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Preface to the Third Edition

In this third edition the book has been expanded in three directions:

1. Problems have been added at the end of each chapter (40% of which
are solved in the last section of the book) together with suggestions for
further reading. Furthermore, the number of appendices (marked with a
grey stripe) has been substantially enlarged in order to make the book
more self-sufficient. These additions, together with many clarifications in
the text, render the book more suitable as a companion in a course on
Green’s functions and their applications.

2. The impressive developments of the 1980s and 1990s in mesoscopic physics,
and in particular in transport properties, found their way — to a cer-
tain extent — in the new Chaps.8 and 9 (which also contain some of the
material of the old Chap.7). This is a natural expansion, since Green’s
functions have played an important role as a theoretical tool in this new
field of physics, a role that continues in nanoregime research (see, e.g.,
recent publications dealing with carbon nanotubes). Thus, the powerful
and unifying formalism of Green’s functions finds applications not only
in standard physics subjects such as perturbation and scattering theory,
bound-state formation, etc., but also at the forefront of current and, most
likely, future developments.

3. Over the last 15 years or so Green’s functions have found applications not
only in condensed matter electronic motion but in classical wave propaga-
tion in both periodic and random media; photonic and phononic crystals
are the outcomes of this line of research whose underlying basic theoretical
principles are summarized in Sect. 7.2.4.

I would like to thank Ms. Mina Papadakis and Dr. Stamatis Stamatiadis whose
help was invaluable during the writing and typesetting of this drastically re-
vised third edition of my book.

Heraklion, Crete, March 2005 E. N. Economou



Preface to the Second Edition

In this edition, the second and main part of the book has been considerably
expanded so as to cover important applications of the formalism of Green’s
functions.

In Chap.5 a section was added outlining the extensive role of the tight-
binding (or, equivalently, the linear combination of atomiclike orbitals) ap-
proach to many branches of solid-state physics. Some additional information
(including a table of numerical values) regarding square and cubic lattice
Green’s functions were incorporated.

In Chap. 6 the difficult subjects of superconductivity and the Kondo effect
are examined employing an appealingly simple connection to the question of
the existence of a bound state in a very shallow potential well. The existence
of such a bound state depends entirely on the form of the unperturbed density
of states near the end of the spectrum: if the density of states blows up, there
is always at least one bound state. If the density of states approaches zero
continuously, a critical depth (and/or width) of the well must be reached in
order to have a bound state. The borderline case of a finite discontinuity
(which is very important to superconductivity and the Kondo effect) always
produces a bound state with an exponentially small binding energy.

Chapter 7 has been expanded to cover details of the new and fast-
developing field of wave propagation in disordered media. The coherent po-
tential approximation (a simple but powerful method) is presented with an
extensive list of references to the current literature. Then the electrical con-
ductivity is examined both because it is an interesting quantity in its own
right and because it plays a central role in demonstrating how disorder can
create a qualitatively different behavior. Since the publication of the first edi-
tion of this book, significant advances in the field of random media have taken
place. An effort has been made to present in a simple way the essential points
of these advances (for the reader with a casual interest in this subject) and
to review the current literature (for the benefit of the reader whose research
activities are or will be related to the field of disordered systems).



X Preface to the Second Edition

In this edition, each chapter is preceded by a short outline of the material
to be covered and concluded by a summary containing the most important
equations numbered as in the main text.

I would like to thank A. Andriotis and A. Fertis for pointing out to me
several misprints in the first edition. I would also like to express my gratitude
to Exxon Research and Engineering Company for its hospitality during the
final stages of this work.

Heraklion, Crete, January 1983 E. N. Economou



Preface to the First Edition

This text grew out of a series of lectures addressed to solid-state experimen-
talists and students beginning their research career in solid-state physics.

The first part, consisting of Chaps.1 and 2, is a rather extensive mathe-
matical introduction that covers material related to Green’s functions usually
included in a graduate course on mathematical physics. Emphasis is given
to those topics that are important in quantum physics. On the other hand,
little attention is given to the important question of determining the Green’s
functions associated with boundary conditions on surfaces at finite distances
from the source. The second and main part of the book is, in my opinion, the
first attempt at integrating, in a systematic but concise way, various topics of
quantum physics, where Green’s functions (as defined in Part I) can be suc-
cessfully applied. Chapter 3 is a direct application of the formalism developed
in Part I. In Chap. 4 the perturbation theory for Green’s functions is presented
and applied to scattering and to the question of bound-state formation. Next,
the Green’s functions for the so-called tight-binding Hamiltonian (TBH) are
calculated. The TBH is of central importance for solid-state physics because
it is the simplest example of wave propagation in periodic structures. It is also
important for quantum physics in general because it is rich in physical phe-
nomena (e.g., negative effective mass, creation of a bound state by a repulsive
perturbation) and, at the same time, simple in its mathematical treatment.
Thus one can derive simple, exact expressions for scattering cross sections
and for bound and resonance levels. The multiple scattering formalism is pre-
sented within the framework of the TBH and applied to questions related to
the behavior of disordered systems (such as amorphous semiconductors). The
material of Part II is of interest not only to solid-state physicists but to stu-
dents in a graduate-level course in quantum mechanics (or scattering theory)
as well.

In Part III, with the help of the second quantization formalism, many-body
Green’s functions are introduced and utilized in extracting physical informa-
tion about interacting many-particle systems. Many excellent books have been
devoted to the material of Part III (e.g., Fetter and Walecka: Quantum Theory



XII Preface to the First Edition

of Many-Particle Systems [20]). Thus the present treatment must be viewed
as a brief introduction to the subject; this introduction may help the solid-
state theorist approach the existing thorough treatments of the subject and
the solid-state experimentalist become acquainted with the formalism.

I would like to thank the “Demokritos” Nuclear Research Center and the
Greek Atomic Energy Commission for their hospitality during the writing of
the second half of this book.

Athens, Greece, November 1978 E. N. Economou
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Green’s Functions in Mathematical Physics



1

Time-Independent Green’s Functions

Summary. In this chapter, the time-independent Green’s functions are defined,
their main properties are presented, methods for their calculation are briefly dis-
cussed, and their use in problems of physical interest is summarized.

1.1 Formalism

Green’s functions can be defined as solutions of inhomogeneous differential
equations of the type!

[z—L(P)]G(r,v';2)=8(r—7"), (1.1)

subject to certain boundary conditions (BCs) for » or 7’ lying on the surface
S of the domain {2 of » and r’. Here we assume that z is a complex variable
with A = Re{z} and s = Im {2z} and that L(r) is a time-independent, linear,
hermitian? differential operator that possesses a complete set of eigenfunctions
{odn(r)}, ie.,

L(T)¢H(T) = )‘n(lsn("') , (12)

where {¢, ()} satisfy the same BCs as G(r,r’; z). The subscript n may stand
for more than one index specifying uniquely each eigenfunction and the corre-
sponding eigenvalue. The set {¢,} can be considered as orthonormal without
loss of generality (see Problem 1.1s at the end of Chap.1), i.e.,

[ 610)0m () dr =8, (1.3)
2

! Several authors write the right-hand side (rhs) of (1.1) as 4x8(r — 7') or
—4nd(r — 7).

2 A linear operator, L, acting on arbitrary complex functions, ¢(r) and (r), de-
fined on £2 and satisfying given BCs is called hermitian if [, ¢*(r)[Ly(r)]dr =

{Jo v (M[Lo(r)ldr}” = [o[Lé(r)] ¢ (r)dr.
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The completeness of the set {¢,(r)} means that (Problem 1.2s)

D balr)gy (1) =8 (r —') . (1.4)

(For the definition and properties of Dirac’s delta function, §, see Ap-
pendix A.)

Note that n may stand for a set of indices that can take either discrete
values (for the discrete part of the spectrum of L, if any) and/or continuous
values (for the continuous part of the spectrum of L, if any). Similarly, the
symbol ) should be interpreted as Zn/ + [ de, where Zn/ indicates a gen-
uine summation over the eigenfunctions belonging to the discrete spectrum
(if any) and [ de denotes (multiple) integration over the continuous spectrum
(if any).?

Working with Green’s functions is greatly facilitated by introducing an
abstract vector space, a particular representation of which is the various func-
tions we are dealing with. The most convenient way of achieving this is by
using Dirac’s bra and ket notation, according to which one can write (Ap-
pendix B):

on(r) =(r|dn), on(r)={(dn|r), etc, (1
S(r—r")L(r)=(r|L|v"), (1
G(r,r';2)=(r|G(z)|7"), (1.

(rir) =8 -7, (1
Jdr|r)(r|=1, (1

where |r) is the eigenvector of the position operator; in the new notation we
can write (1.1) to (1.4) as follows:

(: - 1)G(z) =1,

n

The ordinary r-representation is recaptured by using (1.5)—(1.9); e.g., taking
the (r|, |r') matrix element of (1.1’) we have

(r](z=D)G(:) 7)) = (r|1]7) = (r|#') =3 (r =) .

3 The continuous spectrum and the integration J de can be obtained by con-
sidering a finite domain {2 and taking the limit as {2 becomes infinite. For
example, for plane waves, ¢ = \/Lﬁexp (ik-r), and in d-dimensional space,

N

>k e {W} J dk. (For a proof see Problem 1.5s.)
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The left-hand side (lhs) of the last relation can be written as follows:
2G (r,7';2) — (r | LG(2) | 7') .

By introducing the unit operator, [ dr” |r”) (r”|, between L and G in the last
expression we rewrite it in the form

2G (r,7'52) — /dr” (r|L|r"y (r" |G(2)|7') .

Finally, taking into account (1.6) we obtain
2G (r,7';2) — L(r)G (r,7';2) =8(r —7') |

which is identical to (1.1). The usefulness of the bra and ket notation is that

(i) The intermediate algebraic manipulations are facilitated and

(ii) One is not restricted to the r-representation (e.g., one can express all
equations in the k-representation, which is equivalent to taking the Fourier
transform with respect to r and r’ of the original equations).

If all eigenvalues of z — L are nonzero, i.e., if z # {\,}, then one can solve
(1.1') formally as

G(z) = . (1.10)

Multiplying (1.10) by (1.4’) we obtain

D= 2 lon) (0l = 30 2 b (0l = 30 12Ol g gy

n

The last step follows from (1.2'), and the general relation F(L)|p,) =
F(An) |¢n) valid by definition for any well-behaved function F. Equation
(1.11) can be written more explicitly as

|¢n) (&n] / |¢c) (De|
= T — 1.12
o=y ekliel y fao 1A (1.12)
or, in the r-representation,

(r,7';2) Z ¢nz_ / QSC ) . (1.13)

Since L is a hermitian operator, all of its eigenvalues {\,} are real. Hence,
if Im{z} # 0, then z # {\,}, which means that G(z) is an analytic function
in the complex z-plane except at those points or portions of the real z-axis
that correspond to the eigenvalues of L. As can be seen from (1.12) or (1.13),
G(z) exhibits simple poles at the position of the discrete eigenvalues of L;
the inverse is also true: the poles of G(z) give the discrete eigenvalues of L. If
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z = A, where X belongs to the continuous spectrum of L, G (v, r’; \) is not well
defined since the integrand in (1.13) has a pole. Then one can attempt to define
G (r,r’; \) by a limiting procedure. In the usual case, where the eigenstates
associated with the continuous spectrum are propagating or extended (i.e.,
not decaying as r — oc), the side limits of G (r,7'; A +1is) as s — 0 exist
but are different from each other. Thus, this type of continuous spectrum
produces a branch cut in G(z) along part(s) of the real z-axis. We mention
here in passing, and we shall return to the point in a later chapter, that in
disordered systems there is the possibility of a continuous spectrum associated
with localized eigenstates [i.e., states decaying fast enough as r — oo so that
the normalized {¢,(r)} approach a nonzero limit as 2 — oo]. For such an
unusual spectrum even the side limits lim+ G (r,7'; X £ is) do not exist; the

5s—0

line of singularity corresponding to such a spectrum is not a branch cut but
what is called a natural boundary. In what follows we restrict ourselves to the
normal case of a continuous spectrum consisting of extended eigenstates. For
A belonging to such a spectrum we define two Green’s functions as follows:

Gt (r,7';)\) = lim G (r,7'; X +1is) , (1.14)
s—0

G~ (r,r;)) = lim G (r,r'; X —is) , (1.15)
s—0

with similar definitions for the corresponding operators G (), G~ (\). From
(1.13) one can easily see that

G (r,r';2) =G (r',r;2") . (1.16)

If z is real, z = A\, and A # {\,}, it follows from (1.16) that G (r,7'; A) is
hermitian; in particular, G (v, r; ) is real. On the other hand, for ) belonging
to the continuous spectrum, we have from (1.16) and definitions (1.14) and
(1.15) that

G~ (r,r;)) = [GT (', V)], (1.17)
which shows that
Re{G™ (r,r;\)} = Re{G* (r,mN\)} (1.18)
and
Im{G™ (r,m;A)} = —Im{GT (r,7;\)} . (1.19)

Using the identity (see the solution of Problem 1.3s)

1
im -
y—0t+ T iy

- Pi + ird(z) (1.20)

and (1.13) we can express the discontinuity, G(A), in terms of delta function

G\ =GT(\) =G (\) = —27id(A— L) , (1.21)
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or, in the », ' representation,

G(r,r';\) —2st (A = An) G (1) () (1.22)
= —27r126 (A = An) O ()% ()

—2m/5 (A = Ao) de(m)o" (r') de .

For the diagonal matrix element we obtain from (1.13) and (1.20)
Pn(r
G* (r,7;)) Z = A :mZSA An) dn(r)o%(r) . (1.23)
Integrating (1.23) over = we have
/eri (r,r;A) = /dr (r|GEN)|7r) =T {G=(N)}
1 .
:P;A—)\HZFMZH:S()\_)\")' (1.24)

The quantity Z 8(A—\,) is the density of states (DOS) at A, N'(A\); N(N\)dA

gives the number of states in the interval [\, A + d\]. The quantity

= 26()\ =) Gn(T) 05 (1)

—ZSA An) én (7 /8>\ Ae) de(r)oi(r)de  (1.25)
is the DOS per unit volume at point r. Obviously,
N = / o(r; N)dr . (1.26)
Using (1.22)—(1.25) we obtain
o(r: 2) = :F%Im [GE(r,m )} = —%é(r, i) | (1.27)

and

N = $%Im{TrGi()\)} : (1.28)

G(z) can be expressed in terms of the discontinuity G(\) = Gt(\) — G—(\):

¢n ¢r
G(r,7';2) Z p— :[ d)\ZS)\ An) ()A()

_ i d)\G(r,r;)\)

1.2
27 J_ o z—A (1.29)
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where (1.22) was taken into account. In particular, for the diagonal matrix
elements of G we have

G(r,r;z):/ dx"z(’ji,). (1.30)

— 0o

Note that g (r; \') versus A’ may consist of a sum of 8 functions (corresponding

to the discrete spectrum of L) and a continuous function (corresponding to the

continuous spectrum of L) as shown in (1.25). Equation (1.30) shows that the

DOS per unit volume [i.e., the imaginary part of FG* (r,7;\') /7] enables us

to calculate G(r,7; z) (both Re {G} and Im {G}) for all values of z = A + is.
Consider the expression

20 (%)

7

E(z) = Ey(z,y) — iEy(z,y) = / dz’ (1.30")

C z—Z

giving the z and y component of the electric field E(z,y) in two-dimensional
(2-d) space in terms of the charge density o(z') = o(2’,y’) along line C.
Comparing with (1.30) we see that G(r,r; z) can be thought of as the electric
field generated by a positive charge distribution on the z-axis given by one
half the DOS per unit volume, ¢/2. More explicitly, the correspondence is

Re{G (r,r;2)} & E.(2),
Im{G(r,r;2)} < —Ey(2) ;
o(r;A) < 20(2')
Z=EA+iseoz =2 +1iy ,
N e =2"4+iy .
This analogy is often helpful in visualizing the z dependence of G (7, r; z) for
complex values of z. For example, we see immediately that
Re{GT (r,r;\)} = Re{G (r,m;\)}
while
Im{G* (r,r;\)} = - Im{G~ (r,7;\)} ,
with Im {G* (r,r; \)} being always negative or zero. Of course, when X is not
an eigenvalue of L, G* (r,r; \) is real; it satisfies the relation
dG P A
M:-@|(A-L)*2\r><o. (1.31)
dA
To prove (1.31) we write

dG(r,m;\)  d[{(r|(A=L)7|r B
o — [< | o | >}:_<,’,|()\_L)2|,’,>,
which is negative since, for A real and not coinciding with any eigenvalue of

L, (\— L)72 is a positive definite operator.
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To summarize our findings: G(r,r’; z) is analytic on the complex z-plane
except on portions or points of the real axis. The positions of the poles of
G(r,7’;)\) on the real axis give the discrete eigenvalues of L. The residue at
each pole gives the product ¢, (r)¢? (r') if the corresponding nondegenerate
eigenfunction is ¢, (r). Otherwise it gives the sum ) ¢ (r)¢s, (77), where
m runs over all eigenstates corresponding to the eigenvalue \,. The branch
cuts of G (r,7’; \) along the real A-axis correspond to the continuous spectrum
of L, and the discontinuity of the diagonal matrix element G (r,r;\) across
the branch cut gives the DOS per unit volume times —27i. Note that the
analytic continuation of G (r,r’; z) across the branch cut does not coincide
with G (r,r’; z), and it may develop singularities in the complex z-plane.

Knowledge of the Green’s function G (v, r’; z) permits us to obtain imme-
diately the solution of the general inhomogeneous equation

[z = L(r)]u(r) = f(r), (1.32)

where the unknown function u(r) satisfies on S the same BCs as G (v, 7'; 2);
f(r) is a given function. By taking into account (1.1), it is easy to show that
the solution of (1.32) is

/G (ry7’s2) f(r')dr’, z#{ ), (1.33a)
u(r) =
/Gi (rrsA) f () dr 4 (r) . 2=\, (1.33b)

where in (1.33b) A belongs to the branch cut of G(z) (i.e., A belongs to the
continuous spectrum of L) and ¢(r) is the general solution of the correspond-
ing homogeneous equation. If z coincides with a discrete eigenvalue of L, say,
An, there is no solution of (1.32) unless f(r) is orthogonal to all eigenfunctions
associated with A, (Problem 1.4). If u(r) describes physically the response
of a system to a source f(r), then G(r,r’) describes the response of the
same system to a unit point source located at r’. Note that the symmetry
relation (1.16) is a generalized reciprocity relation: the response at = from
a source at 7’ is essentially the same as the response at 7’ from a source at 7.
Equation (1.33a) means that the response to the general source f(r) can be
expressed as the sum of the responses to point sources distributed according

to f(r).

1.2 Examples

In this section we consider the case where L(r) = —V? and the domain 2
extends eventually over the whole real space. The BC is that the eigenfunctions
of L must be finite at infinity. Then the eigenfunctions are

(r k) = %k , (1.34)
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and the eigenvalues are
A = k%, (1.35)

where the components of the vector k are real to satisfy the BCs. Thus, the
spectrum is continuous, extending from 0 to +0o0. The Green’s function can
be obtained by either solving the defining equation, which in the present case
is

(z+V2)G(r,r';2) =8(r —7'), (1.36)

or from (1.13), which in the present case can be written as

r ! eik-(rfr’)
G(r,r’;z):z< [} ¢k | >:/ dk , (1.37)

- 2z — k2 2m)d 2 — k2

where d is the dimensionality.* For d = 3 we will use (1.37) to evaluate G,
while for d = 2 or 1 we will compute G from (1.36).

1.2.1 Three-Dimensional Case (d = 3)

If o is the difference » — v’ and 6 the angle between k and @, we can write
(1.37) as

o0 2 iy
G(r,r';2) = ! / —k dr / d0 sin O eikecos?
0 0

4r? z— k2
1 /°° k2dk eike — gike
Ar2 Jo  z— k2 iko

1 o Lelke
e /m H Sk, (1.38)

The integration path can be closed by an infinite semicircle in the upper
half plane. Unless z is real and nonnegative, one of the poles (denoted by
\/z) of the integrand in (1.38) has a positive imaginary part and hence lies
within the integration contour, and the other (denoted by —+/z) has a negative
imaginary part and lies outside the integration contour. By employing the
residue theorem we obtain from (1.38)

: o
Clrprss) — SR LVEIr =)

; I . 1.
e a0 (1.39)

If z = A\, where A > 0 (i.e., if z coincides with the eigenvalues of —V?), the
two poles lie on the integration contour and G is not well defined. The side
limits G*(r,r’; \) are well defined and are given by

* Use was made of the relation ), — [Q/(Qﬂ')d] J dk as £2 — co. For a proof and
comments see Problem 1.5s.
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eiiﬁ|r7r/|

GE(r, 7" \) = VAN, (1.40)

CAr|r— 7|
For z = A, where A < 0, we obtain from (1.39)

eV |)\||'r'—'r"|

G(r,r';\) = ; A <O, VIAI>0. (1.41)

CArnlr — |
For the particular case z = 0 we have

1

/. _
G(r,r';0) = =]

(1.42)

As can be seen from (1.36), G(r,r’;0) is the Green’s function corresponding
to a Laplace equation with a point source, i.e.,

V2G(r,r;0) =8(r —7') . (1.43)
By employing (1.33b) we can write the general solution of Poisson’s equation

V2V (r) = —4mo(r)

as

Vir) = /G(r, r’;0)(—4m)o (r') dr’ + const. (1.44)

/d/
Z/%—&-cons‘c.

The constant has been added since the most general eigenfunction of —V?2
corresponding to eigenvalue 0 is a constant, as can be seen from (1.34) and
(1.35). Equation (1.44) is the basic result in electrostatics.

1.2.2 Two-Dimensional Case (d = 2)

Because of symmetry considerations, G(r, r’; z) is a function of the magnitude
of the 2-d vector p = r — 7’ and z. Furthermore, it satisfies the homogeneous
equation

(z+VHG(0;2) =0 for 0#0. (1.45)
The & function source can be transformed into an equivalent BC as ¢ — 0;

indeed, by applying Gauss’ theorem, [V - (VG)df2 = [VG-dS, which in
the present 2-d case takes the form

oG

0
/ V3G 2710’ do’ = 2mo— ,
0 do
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we obtain from (1.36)
oG ¢
2mo— + 27Tz/ Godo =1,
do 0
which, as o0 — 0, leads to

1
G(o) - In ¢ + const. (1.46)

Furthermore, G(p) must satisfy the condition

G(o) — 0. (1.47)

@—00

The only solution of (1.45) that is symmetric and satisfies BCs (1.46) and
(1.47) is

G(r,7';2) = —iHél) (Vzlr—7);  Im{Vz} >0, (1.48)

where Hél) is the Hankel function of zero order of the first kind.> This can
be seen from the fact that the general solution of (1.45) is a superposition of
terms like [AHH,(ZU (Vzo) + B,HY (\/EQ)} e*"? (Appendix C). Since we are
looking for a #-independent solution, n = 0; furthermore, the Hankel function
Hé"’)(\/zg), for Im{y/z} > 0, blows up as ¢ — oo and must be excluded.
Finally, (1.46) together with the relation Hél)(ﬁg) — (2i/m)In(o) as 0 — 0
fixes the coefficient Ag. For z = A, where A > 0, (i.e., for z coinciding with

the spectrum of —V?) Im {y/z} = 0, and only the side limits are well defined
as

GE(r, v \) = —ng” (i\/Xg) . V>0, (1.49)

where®

H (—Ve) = -HP (Vao) - (1.50)

G describes an outgoing wave, while G~ is an ingoing wave; this can be seen
from the asymptotic form of Hél) and HéQ).
Equation (1.48) for the particular case z = — |A| can be recast as

1
GE(r, v’ = [A]) = =5 Ko (VRllr=+1): VN >0, (1.51)

where K is the modified Bessel function of zero order.®

The Green’s function corresponding to the 2-d Laplace equation can be ob-
tained from (1.48) by letting z — 0 and keeping the leading |r — r’|-dependent
term. We find that

5 For definitions and properties of Bessel and Hankel functions see the book by
Abramowitz and Stegun [1].
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G(r,r";0) = % In|r — 7’| 4 const. (1.52)

The solution of Poisson’s equation in 2-d is then
Vir)=-2 / o(r")In|r — 7’| dr’ + const. (1.53)

Taking the —V of (1.53) we obtain the expression for the 2-d electric field
given before in (1.30).

1.2.3 One-Dimensional Case (d = 1)

The basic equation (1.36) becomes

(z—&—;—;) G(x,2'2)=8(x—2') . (1.54)

For z < 2’ we have G = Aexp (—iy/zz) with Im {y/z} > 0, while for z > 2
we obtain G = Bexp(iy/zz); the choice of signs in the exponents ensures
that G — 0 as |z] — oo. By integrating (1.54) we find that G(z'~,2;0) =
G(2't,2';2) and (dG/dz),—p+ — (dG/dx)y—yr— = 1. We thus determine the
constants A and B. We obtain finally

G(z,2';2) = i (i\gil/;_ i) : Im{vz} >0. (1.55)

For z = XA > 0 (i.e., within the continuous spectrum of —d?/dz?) we have for
the side limits

+ Iy o : _ ) -
G (m7x,)\)—:F2\/Xexp(:|:1\/X|m ac|), A>0,VA>0. (1.56)

For z = — |\| we obtain from (1.55)
1
Gz,a's— |\|) = 5 o (—\/|)\| z — m'|) C VN >0, (157)

The Green’s function for the 1-d Laplace equation can be found either by
solving (1.54) for z = 0 directly or by taking the limit of (G* + G7)/2 as
A — 0. We find

1
G(z,2';0) = 3 |z — 2’| + const. (1.58)

1.2.4 Finite Domain {2

The problem of determination of G becomes more tedious when the surface
S bounding our domain {2 consists in part (or in whole) of pieces at a finite
distance from the point 7’ of the source. One can then employ any of the
following methods to determine G:
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1. Use general equation (1.13) where the eigenvalues and eigenfunctions are
the ones associated with the BCs on S.

2. Write G as G = G+ ¢, where G*° is the Green’s function associated with
the infinite domain (which is assumed to be known) and ¢ is the general
solution of the corresponding homogeneous equation. Then determine the
arbitrary coefficients in ¢ by requiring that G + ¢ satisfy the given BCs
on S. It is then clear that G satisfies both the differential equation and
the BCs.

3. Divide the domain §2 into two subdomains by a surface S’ passing through
the source point /. Then G in the interior of each subdomain satisfies
a homogeneous equation. Find in each subdomain the general solution of
the homogeneous equation subject to the given BCs on S. Next, match
the two solutions on S’ in a way obtained by integrating the differential
equation for G' around 7’. An elementary example of this technique was
used in Sect. 1.2.3.

4. Write, e.g., in 3-d,

d(r—r') = %8(7“—r’)5(¢—¢’)8(c059—c059’)

2

1
= 500 =) Y Yem(0,9)Yes, (0, )
m

so as to reduce the problem to 1-d with respect to r and r’.

The interested reader may find a brief presentation of these techniques in
the book by Mathews and Walker [2]. A more comprehensive and rigorous
presentation is given in the second volume of the book by Byron and Fuller
[3]; see also the books by Dufly [4], Barton [5], Roach [6], Stakgold [7] and
Morse and Feshbach [8]. Several books on electromagnetism, such as those by
Smythe [9] or Jackson [10], contain several interesting examples of Green’s
functions.

Finally, it should be mentioned that for more complicated operators L
(such as those describing the quantum-mechanical motion of a particle in an
external field), the determination of G is a very complicated problem. More
often than not one has to employ approximate techniques such as perturbation
expansions. We will return to this very interesting subject in Chap. 4. Exam-
ples of methods (1) to (4) mentioned above are presented in the solutions of
the problems in Chap. 1 (see also Appendix C).

1.3 Summary

1.3.1 Definition

The Green’s function, corresponding to the linear, hermitian, time-independ-
ent differential operator L(r) and the complex variable z = A + is, is defined
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as the solution of the equation®
[z — L(r)] G(r,7’;2) =8(r — '), (1.1)

subject to certain homogeneous BCs on the surface S of the domain {2 of r and
r’. Equation (1.1) can be considered as the r-representation of the operator
equation

(:—L)G=1. (1.1')

1.3.2 Basic Properties

1. If {|¢n) } is the complete orthonormal set of eigenfunctions (subject to the
same BCs on the surface S) of L, and {\,,} is the set of the corresponding
eigenvalues, then one can write

G=(z-L)" (1.10)
:Z%, 24 {\). (1.11)

2. From (1.11) one can see that G(z) is uniquely defined if and only if z #
{An}. If 2 coincides with any of the discrete eigenvalues of L, G does not
exist, since, as can be seen from (1.11), G(z) has simple (first-order) poles
at the positions of the discrete eigenvalues. If z belongs to the continuous
spectrum of L, then G usually exists, but it is not uniquely defined because
one can add to any particular G the general solution of the homogeneous
equation corresponding to (1.1). Two particular explicit expressions, G
and G, are usually employed in the case where the continuous spectrum
of L corresponds to a branch cut. For infinite disordered systems, part of
the continuous spectrum may give rise to the so-called natural boundary,
i.e., a singular line to be examined in a later chapter. The analytic behavior
of G(z) is summarized in Fig. 1.1, p. 16. Because L is hermitian, all its
eigenvalues are real; hence, the singularities of G(z) are on the real z-axis.
As was mentioned above, for the branch cuts of G(z) (which correspond to
the continuous spectrum associated with extended eigenstates) we define
the side limits

GE(\) = lim G(\=+is) . (1.15")

s—0t

1.3.3 Methods of Calculation

G(z) is calculated either by solving the defining equation (1.1) or by using
(1.11).

5 The numbering of the equations appearing in each summary is that of the main
text of the corresponding chapter.



16

1 Time-Independent Green’s Functions

S
z-p.ane
. y - g s — = = N

Simp.e poes of G(z). Natura. boundary ~ Branch cut of G(2).
Discrete spectrum of Of G(2). Contintious  Continuous spectrum
L, .ocaiized spectrum of L, of L, extended
eigenstates. «ocaiized eigenstates

eigenstates.

Fig. 1.1. Analytic behavior of G(z) = (2 — L)~'. The singular points or lines are on

the real z-axis (when L is Hermitian) and provide information about the eigenvalues
and eigenfunctions of L

1.3.4 Use

Once G(z) is known one can:

1.

Obtain information about the homogeneous equation corresponding to
(1.1), i.e., about the eigenvalues and eigenfunctions of L. Thus the position
of the poles of G(z) give the discrete eigenvalues of L, and the residues at
these poles provide information about the corresponding eigenfunctions.
The branch cuts (or the natural boundaries, if any) give the location of
the continuous spectrum, and the discontinuity across the branch cut gives
the density of states A/(\)

NO) =t {Tr {GZ()} ) (1.28)

. Solve the inhomogeneous equation

[z = L(r)]u(r) = f(r) , (1.32)

where the unknown function u(r) satisfies on S the same BCs as G(r,r’; z),
and f(r) is given. We have

/G (r,7';2) f(r')dr'; z#{\}, (1.33a)
u(r) =
/GjE (r,e; N) f () dr' + ¢(r); 2= ), (1.33b)

where A in (1.33b) belongs to the branch cut of G(z) and ¢(r) is the
general solution of the corresponding homogeneous equation for the given
value of A. For z coinciding with any of the discrete eigenvalues of L,
say, Ap, there is no solution of (1.32) unless f(r) is orthogonal to all
eigenfunctions associated with \,.
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3. Use Go(z) and L; to obtain information about the eigenfunctions and
eigenvalues of L = Lo + L1; Go(z) = (2 — Lo)~*. Discussion of this third
use of the Green’s function formalism will be given in Chap. 4.

Some very common applications of the formalism outlined above were
discussed in Sect. 1.2.

Further Reading

e A short and clear introduction to Green’s functions is given in the book
by Mathews and Walker [2], pp. 267-277.

e A more extensive introduction with several examples is given in the book
by Byron and Fuller [3], pp. 395-441.

e In the book by Duffy [4] there is a more systematic development of the
subject with many examples on how to construct Green’s functions for
different operators and more complicated boundaries.

e A more mathematically oriented approach is presented in the book by
Stakgold [7].

e Interesting examples referring to more complicated boundaries can be
found in the book by Smythe [9], pp. 155-158, pp. 177-180, pp. 189-191.

e For an extensive list of integrals and other mathematical data, see the
book by Gradshteyn and Ryzhik [11].

Problems”

1.1s. Prove that two eigenfunctions belonging to different eigenvalues of a her-
mitian operator are orthogonal. Then prove (1.3).

1.2s. Prove (1.4).
1.3s. Prove (1.20).

1.4. Show that inhomogeneous equation (1.32) has no solution if z coincides
with a discrete eigenvalue of L unless f(r) is orthogonal to all eigenfunctions
associated with this eigenvalue.

Hint: Expand both «(r) and f(7) in terms of the orthonormal complete
set of the eigenfunctions of L:

u = anz¢nz + Z meSm 5 (1)
=1

m#ni
f = ch1¢n1 + Z Cm¢m s (2)
i=1 m#ni

7 Problem numbering followed by a letter “s” indicates that this problem is solved
in the last part of the book.
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where ¢,,; (i =1,...,s) belong to the eigenvalue A, for which z = A\,
Lﬁbni:)\n(bnu izl,...,S, (3)
Loy = Andm, Am # An (4)

Replace (1) and (2) in (1.32), use the orthonormality of the set {¢n:, dm},
and then take z = \,.

1.5s. Show that drdp/h? gives the number of states associated with the
volume element drdp of the phase space for a free particle moving in a
d-dimensional real space; p is the particle’s momentum.

1.6s. Calculate the 1-d Green’s function G (x,2’;z) for the operator L =
—d?/dx? defined in the domain (0, 1), with BCs G (x,2'; z) = 0 for either x or
2’ = 0,1. Employ all methods of calculations mentioned on p. 14. What is the
z — 0 limit of G? Use your results to calculate the sum Y 7" [a® + n?] -

1.7s. Calculate the Green’s function G (g, 0'; ) for the 2-d operator L = —VZ
and the BCs G (g, 0";2) =0 for 9,0’ = a (0 < g, ¢’ < a). Employ all methods
of calculation. Find the limit z = 0. What is the application in electrostatics?

1.8s. Calculate the Green’s function G (r,7’; 2) for the 3-d operator L = —V?2
and the BCs G (r,r';z) = 0 for |r|,|r'| = a (0 < r,7/ < a). Employ two
different methods of calculation. Find the limit z = 0. What is the application
in electrostatics?

1.9s. Calculate the diagonal matrix element of the Green’s function given the
density of states (DOS)

1

F)= —, El <2|V].
o) = ——r IEIS21V]
1.10. The same as Problem 1.9s but for
2 (6V)2 — E2

E) =
o(E) - (6V)2
1.11s. Consider the operator

L=V, (f(r)V,)+g(r),

where f(r) and g(r) are known well-behaved functions of r. Consider also the
differential equation for the unknown function ¥(r)
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where u(r) is a known well-behaved function; the unknown function (r)
satisfies the BC ¢ (rs) = uy (rs) or VY (r)p=p, = us (rs) for r; on the closed
surface S bounding the domain £2; uy (rs) and wug (rs) are known functions.
If the Green’s function G (r, g; z) is defined by the equation

LG(r,0,2) =8(r — o)

and appropriate BC for r = 7, show that ¥ (@) can be obtained by the
relation

¥ (e) = /Q drG (r, @) u(r)
+ /S dry [ (rs) V.G (rs, 0) — G (s, 0) Vot ()] f (r) -

If the BC for ¢(7) is ¢ (rs) = uy (rs), then the appropriate BC for G is G = 0
for r = rg; if the BC for ¢(r) is V,¢ (rs) = ug (rs), then we must choose
VG =0 for r = r,.

Examine the special case f(r) = 1 and g(r) = z.

1.12. If the operator L is not hermitian, we define its adjoint operator, LT,
by the relation
[(ul, L[0)]" = (v], LT u)

for arbitrary bra and ket.
Show that:

(a) If |¢,,) and A, are the eigenvectors and eigenvalues of L, then the eigen-
values of LT are \%:

LT |wn> = )‘; ‘¢n> s

where [1,,) are the eigenvectors of L.
(b) For nondegenerate eigenvalues of L and proper normalization

(€) 220 [&n) (¥n| = 1Tand 32, [n) (dn| = 1.
(d) The Green’s function G satisfying the relation (z — L)G =1 is given by

|Pn) (¥n|
G(z) = -
=3 el
and the Green’s function G' satisfying the relation (2* — L) GT = 1 is

given by
61 =3 kel
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Time-Dependent Green’s Functions

Summary. The Green’s functions corresponding to linear partial differential equa-
tions of first and second order in time are defined; their main properties and uses
are presented.

2.1 First-Order Case

The Green’s function g(r,r’,t — t') associated with the first-order (in time)
homogeneous and inhomogeneous partial differential equations

[é% - L(r)] o(r,t)=0, (2.1)
Lo -] v = s 22)

is defined as the solution of
[é% - L(r)] glr, v .ty =8(r —r)8(t —t), (2.3)

subject to the same BCs on the bounding surface S as ¢(r,t) and ¢ (r,t). For
the time being we shall assume that ¢ is a positive constant. The operator
L (r) is as in Chap. 1. Expressing g (r,r’,7), where 7 = ¢ — t/, in terms of its
Fourier transform

s = & g Wy | (2.4)

oo 2m

and substituting in (2.3) we obtain

(f - L) gw)=8(r—17) . (2.5)

C
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The 7, " dependence of g(7) and g(w) is not displayed explicitly. Comparing

with (1.1) we see that
w

gw)=G(2) (2.6)

c

where G(z) is the Green’s function associated with L and examined in detail
in Chap. 1.

Using the results of Chap. 1, one concludes that g(w) is an analytic function
of the complex variable w with singularities (poles and/or branch cuts ) on
the real w-axis. Because of this property, (2.4) is not well defined as it stands.
One has to use a limiting procedure in order to unambiguously define g(7):

dw w ;
C : —iwT
~ 1 =a (%) . 2.7
g (7) dm e t)e (2.7)
One can obtain infinitely many Green’s functions depending on how path C
approaches the real w-axis Cy. However, there are only two choices of physical
interest shown in Fig. 2.1 as g™ and g~; they give

* duw’ w’ -
+ _ [ —iw’'T
g (T)_/_ 27TG (c)e ’ (28)

oo

It is useful to consider quantities denoted by the symbol €€ and defined
as the difference of two Green’s functions ¢¢ and gc/. Obviously the quanti-
ties §CC/ can be expressed as integrals of g(w)e™'“7 /27 over closed contours
enclosing the real w-axis, either in part or in its entirety. Because each @’Cc/
is the difference of two Green’s functions, it satisfies homogeneous equation
(2.1) and not (2.3). Thus, strictly speaking, the various g©“s are not Green’s
functions.

w-plane
+ >
(a) A R E A ~ Re{w}
w-plane
(b) gi\""‘; """""""""""""" " Re{w}
w-plane
(C) «’g <: ——————— «— e —— > Re{w}

Fig. 2.1. Integration paths (solid lines) in the w-plane for obtaining (a) g™ (),
(b) g~ (7), and (c) g(r) = g" (1) — g (7), where g*(7) and g~ () satisfy a first-
order (in time) differential equation. The singularities of the integrand lie on the
real w-axis
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In the present case, because we introduce only two Green’s functions of
interest, there is only one g©¢" of interest defined by

g(r) =g () =g (7). (2.9)

By inspection of Fig. 2.1 and taking into account (2.9) we see that g(7) is
given by integrating g(w)e™“!dw/2m along the contour shown in Fig. 2.1c.

For 7 > 0 (< 0) the paths for g* can be closed by an infinite semicircle
in the lower (upper) w half-plane. Taking into account that all singularities of
g(w) or G(w/c) are on the real axis, we have from Fig. 2.1 that

gt (1) =260 (£7)9(7), (2.10)

where the step function, 6(7), is defined as

0 1, 7>0,
() = { 0, 7<0. (2.11)

Taking into account (1.16) and (2.8) we obtain
g~ (ror',m) = [gt (7 e, —1)] " (2.12)

From Fig. 2.1 we can see that the function g(7) can be written as

- Cdw s (W
Q(T)—/_mge G(C>

< du’ L, 4
] - S CEPY PP

— 00

= —icY e Mg, (r) ¢ (1) . (2.13)

We have used (1.21) and (1.22) to express the difference G — G~ = G in
terms of A\, ¢, (r) ¢X (r'), and the presence of the delta function to do the

integral over w’.

The corresponding operator g(7) is then
glr) = —ic> e g,) (G| = —ice LT ; (2.14)

the operator 4 )
Ut —t') = e~icbt=t) (2.15)
is a time-evolution operator or a propagator because

[6(t)) = U (t =) [6(")) (2.16)

satisfies (2.1). Thus the operator U(t — t') propagates |¢) from time ¢’ to t.
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We see that )
Ut —t') = éﬁ(t ). (2.17)

Notice that in the r-representation, (2.13), when 7 = 0, i.e., when t = t/,
becomes
g(r,7,0)=—icd(r —r') . (2.18)

Notice also
U(ti —ta) =U(ty — t3)U(ts — t2) . (2.19)

g(t1 — t2) obeys a similar relation. Combining (2.16) and (2.17) and trans-
forming to the r-representation we obtain (Problem 2.1)

o(r,t) = é/ﬁ(r,'r',t —t)o(r',t)dr", (2.20)

which, with the help of (2.10), can be expressed in terms of g7 (7) and g~ (7)
for 7 > 0 and 7 < 0, respectively. The solution of inhomogeneous equation
(2.2), ¢ (r,t), can be expressed in terms of the general solution of homogeneous
equation (2.1), ¢ (r,t), and the Green’s function g* (¢t —t’) as follows:

1/)(7‘,t)=g25(7‘,t)+/d7‘ldt/g+ (ryr' t—t) f (e, 1) . (2.21)

To prove this, substitute (2.21) in (2.2) and take into account (2.1) and (2.3).
Note that if we had used g~ (7) instead of g7 (7), the resulting 9 (r,t) would
again have satisfied (2.2). We have excluded the solution corresponding to
¢~ (7) on the basis of the physical argument that the response of a system at
a time ¢ depends only on what the source, f(',t'), was in the past (¢ < t).
Using (2.10) we can rewrite (2.21) as

P (r,t) = d(r,t) +/dr’/_ dt'g(r, v’ t =) f(r', 1) . (2.22)

2.1.1 Examples

Here we calculate the various Green’s functions for the case L = —V?2. It is
enough to calculate §(t); g (7) can be obtained from (2.10). For the present
case the most convenient way of calculating g(t) is (2.13); ¢p () = e* 7 /V/12,
and A, = k2. We have

g(r,r', )= —icz L ek (2.23)

|
—
—
l;}-'JD-‘
U
\.Q/‘w
=
L]
|
=
o
~
3
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where 9 = r — 1’ and d is the dimensionality. Taking into account that k- o =
Z?Zl k;0; and k% = Z?Zl k2, where k; and g; are the cartesian coordinates
of k and g, respectively, we can rewrite (2.23) as (Problem 2.2s)

d oo 1p.
g(r,r' 1) = —icH/ d2—]: exp (ikio; — ick]T)
i=1v —°

e dk
= —icH/ 2, ¢XP (195/407') exp (—icrkz)
=17~

d

1 s
1cgexp (1@2/ CT) 5\ iom
1 \9/2
= —ic (47ric7') exp (i0?/4er) | (2.24)

where /7 /icT is the square root with a positive real part. Equation (2.24),
together with (2.20), allows us to study how a free quantum-mechanical wave
packet evolves in time. An example of particular interest is the evolution of the
minimum uncertainty wave packet (see, e.g., Problem 3.2s in the next chapter
or the book by Landau and Lifshitz [12], p. 48, or the book by Merzbacher
[13]), pp. 18-24.

Note that if we choose ¢ = —iD and L = —V?, where D is a positive
constant called the diffusion coefficient, we obtain the diffusion equation
—0n/Dot + V?n = 0. For such an equation we must consider the evolution
toward the future, and as a result we should keep g*(7) only. Instead of the
Fourier transform, it is more convenient to consider the Laplace transform.
The final result for g™ (7) is obtained by substituting ¢ = —iD in (2.24) and
taking into account (2.10). Dividing this result by —D we find

+ Y d/2
-D 4wD (t — ')

— ! 2
X exp l—%} . (2.25)

Note that g*/(—=D) — 8(r —7r') as t — ' — 0%. As t increases, g7 /(—D)
describes the diffusion of this local initial pulse. It must be stressed that the
average diffusion range increases as the square root of t—#': Ap = v/2D7 where
o=r—7r, 7=1t—1t, and Agp = \/{p?). For further details see Problem 2.3
and/or [8], p. 862.

