, = o (0, ¢) sin 0dds.

With the help of the relation 6y, ¢, and 0, ¢, we obtain

(1 +~?2 —1—270080)1/2

|1+~ cos b

a0(0o, @) = a(b,9).

It should be noted that the total cross section is the same for both laboratory and center-
of-mass systems and also for both the outgoing particles, since the total number of collision
that takes place is independent of the mode of description of the process.

Dependence on 7

For v < 1, 6y increase from 0 to m as # increase from 0 to w. For vy =1, 6y = 0/2

and varies from 0 to 7/2 as 6 varies from 0 to 7; in this case

a0(0o, ¢g) = 4cos Oyo (200, ¢g)

and no particle appear in the backward hemisphere in the laboratory system. For v > 1,
0o first increase from 0 to a maximum value cos™(—1/7), which is less than /2, as 0
increases from 0 to cos™1(-1/7); 6y then decreases to 0 as 6 increases further to 7. In this
case 0(0o, @) is usually infinite at the maximum value of 6y, although this singularity gives
a finite contribution to the total cross section; no particles appear beyond the maximum 6

in the laboratory system.

6.3 Scattering by Spherically Symmetric Po-

tentials

In this section, we assume that the potential V' is a function only of r, and we find the

connection between the solution separated in spherical polar coordinate and the asymptotic
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form.
Asymptotic behaviors
The differential scattering cross section in the center-of-mass coordinate system

can be found from

h2
<——V2 + V) u= Fu
21

where y = mimso/(my + m2). The scattering is determined by the asymptotic form of u in

the region where V =0

u= Al +~f(6, )™ (6.1)

where k = pw/h and v is the speed of the incident particle. The probability current density

J is given by

J(r) = 2% [(TT (V) — (VI 1]

The gradient operator can be expressed in polar coordinates as

0. 10, 1 0
V= Er—i_;%e—F 7sin 0 ¢

o.
Since the second and third terms are small when r is large, the current for large r is in the

radial direction and
hk
Jr=7 (0,9 /r

The number of scattered particles entering the solid angle (or detector) per unit time is

Ndw = J.r?dw

- % £(0,0) dw.

From the definition of the cross section, it follows
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Differential cross section
The asymptotic behavior of the wave function determines the differential scatter-
ing cross section but cannot itself be found without solving the wave equation throughout

all space. In the spherical polar coordinate,

{10 (,0 1 0 0 1 0?
—— | == — — | sinf— ————|u=(F— .
21 lrz or (T 8r> T r2 sin 6 06 <sm 89) i 72 sin” 0 82¢] u=( Vu
The radial and angular parts of the solution can be separated by taking

u(r,0,0) = R(r)Y;m (0, ¢)
where
Yim (0, ¢) = Ny P (cos 0)6”’”5

is the spherical harmonic. The problem now possesses symmetry about the polar axis, so
that u, f, and o are independent of the angle ¢. That is, we just consider the case of m = 0.
In the case the P is reduced to the Legendre polynomials. Thus, the general solution

can then be written as a sum of products of radial function and Legendre polynomials,

(20 + 1)i' Ry (r) Py(cos 0)

[
WE

N
I
o

(20 + 1)ilr =, (r) Py(cos 6)

[
WE

l

I
=)

where P is the Legendre polynomial of order [, and x; satisfies

d?x; 2 I(I+1)
Zr + lk: —U(r) — 3 ]Xl:()
where
YE 1/2
b= e
2
U(r) HVir) — 0, as r — 400

hQ
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In the limit of r— +o00, the solution y; is one of the form
x; o< €K Apsin(kr + 6))

In some specialized problem, U(r) can be neglected for r greater than some distance a, and
a may be small enough so that the 1 term in not negligible. The general form for R;(r) has

the form

Ri(r) = P [cos 8171 (kr) — sin d;n; (kr)]
eiél ) l
— - sin(kr — 57 + 1), r — oc. (6.2)

Here j5; is the special Bessel function;

™

jilp) = <2—p)1/2<]l+1/2(ﬂ)

1 [+1
= —cos(p— —=m), p— 0
— 'O=l p—0

@1+ 1)’

ny is the special Neumann function;

1/2
T
) = 0 () Tl
1 . [+1
—  —sin(p — Tﬂ'), p — 00
(20 — )N
- = PN p—0
To identify the form of f, we require an expansion of e?*” % in Legendre polynomials;
gihrcosd Z(Ql + 1)t j;(kr) P (cos ).
1=0
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Comparison of Eq.(6.1) with the general form R;(r) gives

eikz + ,,,—lf(e7 ¢)eikr

I
NE

(20 + 1)i' 5;(kr)Py(cos 0) + r_lf(e, qb)eikﬂ’

N
|
=)

I
NE

(20 + 1)it Ay (kr) "' sin(kr — %T + 0;)Py(cos ).

N
|
o

A; are the coefficient for different [, and should take the form
Al = eiél.

Thus it gives
1

= 57 Z (21 +1)(e2" — 1) Py(cos h).
1=0

Thus the differential cross section is

o(0) = IfOF
o 2
= k:i Z (21 + 1)(e*® — 1)Py(cosb)
=0

Total elastic cross section

The total elastic cross section is given by

o = 27r/ o (0) sin 0db
0

4 o
_ k_g > (20 + 1) sin? 6.
=0

Here we make use of the orthogonality property of the Legendre polynomials

+1
2
/_1 d cos 0 P;(cos 0) Py (cos ) = 2l—|—15”1'
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The total cross section can also be related to f(0). it follows from the generating function

for the Legendre polynomials that P(l) = 1 for all [, so that

:Lkz 20+ 1) (2 — 1)
=0

Comparison with the total cross section shows

Vs

2T . B
7= —217(0) — £ (0)] = 7w f(0).