! An equivalent equation governs the time and space dependence of the tempera-
ture, T'(r,t), in a medium; in this case, D is replaced by K/c, where K is the
thermal conductivity and c is the specific heat per unit volume.
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2.2 Second-Order Case

The Green’s functions associated with the second-order (in time) differential
equations

82
[_cizﬁ — L('r)] o (r,t)=0, (2.26)
Lo L = 2.27
g~ )| v = ). (2:27)
are defined as the solutions of
2
{—é% —L (7‘)} glr, ' t—t)=38(r—-r)d(t—-1t), (2.28)

subject to the same BCs on S as ¢(r) and 1(r); ¢ is a positive constant.
Expressing the general solution g(7) of (2.28) as

o) = | T gy (2.29)

Lo 2T

and substituting in (2.28), we obtain for g(w)

gw) =G <L;)—22> : (2.30)

Since G(z) is analytic in the complex plane except on the real z-axis, it
follows that g(w) is analytic in the complex w-plane except in the real or
imaginary w-axis. The singularities of g(w) on the real (imaginary) w-axis
come from the singularities of G(z) in the positive (negative) real semiaxis.
Here we will restrict ourselves on physical grounds to the case where there
are no singularities off the real w-axis (i.e., all eigenfrequencies w,, are real),
which means that the singularities of G(z) are located on the positive real
z-semiaxis.

Since G(z) has singularities for z real and positive, g(w) may not be well
defined when w is real. We again need to employ a limiting procedure:

dw ; dw , [w? :
c = 1 / — T — — — e 7. 2.31
g (T) Ue C 27Tg(w)e CI—>HCI‘0 C 27TG 02 ¢ ( 3 )

Of all the infinite choices for C, only three are of physical interest. These three
choices are shown in Fig. 2.2a—c. Note that the fourth case shown in Fig. 2.2d
can be expressed in terms of the other three because

9 +tgt=g+g, (2.32)

as can be seen from Fig. 2.2.
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(&) 9 <ITmee---- ------ - - > Re{w}

Fig. 2.2. Integration paths (solid lines) in the w-plane for obtaining various Green’s
functions satisfying a second-order (in time) differential equation. The singularities
of the integrand are located on the real w-axis. The functions §= and § are differences
of pairs of Green’s function (see text)

Usually we take g, g, and g* as the three basic Green’s functions; g(7) is
called the causal Green’s function, or simply the Green’s function, in many-
body and field theory; as we will see in Part I11, it is widely used. ¢%(7) and
g2 (1) are the retarded and advanced Green’s functions, respectively; they
are used in solutions of inhomogeneous equations; the names retarded and
advanced are connected with the properties that g(7) = 0 for 7 < 0 and
g4(1) = 0 for 7 > 0, as we shall see below. The Fourier transforms of g(7),
g% (1), g*(), and ¢~ (7) are given by
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12 2 12
g(wl) = lim g(w'+isw') = lim G (W_Q + w S>

s—0+ s—0t C c?
12
T
_c <C_2> , (2.33)
12 30!
R i T we A
gt (W) = Slirng g(w' +1is) = sli%{r G ( =2 + 2 S) ; (2.34)
Aoy 18 / : J— w_/Q 21_w/
g'(@') = lim g(w —18)—S§rg+0(02 -2 (2.35)
12 212
— N . I N 3 W_ — 21L
g (W) = Slir(rJl+ gw' —isw') = SE%L G ( = = 8)
B u‘}/2
_c (0_2) ’ (2.36)
where
, { 0t forw >0, (2.37a)
w's =
0~ forw <0, (2.37b)

and w’ is real.
Since there are three independent gs of interest, we can define three gs,
each as a difference of a pair of gs. More explicitly we have

7 =9-g*, (2.38)
i~ =g-g", (2.39)
g =¢"-g*=5-3°. (2.40)

Obviously gS(7) and §(7) can be obtained by integrating g(w)e 7 /27 along
the contours shown in Fig. 2.2e-g, respectively. We remind the reader that
the gs satisfy homogeneous equation (2.26) and not (2.28).

Taking into account that the paths for the various gs can be closed in the
lower (upper) w-plane when 7 is larger (smaller) than zero and that there
are no singularities of g(w) for w off the real axis, we obtain by inspection of
Fig. 2.2

g(r) = 0(r)g” (1) +0(-7)g~(7) , (2.41)
g (r) = 0(n)g(r), (2.42)
g(r) = —0(-7)g(7) , (2.43)
g~ (r) = =0(r)g=(r) = 0(-7)g” () (2.44)

As we can see from (2.40)—(2.44), knowledge of g~ and g=< allows us to deter-
mine all gs and g.
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From Fig. 2.2 we can see that

(oo}

g7 = lim | Sle gl +is) - gl —i9)

dw . 2
/0 o G (Cz >
= —/0 %e*lw‘FQﬂiZqﬁn(r)qﬁl (7"/)5 (ch_Q _ )\n>
e Z ¢>n eXp( 1c\/_r) , (2.45)

where /A, > 0. To obtain (2.45) we have used (1.21), (1.22), (2.34) and
(2.35), as well as (A.3) of Appendix A. Similarly, we have

g< (r,7',7) e Z ¢” VAT (2.46)

From (2.45) and (2.46) it follows that
gs(rr'im)=—[g" (v',r T)]* ; (2.47)

g(r,r',7)= _CZ ¢n sm( \/_7-) ) (2.48)

It follows from (2.48) that g (r,7’,0) = 0 and dg/dr = —c?8(r — ') for 7 = 0.
Equation (2.48) in operator form is

sin (cx/f7'>

g(r) = S TS t—t. (2.49)
Consider now the expression
9()) = —— [3~ ) b))+ -y loe] . (250)

where the dot denotes differentiation with respect to ¢ and ¢(t') is dg/dt
for t = t'. Since g(t — t') satisfies homogeneous equation (2.26), so does the
function |¢(t)) given by (2.50). Furthermore, ¢(t) — ¢(t') and ¢(t) — ¢(t') as
t — ', in view of the initial conditions satisfied by g(r,r’,7) for 7 — 0. Thus
(2.50) determines the solution of (2.26) for an arbitrary time ¢ in terms of ¢(t)
and G(t') at a particular time ¢'. Rewriting (2.50) in the r-representation we
have

or.t) =~ [ WG ) o)
1 ~ / / 1oy
—c—z/dr’g(r,r,t—t)(b(r,t) . (2.51)
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It is easy to verify that
wlrit) = o 0) + [ dr'dt g o't ¢) £ .0
t
= ¢(r,t)+/dr'/ dt' g (e, t =) f (', 1) (2.52)

satisfies inhomogeneous equation (2.27), where ¢(r,t) is the general solution
of (2.26). We have used g in (2.52) because of the physical argument that
the response (7, t) at time ¢ depends on the values of the source, f(r/,t'), at
times ¢’ prior to t.

2.2.1 Examples

Consider first the case L = —V? in 3-d space for which G*()) are given by
(1.40). Substituting in (2.45) we obtain

1 *dw _, ) .
~> _ —iwT [ Jiwo/c _ 71wg/c) 9.
9 (o) dmwo f, 27 ¢ (e ¢ ’ (2:53)

where g = r — 7. Using (2.47) we have

1 ® dw . ) ‘
~< — _ iwr ( Jiwo/c —1w9/c> . 254
9-(e) dmo Jo 27re (e © (2.54)

Subtracting (2.54) from (2.53) and changing the integration variable from w
to —w in the integral involving exp [—iw (o/c + 7)] —exp [—iw (o/c — T)] we get

G(o7) = ﬁ OOO (;1_: (eiwg/c _ efiwg/c) (eJriw-r _ efiw-r)
- ﬁ Z ;1_‘7‘: (citeresn) _ givtere=n)
= 1 8o/ ) =B (g/c—7)
- ﬁ [8(0+cr) — 8(0 — c7)] . (2.55)

Using (2.55), (2.42), and 2.43) we obtain

R Py c oI oy

S ) = S 1) (256)
A T AN c o Y
gt (r,r't =1 —47r|r—r’|6(|r | +e(t—1t")) . (2.57)

The solution of the inhomogeneous wave equation,

.,
(72~ ) () = 1),
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is then, according to (2.52),
b t) = ¢(r, 1) — % /dr’dt’S (%’ ~(t— t’)) F )0
=¢(r7t)—%/dr’f(w’t_“d_r/'/c). (2.58)

| — 7|

Equation (2.58) is the basic result in electromagnetic theory.

In order to obtain the Green’s functions associated with the 2-d wave
equation, we will use the following argument, as presented in [8]. A point
source at the point (2}, x%) of a 2-d space is equivalent to a uniformly dis-
tributed source along a line parallel to the x3-axis and passing through the
point (2, x4, 0). Hence, the 2-d g can be obtained by integrating the 3-d g
over the third component of 7/, 5. Writing r = R+ x3i3, v’ = R’ + 253 and

= (R— R')* + (x5 — 2)*, we obtain for the 2-d §

J(R,R 7 / dab g(o, T —/ dyg (\/P2 +y2,7') , (2.59)

where P = |R — R/| and y = z3 — a%. Substituting (2.55) into (2.59), taking
into account (A.3), and performing the integration, we get the final result for

the 2-d g,
e(r)f(c|r| — P)c

J(R. R, 7)=— , 2.60
W <y 5 (2.60)
where &(7) =1 for 7 > 0 and &(7) = —1 for 7 < 0.
The 2-d g is then
O(ct — P)c
RRR 7)=——~T )¢ 2.61
SRR T) = T e (2.61)

The 1-d g can be obtained by integrating the 2-d g once more over z5.
We find c
gz, 2’ 7) = —59 (et — |z —2'|) . (2.62)

A very interesting discussion of the physical significance of the results for
g’ associated with the wave equation in 3-d, 2-d, and 1-d is given in [8],
pp. 838-853.

We will conclude this chapter by obtaining the various Green’s functions
associated with the 3-d Klein-Gordon equation, which corresponds to L(r)
being equal to —V?2 + u?, where p is a positive constant. The eigenvalues are
An = k% + 1% and the eigenfunctions (r|$,) = e* 7 /v/2. Substituting in
(2.46) we obtain

ic 3k ex ckoT
§<(7'77'/,T) _ _5/ ((217:; p[ (k kQQ"‘ ko )] , (263)
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where kg = /A, = k%2 + 12 and o = 7 —7'. After performing the integration
over the angle variables, we obtain

g<(r,r',7) "o ) ok exp [i (ko + ckoT)] = Tradg’ (2.64)
where - )
= i[w %exp [i (kio—i— ckoT)) ; (2.65)
changing the integration variable in (2.65) to ¢, where
k = wsinh(¢) ; ko = pcosh(9) ,
we obtain
/= % /O:o d¢ exp {ip [osinh(¢) + c7 cosh(¢)]} . (2.66)

In evaluating the integral (2.66) one has to distinguish four cases according
to the signs of ¢>72 — p? and 7. For example, for 7 > 0 and 72 — ¢? > 0 the

quantity osinh(¢) + ¢ cosh(¢) can be written as \/c272 — 92 cosh (¢ + ¢p),
where tanh (¢g) = o/c7. Substituting in (2.66) we obtain

= L/ d¢ exp [iu 272 — p? cosh (¢ + ¢0)}
27 J_

1
= —57‘((()1) (u 212 — Q2) . (2.67)
Similar expressions are obtained for the other three cases. Performing the
differentiation with respect to ¢ implied by (2.64) (and keeping in mind the
discontinuities of f at c¢>72 = ¢?, which produce & functions), we obtain,
finally, for g< the following expression:

1r 00D e (V)
—0(0) Ly, ()

8my/v
Ho(—)—P K, (n/=7) (2.68)
Ini—0
where
v=2c*rt— g%, T=t—t; o=r—r". (2.69)

From (2.47) we obtain for g~ (v, 7', t — )

g (r,r't—t)=—Re{g<(r, 7', t =)} +ilm {g=(r, 7', t = t')} . (2.70)
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The remaining gs and gs are then

Glr, vt —t) = _g(T)a(u)Qi +0(v) E(T)ﬁ_Jl (/7)) , (2.71)
g(r,r',t —t') = —8(v )—+9( )8 \F Ji (/)

+ilm {g= r,r,t—t)} , (2.72)
't ) = =80 [80) = S ()| )

gA(’I",’I"/,t - t/) = _0(_7—)_

27 {5(”)‘—9( )1 (1 \/5)] . (274)

2Vv

As u — 07, the above expressions reduce to those obtained for the wave equa-
tion. To obtain this reduction, take into account that 8(v) = 8 (¢*72 — 0?) =
[8(cT — 0) + 8(cT + 0)] /20. More information about the gs and gs associated
with various relativistic equations can be found in the book by Bogoliubov
and Shirkov [14]. Note the following correspondence of our notation with that
of [14] gR - _Dret’ gA - _Dadv7 g — _Dcv g - _D7 §> - _D77
g< — DT.

2.3 Summary

2.3.1 Definition

The Green’s function g associated with a first-order (in time) partial differ-
ential equation of the form i0¢/cdt — L(r)¢ = 0 is defined as the solution of
the equation

[12 _ L(r):| g(’r’ T‘/,t,t/) = 8(7‘ — ’I"/)S(t — t/) y (23)

subject to certain homogeneous BCs on the surface S of the domain (2 of
r, r’. Here L(r) is a linear, hermitian, time-independent operator possessing
a complete set of eigenfunctions as in Chap. 1. The constant ¢ is either real (in
which case it will be taken as positive without loss of generality) or imaginary.
The former case corresponds to a Schrédinger-type equation, while the latter
corresponds to a diffusion-type equation.

2.3.2 Basic Properties

The Green’s function g is a function of the difference 7 = ¢t — ¢’. The Fourier
transform of g(r, ', 7) with respect to 7,g(r,r’;w) is directly related to the
time-independent Green’s function examined in Chap. 1. More explicitly,
g(r,7;w) = G(r,r";w/c) = (r|(w/c— L)~ |r'). For real w, G(w/c) may
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not be well defined; thus we must obtain ¢g(7) by a limiting procedure of the
type
dw , jw ;
c : —iwT
— 1 baad (—) 2.
g-(7) = Jim, C%G S)e T (2.7)

as the integration path C approaches the real w-axis Cy. One can obtain
infinitely many g(7)s depending on how C' approaches the real axis. However,
there are only two “natural” (i.e., corresponding to situations of physical
interest) choices of C' shown in Fig. 2.1; the Green’s functions corresponding
to these two paths, g*(7), are then given by

* duw’ w’ -
+ — el a3 Ehadll —iw'T
g7() = ,/_co 27 ¢ < c > ¢ ' (28)

For 7 > 0 (7 < 0) we can close the integration paths with an infinite semicircle
in the lower (upper) w half-plane. Consequently, g*(7) = 0 for 7 < 0 and
g (1) =0 for 7 > 0.

Some particular examples of g(7) associated with L = —V? were presented
in §2.1.1.

2.3.3 Definition

The Green’s function g(7) associated with a second-order (in time) differential
equation is defined as the solution of

{182

“Zor L(rﬂ glrr' i 1) =8(r )8t 1) (2.28)

where T =t — ¢'.

2.3.4 Basic Properties
The Fourier transform of g(7), g(w), is related to G(z) defined in Chap. 1 by
g(w) = G(w?/c?) . (2.30)

Because of the singularities of G(z) on the real axis, one needs to employ
a limiting procedure:

dw ; dw w? -
C T —iwr _ 3 —iwT
g9 (7) —01%0/0—2ﬂg(w)e clinéofc_sz<_c2>e . (2:31)

Again there are infinitely many g (7)s one can obtain depending on the way
path C approaches the real axis Cj. In the present case there are only three
independent “natural” (i.e., of physical interest) choices, shown in Fig. 2.2
as g, g%, and ¢g”. In particular, g(7) or its Fourier transform g(w’) is the



2.3 Summary 35

so-called causal Green’s function or simply Green’s function in many-body or
field theory. It is given by the Fourier transform of (2.33)

g(T) :/_ diG-‘r( /2/ ) —iw'T (233/)

R(7) is the retarded Green’s function, which has the property g*(7) = 0 for

g7(r) i
T < 0; gA(7) is the advanced Green’s function , which satisfies the relation
g4 (1) =0for 7 > 0; g~ (1) = g®(1) +9*(7) —g(7). All these Green’s functions
are interrelated.

Some particular examples associated with L = —V? or L = —V? + 2
were presented in Sect. 2.2.1.

2.3.5 Use

Having ¢g*(7), which satisfies (2.3), we can:
1. Solve the homogeneous equation i0¢(r,t)/c 0t = L(r)p(r,t) as

o(r,t) = é/ﬁ(r,r’,t -t (v, t)dr, (2.20)

where
g(r) =g (1) =g (7), (2.9)
in terms of the initial value of ¢, ¢ (v, ).
2. Solve the inhomogeneous equation

OY(r,t) _
i — L)y, t) = f(r1). (2.2)

The function ¥(r,t) is given by

P(r t) = ¢(r,t) + /dr’dt’ gt (r, t =) f(r' 1), (2.21)

where ¢(7,t) is the solution of the homogeneous equation.
3. Use go(7) and L1 (t) to obtain information about the solution of

RN

Py — Loy —L1yp =0,

where gg corresponds to Lg. This aspect will be discussed in Chap. 4.
4. Relate g% (7) to the commutators or anticommutators of field operators
in quantum field theory. These relations will be given in Part III.

Similarly, the various Green’s functions satisfying (2.28) can also be used for
solving the corresponding homogeneous and inhomogeneous equations
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1 I~ 1 A royl
QS(Tvt):__g d'f’g('f’,'l‘,t—t)(b(’l”,t)
c

—012/dr’?(r,r’,t—t’)mr’,t’) : (2.51)

P(r,t) = ¢(r,t) + /dr’dt’ gt (e, t—t") f (e, 1)
= ¢(r,t)+/dr’ /t dt'g(r, ', t =) f ('), (2.52)

as well as for carrying out a perturbative approach; they are also related to
the commutators and anticommutators of field operators. It is worthwhile

pointing out that the general solution of the inhomogeneous wave equation
(V2 —02/c?0t?) p(r,t) = f(r,t) is given by

(1) = ¢(r,1) — % /dr’dt’S (§ (- t')) @
— $(r 1) — i/dr’f(rl’ﬂ; f;f/'/c) , (2.58)

where ¢(r,t) is the general solution of the homogeneous wave equation.

Further Reading

e Several interesting applications of time-dependent Green’s functions are
given in the first volume of the classic two-volume text by Morse and
Feshbach [8], pp. 837-867.

¢ In the book by Bogoliubov and Shirkov [14], time-dependent Green’s func-
tions are connected to unequal time commutators of field operators for
noninteracting quantum fields. See pp. 136-153.

e The book by Byron and Fuller [3], pp. 442-459, gives an introduction to
time-dependent Green’s functions.

e A more systematic approach with many examples is presented in the book
by Duffy [4].

Problems

2.1. Prove (2.20).
Hint: Replace (2.17) in (2.16), take the product (r|#(t)), and on the rhs
of (2.16) introduce the unit operator [ dr’ |r’) (r’| directly in front of [¢(t')).

2.2s. Prove (2.24).
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2.3. Consider the 1-d diffusion equation

on 0%n

o P =

where D is the diffusion constant and n(zx,t) is the concentration of particles.
Show that:

(a) The g(z,2’;t) for the diffusion equation is given by

. (x—2a')?
g7 ADt

t>0.
2V Dt }7 -

- 1 1
2,25 t) = a2l ) = 24— exp [—

(b) If n(z,0) is given by

n(z,0) = exp |— ,
Sz 2m P 2802
then
1 x2
t) = _ t>0.
et = e ann O [ 2 (622 + 2Dt)} : =

Thus [8z(t)]* = 822 + 2Dt, t > 0.

2.4. Cousider the time-dependent scalar wave equation in d-dimensions (d =

1,2,3) with BC ¢(r) =0 for r = a (r? = 2?21 x?). The initial condition is

W(r,0) = A3(r), ¢(r,0) = 0.

(a) Will the initial pulse be refocused at the point r = 07

(b) For the case d = 2 give a graph of ¥(r,t) for various values of ¢ in the
interval (0 < t < 10a/c).

Hint: See [8], pp. 851-853.
2.5. Calculate the Green’s functions satisfying the equation

G 1 0*G
VG —ad*—— — -5 =8(r—r)d(t -1
Cor ~@ap S ormr)el=t)
for d = 1,2, 3 spatial dimensions and proper BCs at infinity. Take the limits
¢ — 0o or a — 0 and verify that you obtain the diffusion (with D = a=2) and
the wave Green’s function, respectively.
What is the physical interpretation of this G7

Hint: See [8], p. 865.
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Green’s Functions
in One-Body Quantum Problems
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Physical Significance of G.
Application to the Free-Particle Case

Summary. The general theory developed in Chap. 1 can be applied directly to the
time-independent one-particle Schrodinger equation by making the substitutions
L(r) — H(r), A — E, where H(r) is the Hamiltonian. The formalism presented in
Chap. 2, Sects. 2.1,2.2 is applicable to the time-dependent one-particle Schrodinger
equation.

3.1 General Relations

The nonrelativistic, one-particle, time-independent Schrédinger equation has
the form
[E —H(r)](r) =0, (3.1)

and the corresponding Green’s function satisfies the equation
[E—H(r)|G(r,7; E) =8(r —7') . (3.2)

Here H(r) is the Hamiltonian operator in the r-representation, and G(r,r’; E)
as a function of r or 7’ satisfies the same boundary conditions as the wave-
function ¢(r), i.e., continuity of ¥(r) and V¢ (unless the potential has an
infinite discontinuity) and finite (or zero) value at infinity. It is clear that the
general formalism developed in Chap. 1 is directly applicable to the present
case with the substitutions

L(r) — H(r), (3.3a)
A—FE, (3.3b)
Atis=z—2=FE+is, (3.3¢)
An — En (3.3d)

P (1) = Pn(T) . (3:3¢)

Thus, the basic relation expressing G in terms of the eigenvalues F,, and the
complete set of orthonormal eigenfunctions ¢,, of H is
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Glrrt) = 3 2D (3.4
or, in the bra and ket notation,
n n 1
G(z)zz|ﬁ_><gn|:2_H. (3.5)

The operator Gt (E) = lim(FE +is — H)~! as s — 0% is also known as the
resolvent operator [13], p. 525.

The singularities of G(z) vs. z are on the real z-axis. They can be used as
follows:

1. The position of the poles of G(z) coincide with the discrete eigenenergies
corresponding to H, and vice versa.

2. The residue at each pole E, of G(r,7';2) equals >, (7)o} (r'), where
the summation runs over the f, degenerate eigenstates corresponding to
the discrete eigenenergy FE,.

3. The degeneracy f, can be found by integrating the residue (Res) of the
diagonal matrix element G(r,r; E,,) over r, i.e.,

fn= /drRes{G(r,r;En)} = Tr{Res{G(E,)}} . (3.6)
For a nondegenerate eigenstate, f, = 1, and consequently
$n(r)y, (r') = Res{G(r,7"; En)} . (3.7)
From (3.7) we see that
|6n(r)] = VRes{G(r,r; B}, (3-8)

V/|Res {G(r,r; E,)} x Res {G(0,0; E,,)}|

where p,,(7) is the phase of ¢, (r) [assuming that the phase of ¢, (r) for
r = 0 is zero].

4. The branch cuts of G(z) along the real z-axis coincide with the continuous
spectrum of H, and vice versa. [We assume that the continuous spectrum
of H consists of extended (or propagating) eigenstates. For the case of
localized eigenstates and continuous spectrum see Problem 3.1s].

5. The density of states per unit volume o(r, E) is given by

palr) = —iln{ Res{G(r,0; E,,)} } 7 (3.9)

1
o(r; B) = ¥=Im {GF(r,r; E)} . (3.10)
™
6. The density of states N'(E) is given by integrating o(r, E) over r, i.e.,

N(E) = /drg(r;E) = :F%Tr {Im{G*(B)}} . (3.11)
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7. Using the results of Chap. 2 we can write the solution of the time-
dependent Schrédinger equation,!

<ih% - H) (1)) =0, (3.12)

as follows:
[h(t)) = U(t —to) [¥(to)) (3.13)
where the time-evolution operator,

U(t — to) = exp [—i(t — to)H/H] (3.14)

can be expressed simply in terms of the Green’s function

U(t —to) = ihg(t — to) :ih/oo g—:exp[—iw(t—to)]é(hx,u). (3.15)

— 00

Equation (3.13) can be written in the r-representation as

p(r,t) = ih/ﬁ(r,r',t—to)w(r’,to) dr’ . (3.13")

3.2 The Free-Particle (Ho = p?/2m) Case

We denote by Hj the free-particle Hamiltonian
2 2
p b oo
= — = — — -]-
Ho 2m ZmV (3.16)

and by Go(z) the corresponding Green’s function
h2
<z + %V$> Go(r,r';2) =8(r —1') . (3.17)

Equation (3.17) can be written as

2mz 5\ [ 72 /. _ ,
( = + VT) [%Go(r,r ,z)} =08(r—7'). (3.18)
Comparing (3.18) with (1.36) we see that
2 2
Go(r,7';2) = h_’?a (r,r/; %) , (3.19)

where G(r,r’; 2) is the Green’s function corresponding to the operator L =
—V2; this Green’s function was calculated in Sect. 1.2.

! = h/2r, where h is Planck’s constant.
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The free time-dependent nonrelativistic Schrodinger equation has the form
of (2.1) with ¢ = 1/h and L = — (h?/2m) V2. Thus, the only difference from
(2.23) is that the eigenvalue k? must be replaced by h?k?/2m. By changing
variables from k? to ¢ = h?k?/2m, the integral is reduced to the one in (2.24)
times (2m/hQ)d/2 with ¢? replaced by ¢? (2m/h?). Putting ¢ = 1/k at the end
we find g for the free-particle time-dependent Schrédinger equation:

E(r,r’;t—t’):—i( n )d/gexp [m(r—_’"/)ﬂ . (3.20)

h \2rint on(t—t)

(For an application of (3.13’) and (3.20) see Problem 3.2s).
For the Green’s function of the free-particle time-independent Schrédinger
equation we have the following explicit results.

3.2.1 3-d Case

m exp (—kolr — 7))

!/
Yy — < )
Go(r,r"; E) 52 Py , E<0, (3.21)
4 , m  exp (Liko |7 — 7'|)
‘E) = — E > .22
CTYO (7’,7’ ) ) 2 h2 |’l” — ’l"/| ) 0 ) (3 )

where

2m |E
ko =1/ h£ |20. (3.23)

Here Go(z) has a branch cut along the positive E-axis; this branch cut corre-
sponds to the continuous spectrum of Hp. The discontinuity of G across the
branch cut, G, where

G(r,r;E)=G" (r,7;E) -G (r,7; E) , (3.24)
is given in the present case by

~ m  sin (ko |[r — ')

/. 9.
Go (r,7; E) = 27“271'2712 ] 0(E) . (3.25)

In particular, the DOS per unit volume is

~ . 3/2
_ Go (r,ri E)  mbko O(E):H(E)h\/ﬁ
™

—2mi  2m2h?
Note that gg (r; F') does not depend on r due to the translational invariance
of the Hamiltonian H,.

0o(r; E) (3.26)
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3.2.2 2-d Case

Go(r,7; E) = —%Ko (kolr—7')), E<O0, (3.27)
GE(r, 7 E) = _%Hgﬂ (kolr—7')) , E>0, (3.28)

where kg is given by (3.23), K is the zeroth-order modified Bessel function,
and Hél) is the Hankel function of the first kind of zero order. The quantity
Go (r,r'; E) is then

Go (r,r'; E) = —27i0(E) Jo (ko |r —7'|) , (3.29)

m
27h?
where Jy(z) is the Bessel function of the first kind of zero order and kg is
given by (3.23). To obtain (3.29) from (3.28) we have used the relations [1]

HV (~2) = —H (2)

and
HY = Jo+1Yy;  HP =Jy - iy,

where Yy is the Bessel function of the second kind of zero order, see [1]. The
DOS per unit area is

Go (r,7; E) m

o0(r; B) = ———— = 0(E) 55 - (3.30)
3.2.3 1-d Case
/ m /
Go(z, 2, E) = ———exp (—ko |z — 2']) , E <0, (3.31)
h2kyg
GE(z,2' E) = ;%exp(iiko z—2), E>0, (3.32)
0
where kg is given by (3.23). The quantity G is then
~ . m
Go(z,2'; E) = —27r19(E)W2k0 cos (ko |z — 2']) . (3.33)
The DOS per unit length is
ol ) = LD pm)—me — o)L (33)

It must be stressed that the DOS is a quantity of great importance for most
branches of physics. The reason is that most quantities of physical interest
depend on the DOS. For example, the thermodynamic properties of a system
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of noninteracting particles can be expressed in terms of the DOS of each
particle; transition probabilities, scattering amplitudes, etc., depend on the
DOS of the final and initial states.

In Fig. 3.1 we plot the DOS vs. E for a free particle whose motion in 3-d,
2-d, and 1-d space is governed by the nonrelativistic Schrédinger equation. In
all cases the spectrum has a lower bound (at E = 0) below which the DOS is
zero. Energies at which the continuous spectrum terminates are called band
edges in solid-state physics. We will adopt this name here.

As we shall see later, the behavior of o(E), G(E), and G(z) for E or z
near a band edge Ep is of great physical interest. It should be noted that
the analytic structures of go(E) and Go(E) near the band edge, Ep = 0, are

3d |
3 g1/2
@
| 2d:
o© !
z s
S ! E°
p !
o ,
IS !
DN ;
S !
2 :
‘0 j
C
3 ‘
1-d :
E—1/2
0

Energy (arbitrary units)

Fig. 3.1. Density of states N'(F) (N(E)dE gives the number of eigenstates in the
energy interval [E, E+dE]) vs. E for a free particle obeying the Schrodinger equation
(energy-momentum relation E = i*k*/2m) in a d-dimensional (d = 1,2, 3) space
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identical [compare (3.25), (3.29), and (3.33) with (3.26), (3.30), and (3.34),
respectively]. Furthermore, the analytic behavior of G(E) or o(E) around an
arbitrary energy Eqy determines the analytical properties of G(z) for z around
Ey. (See Appendix D and the book by Muskhelishvili [15].) Thus, if G(E) or
o(E) is continuous around Ep, then G*(E) are continuous functions of F for
E in the vicinity of Eo; if G(E) (or o(E)) has a discontinuity at Ep, then
G*(E) exhibit a logarithmic singularity; finally, if G(E) (or o(E)) blows up
at Ey as (E — Ep)~ " where 0 < v < 1, then G*(E) also approach infinity as
(E—Ep) .

The present results (see, e.g., Fig. 3.1) show that the behavior of go(E)
(and hence Go(E) and GZE(E)) near the band edge Ep = 0 depends critically
on the dimensionality of the system.

In the 3-d case the DOS and G(FE) are continuous functions of E ap-
proaching zero like /E — Ep in the limit E — EJ, [see (3.25) and (3.26)]. As
a result of the general theorem stated in Appendix D, G*(E) are continuous
functions of E as E crosses the band edge [compare (3.21) with (3.22)].

In the 2-d case the DOS and G(E) are discontinuous at E = 0, see
(3.29) and (3.30). As a result the Green’s function G(z) develops a loga-
rithmic singularity as z — 0 [see (3.27) and (3.28) and take into account that
Ko(z) — —In(z) and H{ (£2) — (2i/7) In(z) as 2 — 07].

Finally, in the 1-d case the DOS and C:’(E) approach infinity as 1/v/E in
the limit £ — 0%. As a result of the general theorems stated in Appendix D,
G(z) blows up like 1/1/z as z — 0, see (3.31) and (3.32).

The above statements connecting the dimensionality with the behavior of
G(2), G(F), and the DOS near a band edge were based upon the results for
the free-particle case. We shall see in Chap. 5 that the same connection exists
for almost all cases where the Hamiltonian H is periodic.

3.3 The Free-Particle Klein—Gordon Case

In this section we calculate the density of states (i.e., the number of eigenstates
in the energy interval [E, E 4+ dE| divided by dFE) for a free particle of rest
mass m obeying the time-independent Klein—-Gordon equation, which has the
form

E2

with p = em/h. The formalism developed in Chap. 1 is directly applicable to
the present case if one makes the substitutions

L(r) — —V?, (3.36)
E2
A — o . (3.37)
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The DOS N(FE) and o(F) with respect to the energy variable E can be ob-
tained from the DOS AN, (A\) and px(\) with respect to the variable A by
a simple change of variables according to (3.37), i.e.,

dA E? 2F
N(E) = N)\()\(E))d—E = N, <W - M2> W , (3.38)
dA E? 2F
o(E) = QA()\)d_E =0 (W - Mz) 722 (3.39)

where Ny(A), oA()\) can be obtained immediately by use of (1.27), (1.28),
(1.40), (1.49), and (1.56). After some simple algebra we obtain for the DOS
of a free particle of rest mass m obeying the Klein—-Gordon equation

EVE? —m?2ct
2
0 (E — mc ) W y 3—d, (340)
E
— 2
E
0(E—-mé?) —————, 1-d. (3.42)

7hevEZ — m2ct’

In (3.40)—(3.42) we have kept only the positive energy solutions. If we want
to keep the negative energy solutions as well, we must replace E by |E| in the
above equations.

Note first that (3.40)—(3.42) reduce to (3.26), (3.30), and (3.34), respec-
tively, by introducing £’ = E — mc? and assuming that E' < mc?. Secondly,
when m = 0, we obtain the case of a free particle obeying the wave equation.
Examples of such particles are those resulting from quantizing classical wave
equations such as the electromagnetic equations (the corresponding particles
are, of course, the photons and ¢ is the velocity of light) or the equation de-
scribing the propagation of sound waves in a fluid continuous medium (the
corresponding particles are called phonons and ¢ is the velocity of sound).
Thus, for particles whose energy FE is related to their momentum 4 |k| by the
relation

E =hclk| , (3.43)

the DOS is obtained from (3.40)—(3.42) by setting m = 0. We have explicitly

El2
E
E) = = i
o(E) 0(F) sz 2 (3.45)
1
O(E)— 1-d. 4
(B) =~ (3.46)

It should be noted that the DOS given in (3.40)—(3.42) and (3.44)—(3.46) are
not related to the corresponding Green’s functions in the way described in



3.3 The Free-Particle Klein—Gordon Case 49

Sect. 3.2. The reason is that the relation between A and F is not the same as
in the Schrédinger case but is given by (3.37).

In Fig. 3.2 we plot the DOS vs. E for the case where the energy vs. k is
given by (3.43).

In most cases it is easier to obtain first the number of states per unit
volume R(E) = fio dE’p (E') and then to calculate o(E) by dR(E)/dE. Asis
pointed out in Problem 1.5s, the states of a particle moving in a homogeneous
or periodic medium are characterized by their wavevector k; the corresponding
eigenenergy is a function of k: ¢ = f(k). For isotropic media ¢ = f (|k|) and
the surfaces of constant energy are spheres.

3-d E2

Density of States (arbitrary units)

1-d :

0
Energy (arbitrary units)

Fig. 3.2. Density of states N'(E) (N(E)dE gives the number of eigenstates in the
energy interval [E, E + dE]) vs. E for a free particle obeying the wave equation
(energy—momentum relation E = fc|k|) in a d-dimensional (d = 1,2, 3) space
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The number of states per unit volume, R(E), for a homogeneous (or peri-
odic) medium is given by

2 (E)
R(E) = ,
(E) o)

where (2x(E) is the volume of the region(s) in k-space containing all
points k for which f (k) < E. For the Klein-Gordon case, where f(k) =

m?c* 4+ ¢2h?k?2, the inequality f(k) < F defines a d-dimensional sphere of
radius k = \/(E? — m2c*)/hc. Hence the number of states per unit volume,
R(E), is given by (when E > mc?)

(3.47)

/2
1 dn (E2 _ m2(34)3
(27‘(‘)3 ? h3 03 s 3—d, (348&)
_ 1 7 (E?—m2c
R(E) = ok ( 5 ) , 2-d, (3.48D)
2 _ 2.4
%MT’”C 1-d. (3.48¢)

By differentiating (3.48a)—(3.48¢) we obtain (3.40-3.42).

3.4 Summary

Knowledge of G(z) = (2—H) ! permits us to obtain the discrete eigenenergies,
the corresponding eigenfunctions, and the density of states in the continuous
parts of the spectrum of H. Knowledge of g(7) allows us to calculate the time
development of the wavefunction.

For the simple case where H = Ho = p?/2m, we obtain the density of
states per unit volume (area or length) as follows:

m3/2 VB
0(F)———VE, 3, 3.26
(E) 523 (3.26)
m
00(E) = Q(E)W ; 2-d, (3.30)
m/? 1
o) A T ) 3.34

The behavior of go(FE) near the boundary of the spectrum (E = 0) depends
strongly on the dimensionality. The behavior of o(E) around an energy FEjy
determines the analytical structure of G*(E) around Ey. Thus, continuity of
o(E) (as in the 3-d case) implies continuity of G (E); discontinuity of o(E)
(as in the 2-d case) implies a logarithmic singularity in G* (E); and divergence
of o(E) (as in the 1-d case) implies divergence of G*(FE) with the same critical
exponent. The quantity go(E) is plotted in Fig. 3.1.
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We calculated also the density of states for a free particle of mass m
obeying the Klein-Gordon equation. In the particular case where m = 0, we
have the wave equation, which implies an energy-momentum relation of the
form FE = hc|k| and for which the density of states per unit volume (area or
length) is

E2
H(E)W, 3'd7 (3.44)
E
E) = B i
o(E) 0(E) 55, 24, (3.45)
1
E)— 1-d. A
0(E)— d (3.46)

o(E) is plotted in Fig. 3.2.
The number of states per unit volume, R(E) = f_Eoo dE’o (E’), for a par-
ticle moving in a d-dimensional homogeneous or periodic space is given by

R(E) = L (3.47)

where (2 is the volume of the region(s) in k-space whose points satisfy the
inequality f (k) < E.

Further Reading

There are many excellent textbooks on quantum mechanics. In addition to
the book by Merzbacher [13] and the book by Landau and Lifshitz [12], we
mention here Sakurai’s book [16], which uses a more modern approach and
notation (see in particular pp. 51-60), the book by Bethe [17], which includes
a very brief introduction to the Klein-Gordon equation (pp. 181-183), and the
Fliigge book [18], which in a problem-solution format provides an extensive
list of applications (see in particular Problem 17). Finally, we mention the
classical book by Schiff [19].

Problems

3.1s. Consider a quantum nonrelativistic particle moving within a d-dimensi-
onal cube of “volume” L¢. Assume that the spectrum becomes continuous in
the limit L — oo and that all eigenstates are of the form ¢ (r — r;), where
[ (r —r;)| < exp(—|r —r;|/L.) as |r — r;| — oo, where the decay length,
L., is finite for all eigenstates. Strongly disordered potentials could produce
such a situation, as we shall see in Chap. 9.

Show that the limit L — oo of the integral of the local DOS R(r, E) =

f_EOO dE’o(r,E’), develops finite discontinuities (most of them exponentially
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small) for almost all energies E. Hence R(E) cannot be defined in the limit
L — oo since it develops singularities almost everywhere of the form known as
the devil’s staircase. On the other hand, if the states are ordinary propagating
states (extended over the whole “volume” L), the number of states R(E)
approaches a regular function as L — oc.

3.2s. Consider the time evolution of a free quantum-mechanical particle obey-
ing the 1-d Schroédinger equation

[ihd, + (R?/2m) Ope] Y(2,t) =0,

with initial (¢ = 0) wavefunction of the form

¥(z,0) = Wem [%pox - 4(§—x)2] :
Find:
() (1)
(b) d(p,t) = [, dwe#e/my(a, 1)
(o) 82(t) = \/ (x(t)?) — (a(1))”
(d) 3pa(t) = /(P (%) — (pa(8))?

(e) dx(t)dps(t)

3.3. Show that for a particle moving in a d-dimensional space and whose
energy-wavevector relation is € ~ |k|* the DOS per unit volume is of the form

~ B B>,
é’(E>{=0 E<0.

Hint: See the solution of Problem 1.5s.

3.4s. The energy of a quantum in liquid He-4 depends on the wavevector k
as in Fig. 3.3. Give a schematic plot of the number of states per unit volume,
R(E), and then the DOS in the three regions 0 < E < A, A < E < A’, and
A< E.
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E
2.2
A — R2(k—k1)? hzjz
oy 201 1. \2
2my A+ h (sm’;o)
A |
A
hck
k1 ko ko

Fig. 3.3. Energy—wavevector relation of elementary excitations in liquid He-4
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4

Green’s Functions and Perturbation Theory

Summary. The problem of finding the eigenvalues and eigenfunctions of a Hamil-
tonian H = Ho + H1 can be solved in three steps: 1) Calculate the Green’s function
Go(z) corresponding to Ho. 2) Express G(z) as a perturbation series in terms of
Go(z) and Hi, where G(z) is the Green’s function associated with H. 3) Extract
from G(z) information about the eigenvalues and eigenfunctions of H.

4.1 Formalism

4.1.1 Time-Independent Case

In this chapter we consider the very important and common case where the
one-particle Hamiltonian H can be separated into an unperturbed part Hy
and a perturbation H;

H="Ho+H . (4.1)

It is implicitly assumed that Hj is such that its eigenvalues and eigenfunctions
can be easily obtained. The question is to determine the eigenvalues and
eigenfunctions of H. Very often this goal is achieved by taking the following
indirect path:

1. Determine first the Green’s function Gq associated with the unperturbed
part Ho.

2. Express the Green’s function G associated with the total Hamiltonian H
in terms of Gy and H;.

3. Obtain information about the eigenvalues and eigenfunctions of H from G.

Step 3 above has been examined in detail in Chap. 1 and Sect. 3.1. The
implementation of step 1 depends on Hy. For the very common and important
case where Ho = p?/2m, G has been obtained in Sect. 3.2. In the next chapter
a whole class of Hys will be introduced, and the corresponding Ggs will be
calculated. In the present section we examine in some detail step 2, i.e., how
G can be expressed in terms of Gy and Hj.
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The Green’s functions Gy(z) and G(z) corresponding to Ho and H, re-
spectively, are

Go(z) = (2—Ho)™"  and (4.2)

Using (4.1) and (4.2) we can rewrite (4.3) as follows:

G(2) = (2= Ho —H1) " = {(2 = Ho) [1 = (2 = Ho) " 1 }_1
= [1-G-Ho) M| (=)
= [1 = Go(2)H] " Go(2) - (4.4)
Expanding the operator (1 — GoHl)fl in power series we obtain
G =Go+ GoH1Go + GoH1GoH1Go + - - . (4.5)
Equation (4.5) can be written in a compact form

G = Gy + GoH1 (Go + GoH1Go + - - ) = Go + GoH1G (4.6)

or

G = Go+ (Go + GoH1Go + - - - ) H1Go = Go + GH1Gy . (4.7)

In the r-representation, (4.6) becomes
G (’I", rl; Z) = GO (’I", Tl; Z)
—i—/drldrgGo (r,r1;2)Hy (r1,72) G (r2,7'52) . (4.6')

Usually Hy (71, 72) has the form 8 (r; — r2) V (r1); then (4.6") becomes
G (T‘, T‘l; Z) = GO (Ta T/; Z)
—|—/dr1G0 (r,r1;2)V(r1) G (r1,7';2) , (4.8)

i.e.,, G(r,r'; 2) satisfies a linear inhomogeneous integral equation with a kernel
Go (r,7r1;2) V (r1). Equation (4.7) can be written also in a similar form. If we
use the k-representation, we can rewrite (4.6) as follows:

G (k,K';2) = Go (k,K';2) + > Go(k,ki;2) Hy (ki ko) G (Ko, k' 2) . (4.9)
klkg

Taking into account that (r|k) = e* " //f2 and that

y = Q/ (zdgd : (4.10)
k
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where d is the dimensionality, one can easily show that (4.9) is the Fourier
transform of (4.6'), as it should be.

At this point we introduce the so-called t-matrix, which is of central impor-
tance in scattering theory and is directly related to G and Gg. The ¢t-matrix,
T'(z), corresponding to the unperturbed Hamiltonian Hy, the perturbation
part H;, and the parameter z, is defined by the operator equation

T(z) = Hi1G(2) (= — Ho) - (4.11)

The above definition of T'(z) is valid for z # {E,}, where {E,} are the
eigenvalues of H. If z = E, where E belongs to the continuous spectrum of
‘H, we define

TH(E) = HiG*(E) (E — Hy) . (4.12)

Finally, if z coincides with one of the discrete eigenvalues of ‘H, say, F,, then
T(E,,) is not defined because G(z) [and hence T'(z)] has a simple pole at E,,.
This statement is correct except in the pathological case where the eigen-
value E,, and the corresponding eigenfunction |1,) of H satisfy the relation
Ho |n) = Ey |tn). In this case, the pole of G(z) at E,, is cancelled by the
zero of z — Hy at z = E,,, and T'(2) is analytic around E,,.

The analytic structure of T'(z) is quite similar to G(z): T'(z) is analytic in
the complex z-plane; it has singularities on the real z-axis. The positions of
the poles of T'(2) on the real axis give the discrete eigenvalues of H and vice
versa. The continuous spectrum of H produces a branch cut in T'(z). Note
that the analytic continuation of T'(z) across the branch cut does not coincide
with T'(2), and it may develop singularities for complex values of z.

Using (4.5) and (4.11), we obtain the following expansion for T'(z):

T(z) =Hi1i+Hi1Go(2)H1 + H1Go(2)H1Go(2)H1 + - - . (4.13)
The summation in (4.13) can be performed to give

T(z) = Hi +Hi1(Go+ GoH1Go + -+ ) H1 = Hi + HiGH1  (4.14)
=H1+ H1Go (H1 + H1GoH1 + - ++) = H1 + H1GoT (4.15)
=Hi+ (Hl +H1GoH1 + - - ) GoH1=H1+TGoH, . (4.16)

With the help of T, the basic equation (4.5) can be rewritten as
G(z) = Go(2) + Go(2)T(2)Go(2) , (4.17)

which means that knowledge of T" allows immediate determination of G.

Equations (4.15) and (4.16) in the r- or k-representation will become lin-
ear inhomogeneous integral equations for the unknown quantity 7'(r, r’; z) or
T(k,k';z); e.g., (4.15) in the k-representation is

T(k,k';2) =Hy (k, k) + Y Hi(k, k1) Go (k1. ko; 2) T (ko, K5 2) . (4.18)
k1k2
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where

Hi (k, k)

(k| M| &)
%/drdr’ exp (—ik-r +ik - )Hy (r,7") ,  (4.19)

Go (k1, k23 2) = (k1| Go(2) | k2)
1
= 5 /d’l"ld’l"g exp (—ikl -1y + iko -’I"g) Go (1"1, T9; Z) s (420)

T (k,K';z) = (k|T(2) | K)

%/drdr' exp (—ik-r+ik' - )T (r,r';2) . (4.21)

If Hy(r,7') =8 (r —r'") V (r), then H; (k, k') reduces to

o
Hy (kK = Vik-k) , (4.22)
n
where V(q) is the Fourier transform of V' (r), i.e.,
Vig) = /drV (rye '™, (4.23)

In the usual case, where Gy (71, 72) is a function of the difference (r1 — r2)
only, we have from (4.20) that

Go (k1,k2;2) = O, 1, Go (k15 2) (4.24)

where Go(k;z) is the Fourier transform of G (r1,r2;2) with respect to the
variable ¢ = r; — 7. Under these conditions, (4.18) can be written as

T (k,K';2) =V (k— k)

+/(§7I:)1dV(k—k1)Go (k1;2)T (k1K' 2) ,  (4.25)

where T’ (k, k'; z) = QT (k, k'; 2).

As was mentioned before, knowledge of G(z) [or, equivalently, T'(z)] allows
us to determine the discrete eigenvalues and the corresponding eigenfunctions
of H; it permits us also to obtain the DOS of the continuous part of the
spectrum of H. Now we would like to examine how the eigenstates associated
with the continuous spectrum of H can be obtained. The time-independent
Schrédinger equation, (E — H) 1)) = 0, can be written as

(E —Ho) [9) = Hi[¢) ; (4.26)
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E belongs to the continuous spectrum of H. Equation (4.26) can be considered
as an inhomogeneous equation whose general solution is [according to (1.33b)]

W) = [¢) + GE(BEYH, [v) | (4.27)

where |¢) is the general solution of (E —Hy) |¢) = 0 assuming that E belongs
to the continuous spectrum of both H and Hp; superscripts + have been
introduced in order to distinguish the solutions associated with G from those
associated with G|, . Equation (4.27) is an integral equation for the unknown
functions |¢)*); in the r-representation we can rewrite (4.27) as

VE(r)=o¢(r) + /d’l”ld’f‘gGg: (r, 71 E)Hy (r1,72) 07 (r3) (4.27)

or, in the usual case where H (r1,72) =0 (r1 —7r2) V (1),

PE(r) =0 (r)+ /dﬁG(j)E (r.ri; E)V (r) % (1) . (4.28)

Equation (4.27") or (4.28) is the Lippman—Schwinger equation. If E does not
belong to the spectrum of Hy, (4.28) becomes homogeneous because then

o(r) =0,
Y (r)= /dr1G0 (r,r; E)V (r1) v (r1) - (4.29)

Usually, Hg and H; are chosen in such a way that the continuous spectra of
Ho and H coincide. Then (4.27) and (4.28) are appropriate for finding the
eigenfunctions of H associated with the continuous spectrum (of either Hy
or H) while (4.29) gives the discrete eigenfunctions and eigenvalues of H,
assuming that the discrete eigenvalues of Hy and H do not coincide. It should
be recalled that once G(z) [or T'(z)] is known, one need not solve (4.29) to
obtain the discrete spectrum since the latter can be determined directly from
GorT.
By iterating (4.27) we obtain

[0F) = 16) + GgHa |6) + GEHa Gy Ha @) + -+ - . (4.30)
Using (4.13), we can express (4.30) in terms of TF:
[0F) =10) + GET*9) - (431)

By multiplying (4.5) from the left or from the right by H; and using (4.13),
we have

HiG=TGy or GH;=GoT. (4.32)
Substituting (4.32) into (4.31) we have
[0F) = 10) + GFH1|9) (4.33)

Equations (4.31) and (4.33) are important because they express the eigen-
functions |[¢F) in terms of T+ or G* in a closed form. Comparing (4.31) with
(4.27) and assuming that G is not zero, we obtain

T% |¢) = Hy [9F) . (4.34)
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4.1.2 Time-Dependent Case

Similar expressions can be obtained for the solution of the time-dependent
Schrodinger equation, which is written as

(ing7 o) 16(6) = (0 o0 (4.35)

where H; can be time dependent. From the general relation (2.21) we have

[wie) = o) + [ Tt (t— )L () [ (1)) (4.36)

On physical grounds one keeps the |17 (¢)) solution because it is causal, i.e.,
the effects of H; on the eigenfunction appear after H; has been applied.
Equation (4.36) can be iterated to give

[vF (1)) = [6(t))
—i—/dtlgar (t—t1) Hi (t1) [ (t1))
+/dt1dt2g0+ (t —t1) Ha (t1) gg (t1 — t2) Ha (t2) |9 (t2))
NI (4.37)

Let us assume that Hi(t) = 0 for ¢ < to and that |¢ (t9)) is an eigenfunction
of Ho, say, |¢n). From (2.16) and (2.17) we have that

|¢(t)) = exp [—1En (t — to) /Al |¢n) = exp [=iHo (¢t —to) /1] |6n)

= ihgo (t — to) |dn) - (4.38)
Under these initial conditions, (4.37) can be written as
[T () = A(t,to) |6n) (4.39)

where

t

A (t, t()) = lhg (t — t()) + ih dtlg() (t — tl) Hy (tl) 50 (tl — t())
to

t 1

+ih/ dtl/ dtago (t — t1) Hi (t1) g (t1 — t2) Ha (t2) Go (t2 — to)
to to

o (4.40)

In obtaining (4.39) and (4.40) we have taken into account (4.38) and the
relation g7 (1) = 0(7)g(7).
The probability amplitude for a transition from state |¢,) to state |@,,) as

a result of H;(t) acting during the time interval [to, ] can be calculated from
(4.38)—(4.40) as
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(bm | A(t,t0) | 6n) = exp (M)
t .
X |:<¢m | ) + h dtl <¢m exp (1H2t1> Hi (1) exp ( H0t1> ‘ ¢n>

.t
—i
+E/to dt1dts
iHot iHot
X <¢m exp (1 ;; 1) Hq (tl)ga' (t1 — t2) Ha (tg)exp( o 2) ’¢n>

In order to get rid of the unimportant phase factor in (4.41) we define an
operator S(t,tg) as follows:

S (¢, to) = exp (1720’5) At to) exp (_”;0“> . (4.42)

The matrix element (¢, | S (¢,10) | ¢»n) is the quantity in parentheses in (4.41),
which can be rewritten as

(O 8 :40) | 9n) = B+ 77 [ a3 exp oty (6 |70 (12) 00)

+ h. dt1dts / — exp [it1 (wm — w)] exp [it2 (w — wp)]

to
X (dm | Hi (t1) GF (hw)Ha (2) | én)
I (4.43)
where w, = E,/h, wy = En/h, and wpp = wm — wp.
Equation (4.43) implies that the probability amplitude (apart from unim-

portant phase factors) for a transition between two different states |¢,) and
| ) as a result of Hy(t) acting during the infinite period from —oo to +oco is

(6 | S| dn) = / Aty exp (iwmnts) (bm | Ha (1) [ Gn) + -+, (4.44)
where
S = tl}gl S (t,to) (4.45)
to——0o0

is the so-called S-matrix. Equation (4.44) is the basic result in time-dependent
perturbation theory.

To obtain S for the particular case where H; is a time-independent op-
erator, we have to take the limits ¢ — oo and tg — —oo symmetrically, i.e.,
t = —tg — 0o. We have then
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(6 S 6m) = By
Hom M6, 5 [ dtrexplivmmt)
+ 2 [ 52 (om | H0G (o)t | 60)

X / dt / by exp [it1 (wm — )] exp fita (@ — wn)] + - -

= 8yn — 278 (Ey, — Eny) (& | H1 | )
+ (b | HAGE (Bn) Ha | dn) + -]

= 8pn — 2mi8 (En — E) (&m | TT (En) | 6n) (4.46)
to arrive at the last result we employ the relation
/ dte'Bt/h = onhd(E) . (4.47)

Notice that the result (4.46) is equivalent to the following expression for
(pm | S (t,10) | @r) in the limits ¢t = —ty — oo:

<¢m | S (ta tO) | ¢n>

: t
= 8mn — % (m | T (En) | dn) / exp (iwmnt’) dt’ . (4.46")

to

Equation (4.46") allow us to obtain the rate of the transition probability (for
H1 being independent of ¢); indeed, for m # n we have

t t
= % |<¢m |T+ (En) ‘ ¢n>‘2 lg dtl lg dtg exp [iwmn (tl - tQ)] .

Changing variables from t1, to to T = (¢1 + t2) /2, 7 = t1 — t2 and taking the
limit tg — —oo, we have

1 , [t o ’
=73 |<<Z5m ‘ T+ (En) | ¢n>| /_OO dT/_OO dr exp (iwmnT) -
Hence, taking into account (4.47), we obtain

_ d 2
Winn = m&|<¢m|s(tvt0)|¢n>|

|
g

_ 2% (b | T (En) | 60)|” 8 (B — En) - (4.48)

The exact equation (4.48) to the first order of perturbation theory, where
(b | TT (Ep)| ¢n) is replaced by (¢, | Hi|dn), reduces to the well-known
and extensively used Fermi’s “golden rule.”



4.1 Formalism 63

Since |¢,,) is assumed normalized, we have that [T (t)) is normalized, i.e.,

1= <1/J+(t) | 1/J+(t)> = <¢n | A+ (tvtO) A (tvtO) | ¢n> )

which implies that A(t,¢g) is unitary. Using definition (4.42) it is easy to show
then that S(t,to) is unitary, too. Thus for the S-matrix we have

Sts=88T=1. (4.49)
Equation (4.49) can be expressed in terms of the t-matrix using (4.46):

(60| T* (Bn) | de) — (60 | T (En) | de) =
=21 Y (fn [T (En) | ém) (bm | T+ (En) [60) 8 (B — En) . (4.50)

Equation (4.50) can also be derived from T' = H; + H1GH1, which implies
that Tt —T~ = H1(GT -G~ )Hy, = —27iH18(E — H)H;. The rest of the proof
is left to the reader. As we shall see in the next section, (4.50) is equivalent to
the so-called optical theorem in scattering theory; in other words, the optical
theorem stems from the unitarity of S.

Before we conclude the present discussion we will recast the expression for
the S-matrix in a form that is convenient for future manipulations:

S = 1+%/ dtyHE ()

N2 oo .
where
M () = exp (iHot/h) Ha (t) exp (~iHot/h) . (4.52)

To obtain (4.51) we have used the relation

g (t1 —t2) =0 (t1 — t2)§0.(t1 —ta)
=0 (t1 —t2) %1 exp [—iHo (t1 — t2) /h] . (4.53)

The restrictions in the intermediate integrations in (4.51) can be relaxed if at
the same time we divide the nth term (n = 1,2,3,...) by n! [20]. However,
in writing products of H{s, one must make certain that the original ordering
of the operators is preserved, i.e., the product is ordered in such a way that
earlier times appear to the right. To make this chronological ordering explicit,
we define the time-ordered product of operators H{ as

T [Hi (i) Hi ()] =Hi (b)) H (t2) -+ Hi (tn) (4.54)

where t1,12,...,t, satisfy the relations t; > to > --- > t, and ¢;---¢;--- is
any permutation of tq,ta,...,t,. With this definition (4.51) becomes
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S=> (E) — /dtldtg codt, T [HY (1) -+ MY (t0)]
n=0

= T exp {—% / dtH{(t)} : (4.55)

The last expression in (4.55) is simply a compact way of writing the sum.

4.2 Applications

4.2.1 Scattering Theory (E > 0)

In this and the next section we take Ho = p?/2m = —h?V?/2m; the pertur-
bation Hj (r,7’) is of the form &8(r — ")V (r), where V(r) is of finite extent
[i.e., V(r) decays fast enough as r — oc]. Here Hj has a continuous spectrum
that extends from zero to +oc. The continuous spectrum of H coincides with
that of Hy; H, however, may develop discrete levels of negative eigenenergies
if V/(7) is negative in some region(s). In this section we will examine questions
related to the continuous spectrum (E > 0), while in the next section we
examine the question of a discrete level for very shallow V (r).

The problem of physical interest for £ > 0 is scattering: an incident par-
ticle of energy E = h%k?/2m, described by the unperturbed wave function
e'* 7 /\/2, comes under the influence of the perturbation V(r), and as a re-
sult its wave function is modified. The question is to find the asymptotic
behavior (as 7 — oco) of this modification.

The solution of the scattering problem can be obtained immediately from
(4.31), which in the r-representation becomes

1

a2 1 ik -
vt (r) = \/—ﬁe’k T4+ 70 /drldr2G§ (r, 7)) T (r1,72)e* ™2 . (4.56)

Using the expression for the 3-d G(jf (r,71), which we obtained in Sect. 3.2,
we can rewrite (4.56) as

\/ﬁ,wi (’I") _ eik"r

2m exp (xik|r —r .
_47Th2/d3r1d3r2 p(|r _|r1| 1|)Ti (r1,72) exp (ik-r2) , (4.57)

where k = /2mE/h?. As was mentioned before, we are interested in the
asymptotic behavior of 1) (r) as 7 — oo. In this limit we can omit 71 in the
denominator of the rhs of (4.57); in the exponent we can write |r — 71| ~
r—ricosf+O (ri/r).! Thus k|r —ri| ~ kr — kry cos6 = kr — ks -1, where
k; is a vector of magnitude % in the direction of r. For large r we can then
write (4.57) as

! The symbol O means “of the order of.”
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mwﬂ: (T‘) N eik:'v‘

T—00

m e:tikr 3 3 ) N )
o /d rid®rg exp (Fiky - 7r1) <r1 ‘T (E) ‘r2>exp (ik - 7r9)
:eik"‘—ﬂﬂ@:k | T'*(E) | k) (4.58)
2nh? 7 f ' '

To obtain (4.58) we have used the relations (r|k) = e*'"/v/2, T' = QT,
and [ d®r|r) (r| = 1. Equation (4.58) shows that the solution 1~ must be
excluded because it produces a physically unacceptable ingoing spherical wave
asymptotically.

The quantity of physical importance is the scattering amplitude f (ks, k),
which is defined by the relation

) ikr
) (1) — const. x |e® T + f (ks k) S (4.59)
Comparing (4.58) with (4.59) we obtain for the scattering amplitude
m
f ks k) = —Wgcf |T"(E) | k) , (4.60)

where E = h*k%/2m = h*k?/2m, i.e., the energy argument of 7' (E) coin-
cides with the eigenenergy of |k) and |ky); this is described in the literature as
T’ being calculated “on the shell.” Thus, the t-matrix in the k-representation
is essentially the scattering amplitude, which is directly related to the differ-
ential cross section, do/dO?

do m? 2
10 = 1= 1o (ks [T (B) [ R) (4.61)

Substituting (4.60) into (4.25) we obtain the following integral equation for
the scattering amplitude f:

Bry V(ks—k
f ks k) = _%V(kf _k)J’/ (27r)13E—h(2k]%/2ml)+isf(kl’k) ; (4.62)

we have taken into account that

h2k? -
G§ (k13 E) = lim (E— 2m1 +is> :

s—0+t

Thus, to the first order in the scattering potential
m
ki k)~ ——=V(ks—k 4.
fks k)~ —5sV (ks — k), (4.63)

where V(q) is the Fourier transform of V(r) [see (4.23)]. Equation (4.63) is
the Born approximation for the scattering amplitude.

2 © is the symbol for the solid angle.
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Equation (4.61) can be derived in an alternative way. The differential cross
section is defined as the probability per unit time for the transition k — ky,
Wi, k, times the number of final states divided by the solid angle, 47, and by
the flux, j = v/£2, of the incoming particle:

do (9]

Substituting Wi, from (4.48) and N(Ey) from (3.26) we obtain (4.61). The
total cross section

do

can be written in view of (4.64), (4.48), and (4.50) as

0 02
o= =Y Wik === 3|k [ TH(E) | k)| 8(Ey - E)
kg kg

_ % (k| T~ (E) | ky) (k| THE) | k) 8 (Ef — E)
kg
= 2T [ | 7 (B) [ ) — (k| T(B) | k)]
= _%Im{@}TWE) |k)} . (4.66)

Taking (4.60) into account we can rewrite (4.66) as

o= %Im{f (k,k)} . (4.67)

Equation (4.67) is the so-called optical theorem, which connects the total cross
section with the forward scattering amplitude.

As was already mentioned, the scattering amplitude f for positive ener-
gies is directly related to an observable quantity of great physical importance,
namely, the differential cross section. The behavior of f, extended for nega-
tive energies, is also of physical significance because the poles of f(E) [which
coincide with the poles of T'(E), as can be seen from (4.60)] give the discrete
eigenenergies of the system. In other words, if the scattering problem has been
solved and f vs. E has been obtained, one only need find the position of the
poles of f in order to find the discrete levels of the system. Of course, these
poles are on the negative F-semiaxis. We should mention also that, frequently,
f vs. E (or TT vs. E) exhibits sharp peaks at certain positive energies. The
states associated with such peaks in f are called resonances; their physical
significance will be discussed in Chap. 6.

An elementary example of the above comments is provided by the case
where V() is an attractive Coulomb potential V (r) = —e?/r. Then the scat-
tering amplitude is [12,19]
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_ —tI'(1 —it) y exp {2itIn [sin (8/2)]}

! I(1+it) 2k sin® (6/2) '

(4.68)

where

k=+2mE/R2, Im{k}>0, (4.69)

m62

t= —— 4.70
iy (4.70)
and 6 is the angle between k and ky. The poles of f occur when the argument
of I'(1—1it) is a nonpositive integer, i.e., when 1—it = —p, wherep = 0,1,2, ..,
i.e., when

it=1+p=nmn; n=123,.... (4.71)

Substituting (4.69) and (4.70) into (4.71) we obtain for the discrete eigenen-
ergies of the attractive Coulomb potential

e‘m 1

Jo
22 n2’

n=12... (4.72)
which is the standard result. If the potential were repulsive, the scattering
amplitude would be given by (4.68) with i replaced by —i. In this case the
argument in the gamma function in the numerator in (4.68) cannot become
a nonpositive integer given (4.69) and (4.70); thus, f has no poles, which
means that there are no discrete levels. This result was expected since the
scattering potential is repulsive.

4.2.2 Bound State in Shallow Potential Wells (E < 0)

Here we assume that

—Vo  for r inside (2 ,

V =
() { 0  for 7 outside {2 , (4.73)

where (g is a finite region in real space and Vj is positive and very small:
Vo — 07. We are interested in finding whether or not a discrete level Ey
appears and how it varies with V. To answer this question, it is enough to
find the position of the pole of G(E), if any, for E in the range [—Vj,0].

The basic equation (4.5) has the following form in the present case:

G(r,r';z) = Go (r,7';2)

—‘/0 dT1G0 (’r,rl;z) GO (rl,r/;z)
20

+‘/02/ d’l"l dT‘QGO (’I",T‘l;Z) GO (T‘l,’l"g;z) GO (T’Q,’I"/;Z)
20 20

I (4.74)
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3-d Case

_ m_exp(—ko|r—ri) 2m |E|
2mh? |'I‘—7‘1| h? ’

[see (3.21)]. In this case G(F) remains finite for E around 0. As a result the
various integrals in (4.74) are finite. Thus for sufficiently small V{ the power
series expansion in (4.74) converges, which means that the difference G — Gy
approaches zero as Vy — 07. This in turn means that G remains finite for
small Vj and F in the range [—Vp, 0] and consequently has no poles in this
range. The conclusion is that in 3-d sufficiently shallow potential wells do not
produce discrete levels; the product mVjy 93/ 3 /h? has to exceed a critical value
before the first discrete level is formed (Problem 4.7s).

Go(r,ri; E) = ko =

2-d Case

m [2m |E
GO(rarl;E):_WKO(k"O lr—ri]) , ko = hl | ?

[see (3.27)]. Since Vy — 07, it follows that |E| — 0" and ko — 0*. Using the
small argument expansion for Ky we obtain

Go(r,ri;E) = —sln(ko|r —mil) + 1 + O (kolr —mi) . (475)

where ¢; is a known constant. Substituting (4.75) into (4.74) and keeping the
leading terms only, we obtain

G(r,r";E) =~ Go (r,r"; E) Z {— Oﬂﬁgm In (ko\/a)}

n=0

_ G(r, 7 E)
1+ Vof2omIn (koﬁ) Jmh2

(4.76)

where {S,,} and S are constants of the order of the extension of the potential
well 2; the exact value of S requires explicit evaluation of integrals of the

type

d*ry - | dPrplnjr — vy xInfry —rof - x In|r, — '] .
20 20

From (4.76) one finds for the pole of G(r,r’; E), Ey the following result:

h? 21 h? h? 1
E S — — = — — 4.
0 Vo—0+ 2msS exp ( mVQ.Qo) 2msS exp ( QO%QO) ’ ( 77)

where go = m/27h? is the unperturbed DOS per unit area [see (3.30)]. The
conclusion is that in the 2-d case a discrete level is always formed no matter
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how shallow the potential well is. This property stems from the fact that
Go(F) blows up as E approaches the band edges F = 0. As was discussed in
Chap. 3, the logarithmic divergence of Go(F) is linked to the discontinuity of
the unperturbed DOS at the band edge. The logarithmic singularity of Go(E)
at E = 0 produces a discrete level that depends on Vj as exp (—1/00Vp$20),
where gg is the discontinuity in the unperturbed DOS per unit area, Vj is
the depth of the potential well, and (2 is its 2-d extent. As we will see in
Chap. 6, this result is valid in all cases where the unperturbed DOS exhibits
a discontinuity at the band edge. The connection of this result with the theory
of superconductivity will be discussed in Chap. 6.

For the particular case of a circular potential well, the problem can be
solved directly from the Schrédinger equation, and the result for the discrete

level is or 12 o h2
T T
E 20 _ 4.78

0 Voj(;Jr e2Y mily exp ( mVy (20> ’ ( )

where 29 = ma? is the area of the circular potential well and v = 0.577...
is Euler’s constant. For other shapes of the potential well (even simple ones
like the square potential well) it becomes extremely complicated to solve the
problem directly from the Schrédinger equation. Thus one can appreciate the
power of the Green’s function approach, which allowed us to obtain (4.77) for
every shape of the 2-d potential well. Note that the shape of the potential
well influences the preexponential factor S in (4.77) but not the dominant
exponential factor.

1-d Case
—2mE
Go (z, 2" E) = —iexp(—ko |z —2'|) ko = mn

h2kg hz
[see (3.31)]. In the limit Vy — 07, Eg — 0~ and ky — 0. Thus G can be

approximated by
/. B m
Go (z, 2, E) o T /——2712 . (4.79)

Substituting in (4.74) we obtain

= n Go Go
G =G —GoVol2)" = = . (4.80
0;( Vo) = TGV 1 — QoVor/—m/2R2E (4.80)
Thus the discrete level, Ey, as given by the pole of G(E), is
__miRV§
Bo= — 50 (4.81)

{29 is the linear extent of the 1-d potential well. In the 1-d case, as in the
2-d case, a potential well, no matter how shallow, always creates a discrete
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level. In contrast to the 2-d case, the level Ej is an analytic function of V52
[Eo ~ —(Vo2)?] as Vo290 — 0. This behavior is a consequence of the square
root singularity of Go(FE) or go(E) at the band edge.

The material of this section will be discussed again in detail in Chap. 6.

4.2.3 The KKR Method for Electronic Calculations in Solids

A widely used method for obtaining the electronic eigenfunctions and eigenen-
ergies in periodic solids was introduced by Korringa, Kohn, and Rostoker
(KKR) and employs Green’s function techniques, namely, (4.28). The un-
perturbed Hamiltonian is Ho = — (h%/2m) V?; the periodic potential, V' (r),
produced by the ions and all the other electrons is treated as the perturbation.
It is assumed that V (r) is of the following form:

V() =3 v(r—Ral) . (482)

n

where the local potential, v (|r — Rnl), around the atom located at the site
R, is assumed to be spherically symmetric and nonzero only inside a sphere
centered at R,, and of radius rg; these spheres do not overlap.

Since there is no external incoming electronic beam, ¢ (r) = 0 in (4.28).
Furthermore, because of the periodicity, the eigenfunction ¢ (r) obeys Bloch’s
theorem (see next chapter):

1 ke (1) (4.83)

where wg (r) is periodic with the same periodicity as V (r), i.e., wg (r) =
wg, (r — Ry). We have then by substituting (4.82) and (4.83) into (4.28):

Vi (r) =
1 ik * ’_ ik -
ﬁ;/dr'Go (r =) v (|7 — Ry|)e® (r'—Rn) ik By (r — R,) ,
or, by replacing 7’ by 0 + R,

n (r) = % > [ deGor ~ o~ Ra)exp (i Ra) vl@)e™ unle)

= /dQGk (r — o) v(e)vk (o) - (4.84)

In the last relation we have defined the lattice unperturbed Green’s function
Gy, (r — 0) as follows:

Gr(r—g) =)» Go(r—e—Rn)exp(ik-Ry) . (4.85)
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The advantage of (4.84) and (4.85) is the separation of lattice information
[which is incorporated for each lattice and each k in G (r — )] from the
local potential, v (@), which varies from material to material.

The solution of (4.84) proceeds as follows: in the interior of each sphere,
r < rp, the solution ¢y, () has the following form (because of the spherical
symmetry):

U (1) = Zc@ngm(H, O R (1) ; r <710, (4.86)
Im
with R20(0+ 1)
2 2m +1

where each ' denotes differentiation with respect to r, and Ry, is regular at
r = 0. Equation (4.87) is solved numerically, and the solution is substituted
into (4.86), which in turn is substituted into (4.84) to obtain vy (r) outside
the sphere (r > 7).

However, because of the continuity of 1 () we must have

lim wk (T) = lim wk (T) y (488)

r—Try r—rq

where the left side of (4.88) is obtained from (4.86,4.87), while the right side
of (4.88) by employing (4.84). To implement (4.88) we employ the identity

/d¢d0 SineGk (TOa 9/7 ¢/7T0a 9, ¢) %¢ (9707 QS)

0=To

_ / A0 sin 04 (ro, 6, 6) %Gk(ro,e’,d,g,e,@ . (4.89)

0=To

where the integration is over the angles 8 and ¢ of g, while both r and ¢ are
equal to rg. The final step is to substitute into (4.89) ¢ (@) from (4.86), to
multiply both sides of (4.89) by Y, (6,¢'), and to integrate over the solid
angle d¢’dé’ sin 6.

We end up with a linear homogeneous system for the unknown coefficient
Ce¢m, Which is solved numerically by truncating it to a finite number of un-
knowns and equations.

4.3 Summary

In this chapter we were interested in finding the eigenvalues and eigenfunctions
of a Hamiltonian H, which can be decomposed as

H="Ho+H:i, (4.1)

where Hg is such that its eigenvalues and eigenfunctions can be easily deter-
mined. This problem was solved by
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1. Calculating Go(z) corresponding to Ho;

2. Expressing G(z) in terms of Go(z) and H;, where G(z) is the Green’s
function associated with H; and

3. Extracting from G(z) information about the eigenvalues and eigenfunc-
tions of H.

Here G(z) is related to Go(z) and H; as follows:

G = Go(2) + Go(2)H1Go(2) + Go(2)H1Go(2)H1Go(z) + - - - (4.5)
= Go(z) + Go(2)H1G(2) (4.6)

Equations (4.6) and (4.7) are inhomogeneous integral equations for G(z). It is
very helpful to introduce an auxiliary quantity, which is called t-matrix and
is given by

T(z) = H1 + H1Go(2)H1 + H1Go(2)H1Go(2)H1 + - - ( )
=Hi + Hi1G(z)H1 ( )
=H1 + H1Go(2)T(2) (4.15)
=Hy + T(2)Go(2)H1 . (4.16)

G(z) can be easily expressed in terms of T'(2):
G(z) = Go(2) + Go(2)T(2)Go(z) . (4.17)

Here T'(z) has the same analytic structures as G(z), i.e., it may have poles
and/or branch cuts on the real z-axis. For E belonging to a branch cut we
define the side limits T*(E) = lim T(E 4 is) as s — 07.

Information about the eigenvalues and eigenfunctions of H are extracted
as follows:

1. The poles of T(z) and G(z) give the discrete eigenenergies of H.

2. The residue of G(z) [or T'(z)] at each pole determines the corresponding
eigenfunction (if it is nondegenerate).

3. The eigenfunction(s) of H associated with E belonging to the continuous
spectrum of H is (are) given by

[vE(E)) = |[¢(E)) + G5 (E)T*(E) |¢(E)) (4.31)
= |¢(E)) + GF(EYH, |p(E)) (4.33)

where ¢(FE) is any eigenfunction of Hy corresponding to the same eigen-
value E. In most physical applications the solution [)~(E)) is excluded
on physical grounds.

4. The discontinuity of G(z) across the branch cut gives the density of states
(times 27), as was discussed before.
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In the time-dependent case the time evolution of the system can be de-
scribed in terms of an infinite series involving go(7) and H;. The main quantity
of physical interest in this case is the probability amplitude for a transition
from the eigenstate (of Ho) |¢n) to the eigenstate |¢,,) as a result of Hy act-
ing during the infinite time interval [—oo, +00]. This probability amplitude is
expressed as the (¢,|, |¢n) matrix element of the so-called S-matrix, which
can be expressed as an infinite series involving go(7) and H;. This series for
the S-matrix can be written as

S=1+ %/ At H! (t)

) 2 [e’) t1
+ (%) / dtyH! (tl)/ dtoaHI (to)
o (4.51)

where
HI(t) = exp (iHot/h) Hy(t) exp (—iHot /h) .

The S-matrix is unitary;
Sts=88T=1. (4.49)

If ‘H; is time independent and F,, and E,, belong to the continuous spectrum
of Hy, one finds that S is related to TF as follows:

<¢m | S | ¢n> = Omp — 2mid (En - Em) <¢m | " (En) | ¢n> ) (446)

where Ho |pn) = E, |én) and Ho |¢om) = En |dm). The probability per unit
time for the transition |¢,) — |¢m) (n # m) is

W, = 2% (G | T (E) | 60)|* 8 (B — En) (4.48)

Knowledge of T'(z) permits us to obtain immediately the scattering amplitude,
f (kyf, k), associated with a time-independent H1; indeed we have
m

f(kfak) = —27Th2

where E = h?k?/2m = hzkac/2m and T'(z) = 27T (z). From the unitarity of S
and (4.46) and (4.60), the optical theorem follows:

(ky |T'H(E) | k), (4.60)

o= %Im{ Fle k) (4.67)

where o is the total cross section. Since f is proportional to 7", it follows that
the poles of scattering amplitude (if any) considered as a function of energy
E give the discrete levels of the system (E should not be restricted to positive
values, but it must be allowed to take negative values as well; this implies
imaginary values for k = ky).

The formalism just outlined is applied to the question of the existence of
a discrete level in very shallow potential wells. It was found that:



74

4 Green’s Functions and Perturbation Theory

In the 3-d case, the product of the square of the linear extent times the
depth of the well® must exceed a critical value for a discrete level to appear.
For the 2-d case, a discrete level at Fy always exists no matter how shallow
the potential well is; Ey is given by

1
00Vo {2y

Ey ~ —exp (— ) , as Vol — 07, (4.77)

where gg is the unperturbed DOS per unit area, Vj is the depth, and (2
is the 2-d extent of the potential well.

For the 1-d case, a discrete level is always present; it is given by
mi2V3
E, — 20 4.81
0 Vo $2¢—0+ 2h2 ( )

where (2 is the linear extent of the well. The characteristic behavior
summarized in steps 1, 2, and 3 above is directly related to the analytic
structure of the unperturbed DOS at the band edge.

Further Reading

e The S-matrix is discussed in some books on quantum mechanics (see,

e.g., [12] pp. 503-512) and in books of field theory (e.g., [14] and [20]).

e Scattering theory is presented in all books on quantum mechanics (see in

particular [16], pp. 379-441 and [12,19], pp. 502-590 and pp. 96-121).

e The problem of a bound state in a shallow potential well is treated in all

books on quantum mechanics for d = 1 and d = 3; the interesting case of
d = 2 is usually ignored.

e The Green’s function perturbation approach for the wave equation can be

found in the book by Sheng [21], pp. 15-26, pp. 51-55, and pp. 58-66.

Problems

3

4.1. Express (4.16) in the r-representation.
4.2. Express (4.27) in the k-representation.
4.3s. Prove (4.50) starting either from (4.46) or from T = H; + H1GH;.

4.4. Prove (4.51).

This product can be expressed in more physical terms as the dimensionless ratio

of the depth, Vi, of the potential well over the kinetic energy, h2/2m(2§/3, that
the particle would have if it were confined entirely within (2.
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4.5. Using the exact result (4.68), calculate the differential cross section for
the Coulomb potential —e?/r. Obtain the same quantity by employing the
Born approximation; how does the latter compare with the exact result?

4.6s. By minimizing the total energy of a particle in a very shallow potential
well, show that d = 2 is the critical dimensionality for the existence of a bound
state.

4.7s. Consider a potential well of depth V; and radius a in 1-, 2-; and 3-d
space. Plot the eigenenergy —Fy (d = 1,2, 3) of the ground state as a function
of the square of the dimensionless variable Vy/ (h?/2ma?). Plot also the decay
length Ly (d = 1,2,3) of the ground state as a function of the square of
Vo/ (R?/2ma?). What are the analytic expressions for Eg and Ly (d = 1,2, 3)
as Vo/ (h2 / 2ma2) tends to infinity or to its critical value for the appearance
of the first bound state?

4.8. Consider the unperturbed wave equation (w2 /c? — Ho) |¢) = 0, where
Ho = —V?, and a time-independent perturbation 7;. Taking into account
that the role of A (Chap. 1) or E (Chap. 3) is played by k% = w?/c?, show
that the transition probability per unit time is given by (Fermi’s golden rule
for the scalar wave equation)

Wik = 75 (g | T+ (K7) | B)*8 (2 — 12) )
kfk wn f f .

Then, following the derivation of (4.66), prove that the total cross section o
is related to the Im {T*} as follows:

o=~ Ztm (k| T () [ K)} @

Furthermore, show that, for a wave equation in 3-d, the differential cross
section is related to the t-matrix by

(kg ) = = (g | T () | R) )

Combining (2) and (3) we obtain (4.67) for the 3-d wave equation as well.

4.9. Prove (4.89) by showing first that
n o,
<E+ %Ve> G (r—0)=38(r—o

and by employing the Schrédinger equation

2m

(—h—Qv‘j, +v(o) — E) Vi(e) =0.
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Green’s Functions
for Tight-Binding Hamiltonians

Summary. We introduce the so-called tight-binding Hamiltonians (TBH), which
have the form
H=D|0ee(t]+ D 1€) Vem (m] ,
£ Lm

where each state |£) is an atomiclike orbital centered at the site £; the sites {£}
form a lattice. Such Hamiltonians are very important in solid-state physics. Here we
calculate the Green’s functions associated with the TBH for various simple lattices.
We also review briefly some applications in solid-state physics.

5.1 Introductory Remarks
In this chapter we examine the Green’s functions associated with a class of

periodic Hamiltonians, i.e., Hamiltonians remaining invariant under a trans-
lation by any vector £, where {€} form a regular lattice in d-dimensional space

d
6= lara, Llo=0,+1,%2, .. (5.1)
a=1
and 7, (a = 1,...,d) are d linear independent vectors forming the basis of

the lattice.
The reasons for considering here periodic Hamiltonians are the following.

1. They produce continuous spectra that possess not only a lower bound, as
in the free-particle case, but an upper bound (or bounds) as well. Thus,
the physics is not only richer but more symmetric and in some sense more
satisfying.

2. They are of central importance for understanding the electronic behavior
of perfect crystalline solids.

3. They provide the basis for understanding the electronic properties of real,
imperfect crystalline solids, since the imperfections can be treated as a per-
turbation H; using techniques developed in Chap. 4.
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4. They are mathematically equivalent to a system of coupled 1-d harmonic
oscillators and, as a result, they describe (by direct generalization to 3-d)
the ionic motions in a crystalline solid. Furthermore, imperfections can be
treated by techniques presented in Chap. 4.

5. The class of simplified periodic Hamiltonians we consider here allows us to
obtain simple closed-form results for certain perturbation problems. Thus
the physics presented in Sect. 4.1 can be better appreciated without the
burden of a complicated algebra. This point will be examined in detail in
the next chapter.

Before we introduce the class of Hamiltonians under consideration, we
remind the reader of some of the basic properties of the eigenfunctions and
eigenvalues of a periodic Hamiltonian [22-30].

The eigenfunctions, which are called Bloch functions, are plane wavelike,
ie.,

Yk (1) = = T () (52)
nk \/ﬁ nk ’ .
where the preexponential u,g (7) is not a constant, as in the genuine plane
waves, but a periodic function of r of the same periodicity as the potential;
the quantum number k determines how much the phase changes when we
propagate by a lattice vector £:

Vot (1 +£) = ® Foh (1) . (5.3)

Note that the quantity k is restricted to a finite region in k-space, called
the first Brillowin zone. The other quantum number n, which is called the
band indez, takes integer values; the presence of n compensates somehow the
restriction of k in the first Brillouin zone. It is worthwhile to stress that
eigenstates of the type (5.2) imply propagation without any resistance similar
(but not identical) to the free-particle case.

Periodicity has more profound and characteristic effects on the energy
spectrum, which consists of continua, called bands, that may or may not over-
lap; there are also energy regions, called gaps, which do not belong to any band
and, as a result, correspond to zero density of states. The boundary points
between bands and gaps are called band edges. The eigenenergies E,, (k) are
continuous functions of k within each band n. The band edges correspond to
absolute minima or maxima of F vs. k for a given n or a set {n} of overlapping
bands.

There are two simple diametrically opposite starting points for obtain-
ing the electronic eigenenergies, E, (k), and the eigenfunctions, ¥k (1), in
crystalline solids.

One, the nearly-free electron (NFE) model, takes the point of view that
in a solid the total effective potential felt by each electron is weak enough to
be treated by perturbation methods (the unperturbed solutions being plane
waves). Developments based on this approach led to the pseudopotential
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method, which was proven to be very fruitful indeed, especially for simple
metals and semiconductors [31-38].

The other approach views the solids as being made up of atoms brought
together from an infinite relative distance. It is then natural (following the
usual practice for molecules) to try to express the unknown electronic wave
functions as linear combinations of atomic orbitals (LCAO). In this chapter
we shall deal with the simpler possible version of this approach by considering
only one atom per primitive crystal cell, only one atomic orbital per atom,
nearest-neighbor coupling only, and orthonormality of the atomic orbitals.
We shall refer to this oversimplified version of the LCAQO as the tight-binding
model (TBM); the atomic orbital associated with the atom located at site £
will be symbolized by

wr—£) =(r|f . (5.4)

For more realistic calculations one needs to take into account several compli-
cating factors:

1. Usually one needs several orbitals per atom, e.g., tetrahedral solids (C,
Si, Ge, etc.) require at least four orbitals per site (one s-like and three
p-like), while transition metals require in addition five d-like orbitals. Fur-
thermore, one may need to employ hybrid atomic orbitals, or modified,
atomiclike orbitals such as Wannier functions (see Appendix E).

2. One may have more than one atom per primitive crystalline cell.

3. The matrix elements between orbitals at different sites may not decay
fast enough so that more than nearest-neighbor matrix elements may be
needed.

4. The atomiclike orbitals at different sites may not be orthogonal to each
other. Indeed, true atomic orbitals are not orthogonal.

Note that there is freedom in choosing the atomiclike orbitals. The Wannier
functions, mentioned before (Appendix E), are one possible choice; it has the
advantage of orthonormality and completeness and the disadvantage of weak
decay (and hence many appreciable matrix elements). One may employ this
freedom in choosing the basis so as to simplify the problem, i.e., to reduce the
number of appreciable matrix elements and facilitate their computation.
The direct calculation of the matrix elements in this atomiclike orbital
basis is in general a very difficult task. To obtain them indirectly one fits the
LCAO results to either alternative calculations (see, e.g., [39]) or to experi-
mental data (see, e.g., [40-42]). Harrison [25,26,43,44] obtained very simple,
general, and more or less acceptable (but not accurate) expressions for the
matrix elements by requiring that the NFE and the LCAO methods produce
consistent results. Slater and Koster [45] were the first to study in detail
the dependence of the off-diagonal matrix elements on the orientation of the
orbitals relative to the vector joining two neighboring atoms. As shown in Har-
rison’s book [25], the LCAO method is a very useful tool for analyzing many
classes of materials such as covalent solids [39,46-52], ionic solids [53], simple
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metals [54], transition metals [55-57], transition-metal compounds [58-61],
the A15 (such as NbsSn) compounds [62,63], high T, oxide superconductors
(such as YBapCuzO7) [64], etc.

5.2 The Tight-Binding Hamiltonian (TBH)

As was mentioned in Sect. 5.1, the basic set of functions within the TBM
consists of orthonormal, identical, atomiclike orbitals, each one centered at the
lattice sites £ = £171 + oo + L3r3 (for d = 3), where each ¢; takes all integer
values; thus (r | £) = w (r — £). The matrix elements of the Hamiltonian within
this subspace are

(| H|m) = eedem + Ve - (5.5)

Following the usual notation we have denoted the diagonal matrix elements
by e¢ and the off-diagonal matrix elements by Vi, (Vee = 0).