This relation is known as the optical theorem.

The physical interpretation of the optical theorem is as follows: In order for
scattering to take place, particles must be removed in an amount proportional to ¢ from
the incident beam, so that its intensity is smaller behind the scattering region (6 ~ 0) than
in front of it. This can occur only by the interference between two terms in the asymptotic
expression of the wave function.

Phase shifts

The angle 1 is called the phase shift of the lth partial wave, since according
to Eq.(6.2) it is the difference in phase between the asymptotic forms of the actual radial
function R;(kr) and the radial function j;(kr) in the absence of the scattering potential. the
phase shifts completely determine the scattering, and the scattering cross section vanishes

when each of 4; is 0° or 180°.

6.4 Applications

6.4.1 Scattering by a square well

In general, for a given potential, phase shifts are calculated from a numerical solution of the

radial equations. In a few cases an analytical solution is possible, in particular for scattering
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by an attractive square well, for which the reduced potential U(r) is

U(T) _ —U0(< 0), r <a,

0, T > a.

Inside the well (r < a) the radial equation is

2 2d I(l+1
L2dW+D

— — K?*| Ri(Kr) =0
dr?  rdr r2 + (KT)

where we set K? = k? + Uy. The regular solution of this equation is
RI(Kr) = Ayji(Kr), 7 < a.
In the exterior region, the radial equation is

dr? = rdr r2

@ 2d I1+1
+ D 2] ryghry = 0

The general solution is
RE(kr) = By [ji(kr) — tan &y (kr)], r > a.

The solutions for r < a and r > a can be joined smoothly at r = a by requiring that

Rj(Ka) = Ry (ka);
dRI(Kr) _ dRF(kr)
dr —a N dr r—a

Eliminating the normalization constants gives

_ kjj(ka)ji(Ka) — Kji(ka)j;(Ka)
tan 0,(k) = kn%(ka)jl(Ka) — Knl(k:a)]?l’(Ka)'

At low energies, the scattering is dominated by the [ = 0 wave. Using the formula

_ sin p
jo(p) =
p
cos p
no(p) = -
p
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we have

B ktan Ka — K tan ka
- K+ ktankatan Ka'

tan 50(]{?)

In the low-energy limit, ka < 1,

So(k) = —ka (1 - ta;{f“)

Then the [ = 0 partial cross section is

2
W
)
)

[\
VR
|

o+
jav)
=
=
Q
~_
[N}

6.4.2 Scattering by a hard-sphere potential
Another simple, but interesting example is the hard-sphere potential

+o00o, r < a;

0, r>a.
Since the scattered particle cannot penetrate into the region r < a, the wave function in
the exterior region must vanish at » = a. Since the scattered particle cannot penetrate into
the region r < a, the wave function in the exterior region, given by Eq.(6.3), must vanish at

r = a, from which

. jl(ka)
tand;(k) = ni(ka)’
In the low-energy limit, ka < 1,
 (ka) (20 — 1)
tandi(k) = G/ | G
(ka)2l+1

@1+ DRI — D
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Hence [tan d;(k)| quickly decreases as [ increases. As a result, the low-energy scattering is

always dominated by the s-wave. Since jo(p) = sin p/p and ng(p) = — cos p/p, we have

(50 = —ka.
So the cross section is
50 == 471'&2.
At high energies (ka >> 0), we find
I
5[ = ? — ka
so that
47 ma 27
Otor R 7z (204 1) sin2(7 — ka)
=0
~ 2ma’.

It is interesting to compare this result with that obtained from classical mechanics.

6.5 Approximate Collision Theory

See Sakurai’s book: section 7.1, 7.2, and 7.3

6.5.1 The Lippman-Schwinger Equation

Let us begin with the time-independent formulation of scattering processes. The Hamilto-

nian is written as
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Hy describes the particle is far away from the scattering center. We have two Schrodinger

equations in the absence and presence of V:
Holg) = FEl¢)
(Ho+V)|[¥) = EI¥)

When V — 0, |[¥) — |¢). We assume the two equations have the same energy eigenvalue.

Combining the two equations
(E = Ho)|¥) =V [¥) + (Ho — E) [9)
If (F — Hy) ™" exist, we have
U) = (E— Hy) " V[T) +|¢)

Unfortunately, the operator (E — Ho)_1 is singular. To avoid the difficulty, we introduce an

infinitesmal complex ic (¢ — 07) such that E — E + ie. In this way the equation becomes

) =10+ 5 9) 09

In the position space, Eq.(6.4) is reduced to

<x(\1f<+>> - (X|¢>—|—/dx’(x|m|x’)<x’|‘/’\ll(+)>

= <X|¢>+2h—?/dx’G(x,x’) <x’|v‘\1;(+)>
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We evaluate the kernel of integral G(x,x’).

/ h2 1 /
Glx,x) = 2m (x| E — Hy+ e x)

h? 1

Y S '
5 | e x| p) (Pl E_Hy i p) (p x")
h? 1

= B — d /
5 | 4P xIp) (Pl Sy — p) (p |x")
h? 1

= — d !
2m P (X p>E—p2/2m+i6 P %)
h? dp explip- (x —x)/h]

2m | (2nh)3  E —p?/2m+ ic

where we have used
(xIp) = (2rh) 3 explip - x/H]
(plx) = (2h)~/% exp[—ip - x/h].