The periodicity of the Hamiltonian, i.e., its invariance under translations
by a lattice vector £, implies that

€¢ = €0 for all £, (5.6a)
Vern = Veem - (5.6b)

It should be stressed that the Hamiltonian, which describes a real periodic
solid, has matrix elements outside the subspace spanned by the |£) vectors and
that this subspace is coupled with the rest of the Hilbert space. Nevertheless,
we restrict ourselves to this subspace for the sake of simplicity. The price for
this approximation can be considered reasonable, since many important quali-
tative features are retained in spite of this drastic simplification. Furthermore,
bands arising from atomic orbitals weakly overlapping with their neighbors
(i.e., tightly bound to their atoms) can be described rather accurately by
working within the above-defined subspace or its straightforward generaliza-
tion [22,25,28]. For this reason, the Hamiltonian (5.5), which is confined within
the subspace spanned by {|€)}, where £ runs over all lattice sites, is called the
tight-binding Hamiltonian (TBH) or the tight-binding model (TBM).
The TBH, (5.5), can be written equivalently as

H=> |€)ce(tl+Y 1) Vem(m|,  Vee=0, (5.7)
£ m

where ¢ and Vi, satisfy (5.6a) and (5.6b). We shall also consider the more
general case where the lattice can be divided into two interpenetrating sublat-
tices such that each point of sublattice 1 is surrounded by points belonging to
sublattice 2; the Hamiltonian remains invariant under translation by vectors
of sublattice 1 or sublattice 2. In this case

B { €1 if £ belongs to sublattice 1, (5.8a)
= eo  if £ belongs to sublattice 2 . (5.8b)
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For the sake of simplicity we assume in our explicit results that

Vi — { V, £, m nearest neighbors, (5.9a)
em = 0, otherwise. (5.9b)

This last assumption, although not necessary, simplifies the calculational ef-
fort. The set {|£)} is assumed orthonormal:

(€| m) = Bem - (5.10)
Thus a TBH is characterized by:

1. The lattice structure associated with the points {£}.

2. The values of the diagonal matrix element {e¢}; in the simple periodic
case, where (5.6a) is satisfied, there is only one common value that can be
taken as zero by a proper redefinition of the origin of energy; in the two-
sublattice periodic case, where (5.8) is satisfied, the quantity of physical
significance is the difference e; — €5 > 0.

3. The off-diagonal matrix elements Vp,,, which in the periodic case depend
only on the difference £ — m.

If the simplifying assumption (5.9) is made, there is only one quantity, V,
which, following the usual practice in the literature, can be taken as negative
(for s-like orbitals V is indeed negative; for p- or d-orbitals the sign and
the magnitude of V' depends on the relative orientation of the orbitals with
respect to the direction of the line joining the two neighboring atoms). It must
be pointed out that a negative V', in contrast to a positive V', preserves the
well-known property that as the energy of real eigenfunctions increases so does
the number of their sign alternation. In any case one can obtain the positive
V' Green’s functions from those calculated here by employing the relation

G, m; E+is,{ee},V) = -G, m;—FE —is,{—e¢},-V) . (5.11)

The first term on the rhs of (5.7) describes a particle that can be trapped
around any particular lattice site £ with an eigenenergy ey. The second term
allows the particle to hop from site £ to site m with a transfer matrix element
Vem. The quantum motion associated with the Hamiltonian (5.7) is equivalent
to the wave motion of the coupled pendula shown in Fig. 5.1. This can easily
be seen by writing the time-independent Schrédinger equation H |[¢) = E |1))
as

(Ei — E) ci + Z VL'jCj =0, (5.12)

J

where [¢)) = 3", ¢; |) and (5.7) and (5.10) are used. The equations of motion
of the coupled pendula are

miwf + Z Kij — miwz Us — ijuj =0, (5.13)
J J
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LU

GO~ g g

(c)

Fig. 5.1. One-dimensional coupled pendulum analog of the tight-binding Hamilto-
nian. Only nearest-neighbor couplings are shown (a). In the periodic case examined
in this chapter, all pendula and all nearest-neighbor couplings are identical (b). The
double spacing periodic case is also shown (c)

or
2 1 2 1 /
w; + E E Kij — W Ui — H E kijuj =0, (5.13 )
K2 .. 1 .o
¥ ¥

where u; is the 1-d displacement of the pendulum located at site %, w; is its
eigenfrequency in the absence of coupling, and — 3, ki; (u; — u;) is the force
exercised on the pendulum at the ¢ site as a result of the couplings with all the
other pendula; m; is the mass at 4. The correspondence between the electronic
and the pendulum case is illustrated in Table 5.1.

The simple mechanical system of coupled pendula is very important for
solid-state physics: through the analogies in Table 5.1, it allows us to introduce
the basic features of electronic behavior in crystalline solids and to obtain
a clear physical picture of electronic propagation in periodic media. (Actually
F. Bloch arrived at his famous explanation of almost unimpeded electronic
propagation in crystalline metals by recalling the free propagation of motion
in a periodic 1-d array of coupled pendula.) Furthermore, if we generalize to
3-d displacements, the problem of coupled pendula is reduced to that of the
ionic (or atomic) motion in solids (by setting w; = 0) since each ion (or atom)
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Table 5.1. Analogy between the TBH and a system of coupled pendula

Electronic case Pendulum case

¢;: component of eigenfunction  wu;: displacement of pendulum located at site
at site ¢ 7

—V;;: minus transfer matrix el-  k;;/m;: spring constant coupling pendula at

ement between |¢) and |j) sites ¢ and j over mass m;
E: eigenenergy w?: square of eigenfrequency
€;: site energy wf +1/m; Zj Kij: square of uncoupled eigen-

frequency plus sum of spring constants con-
nected to ¢ over mass m;

is indeed performing small oscillations around its equilibrium position with
the restoring force being equal to — Zj k;j (u; — uj). Thus for the periodic
(m; = mo, w; = wo, and K;; = K;—j) case, the solution of system (5.13') is,
according to (5.3):

uj = u;e'® U= - for each pair 4,7 , (5.14a)

and then 1 1
SR = b o D wos = o D woae (5.14b)

The reader may verify by direct substitution that (5.14a) and (5.14b) satisfy
the system of equations (5.13).

Setting ¢ = 0 in (5.14a), replacing the dummy index j by £, and using the
analogies in Table 5.1, we find for the electronic eigenfunctions and eigenen-
ergies of the TBM:

k)= cell) =co Y e* e (5.15a)
£ £

E(k)=eo+ Y Voee™ £, (5.15b)
£

where the orthonormality of the eigenstates {|k)} imply that ¢o = 1/v/'N.
Equation (5.15a) means that the eigenmodes are propagating waves such
that the amplitude at each site is the same and the phase changes in a regular
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way: ¢g = k- £. To obtain explicit results, we employ the simplifying equation
(5.9) so that (5.15b) becomes

E(k)=eo+VY ek, (5.16)
£

where the summation extends over the sites neighboring the origin. For the
1-d case we have
E(k) =eo+2Vcos(ka), 1-d, (5.17)

where a is the lattice constant. For a 2-d square lattice
E(k) = €0 + 2V [cos(k1a) + cos(kaa)] , 2-d square. (5.18)
For the 3-d simple cubic we have
E(k) = eo+2V [cos(k1a) + cos(kea) + cos(ksa)] , 3-d simple cubic. (5.19)

In Fig. 5.2 we plot E vs. k for the 1-d case; k is restricted within the first
Brillouin zone, which for the 1-d case extends from —m/a to 7/a. The function
E(k) has an absolute maximum (which corresponds to the upper band edge)
for k = w/a or —w/a with a value Epax = €0 + 2|V]; it has an absolute
minimum (which corresponds to a lower band edge) for ¥k = 0 with a value
Enin = €0 — 2|V|. Thus the spectrum is a continuum (a band) extending
from g9 — 2|V| to g9 + 2|V|. The bandwidth is 4 [V|. One can easily show
that cases (5.17) to (5.19) produce a single band extending from ¢ — Z |V to

—7/a E w/a k
€0 -2V
4 &0
go + 2V

Fig. 5.2. E vs. k for the 1-d tight-binding case with nearest-neighbor coupling
V(< 0)). B =2]V| is half the bandwidth
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€0 + Z|V|, where Z is the number of nearest neighbors. The quantity Z |V|,
which is equal to half the bandwidth, is usually symbolized by B. For 2-d and
3-d cases the functions E(k) are presented either by plotting E vs. k as k
varies along chosen directions or by plotting the lines (2-d case) or surfaces
(3-d case) of constant energy (Figs. 5.3-5.5). In all cases k is restricted within
the first Brillouin zone.

For a 1-d periodic model of ionic vibration we obtain from (5.14b) (by
setting wp = 0 and assuming only nearest-neighbor couplings) the following
result:

mow?(k) = 2k [1 — cos(ka)] = 4r sin® (Z—Cl) ) (5.20a)
(k) = 2, [ |sin ( F2 g (5.20b)
= — —_— E— R .
w e l Soal | Pae R Y AliE

where ¢ = mg/a is the average linear density and ka = B,, is the bulk
modulus for the 1-d case. The quantity /By, /¢ is the phase or group sound
velocity for ka < 1. As ka approaches 7, the phase velocity, w/k, and the
group velocity, vy = dw/dk, are different with vy — 0 as ka — .

go+ 6|V| IR
o +2|V| i
S
R
€0 — 2|V|
€0 — 6|V]|
r X R r M X

Fig. 5.3. E vs. k for 3-d simple cubic tight-binding case with nearest-neighbor
coupling V(< 0), as k varies along the straight-line segments of the first Brillouin
zone (1BZ) shown in the insert
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Eo — 4V
g0 +4V
-3
E(k)

Fig. 5.4. Two-dimensional plot of E vs. k according to (5.18) (V' < 0). The first
Brillouin zone (1BZ) is the square —m < kia, k2a < . The contours of equal energy
are also shown within the 1BZ

AN

Fig. 5.5. Surface of constant energy [E (k) = €0 + 1.5V] in k-space for the case
of (5.19). The 1BZ (shown) is the cube —7 < kia, kea, ksa < ; the lines «, 3, v
are intersections of this surface by various planes, and they give the semiclassical
electronic trajectories in the presence of a static magnetic field perpendicular to
each plane
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5.3 Green’s Functions

The Green’s function for the TBH examined in the previous section is
|k) (k|
= B b2 et 21
6= 2 p (5.21)

where |k) is given by (5.15a) and E (k) by (5.16). The matrix elements of
G(z) are

G,m;z) = {£|G(z)|m) = Z%
k
0 ik (£—m)
= ¥ o W o

where the symbol 1BZ denotes that the integration must be restricted within
the first Brillouin zone. In particular, all diagonal matrix elements are equal
to each other and are given by

0 dk
G6.4:2) = g /IBZ AR (5.23)

For large z one can omit E (k) in the denominator of the integrand in (5.23)

so that 1 0
L, L; —_—— dk .
Gtz ZTO)O ZN(QW)d /1BZ

The volume of the first Brillouin zone equals (27)%/§2y, where 2y = 2/N is
the volume of the primitive cell of the lattice. Hence,

G(£tz) — 1 (5.24)

zZ—00 Z
This behavior can be understood if one expresses G (£,4; z) in terms of the

density of states per site o(E)

Gl 2) :/@dza . l/Q(E)dE; (5.25)

z—F z—00 2

but [ o(E)dE = 1 since there is one state per site. Below we give some explicit
results for the various matrix elements of G for several lattices.
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5.3.1 One-Dimensional Lattice

Substituting (5.17) into (5.22) we obtain (taking into account that L/N = a)

- " eika(ﬁfm)
(7m7z)_27T_N/7r/a Z—§O—2VCOS(I€CL)

L7 gy e k 5.26
Tom ), ¢z—£0—2Vcos<b’ ¢ =ka. (526)

To evaluate the integral, we observe first that it depends on the absolute
value |£ — m|. Next we transform it into an integral over the complex variable
w = e'? along the unit circle. Thus we have

wlt—ml
G(¢ 5.27
(£,m; 2) |V|j{ w2 + 20w+ 1" (5:27)
where
x:z‘TEO, B=2|V|. (5.28)

The two roots of w? + 2xw + 1 = 0 are given by

on=-z+vVz2-1, (5.29a)
02 =—x—Va?—-1, (5.29b)

where by vz2 — 1 we denote the square root whose imaginary part has the
same sign as Im {z}. (For real x one has to follow a limiting procedure.) It
follows that p102 = 1. One can show that |p1] < 1 and |g2| > 1 unless z
is real and satisfies the relation —1 < x < 1. In the latter case both roots
lie on the unit circle, and the integral (5.27) is not well defined. Hence, this
condition gives the continuous spectrum of H which lies in the real F-axis
between g — 2 [V| and ¢ + 2 |V|. For z not coinciding with this singular line,
we obtain for G(£,m; z) by the method of residues

1 {— 1 —m
at—ml _ A 5a0)

G(,m;z
( )= |V| 01— 02 (2_80)2_32

where o7 is given by (5.29a). For z coinciding with the spectrum we have

1 L—m
GE(t,m; E) = il (—xj:i\/l —x2)| . (5.31)

B2 — (E —&)*

whereeg — B < E <¢p+ B, z = (E—¢()/B and the symbol v/1 — 22 denotes
the positive square root.
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The density of states per site is given by
(B —|E —<ol)
/B2 — (E — &0)*

o(E) = :F%Im {GE(t,6E)} = (5.32)

In Fig. 5.6 we plot the real and the imaginary part of the diagonal matrix
element G(¢,¢; E) vs. E Notice the square root singularities at both band
edges. As was mentioned in Chap. 3, this behavior is characteristic of one-
dimensionality. Note that the off-diagonal matrix elements G(¢,m; z) decay
exponentially with the distance |¢ —m| when z does not coincide with the
spectrum. On the other hand, when z belongs to the spectrum, |o1| = 1, and
the matrix elements G(¢, m; z) do not decay with the distance [¢ — m)|.

Fig. 5.6. The diagonal matrix element G* (¢, £; E) vs. E for the 1-d lattice. B = 2|V/|
is half the bandwidth

5.3.2 Square Lattice

For the square lattice we have, by substituting (5.18) into (5.23),
ik * (L—m)

O 2 &
G (&m;2) = (2m)2 /1}3Zd kz — g0 — 2V [cos (k1a) + cos (kea)] (5.33)

k- (Z—m) :a[kil (51 —m1)+/<:2 (52 —mg)] . (534)
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Here ¢4, {2, m1, and mo are integers, a is the lattice constant; in the present
case, the first Brillouin zone is the square

—m/a<k <w/a, —-m/a<k:s<m/a.
Thus (5.33) can be rewritten as

G (L,m;2)
o 1 i 4 exp [1¢1 (51 - ml) + igbg (52 — m2>]
- —(2 ;[ o

o dos — g0 — 2V (cos ¢1 + cos ¢2)

1 cos gbl my )] cos [pa (l2 — ma)]
= ) o e ey ()

%/ d¢1/ oy {cos —my + {3 —mg) ¢1]

o — 4V cos ¢1 cos pa

X COS [(51 —mq — ¥y + mg) ¢2]} . (535b)

For a derivation of the last expression see [65]. By taking matrix elements of
the operator equation, (2 — H)G = 1, one obtains recurrence relations that
allow one to express the arbitrary matrix element G (€, m; z) in terms of the
matrix elements G (£, m; z) with £; —my = ¢3 —mg [65] [see also (5.47) below].
Furthermore, the matrix elements G (€, m; z) with ¢; —my = f2 — mq can be
expressed by recurrence relations in terms of the diagonal matrix element
G (£,2;z) and the matrix element G (€, m;z) with {1 — my = lo — mg = 1,
which will be denoted by G(1; z) [65] (see also Problem 5.3). For the diagonal
matrix element G (£, £; z) we have

[ !
4z)=— [ dpi— [ d
G( s 7Z) 1t 177 (bl 2 /77‘_ (b?z — €0 +BCOS¢1 COS¢2

1 (7 1
T ) :
- \/(z —¢0)” — B?cos? ¢
1 T d
= / 4 , (5.36)
7 (2 —€0) Jo 1—A2cos? ¢
where B
A= ; B=4|V], (5.37)
zZ—&o
hence 5

where K is the complete elliptic integral of the first kind. In a similar way, by
performing the integration over ¢, we obtain from (5.35b)
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cos (2¢1)
\/(z —£0)® — B2 cos? ¢y

-2 K% _ 1) KO\ — %5@)} . (5.39D)

where £(A) is the complete elliptic integral of the second kind.

For z = E +1is, s — 0% and E within the band, one may use the analytic
continuation of () and () [1] to obtain explicit expressions for G* (€, £; E)
and G*(1; 2); e.g., for G* (£, £; E) we have

(5.39a)

G(hz)zlfﬂdm
™ Jo
2

2 B
G(K,K,E)_W(E_go)IC<E_€O>, |E —eo| >4|V| =B,
+ 2 E—Eo
RQ{G (f,f,E)}z—%/C B y —B<E_EO<0,
2 E —
Re{Gi (E,E,E)} = —B]C( B50> y O<£?—€0<B7
T
2
Im{Gi(f,f;E)}:$—ﬂBlC . |E—¢go| < B. (5.40)

The density of states per site is given by

o(E) = :F%Im {Gi (£, ¢; E)}

2

These functions are plotted in Fig. 5.7. Note that the DOS exhibits at both
band edges a discontinuity that produces the logarithmic singularities of the
Re{G} at the band edges. As was discussed before, this behavior is char-
acteristic of the two-dimensionality of the system. Note also the singularity
at the interior of the band (at E = &g); the Re {G*} is discontinuous there
and Im {G*} has a logarithmic singularity. The singularities of G* within the
band are associated with saddle points in the function E(k). A minimum num-
ber of such saddle points exists and depends on the number of independent
variables ki, ..., kq [66,67] (see Problem 5.8 at the end of this chapter).

As was mentioned before, recurrence relations allow one to express all
G (€,m;z) in terms of G(0;2) = G(£,¥£; z), (5.38), and G(1;2), (5.39). These
recurrence relations develop numerical instabilities for |E —eg| > B, espe-
cially along the direction of the x- and y-axes. The reason is that the recur-
rence relations are satisfied not only by the Green’s functions, which decay to
zero as [ —m| — oo, but by an independent set as well, which blows up as
|€ — m| — oo. Because of numerical errors, a very small component of this di-
vergent set is present in G(0; z) and G(1; z) and magnified as |€ — m| increases,
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Fig. 5.7. Diagonal matrix elements GF (£,€; E) vs. E for the 2-d square lattice.
B = 4]|V] is half the bandwidth

until it eventually dominates the solution. To avoid this difficulty, one has to
use asymptotic expansions of G(m,0;z), which are valid for |m| > Ry [see
(5.42) below] and which can be obtained using the method of stationary phase
in evaluating the integral for G(m,0;z) [68]. See also the solution of Prob-
lem 5.2s, equation (15). Setting ko - R = koram + koeama = ¢o1mi + ¢oama,

R = |m|a, |m| = /m?} +m3, and

J A B , (5.42)

Lt expllimda 1 Mmafor)] , (5.43)
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where the upper (lower) sign corresponds to E > ¢¢ (E < €g), m; and ms are
the cartesian components of m, and ¢g; and ¢z are solutions of the following
relations:

(g0 — E) /2|V] = cos ¢o1 + cos doz , (5.44)
mo sin ¢01 = ma sin ¢02 5 (545)
my singg; > 0. (5.46)

It follows from (5.42)—(5.46) that the length Ry (in units of the lattice spacing

a) depends on the direction mj/mg as well as the energy E. In particular, as

we approach the singular points E = g and E = ¢¢+ B, the quantity Ry — oco.
In the limit E — eq, cos ¢o1 — — €0s (o2, sin® ¢g1 — sin? o2, and thus

2V

\/§‘Sin¢01‘ oo
E—Eo

R
0 1+ cos? ¢o1

as E —ep. (5.42")

Ry being infinite implies that G(m,0; F) does not decay as |m| — oo when
E = &p. Indeed, by using the defining equation (E — H)G = 1, or more
explicitly

(E—20)G(m,0;E) = > (m|H|£) (£|G|0) =8myo (5.47)
£+m
we find in the limit £ = ¢¢ that

—1)m —1)mi+1
Gi(m,O;E):( 4‘)/ :( 4)|V , m1 —mo = odd ,

when the difference m; — ms is an odd integer. In the case where m; — mo is
an even integer, all G (m, 0; E) blow up as E — £¢. We can show that, to the
leading order in £ — ¢y — 0, we have

G(m,0;F) ~ (—1)™G(0,0; E) , mj — my = even.

To prove this last relation, show first that the difference 8G (m,0;F) =
G(m,0; E) — (—1)™G(0,0; E) is finite in the limit £ — eo; then use the
recursion relation (5.47).

In the limit E — o — B, the quantity Ry — /|V|/|E — o + B| — oc.
Hence G (m,0; E) does not decay as E — ¢9 — B since R — oo; furthermore,
all G (m,0; E') blow up in the limit £ — £y — B. In the same limit, the differ-
ences 0G (m,0; E) = G (m,0; E) — G(0; E) are finite numbers [69] that obey
the same recurrence relations as the Gs; the starting values for 8G (m,0; E)
with m; = mgy are 8G(0; E) = 0 and 8G(1; E) = —1/(w |V]). Using these val-
ues and the recurrence relations obtained by Morita [65] or by solving Prob-
lem 5.3, we obtain first 8G (m,0; F) for m; = mqy and then, by employing
(5.47), we can calculate the Green’s function elements for my # mo. However,
these recurrence relations may eventually develop numerical instabilities.
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For FE outside the band, the quantities ¢; and ¢2 in (5.43) become imag-
inary, and consequently G (m,0; E) decays exponentially with the distance
|m|. In particular, for E =g — B —0F, 0F > 0, and 8E/B < 1, one obtains
for large |m)|

exp (— |m| \/SETIV])

2|V|G (m,0;e0 — B—8E) = — Y
var (jml* 55/ |V])

(5.48)

Similar relations appear at the upper band edge E = ¢y + B. Several other
2-d lattices have been studied. Thus, Horiguchi [70] has expressed Green’s
functions for the triangular and honeycomb lattices in terms of the complete
elliptic integrals of the first and second kind. Horiguchi and Chen [71] ob-
tained the Green’s function for the diced lattice. For all these lattices, the
DOS exhibits the characteristic discontinuity at the band edges and Re {G}
has a logarithmic singularity. There are singular points within the band where
the Re {G} exhibits a discontinuity and the DOS has a logarithmic singularity.

If we are not interested in quantitative details, we can approximate the
Green’s functions for 2-d lattices by a simple function that retains the correct
analytic behavior near the band edges and that gives one state per site. This
simple approximation is

1 z—¢eo+ B
G(E,E,z)—2B hl(z—so—B) , (5.49)
which gives the following DOS:
1
o(E) = 550 (B~ |E — <o) - (5.50)

We must stress that the simple expression (5.49) does not correspond to a real
2-d lattice and that it does not possess any Van Hove singularity in the interior
of the band. In Fig. 5.8 we plot G(£,£; E) as given by (5.49) vs. E.

5.3.3 Simple Cubic Lattice
The first Brillouin zone for the simple cubic lattice is the cube
—n/a<k <7m/a, —-wla<ks<m/a, —m/a<ks<w/a,

where a is the lattice constant. Substituting (5.19) into (5.22) and introducing
the variables ¢; = k;a (i = 1,2,3) we obtain

G(,m;z) = /_ﬂdél/_ﬂd@ _ﬂd¢3

y cos[(€1 —my) ¢1 + (b2 — ma) P2 + (€3 — m3) P3]
z — o — 2V (cos ¢1 + cos ¢a + cos ¢3)

.(5.51)
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0.5 —
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FBIm {GF} ————-
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Fig. 5.8. Plot of Re{G*} and F¥Im{G*} vs. E for approximate expression
G, 4;z) =In[(z —eo+ B) / (z — €0 — B)] /2B, where B = 4|V| is half the band-
width. Compare with the exact expression for the square lattice (Fig. 5.7)

In particular, the diagonal matrix element G(£, £; z) is

1 T T ™
G (E, é, Z) = -(57}55 /;ﬂ. d(,bl . d¢2 . d¢3
Ko RN L (5.52)

2z —gg — 2V (cos ¢y + cos ¢a + cos p3)

the integration over ¢o and ¢3 in (5.52) can be done as in the square lattice
case yielding t/(t)/27V, where

P | A : 5.53
z—¢e9—2Vcosgy (5.53)
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thus ) .
G 2) = 5o /O g tKC(L) . (5.54)

The last integral can be calculated numerically [72]. Re{G* (£,£; E)} and
FIm {G* (¢,£; E)} for real E are plotted in Fig. 5.9. The behavior is typical
for a 3-d system: near both band edges, the DOS, —Im {G*} /7, approaches
zero continuously as y/|AE|, where |AFE| is the difference of E and the corre-
sponding band edge. Re {G} remains finite around the band edges, although
its derivative with respect to E blows up as we approach the band edges from
outside the band. Within the band are two Van Hove singularities, where both
Im {G} and Re{G} are continuous while their derivatives are discontinuous
and blow up sidewise (however, see point 4 in Problem 5.8).

Y,

Fig. 5.9. Diagonal matrix elements G (£,£; E) vs. E for simple cubic lattice. B =
6|V is half the bandwidth
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When [£ —m| is along an axis (e.g., the x-axis), one can perform the
integration over ¢o and ¢3 in (5.51) as in the square lattice, yielding again
tiC(t)/27V; thus

G (fl — mq, 0, 0; Z) = ﬁ / d¢1 COS [(61 - ml) (;51} th(t) . (555)
0

Details concerning the evaluation of integral (5.55) are given in [73]; in the
same reference some recurrence relations!' are obtained that allow the com-
putation of G (£,m; z) for small [£ — m| in terms of G (¢; —m1,0,0;2). Us-
ing these techniques, Table 5.2 at the end of this chapter was constructed.
Joyce [74] was able to prove that G (£,£;z) can be expressed as a product
of two complete elliptic integrals of the first kind. Morita [75] obtained re-
currence relations for the simple cubic lattice that allow the evaluation of all
G (£,m) in terms of G(0,0,0) = G (£, £), G(2,0,0), and G(3,0,0). The last
two Green’s functions were expressed by Horiguchi and Morita [76] in closed
forms in terms of complete elliptic integrals. The reader is also referred to the
papers by Austen and Loly [77], by Hioe [78], by Rashid [79], by Inawashiro
et al. [80], by Katsura et al. [81], and by Joyce [82]. Asymptotic expansions
valid for large values of [€ — m| were obtained [68]; within the band G (€, m)
decays slowly as [€ — m|™"; outside the band it decays exponentially (Prob-
lem 5.4.)

The Green’s functions for other 3-d lattices, such as face- and body-
centered cubic, have been calculated [72,75,77-79, 83-88]. Note that the
Green’s functions for the fcc and bcce lattices blow up at the upper band
edge and in the interior of the band, respectively [72] (Problem 5.5s). This
behavior is atypical for a 3-d system. A small perturbation such as the inclu-
sion of second-nearest-neighbor transfer matrix elements will eliminate these
pathological infinities.

In many cases where quantitative details are not important, it is very useful
to have a simple approximate expression (for G) that can be considered as
typical for a 3-d lattice. Such an expression must exhibit the correct analytic
behavior near the band edges and must give one state per site. Such a simple
expression, widely used and known as the Hubbard Green’s function, is the

following:
2

Z—e’:‘o—|—\/(25—60)2—B2

where the sign of Im { (z—e0)? — Bz} is the same as the sign of Im {z}. The

G2 z) = (5.56)

DOS corresponding to (5.56) is of a semicircular form: the real and imaginary
parts of G as given by (5.56) are shown in Fig. 5.10. Note that the simple
approximation (5.56) does not reproduce any Van Hove singularity within the
band.
! There is a typographical error in (3.8) and (3.9) of [73]: Gsc(t;1,0,0) must be
multiplied by 3 instead of 2.
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Fig. 5.10. Re{G*} and FIm{G*} vs. E for approximate 3-d G (£, £;z) =

the exact G (£, £; z) for the simple cubic lattice (Fig. 5.9)

5.3.4 Green’s Functions for Bethe Lattices (Cayley Trees)

Bethe lattices or Cayley trees are lattices which have no closed loops and
are completely characterized by the number of nearest neighbors Z or the
connectivity K = Z — 1. In Fig. 5.11 we show a portion of a Bethe lattice for
K =2 (Z = 3). The 1-d lattice is a Cayley tree with K =1 (Z = 2).

Calculation of Green’s functions in Bethe lattices can be performed
by using the renormalized perturbation expansion (RPE) as explained in
Appendix F.

For the double spacing periodic case shown in Fig. 5.11 (with 1 > &),
the result for G (¢,¢; z) is (Appendix F)

2K (2 —
G(é,lf;z)ZGl(Z)E"-g%fg)-, Ee=¢1,
2K (2 —
Go(2) = -__%-fl). . =g, (5.57)

+ (K+1)V(z—¢c1)(z—e2)[(z—¢1) (z —e2) —4KV?] | (5.58)

where the sign of the imaginary part of the square root in (5.58) is the
same as the sign of Im {(z — €1)(z — £2) }. For the off-diagonal matrix element
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Fig. 5.11. Part of a Bethe lattice (Cayley tree) with Z = 3 nearest neighbors. The
site energies {e¢} are arranged in an alternating periodic manner

G(¢,m; z) we have (Appendix F)

G(t,m) = G(L, VI A[G(e+ 1,0+ 1[4/
x[G(L, e + 1])) =172 (5.500)

when |m — ¢| even,

G(t,m) = G, OV HU[G(e+ 1,0+ 1[¢)))Im=D/2
X [G (L, ¢ + 1]))(Im—=t1=1)/2 (5.59h)

when |m — ¢| odd, and

K+1
GU+1,041[:2) = i . (5.60)
z—em1+ K[GU+1,041;2))
K41

z—e+ K[GU, 0;2) "

G L+ 1];2) = (5.61)
As can be seen from (5.58), the spectrum consists of two subbands, the lower
one extending from (1 +£2)/2 — /(g1 — £2)2/4 + 4KV? to €5 and the upper
one from €1 to (g1 +£2)/2 + /(g1 — £2)2/4 + 4K V2. There is a gap from &3
to £1. The DOS at sites with £1(e2) is 01 (02), where

0i(E) = —%Im {GHE)}; i=1,2. (5.62)

A plot of G1(z) is shown in Fig. 5.12. Note the analytic behavior at the band
edges, which is typical 3-d except at one of the interior band edges, where
a square root divergence appears.

The double spacing periodic case in a Cayley tree describes the basic qual-
itative features of ionic crystals such as NaCl and CsCl. Indeed, in these mate-
rials, the lower subband is fully occupied by electrons while the upper subband
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FBIm{G*t! ————-
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Fig. 5.12. Re {G*(£,0)} and FIm {G*(¢,¢)} vs. E for a Bethe lattice with four
nearest neighbors (K = 3); Eoton = €1, Ertant1 = €2, where n integer and €1 > €9;
g0 = (e1 + &2) /2, B =2V KV? and the difference £; —ée2 has been taken equal to B.
Re{G*({+ 1,0+ LE)} = —Re{GF((,4;—E +2¢0)}; Im{GF(¢+ 1,0+ 1 E)} =
Im {G*(¢, 6, —E + 2e0) }

is completely empty. Any electronic excitation has to overcome the gap width,
Eg, in order to take place. Thus E, plays an important role in optical absorp-
tion, photoconductivity, electronic polarizability, lattice vibrations, etc. Our
simple model gives F, as being equal to €1 — 2. If we make the approxi-
mation that 1 and €2 are equal to the corresponding atomic levels, we find
E, = 14.52¢V for LiF (the experimental value is 13.6eV), E, = 8.83¢V for
NaCl (the experimental value is 8.5¢eV), and E, = 7.6 eV for CsI (the experi-
mental value is 6.2eV). The subband widths, W, in the large-gap case, where
E, > 4VK |V|, are given by W ~ 4KV?/E, = B2/E,, where B = WKV
is half the bandwidth in the case where €1 = €2. (In Fig. 5.12 we have taken
€1 = —e2 = B/2 so that E; = B and the width of the subbands is 0.6185.)
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The simple periodic case is obtained by setting €; = €5 = £g9. We then
have

2K
(K = 1) (z — 20) + (K + 1)1/ (2 — £0)° — 4K V?

Gl tz)= , (5.63)

where the sign of the imaginary part of the square root is the same as the
sign of Im {z}. We obtain thus a single band centered around e¢ with a half
bandwidth B = 2|V|vK. Note that (5.63) reduces to the Hubbard Green’s
function in the limit K — oo with B = 2|V|V/K remaining constant. For
the quantity G(¢, £[¢ + 1]) we have when €1 = g2 = £¢:
G, 00+ 1)) = 2 . (5.64)
(z—e0) + \/(z —0)’ —4KV?

Hence the off-diagonal matrix elements are
2K
(K —1) (2 — o) + (K +1)y/ (= — 0)* — 4K V2

[€=m]|

G(t,m) =

y 2V . (5.65)

(z — o) + \/(z —0)’ —4KV?

For K = 1 the Bethe lattice is identical to the 1-d lattice, and consequently
(5.65) reduces to (5.30) when K = 1. Similarly, (5.57), (5.59a), and (5.59b)
give the double spacing periodic 1-d results when K = 1.

Note that the Green’s functions for Bethe lattices have several applications
in solid-state physics, especially for analyzing amorphous solids [89-92] by
the method of “cluster—Bethe-lattice.” For a review the reader is referred to
a paper by Thorpe [93].

5.4 Summary

In this chapter we introduced the tight-binding Hamiltonian (TBH)

H=> [0ce{t|+> [ Vem (m|, Vee=0, (5.7)
£ m

where each state |£) is an atomiclike orbital centered at site £ and (£ | n) = &y,
The {£} sites form a regular lattice. The quantity e¢ is the energy of an
electron located at site £ in the absence of Vp,,. The quantity Vg, is the
matrix element for transferring an electron from site £ to site m. The electronic
motion governed by the TBH (5.7) is mathematically equivalent to the motion
of a coupled set of 1-d pendula (Table 5.1).
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We examined the case of a periodic TBH with the same period as the
lattice. This periodicity implies that

g0 = € for all £, (5.6a)
Vern = Ve, - (5.6b)

The eigenfunctions and eigenvalues of the periodic TBH are of the following
form:

\/_Zelk ¢g) (5.15a)

=0+ Voee* £, (5.15b)
£

where k is restricted to a finite region called the first Brillouin zone. Using
the general formula G(z) = >, (|k) (k|)/ [z — E(k)] together with (5.15a)
and (5.15b), we can calculate G(z). In the case where

Voo — V, £, m nearest neighbors , (5.9a)
em 0, otherwise, (5.9b)

we obtain explicit expressions for G(z) for various lattices such as the 1-d
lattice, the 2-d square, the 3-d simple cubic, and the Bethe lattice (Figs. 5.6,
5.7, 5.9, and 5.12). The analytic behavior of these Green’s functions near the
band edges depends in general on the dimensionality as in the free-particle
case (although exceptions do exist; see Problem 5.5s).

Finally, we discussed briefly the applications of the TBH [or the linear com-
bination of atomic orbitals (LCAQO) method] to the problem of the electronic
structure of solids.

Further Reading

Several textbooks present the subject of solid-state physics at the introductory
level, such as those by Kittel [22] and Ibach and Liith [23], and to a more
advanced level such as the books by Ashcroft and Mermin [28], Marder [30],
and Harrison [25].

Problems

5.1s. Prove that |ga| > |o1| unless —1 < & < 1, where g1 and g2 are given by
(5.29).

5.2s. Using (5.43)—(5.46) prove (5.42).
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5.3. Define the functions
cos(nz)

)
1—k2cos?x

G, (K*) = /Tr dz cos(nz)v/1 — k2 cos? x . (2)

E, (k)= [ dz
0

0
Show that
k2 k2 k2
6o () =~ Fa 9+ (1-5) P09 - S Ra (). @
Show also by partial integration of (2) that
k2
G () =~ 1y () — Fus (82)] )

Comparing (3) and (4) obtain a recurrence relation of F, 4o in terms of F,
and Fj,_s. Use this recurrence relation to obtain a recurrence relation for
G (m,0; E) when my = mo.

5.4. Following the procedures of Problem 5.2s, prove that the asymptotic
expansion of (5.51) for large values of [£ — m/| are given by

=1 exp(iko- R)
~ArV] (R/a)
x\/ sin? ¢1 + sin? ¢ + sin? ¢3

sin? ¢ cos ¢a cos ¢z + sin? ¢ cos Pz cos @1 + sin? @3 cos @1 cos do

G (R)

5.5s. Find the FE vs. k for the body-centered cubic (bcc) and the face-centered
cubic (fce) lattices within the framework of the Hamiltonian (5.7). Then de-
termine the energies where the DOS blows up.

5.6. To describe qualitatively elemental semiconductors we can consider the
simplest possible model, i.e., a 1-d TBM with two atomiclike orbitals per site
(one s and one p along the direction of the chain). For the diagonal matrix
elements of the Hamiltonian we shall choose the values appropriate for Si
(es = —14.79eV and €, = —7.58 V). For the off-diagonal matrix elements we
shall make the following choices (see [25]):

h? 7.61

(n.s|H|n+1s) = Vo= ~132— = ~1.32- 7 eV S _1.82eV,
h2 7.61 Si
(n,s|H|n+1,p)=—(np|H[n+1,s)
K2 7.61 Si

where d is the bond length (in the last expressions d is in A). For Si d = 2.35 A.
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Show that:

1. For each k there are now two solutions, FE(k), given by setting the deter-
minant D equal to zero:

E —e,—2Vacos(kd)  —2iVy sin(kd)

D 2iVy’ sin(kd) E — ¢, — 2Vj cos(kd)

~0. (2)

2. For d very large, two bands are formed around e, and ¢, of widths 4 |V53]
and 4V;, respectively. The gap is By = ¢, — e, — 2 (V5 + |V2]).

3. For d = dg;, two bands are formed around e;, — Vo, | and e, +|Vap| of width
£p—€s+1.8h% /md? for the upper and lower band, respectively, where €}, =
(es +ep) /2, Van = —5 (|Va| + V3 +2V3’). So the gap is approximately
equal to 2|Vap| — (ep — €5). Substituting the values for Si we find E, ~
1.59 eV, to be compared with the experimental value of F, = 1.16¢eV.

4. Interpret the results in item 3 above by changing the basis from |s) and |p)
to the atomic hybrids |x1) = \/Li (Is) + |p)) and |x2) = \/Li (Is) — |p)) and
then to the bonding, |1y, ) = \/Li (Ix1,n) + |X2,n+1)), and the antibonding,

[Van) = \/Li (IX1,n) — |X2,n+1)), orbitals. By appropriate approximation,
the two sets {|1pn)} and {|tben)} are decoupled.

5. Plot the four band edges of the two bands as a function of d (2A < d < o)
by employing the solutions of (2). Are there values of d where the gap
disappears?

5.7s. Starting from (F.10)—(F.13) prove (5.60) and (5.61).

5.8. The states of a quantum particle moving in a periodic potential are char-
acterized by the crystal wavevector k and the band index n. In what follows
we shall not display explicitly the band index. (In the TBM we considered in
this chapter there is only one band).

Prove that the density of states (DOS) exhibits a singularity, as shown in
Fig. 5.13, near an energy Ej such that Vi E (k) = 0 for an isolated point,
k = ky, satisfying the relation Ey = E (ko).

The quantities A; are defined by the relations A; = §*F (k) /0k? for k =
kq; the components ¢ are along the principal axes, which by definition satisfy
the relations 0*F (k) /0k;0k; = 0 for i # j.

Hints:

1. It is better and easier to work first with the quantity R (E, Ey) represent-
ing the number of states whose eigenenergies fall between F and Eg. Then
the DOS is obtained by taking the derivative

_ dR (Ea EO)

o(E) &

as E — Ey . (1)

The number of states, R (E, Ey), per primitive cell (and per band) is given
by the general formula
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i A>0 i A<0
1-d & j
E, E E, E

AGAS0 " ALA<O | A A <0
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A<O

E E E E

0

Fig. 5.13. Behavior of DOS near an isolated energy Ey corresponding to an ex-
tremum or a saddle point of F(k) for 1-d, 2-d, and 3-d systems

2

R(E, Ey) = Wﬂk ; (2)
where d is the dimensionality of space (d=1,2,3), {2y the “volume” of
the primitive cell (a, a?, a® for d = 1,2,3 and for the examples we have
considered), and (2 the extent (volume, area, length for d = 3,2, 1, re-
spectively) of the region in k-space whose points satisfy the inequalities
Ey < E (k) < E. Notice that the total number of states in the whole first
Brillouin zone is exactly one (per band).

2. Consider the E(k) vs. k in the 1-d case as shown schematically in the
figure below. When E is below the local minimum F,,, there is only one
k point such that E = E(k), and consequently R(E + 0F, E) = o(E)dF
is, according to (2), (a/27)dk. Thus

a 1

Q(E):%ma E<E,, (3)

where the derivative is computed at point k such that E(k) = E. If E' is
between E,, and Fjs, then there are three k points such that E (k;) = E
and the DOS is equal to (a/2m) 2?21 |dE/dk|;1. For E higher but close
to En, R(E, Ep) = (a/27) [k1 + ks — k2]. But around k,,, we can write

1
E:Em+§A(ki—km)2, i=23, E—E". (4)
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E(k)

Em

Fig. 5.14. Example of E vs. k for 1-d system

Thus k3 — km = km — k2 = /2(E — E,,) /A. Substituting in R (E, E,,)

and differentiating with respect to E we find

a | 51
— — E — Ef
o <|dE/dk1 Ty A\/iE—Em> : m o

o(E) = L
2 BT, E—E;. (5
In a similar way show that
%m : E—Ef, |
o(E) = a 1 2 _
o (dE/dk|3 VAE B ) o BBy (6)

3. In two dimensions we have for E close to Ey, such that F (ko) = Ey, and
ViE(k) =0 for k = kg, where kg is an isolated point:

1 1
F=F (k}) = Eo + §Ax (kw — kwo)z + §Ay (ky - kyO)Q ) (7)

where z and y are the principal axes.

If both A, > 0 and A, > 0, then ko corresponds to a local minimum;

if both A, < 0 and A, < 0, then ko corresponds to a local maximum;

finally, if A, A, <0, then ko is a saddle point.

Show that:

(a) If Az, Ay > 0, then for E just above Ey an extra SR(E, Ey) is added
corresponding to an ellipse in k-space of area proportional to 0F =
E — FEy. Thus a discontinuity in the DOS would result in the form
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2
) _ o 1
Q(EO) Q(EO)_QT"\/M. (8)
(b) If A,, A, <0, then we find a similar expression
2
(B )=
0 (EO ) 0 (EO ) 7 \/m : (9)

(c) If Az A, < 0, then the area in k space corresponding to R (+E F Ejy) is
between the two straight lines k, — ko, = £1/—A4 /Ay (ky — kzo) and
the hyperbola 2 (E — Ey) = A, (ke — kzo)® + Ay (ky — kyo)?, where
E — Ey is either positive or negative. The corresponding area in k-

space is
2
Q) = ———=|F — Ey| |In|E — Ey|| + O(|E — Eyl) .
8 i | of [In| ol| (1 of)
Hence
(E) i 2 m|E—Ey|| as E—B (10)
= ——— (1IN — — .
¢ 2m)? /4,4, 0 0

4. Following a similar approach in three dimensions show that

(13 E—EO

+\/§7r2“A$AyAz + const. as E — Eg: , (11a)
(13 E—EO

_\/§7r2”AszAz +const. as E— Ef, (11b)

where (11a) is for Fy being an extremum (either minimum or maximum)
while (11b) is for Ey being a saddle point of E (k).

Note that if Vi E (k) is zero along a line, then the 2-d singularity is as in
1-d. Similarly, if Vi E (k) is zero along a line in 3-d, then the singularities
are as in the 2-d case, and if Vi E (k) = 0 in a surface in 3-d, then the
singularities are as in the 1-d case.