Take E = h?k?/2m and p = hq,

N dq expliq- (x —x')]
Glx) = / (2m)3 k2 —q% +ie

/ dqq?d¢ sin 0dO expliq |x — x'| cos 0]
(2m)3 k? —q? + i

_ i /+°° dqq EPlialx = x'l] — exp[—ig|x — x|
472 |x — x| Jo k? —q? +ice

1 explik |z —2'[]

Cdr |z — 4]

In the last step we used the residue theorem:

d
}[ = or
Z — 20

%f(z)dz = 2w Z a_1,, = 2mi(sum of enclosed residues).
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Figure 6.4:
The equation becomes
o) = (xj) - 22 [ do % x|V [,
Assume that V is a local potential,
XV [x") = V(z)d(x'—x")
(x ‘\I/( > (x |p) — 2m dz ,erjl_x;]’|v(x,) (x’ \1;(+)>.

As the observation point is far away from the scatterer,
x| = > | =1

/‘ /2)1/2

x—x'| = (r*=2rcosa+r

/

= r(l1- L cosa+ )
T

From this approximation, we have

e—l—ik|x—x/| ikr

%
o

|x — x/| r
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So,
om eik:r

Wy

(x )\If(+)> — (x |) /dx/e_ik'rIV(a:') (x’

\If(+)> )

Comparing with the asymptotic form of the wave function,

ikr
<X ‘\I}(i)> N eikor + eTf(kla k)]

el

We have

2mm xp|—ikx’
0,0y = =2 [ ==V @) e W)

6.5.2 The Born Approximation

The formula contains the unknown wave function. We have to introduce the approximation.

1
gy = - - ‘\1,<+>
’ > Sy e >
_ |¢>+;V |¢>+;V‘\p(+)>
E— Hy +ic E — Hy +ic
R p———
E—Hy+ic ' 77

Assume the effect of the scattering is not very strong, we replace (x/| \I!(+)> by (x| ¢) in
the integral,

(x| W) = (x| 6) = expl-ik - X].
This is the first-order Born approximation. The amplitude is

f(]{:/, k) — _%271_7;?’ dxlei(k—k/)txlv(xl)

which is the Fourier transform of the potential except for a constant.

For a spherical symmetric potential, assume |k — k'| =q=2ksin0/2. (k =k’ as
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the energy is conserved.)

1 2 21 21 ™ .
f = mn drrz/ d¢/ sin @dfe’d" 50V (1)
0 0

e ),

2m [T
= —hTTZ i drrV (r)singr

6.5.3 Application: from Yukawa potential to Coloumb

potential

As an illustration of the Born approximation, we consider the Yukawa potential

U(r) = Uy
(r) =Uo o
i 1
K k :—/dU P gy
f( ) r (T) q 0q2 + ,LL2
where
q = |k — K|
: Uy [T ..
drrV(r)singr = — dre "" sin gr
K Jo
+o0 iqr __ ,—iqr
[ dre=irS——°
K Jo 21
W ( 11 >
C 2u\p—ig p+tig
__Uog
¢+

So the differential cross section is

2mUp \ 1
0= (%5") meren T
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When o = 0, the Yukawa potential is reduced to the Coloumb potential, U/ — ZZ'e2.
We obtain

(2mZZ’62) ? 1
h 16k* sin* &

B <ZZ'e2 ) 1
B E 16k4 sin? g

This is the Rutherford scattering cross section. From Rutherford formula we conclude that

the charge-charge interaction in atomic scale obey Coulomb law, i.e., 1/r.

6.5.4 Identical Particles and Scattering

Collisions between identical particles are particularly interesting as a direct illustration of
the fundamental differences between classical and quantum mechanics.
Classical case

The differential cross-section is

a(0,0) = |f(0,0)]* +|f(m — 0,6 + )|

Scattering of two identical spinless bosons

The differential cross-section is

o(0,0) = |f(0,9) + f(r — 0,6+ )|

Scattering of two identical spin-1/2 fermions

The differential cross-section is

o0.0) = T1/(0.6)+ f(x— 0.6+
3 2
+Z|f(97¢)_f(7r_97¢+7r)|
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6.6 Landau-Zener Problem

This two level problem can be introduced in this course.
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Selected Topics

7.1 Quantum Statistics

Quantum statistical mechanics is the branch of physics dealing with systems in mixed states;
it is the quantum analogue of classical statistical mechanics. It should be noted that statis-
tics enters at two levels in quantum statistical mechanics: first, because of the statistical
interpretation of the wave function and second, because of our incomplete knowledge of

dynamical state of the system.

7.1.1 Density Operator and Ensembles

Question: How to describe quantum mechanically an ensemble of physical systems for which,
say wq =60 are characterized by |a) and the remaining wz =40 are characterized by some

other ket |3) .
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Example: a general state for S=1/2 system
@) = cy[+) + e |-)

which characterizes a state ket whose spin is pointing some definite direction. We should
not confuse the probability weight of the states |+) and |—) , wy, and |cq|?.

Ensemble average and density operator.

Pure ensemble: |a)

Mixed ensembles:

wi o)
wy |a®)
ws |a®)

with the normalization condition

Zwi =1.