Apply (11a) and (11b) to sketch the shape of the DOS for the case of
E(k) = eo + 2V [cos(kya) + cos(kya) + cos(k.a)].

o(E) —

5.9. Using (5.47) prove that G(1;z) = B~! — G(I,1; z) /. Then show (5.39b).
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6

Single Impurity Scattering

Summary. In this chapter we examine (using techniques developed in Chap. 4)
a model tight-binding Hamiltonian describing the problem of a substitutional impu-
rity in a perfect periodic lattice. We obtain explicit results for bound and scattering
states. Certain important applications, such as gap levels in solids, Cooper pairs in
superconductivity, resonance and bound states producing the Kondo effect, and
impurity lattice vibrations, are presented.

6.1 Formalism

We consider here the case of a tight-binding Hamiltonian (TBH) whose per-
fect periodicity has been broken at just one site (the £ site); there, the diagonal
matrix element €y equals €y + €; at every other site it has the unperturbed
value g¢. This situation can be thought of physically as arising by substituting
the host atom at the £ site by a foreign atom having a level lying by ¢ higher
than the common level of the host atoms. Thus our TBH can be written as

H="Ho+Hi1, (6.1)

where the unperturbed part Hg is chosen as the periodic TBH examined in
Chap. 5, i.e.,

Ho=3" Imyeo (m| + VS |n) (m] , (6.2)

and H; is the perturbation arising from the substitutional impurity, which
for simplicity is assumed to not affect the off-diagonal matrix elements:

Hy=|€)e e . (6.3)

The Green’s function G corresponding to Hy was examined in detail for var-
ious lattices in Chap. 5. In this chapter we would like to find the Green’s
function G corresponding to H = Hp + Hi; having G (or, equivalently, the
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t-matrix T'), one can extract all information about the eigenvalues and eigen-
functions of H. Our starting point is (4.5), which expresses G in terms of Gy
and Hl, i.e.,

G = Go + GoH1Go + GoH1GoH1Go + - - . (6.4)
One could use the equivalent equation for T,

T =Hi1+H1GoH1 + HiGoH1GoH1 + - -+ . (6.5)
Substituting (6.3) into (6.5), we obtain

T=1)c{l]+|€) e Goll)c (€| +|€)c(£|Go|l)e (€| Go|l)e (€] +---

= [0)e {1+ G0 (£,) + [:Go (€. 0)) +--- } (£
9

= [£) T_2Go &, 0) (€l (6.6)

where

Go (£,£) = (€| Go |£) . (6.7)
Having obtained a closed expression for 7" we have immediately G:

G = Go+ GoT'Go = Go + Go |6) 7— °

As discussed in previous chapters, the poles of G(E) [or T'(E)] correspond to
the discrete eigenvalues of H. In the present case the poles of G (or T') are
given by

Go (£, £, Ep) =1/e, (6.9)
as can be seen by inspection of (6.8) or (6.6). Note that the poles E, must
lie outside the band of Hy, because inside the band Gy (£, ¢; E') has a nonzero

imaginary part and consequently (6.9) cannot be satisfied. Using (6.8) we
obtain for the residue of G(n,m) at the pole E,

GO (n7 27 Ep) GO (27 m; E;D)
Gy (£,4; Ep) ’

Res{G (n,m; E,)} = — (6.10)

where the prime denotes differentiation with respect to . The degeneracy f,
of the level E, can be found by using (3.6) and (6.10):

fp = Tr {Res {G (Ey)}} = Y Res{(n,n; E,)}

_ 1 (B, —H) e
__W;Go(n,E)GO(E,n)—— G,(&z)

=1, (6.11)
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where the last step follows because of (1.31). Since the level E, is nondegen-
erate, the discrete eigenfunction |b) satisfies (3.7), which in the present case
can be written as

(n|b) (bjm) = Res{G (n,m; E,)} . (6.12)
Substituting (6.10) into (6.12) we obtain for |b)
Go (Ep)

b) = ——=—o=1¢) , 6.13
RV A o

or more explicitly
D) =) buln) (6.14)

where b, is given by
Go (n,£4; Ep)

bp = ———.
V—Gj (£, ¢ E,)
We remind the reader that Gy (€, £; E,) is always negative for E not belonging
to the spectrum [see (1.31)].

We have seen in Chap. 5 that for E outside the band, Gy (n, £; E') decays
exponentially with the distance Rpe = |n — £, i.e.,

(6.15)

Go (n,£; E) — const. X exp [—a(E)Rne] , (6.16)
ne—> 00
with a(E) > 0. Hence, (6.14) and (6.15) imply that the eigenfunction |b) is
localized in the vicinity of the impurity site £ and decays far away from it as
exp[—a(E,)Ren]. The quantity o= (E,) is a measure of the linear extent of
the eigenfunction. In the 1-d case a(FE) is given by

1, | B (E —&o)*
a(E)——Eln 5 Iz

~1|, |E—e|>B. (6.17)

Let us now examine the effects of the perturbation on the continuous
spectrum of Hy (i.e., for F inside the band).

The partial DOS at site n is given by o(n; E) = —Im {(n|G*(E) |n)} /7
which, by using (6.8), becomes

n + + n
Q(n;E):Qo(n;E)_%Im{g< ‘GigEg)C‘;§>(<g£‘e?EO)(E)’ >}~ (6.18)

In particular, the DOS at the impurity site £ can be written after some simple
algebraic manipulations as

¢ E
oL E) = Qoi( )
|1 —eGy (6,4 E)

T (6.19)
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Taking into account that Go(FE) Jo— 1/E, we can easily see from (6.8) that
G(E) P 1/E; hence

G(n,n;E)=(n|GE)|n) — —.

This relation implies (by Cauchy’s theorem; see Problem 6.1) that

/Oo o(n;E)dE = —%Im{/z Gt (n,n; E) dE} =1. (6.20)

— 00

Equation (6.18) implies that the DOS p(n; E) is a nonzero continuous function
of F within the unperturbed band (except possibly at isolated points) and that
the continuous band of H coincides with the band of Hy. Unlike go(n; E), the
quantity o(n; E) exhibits a d-function singularity outside the band at the
energy E, of the bound state, where (6.18) can be recast as

GO (na ev Ep) GO (’67 n; Ep)
_G6 (ea e; Ep)
= |bu*8(E—E,), E~E,. (6.21)

o(n; E) = d(FE - Ep)

To obtain the last result we have used (6.15). Equation (6.20) can be written
then as

/Eug(n;E) dE+ 3 |bal? =1, (6.22)

Ey >

where the summation is over all the poles of G (if any), and E; and E,, are
the lower and upper band edges, respectively. If we sum over all sites n and
take into account that the bound eigenfunctions are normalized, we obtain

Ey
N(E)dE +P=N, (6.23)
Ey

where P = Zp is the total number of poles (i.e., of discrete levels; P = 0
or 1 in the present model) and N(E) is the total DOS within the continuous
band. Here N is the number of lattice sites, which coincides with the total
number of independent states in our Hilbert space. Equation (6.23) means that
any discrete levels were formed at the expense of the continuous spectrum.
Equation (6.22) means that this “sum rule” is valid for each site n and that
the transfer of weight from the continuum at n to each discrete level equals
the overlap |bn|2 of this discrete level with site n.

The eigenstates in the band are of the scattering type and are given by
(4.31), which, in the present case, can be written as

Ve) = k) + Gg (B)TH(E) |k) (6.24)
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where |k) is the Bloch wave given by (5.15a) and (5.15b); as was discussed in
Chap. 4, GTT7 selects the physically admissible outgoing solutions.

Substituting (6.6) into (6.24), we obtain (after some simple algebraic ma-
nipulations) the n-site amplitude of |¢g), (n|Yg)

<n|Gar(E)|£>s<£|k>.

= k) + 6.25
(i) = (m B) + 0 (6.25)
In particular, the amplitude of |1)g) at the site of the impurity is
Lk
(Llp) = L) (6.26)

1—eGl (L,4E)

We saw in Chap. 4 that the cross section |f|2 for an incident wave |k;)
to be scattered to the final state |ks) is proportional to |(ks|T"(E) | ki>|2,

where T' is the ¢t-matrix. Using (6.6), (5.15a), and (5.15b), we obtain for the
scattering cross section

82

1—cGi (0, 6B)

17 ~ (6.27)

We have pointed out that 1 — eGZ (£, £; E) cannot become zero for E within
the band. However, it is possible, under certain conditions, that the magni-
tude |1 — 5GSE (e, ¢; E)|2 becomes quite small for E ~ E,.. Then, for £ ~ E,.,
the quantity | (€1 z)|* will become very large, as can be seen from (6.26). On
the other hand, for n far away from £, i.c., Rpe — oo, |(n|vgp) > — |(n| k)|,
because (n|Go(E)|€) goes to zero as Rpe — o0o. Thus the eigenfunction
|, ) reduces to the unperturbed propagating Bloch wave |k) for Rye — o0,
while around the impurity site £ it is considerably enhanced, as shown in
Fig. 6.1b. For comparison we have also plotted schematically a bound eigen-
state (Fig. 6.1a) and a regular (i.e., one for which |1 — &Gy (¢, £; E)|? is not
small) band state (Fig. 6.1c). Eigenstates of the type shown in Fig. 6.1b are
called resonance eigenstates. They resemble, somehow, local (or bound) eigen-
states in the sense that it is much more probable to find the particle around
site £ than around any other site. On the other hand, they share with the other
band states the property of being propagating and nonnormalizable. Note that
the resonance eigenenergies E, will appear as peaks, both in the scattering
cross section [see (6.27)] and in the perturbed DOS g (¢; E) [see (6.19)]. For
the DOS p (¢; E), the peak may be shifted somehow if the unperturbed DOS
00 (£; F) has a strong F dependence around E,.

The quantity ’1 — eGE (8,4 E)’2 can be written as

(1-cRe{GF}) +e2 (m{GT})" .
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[(nlv) ? (a)
O Rnl

N [(n]y) |? (b)
O Rnl

N [(n|p)[* (c)

—

O Rnl

Fig. 6.1. Schematic plot of |(n|i)|* or N |(n|y)|* vs. distance Rye of site n from
site ¢; for an eigenstate |¢) localized around site £ (a); for a resonance eigenstate
(b); and for an ordinary propagating (or extended) eigenstate (c)

If Im {Gg[ (€,£; E)} is a slowly varying function of E (for E around E, ), then
the resonance energy will be given approximately as a solution of

1—eRe{Go (£, ¢;E)} =~ 0. (6.28)

Obviously a sharp resonance requires that £2 (Im {Go (£, £; E,)})* must be
much smaller than 1. If, furthermore, the derivative of Re{Gy (£, €; E)} is
a slowly varying function of FE (for F around FE, ), then we can write

11— eGo (6,6, B> ~ A2 [(E ~E)+I%; E~E,, (6.29)

where
_ | {Go (6.4 E,))]|
Re{G{, (6,6 E)}|

and A~! = |eRe {G}, (¢, €; E)}| for E = E,.
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Substituting the approximate expression (6.29) into (6.19), (6.26), and
(6.27), we obtain

A2 - B AQ - B
) ABEE Kl gy,
(E—E.)"+1TI7? |E — 2|

1 A? A%/N
; P — = , 6.31
|< |¢E)| N(E—Er)2+F2 |E—zr|2 ( )
AQ 2 A2 2
fI? o d == (6.32)

(E—E) +I? |E—z|"

where
zr = E. —iI. (6.33)

Thus, assuming the validity of (6.29), the resonance eigenstates appear
as poles in the lower [upper] half plane of the analytic continuation of
G* (£,£;E)[G~ (¢,£; E)], across the branch cut; remember that G* (€, £; E)
equals GE (£,6,E) / [1- eGE (¢, ¢, E)]. The inverse is also true: if the ana-
lytic continuation of G (£, €; E)) across the branch cut exhibits a pole near
the real axis (with I'/B < 1, B being the half bandwidth), then a resonance
appears. Note, though, that the analytic continuation of G* (£,£; F) may
possess a more complicated structure, in which case the quantities g (¢; E),
|(€]yp) %, and |f|* do not have the simple form shown in (6.30)-(6.32). An
example of this case is resonances appearing close to the band edges. We will
see later that these resonances appear when the real pole E,, lies very close to
the band edge.

Consider a particle whose motion is described by H, placed initially (¢ = 0)
at site £, i.e., ¢p(0) = Ope. Using (2.20), (2.10), and (2.8) we obtain for the
probability amplitude, cg(t), of still finding the particle at the same site later
(t > 0) the following expression:

i

Cg(t) = %

/ e IBVRGH (0,4, E)dE . (6.34)

The contribution to ce(t) from a bound state [i.e., a pole of G (£, £; E)], cep(t),
is

cop(t) = —27TiiR,€S {G* (£,4,E,)} exp (—iE,t/h)
= |be|? exp (=iE,t/h) , (6.35)

where (6.8) and (6.15) were taken into account. Equation (6.35) means physi-
cally that in the presence of the local eigenstate |b) the particle will not diffuse
away; even as t — oo there will be a finite probability |bg|4 of finding the par-
ticle at site £. The contribution, cep(t), to ce(t) from all the states (of the
type as in Fig. 6.1¢) belonging to the band decays with time in a power law.
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In particular,

o [ B, (6.362)
cen(t) = { 2.Jo(Bt/h) + 2J0 (Bt/h) , (6.36D)

where (6.36a) is the result of the 1-d DOS, (5.30), and (6.36b) is for the
Hubbard DOS, (5.55), and Jy(«x) is the Bessel function of the first kind and
zero order (Problem 6.2). Thus, the ordinary band eigenstates help the particle
to diffuse away at a characteristic time of the order h/B, where B is the
half bandwidth. Finally, the contribution to cg(t) from resonance eigenstates,
cer(t), is, assuming a single pole representation of the resonance as in (6.30)—
(6.32),

cer(t) ~ exp (=I't/h) exp (—iE,t/h) . (6.37)

Thus for ¢ < h/I" the resonance behaves similarly to the bound state as far
as the quantity cg(t) is concerned. The width I" must be much smaller than
B; otherwise the concept of a resonance eigenstate has no meaning at all.

To summarize this section: Any discrete eigenvalues of H are found as
solutions of (6.9). The corresponding eigenfunctions are local (or bound) and
are given by (6.14) and (6.15). The DOS in the continuum is given by (6.18)
and (6.19) and the scattering eigenfunctions by (6.25) and (6.26). Resonance
eigenstates may appear in the continuum; these are propagating states that are
considerably enhanced in the vicinity of the impurity site. The corresponding
eigenenergies F, appear as a sharp maximum in the DOS or in the scattering
cross section. This maximum may come from a single pole z, in the analytic
continuation of GT (£,£; E) across the branch cut; then the real part of this
pole gives the resonance eigenenergy and the inverse of the imaginary part
determines a “lifetime” for the diffusion of a particle initially placed at the
impurity site.

6.2 Explicit Results for a Single Band

6.2.1 Three-Dimensional Case

As was discussed in Chap. 5, the typical 3-d DOS behaves as Cp/E — Ep (or
CuV'E, — E) near the lower (or upper) band edge E, (or E,). As a result of
this, Re {Go (£,£; E¢)} = I, and Re{Go (¢,4; E,)} = I, are finite;! further-
more, because dG/dFE is negative outside the band and G(E) — 0 as E — oo,
we have

I, <Go(L,l;E) <0  for E<E,, (6.38)

and

0<Go(£,4E) <I, for B, < E. (6.39)

! Exceptions appear in some cases; see Chap. 5.



6.2 Explicit Results for a Single Band 119

Hence, the solution of (6.9) requires us to distinguish several cases:

1. e < I,;%; then (6.9) has one and only one solution E, lying below E,. This
is shown in Fig. 6.2 for the case of a simple cubic lattice.

2. I, < & < 0; then there is no solution of (6.9) because 1/¢ lies below I
and consequently there is no intersection of Gy with 1/¢ for E—¢o < —B
(Fig. 6.2). The physical interpretation of this result is that an attractive
(¢ < 0) impurity potential can create a bound eigenstate only when its
strength |e| exceeds a critical value, 1/ |I|.

3. For positive €, the behavior is similar: |¢| needs to exceed a critical value,
1/ |I,,| before one (and only one) bound level appears; this level lies above
the upper band edge FE,.

Thus a repulsive (¢ > 0) potential can trap a quantum particle in a level
above the upper bound of the unperturbed continuum the same way that

3
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Fig. 6.2. Graphical solution of the equation eGZ (£,£; E) = 1 for the simple cubic
lattice and for e < I, <0 (B = 1)
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an attractive potential can trap a particle in a level below the lower bound
of the continuum. This is a purely wave mechanical property of the same
nature as the appearance of an upper bound to the continuous spectrum, or
the appearance of gaps. One can “understand” the connection better if one
keeps in mind that in the vicinity of an upper bound of the spectrum the
so-called effective mass® is negative; hence the acceleration in a repulsive
perturbing potential is attractive and a bound state is formed. Note that
for Ho = p?/2m (free particle) the continuous spectrum has a lower bound
at £ = 0 but no upper bound; in this case repulsive perturbing potentials
cannot trap a particle.

We can conclude by pointing out that for e < —1/|I;| there is one bound
level below the continuum; for —1|I;| < ¢ < 1/I, there is no bound level;
finally, for 1/I, < ¢ there is one discrete (bound) level above the band.

It is interesting to see how the spectrum of H changes as |¢| gradually in-
creases from zero. To simplify the calculations, we use the Hubbard G (£, ¢; F)
(with g9 = 0), i.e., Go (£,€; E) = 2/ (E ++E? — B?). For this simple case
\I,|"" = I;' = B/2, and E, = (B2 +4¢?)/4¢ for |¢| > B/2. The DOS ¢ (¢; E)
is given by

06 E) = 0o(E) B2 +1 B2

2 /B?-FE?

—2
<1 9Ee _25\/32—152)‘

= El<B. 6.40
7w B2 4 4e2 —4FEe”’ IE] < (6.40)
0 (¢; E) exhibits a maximum at E = F,., where
4eB?
B =—__ 41
B2 + 4¢? (6.41)

which can be considered as a resonance eigenenergy® if the maximum is
sharp enough. In Fig. 6.3 we plot o(¢; E) for various negative values of . As

2 In the 1-d case the effective mass, m*, is defined as m* = h> (82E/8k2)71 =
h?*/A (Problem 5.8). In higher dimensions m* is a tensor given by the relation
(h2/m*)ij = 0?E/0k;Ok;; its eigenvalues m; satisfy the relation m} = h?/A;,
where A; is defined in Problem 5.8.

Notice that for the Hubbard Go and for |e| less than the critical value, B/2,
Re{l —eGo} = 1 — (2Ee/B”) cannot become zero for |E| < B, ie., for |E|
within the band. This is obvious if in Fig. 6.2 we replace the simple cubic Ggo by
the Hubbard whose plot is given in Fig. 5.10. Thus for the Hubbard Gy and for
le| < B/2 the resonance energy is not given by (6.29). In contrast, for the simple
cubic Go and for |e| less than the critical value |e.| the quantity 1 — eRe {Go}
can become zero for E within the band; this is clear from Fig. 6.2, which shows
that for 1/ |e| between |I| = 1.516/B and 1.929/B there is a value of |E| between
B and B/3 that makes 1 — cRe {Go(E)} equal to zero. However, this difference
between the simple Hubbard Gy and the more complicated Go shown in Fig. 6.2

w
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Density of States Bo(¢, E)
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Fig. 6.3. Perturbed DOS g¢(¢; E) vs. E for different values of attractive local po-
tential. As |e| increases from zero, states are pushed toward the lower band edge,

and at a critical value (|e| /B = 0.5) a discrete level is split off the continuum. The
unperturbed DOS po(£; E) has been taken as in (5.56)

le| increases from zero, states are pushed toward the lower band edge; the
maximum of ¢(¢; E) moves toward lower values and becomes sharper until
a well-defined resonance near the lower band edge appears. This resonance
coincides with the band edge for the critical value of |e| = B/2. As |e| exceeds
B/2, part of the resonance is split off the continuum to form a &-function
(which corresponds to the bound level) at E = E, of weight

9 ,/Eg—B 452_32
|be|” = = ~

€] O 4e?

Further increase of || lowers the energy of the bound level and increases its
weight |be|® at the expense of the continuum; at the same time the resonance
recedes toward the center of the band and becomes ill defined. This resonance

does not show up in a substantial way in the plot of the DOS. The reader may
verify this by approximating the simple cubic Go(E) as E — —B™ as follows:

BRe{Go} ~ —1.5164 — 0.6184(B + E)/B ,
BIm{G{} ~1.1695\/(B+E)/B ,

or by looking at the plot of the DOS vs. E/B for the simple cubic lattice and
for various values of £ in the solution of Problem 6.3s.
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is associated with the appearance of the pole of G(E) on the real axis and
at the vicinity of the band edge and not with a complex pole in the analytic
continuation of G*. Similar behavior is exhibited around the upper band edge
E,, for repulsive (¢ > 0) potentials.

In Fig. 6.4 we summarize the above discussion by plotting: (a) The tra-
jectories of the band edges Ey and E,, (b) the bound level E,, and (c) the
resonance [as defined from the peak of g(¢; E)] as a function of parameter e,
for the simple case of the Hubbard Green’s function.

Fig. 6.4. Discrete level (E,), resonance level (E,), and band edges (E¢, E.) vs.
local attractive (¢ < 0) or repulsive (¢ > 0) potential. The shaded area corresponds
to the continuous spectrum. The unperturbed DOS go(€; E') has been taken as in
(5.56)

Note that in more complicated systems consisting of overlapping simple
bands more than one bound level and resonance may appear, as in the case of
a potential well examined in Chap. 4. A typical case is shown schematically
in Fig. 6.5.
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Energy

E,

Strength of attractive local perturbation

Fig. 6.5. Schematic plot of various discrete (Ep;) and resonance (Ey;) levels vs.
magnitude of attractive local perturbation. E, is the lower edge of a composite
band consisting of overlapping simple bands and corresponding to more than one
state per site

6.2.2 Two-Dimensional Case

As discussed in Chap. 5, the unperturbed DOS, g¢(€; E), exhibits a disconti-
nuity as E approaches the band edge, i.e.,

00(l;E) — o4 . (6.42)
E—E]
As a result
(E - Ey)

Go(l,6;E) — pqln
E—E;

—00, (6.43)
E—E;

c

where C' is a positive constant. A similar behavior appears in the upper band
edge. Thus, both I, and I, are infinite, and consequently there is always one
solution to (6.9) no matter how small |e| is. For very small |e|, E, lies very
close to the band edge, and one can use (6.43) for Gy (£, £; E). Substituting
in (6.9) we obtain

1



124 6 Single Impurity Scattering

Thus the binding energy |E, — E;| for weak perturbation depends exponen-
tially on the inverse of the strength of the perturbation. This dependence
stems directly from the discontinuity of the unperturbed DOS at the band
edge, which in turn is a characteristic feature of 2-d systems. For the case of
the square lattice one obtains, by taking the limit* E — (g9 — B)™ in (5.38),

1 |E —¢eo+ B]
Go(l,;E) — —In(——1),
ol )E~<sO—B>* B n( 8B )

which means that o4 = 1/7B and C = 8B. Thus for a square lattice

Ey—Ee — —8Be "B/IEl (6.45)

It should be noted that (6.44) is applicable to the case of a particle of mass m

moving in a 2-d potential well of depth Vy and 2-d extent (2; in this case

04 = 00{20, where g is the free-particle DOS per unit area and |¢| = Vj.

Substituting in (6.44) we obtain (4.77). The relevance of (6.44) to the theory
of superconductivity will be discussed in the next section.

The interested reader may calculate explicitly various quantities of physical

interest and construct a diagram of the type shown in Fig. 6.4 by employing
for the 2-d Gg (£, £; E) the simple model (5.49).

6.2.3 One-Dimensional Case

In the 1-d case the unperturbed DOS near a lower band edge behaves as

C
GLE) — —— 6.46
(6 E) N = (6.46)
which implies that
7C
Goll,l; F) — ——= — —00. 6.47
0( ) E—E; m ( )

Thus I, (and I,,) is infinite, and consequently there is always a bound state
no matter how small |¢| is. For small negative e the bound level is very close
to the lower band edge, and thus one can use expression (6.47) in (6.9). We
then obtain for the binding energy Ej the following expression:

E,=|E, — E,| — &*r*C*. (6.48)
e—0~
For a particle of mass m moving in an ordinary potential well of depth V{, and

linear extent 2y, we have that || = Vp and C' = Qph~ 177 1/m/2 [see (4.79)],
then E is

Y K(k) - In(4/v1 —k2) as k — 17,
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mVO2 9(2)

E, —
V() .QQ —0 2h2 ’

(6.49)

which agrees with (4.81).

The question of resonances in 1-d systems requires special attention.
Firstly, instead of the scattering cross section, one defines the transmission
and reflection coefficients, |t|> and |r|*, which in the present case are given
by (Problem 6.4s)

i = !

11— eGo(t,; E)[*’
|’I"|2 _ ‘5G0(f7f,E)‘2

11— eGo(4, B

(6.50)

(6.51)

Secondly, the quantity Go(¢, ¢; E) is purely imaginary for F within the band
so that || 4]¢|* = 1. The perturbed DOS o(¢; E) is given by combining (6.19)
and (6.50); so

o(t; E) = 0o(6; E) |t) . (6.52)
Similarly, the quantity |(£]¢) | is
e =0 (6.53)
=5 .

Since \t|2 < 1, a resonance would appear as a sharp peak in |t\2 vs. F,
2 . .
where [¢|” rises from values much smaller than one to values approaching one.
As an example of such behavior, see [13], p. 109.
For a 1-d lattice, Go(¢,¢; E) is (for €9 = 0)
1
VE2Z - B2’

E,=+vB?+¢?, (6.55)
for € 2 0, respectively. The transmission coefficient is given by
|2 _ B? — E?

B2 42 F2 ’

Go(l,4; E) = IE|>B. (6.54)

Thus, the bound level is

It (6.56)

which does not exhibit any resonance structure. Our model is too simple (no
possibility for interference effects) for a resonance to appear.

6.3 Applications

6.3.1 Levels in the Gap

The Hamiltonian we considered in this chapter is an oversimplified model for
describing what happens to the electronic properties of a crystalline solid in
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the presence of a substitutional impurity. The present model, in spite of its
simplicity, retains the essential qualitative features of a real solid.

However, if quantitative features are of interest, one has to incorporate
several complicating factors, the most important of which is the presence of
more than one state for each atom located at site m (see Problem 5.6 on
the presence of two states in each primitive cell). As we have seen in the
case of double spacing periodic Cayley tree and in Problem 5.6, the pres-
ence of more than one atomiclike orbital per primitive cell may lead to the
appearance of a gap separating a fully occupied lower band (called valence
band) from a completely empty upper band (called conduction band). This
happens to important classes of materials such as semiconductors and insu-
lators, and it is crucial in determining electric, optical, and other properties
of these materials. The presence of substitutional or other local defects usu-
ally introduces bound levels in the gap. These levels dramatically affect the
conductivity and other properties, especially in semiconductors. Some impu-
rities (such as P or Ga atoms in the Si lattice) produce extremely beneficial
behavior from a technological point of view. Others (such as vacancies, which
can be described mathematically by setting the impurity level g + € equal to
infinity) are detrimental to the function of devices based on doped semiconduc-
tors (i.e., semiconductors including desirable substitutional impurities). In the
next chapter, Problem 7.2s, we shall examine the appearance of a bound level
within the gap of a simple model such as the one in Problem 5.6. A detailed
discussion can be found in the original papers by Koster and Slater [94,95],
in subsequent work by Callaway and coworkers [68,96-98], in a paper by Pa-
paconstantopoulos and Economou [52], in a paper by Bernholc et al. [99,100],
and in a book by Lannoo and Bourgoin [101], where a more extensive list of
references is given.

To perform realistic electronic calculations in the presence of isolated de-
fects, one must determine the impurity potential. Even if this potential is
known for a perfect periodic solid consisting only of impurity atoms, still
in the environment of the host material the electronic charge will be redis-
tributed around the defect, thus modifying the local potential. To face this
problem one has to carry out a self-consistent calculation [101,102]: start with
a given impurity potential; calculate the Green’s function as explained ear-
lier; then determine the change in the electronic charge density [101]; using
Poisson’s equation obtain the local (impurity) potential; repeat the procedure
until self-consistency is reached.

A further complication of the defect problem stems from the lattice re-
laxation (i.e., the displacement of the ions around the impurity to new equi-
librium positions), which modifies directly as well as indirectly the electronic
potential. The first-principle determination of this relaxation is a very diffi-
cult problem that requires an accurate calculation of the total (electronic as
well as ionic) energy for various plausible relaxations; the actual relaxation
is the one that minimizes the total energy. Such a sophisticated calculation
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was carried out by Baraff et al. [103] and by Lipari et al. [104] for an isolated
vacancy in Si.

6.3.2 The Cooper Pair and Superconductivity

Consider a system of identical fermions, each of mass m, interacting through
an attractive pairwise potential: V(r) = —Vp for r = |r; — ;| < a and zero
otherwise. We will examine the motion of a pair of particles omitting the in-
teractions of the pair with the rest of the particles. We shall take into account,
however, that the Pauli principle forbids any member of the pair to be in an
already occupied state.

In the absence of the interaction V', the eigenstate of the pair is |k1, s1, k2, s2),
where the momenta k1, ks lie outside the Fermi sea defined by the rest of the
particles. The spins s; and sy are arbitrary.

It is more convenient to transform to the center of mass and relative
coordinates. Then the Hamiltonian of the pair, Hi2, can be written as

R?K? V2

Hiz =Hcm +H, = Wi o

+V (), (6.57)

where M = 2m, u = mimsa/(m1 + ma) = m/2, and r = r; — ro. The
total momentum K = ki + ks is a good quantum number of His. Thus, the
problem has been reduced to the examination of H,., which is the Hamiltonian
of a spherical potential well, i.e., the problem examined in this chapter. All we
need then is the unperturbed Green’s function, which in turn depends on the
unperturbed DOS, go (E; K), per unit volume for the noninteracting pair of
total momentum K. The quantity oo (E; K) is given by the volume in k-space
subject to the restriction E = (k1) + e(k2), i.e.,

00 (B K) = ﬁ/dk 8(E — = (ki) — = (k2))
XQ(E (kl) —EF)Q(E (kg)—EF) s (658)

where k = (k1 — k2) /2 is the momentum for the relative motion; k1 and ks in
(6.58) must be replaced by K/2+ k and K /2 — k, respectively. The two step
functions assure that neither electron of the pair can occupy levels below the
Fermi energy Er as required by Pauli’s principle; for finite temperatures the
product 60 has to be replaced by [1 — f(e(k1))][1 — f(e(k2))], where f is the
Fermi distribution. Note that (6.58) remains valid even when the pair moves
in an external periodic potential (such as in crystalline solids), in which case
k1, ko, K, and k are crystal momenta and e(k) is in general more complicated
than e(k) = h?k?/2m. It is clear from (6.58) that the presence of the Fermi sea
drastically modifies the unperturbed DOS reducing it to zero for £ < 2Ep,
ie.,

00 (E;K)=0 for E<2Ep. (6.59)
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Furthermore for K = 0, pg becomes
1
00(E30) = 50(E/2)8(E/2 - Er) (6.60)

where g(E) is the DOS per unit volume for a noninteracting particle of energy
FE and given spin orientation. Then it follows that

1
0(F;0) — =opr, K=0, (6.61)
E—2E} 2

where gr = 9(EF). On the other hand

E—2E
00(E; K) — const. x — 2 K £0. (6.62)
E—2E} K

Thus only for K = 0 does the unperturbed DOS drop discontinuously at
E =2EF from o /2 to 0. Under these conditions, as we have shown, a bound
state will be formed no matter how weak the attractive potential is. The
binding energy of the K = 0 pair is given for weak attraction by (6.44), i.e.,

2
The basic result (6.63) was first obtained by Cooper [105]. For pairs with K #
0, the bound state, in order to appear at all, will require an attractive potential
of strength proportional to K and, in any case, will have weaker binding
energy than Fj(0). For spherically symmetric potentials V (|r; — r2|) (as the
one we consider here) the bound pair, which is the ground state, is spherically
symmetric and consequently remains invariant under the transformation r —
—r, i.e., under exchanging the two particles of the pair. Since the total wave
function is odd under the exchange 1 « 2, the spin part must be odd, i.e.,
the pair must be in a singlet state. For spherically asymmetric potentials it is
possible that the orbital ground state is odd under the exchange 1 «» 2, and
then the pair must be in a triplet spin state.

It should be stressed that the binding energy shown in (6.63) stemmed from
the discontinuity in the unperturbed DOS for the relative motion of the pair.
This discontinuity arose because of the presence of the other fermions, which
made the states below 2FEr unavailable to the pair. Thus a system of fermions
in the presence of an attractive interaction achieves its lowest energy by com-
plete pair formation with each pair having a momentum K = 0. This means
that in the ground state (T' = 0) all pairs undergo a quantum condensation.
The existence of a condensate implies that independent pair excitations are
suppressed. Thus the low-lying excitations are either pair-breaking individual
fermions [each of which has a minimum energy F4(0) as in (6.63)] or collec-
tive density fluctuations (i.e., quantized sound waves for neutral fermions or
plasmons for charged fermions). Under these conditions, conservation of en-
ergy and momentum (see, e.g., Landau and Lifshitz [106] and [107]) implies
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that no elementary excitations can appear in a slow-moving “condensed” sys-
tem. Hence, such a system will be either superfluid (for neutral fermions
as in He®) or superconducting (for charged fermions as in various metallic
superconductors).

The picture that emerged from our simple considerations is in qualitative
agreement with the results of a sophisticated many-body theory of supercon-
ductivity [108-114]. However, there are quantitative discrepancies: the correct
result for the binding energy of the pair is proportional to exp (—1 / Vogpa3)
rather than exp (—2/Voora®) as in (6.63). The resolution of this discrepancy
is directly related to the answer to the following apparent paradox: Consider
a system of noninteracting fermions moving in an external, 3-d, static weak
potential unable to bind any particle. Clearly, it is enough to find the lev-
els (none of which is bound) of a single fermion in this potential and then
occupy these levels according to the Fermi distribution f(F). However, if
we consider a given fermion in the presence of all the others, then the avail-
able unperturbed DOS is o(F)[1 — f(E)], which at T = 0 exhibits a discon-
tinuity op; consequently, and in contrast to what was concluded before, it
seems that there should be a bound level with binding energy proportional to
exp (—1/[V]ora®).

The origin of these difficulties is our omission of some processes, to be
termed indirect, that take place as a result of the indistinguishability of the
fermions. The DOS for the single-fermion problem was found to be o(E)[1 —
f(E)], because it was assumed that all the other fermions of the Fermi sea
played no role other than the passive one dictated by the Pauli principle.
However, the fermions of the Fermi sea make possible additional processes
(the indirect ones): a Fermi sea fermion can jump to the final state, and the
fermion under consideration fills up the created hole. Obviously the DOS for
these indirect processes involving the occupied levels equals o(E) f(E). Adding
this DOS to the direct-process DOS o(E)[1 — f(F)] we obtain that the total
DOS is g(E), i.e., the same as in the absence of the Fermi sea, which is the
correct result.

There is an extensively studied case where the cancellation of the f(E)-
dependent term between the direct and the indirect processes is not complete:
this case leads to the so-called Kondo effect, which will be summarized in the
next subsection.

Returning now to the problem of the K = 0 electronic pair we see that the
omitted indirect processes involve two Fermi sea electrons jumping to the final
states while the original electrons fill up the resulting holes. The corresponding
DOS equals o(E/2)f(E/2)f(E/2)/2. This DOS must be subtracted from the
direct DOS o(E/2)[1 — f(E/2)][1 — f(E/2)]/2. The subtraction rather than
addition of the two DOS has to do with the antisymmetry of the pair function
under particle exchange (Chap. 13). The total effective DOS is then

1-2f(E/2)

00(E;0) = o(E£/2) 5

(6.64)
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Equation (6.64) shows that the discontinuity at T = 0 and F = 2Ep is now
or instead of pr/2 as predicted by (6.60). This eliminates the spurious factor
of 2 in the exponent of the rhs of (6.63).

Using the general expression

Go(E;0) = /dE’ % (E'0) (6.65)

E—-F

and (6.64) we obtain Go(F;0). The integration limits in (6.65) are 2Ep —
2hwp and 2Ep + 2hwp. The cutoff energy, 2hwp, is introduced because
the attractive potential is nonzero only when the pair energy is in the range
[2EF — 2hwp, 2EF + 2hwp). For low temperatures T, where 1—2 f (E/2) varies
rapidly at Ep, |Go(E;0)| exhibits a maximum at E = 2FEp proportional
to op/kT. As one lowers the temperature, this maximum becomes more
pronounced until a critical temperature T, is reached such that

a®|Go(2EF;0)| Vo =1 . (6.66)

For T < T. the equation 1 — a®*VyGo(E;0) = 0 will be satisfied and conse-
quently a bound pair will be formed. Thus T, is the critical temperature below
which superconductivity appears. Substituting (6.64) in (6.65) and assuming
that o(F/2) = op and that iwp/kpTc > 1, we obtain (Problem 6.7s)

2¢"hwp
2Ep;0) = —pp! . .
Go (255:0) = ~orin (2222 (6.67)
Substituting (6.67) into (6.66) we obtain for T,
27 hwp _q/)
L= ) 6.68
s (6.68)

where A = grVpa® and v = 0.577... is Euler’s constant. Equation (6.68) is
exactly the BCS [108,109] result for 7.

We conclude our brief summary of the theory of superconductivity by
commenting on the origin of the attractive potential and on the so-called
strong coupling modifications of (6.68).

The attraction required to overcome the Coulomb repulsion and bind the
partners of each pair together can only be provided by the polarizable medium
in which the electrons are embedded. The analogy of two persons on a mattress
(which plays the role of the polarizable medium) suggests that the attractive
interaction V' between two electrons is proportional to the interaction of each
electron with the polarizable medium V._,,, and proportional to how easily
the medium is polarized, which can be characterized by the inverse of a typical
eigenfrequency wy, of the medium. Thus V is given by

2
Veem
~

hwm

(6.69)
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In all well-understood cases, the polarizable medium is the ionic lattice; then
Ve—m = Ve—p, where V,_,, is the electron—phonon interaction and wy, is a typ-
ical phonon frequency, which can be taken to be equal to the Debye frequency
wp. Much effort has been devoted to finding a V' mediated by degrees of free-
dom other than the ionic ones, but no definite results have been established.
The discovery of high T, superconductivity in ceramic Copper oxides, such
as YBayCu3zO7_,, and in other materials, such as alkali doped fullerenes or
MgB., has given new impetus to the search for alternative or complementary
mechanisms to mediate electron—electron attraction. Despite intense efforts
over the last 18 years, there is no consensus on any of the various other mech-
anisms proposed. Taking into account that V._, depends on the momenta of
each electron we see that actually V.2 in (6.69) is an appropriate Fermi sur-
face average, (V2 ), of the electron-phonon interaction. Furthermore, there
is not simply one eigenfrequency, as was assumed in (6.69), but a continuum
of eigenfrequencies characterized by a distribution F(w). Thus (6.69) must be

replaced by
V- / dwr () Vemn) (6.70)
- .
The quantity of interest is

A =orVpa® = QF/VdgT ,

on which T, depends exponentially. It is customary to express A in terms of

2 _ OF 3 2 .
« ((.U) = % /d r<‘/(3—p> 3
taking into account (6.70) one obtains

a?(w)

A= 2/dwF(w) . (6.71)

w

The phonon-mediated electron—electron attraction V' depends on the square
of the electron—phonon interaction Ve2_p. But the same quantity, Vf_p, deter-
mines (in the Born approximation) the scattering probability of an electron
by the lattice vibrations and, consequently, the phonon contribution to the
electrical resistivity g.. Thus one expects that the materials with high lattice
resistivity to have a high A and hence to be high T, superconductors. Such
a correlation does indeed exist. As a matter of fact, one can show that at high
temperatures the derivative of the metallic resistivity o is given by

doe 872k 1

= - T . 2
ar ~  h ngt (6.72)

where wj, is the plasma frequency and Ay, results from A by substituting (V.2 )
by <V627p(1 — cos 9)>, where 0 is the angle between the incoming wavevector,
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k1, and the wavevector, kg, of the scattered wave. In [115], Ay, as obtained
by (6.72), is compared with A, as obtained from 7. measurements, and/or
tunneling experiments, and/or first-principle calculations [116], for various
metals. The overall agreement is impressive, suggesting that knowledge of wy,
wp, and dg./dT for a given metal provides a reasonable estimate of T, through
(6.72) and (6.68) (assuming of course that phonon-mediated attraction is the
dominant mechanism).

From (6.70) one can see that a large V' can be obtained if there are many
low-frequency phonons. This means that a soft, not-so-stable lattice may imply
a high T.. Indeed, most high-T, materials are not so stable structurally.

Let us examine finally how (6.68) can be improved. An obvious modifica-
tion is the subtraction from V of a quantity V* proportional to the screened
Coulomb repulsion between the two electrons of the pair. This means that A
must be replaced by A — p*, where p* = gp [ d3rV*. Usually p* is about 0.1.

The origin of other modifications is more subtle and requires for its compre-
hension concepts that will be presented in Part III of this book. Nevertheless,
a simplified exposition of these so-called strong coupling modifications will be
attempted now.

In arriving at (6.68) we have implicitly assumed that the electron-phonon
interaction V' and the Coulomb repulsion V. are so weak that they have no
effect on the propagation of the individual electrons that comprise the pairs.
Actually, both V,_, and V. modify the properties of each electron; it is these
modified electrons (which are called dressed or quasi electrons) that combine
to make up the pairs. One important modification is that the discontinuity
at the Fermi level is reduced by a factor wp = (1 —9X*/hdw)~ " for each
electron of the pair (see Part III, Sects. 12.4 and 13.1), where X*(w, k) is
the so-called proper self-energy. One way to understand this reduction is by
taking into account that only a fraction wr of each electron propagates as
a quasi electron, while the rest, 1 —wp, has no well-defined energy-momentum
relation and thus does not produce any discontinuity at Er. The net result is
to multiply the DOS given by (6.64) by a factor w%.

Another important effect of V._, and V. is that they change the electron
velocity at the Fermi level from its unperturbed value vg to

v = (v +@
FEAYET ok ) T

Since the single-particle DOS is inversely proportional to the magnitude of
the velocity, it follows that the DOS pr must be replaced by (vr/v%) oF.
The result of the above two effects together is to multiply the quantity
A—p* by a factor equal to w% (vg/v}) and the outcome to replace A in (6.68).
To calculate this factor explicitly one needs to obtain the proper self-energy,
2*(w, k), which depends on both Ve_, and V.. It is usually assumed that the
Coulomb interaction V. has no significant effects on dX*/dw; furthermore,
calculations employing the Hubbard dielectric function give that the effect
of V. on 0X*/0k is negligible for the usual electronic densities [rs ~ 2.5;
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see (13.14)] [112]. Thus in calculating X* we usually keep only V._, and we
employ second-order perturbation theory to obtain [110,112,117]

5 (w,p) = —MNhw , (6.73)

from which we get wrp = (1 + N7, vp/ve = (1 + A), and wi (vp/vk) =
(1+ X)~L. Hence the expression for T, becomes

14+ A
T.=pexp (—/\ jﬂ*> , (6.74)

where the prefactor p is not equal to that of (6.68) because of contributions
due to the non-quasi-particle smooth background of each electron propagator.

A more rigorous analysis based on the Eliashberg gap equations [117]
gives the following expression for T, [117,118]:

1.04(1+ A)
A— (140621 )

T. =pexp (— (6.75)

which is remarkably close to our simplified result. According to McMillan
[117], the prefactor in (6.75) is

p— h/UJD
T 1.45kg

P (6.76)

A more accurate value of p is given in [118].