The ensemble average
(A) = ) wilailAla)

= ZMZ(%IH) (n| Al o)

n
2
= ) wiln|aw)|* an
,Mm

Alternatively,

(4) = Z wi (nfai) (ailn) (nA]n)

= S0l o) el 4} )

n

= Tr(pA)
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where
p=> wila) (al.
i

p is the density matrix operator and is independent of representation.
Two properties:
(a). p is Hermitian;

(b). p satisfies the normalization condition.
Tr(p) = 1.
A pure ensemble: w,, =1 for some |a,)

p = lan) (om|

which is just a projection operator.
Several examples of density operator:

(1) A completely polarized beam with S,+

b= )+ = ; (10)

1 0
0 O

(2) A completely polarized beam with S,+

p = ‘Sx7+><5$7+‘

= o () + 1) g (o + (D)

2
L1
B 2 2
L 1
2 2

222



CHAPTER 7 — MANUSCRIPT

(3) A partially polarized beam with 75 S,+ and 25 S,+

p = 0.75|4) (+| +0.25|S,,+) (S, +|
1 7 1
-3
1 1

7.1.2 Quantum Statistical Mechanism

Order and Disorder

The density matrix of a pure ensemble

0
The density matrix of a completely random ensemble
[ 1
N
1
N
p =
1
N
We define a quantity
o = —tr(plnp)
= - Z Pnn In Pnn
n
For a pure ensemble
oc=0
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For a completely random ensemble

c=InN
This quantity is related to the entropy in thermodynamics,
S =ktr (plnp)

where k is the Boltzmann constant.
Basic assumption: Nature tends to maximize o subject to the constraint that
the ensemble average of the Hamiltonian has a certain value.

To minimize o:

oo

I
o

le.,
5pnn(ln pnn + 1) = 0

with the conditions

(a). (H) = u=tr(pH)

we obtain

0ppn (0, +1) + BE, +7] =0

p — ¢ BBy
nn

— ;6—5191@

>, e

The partition function:
= tr(e”PH)
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Thus the density matrix operator is

The parameter [ is related to the temperature T as follows
p=1/kT

Example: Spin-1/2 particle in a magnetic field

Consider a spin-1/2 particle having a magnetic momentum
p=—gupS/h
subjected to a constant magnetic field along the z-axis.
H=gupo./2 =wo,

The density operator

where

7 = e Pw 4 v

The average value of the z-component of spin at the temperature T is

he Pw — efw

Sy = o~
(5z) 2 e Bw 4 ebfuw

h
= —3 tanh(fw)
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7.1.3 Quantum Statistics

Consider a system with two identical particles. Each particle has three non-degenerate
states: |1), |2), |3) with Eq, Es, E3 . For classical identical particles: there 9 possible

configurations

I1,1) |1,2) |1,3)

12,1) [2,2) 2,3)

13,1) 13,2y 13,3)
The wave function is

For bosons: there are 6 possible configurations
11,1, 12,2), 13,3)
(11,2) +[2,1)) /2/2
(11,3) +13,1)) /2'/2
(13,2) +12,3)) /2'/2

The wave function

D=0, (1)Pg,(2) + Pg;(1)Pg, (2)

For fermions: there are 3 possible configurations
(11,2) - [2,1)) /2'/2
(11,3) = 13,1)) /2'/2

(13,2) —[2,3)) /2
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The wave function

® =g (1)Pg,(2) — 2 (1)Pg, (2)

7.1.4 Systems of non-interaction particles

We shall now discuss the properties of systems of large numbers of non-interacting objects

which are equivalent and possess the same energy levels.

Maxwell-Boltzmann Statistics

(Classical identical particles)
IfE; (j=1, 2, - - ) denotes an energy level of one of the particles, the total energy
of the system E can be written
E = Z le Ej
J
where the sum runs over all the eigenenergies of a single particle, and where n; is the number

of particles with the energy E;. The total number of particles is

N:an.

In a Maxwell-Boltzmann system, any number of particles can be in each level, so that nj can
either be zero or any positive integer. If all the energies Ej are different, each permutation of
the particles results in a different wave function, thus each energy level of the total system
is N!-fold degenerate. However if nj>1, the interchange between these particles do not alter
the wave function. Thus the number of distinct states corresponding to a given value of the

total energy of the system is
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The partition function can be expressed as

Z = Zg%BeXp(—BanE
J

{n;}

The average distribution is

1
(ni) = EZQ%BGXP(—BZWEJ')W
J

Bose-Einstein Statistics (for bosons)

The wave function of many bosons is symmetric and the energy level of the system is non-

degenerate

gB¥ =1, for any n;j

Here we use the grand canonical ensemble (N — +00)

ZgE exp( BanEj—aan)nj
J J

{n]}
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where
Z = Z eXp(—BanEj - aan)
= H Z exp(—pn,; E; — an;)
7 \{nj}
= J[@—exp(-BE; —a))”"
J
In the case,
(n;) = _81112
"= T 9BE;
1

exp(BE; + o) — 1
Fermi-Dirac Statistics (for fermions)

The wave function of many bosons is antisymmetric, and the energy level of the system is

non-degenerate

ggD = 1, forn;=1o0r0

= 0, otherwise.

Here we use the grand canonical ensemble (N — +00)

1
(n;) = - > ghPexp(=8> niE; —a) njn,
{n;} J J
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where
Z = > gplexp(—) n;E;—a) ny)
{n;} J J
1
= H Z exp(—pn; E; — an;)
j TL]':O
= [ +exp(—BE; - a))
J
In the case,
n;) = _81112
W T OB,

1
exp(BE; + o) + 1

7.1.5 Bose-Einstein Condensation

One of the main features of boson system is that bosons tend to occupy the lowest energy
state at low temperatures. At high temperatures, both distribution laws for bosons and for
fermions become equal to that for the Maxwell-Boltzmann case approximately. The density

of particles on a certain state always tends to be zero. For a boson system, as

1
exp(BE; + )

(nj) =

_1—>+oo

if both E and « are equal to zero, the density of the particle at E=0 can be nonzero in the
high density limit at low temperatures.
Consider a non-interacting boson gas in a three-dimensional system. The spec-

trum of energy is
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The density of particle is

pP=po+

(2;3 / din(E)

where p0 is the density of particles in the lowest energy state.

1
(2)°

/ dk*n(E) = / dED(E)n(E)

where

1 [2m\¥/? [t B2
_ - (= dE———
p—Po A2 ( h2 > /0 ePE+ta _ 1

where
+oo $1/2
fry2(e) =/0 e T

Since o > 0, the largest possible values of f;/o() occurs when o = 0 and numerically

It follows;; that at T' < T;y where

h2 4 2 2/3
= g (3515)

~ 2mk \2.315
the function (p — py)/p becomes less than unit, and the system increasingly condensed into
the lowest energy state.
Bose-Einstein condensation was predicted by Albert Einstein and Satyendra Nath
Bose at 1924 to 25. It was first observed in Helium-4 liquid. Recent years it was observed in
some systems with cooling atoms. It is one of the most active branches in condensed matter

physics. If you are interested in the recent development in this field, please visit Web site:
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http://www.aip.org/pt/webwatch/ww9703.html.

7.1.6 Free fermion gas

The free particle Schrodinger equation in three dimensions is

h? < 0? 0? 02

522 + R + 8:1:22) Ur(r) = exWi(r)

2m
If the particle are confined to a cube of edge L and we require the wave function to be

periodic in x, y, z direction with L, i.e.,

Up(z+L,y,2) = VYp(r+L,y,z)
Up(z,y+ L,z) = Yi(r,y+L,2)
Up(z,y,z+ L) = Yi(x,y,z+ L)
the wave functions are
Wy(r) = (2;)3/26%.7«

provided that the components of the wave vector k satisfies

27 4w 67
2 =0 t—, £—,—,- -
K.y, 0 L L L

Any component of k is of the form 2n7 /L, where n is a positive integer. The energy spectrum
with n is

2
2 2 2
As two indistinguishable fermions cannot have all their quantum numbers identical, each
energy level (or state) can be occupied by at most one particle. Thus we start filling the

energy level from that with the lowest energy (i.e., k=0 here) until all N particles are

accommodated.
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The occupied energy levels may be represented as points inside a sphere in the
k-space. The energy at the surface of the sphere is the Fermi energy; the wave vectors at

the Fermi surface have a magnitude ky such that

ﬁ2

The total number of energy levels inside the sphere is

_ L Am
(2r/L)* 37"

Then

kp = (672N/V)"?.

In short, a boson gas condensates into the lowest energy state, and a fermion gas

forms a Fermi sphere in the k-space at absolute zero temperature.

7.2 Quantum Hall Effect

The quantum Hall effect is a remarkable phenomenon discovered experimentally in 1980s
in which the Hall conductivity of a two-dimensional system of electrons is found to have
plateaus as a function of variables which determine the number of electrons participating
in the effect. The integer quantum Hall effect was observed by von Klitzing et al in 1980.
Simple theory suggests that the Hall conductivity at he plateaus should be an integral
multiple of €2/h and the experiments agree with that prediction to within an accuracy of
nearly 0.1 ppm. An application of great importance is to metrology, the quantum Hall effect
promises a method of providing very precise resistance standards that are insensitive to the
particular sample and the details of its fabrication. With a more powerful magnetic field

and lower temperature, Daniel C. Tsui and Horst L. Stormer discovered that the plateaus
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of the conductivity is a fractional multiples of the basic unit e?/h. Within a year of their
discovery, Rovert B. Laughlin has succeeded in explaining their result. Through theoretical
analysis he showed that the electrons in a powerful magnetic field can condense to form a
kind of quantum fluid related to the quantum fluids that occur in superconductivity and in
liquid helium.

What makes these fluids particularly important for researchers is that events in
a drop of quantum fluid can afford more profound insights into the general inner structure
and dynamics of matter. The Royal Swedish Academy of Sciences awarded The 1998 Nobel
Prize in Physics jointly to Tsui, Stomer and Laughlin “for their discovery of a new form of

quantum fluid with fractionally charged excitations.”

7.2.1 Hall Effect

The Hall effect occurs when the charge carriers moving through a material experience a
deflection because of an applied magnetic field. This deflection results in a measurable
potential difference across the side of the material which is transverse to the magnetic field

and current direction.
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In Figure, a voltage V drives a current I in the positive X direction. Normal
Ohmic resistance is V/I . A magnetic field tin the positive z direction shifts positive charge
carriers in the negative y direction. This generates a Hall potential (V /1) in the y direction.
Quantitatively, Hall effect indicates that a transverse electric field will be pro-
duced. Charges will accumulate on the transverse edges until a strong enough electric field

is developed to force remaining charges to continue undeflected. The condition is

V.
E=-B.
c
The drift velocity is given by
/A
Vi J/n, = 44
ne

where n is the density of charge carrier. The electric field is
E=Vy/d

where 1 is the thickness of material and d the width. Hence we obtain an expression for the

density of charge carriers in a substance

11 1B
n—=—w:— =
eA vy Vpglec

Therefore this effect can be used to determine the density of charge carriers in conductors
and semi-conductors, and has become a standard tool in physics laboratories over all the

world. The Hall conductivity

235



CHAPTER 7 — MANUSCRIPT

7.2.2 Quantum Hall Effect

In 1980 the German physicist Klaus von Klitzing discovered in a similar experiment that
the Hall resistance does not vary in linear fashion, but ”step-wise” with the strength of the
magnetic field. The steps occur at resistance values that do not depend on the properties
of the material but are given by a combination of fundamental physical constants divided
by an integer. We say that the resistance is quantized. At quantized Hall resistance values,
normal Ohmic resistance disappears and the material becomes in a sense superconducting.