6.3.3 The Kondo Problem

In most metals, when the temperature is lowered, the electrical resistivity
decreases as a result of the decreasing amplitude of the thermal ionic vi-
brations. In some metals containing magnetic impurities the resistivity rises
as the temperature is lowered below a certain characteristic temperature. In
1964, Kondo [119] examined a system of noninteracting electrons undergoing
spin flip scatterings by external local moments. He was able to show that
second-order contributions to the resistivity increased logarithmically with T
as T was lowered. By keeping the most divergent contributions to all orders,
Abrikosov [120] concluded that the resistivity blows up at a characteristic
temperature Tk. Many attempts were made (see, e.g., [121-123]) to remove
the nonphysical singularity and to understand the low-temperature (7' < Tk)
state of the system. Kondo [124] reviewed in detail the early literature. An-
derson and Yuval [125,126] introduced the idea of scaling and noticed the
analogy of the Kondo problem with other problems in statistical physics;
they managed thus to predict correctly the nature of the low-temperature
state: one electron is bound to each local moment in a singlet state and each
such combination is inaccessible to the other electrons. The difficult task is
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how to follow continuously the solution from the high-temperature (T > Tk)
weak-scattering region to the low-temperature (T' < Tk ) bound-state regime
through the intermediate crossover (T' = Tk ) region. Some contributions [127]
are reviewed in [128]. Finally, Wilson [129], by employing nonperturbative nu-
merical treatment of the crossover regime, succeeded in connecting the high-T
region to the low-T regime and thus obtained explicit numerical results for
the T" = 0 behavior. A clear presentation of the basic physical ideas is given
in a review by Nozieres [130]. Subsequently, Andrei [131] and, independently,
Wiegmann [132] managed to diagonalize exactly the Kondo Hamiltonian
and to obtain quantities like the zero-temperature magnetic susceptibility in
closed form. More recent treatments of the Kondo problem are given in [114]
and in [133-135].

Here we give a brief simplified explanation of why the bound state appears
for T <« Tk and why the resistivity exhibits the logarithmic increase for
T > Tk by considering a tight-binding version of the Kondo Hamiltonian.
Assume that one local moment is located at site £. The scattering potential
Hix [instead of (6.3)] is given now by

Hig = —J(J€1) Sy (€T]+|€7)S- (£ 1]

where the arrows indicate the direction of the electronic spin and Sy = S, +
i8Sy, S— = S; — iS5y, and S, are the spin components of the local moment.
By considering the expansions (6.4) and (6.5) one sees immediately that the
direct-process DOS (for a given electronic spin), o(1— f), is between a product
of Ss, say, S_S4. The corresponding indirect-process DOS, of, is sandwiched
between S; and S_; the reversal of the ordering of the Ss reflects the reversal
of the time sequence of the two consecutive spin flip events. Thus the total
DOS (omitting terms that do not depend on f) is (S_S; —S1S_)o(1— f) =
—5.20(1 — f). Hence the problem is reduced to that of a local interaction
J and an unperturbed DOS equal to 2o(1 — f). At T = 0, the latter has
a discontinuity equal to 29, which for negative J (antiferromagnetic coupling)
will be responsible for a bound state of energy Ej given by

1
Eb = CeXp (—m) s (678)

where ¢, = gra®. Furthermore, by the same method as for the Cooper pair,
one obtains that the bound state appears only for T' < Tk, where Tk is

2e” D 1
T = —— _— 6.79
oo kBeXp< 2|J|Q'F> | (079

with D being an energy cutoff analogous to the hwp in superconductivity.
Finally, for T' > Ty the t-matrix is proportional to J/(1 — JGy), where
Gy is the Green’s function associated with the unperturbed DOS 2¢'(1 — f).
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Calculating Gy at E = Ep [see (6.67)] and taking into account that the
resistivity g, is proportional to the square of the t-matrix, we obtain that
|J?
2
[1—=2]J| ¢l In (To/T)]

0 ~ (6.80)

where Ty is the prefactor on the rhs of (6.79). Equation (6.80) exhibits the
observed logarithmic increase with decreasing T' (for Tk < T < Tp).

We conclude this subsection by summarizing the physical origin of the
Kondo effect: because of the S operators in (6.77), the f-dependent terms
in the direct and indirect DOS do not cancel out as in the simple static case.
As a result, the effective total DOS is proportional to (1 — f). This factor
creates a discontinuity at 7' = 0 and hence a bound state. The same factor
accounts for a decrease in the binding energy with increasing 7" until a critical
temperature Tk is reached beyond which no bound state exists. For T' > Tk
there is, however, a resonance state that becomes less and less pronounced as
T is further increased. This behavior of the resonance state accounts for the
anomalous temperature dependence of the resistivity.

6.3.4 Lattice Vibrations in Crystals Containing “Isotope”
Impurities

In this subsection we will examine the problem of small oscillations of a system
of atoms of mass m placed at the {i} sites of a periodic lattice and experiencing
a harmonic interaction of the form

1 2
U= 5 Z I{ij ('LLZ‘ — 'LLj) s (681)
v]

where u; is the displacement from equilibrium of the atom placed at the i site.
We assume that x;; = « for i, j nearest neighbors, and x;; = 0 otherwise.
For simplicity we consider here a 1-d lattice, where the number, Z, of nearest
neighbors is Z = 2. Assuming a time dependence of the form e™“*, we obtain
the following equation of motion:

—w?miu; = F; = _3;/ = Z Kin (Un — U;) (6.82)
or ,
(Z/{ — mei) u; = HZ Uy, (6.83)

where the sum extends only over nearest neighbors of site i. Taking into
account (5.9), we can rewrite (5.12) as follows:

(i —E)ei=—-VY ca, (6.84)
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where the sum extends over nearest neighbors. A simple inspection of (6.83)
and (6.84) shows that the problem of lattice vibrations is mathematically
equivalent to the TBM (Sect. 5.2).

We consider now the so-called single-isotope impurity case, where

{m07 1#87
m; =
mo+Am, 1=/,

corresponding to a single impurity in the TBM. Below we put in columns the
corresponding quantities in the two equivalent problems

Electrons €0 \%4 FE

(6.85)

Lattice vibrations ZK —K w?mg —Amw

2

The solution of the lattice problem at w = 0 is equivalent to the solution
of the electronic problem at F —¢g = 0 — Zk = —Z|V] and € = 0, i.e., at
the lower band edge without any perturbation. As w? increases from zero the
equivalent parameters E — g and ¢ in the TBM change: ¢ = —w?2Am and
E — g9 = mow? — Z |V]; by eliminating w? and substituting Z |V| by Zx we
obtain

mo

As w? varies, the parameters £ and ¢ of the equivalent TBM move along the
straight line defined by (6.86). In Fig. 6.6 we plot the F vs. ¢ diagram for the
TBM; we also draw two straight lines according to (6.86) (0AB corresponding
to Am > 0 and 0CD corresponding to Am < 0). We see immediately from
Fig. 6.6 that for Am > 0 (i.e., the impurity mass heavier than the host mass)
there is no discrete eigenfrequency; the spectrum is continuous and extends
from 0 (w2 = 0) to B (w2 = 2Z/i/m0). The frequency corresponding to any
point A is

27k (0A)

Note that resonance eigenstates may appear at low frequencies if Am becomes
very large, so that the line 0B would rotate counterclockwise until it crossed
any dashed resonance line around the 0 point.

For Am < 0 (i.e., impurity mass lighter than the host mass) there is a dis-
crete eigenfrequency w? because the w? line crosses the E, line (for typical
3-d cases |Am| must exceed a critical value for a discrete eigenfrequency to
appear). The discrete eigenfrequency lies above the upper bound of the con-
tinuous spectrum and corresponds to a local oscillation, i.e., one confined
around the impurity atom and decaying exponentially as one moves away
from it. Using the analogies (6.85) and known results for the TBM, one can
obtain all information about the lattice vibration problems.

We conclude this subsection by pointing out that a lighter impurity mass
tends to push the eigenfrequencies up and to split off a discrete eigenfrequency

w? = (6.87)
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E
2
w*, Am > 0 w2, Am <0 Eyp
E,=2Z|V
\\\\ ‘ | _D\\
B * N «_”(C

Fig. 6.6. The electronic spectrum vs. € diagram (1-d case is shown) can be used
to obtain the spectrum of the lattice vibration (see text)

above the upper bound(s) of the continuum(a). On the other hand, a heavier
impurity mass tends to push the eigenfrequencies down; it cannot, of course,
split a discrete eigenfrequency below w? = 0. However, if a lower band edge
exists at a nonzero frequency (as in the case of an optic branch), then a heavier
impurity mass can create a discrete level below the corresponding band.

6.4 Summary

In this chapter we examined (using the techniques developed in Chap. 4)
a model Hamiltonian describing the problem of a substitutional impurity in
a perfect periodic lattice. The Hamiltonian is given by H = Hy + H1, where
‘Ho is a periodic TBH of the type studied in Chap. 5 and H; describes the
change of the potential as a result of the impurity and is given by

M=)l . (6.3)

As before, each state |n) is centered around the corresponding lattice site .
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The Green’s function corresponding to H can be evaluated exactly in terms
of Gy and e. The result is

CTYO (ma e; Z) GO (27 n; Z)

G(m,n;z)=Gy(m,n;z) +¢ 1= <Gy (6, € 2) (6.8)
Any discrete levels E,, are given by the poles of G(z), i.e., by
Go (8,6, Ep) =1/¢. (6.9)

In typical 3-d cases the strength |e| of the perturbing potential must exceed
a critical value for a discrete level to appear. On the other hand, in 2-d
systems a discrete level appears no matter how small |¢| is. For small ||, the
binding energy Fj is given by

1

Ey = const. X exp [—r
€| 0d

] , d=2, (6.44)
where g4 is the discontinuity of the unperturbed DOS per site at the band
edge. Equation (6.44) follows from (6.9) and the logarithmic behavior of
Go (£,€; E) near the band edge. As was pointed out earlier, this logarith-
mic behavior is a direct consequence of the discontinuity of go(¢; E). In 1-d
systems Gg (£, ¢; E) has a square root infinity at the band edge. As a result,
(6.9) always has a solution E,, that for small values of |¢| behaves as

Ey, = |E, — Eg| = const. x &%, (6.48)

where Ep is the band edge.
The eigenstate |b) associated with the nondegenerate discrete level E, can

be obtained as follows:
b) => bnln), (6.14)

with
Go (n,4; Ep)

V—Gy (8,8, Ep)
where the prime denotes differentiation with respect to E.

The |[¢g) eigenstates associated with the continuous part of the spectrum
(scattering eigenstates) are given by

by = (6.15)

Gy (E)|€) ¢ (LK)
1—eGy (6, 6E)

lYe) = [k) + (6.25)

where |k) is the unperturbed Bloch functions.

The DOS at each site n can be obtained by taking the imaginary part of
(6.8) with m = m. The DOS has a continuous part for E within the band
and a d-function contribution at the discrete level E,, if the latter exists. As
was mentioned above, infinities of G outside the band correspond to discrete
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levels associated with eigenstates localized around the impurity. Sharp peaks
of G (or equivalently of the t-matrix) within the band correspond to resonance
levels associated with extended (or propagating) eigenstates, which are con-
siderably enhanced around the impurity site. The question of the appearance
of resonance eigenstates with increasing || is examined.

Among the various applications examined, two (superconductivity and
Kondo effect) deserve special mention because the present formalism provides
a very simple derivation of their basic features.

Indeed, if one considers a system of identical fermions, it is a simple matter
to show that the DOS for the relative motion of a pair of total momentum
K =0 is given by o(1 — 2f)/2, where f is the Fermi distribution. This DOS
at T = 0 exhibits a discontinuity equal to g and hence, in the presence of an
attraction between the partners of the pair, will be responsible for the creation
of a bound state with binding energy of the form (6.44). Furthermore, for
T > 0 this DOS exhibits no discontinuity at EFr but a maximum finite slope
proportional to 1/T'; as a result the Green’s function |Gy| does not blow up
at Er but exhibits a maximum of the form

max |Go| = or In (Ty/T) , (6.67)

where Ty = 2e"hwp /mkp is proportional to the cutoff Aiwp. Combining (6.67)
with (6.9) one sees immediately that the bound state (and hence supercon-
ductivity) exists only for T' < T, where T, is obtained by equating max |G|
with 1/ |e], i.e.,
T. =Tpexp <—L> , (6.68)
lel o
where ¢, = a®gp. Equation (6.68) is exactly the BCS result for 7.
Similarly, for the Kondo problem (where a system of noninteracting
fermions is scattered with strength J by a local moment undergoing spin
flips), the DOS, instead of being independent of f (as in the case of a static
scatterer), includes a term of the form 20(1 — f). Then, by the same simple
reasoning as for the pair case above, one concludes that a bound electron—local
moment state will be formed for T' < Tk [where Tk is given by (6.79)] and
that the binding energy at 7' = 0 is as in (6.78). Furthermore, for Tx < T,
the resistivity, which is proportional to the square of the t-matrix, will contain

a factor
Ty
1-2J|dwln| =
|QFH(T)

that accounts for the logarithmic increase of the resistivity with decreasing
temperature for Tx < T < Tp.

—2
|1 — |J|max |Gol] % =

Further Reading

An introduction to superconductivity and the Kondo effect can be found in
solid-state physics books such as that by Ashecroft and Mermin [28]. A more
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extensive treatment employing second quantization formalism is given in the
recent book by Taylor and Heinonen [133]. Books on many-body theory, such
as those by Mahan [114] and Abrikosov et al. [113], present the theory of
superconductivity and the Kondo effect. Finally, there are many specialized
books and articles devoted to those subjects. The book by Rickayzen [111]
gives an extensive and clear presentation of superconductivity.

Problems

6.1. Define a closed contour in the upper half plane consisting of a straight
line from —oo to 400 just above the real axis and a semicircle, ¢, at infinity.
Show that

%G(n,n;z)dzzoz/ G+(n,n;z)dE+/de(n,n;z),

(&

/de(n,n;z):iﬁ.

6.2. Using the relation Jo(z) = (1/m) [ df cos(zsinf) prove (6.36a) and
(6.36D).

6.3s. Plot the DOS vs. E/B for the simple cubic lattice and for ¢/B = —0.6,
—0.8, and —0.9.

6.4s. Prove (6.50) and (6.51).

6.5s. Consider the Green’s function for the double spacing periodic Cayley
tree given by (5.57). Let us introduce a local perturbation H; = |¢) e (¢|,
where (¢|Ho|¢) = e (¢ = 1,2). Plot the bound, E,, and the resonance,
E,, eigenenergies vs. € for both £ = 1 and ¢ = 2 (following the examples of
Figs.6.4 and 6.5). Choose K = 3, &, = B/2, &5 = —B/2, (B = 2\/KV2).
What qualitative changes would occur if K =17

Hint: In the solutions we plot schematically the FE,’s vs. € for the case
K=3,i=1.

6.6s. Prove (6.60) and (6.62).

6.7s. Prove (6.67) taking into account (6.64) and (6.65).
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Two or More Impurities; Disordered Systems

Summary. In this chapter we examine first a system consisting of two “impurities”
embedded in a periodic tight-binding model (TBM). This prepares the way for the
approximate treatment of a disordered system containing a nonzero concentration
of impurities. We examine in particular the average DOS, which depends on the av-
erage Green’s function, (G). For the calculation of the latter, various approximation
methods are employed; prominent among them is the so-called coherent potential
approximation (CPA).

7.1 Two Impurities

We consider here the case where two substitutional impurities have been in-
troduced at two different sites of the lattice, £ and m. The Hamiltonian for
such a system is assumed to be

H=Ho+He+Hm, (7.1)
where Hy is the periodic TBH studied in Chap. 5, and

He =€) , (7.2)
Hm = [m) e’ (m] (7.3)
We define further
Hoe = Ho + He (7.4)
Hom = Ho + Hm - (7.5)
Hence,
H="Hoe + Hm = Hom + He . (7.6)

We denote by Go, Goe, Gom, and G the Green’s functions corresponding to
Ho, Hoe, Hom, and H, respectively. For simplicity we do not display the +
superscripts in G, T, tg, etc.
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We saw in Chap. 6 that

Goe = Go + GoTpG (7.7)
where the t-matrix, Ty, associated with Hy and Hg is given by
€
Te= |€)te (£ ; tp=—1—. .
£ |>£<|’ 4 1—5G0(£7£) (78)

By considering Hog as the unperturbed part and H,, as the perturbation, we
obtain by applying the general formula (4.5)

G = Goe + GoeHmGoe + Goe Hm GoeHm Goe + -+ - (7.9)
As before, the summation in (7.9) can be performed exactly, because of the

simple form of H,,. We obtain

E/

G = Goe + Goe|m)

Gy (] G (7.10)

Substituting (7.7) and (7.8) into (7.10) we have, after some lengthy but
straightforward algebra,
G =Gy+ GoTGy , (7.11)

where the t-matrix, T, associated with the unperturbed part Hy and the
perturbation Hy 4+ H.y, is given by
T = fme (Te + T + TeGoTrm + T GoTe)
= fme [[€) te (€] + [m) tr (M| + [€) LeGo (€, ) L (2|
+ |m) tmGo (m, ) te (£]] . (7.12)

The quantity fy.e is

1

Jme = 1 — tmteGo (m, £) Go (£, m)

(7.13)

and t,, equals £'/[1 — &'Go(m, m)].

The Green’s function G(j,¢) is obtained by combining (7.11) and (7.12).
The resulting expression can be represented in a diagrammatic way as shown
in Fig. 7.1, where we have drawn all continuous paths starting from site ¢
and ending at site j; the intermediate sites (if any) are the scattering centers
£ and m. With each path (diagram) we associate a product according to
the rules given in the caption of Fig. 7.1. Thus the total contribution of the
diagrams of subgroup (a) is

Gy (J, Z) teGo (& 2) + Gy (J, Z) teGo (& m) tmGo (m7 E) teGo (Z, ’L) + .-
- G(O (Ja e) tZGO (27 7’)
X {1 + teGo (£, M) tmGo (M, £) + [teGo (£,m) £ Go (M, £)]° + - -- }
= GO (.7’ ’e) tKGO (Ev 7‘) fmf ) (714)
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Fig. 7.1. Diagrammatic representation of the various terms contributing to the
Green’s function G (j,1) (thick line) associated with two scatterers at sites € and
m. Each diagram corresponds to a product of factors according to the following
rules: a thin line starting from the arbitrary lattice site ¢ and ending at the arbitrary
lattice site j without visiting any other site corresponds to the factor Go (j, 2); each
time the scattering site £ (m) is visited by the diagram a factor t¢(tm ) is introduced.
The diagrams have been classified into four subgroups

where fime is given by (7.13). Similarly, the total contribution of subgroups
(b)—(d) in Fig. 7.1 are

GO (Ja m) tmGO (ma 1’) fml s
GO (Ja m) tmGO (ma e) thO (27 7’) fml s
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and
GO (.77 2) teGO (ea m) tmGO (ma 7’) fme )

respectively. Hence the summation of all diagrams of the type shown in Fig. 7.1
is

+ (G | Go (Te + Trm + TeGoTm + TiGoTe) Go | &) fme , (7.15)

which agrees with (7.11) and (7.12).

The diagrams shown in Fig. 7.1 allow a physical interpretation of the
various terms contributing to G (7,). Thus, if the thick line from % to j
[i.e., G (J,%)] represents the propagation of the particle from site ¢ to site j,
the various terms can be interpreted as follows. The first diagram represents
propagation without any scattering event [Go (7,1%), zero-order contribution];
the first diagram in subgroup (a) represents propagation from site % to site
L, ie., Go(€,1), scattering at the impurity site £ (of amplitude t¢) and then
propagation from £ to j, i.e., Go (4, £); a similar interpretation can be given
to any other diagram of the type shown in Fig. 7.1. Because Gq (j,%) can be
interpreted as representing the propagation from site 2 to site 7, it is customary
to call the Green’s function G (7,1) a propagator. Some authors use the name
locator for the diagonal matrix elements G (¢,4) for obvious reasons. Others
use the name propagator for all matrix elements of G or for G itself so that
the term propagator becomes synonymous with the term Green’s function.

The diagrammatic representation has the advantage of allowing us to give
a physical meaning to each term. This feature facilitates the development of
various approximations, which in most cases are necessary. The vivid physical
picture that emerges from the diagrams helps also in the memorization of
the corresponding formula. It should be stressed that many types of diagrams
appear in various branches of physics depending on the unperturbed part Hy,
the perturbation H;, the complete set of basic functions |m), and the quantity
calculated. The reader may see an example of this statement by comparing
the diagrams of Fig. 7.1 with those introduced in Appendix F.

We would like to point out that the t-matrix, T', associated with two
scattering centers at £ and m is not simply the sum of the t-matrices associated
with the impurity at £ and the impurity at m. The difference is due to all the
multiple scattering terms shown in Fig. 7.1. However, to the first order in ¢4 or
tm one keeps the zero-order diagram and the first diagrams in subgroups (a)
and (b), and thus

T=Te+Tm+ O (TeTy) - (7.16)

Because Go (£,m) decays to zero as |[£ — m| approaches infinity (except in
the 1-d case and for F within the band), it follows that the multiple scat-
tering terms, which involve at least a factor Gg (€, m), approach zero as
|€ —m| — oo; thus, in the limit [£ —m| — oo, T = Tp + T),. The only
exception is the 1-d case for E within the band, because in this case the
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reflected or transmitted wave from one scattering center propagates with con-
stant amplitude throughout the linear chain, and thus it can be scattered
again by the other impurity no matter how far apart the two impurities are.

It is interesting to examine the question of discrete level(s) in the present
case of two impurity atoms. The most convenient way to find these levels is
by finding the poles of G as given by (7.10). These poles are solutions of

1—¢€'Goe(m,m)=0. (7.17)

The quantity Goe (m, m) has been examined in detail in Chap. 6. In Fig. 7.2
we plot schematically the quantity Re {Goe (m, m; E)} vs. E for the 1-d chain
and for the special case where £ and m are nearest neighbors; then we use this
plot to obtain the qualitative features of the roots of (7.17). We examine first
the case where both € and &’ are negative. When |e| is small (Fig. 7.2a), there
is only one intersection and, hence, only one discrete level no matter how large
|€’| is. This discrete level lies below the discrete level of the Hamiltonian Hoy.
Thus, the additional attractive potential ¢’ simply pushes the discrete level
further down. When |¢| > B/2, then Go, (E¢) < 0, and, consequently, there
is the possibility of two intersections (Fig. 7.2b). Thus, when || > B/2, the
additional attractive potential not only pushes the first discrete level further
down but also creates a second level when &’ < /. The quantity €/, can be
found as a solution of the equation Go, (E¢) = 1/¢’, which gives

B B _

!/
C

—2. (7.18)

19 9

Let us now examine the case ¢ < 0 but &’ > 0 (Fig. 7.2c). When ¢’ is very
small, there is only one intersection below the band but above the discrete
level of Hpe. Thus an additional weak repulsion pushes the discrete level up,
and if |e| is small (< B/2) and €’ is large (¢’ > €), then this level is pushed
all the way inside the continuum. On the other hand, a discrete level above
the band (Fig. 7.2c) has already appeared (for &/ > ¢!/, where €/ < ¢/). The
quantity € is given as the solution of the equation Gy, (E,) = 1/¢’, which,
with the help of (5.30) and (6.8), becomes

B B
6_’0' - = 2. (7.19)

Similar behavior is exhibited in the case € > 0. The hyperbolae (7.18) and
(7.19) separate the ¢ — ¢’ plane into regions such that one or two discrete
levels appear below and/or above the band (Fig. 7.3a). It should be noted
that the results depend on the separation of sites £ and m. As the distance
|¢ — m| increases the hyperbolae shown in Fig. 7.3a approach the € — ¢’ axes.
In Fig. 7.3b we plot the results of a similar study in a Bethe lattice with
K =4 and for the sites £ and m being nearest neighbors. The boundaries are
the hyperbolae
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Fig. 7.2. Re{Goc(m,m)} vs. E for three different values of € in the 1-d case. The
intersections of Re {Go¢(m, m; E)} with 1/¢’ are also shown. The sites ¢ and m are

nearest neighbors
2e 2¢’ 1
—+1 —+1)=-. 2
(5+1) (5=1) - =

The main qualitative difference from the 1-d case is the existence around the
origin of the ¢ — ¢’ plane of a region where no discrete levels appear at all; in
the 1-d case this region has collapsed to a single point, namely, the origin.
Recall that intersections of Re {Goe (m, m; E)} with 1/&’ within the band
are not solutions of (7.17), since for E within the band Im {Goe (m,m; E)}
is not zero. However, such intersections may produce resonances if they occur
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Fig. 7.3. The € — ¢’ plane is divided into regions where the following appear: no
discrete levels (0L); one discrete level above the band (1LA); one discrete level below
the band (1LB); two discrete levels, one above and the other below (1LA, 1LB); two
discrete levels above the band (2LA); and two discrete levels below the band (2LB).
In the 1-d case (a) the region 0L has collapsed to a single point (the origin). For
a typical 3-d case such as a Bethe lattice with K = 4 (b), or the simple cubic lattice
(c), the region 0L centered around the origin is of finite extent. The sites £ and m

are nearest neighbors
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at energies such that Im {Goe (m, m; E)} is small. In the 1-d case this occurs
only for E near the band edges. We leave it to the reader to find the positions
of any resonances as a function of the quantities € and ¢’.

We have derived the basic result (7.12) by repeating twice the method
developed in Chap. 6. Equation (7.12) could be obtained in one step by con-
sidering Hy = Hg + Ham as the perturbation and applying (4.13). We have
then, by introducing the unit operator > |n) (n| =", |) (4|,

T=Hi+Hi Y |n)(n|God [8)(FHi+; (7.21)

from the summation over all states we need to keep only two terms, namely,
|m) (m]| + |€) (£], because all other terms give zero as a result of the form of
H1 = |€) e (€] + |m) &’ (m]|. Now we can write

£+ m) ol = 10 ]| ) | (722
we denote by |a) the matrix [|£),|m)] and by (a| the adjoint matrix

]

With this notation (7.21) can be rewritten as

T=Hi+H1 |a> <a| Go |a> <a|7’(1
+H1 |a) (o] Go |a) {a| Hy |a) (o] Go |a) (o] H1 + -+ - . (7.23)

The quantity (o | Go | @) is a 2 x 2 matrix

_ | Go(€,4) Go(&,m) |

<04|G0 | OK> - |:G00(m7£) Goo(m7m):| 3 (7.24)

similarly,
(a|Hi|a) = {32] : (7.25)

e €1T(6) (€T m)

<a|T|a>={<m|T|£> <m|T|m>} . (7.26)
We obtain then from (7.23)

(a|T|e) ={a|Hila) (14 {a|Go|e) (| Hila)+--)
= (a|H1| o) (1= (a|Go|a) {a|Hila) ™" . (7.27)

By calculating the inverse of the 2x 2 matrix 1—(a | Go | &) (@ | H1 | @), one can
easily show that (7.27) is equivalent to (7.12). This matrix approach is very
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convenient for generalization to three, four, etc., impurities. If the number of
impurities becomes very large, then the calculation becomes tedious because
of the need to invert a large matrix. In this case it is sometimes useful to
consider a third method of calculating the total ¢-matrix; this method is the

following. Let
=> Mm (7.28)

be the perturbative part of the Hamiltonian; the quantity H,, has the form
Hp = |m) e, (m| , (7.29)

and the summation runs over all sites m; the sites occupied by the host
atoms have ¢/, = 0. We denote again by T,, = |m) ty, (m| the t-matrix
associated with the unperturbed part Hy and the perturbation H,,; obviously,
tm =€, /[l — el,,Go(m, m)].

If T is the total t-matrix associated with the unperturbed part Hy and the
perturbation H;, we have

T =Hi+H1GoT =Hy (14 GoT) = ZH 14+ GoT) =) Qm , (7.30)
where Q, is given by

Qm =Hm (1 +GoT) . (7.31)
From (7.30) T'=3",, Qn; substituting in (7.31) we have

Qm:Hm <1+G02Qn>

or
(1= HmGo) Qm =Hm |1+ Go > Qn (7.32)
n#m
or
Qm = (1= HmGo) ' Hm [1+Go > Qn | . (7.33)
n#m

However, the quantity (1 — HmGo)_1 Hm equals Ty, ; thus, (7.33) becomes

Om=Tm [ 1+ Gy Z On | - (7.34)

n#m

If one solves (7.34) for all @y, then one has managed to express T = > Qm
in terms of T,,s and Gy. The reader is urged to solve (7.34) for the case of
two impurities and recapture (7.12) in this way.



150 7 Two or More Impurities; Disordered Systems

7.2 Infinite Number of Impurities

In this section we consider the case where a nonzero percentage of the lattice
sites are occupied by impurity atoms in a random way. An example of such
a system is the binary alloy A,B;1_, where a fraction x of the lattice sites are
occupied by A atoms with site energy g + e and the rest are occupied by B
atoms with site energy €¢ + ep. It should be mentioned that in reality we do
not know the specific sites occupied by A and the specific sites occupied by
B. What we may know is the probability for each particular configuration of
As and Bs. Thus, we are led to the concept of a random or disordered system,
the Hamiltonian of which is not known; what we know is the probability
distribution of the matrix elements of the Hamiltonian. In the specific example
of the binary alloy, if no correlations among the random variables {e/,} are
present, then their probability distribution is given by

Peh)=]]rn) . (7.35)

with
p(ey) =x8(c, —ea)+ (1 — )8 (e, —eB) . (7.36)

In a random system we are interested in the average (over all configurations)
of the physical quantities. More specifically, we would like to calculate the
average of the Green’s function (G) defined as

(@) = / d{el} P({0)) G ({en)) - (7.37)

We assume that the average value is representative of the ensemble, i.e., that
the probability distribution of G ({e},}) is sharply peaked around the average
value, (G). If this assumption is realistic, then the DOS observed experimen-
tally will coincide with —Im {(G™)} /m; this justifies our interest for calculat-
ing (G). However, there are quantities and/or conditions such that the average
value is not representative of the ensemble. In this case, some other averages
(e.g., geometric averages) may be representative of the ensemble, or it may be
necessary to calculate the full probability distribution of the quantity under
consideration.

In general, (G) cannot be calculated exactly; a notable exception, exam-
ined by Lloyd [136], is the case where p(e},) is a Lorentzian

, 1 r
Plen) = Tl + 12
Then, because p(e],) has two poles e}, = +il" in the complex &, plane, each
integration over e/, in (7.37) replaces €, by Fil', with the upper sign corre-
sponding to G* and the lower to G~; thus, finally, (G (E)) = Go(E +iI).
We mention that, besides the binary alloy and the Lorentzian, the rectangular
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distribution

1
’)={W for e} < W/2
0 otherwise,

has been widely used in the literature.

Note that our Hamiltonian is the simplest one to model a random system.
Even within the framework of a TBM there are physically important aspects
that we ignored: the off-diagonal matrix elements V;; may actually be random
variables as well (off-diagonal disorder); the quantity ., , and hence its proba-
bility distribution, may depend on the other sites in the vicinity of n, as, e.g.,
in the case of coupled pendula examined in Chap. 5 (environmental disorder);
the random variables {e}, } may be statistically correlated (short-range order),
etc. Furthermore, in real systems, such as amorphous semiconductors, there is
disorder resulting not from small displacements from the crystal sites but in
association with new bonding configurations (topological disorder). Such dis-
order is much more difficult to treat. For more details concerning the various
types of disorder the reader is referred to Ziman’s book [137].

In spite of the drastic simplifications in our model Hamiltonian, one is
still forced to develop approximate schemes for obtaining (G). Here we review
briefly three of the most widely used methods.

7.2.1 Virtual Crystal Approximation (VCA)

Our Hamiltonian is H = Hy + H1, where Hj is periodic tight-binding and H;
is given by (7.28) and (7.29). By averaging the basic equation (4.6) we obtain

(G) = Go + Go (H1G) ; (7.38)

Gy does not depend on the random variables {e},}, and hence (Gy) = Go.
Now, we make the approximation

(H1G) =~ (H1) (G) (7.39)
and take into account that

(H) =) (Hm) =) |m)(eh,) (m| = (e},) - (7.40)

m m

Since we are dealing with systems that are macroscopically homogeneous, the
average (g,,,) is independent of site m and will be denoted by e:

e= (e ). (7.41)
Substituting in (7.38) from (7.39)—(7.41) we obtain

(G) = Go + Goe (G) |
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which can be rewritten as

1 1
- T T T (7.42)

(G(E))

Equation (7.42) is known as the VCA for (G); this approximation consists in
calculating (G (H)) as G ({H)) and simply shifts the energy levels by ¢ = (e}, ).
This shift can be made equal to zero (which means that the VCA (G) equals
Go) by choosing Ho = (H), which means (e},) = 0 and H1 = H — (H).
Henceforth we adopt this notation.

The VCA fails completely for large values of (¢'2,). For more comments
about this very simple method see the review article by Elliott et al. [138] and
references therein.

7.2.2 Average t-Matrix Approximation (ATA)
If T is the t-matrix associated with Hy and H;, we have

(G) = Go+ Go(T) Gy . (7.43)
Here T is a complicated function of the individual t,,s

T = f({tm}). (7.44)

where ,

5
tm, = m . A4
1—¢el,Go(m,m) (7.45)

The basic approximation in ATA is to set

(1) = f({{tm)}) - (7.46)

Because the rhs of (7.46) has the same form as (7.44) with an m-independent
(tm), it follows that (T') is the same as the t-matrix, T, associated with H
and a periodic Hi. of the form

Hie =Y |m) X (m| =5, (7.47)

provided [as can be seen from (7.45)] that X' is chosen to satisfy the relation
(tm) = X[l — XGo (m,m)] " . (7.48)

Substituting T, for (T') in (7.43) we obtain immediately
(G(E)) = (E —Ho—Hi) ' = Go(E - X). (7.49)

Thus the ATA calculates (G) from the periodic effective Hamiltonian H, =
Ho + Hie, which shifts the energy by the complex, energy-dependent quantity
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X within the ATA, the so-called self-energy X' is obtained from (7.48), which

can be recast as
_ (tm)
1+ (tm) Go (m,m)

(7.50)

The above derivation can be translated into a diagrammatic language [138].
In the limit of weak scattering, e/, — 0, we obtain from (7.50) and (7.45),

m
in lowest order and taking into account our choice of (e},) = 0, that

2 —(e'7,)Go(m,m) . (7.51)

This is the correct limit. The ATA is also successful in the very dilute
limit, where the concentration of impurities is <« 1. The ATA has been
used by Ehrenreich and Schwartz [139], Schwartz [140], Bansil [141-147], and
coworkers to calculate the electronic structure of real random alloys, such as
CuxNil,x.

The concept of self-energy is more general and can be introduced outside
the framework of any approximation. Indeed, we define the operator X*(E)
from the relation

(GE(E)) ' = [GEE)] T - 2% (B). (7.52)

Taking into account (7.43) we can express X*(E) in terms of (T'(E)) as follows
(again for simplicity we omit the superscripts +):

T = (T)[1+{T)Go] " = (T) [1+ Go (T)] ", (7.53)

which resembles (7.50). In the k-representation both Gy and (T") are diagonal
because the unperturbed Hamiltonian as well as the average t-matrix possess
the periodicity of the lattice. Hence X is also diagonal in the k-representation.
We have then from (7.52) and (7.53), respectively,

(G(E,k))=[F—Ey(k)— X (E, k:)]‘1 (7.52")
(T (B,k) 17

Y(E.k) = (T (E,k)) Y B k) i

(7.53)

We see that in the general case the self-energy is a function of both E and k.
The ATA missed the k dependence of the self-energy.

7.2.3 Coherent Potential Approximation (CPA)

As in the ATA case, the CPA calculates (G) through an effective Hamiltonian

He =" n) S(E) (n| + VY n) (m] |
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which in the simplest case is characterized by a single, complex, energy-
dependent self-energy Y. In other words, we assume that

(G(E)) = Ge(BE) = (B~ H.) ' =Go(E-5),

with a k-independent self-energy, X'(E), as in the ATA. In contrast to the
ATA, the CPA determines the effective medium characterized by the as yet
unknown self-energy ¥ by expanding G in terms of G, = (F — 'HQY1 and
Hy =H - He, ie.,!

G=G.+G.TG,, (7.54)

and by demanding self-consistency, i.e., (G) = G., which in view of (7.54)
implies that

(T"y=0. (7.55)
The t-matrix, T, is a complicated function of all the individual ¢-matrices,

’
tom

T = f({t)) | (7.56)
e —X
t, = m . 7.57
™= T (- D) G (mom) (7.57)
The central approximation is again similar to that of the ATA
(T) = f ({{tm)}) - (7.58)
Equation (7.55), in view of the approximation (7.58), leads to
{t.)V=0. (7.59)
Equation (7.59) is an implicit equation for the self-energy X', which can be
recast as ,
5
Y= m .
(CE—Samm) (799
or as )
=1. 7.59b
(—e—samm) (7:990)

In (7.57), (7.59), (7.59a), and (7.59b) the quantity G, (m,m) depends on X
through (7.49)
Ge(m,m; E)=Go(m,m; E—X) . (7.60)

Having determined X'(E) [usually by solving iteratively (7.59a)] we can obtain
approximately several quantities of physical interest:

(i) The average DOS per site, o(E)

o(E) = —%Im {Ge (m,m; E)} = —%Im {Go (m,m; E — XY (E))} .

(7.61)

! The prime in (7.54)—(7.58) does not imply multiplication of T or t,, by £2.
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(ii) The complex propagation constant, k, given by the equations

Eo(k)=E — X(E), (7.62a)
ST o

[see (6a) and (6b) of the solution of Problem 5.2s].
In the simple case where the unperturbed FEj (k) equals A%2k?/2m*, we
have from (7.62a)

2 *
ko= ky + ik = h—’Z(E_z) (7.63)
or
2=""|g_s/(E \/E TU(E))? + 5,(E)?
=57 |F- 1(E) + /(B = X1(F))” + X2(F)
2m*
— S |E-2] (7.63a)
% ¥ |z
fy = ™ | Y] | 2| o m B2 (7.63b)

2k 212 \J|E _ 2|

where Y1 (FE) and X3(F) are the real and the imaginary parts of X(F),
v = hk1/m* is the group velocity at energy E, and the limiting expressions
are valid for |Xs| < |E — X1 (E)|.

From (7.63a) we see that the real part, ki, of the propagation constant
is renormalized because of the presence of the self-energy Y'(F) [compare
with (3.23)]. The imaginary part ko would lead to a decay of the average
of the off-diagonal matrix element (G (n,m; E)) as |n — m| — oo, so that
in the simple case Eg (k) = h%k?/2m* we shall have

(G(n,m;E)) ~ G, (n,m; E)

m*a? exp (ik1a|n — m| — kea|n — m|)

, 7.64

2rh? |n — m| (7.:64)
where a is the lattice constant of the simple cubic lattice.

(iii) The renormalized wavelength, \, and the mean free path (.
The renormalized wavelength, A\, corresponding to the energy F is given
by

2 2rh
A=l TN (7.65)

kv = \2m*|E—- X1
The mean free path ¢ is defined through the decay of the average Green’s
function G (r,r; E) ~ exp(—|r —r'|/2¢) for large values of |r —7/|.
Comparing this definition with (7.64) we find that
1 hv

= o0 =35 (7.66)
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From the mean free path ¢ one defines the relaxation time 7 = ¢/v. We

have then
h

T 2%

Thus the imaginary part of Y'(F) is directly related to the inverse of the
energy-dependent relaxation time.

(7.67)

It must be stressed that the decay of the average of G (r,r'; E) does not
necessarily imply that the eigenfunctions of the Hamiltonian H are decaying
as r — oo. Remember that

G(r,7";E) Z% Vi )

ZI% Y; )Ie;p{lgjl() o (rIE  (7.68)

When we average over all configurations of the random variables involved in
the Hamiltonian, the phase differences ¢; (r) — ¢; (') oscillate strongly (for
large |r —7’|) and, as a result, contribute to the decay of (G (r,r’; E)) for
|r —r'| > {. For weak disorder and for dimensionality larger than 2, this
phase oscillation is the only source of decay; for strong disorder or for d < 2
the decay of the amplitude of the eigenfunctions contributes also to the decay
of (G (r,7; E)).

We conclude these remarks by pointing out that a reliable determination
of the self-energy X' (F) is of central importance since it allows us to obtain
quantities such as the DOS, o, the wavelength, A, the phase velocity, v, the
mean free path, £, and the relaxation time, 7, as functions of energy. Almost
all quantities of physical interest involve one or more of g, A, v, £, and 7.

The CPA has been proven impressively successful for obtaining X' (E). It
gives the correct result in the weak scattering limit [where it reduces to (7.51)
as can be seen from (7.59a)], in the strong scattering (or atomic) limit (i.e.,
when <6’m2> > V?), and in the dilute limit; and it interpolates properly
between these limits.

Having mentioned the successes of the CPA, let us discuss now its limita-
tions and failures. The only approximation we have employed is that (¢t,,) =0
implies (") = 0. The physical meaning of this approximation is revealed if we
express T” in terms of the T},s by iterating (7.34) and substituting in (7.30):

=3 Th+ Y. ThGTm+ Y ThG TG T+ . (7.69)
m

n#m n#m#£r

In the present case where {e.,} are independent random variables, the quan-
tities {t,,,} are independent random variables. By averaging (7. 69) we can
easily see that the average of the first three terms on the rhs of (7.69) are
proportional to (¢, ,); the fourth term is not in general proportional to (¢, )
because of contributions of the type
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Z (TG T, G.T.G.T..)

Z\n '2> ’2>G (n,m) G, (m,n) G, (n,m) (m| ,

n#m

which are proportional to <t’m2>. Similarly, higher-order terms in the expan-
sion (7.69) corresponding to multiple scattering events from clusters of a fixed
number of sites will introduce terms that are proportional to (t,,,™), where n is
any integer. Since, in general, (¢, ) = 0 does not necessarily imply (¢,.,™) = 0,
we can conclude that the CPA incorrectly treats multiple scattering terms as-
sociated with clusters of a fixed number of neighboring sites. These multiple
scattering events by the sites of a particular cluster are of great importance
if they lead to a resonance behavior associated with a peak in the DOS and
an enhancement of the corresponding eigenstates in the vicinity of the cluster
that traps the particle for a long time. Hence, at energies where the DOS is
dominated by contributions from resonance or localized (around a cluster of
sites) eigenstates, the CPA is expected to fail. As we will discuss below, the
near tails of the band are due, largely or entirely, to such cluster-localized
eigenstates, and consequently the CPA is a poor approximation there; actu-
ally, the CPA predicts no tails at all when the probability distribution, p (g,),
is terminating as in the binary, (7.36), or the rectangular case. On the con-
trary, for nonterminating distributions, such as the Gaussian, the near tail in
the DOS is due mostly to states trapped around a cluster of sites, but the
deeper tails are due to states trapped around a single site; the CPA treats
these states correctly and produces reliable results for the deeper tails (Prob-
lem 7.6s). Cluster-localized eigenstates may, under certain circumstances, be
responsible for the appearance of considerable structure in the DOS by creat-
ing peaks at certain energies or depleting states from other energies. Again the
CPA tends to eliminate this structure. It should be noted that when the prob-
ability of occurrence of a cluster capable of trapping a particle in it is small,
the role of cluster-localized eigenstates is small. If short-range order is absent,
the probability of occurrence of such special clusters is small and decreases
with increasing dimensionality. Thus the CPA works better in 3-d systems
than in 1-d ones. A sketch in the preface of a book edited by Thorpe [93]
summarizes the CPA situation best.

The CPA combines two basic ideas: one is to calculate the average of
a given quantity associated with a random medium by introducing a periodic
(or a position-independent) effective medium; the second is to determine this
effective medium by a self-consistency requirement, i.e., by demanding that
the fluctuations of the given quantity due to local fluctuations around the effec-
tive medium average out to zero. As was pointed out by Sen [148], these ideas
can be traced back to Maxwell [149]. Hubbard [150] was probably the first to
use the CPA in an electronic structure calculation. The CPA was brought to
its present form by Taylor [151] and Soven [152], who are usually credited for
the invention of the method. The basic equation (7.59a), which determines
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the effective medium, has been rederived by various techniques. Among them
must be mentioned diagrammatic methods based upon the expansion of G in
powers of H; [153-156]; these methods were first developed by Edwards [157],
Langer [158], Klauder [159], and Matsubara and Toyozawa [160], with im-
portant contributions by Leath and Goodman [161,162] and Yonezawa and
Matsubara [163-165]. Other diagrammatic methods used to derive the CPA
equations are based upon the expansion of G in powers of the off-diagonal ma-
trix elements of the Hamiltonian. This so-called locator expansion, which is
similar in spirit to the RPE discussed in Appendix F, was used by Leath [166]
and by Matsubara and Kaneyoshi [167]. Contributions to our understanding
of the CPA were made, among others, by Velicky et al. [168,169], Onodera and
Toyozawa [170], Yonezawa [171,172], Butler [173], and Brouers et al. [174].
In addition to [138,139], we mention also the review article by Yonezawa and
Morigaki [175] and the book edited by Thorpe [93].