For his discovery of what is termed the integer quantum Hall effect von Klitzing was awarded

the Nobel Prize in 1985.

ko & i=2

10

e 1 S| A | B

| | | | I | |
5 7 : §

Fig. 2. The Hall resistance varies stepwise with changes in magnetic field B. Step height is given
by the physical constant h/e? ( value approximately 25 kilo-ohm ) divided by an integer i. The
figure shows steps for i =2,3,4,5,6,8 and 10. The effect has given rise to a new international
standard for resistance. Since 1990 this has been represented by the unit 1 klitzing, defined as
the Hall resistance at the fourth step ( h/4e? ). The lower peaked curve represents the Ohmic
resistance, which disappears at each step. (Kosmos 1986)
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In their refined experimental studies of the quantum Hall effect, using among
other things lower temperatures and more powerful magnetic field, Stomer, Tsui and their
co-workers found to their great surprise a new step in the Hall resistance which was three
times higher than von Klitzing’s highest. They subsequently found more and more new
steps, both above and between the integers. All the new step heights can be expressed with
the same constant as earlier but now divided by different fractions. For this reason the new

discovery is named the fractional quantum Hall effect..
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7.2.3 Laughlin’s Theory

A year after the discovery of the fractional quantum Hall effect, Laughlin offered a theoretical
explanation. According to his theory the low temperature and the powerful magnetic field
compel the electron gas to condense to form a new type of quantum fluid. Since electrons

are most reluctant to condense (They are what is termed fermions) they first, in a sense,
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combine with the "flux quanta” of magnetic field. Particularly for the first step (v = 1/3)
discovered by Stomer and Tsui, each of electrons captures three flux quanta thus forming a
kind of composite particle with no objection to condensing. (They become what is termed
bosons). Quantum fluids have earlier occurred at very low temperatures in liquid helium and
in superconductors. They have certain properties in common, e.g. superfluidity, but they
also show important differences in behaviors. Apart from its superfluidity which explains
the disappearance of Ohmic resistance at the Hall resistance steps,, the new quantum fluid
proposed by Laughlin has many unusual properties. One of the most remarkable is that if
one electron is added the fluid will be affected (excited) and a number of fractionally charged
“quasiparticles” created. These quasiparticles are not particles in the normal sense but a
result of the common dance of electrons in the quantum fluid. Laughlin was the first to
demonstrate that the quasiparticles have precisely the correct fractional charge to explain
the fractional quantum Hall effect. Subsequent measurements have demonstrated more and
more fractional charged steps in the Hall effect, and Laughlin’s quantum fluid has proved
capable of explaining all the steps experimentally. The new quantum fluid strongly resists
compression; it is said to be incompressible.

Further reading

1. B. Davis, Splitting the electron, New Scientist, 31 Jan, 1998, p36

2. G. P. Collins, Fractionally charged quasiparticles signal their presence with
noise, Physics Today, Nov,1997, p17,

3. S. Kivelson, D. H. Lee and S. C. Zhang, Flectrons in flatband, Scientific

American, March,1996, p64.
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7.2.4 Charged particle in the presence of a magnetic

field

We consider a charged particle moving on a plane in the presence of a perpendicular uniform

magnetic field B. The mass of the particle is M and charge e. The Hamiltonian is

H

1

= 2m(P+ A)
1 0 0

The vector potential A, is such that its curl is equal to B:

We will work in the isotropic gauge

1.e.

In the gauge

Denote

=(VxA),
A:—ler
2
1
A, = —=B
5 Yy
1
1 0 e 9
i = o ihgs = 5. BY)
1 0 e
—(—ih—= + —Bux)?
+Qm( Z8y+20 z)
0 e
I, = —-ih— - —B
Zhax 2¢ y
0
I, = —ith—+ —B
y zhay—i—Qc T
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The commutator is constant,

.heB
[Hwﬂy] = —ZT.
The Hamiltonian is expressed as
1
H = ﬁ{(ny - in)(Hy + 1) + i[H:mHy]}

1 heB
= —[(II, — <11, )(II I1., —
2m[( y — 1 ) y + ) + c

= h%[cﬁa#— %]
where
at = (27123)1/2 (I, — dlly)
_ (2;63)1/2 (—ih% + %iy - iha% + %x)
= 21/2(—% + iz)
a= 21/2(+% + iz)

where z = (x +iy)/lp and Z = (x —iy)/lp. The length unit [y = (hc/eB)l/Q.

Hence the Hamiltonian is reduced to

1
H = hw.(ata+ 5)

where

a and atsatisfy [a,a™] = 1.
Comparing to the simple harmonic oscillator,, the motion of a charged particle

in a uniform magnetic field is equivalent to it. A set of the wave function has the form



CHAPTER 7 — MANUSCRIPT

The energy eigenvalue is
1

En == ﬁwc(n + 5)

The wave functions are also eigenstates of angular momentum operator

. 0 0
Lz = —’Lh(xa—y —y%)
o 0
= Mg, g3

with the eigenvalue

L.fn(z,2) =nhf,(z,2).

The energy level E,, is called n'* Landau level

The Landau levels have a huge degeneracy which is determined by

To make this degeneracy more apparent, we assume the system has the shape of a square

with dimension L. We introduce another pair of operators

0 1
+ _ o12( 9 1o
k 2 (8z 4z)
0 1
_ ol/2(_ Y =
k 25 0z 42)

([k, k7] = 1)

The two operators commute with H,

k, H] = [k, H] = 0.

Also , the operator k annihilates the wave function f,(z, ), just like the operator a.

kfn(z,2) =0

242



CHAPTER 7 — MANUSCRIPT

Define
T = expli2nlogk/L)
T = exp[2nlok'/L]
Thus, f, is an engenstate of T'
Tfn=fn

A complete set of eigenstates of the nth Landau level {f, ,,}can be constructed (m =

1,...Ng)
fam(2,2) = T™fn(z,2)
= exp|i2mrilok/L]fn(z, 2)
From the definitions of T" and T
TT = TTexpli2nlok/L,2xlok’ /L]
= exp[i2m/Ny|TT

Therefore the states f, (2, Z) have

1
an,m(zvz) = hw(n+§)fn,m(z75)
Tfn,m(z,i) = exp[i2mn/Ny| frn.m(z, Z)

7.2.5 Landau Level and Quantum Hall Effect

The degeneracy of the Landau energy levels is Ny—fold. The ratio of the number of electrons
to N¢,

’)/:Ne/ng
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is called the filling number of Landau level. When v = 1,it means that the first Landau
level is fully filled and when v = 2, the second landau level is also filled. There is a simple
relation between the filling number and the quantized Hall conductivity. Suppose the total
charge of the sample is

Q = vNgye
The current J is then equal to

J = yNyev

v is determined by the magnetic field B and electric field E

So the current density j = J/dL

= = E
J dL BdL €
vNge e? g
= CcC = —_—
N¢ . he g 7l
The Hall conductance is
02
Ony = ’Y%

The integer quantum Hall effect occurs at v = integer, (1,2,...) and the fractional

Hall effect occurs at v = fractional: 1/3, 1/5, 2/3, ...

7.3 Quantum Magnetism

Magnetism is inseparable from quantum mechanics, for a strictly classical system in thermal
equilibrium can display no magnetic momentum, even in a magnetic field. The magnetic

momentum of a free atom has three principal sources: the spin with which electrons are

244



CHAPTER 7 — MANUSCRIPT

endowed, their orbital angular momentum about the nucleus; and the change in the orbital

moment induced by an applied magnetic field.

Ordered arrangements of electron spins

Ferromagnet Antiferromagnet Ferrimagnet
M M
Helical Spin Array
Canted Ferromagnet Spin Liquid

7.3.1 Spin Exchange

Ferromagnetism is obtained in solids when the magnetic moments of many electrons align.
Antiferromagnetism and spin density waves describe oscillatory ordering of magnetic mo-
ments. The classical dipolar interaction between the electron moments (which is of order

10°eV) is for too weak to explain the observed magnetic transition temperature (which are
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of order 10? — 103 %k in transition metal and rare earth compounds)
The coupling mechanism that gives rise to magnetism derives from the following

fundamental properties of electrons:

The electron’s spin

The electron’s kinetic energy

Pauli exclusion principle

Coulomb repulsion

Before we introduce the physical origin of the magnetic coupling between elec-
trons in solids, we simply review some standard definitions and basic relations of second
quantization.

For an orthonormal single-particle basis, {|¢;)}

<¢i|¢j> = 0;j.

.I.

The creation operator of state ¢ is a; and its Hermitian conjugate is annihilation operator

a;. Both are defined with respect to the vacuum state |0) such that

¢ = all0),
a; |O>z = 0.
The number operator is defined as
n; = CL,}LCLZ'
For bosons,
[ai,aﬂ = aia; — a}ai =045
{ai, CLj} = 0
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For electrons with spin s = 1/2, we have to introduce a pair of operators, ci » Where o =T, |
such that

{Ciaa C}O, = 57;]'(500,

{Ciaa Cjo» } = 0

The spin operator can be expressed as

S; == Sw - ZSZy == hCLCiT
h
S; = 5(@%% —dljei)

The commutation relations:
151,571 = 2hs;

(57,55 = +hSf

7.3.2 Two-Site Problem
The Hersenberg spin exchange interaction is written as
H=JS:-S,

To obtain the eigenstates of H, we check the following relations,
(1) [S?, H] = 0,but [Sy, H] #0
(2) 83, H] = 0,but [Ss, H] £ 0