7.2.4 The CPA for Classical Waves

Starting in the late 1980s, the question of classical wave propagation in
strongly scattering media, both disordered and periodic, has received in-
creased attention. In the disordered case various versions of the CPA were
employed to interpret novel experimental results. Usually the experiments
were performed in composite materials, quite often consisting of two compo-
nents (one of which could be air). There were two extreme types of topology.
In the so-called cermet topology, there was a high concentration of inclusions
in a host matrix; each inclusion, usually spherical and of the same material as
all the others, was completely surrounded by the host material. In the other
case the two components were topologically equivalent; e.g., each of the two
components formed a continuous connected network (network topology).

The propagation of electromagnetic (em), acoustic (a), elastic (e), and
other types of classical waves in such composite media was examined. For em
waves each material component is characterized by its permittivity, e(w) =
er(w) + ier(w), and possibly by its permeability, u(w) = pr(w) + iur(w).
Usually, but not always, u(w) ~ 1, especially at high frequency, and as a re-
sult only e(w) is of importance. To have strong scattering we need a large
ratio of e2(w)/e1(w) of the permittivities of the two components and a wave-
length comparable to the size of the scatterers and to the average distance
between neighboring scatterers. For acoustic waves in a two-component fluid
medium there are two quantities characterizing each component: the density
0; (1 = 1,2) and the velocity ¢; = +/B;/0; (i = 1,2), where B; is the bulk
modulus. For elastic waves in a two-component solid system there are at least
three quantities characterizing each component: the density o; (i = 1,2),
the longitudinal velocity ¢;; = /(B; + 4u;/3) /0i, and the transverse velocity
cti = v/ pi/oi (i =1,2), where p; is the so-called transverse Lamé coefficient.

The simplest system that is mathematically equivalent to the Schrodinger
equation is a composite fluid with a constant density, o, and a position-
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dependent sound velocity, ¢ (r) [or, equivalently, a position-dependent bulk
modulus B (r) = oc? (r)]. [For a two-component system, c¢(r) = c; if r is
within component 1 and ¢(r) = ¢z if 7 is within component 2]. The wave
equation for the pressure, p (r), is

( o +V2>p(r):0 (7.70)

c(r)*
or )
w” 2 Y SN S /
<cg —|—V>p(r)— w (cQ(r) Cg>p(r) ) (7.70")
where 1/c3 is the average value of 1/c? (r). Equations (7.70) and (7.70') are
to be compared with the Schrédinger equation

5 -V e+ v e =0 (r.71)
EE-wvlem=Fye-w. @)

where Vj is the average value of the potential V (r). We see, by comparing
(7.70) and (7.71), that the classical wave case corresponds to the Schrédinger
case but for energy E above the maximum value of the potential V' () [since
E — V (r) must be positive to be identified with w?/c?(r)]. Furthermore, the
fluctuating part (2m/h%) (V (r) — Vp) corresponds to —w? (¢™2(r) — ¢;?),
which means that potential wells (with respect to V4) correspond to regions of
velocity, ¢ (r), lower than ¢p; more important in the classical wave case is that
the fluctuation includes a factor w?. Thus, for low frequencies we are in the
weak scattering limit, and the scattering cross section, the mean free path,
the relaxation time, and the t-matrix are all proportional to w* or to 1/\%.
This is the so-called Rayleigh scattering for scalar classical waves. Notice
also that at very high frequencies the ray approximation (which corresponds
to the classical trajectories in the Schrodinger case and the geometric optics
in the em case) is adequate. Thus the stronger effects of scattering for classical
waves are expected at intermediate frequencies.

The Green’s function for the unperturbed classical wave case [i.e., the left
side of (7.70")] is given by (1.40) (1.49), and (1.56) for the 3-, 2-, and 1-d case,
respectively, with VA = w/ep = kg, the unperturbed propagation constant.
Employing these expressions for the unperturbed Green’s functions (and their
asymptotic expansions), the definition of the scattering amplitude, f (ky, ko)

. exp (ikor
p(r) —= exp(iko-7) + f (ks ko) % ) (7.72)

and (4.27), we find the following relations between the scattering amplitude
f and the t-matrix (see [21], Sect. 3.4):
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0
I (kg |TT (K3) | ko) , 3-d, (7.73a)

f (ks ko) = —ei”/4,/LQ<kf|T+ (kg) | ko) . 2-d, (7.73Db)
87T'k'0

i
_21_]€0 (ky | T+ (k) | ko) 1-d, (7.73¢)

where kfc = k? and ky is along the direction of the observation vector r. (2 is
the volume, the area, or the length of the 3-, 2-, 1-d systems, respectively. From
the general equation T = Hy + H1GoT it follows that 2 (ks |T™" (ko)| ko)
satisfies the following integral equation:

Q2 (ks | T (k5) [ ko) = 92 (ks | H1 | ko)

dk .
+/_(27r)d9<kf | H1 | E) mg@uw (k2) | ko) . (7.74)

where

2(ks|Hilko) = —wz/dr {02—1@) - %} exp[—i(ks — ko) -r]. (7.75)

In deriving (7.74) we have taken into account that

8 ’
(k|G (k) |K") = ﬁlgﬂs : (7.76)

To first order we have that
Q(ky | T (k5) | ko) = 2 (ks [ H1| ko) -

This last equation is always valid for sufficiently low frequencies. For a single
scatterer of simple shape (e.g., spherical, cylindrical, etc.) and for interme-
diate frequencies and large fluctuations of ¢? (), it is much easier to find
first the scattering amplitude f (k¢, ko) by taking advantage of the bound-
ary conditions at the surface of the scatterer rather than to solve the integral
equation (7.74). For an infinite number of scatterers, intermediate frequencies,
and large fluctuations of ¢2 (r), exact analytical solutions are not possible and
one is forced to use an approximation, e.g., the CPA. The CPA in its simplest
version introduces a complex, ko-dependent effective propagation constant,
ke (ko) = w/ce, which is related to the diagonal, in k-space, matrix of the
average Green’s function (G (k; k3)) and the self-energy X (k3) [as defined by
(7.52)] as follows:

1 1
(G (ki k3)) ~ Ge (ks k) = Py ol vy o (7.77)
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The next step is to replace locally (within a sphere or a cylinder or any
other simple appropriate shape) the effective propagation constant, k., by
the actual value, k = w/c(7), of the propagation constant and calculate the
corresponding t-matrix, which in principle is given by (7.74) and (7.75) with ¢
replaced by c. and the integration in (7.75) restricted within the local region
(be it spherical, cylindrical, etc.). The resulting t-matrix, or, equivalently, the
scattering amplitude, f, must be averaged over various realizations of ¢ (r)
within the chosen local shape. This average is set equal to zero

(f (ky,ke)) =0. (7.78)

The quantity (f) depends not only on k. (and ky = k.) but on the angle 6
between k. and k; as well. Thus it is not in general possible to satisfy (7.78)
for all angles 6. The reasonable choice is to satisfy (7.78) for § = 0, since,
according to the optical theorem, the Im {f (k,k)} is connected to the total
cross section o. Actually we have (Problem 4.8)

o= Ztm (k| T*[K)} (7.79)

Combining (7.79) (which is valid for systems of any dimensionality) with
(7.73a) (which is valid for 3-d systems) we end up with (4.67).

To be more specific, let us consider a binary system consisting of two
components, one with propagation constant k1 = w/¢; and the other with
propagation constant ks = w/cy. We shall assume that the two components
are topologically symmetric with volume fractions z; and x2 respectively (x1+
z9 = 1), and we shall choose a spherical region (of radius a) within which the
effective medium (characterized by k.) will be replaced either by medium 1
(with probability x1) or by medium 2 (with probability z3). In this case, (7.78)
will take the form

r1fi+a2fo=0, (7.80a)
where
i o0
i = T3 2 D)rniPr i) .:172a .
f Py 7;( n+ 1)7ni Py (cos ;) , i (7.80b)
. N s ——
Toi = — ke]’ﬂ (k’ba’) J’I’L (kea) kljn (kea) Jn (kla’) Z — 1’ 2 , (7.806)

kejn (kia) B, (kea) — kihy, (kea) 32 (kia) ’

and the angle 6; between k. and k; is set to zero so that P, (1) = 1; the prime
denotes differentiation with respect to the argument, e.g.,

./ _ djn(2)
.]TL (kea) - dZ

z=kea

In the case of acoustic waves in a two-component fluid where the densities
01 and o are different from each other as well as the velocities ¢; and cs,
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formulae (7.80) remain valid if k. is replaced by k./o. and k; by k;/;, while
the arguments k.a and k;a do not change.

The quantity r,; is directly related to the so-called phase shift, &,;, or to
the quantity S,; = exp (2id,,;) through the relation

1 1 .
Tni = 5 (S’I’LZ - ]-) = 5 [GXp (2167”) - 1] . (781)

Notice that the total cross section, o, by a sphere of radius a and real prop-
agation constant, k;, embedded in a uniform medium of real propagation
constant, k., is given by

A AT & -
o= Elm{fl} = __22 2n+1)Re{rn;} = Z 2n+1)sin? 3, . (7.82)

e n=0 n=0

If there is absorption inside the sphere (i.e., if k; is complex while k. is real),
the result for the total cross section is

gy = ZZan ) i ——22 @n+ 1)1 - Snl?, (7.83a)
e n=0 e n=0
4 = 2
a =73 (2n+1) {Re {rni} + |7nil ]
€ n=0
™ = 2
=30 (n+1) (1 — |Snil ) , (7.83b)
€ n=0

A &
op = _E > (2n+ 1)Re{ry}

= (2n +1)(1 —Re{Sni}) , (7.83¢)

7.2
€ n=0

where o, is the scattering-only cross section, o, is the absorption-only cross
section, and o; is the extinction cross section, which is due to both scattering
and absorption: oy = 04 4+ 0,. If the external medium possesses a complex
ke (as in the CPA case), more care is required in obtaining the scattering
amplitude (Problem 7.9s). More effort is also required if we are dealing with
vector classical fields such as the electromagnetic field (EM) and the elastic
wave field in solid media. In the case of an EM field, the total cross sections
involve two quantities of the type r,; reflecting the fact that the EM field
is transverse with two independent polarizations for each k. These are given
by the following expressions (see the books by Stratton [176], pp. 392-395,
414-420, 563-569, and by Bohren and Huffman [177] pp. 83-104, 181-183,;
the expressions for Wy and @Q; in Stratton’s book should have a minus sign in
front of them):
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_ pijn (ki) [keajn (kea)], — fejn (kea) [kiajn (kia)]/ (7.84a)
pijn (kia) [keahy, (kea)]/ — pehn (kea) [kiajy (kia)]/ 7
~(EM) _
Tni -
_ tijn (kea) [kiajn (kia)]/ — He (kZ/ke)2Jn (kia) [keajn (kea)]/ (7.84b)
pihn (kea) [kiajn (kia)]/ — He (kZ/ke)2Jn (kia) [keahn (kea)]/
21 2 2
€ n=1
mr 2 2
Oq = _k_;r Z(2n+ 1) { TS?M)‘ + ng)
€ n=1

+Re {ri} 4 Re {0 }} . (7.85D)

2 oo
op = —k—ZRe {2(271 +1) |:7‘S?M) + FS?M)] } . (7.85c¢)

n=1

In the above expressions, u; and p. are the permeabilities, k. = w/c., k; =
w/ci, ce = ¢/\/Eclle, Ci = ¢/+/Eilti, h(%) is the spherical Hankel function of the
first kind, and the prime denotes differentiation with respect to the argument
z = k;a or kea.

For elastic waves in solids there are three components for each k (two
transverse and one longitudinal). The expressions for the scattered waves and
the cross sections are more complicated (see the papers by Kafesaki et al.
[178,179] and by Penciu et al. [180]).

For the application of the CPA in the case for EM fields in random media
see the papers by Economou and Soukoulis [181], Soukoulis et al. [182], Busch
et al. [183,184], and Jing et al. [185-187], and the book by Ping Sheng [21],
Sect. 3.9, pp. 85-87. For the CPA applied to acoustic/elastic waves see the
paper by Kafesaki and Economou [188].

7.2.5 Direct Extensions of the CPA

It must be stressed that in our derivation of the ATA and the CPA it was
necessary to have the random part of the Hamiltonian H; as a sum of local
terms. The simple ATA and CPA we presented can be easily generalized in the
case where each of the additive parts in H; involves not just one local orbital
but a finite number of them, e.g., if with each site m a finite number of orbitals
|m,v), v =1,2,..., 7 is associated, the random part of the Hamiltonian may

have the form
Hy = Z Z |m, v) e, 0 (V' m| . (7.86)

m v/
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In this case the effective part of the Hamiltonian will have the form

Hie =Y |m,v) T (V' ,ml ; (7.87)

m v/

the j X j matrix X is determined by a matrix equation of the form (7.50) for
the ATA or of the form (7.59a) for the CPA. Care must be exercised regarding
the ordering of the matrices involved in t¢,,. Another example is the special
case of off-diagonal disorder where

Vnm = Vn + Vm ) (788)

then H; is the sum of local terms each of which has the form

Im) Z (EmOmn + Vi) (0]

n

where the summation is over the nearest neighbors of m. In the special binary
alloy case, (7.88) implies that Vap = (Vaa + Vig)/2. A third, less obvious
example is the case where

e = Z Vimn , 7 nearest neighbor of m ; (7.89)

n

this is realized in the case of pendula with random spring constants but fixed
uncoupled eigenfrequencies and in the case of lattice vibrations, etc. When
(7.89) is satisfied, H; can be decomposed in bond contributions of the form

1) Viem (M| + |m) Vip (0] — M) Vi (m| — [n) Vi (0]

In this connection it is worthwhile to mention the so-called homomorphic
CPA developed by Yonezawa and Odagaki [189,190], where bond additivity
is forced by writing H; as a sum of terms of the form

! !
1) V(] +[m) Vin (] + [m) 2 (m] + 1) 2 (] .
Here Z is the number of nearest neighbors; if {e},,} are not random, then this
decomposition is reasonable. However, if diagonal disorder is present, then
these terms are not in general statistically independent, and hence the above
decomposition may lead to erroneous results.

These extensions of the simple CPA have been employed to study the elec-
tronic structure, lattice vibrations, and magnetic excitations in real disordered
systems. Thus the case (7.86) was examined by Faulkner [191], Faulkner and
Stocks [192,193], Papaconstantopoulos et al. [194], and Papaconstantopoulos
and Economou [195] to treat electronic excitations. A variation of this case,
developed in the framework of real space representation (instead of the TBM),
is reviewed in [140,141,196,197]; this so-called muffin-tin CPA avoids the dif-
ficulties associated with the off-diagonal randomness in TB CPA. In addition,
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we mention contributions by Stocks et al. [198], Korringa and Mills [199],
Roth [200], and Balanovski [201]. The case (7.88) was examined by Schwartz
et al. [202] for the electronic problem, by Kaplan and Mostoller [203] for lat-
tice vibrations, and by Harris et al. [204] for magnetic excitations. The case
(7.89) has been studied by Tahir—Kheli and coworkers [205-207]; a generaliza-
tion of this method incorporating environmental disorder was treated in [138]
and [208].

According to the aforementioned, the CPA can treat off-diagonal disorder
in the special case (7.88). Shiba [209] noted that the special case Vap =
v Vaa Vg can also be reduced to the simple CPA; this becomes apparent if
one uses the locator expansion to derive the CPA. Among the efforts to treat
off-diagonal disorder we mention work by Foo et al. [210] and by Brouers
et al. [174]. Blackman et al. [211] obtained a solution to the problem for
the case of binary distribution by introducing a 2 x 2 matrix version of the
simple CPA, where the diagonal matrix elements refer to the AA, or BB
configurations and the off-diagonal to the AB configuration; their method can
be generalized to the n-component alloy distribution by working with n x n
matrices. Whitelaw [212] succeeded in incorporating environmental disorder
along with off-diagonal disorder; his method is briefly reviewed by Leath [213].

Up to now we have dealt with direct extensions of the CPA that map the
problem back into the simple CPA. As a result, these extensions share with the
simple CPA its desirable features: correct reproduction of the limiting cases,
successful interpolation in between, and proper analytic behavior [214-216],
which assures the nonnegativeness of the DOS. Some of these extensions in-
corporate cluster scattering as well. However, it must be realized that this was
achieved only because of the special form of the random Hamiltonian. The
question that arises is whether a systematic way to include cluster scattering
in the simple CPA can be devised regardless of the form of the LCAO Hamil-
tonian. In the next subsection we review briefly the attempts to answer this
question.

7.2.6 Cluster Generalizations of the CPA

It was already pointed out that the limitations of the simple CPA stem from
its omission of multiple scattering from clusters of neighboring sites. Hence,
it is obviously worthwhile to devise a general scheme for the incorporation of
cluster scattering features in the simple CPA. A conceptual straightforward
way to achieve this purpose is the following: replace the random part of the
Hamiltonian H; by an effective Hamiltonian H1. characterized by a number of
as yet undetermined parameters Xy, X, ..., ;. Obviously Hi. must possess
the same periodicity as (H1)+Ho. Then determine the self-energies X1,. .., %,
by demanding that (t.) = 0, where ¢. is the t-matrix associated with the fluc-
tuations around the effective Hamiltonian within a chosen cluster c. Butler
and Nickel [217] implemented such a scheme for a cluster of two neighboring
sites. They found that serious nonanalyticities appear in the solutions when
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the degree of disorder is large [218]. Furthermore, Ducastelle [215,216] demon-
strated that this cluster generalization fails to reproduce the strong scattering
limit. The nonanalyticities and the incorrect limiting behavior appeared rou-
tinely in the early schemes for cluster generalizations. Leath [219] attributed
these failures to the fact that a particular site, as a result of the average
periodicity, does not belong to a single fixed cluster but can be assigned to
a number of overlapping, on average equivalent, clusters. According to this
argument, one must break the average periodicity in order to obtain properly
analytic solutions. An artificial way to do this is by introducing an effective
Hamiltonian H;. that possesses a superlattice periodicity; the primitive cell
of this superlattice equals the chosen cluster. This superperiodic H;. is char-
acterized by self-energies Y;s connecting sites belonging to the same primitive
cell; no self-energy refers to sites belonging to different primitive cells. Under
these assumptions the problem becomes equivalent to that defined by (7.86)
and (7.87), with the orbitals within the m'™ supercell corresponding to the
orbitals of the mth site in (7.86). Thus the problem has been mapped to that
of the simple CPA, and consequently the solution is properly analytic. This
has been achieved at the cost of introducing the incorrect superperiodicity on
H1e, which produces small errors to quantities like (G (m,n)) when both m
and n are well inside the supercell; on the other hand, when m and n belong
to different supercells, the error is expected to be substantial.

A better way to break the average periodicity is by embedding an actual
cluster in an effective medium. This means that the cluster is allowed to take
all its possible configurations while the rest of the system is kept at its effective
medium values. Again this method is appropriate for calculating (G (m,n))
only when both m and n belong to the cluster. The scheme can be subdivided
into three categories depending on how the effective medium is determined.
The simplest method is to determine it, say, from the simple CPA without
attempting to make it consistent with the final result [220-222]. The method
is easy to implement and has been very useful in treating real systems. In
this connection one must mention the recursion method reviewed by Haydock
[223] and the continued fraction method reviewed by Cyrot-Lackmann and
Khanna [224]. In the second category there are many effective media, one
for each particular configuration of the cluster [225,226]; their determination
is achieved by a slightly modified version of the simple CPA. Finally, in the
third category one classifies all cases where an attempt is made to determine
the effective medium so as to be consistent with the final result [174,200,217,
227-234]. There is no guarantee that the self-consistency requirement will not
produce nonanalyticities; there is also no established self-consistency.

In Fig. 7.4 we plot the average density of states per site vs. F for a 1-d
disordered system where the site energies {e],} have the binary distribution
shown in (7.35) and (7.36) with x = 0.5, |ea —eg|/B = 2 (B = 2|V|),
and ex + e = g = 0. It should be stressed that the 1-d case with a bi-
nary alloy distribution is the most severe test of any approximation. The
reason is that the 1-dimensionality and the binary distribution strongly en-
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Fig. 7.4. Average density of states vs. E for a 1-d disordered system where the
site energies have a binary distribution of the type shown in (7.35) and (7.36) with
z = 0.5 and |ea —eB| /B = 2. Panel d (CSSA) is based on a generalization of the

CPA [226]. In the present case o(E) = o(—FE)

hance the probability of occurrence of certain special clusters capable of
trapping electrons within them. Such clusters are responsible for the sharp
peaks shown in Fig. 7.4e, which is based upon the numerical solution of
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the exact equation (obtained by Schmidt [235]) for fE (G(E")dE'. Fig-
ure 7.4 shows that the ATA is a definite improvement over the VCA and
that the CPA is a better approximation than the ATA. However, all these
approximations fail to produce the fine structure of the exact results be-
cause, as was discussed before, even the CPA does not treat correctly the
multiple scattering events responsible for the fine structure. On the other
hand, the approximation termed CSSA [226] treats exactly clusters of up to
three nearest-neighbor sites and as a result produces most of the fine struc-
ture.

We would like to point out once again that in higher dimensionality and/or
for a smoother probability distribution there is no fine structure, and the CPA
is a good approximation indeed; as a matter of fact, in the case where the
probability distribution has a Lorentzian form, both the ATA and the CPA
reproduce the exact result, because they replace each e,, by Fil" (for E +1is)
(Sect. 7.2).

Despite the impressive success that embedded cluster CPA has in repro-
ducing fine structure in the DOS (compare Figs. 7.4d and 7.4e), it cannot
be considered as a complete solution to the problem of incorporating cluster
effects because of its inherent inapplicability to the calculation of (G (n, m))
for large |n — my.

Progress toward a general solution of this problem has been made. One
important advance is the work by Mills and Ratanavararaksa [236], who devel-
oped a systematic diagrammatic way of assuring that a partial summation of
a perturbation expansion is going to produce properly analytic results. Then
they proceeded to sum up all diagrams associated with pair scattering, and
they thus managed to produce the first properly analytic, properly periodic,
fully self-consistent theory incorporating pair scattering.

Another powerful idea is to augment the Hilbert space through a new pa-
rameter that determines the component of the binary alloy occupying any site
(this can be immediately generalized to multicomponent distributions). Then
the process of configurational averaging corresponds to taking the “ground
state quantum” average in this augmented space. This augmented space was
first introduced by Mookerjee [237,238]. Kaplan et al. [239] combined the aug-
mented space idea and the pair-scattering method of [236] to produce a theory
that is applicable not only to diagonal disorder but to off-diagonal and envi-
ronmental disorder as well. Even short-range order can be treated within the
framework of this theory [240]. These important developments are reviewed
by Leath [213] and by Kaplan and Gray [241].

7.3 Summary
In this chapter we examined first a system consisting of two “impurities” em-

bedded in a periodic tight-binding Hamiltonian (TBH). The total ¢t-matrix
associated with the two impurities is not simply the sum of t-matrices of each
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impurity but includes infinitely many terms that correspond physically to mul-
tiple scattering events. A diagrammatic representation of this fact is shown in
Fig. 7.1, where the propagation from site 4 to site j [described by G(j,4)] is
decomposed to unperturbed propagations [described by Gg(n,n’)] and scat-
tering events (described by the ¢-matrices ty and t,,) from the impurity sites
£ and m.

In the case of two impurities the spectrum consists of a continuum (corre-
sponding to extended scattering eigenstates) and no more than two discrete
levels. The appearance and positions of the discrete levels depend on the mag-
nitude and the sign of the impurity potentials. A typical behavior is shown in
Fig. 7.3 for a 1-d system (a) and 3-d systems (b and c).

If the concentration of impurities is nonzero, we have what is called a ran-
dom or disordered system. For such a system we are interested first in deter-
mining (G), where the symbol () denotes averaging over the various configu-
rations of impurities corresponding to the given concentration. In general, (G)
cannot be determined exactly, and consequently schemes for approximations
are needed. Three such schemes are reviewed briefly in Sect. 7.2. The most
satisfactory one is the so-called coherent potential approximation (CPA) and
its various extensions. The CPA, in its simplest form, determines (G(E)) as
follows:

(G(E)) = Go (E - X(E)) , (7.49)

where G is the unperturbed periodic Green’s function and the so-called self-
energy Y obeys the equation

e,
2B = <1 (e —5E)) Go (momi B = 2<E>>> ‘ (7.5%2)

The perturbation H; = )", |m) e}, (m| with (e;,,) = 0.

Further Reading

An extensive presentation of the CPA is given in the book by Gonis [242]. The
classical wave case is treated in the books by P. Sheng [21,243]. Scattering of
electromagnetic waves is examined in the books by Stratton [176] and Bohren
and Huffman [177].

Useful material can be found in older books and review articles such as
those by Ziman [137], Lifshitz et al. [244], and Elliott et al. [138].

Problems

7.1s. Consider the two consecutive impurities problem,

Hy = [0e(f)+|m)e (m] . (m=0+1),
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in an otherwise periodic 1-d Hamiltonian
!/
Ho =Y [n)eo(n|+ VY |n)(m| .

Find the transmission and reflection coefficients for this model. Is there any
resonance?

7.2s. Consider the simple 1-d model described in Problem 5.6. Derive the
Green’s function for this periodic model by employing a matrix notation where
|6y = [|¢s),|¢ps)]. Then introduce an impurity at site n that adds to the
Hamiltonian a term H; such that

o

€/

(n|H1|l) = 055 Sne -

=~

Find the bound states, if any, in the presence of H; (especially those in the
gap). Notice that a missing atom at n (a vacancy) corresponds in our model
to €5 — oo and €}, — oo, since by making €} and ¢, infinite site n becomes
inaccessible to the electron.

7.3. Prove (checking carefully each step) that
(G=(E)) = Go(E £1iI")

if the probability distribution of each e/, is given by a Lorentzian: p (e)) =
Im (el +17).

7.4. Starting from (7.52) prove (7.53). Also, starting from (7.59) prove (7.59a)
and (7.59b).

7.5s. Calculate numerically the average DOS for a binary alloy case with
x=0.5:p(e)) =28 (e], +€)+ (1 —x)d (], — €). For the unperturbed Green’s
function use the Hubbard one (5.56). Employ the CPA for your calculations
and consider various values of ¢/B. Plot your results for the DOS vs. E and
the band edge trajectories vs. €.

7.6s. Use the CPA to obtain the positions of the band “edges” as well as
the tails in the DOS beyond the band “edges” for the case of a Gaussian
distribution of each &/, and for a simple cubic lattice. Employ appropriate
approximations to obtain analytical results in various limiting cases.

7.7. Prove (7.73a)—(7.73c).

7.8. Employing the boundary conditions that both p(r) and the normal
derivative, dp/0r, are continuous on the surface separating two media, prove
(7.80b) and (7.80c). If the density of the two media is not the same, the
boundary conditions are: p continuous and o~1dp/dr continuous; in this case
find out how (7.80c) is modified.
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7.9s. Consider sound propagation in an infinite, uniform host medium (char-
acterized by density oo and bulk modulus By = Byor —1Bos) in which a sphere
of radius a, bulk modulus B = B — iBy, and density ¢ has been embedded.
In this case of absorption in both media the various cross sections have to be
calculated by the ratio of energy fluxes not at infinity but through a sphere of
radius r (r — a¥). To perform the calculation, introduce a scalar potential,
¢, such that w = V¢, where u is the displacement at point r, connected to
the pressure by the relation p(r) = —BV-u. The potential satisfies wave
equation (7.70) and the boundary conditions g;¢; and d¢;/9Or continuous at
the interface. The energy flux is given by the expression

4

i= 5 (B¢}*v¢ + B*d)Vsi)*) :

Calculate the total cross section (both scattering and absorption) by taking
into account that in the host medium ¢ = ¢ine. + Pscat. -

7.10. Express the tensor t-matrix, t (k, k’;w), for the EM field in a medium

consisting of a dielectric sphere (radius a, €5, ps) in a uniform isotropic
(@)

Onm and n() (see Strat-

medium of €y and po. Employ the eigenvectors m Onm

ton’s book) and the coefficients M and fﬁlEM), as well as the connection
between the t-matrix and the scattering amplitude.
Hint: See the article by Arya et al. in the book by Ping Sheng [243],

especially the appendix on pp. 398-401.
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Electrical Conductivity and Green’s Functions

Summary. Disorder has a much more pronounced effect on transport properties
than on the DOS. In fact, the DC metallic electrical conductivity is finite and not
infinite (at 7' = 0), because of the presence of disorder,no matter how weak. As the
disorder increases further, it may produce a metal-insulator transition, i.e., it may
prevent the propagation of the carriers altogether, making the conductivity equal
to zero (at T'= 0K). In the last 30 years there have been impressive developments
in our understanding of these phenomena and in elucidating the role of elastic and
inelastic scattering; Green’s functions have played a central role as a theoretical tool.
In this chapter, we shall introduce several transport quantities, such as electrical
conductivity, and present several schemes for their calculation.

8.1 Electrical Conductivity and Related Quantities

The presence of an electric field, £, in a system induces a current density, j.
The conductivity is defined as the coefficient of the linear (in &) part of j:

Ja (r,t) = / dT/dr’aag (ryr'sT)E5 (' t—1) (8.1)
0

where the subscripts a and 8 denote cartesian coordinates and a summation
is implied over the repeated index 3. In what follows we assume that both £
and j are along the x-axis, so that we need to consider only o,,; for simplicity
we drop the subscripts. At the end it is easy to deduce from o, the form of
the other components of . Usually £ and j vary slowly over distances of the
order of £y, where £y is determined by the condition o ~ 0 for |r — 7’| > £.
In this case one can perform the integration over 7’ and the average over r to
obtain

i) = / dro(r)E(t —7) | (8.2)
0
where obviously

o(r) = %/drdr'a (r,r';7) . (8.3)
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Henceforth we shall consider o(7) or its Fourier transform

/ dro(r)el™ . (8.4)

At the end of the discussion we shall indicate how one can obtain o (r,7';7)
from o(w). If £(t) is given by

E(t) = Fe @ 4 Frelwt (8.5)
we have from (8.2) and (8.3) that
j(t) = o(w)Fe ™! + o(—w)F*et . (8.6)

The reality of j requires that o(—w) = 0*(w), from which it follows that the
real (imaginary) part, o1(o2), of o is an even (odd) function of w.

Note that as a result of causality, o(7) is nonzero only for 7 > 0; con-
sequently, as can be seen from (8.4), o(w) is analytic for Im {w} > 0 with
the possible exception of w = 0 (since the integral converges absolutely and
the differentiation can be performed under the integration sign). Taking into
account this analyticity and that o(w) — 0 for w — oo (as we show later), we

can see that the integral
[ a2
oo w +is —w

is zero. By taking the limit s — 0T, and using (1.20), we obtain for the real
(01) and the imaginary (o2) parts of o

1 * dw'og (W'
o1(w) = ;P/ w’+(w) ) (8.7)
1 *® dw'oq (W A
)= P [ SR (88)

where iA4 is the residue (if any) of o(w) at w = 0. Thus knowing o1 (w) for
w # 0 one can calculate o2(w) and, consequently, o(w); the constant A can
be obtained from the behavior of o(w) at infinity. Equations (8.7) and (8.8)
are known as the Kramers—Kronig relations.

The conductivity tensor is related to several other quantities: by definition
it is the inverse of the resistivity tensor, gap (7", 7;t" —t), i.e

Z / Oary (P m3t" —t) oyp (ry st — ') drdt
¥
= 8 (" — S — 1) . (8.9)

It is connected to the diffusion function, Dyg (r,7”;t), by a generalized Ein-
stein’s relation
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/. _ 2 1 ", 8 " 8 /
oap (r,7'5t) = ¢ [ dr"Dag (r,7";1) [0 (") /80 ()] (8.10)

where ¢ is the charge of each of the diffusing particles (—e for electrons), n ()
is the local concentration of these particles at r, and o (r’) is the chemical
potential at 7’ in the absence of an electric field. For a proof see Problem 8.1s.
In (8.10) it has been assumed that the relation between p and n is nonlocal.

If it is local,
on (1) on

) s -y 22
I

then, since as T — 0K, n = 2 [** dep(e) (assuming spin 1/2 particles), we
have that On/0uy = 20r, where g is the DOS per volume per spin at the
Fermi level Er (Ep = limp as T — 0K). For free particles, 20p = 3n/2Ep
as T — 0K and On/0ug = 3n/2Er, while On/0uy = n/kpT for T > Er/kp
(because n = 2 [ deo(e) f(e) with f(e) =~ exp [(u — €)/kpT]). Thus, we end up
with the familiar Einstein’s relations:

3
§q2 (n/Ep)D, T < Er/kp, (8.11a)
@ (n/kgT)D, T> Erp/kp. (8.11b)

The DC conductivity, which, as we shall show below, can be written as

oDC :/dEa(E) (-3-{7) : (8.12)

is related to the averaged and the microscopic mobility, fipc and ppc(E),
respectively, as follows [245]:

opc = |g|nipc (8.13)
—dzgf) = |q| o(E)ppc(E) , (8.14)

where ¢ is the charge of each carrier (—e for electrons), n is the concentration
of carriers, o(FE) is the DOS (including spin) per unit volume, and f(FE) is the
occupation number of the single-particle state of energy E.

A very important relation is the one connecting the AC conductivity,
oag (T, 7';w), to the permittivity, eqp (7, 7';w):

A
gap (1, 7';w0) = 8up + %Uag (r,r';w) . (8.15)

(In the SI system 8,4 is multiplied by ¢ and the factor 47 is replaced by 1).

The permittivity is connected to the electric susceptibility, X&eﬁ), as follows:

o 1 i
X = 1 (€ap —Bap) = —0us (8.16)
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(In the SI, ngﬁ) = ioag/eow). Notice that the susceptibility can be obtained
in terms of the atomic (or ionic) polarizabilities.

The permittivity is a very important quantity because it determines the
optical properties of materials, as mentioned in Chap. 7. But besides this, it
gives the differential inelastic cross section, d?c/dOdey, of a charged particle
by the solid:

where fw = ¢; — ey and k = k; — ky. Furthermore, it determines the Fourier
transform of the screened Coulomb interaction of two charged particles (of
charge q), 4mq*/e (k,w)k?, and it allows us to express the total electronic
potential energy in terms of Im {e~! (k,w)}. Finally, the zeros of ¢ (k,w) give
the eigenfrequencies (vs. k) of the collective longitudinal charge oscillations in
a solid, while the infinities of ¢ (k,w) give the eigenfrequencies of the collec-
tive transverse oscillations in a solid [within the electrostatic approximation,
¢ — oo; if this approximation is not valid, the transverse collective eigenfre-
quencies are given by ¢ (k,w) = c?k?/w?].

8.2 Various Methods of Calculation

8.2.1 Phenomenological Approach

The simplest and crudest way to obtain approximately o(w) is by employing
Newton’s equation for the electronic drift velocity, v, in the presence of the
field, Fe™ ! and of a friction force, —muv/7¢;, (74, is the transport relaxation

time):
mu

+qF, (8.17)

—ilwmv = —
Ttr
where ¢ = —e is the electronic charge.
Since the current is given by j = nqu, where n is the electronic density,
we obtain for o(w)
’I'L€2’7'tr

o(w) ~ (8.18)

m (1 —iwry)
For w — oo the electronic motion is classical, all scattering is negligible, and
only the electronic inertia (as measured by its mass m) matters. Hence, (8.18)
(without the friction term) becomes exact:

olw) — i— . (8.19)

A slight generalization of this approach (capable of treating nonspherical
Fermi surfaces) consists in considering the whole equilibrium distribution
transposed rigidly in k-space by an amount 8k = muv/k, where v is again
given by (8.17) [27].
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The only forces we have used in (8.17) are the external one and the fric-
tion force. However, in reality, displacing a bound electron or an ion from its
equilibrium position by x may set up a restoring harmonic force of the form
—miwjz.x, where w; is a natural frequency of the system. If such a force is
present, instead of (8.18) we shall have

2
4w 1
=1

: 8.20
my w?—w? +iw/T (8:20)

0j(w)
where n; is the concentration of those particles of mass m;, charge ¢;, and
eigenfrequency w;. Now we can view phenomenologically the electrons in
a solid as separated into several groups each one of which has its own eigenfre-
quency and its concentration n;. Then the total conductivity from all groups
shall be

Nef€> Tir ie?

D D
me (1 —iwty)  me w? — wjz +iw/7;

o(w) =

ig®>nw

+ (8.21)

m; (w? —wi, +iw/7)’
where the first two terms of the rhs are due to electrons and the last one to
ions (assuming one ion per primitive cell), neg is the concentration of the free
electrons, n.; is the concentration of bound electrons of the group 7, q is the
charge per ion, n; is the concentration of ions, and wra = ¢k is the transverse
sound velocity.

8.2.2 Boltzmann’s Equation

A more sophisticated approach (but still semiclassical) is the one based on
Boltzmann’s equation, which determines the electron distribution in k-space
in the presence of an applied electric field and scattering mechanism, which
tends to restore equilibrium [246, 247]. The advantage of this approach is
that the phenomenological parameter 7, is related to the scattering potential
V(r) by

% = %QFnimp%/dO (ks | T'" (Ep) | k:>|2 (1 —cosb), (8.22)
where pr is the DOS per volume per spin direction, nimp is the number
of scatterers per unit volume, the integration is over all directions of kjy
(E(ks) = E(k) = Ep), and T'*(FE) is the t-matrix associated with a single
scatterer times the volume (2. Equation (8.22) is equivalent to

1
-~ = NimpOtr , (823)
étr

where 4y, = 1, vp and oy, is the cross section due to a single scatterer with
the factor (1 — cos#) included. Equations (8.22) and (8.23) will be proven in
Appendix G.
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This extra factor, (1 — cosf), in (8.22) and (8.23) accounts for the fact
that what matters for transport is the momentum change along the direction
of initial propagation. If | f (k;, k:)|2 is isotropic (or, more generally, if it does
not contain a p-spherical harmonic), then the cos @ term averages out to zero,
and Ty, = 7, where 7 is given by (8.22) without the (1 — cos ) factor. From 7
we define the scattering mean free path ¢ = vp7; {71 = Nimp0, Where o is the
total cross section due to a single scatterer [without the factor (1 — cos8)].

8.2.3 A General, Independent-Particle Formula for Conductivity

We proceed now to obtain a general quantum-mechanical expression for o1 (w)
within the independent-particle approximation and for w # 0 [248]. Then o (w)
will be calculated by using (8.8) and (8.19). A more general, many-body way
to obtain o(w) based on linear response theory will be given in §8.2.4 and
Sect. 11.2 [110,249,250]. Using (8.5) and (8.6) we obtain, for the time average
power P = 2€j consumed by the system, the expression

P=20|FP o (w), w#0. (8.24)
The average power P can also be calculated by multiplying the energy
€8a = hwga = Eg — E,
(absorbed by the system during the field-induced transition |a) — |3)) by the
transition rate pos and by summing over all possibilities (Jo) # |3))
P =) epapap = %Z £8a (Pap — Dpa) - (8.25)
ap ap

The summation includes a spin degeneracy factor equal to 2; the probability
per unit time p,g is given by

Pap = fa (1= f3) Wag , (8.26)

where f, = f(E,), (v = a, ), is the Fermi distribution and W,z can be
obtained (like Fermi’s golden rule) by substituting into (4.48) the perturbation
'H; instead of the t-matrix, since we are interested in the lowest-order response.
In the present case the perturbation is

Hi(t) = ex€(t) (8.27)
where the field is given by (8.5). The result is

21

Wap = —-¢ 1P [{a 2| B)I7 [8 (7w — ea) + 8 (Aw + pa)] - (8.28)
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Combining (8.25), (8.26), and (8.28), and comparing with (8.24), we obtain

™

o1(w) = % D lalz| B wpa (fa = f3) 8 (hw — hwsa) - (8.29)
af

We can recast this expression in terms of the momentum p, matrix elements.

Indeed, since
dr . Hx—zH

Pz =m— =im———,

dt h
we have
(| pa| B) = imwag (| x| B) - (8.30)
Substituting (8.30) into (8.29) we obtain

2 —
710) = gz S la o AP T b (530
af

Because of the 8 function in (8.31) it is trivial to perform the integration in
(8.8); the constant A can be obtained by comparing with (8.19), and thus
o2(w) is calculated. Combining the expressions for o (w) and og(w) we have
finally:

62n

. e? foc_f i
o(w+is) = ?—Q—WZK(%IPH@F hwﬂaﬁ R
o

2
.. 3 2 fa— I3 1
"om? 5 (lpz 1 8)] hwge wga —w —1s

(8.32)

The term ie?n/mw = 04(w) is the so-called diamagnetic contribution to o(w),
and the rest, o,(w), is the paramagnetic one, which can be recast as

2 _
ov(e) = iz 3 falpe |9 Ao e

The local conductivity o(r,r’;w) can be obtained from (8.32) by replacing
the velocity, p, /m, matrix elements by the current operator matrix elements,
ie.,

|<O[|p;2|ﬁ>| _))\aﬁ("') Z[—}(r,) ,
e S () o03 (r)
Aap (1) = - |Ya () “on Y () o | (8.34)

Yo (r) = (r|a) and ¢g (r) = (r| ). To obtain o, one replaces |[(« | ps |ﬂ)|2
by (a|pu|B8) (B|py|a) in (8.32).
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For fixed boundary conditions (BCs) the term in parentheses in (8.32)
vanishes identically. This can be proved by noticing that (8.30) implies the
following equality:

alpel B

Waa

m{a|z|B)(B]px]a) .

Note that for a perfect conductor with periodic boundary conditions, the term
in parentheses in (8.32) is not zero, because then (8.30) fails; in this case the
only term that survives is the diamagnetic one.

Mott and Davis [248] gave an instructive way to obtain (8.18) (for w = 0)
starting from (8.31). Their main assumption is that for weakly disordered sys-
tems the eigenfunctions have essentially constant amplitude (as in perfectly
ordered systems) but phase coherence among different members of the en-
semble is maintained only over a distance of the order of the transport mean
free path, ¢y, = vp7i, (for ordered systems ¢y, = oo). If the total volume §?2 is
divided into cells, each of volume v; ~ ¢, then

(o] ps | B) = / drpots (8.35)

Multiplying (8.35) by its complex conjugate and cancelling the cross terms
due to their random phases, one obtains

2
(il pe | 9)F) =2\ [ wipevaar| . (s30)

/ dr%pmﬂ

Within the volume v, ¢, and g are assumed to be plane waves so that
the integral can be performed explicitly. Substituting the result in (8.31) one
obtains o1 ~ e?nf, /2muvr, which coincides with (8.18) apart from a factor
of 2 (for w = 0), since by, = VpTi.

Thouless [251] has also obtained (8.18) starting from (8.31) by assuming
that ¢, (and tg) is a linear combination of plane waves with coefficients
that are uncorrelated Gaussian random variables whose variance is (/£ k2(2)
[(k = ka)? + €3,/4].

The general formulae we derived for o or o; are usually referred to in the
literature as the Kubo [252,253]-Greenwood [254] formulae.