(3) [S1+S2,H] =0
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Therefore S?, S2,and S?, = (S; + S2)? and its z-component S}, are good
quantum numbers, but S7, S5 are not. Hence we can denote the simultaneous eigenkets of
St20t7 Sfotv S% and S% by

|Stot7 Sfota Sly S2>

such that
ST [Stot Siots S1, S2)
= 51(51 + 1) |Stot, S5, S1,52)
S3 |Stots Siots S1,52)
= S5(52 + 1) |Stor, Sie, S1,.52)
Siot1 [Stots Siors S1,.52)
= Siot(Stot + 1) |Stot, Siops S1,52)
Stot1 [Stots Siors S1,52)
= Siot [Stots Sior, 1, 52)
Fortunately, the state kets are also the eigenkets of H:
H |Stot, Siopy S1,52) = E|Stot, Sioey S1,52)

where

J
E = 5 [Stot(Stot + 1) -5 (Sl + 1) — SQ(SQ + 1)]

and

Stot = |S1 — S2|,|S1 — Sa| +1,...51 + 52
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Since the energy eigenvalues are independent of S7,, can be —Su,...Stor the energy eigen-
states are (2S;,:+1)—fold degenerated. From the point of view of symmetry, the degeneracy

of the eigenstates originates from the invariance of H under the SU(2) symmetry rotation,
UHU'=H

where

U = exp|—iSiot - 1/ A

The ground state:
The lowest energy state is determined by the sign of J: when J > 0, S;,; should
be taken to be minimum, otherwise S;,; should be taken to be maximal.

The case of J > 0:
Stot = 51 — Sa, (51 > S2)
The two spins are antiparallel, which is called antiferromagnetic. The ground state energy
E,=—-J(51+1)S;

The case of J <0

Stot = 51+ 52

The two spins are parallel, which is ferromagnetic

E,=—|J| 515

7.3.3 Ferromagnetic Exchange (J < 0)

Ferromagnetic exchange coupling originates from the direct Coulomb interaction and the

Pauli exclusion principle. In the second quantized form, the two-body Coulomb interaction
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is given by

v / dadyi(z,y) ¥ (2) U, (y) o (y) T, (2).

1
2
The field operator

=>4 (z)c]

The interaction can be expressed as
1 -
Vv = 3 /dmdyv(az,y)

¢! (2)0 5 (1) by (1) by (2)cl b s

= 5 Uiinisni—s
i

+ > Uiir (it + ni) (nirg + i)

2,1/

E zz’c S/Cis’ C’i/S

1,1’

where

1
Ui = 5 [ dudy |6, @) 0 W) 5.0

1 -
T = 5 [ dedyie)el (216w, 1))
The exchange interaction J¥ acts as a Hersenberg interaction:
F 1
ZCZSC’L'SICZS/CZ s — _2‘]1]/ Z(Sl . S’i/ + an . n,i/)

The positivity of Jf 4 can be proved as follows:

(1) Complete screening:
v=26(z—y)
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In the case,

1
75 =3 [delo@)P 6@ >0

(2) Long-ranged Coulomb interaction

Assume ¢, is the plane wave

F ' ¢?
Ji dx explik - x| —
||
2
= 47r% >0

This is ferromagnetic!

7.3.4 Antiferromagnetic Exchange
Two-site (or atom) problem with two electrons

Let’s consider two orthogonal orbitals localized on two atoms labelled by ¢« = 1, 2. Tunnelling

between the two atoms (or states) is described by a hopping Hamiltonian
H' = —t) (C{.Cas + C3, C1s)
S
For simplicity, we consider an on-site interaction

Hu = UZ’HJZT -nil

To explore the physical origin of anti-ferromagnetic coupling, we consider a special case:
u >>t. In the case, we choose H,, to be the zero-order(or unperturbed) Hamiltonian and
H™ to be the perturbation.

For H,. there are six possible configurations which are eigenstates of H ,,
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(1) E=0, [11,21),[17,21), [11,21), 11,2 ]);
(2) B=U, [17,11), 2,2 7)
Denote |a) the unperturbed state with energy 0 and |n) denote the two state

with E=U (n=1,2). In terms of the c-operators,
o) = ¢y, 10)
and
= et
2) = ciclo)
In the first-order perturbation theory
(a|Hy| o'y =0

In the second-order perturbation theory

o) - 5

= 2 (alH' ) (n || o)

|n) (n| is a projection operator
DA = mapna (1= n2p)(1 = n2) (T -)

2) (2] = (1 —n1p)(1 —ni)nogne (— T1)
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(o |[H'[ 1) (T[H'| /)

= (o] (C},Ciy +C3 Ci| + huc)
xnipn (1 —mngp)(1 —ng))
(C3,Ciy + C3,Ciy + hoc) o)

= (o] (C],Ciy + CF,C1 nipnay (1 = nap) (1 = nay)
X(CITCQT + CLCQL) ')

= {qf (_CLCiTCgTCii - CITCinglCéT) +nipngy
+n1nat) @)

1
= (@] =250 8o+ S (my +nay)(n2r +nay) o)

Therefore the effective Hamiltonian AH(?) can be written as an isotropic antiferromagnetic

Hersenberg spin exchange form.

42 5 - 1
AH® = 4+—(81 -8 - 7)

As 4t? /U > 0, the exchange coupling is antiferromagnetic! The ground state of this two-site
problem is spin singlet, i.e. S = 0. Our discussion on the two-site problem can be easily

generalized to a many-site system. The Hersenberg model is defined on a lattice

H=> Jj;Si-S

where ¢ and j are the lattice sites and usually are of the nearest neighbour pair. S; can be
taken any value of half-integer, S = 1/2,1....

One of the most important application of spin superexchange with current inter-
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ests is the high temperature superconductivity. the so-called “¢ — J” model is extensively

discussed over the last decade.

42 |
H=—t <Z> CIUCJ'U + 7 Zj(sz : Sj — an nj)
1]),0 ’

which is limited within the Hilbert space excluding double occupancy of electrons on the

same site.
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