8.2.4 General Linear Response Theory

Consider a system that initially (i.e., for ¢t < o) is described by the thermo-
dynamic equilibrium density matrix, gg, where

exp (—SHo)
Tr {exp (—3Ho)}

00 = (8.37)
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At time t = ¢y we apply a perturbation H;(t). We would like to calculate
how a physical quantity corresponding to operator X changes to first order
in H;(t). The answer to this is given by the following general formula (which
we quote here without proof):

(O = (00— 7 [ W X0 O (338)
where
(X)o =Tr {00 X}, (8.38a)
X1(t) = exp (iHot/h) X exp (—iHot/h) , (8.38b)
Hi 1 (t') = exp (iHot'/h) Hy (') exp (—iHot'/h) | (8.38c¢)

and the brackets denote the commutator of the two operators.
If the time dependence of M (t) is of the form e '@ *%)* and we take the
limit tg — —oo0 and s — 0", we find

(X(t) = (X)q
e_th ( Hl,nmen Xanl mn
—Oon—/—

- n — 5 8.39
h w+wmn+is+go w—wmn+1s> ( )

where 0o, = exp(—BEy)/Z, Z = Y, exp(—PEy), Hinm = (n|Hi|m),
Xmn = (m| X |n), Ho|lm) = E,|m), Holn) = E,|n), and wpn, = (B —
E,) /h. For a proof of (8.39), see Problem 8.6. The imaginary part of X (w) =
e [(X (1)) — (X),] is, according to (8.39),

I {8X (@)} = 5 D 000 [P Xond (@ + woun)

_Xanl,mn8 (w - wmn)] . (840)

Taking into account that

8 (w + wrn) = i/w exp [t (@ + whn)] dt | (8.41)

27 J_
and that

H1,nm €xp (—twin) = Hi,nm exp [it (B, — Ep) /1)
= (n|exp (iHot/h) Hi exp (—iHot/h) | m)
= <TL | HL[(t) | m) (8.42)

[and similarly for the second term in brackets in (8.40)], we find that
1 [ .
Im {3 ()} = / dUTr {00 [Hur(t), X (0)]} e~

- 2h/ dt ([X(0), Hq1(t)]) e F (8.43)
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where the symbol (A) indicates the average over the equilibrium canonical
ensemble: (A) = Tr {goA}. The last term on the rhs of (8.40) can be written as

1
E €xXp (_5En)Hl,manm5 (W - Wmn)

= %exp [—8 (Em — hw)] H1,mnXnm0 (W — wmn) -

Now we interchange the dummy indices m and n so that the term above
becomes

egh“% XD (—BEnYH 1 Xrund (@ — wnm) 5 Z = Tt fexp (—Ho)} -

Since 8 (w — wnm) = 0 (W + Wiy ), the term above is the same as the first term
on the rhs of (8.40) times the factor e#"~. Hence, we end up with the following
expressions for Im {3X (w)}:

I {8X (@)} = 7 (1= ™) S oonHtum Xnnd (@ + i) (8.44)
= %_L (1- eﬁhw) /°° dt (11 (H)X(0)) e~ (8.44")

where (8.44') was obtained from (8.44) by taking into account (8.41) and
(8.42). Equation (8.44) is a general expression for the so-called fluctuation—
dissipation theorem, which connects Im {3X (w)}, i.e., the dissipation due to
the departure from equilibrium as a result of the application of H;, with the
average of the quantity H; ;(¢)X (0) (which, for the cases of interest here, is
related to the fluctuation in time of the quantity X) in the equilibrium state.

The imaginary part of the electric susceptibility, ngg (w), can be obtained

directly from (8.44) by setting Hi(t) = ex,Fe “! [see (8.5) and (8.27)] and
X = —enxg, where —e is the charge of the electron and n is the electronic
concentration. We have then

Im {X(e)} _ Pap(w)

a efn 0 .
= T (1 — eﬂhw) Lw dt (xe,1()2(0)) e~ iwt (8.45)

From (8.16) and (8.45) we obtain Re {o,3(w)}

2

Re{oap(w)} = _627;;) (1— o) /_00 At (2.1 (H)25(0) e (8.46a)
= _6227;;) (1 _ eﬁhw) /_OO dar <xa (O)Igyl(t» eiwt (846]:))

e?nw o -
= =5 (1- e*ﬁh“’)/ dt (x5(0)za r(t)) et . (8.46¢)

— 00
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Equation (8.40) can be written by interchanging the dummy n and m indices
in the second term of the rhs as follows:

Im {SX(W)} = % le_fl,nﬂ%)(n%n5 (w + wmn) (QOn - QOm) 5

from which Re {o,3(w)} can be recast as

2
Re {O’aﬁ(w)} _ _ﬂ'ehnw menmxﬁ)mnS (W4 Wmn) (00n — 00m) - (8.47)

nm

It must be stressed that in all formulae of this section up to now the Hamilto-
nians and their eigenfunctions refer to the whole system. Thus, these formulae
are valid for the most general case where all correlations among particles are
included. If we make the independent-particle approximation, the matrix el-
ements in (8.39), (8.40), (8.44), and (8.47) are between single-particle states,
and the many-body equilibrium density matrix elements must be replaced by
the Fermi distribution, f (&,) [divided by N in order to be normalized to 1,
>, [ (en) /N =1, as the full density matrix ) oo, = 1]. Thus, in the case
of independent particles, (8.47) becomes (for oo = 3)

me?
Re{oaa(w)} = O Z [(m |z |n>|2 8 (hw — hwnim) wnm (fm — fn) 5 (8.48)

which coincides with (8.29). To arrive at (8.48) we have used the relations
n/N =1/, 8 (hw — hwnm) = 8 (W + Wmn) /F, and w = wpy, (because of the
d-function).

8.3 Conductivity in Terms of Green’s Functions

Now we recast the general expression for o1(w) or o(w) in an invariant form
involving Green’s functions. Among the various slightly different versions, we
discuss here two. In the first used by Abrikosov et al. [113] and by Doniach and
Sondheimer [135], o(w) is expressed in terms of the causal Green’s function
g(E), which is of central importance in many-body theory (Part III). For the
present purposes (where electrons are assumed to move independently of each
other), g(E) can be defined as G~ (E) for E < Er and G (E) for E > Ep, i.e.,

g(E)=|E+isé (E— Ep) —H]™" | (8.49)
from which it follows that
(@|9(B)|8) = 8ap [E + 152 (E — Ep) — Ea] " .
At T = 0 one has
fo—fs -1 [T

e o —is 27 de(aIg(E)|a><ﬁ|g(E+hw)|ﬂ>. (8.50)
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To prove (8.50) close the integration path on its rhs by a semicircle either in
the upper or in the lower half-plane and use residue theory.
Substituting (8.50) into (8.33), and performing the summation over inter-
mediate states by employing (1.4"), one obtains
ie?n e?

o) = L e [N fpag(Beg(E 4 )} (851)

where the Tr operation includes a factor of 2 due to spin summation. By
using standard many-body techniques (see, e.g., Part III of this book), one
can generalize (8.51) to nonzero temperatures. Abrikosov et al. [113], as well
as Doniach and Sondheimer [135], starting from (8.51) expand the two gs
in a perturbation series and after a lengthy calculation obtain the ensemble
average of o(w) (over all configurations of the scatterers), which agrees with
(8.18) and (8.22).

It is probably simpler and more convenient to express o1(w) in terms of
G = G+ — G~. For that purpose one notices first that

Mg(fw — £5a)

Waa

:/dEg(E_Ea)S(E_Eﬁ+hw)f(E)—f(E+hw) .

w

(8.52)

Substituting (8.52) into (8.31) we have

e > —
o1(w) = sz /7 dEf(E) QJE + hw)Tr {p28(E + hw — H)p,0(E — H)}
_eth [ f(E) - f(E+ hw)
w2m? /_OO dE hw

x Tr {p,Im {GT(E + hw)} p,Im {GT(E)}} ,  (8.53)

where the Tr operation includes a factor of 2 due to spin summation. One
can express o1 (w) in terms of G by noticing that Im {G*} =i(G™ — G*)/2
and substituting it into (8.53).

It is important to remember that in all expressions [(8.30), (8.31), (8.32),
(8.33), (8.51), (8.53)] for o1 (w) or o(w) an appropriate ensemble average over
all possible configurations of the scatterers has to be taken. One usually takes
the arithmetic mean. However, explicit results in 1-d systems demonstrate
[255-258] that it is the probability distribution of Ino(0), and not that of
o(0) itself, that is sharply peaked; thus the geometric, and not the arithmetic,
mean of o(0) is representative of the ensemble. This anomalous behavior seems
to be related to the exponential decrease of o(0) as one increases the linear
dimension of 1-d systems.

8.3.1 Conductivity Without Vertex Corrections

To calculate the arithmetic mean of o1 (w), one has to average the product
of two G's, which in general is different from the product of the averages. We
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shall return to this important question later, but for the time being let us
replace each G in (8.53) by its average value (G), which can be calculated
with the use of the CPA. Working in the k-representation, where both p and
(G) are diagonal, we obtain from (8.53) in the limit w — 0

62
A0 =2 a8 (=55 ) S klpa/mik i {6 2}
(8.54)

Taking into account that
OF (k
;> (k)

Pz

k|2
< m hok,
that GT(E,k) = [E — X(E) — E(k)]™!, where ¥ = ¥ — iXy is the self-
energy, and that (—0f/0F) — 8(FE — Er) as T — 0, we obtain for the zero

temperature conductivity
2 2

_2eh 02 (k)

P r
&

=, (k) ,

2

(V) (0) 5
{IBr - 21— BR) + 53}

(8.55)

The summation over k is facilitated if one introduces an integration over
S (F' — E(k))dFE’, so that

2
O (0) = 20 / dE'
™

AL )
k

22
X 2 5 - (8.56)
{1Er - 21— BT + 33}

The quantity in the brackets depends only on the form of E(k). For lattices of
cubic symmetry v2 can be replaced by |v|* /d, where d is the dimensionality.
Furthermore, the k summation can be replaced by an integration over the
surface of constant energy E’, so that

1 2 ’ _ 1 1 2
2 P IS~ ) = ooy [ s o)
1

/! /
where S is the area of the surface of energy E’ and v (E’) is the average of the
magnitude of the velocity over this surface. Equation (8.56) can be simplified
considerably in the weak scattering limit, where X5 is small, and Sv can be
taken as a constant equal to its value at Er — Xy =~ Er. Then the integration
over E’ can be performed explicitly, giving for o

62UF SF

o(0) = ] @y (8.57)
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If we compare (8.57) with (2) of Problem 8.7, we see that we should identify
2|Xs| /h with 1/7,. However, (7.51) suggests that

12 > _ ﬂ_gag‘V(O)z‘

| Zo| = mom (€'2,) = moa® (7, 5 = TOMimp Vo),
since, in this case, V(q) = a8, and nimp = a~3. Hence 2|X5| /h equals
1/7 and not 1/7,. Thus our calculation reproduces the standard result apart
from the (1 — cos ) factor, which is not present in |X3|. The reason for this
omission is our neglect of the difference p, (Gp,G) — ps (G) py (G), which is
usually called a vertex correction. In the next subsection we present a CPA-
like scheme for obtaining the vertex corrections. In the weak scattering limit,
this scheme reduces to the standard theory for conductivity [113,135] and
reproduces the cos 8 correction.

One can rewrite (8.57) (with the cos@ correction) in terms of 7, or 4y, =
vpTy as follows (Problem 8.7):

2 e? 2 e?

©) = —=—— = °
o (0) Gnd T VFTuSF @n)d 0 SF . (8.58)

(For d=2, S is the length of the Fermi line, and for d=1, Sp = 2.)

To summarize: Starting from the general equation (8.53) and utilizing the
CPA to obtain both (G) and the vertex corrections produces a very satis-
factory approximate result for o1 (w). In the weak scattering limit this result
reduces to the standard expression for o; (w) [113,135,157,259]. Furthermore,
the vertex corrections in the weak scattering limit are responsible for the
appearance of the cos@ term in 1/7,.

Note that in the simple TBM the scattering is isotropic in k-space (in fact,
it is k-independent), and as a result the cosf term gives zero contribution to
1/7tr. This means that the CPA vertex corrections for the conductivity and
for the simple TBM are zero. In the next subsection we shall see that this is
actually the case.

8.3.2 CPA for Vertex Corrections

As was mentioned before, transport properties depend on combinations of the
form

(AG(2)BG ()

where A and B are nonrandom operators. Following Velicky [260], we define
the operator I" by the relation

(G(2)) I (G () = (G(z)BG () = (G(2)) B{G () - (8.59)

Within the CPA (G(z)) = Ge(z). Furthermore, according to (7.54), we can
express G in terms of G, and the t-matrix, T”, which is given by (7.30), i.e.,
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T'=> Qm=) Cn- (8.60)
m m

The operators @), and C~2’m satisfy the following equations:

Q=T (146G > Q| . (8.61)
n#m
Qo= (14> QnGe| T}, . (8.62)
n#m

where T, = |m) t,, (m|. Substituting the above relations into (8.59) we have

I'=Y TImn, (8.63)

D = <T,’n 14 Ge > Qp| GeBG [ 14 ) QLG. T,;> . (8.63)

L#+m s#mn

The CPA for the vertex part [yn consists again in replacing the average of
the product by a product of averages as follows:

fmn ~ <T,,{n < ]. + Ge Z Q/e GeBGe ]. + Z @;Ge > T,,/.L> . (864)

L#+m s#n

Taking into account that the ¢, . are independent random variables with zero
mean (due to the CPA condition) we see that the rhs of (8.64) is nonzero only
when m = n, i.e.,

Trn = 8mndn = 8mn 1) An (0] (8.65)

Of the four terms inside the inner average sign in (8.64), two are propor-
tional to (Q}) or (Q%) and hence are zero within the CPA; the third is

G¢BG,., and the fourth is Ee"#n G <Q’£G6BGQC§'S>G6, which in view of

(8.61), (8.62), (8.63"), (8.64), and (8.65) equals Ge 4y, IG.. Hence we can
rewrite (8.64) as

Iy = <T,;Ge B+ Y I GeT,’L> . (8.66)
L#£n

System (8.66) for the unknown quantities I n is a closed one, and consequently
the problem has been solved formally. To be more explicit, we take matrix
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elements in the local basis; we also write 3, ,,, Iy =3,y — Ty Then (8.66)
becomes

n [1+ {tt.) Ge (nn) G (nn)]
= Z <t'/nt'/n> Ge ('I’L, E) [Bem + ilﬁem] Ge (m, 'I’I,) . (867)

To display the energy dependencies explicitly and to make the expression more
compact we introduce the quantity u(z, z") defined by

u(z,2') = (t, (2)ty, (2))
X [1+4 (tn(2)ts, (2') Ge (n,m; 2) G (n, 1 z’)]_1 . (8.68)

Then (2, z") becomes

n(z,2") = Z uw(z,2")Ge (M, £; 2) [Bem + Fe(2, 2')8em] Ge (M, m; 2") .
£m
(8.69)
Then 74, can be factorized by defining the new quantity 7um, through the
following relation:

Yn = Z YnmGe (ML) BesGe (sm) . (8.70)

mes

Substituting (8.70) into (8.69) we find that 7., obeys the B-independent
equation
Ym = Unm + Y _ uGe (n,£) Ge (€,1) Yem , (8.71)
)
where the energy dependencies are not shown explicitly. The quantity Ynm
corresponds more closely than 7, to what is called the vertex part in many-
body theory (Part III). Equation (8.71) can be solved immediately in k-space

V(g2 2) =u(z2) 1 —u(z2)Alg; 2,2 ", (8.72)
where
A(g;z,2") = Ze_iq'mG (0,m;z) G (m,0;2)
:—ZG k;2)G. (k—q;2) (8.73)
and
Ynm (2,2) Ze‘q (n=m)y (g5 2,2') . (8.74)

The basic equation, (8.71), the series that results by iterating it, (8.70), and
the vertex correction to Tr { A (G(z)BG(z'))} are shown graphically in Fig. 8.1
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n=m n ¢ m
0N B
n=m n y4 m

o — =0 =0 =@
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Fig. 8.1. Diagrammatic representation of the CPA for the vertex corrections in the
local representation. Directed solid lines from n to £ correspond to G.(£,n); the
upper ones have an energy argument z’, and the lower ones have z. The wavy lines,
which always connect identical sites, correspond to u [see (8.68)]. The shaded square
iS Ynm , the shaded semicircle is 7y, and the shaded circle is the vertex correction
for the quantity Tr { A (G(2) BG(z'))}; the dashed lines correspond to Bme and the
dashed-dot lines to Ay, . Summation over all internal points is implied in a and b,
while in ¢ and d the summation is over m, ¢, and s and ¢/, m’, s, s’, £, m, respectively.
Case a is equivalent to (8.71) and b to its iteration; c is equivalent to (8.70)

for the local basis representation. The same diagrams, with slightly different
correspondence rules, can also be used for the k-representation.

Let us comment on the CPA results. In the weak scattering limit, as follows
from (8.68), u — <E/3L>. Then the terms summed in Fig. 8.1b are exactly the
same as those used in the standard approach for the conductivity. Hence, in
the weak scattering limit the CPA for the vertex corrections reduces to the
standard result.

If we are interested in the vertex corrections to the conductivity tensor, we
must take A = B = p. Now the momentum operator p in the k representation
is given by moE(k)/hok and is an odd function of k due to time reversal
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symmetry. This implies that pgs is an odd function of £ — s, which means
that 7y, for this case is zero [see (8.70)]. As was mentioned before, the vanishing
of the vertex corrections for o is a consequence of the isotropy of the scattering
potential in our model. The vertex corrections for other quantities do not
vanish. We shall see in the next chapter that a quantity of importance is
(G (m,0;2") G (0,m;z)), which corresponds to A = |0) (0| and B = |m) (m|.
Combining (8.72), (8.70), and (8.59) we obtain

1

- A(k;z; 2
. . — ik -m ) <y
<G(m,0,z’)G(0,m,z)>—N Ek e T

(2,2') A(k;z,2")

(8.75)

The CPA does not, of course, keep all the terms that contribute to f, but the
ones kept are very important, at least in the case where z = E+isand 2z’ = F—
is: they are positive definite so that no possibility of self-cancellations exists,
in contrast to other terms, which involve unpaired G.(£,m)s with |£ —m|
larger than the phase coherence length. As we shall see in the next section,
the CPA terms can give a very large contribution, and, last but not least,
they can be summed explicitly to produce a closed expression [see (8.72)].
Note also that the CPA preserves an exact relation between the self-energy
and the vertex part I" for B = 1. By observing that

z—2
and by taking into account (8.59), one obtains (for B = 1)

Fo, )= -2 =2E) (8.76)

z—2z
where the exact self-energy, X'(z), satisfies by definition the relation
(G() = [z = 2(z) - Ho] " .

The CPA I and X’s satisfy (8.76).

Equation (8.76) shows that, in the limit 2/ — 2z from opposite sides of
the real axis (i.e., under the condition Im{z}Im {2’} < 0), the vertex part
(for B = 1) blows up [since X(z) is discontinuous across the real axis, i.e.,
Y*(F) = =X~ (E)]. This blowing up of the vertex part is indicative of its
importance in the case where Im {z} Im {2’} < 0. We shall return to this point
in §8.3.4.

8.3.3 Vertex Corrections Beyond the CPA

We now discuss a subgroup of terms contributing to the vertex corrections
but omitted within the CPA. These terms have a structure quite similar to
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the CPA terms and, as a result, may be equally important. They are shown
diagrammatically in Fig. 8.2, from which one has
Tr{A(G(2)BG(2')} — Tr {A(G(2)) B(G(2))}
~ Z AsGe (8,m52) Vi (2,2)Ge (1, 35 2)
X BijGe (§,m;2') Ge (n, 5 2') . (8.77)

The quantity 7,,,(2,2") can be calculated explicitly by working in k-space,
and the result is similar to that of y,m(z,2’), except that A is now replaced
by A’, where

A )= e G (0,m) G (0.m) = 3G (K)Ge (g — ), (879)
m k

and the first term of the series (in Fig. 8.2b) is u?A’(q) and not u (since the
term u is already counted in the CPA vertex corrections). Thus

v (q) = u?A'(q)[1 —ud'(q)] ", (8.79)
Yo = %geiﬂm—"w (@) . (3.50)
'é

o
S o

n m n m n YA m
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m n m n m é n
n m n y4 m

-
oo
]
.
Lo

n m n y4 m

Fig. 8.2. a The shaded circle represents additional (beyond the CPA shown in
Fig. 8.1) vertex corrections for the quantity Tr {A (G(z)BG(z’))}. In the present
case, the vertex part (shaded square) is given by the diagrams shown in b and called
mazimally crossed diagrams; they can be redrawn (without changing their values)
as in c. The rules are as in Fig. 8.1
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It must be pointed out that time reversal symmetry of the Hamiltonian implies
that G. (0, m) equals G, (m,0), which in turn means that A(q) = A'(q).
Recall that the presence of an external magnetic field destroys time reversal
and, hence, the previous equality.

The post-CPA terms shown in Fig. 8.2b (or ¢) and known as maximally
crossed diagrams, produce results for the vertex part 4,,,,, which are essen-
tially equivalent to the CPA for ;.. The main difference between the two
cases is the way the vertex part is connected to the Gs [compare Fig. 8.1d
with Fig. 8.2a: in Fig. 8.1d the two Gs that connect to A (or B) start and
end at the same site of the vertex part, while in Fig. 8.2 a the sites are differ-
ent]. As a result of this difference, the vertex corrections to the conductivity,
and for our simple model Hamiltonian, are identically zero for the CPA terms
(because of the oddness of pg,, with respect to the indices), while it is not
zero for the post-CPA terms shown in Fig. 8.2. In fact, these terms make an
extremely important contribution to the conductivity, which will be discussed
in some detail below and in the next chapter in connection with the problem
of localization.

8.3.4 Post-CPA Corrections to Conductivity

As was mentioned before, the vertex part (at least for the case B = 1) blows
up in the limit z, 2z’ approaching each other from opposite sides of the real
axis. When B =1, 7, (z,2’) can be expressed as follows (Problem 8.12):

~ , u(z,2") A0;2,2")

Yo (2,2) = 1—u(z,2")A0;2,2") (8.81)
Comparing (8.81) with (8.76) we see immediately that u (z,2") A (0; z, 2’) ap-
proaches 1 as z — 2z’ from opposite sides of the real axis. Under these con-
ditions, v (q; 2z, 2’) has a singularity when g — 0. Since v (g; z, 2’) is part of
the integrand for the vertex corrections both within the CPA and beyond the
CPA (if A’ = A), it follows that the vertex corrections may become singular.
This depends on the behavior of the integrand around the singularity, i.e., on
the behavior of uA for small values of z — 2z’ and ¢

u(z,2')A(g;2,2') =~ 1+ay (z—2') — axq®, (8.82)

with Im {z} Im {2’} < 0. To be specific, we take Im {2} > 0. The constant a;
can be found by comparing (8.81) with (8.76). The result is

i

T 2|3y

. (8.83)

a1

To find as requires some algebra. We start with (8.73) and we expand
G.(k — q;2') in powers of q. The coefficient of the first power is

3G (B)VaGie (k) |
k
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which is zero, because G.(k) is an even function of k. The next term is

QdNZG = QdNkaG ) - ViGe (k) ,  (8.84)

where cubic symmetry is assumed and d is the dimensionality. Taking into
account that
Geolkiz) = [ — ¥ — B(k)] ™!

we see that

ViGe (k;2) = G? -V E (k) ;

hence the coefficient of ¢? is proportional to ¢(®) /X3 where ¢(©) is the con-
ductivity without vertex corrections (8.55). [Remember that the second G, on
the rhs of (8.84) depends on 2z’ and in the limit 2’ — z with Im {2z} Im {2’} < 0
Ge (k,7") = G (k; 2).] To find as we also need

-1
wEY,E7) = A Y0, ET, E7) [ ZG+kE )]
-1
O e S(Ctesy
N k
| 22|

. . -1
= 2|5l ping (B)] ' = =2

where ¢'(F) is the DOS per unit cell per spin. The coefficient as can be
expressed in a more compact way in terms of the diffusion coefficient, D(©) =
() /2¢2p [see (8.10) and text thereafter]:

hD©

a2:—2|22| .

(8.85)
To find the vertex corrections to the conductivity, we start with expression
(8.53) for the real part of the conductivity, which becomes at T'= 0

o1(w) = f—g (Tr {v,Im {GT (Ep + hw)} v, Im {GT(Ep)}}) . (8.86)

But
Gt (Er + hw) — G~ (EF + hw)

2i
with a similar expression for Im {G" (Er)}. Of the four terms resulting from
the multiplication of the two Im {G}s, two have their arguments on the same
side of the real axis and, consequently, they are negligible in comparison with
the other two, which give a divergent contribution to « (g;z,2’) as w — 0.
Thus the vertex correction to (8.86) becomes

d01(w) = ¢1 (EF,w) + ¢1 (EF + hw, —w) , (8.87)

Im {G* (Er + hw)} =
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where

e’h

o1 (Erp,w) = 472

We consider here the post-CPA corrections shown in Fig. 8.2, since the CPA
corrections vanish. From Fig. 8.2a, and transforming everything to the k-
representation, we have

2¢’h 1 1
OB )= o

XY q Xk [Vkvq-kGT (ki E + hw)G T (q — k; B + hw)
<G~ (k; E)G~(q — k; E)Y (q; EY + hwt, E7)] . (8.89)

3 (Tr {v,G(E + hw)v,G™ (E)) . (8.88)

Because the integral (for d = 2, 1) is dominated by the region of the singularity
at ¢ = 0, we can take ¢ = 0 in the vq_f and Gs and thus separate the k-
integration from the g-integration. The former gives a result (as w — 0) that
is proportional to —o(?) /X3 or —D©) /52, To perform the g-integration, we
need ', which we obtain from (8.79) and (8.82) (A’ = A) as w — 0:

u - |22| 1

1—ud 7o _ _ihw ED©) o
¢ o T A

Y (¢, ET + hwt E7) =

2|55 1
= . 8.90
mo'hDO) ¢ —i5%; (8.90)
Substituting in (8.89) we obtain for ¢1 (Er,w)
e? 1 1
E =—— d 8.91
o1 (Erw) = =5 / T = 1(w/DO) (8.91)
which, combined with
¢1 (EF + h/UJ, —UJ) ~ ¢1 (EF) —UJ) )
gives the final result for do7y:
) q>
o1 = —— d . 8.92
o1 7h (2m)d / qq4 + (w2/D(0)2) (892)

For d = 1 no upper cutoff is needed; for d = 2,3 we take as an upper cutoff
L., where L,, is of the order of the elastic mean free path. By introducing
the length L, = /D /w we obtain from (8.92)

2

e
————VL,, 1-d, 8.93a
V2rh ( )
e? L,
S0y = _mm (m) , 2-d, (8.93b)
e2 1 e? 1
- = -d. .
2v2r2h Ly, wh Ly’ s (8.93¢)
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Notice that in the limit w — 0, L, — oo. Hence, the corrections due to
the post-CPA vertex inclusion lead to a divergent and negative result for
the DC conductivity in 1-d and 2-d. Clearly, this is physically unacceptable.
However, this unphysical divergence may be indicative of a transition to a new
state of the system that could not be properly described by the CPA and
post-CPA vertex corrections. To this important open question we shall return
in the next chapter. At this point, having in mind the physical analysis in
Sect. 9.1 of the following chapter, we shall assume that (8.93a) and (8.93b) are
satisfactory as long as L, is comparable to £, which implies that |801| < 0.
The 3-d result in the limit w — 0 may be considered reasonable as long as
e?/m3hL,y, is smaller than ¢ = (62/127T3h) Srli. This inequality is satisfied
when Sply Ly, > 12 or assuming that L., ~ ¢, when Spf2 > 12.

8.4 Summary

In this chapter, the theory of electrical conductivity was developed. In Sect. 8.1
we defined the conductivity and connected it to other relevant quantities such
as the permittivity, etc. Various methods for calculating o were presented;
among them the so-called Kubo—Greenwood formula was expressed in terms
of Green’s functions as follows:

ie?n e? < dE
T () = / T (g (B)pug(E+ )} (851)
— f(E+ hw)
1w (W QOz / dE hw

x Tr {p,Im {G*(E + hw)} p,Im {GT(E)}} . (8.53)

In the above expressions o3 = Re{c}; the Tr operation includes a factor
of 2 due to spin summation; p, is a cartesian component of the momentum
operator. Equation (8.51) is valid at T'= 0 and

g(E)E { G+(E), E<EF,

GT(E), E<ZEp. (8.49)
To obtain the ensemble average of o(w), we needed the average of the product
of two G's, which is in general different from the product of the averages.
A first approximation for o(w) was obtained by ignoring this difference and
then utilizing the CPA for (G). The result in the weak scattering limit was
(for w = 0)

2

(2m)dd h

where ¢ = vT is the mean free path, v is the average magnitude of the velocity
over the Fermi surface Sp (which in the simplest case is 47k%), d is the

50 —

esF , (8.58)
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dimensionality, and 7 is the relaxation time given [in lowest order in V(q)] by

1 2 1
= = 0y / doV?2(q) . (8.94)
I8

T h
In (8.94) pr is the DOS per volume per spin at Er and nimp is the concen-
tration of the scatterers, each one of which is associated with a scattering
potential whose Fourier transform is V' (q). The integration is over all direc-
tions of the vector g [E(q) = EF].

Next we considered an extension of the CPA that allows the approximate
evaluation of the difference between the average of the product of G's and the
product of the average Gs. The effect of this difference on ¢ (which is called
vertex correction), according to the CPA, in the weak scattering limit, was to
introduce a factor (1 — cos#) in (8.94) where 6 is the angle of g with respect
to the direction of propagation. This factor by definition changes 7 to 7,
(transport relaxation time) and £ to ¢i,. Equation (8.58), with ¢ replaced by
by = UTyr, is the semiclassical weak scattering result for o, obtained usually
by employing Boltzmann’s equation. For strong scattering see (8.22).

In addition to the CPA contribution (Fig. 8.1) to the vertex corrections,
another contribution (Fig. 8.2) was obtained. This post-CPA contribution to

o is of the form L
™ d
8o ~ — / = (8.95)
1/Ly 4

where the upper cutoff length Lj; is dominated by the shortest of several
lengths and L., is of the order of ¢;,. The contribution (8.95) is extremely
important for 2-d systems, where 8o diverges as —In(Lys), and for 1-d sys-
tems, where 8o diverges as —Ljy, in the limit Ly; — oo. It was found that
the CPA contribution to o, if combined with electron—electron interaction pro-
cesses, yields a form similar to (8.95) with a different prefactor and somewhat
different Lp; (especially in the presence of external magnetic fields). These
theoretical results have found impressive experimental confirmation in 2-d
films or interfaces; in thin wires and in 3-d systems the agreement between
theory and experiment is of qualitative or semiqualitative nature.

The physical interpretation of the divergence of 8¢ as Ljp; — oo in 1-d
and 2-d, as we shall see in the next chapter, is that all eigenstates are lo-
calized (i.e., they decay to zero for large distances) no matter how weak the
disorder. As & increases (in absolute value) with increasing Ly, it eventu-
ally becomes comparable to ¢(®), and finally the total o = o(®) + 8¢ must
approach zero as Lj; — oo. Equation (8.95) is appropriate for describing 8o
only when |3c| /o(®) is considerably smaller than 1. Thus, according to the
above reasoning, 1-d and 2-d noninteracting systems are never truly metallic.

This nonmetallic nature is revealed when Lj; becomes comparable to or
larger than the localization length of the eigenfunctions. The fact that, for
d = 3, (8.95) gives a &0 ~ 1/Ljs is interpreted as meaning that for weak
disorder, the eigenstates in 3-d systems are extended with (more or less) uni-
form amplitude, at least for length scales exceeding a characteristic length &’
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When the disorder increases beyond a critical value, the eigenstates become
localized.

Various approaches to this fundamental problem of disorder-induced lo-
calization are reviewed in the next chapter, and an extensive list of references
to the literature is given.

Further Reading

The book by Doniach and Sondheimer [135] treats the question of electrical
conductivity on pp. 96-122. The connection of electrical conductivity to the
diffusion coefficient is presented in Janssen’s book [261] (pp. 39-77).

Problems

8.1s. Prove (8.10), (8.11a), and (8.11b).

8.2. Solve Boltzmann’s equation in the presence of both magnetic and electric
fields (G.14) and calculate the magnetoconductivity. [See (G.17).]
Hint: Show first that the solution of
Gy 0G
~0 2 = §(— ¢
Ttr e 8¢ (dj ¢ )
is ,
exp [(¢' — ¢) /wer]

We

Go(¢p—¢)=0(s—¢)

8.3. Prove (8.33) starting from (8.32).

8.4. Prove that the term in parentheses in (8.32) is identically equal to zero
for fixed boundary conditions; for a perfect conductor with periodic boundary
conditions show that the conductivity is equal to its diamagnetic contribution.

8.5. Starting from (8.31) and following the suggestions given by (8.35) and
(8.36) show that
N e?nly,

o1 = .
2mup

8.6. Prove (8.39) starting from (8.38), inserting a complete set of the eigen-
functions of Hy, where appropriate, and remembering that, by definition,
Tr{A} =), (n|A|n), where the set {|n)} is complete.

8.7. Using the expression for the current density j,

3
i=2 / %vm (k) | (1)
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where f (k) is given by (G.9), prove that the 3-d DC conductivity at T = 0K
is given by

1 €2
=St 2
7= o0 kb (2)

where SF is the area of the Fermi surface in k-space,

by = VT ’
S = [ d%k
FUF = |Vk »

and 7, is given by (G.12). For finite temperatures we have for the DC con-
ductivity
1 62 8f0
& [ dey (-5 lor ()
1273 1 / €k< 3€k) S (k) b (ek) (3)

S (ex) b (k) = Tir (ck) / Ahyu(k) | (4)
For e(k) = h?k?/2m, (2) reduces to o = e2n7y /m.
8.8. Starting from (8.69) and (8.70), prove (8.71).
8.9. Prove (8.72) and (8.73) using (8.71) and (8.74).

8.10. Prove (8.75).
Hint: Take into account that
A (Q» Z, Z/) = A (_q7 Z, Z/) )
uA 1

:—1 _—
1—uA +1—uA’

where

and

%Ze_iq'mZeiq'eG(O,ﬂ)G(ﬂ,O) — G (0,m) G (m,0)
q £

1 o
= & DT A(g).
q

8.11. Prove (8.81).

8.12. Prove that

mo(e)

| X2 (e))

in the limit z — ¢ +is, 2’ — ¢ —is, and s — 0.
Hint: Take into account that in the above limits

1
Y(z) =X ()

8.13. Prove (8.46b), (8.46¢), and (8.47).

A(052,2") —

G (k;2)G (k;2') = (G (k; 2) — G (k; 2')] .
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Localization, Transport, and Green’s Functions

9.1 An Overview

In Chap. 8 we obtained the basic formula for the metallic conductivity

2 G, d=1,2.3 9.1

UO—W%Ftry =1,49, (9.1)
where the transport mean path, £, is a length given by ¢, = vy, [see (8.22)
and (8.23)] and closely related to the scattering mean free path, £ = (nimpo)fl,
where o is the scattering cross section from one of the scatterers whose con-
centration is nimp; the mean free path, £, as was shown by (7.64), (7.66), and
(7.68), is related to the randomization of the phase among different members
of the ensemble over which the average is taken. It is this randomization of
the phase of the eigenfunctions that is responsible for the finite conductiv-
ity given by (9.1), as was shown in [248] and [251]. In deriving (9.1) it is
implicitly assumed that the randomness and the resulting multiple scatter-
ing does not affect the average amplitude, |¢ (7)], of the eigenfunctions. This
assumption is actually a good approximation when the disorder is weak. As
the disorder becomes stronger, multiple scattering events lead to construc-
tive and destructive interference and hence to amplitude, |4 (7)], fluctuations.
These amplitude fluctuations are responsible for the post-CPA corrections to
0p obtained in Chap. 8:

2

e
% Lu, 1-d 9.2a
V2rh M ( )
2
L
So=4 _ £ oM 9. 9
o —5 0 7 d (9.2b)
e? 1 e 1
‘. - ° - - 2
oI h I TRy 3-d (9.2¢)

where Ly is an upper cutoff length (identified as L, in Chap. 8) and L,, is
assumed to be of the order of ¢ or ¢;,. Examples of upper cutoff lengths Ly,
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besides L,, and the geometrical dimension L, are: the diffusion length during
the inelastic phase incoherence time, 74, to be discussed in Sect. 9.2

L¢ = \/DT 5 (93)

and the cyclotron radius introduced by the presence of an external magnetic
field B,

he
eB’
(Lp must be multiplied by ¢7/2 ~ 1.33 in order to reproduce more detailed

calculations in 2-d systems). Kaveh [262] has pointed out that in the presence
of more than one upper cutoff length a possible choice for Ly, is

Lp= (9.4)

Lyt ~al?+el?+ L +alg?+--- (9.5)

where the weights ¢; are positive constants close to 1.

We have already shown that (9.2a) and (9.2b) lead to nonphysical results
for Ly very large; even (9.2c) fails when Lj; becomes very large and L,
sufficiently small so that |8c| > 0. Thus the need arises for treating the
disorder-induced amplitude variations in a more realistic way. In response
to this need a new field has emerged establishing a firm connection with
experimental data. In this chapter we present the basic ideas and results as
well as some applications (far from complete) of this far-reaching field.

In principle, there are reasons to expect that disorder, if strong enough,
may affect not only the phase but the amplitude as well. For this purpose
consider the elementary example of two coupled pendula. The transfer of the
motion from one to the other is facilitated by a strong mutual coupling and
is opposed by a large frequency mismatch. If we have an array of pendula of
random individual eigenfrequencies and then we couple them, it is not difficult
to imagine that a wave propagating in such a medium may find regions of large
frequency mismatch; such regions will be almost inaccessible to it. In fact, one
may even think of the possibility of the wave surrounded by such regions so
that it cannot escape to infinity; in other words, the wave may be confined
to a finite region of space decaying to zero (usually in an exponential way)
as one moves away from this region. These decaying eigenstates are termed
localized. The ordinary propagating eigenstates are usually called extended.

In previous chapters we examined localized eigenstates associated with one
or two isolated impurities; these states belonged to the discrete part of the
spectrum. The continuous part of the spectrum was associated with extended
eigenstates. Now imagine that a disordered system is created by allowing
the number of impurities to become infinite. Then one expects the discrete
spectrum associated with localized eigenstates to be smeared out to form
a continuum that usually joins the main band as a tail. Obviously, the question
arises as to whether or not the eigenstates (at least those in the tails where
they started as localized) will become extended or remain localized.
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The answer to this question can be sought within the framework of the
random TBM introduced in Chap. 7 [see (7.35)]. This by now familiar model
(also known as the Anderson model) is the simplest one that incorporates the
essential competition between the transfer strength |V| and the energy (or
frequency) mismatch, which is characterized by the width 8¢ (8¢ = |e4 — €],
I', W for the binary, Lorentzian, and rectangular distributions, respectively)
of the probability distribution of the random variable &],. Thus the important
parameter for localization is the dimensionless ratio

Q=|V/&] . (9.6)

As we shall see, another equally important parameter is the dimensionality d.
Other aspects of the TBM, such as the shape of the probability distribution
and the type of lattice, are of secondary importance and are believed not to
influence the alleged universal features of the problem.

Before we proceed with our presentation, we shall state here the main
results in the field. These results have not yet been rigorously proven but are
accepted on the basis of considerable theoretical and experimental evidence
in their support:

(i) There is a critical dimensionality d = 2 for the localization problem. For
d < 2 all eigenstates are localized (in the absence of magnetic interac-
tions), no matter how weak the disorder. For d > 2, and for weak disor-
der, the tails of the band consist of localized eigenstates, while the interior
corresponds to extended states. The localized regions are separated from
the extended ones by critical energies termed mobility edges, E.. As the
disorder increases, the mobility edges move eventually toward the center
of the band; they may merge together, eliminating the region of extended
states. This behavior is shown in Fig. 9.1, where the mobility-edge trajec-
tories (as the disorder W varies) separate the E-W plane into regions of
localized and extended states.

(ii) For weak disorder the vertex corrections to the conductivity are given
by (9.2a), (9.2b), and (9.2c), which are known as weak localization equa-
tions. We repeat once more that the corrections (9.2a) and (9.2b) do not
disappear as the upper cutoff length Lj; becomes very large. On the con-
trary, they increase indefinitely with Lj;, suggesting that eventually, for
Ly — o0, 0 — 0. Thus a truly metallic behavior is not possible for d < 2
(in the absence of magnetic field and many-body interactions). This is,
of course, consistent with the statement that all eigenstates are localized
for d < 2. The nonmetallic nature of the conduction for d < 2 is usually
masked by the fact that at high enough temperatures Ly (and hence Lyy)
becomes quite short. We shall see in Sect. 9.2 that when Lj; ~ L,,, 80 ~ 0.

(iii) The vertex corrections (9.2) come from the post-CPA terms shown in
Fig. 8.2. The CPA terms, although quite similar to the post-CPA ones,
produce no correction to the conductivity in the simple TBM because of
the exact mutual cancellation of the terms shown in Fig. 8.1d. The pres-
ence of electron—electron interactions eliminates this cancellation. Indeed,
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Fig. 9.1. Mobility-edge (dashed line) and band-edge trajectories (heavy solid line is
based on the CPA; light solid line is exact) for a diamond lattice with a rectangular
distribution of site energies centered at ¢ and of total width W [263]

if the electron between points £ and s (Fig. 8.1d) interacts with the elec-
tron between s’ and £, then the terms resulting from the exchange £ = m
(or £ = m') are no longer opposite to each other and hence the CPA
vertex corrections, in the presence of electron—electron interaction, do not
vanish. In fact, they produce a result like (9.2) with a similar, but not iden-
tical, proportionality factor. The cutoff Lj; depends on the frequency w
or the temperature T', whichever is larger, more or less as in (9.5):
_ kBT w

The main difference is that Lj; in the present case, and in contrast to
the previous case, does not depend significantly on the external magnetic
field B. The reason is that the CPA terms involve Gt,,,G;,,,, which re-
mains unaffected by B, while the post-CPA terms of Fig. 8.2 involve
G Grims Which acquires an extra phase factor in the presence of B.

(iv) The theoretical results presented in (ii) and (iii) are in impressive agree-
ment with experimental data, especially for the 2-d case.

(v) Equation (9.2c) combined with (9.4) predicts a negative magnetoresis-
tance proportional to v/B. Such a behavior has been observed in impurity
bands of heavily doped semiconductors at low temperatures (~ 1K) and
remained a puzzle until the advance of the present explanation.
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9.2 Disorder, Diffusion, and Interference

In order to see the physical origin of the corrections 8o to the conductivity,
formula (9.1), we consider a particle of charge ¢ (¢ = —e for electrons) located
initially at the lattice site n. The probability amplitude of finding it again
at m after time ¢ is denoted by ¢, (t). According to Feynman’s path integral
formulation, ¢y, (t) is given by

cn(t) =Y A, (9.8)

where the A, ()s are the contributions from all directed paths starting at ¢ = 0
from site n and ending at time ¢ again at n. A,(t) is given by

A (1) = exp {% /0 L ()] dt’} , (9.9)

where 7, (') denotes the particular directed path v and L (7, (¥')) is the
Lagrangian of the particle. The probability of finding the particle at n after
time t is given by

len(®)” =D AMAL ) =Y JAOF + Y A MA@ . (9.10)

v#v!

127

The omission of interference effects, which led to (9.1) with Et_rl = NimpOitr, IS
the analog of omitting the last term (the interference term) on the rhs of (9.10).
The usual justification for this omission is that the phases of the various path
integrals, A, (t), are uncorrelated and widely varying so that the sum of v # v/
averages out to zero. However, there is a flaw in this argument. To see why,
let us define for each closed path a forward and backward direction. Paths run
in the forward direction will be denoted by greek letters «, 3, etc., and those
run in the backward direction by @, (3, etc. (a and @& refer to the same closed
path run in opposite directions). With this notation, (9.10) can be written as
follows:

DA MAL () =) [Aalt) + Aa(t)] [ALE) + AL(D)] +
vv'! a=43
+ 37 [Aalt) + Aa(t)] [A;,(t) + A;‘;(t)}

aF#fB

=) Aa®ALD) + Y Aa(HAL()
£ AaALD) + - Aa(D AL

+ 3 [Aalt) + Aa()] [A;,(t) + A;g(t)} . (9.10")
a#f3
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The first two sums on the last rhs of (9.10") are identical to the first sum
on the rhs of (9.10). For the last sum on the rhs of (9.10'), one can argue
that it is probably zero, since no phase correlations are expected to occur
among the pairs of paths (o, 3), (o, B), (&,8), (&,) with a # 3. However,
the third and fourth sum on the last rhs of (9.10") [which, together with the
last, correspond to >, ., A, (t)Ay (1) in (9.10)] are not necessarily zero. On
the contrary, if time reversal symmetry is obeyed by the Lagrangian of the
system, A, (t) = As(t) and

D AAL+) AaAL =) AaAL + AsAL

Thus interference effects double the “classical” probability of finding the par-
ticle at the same site after time ¢ and hence reduce the diffusion coefficient
and the conductivity in agreement with (9.2a), (9.2b), and (9.2c).

Actually, this probability is less than double the “classical” one even if time
reversal is obeyed. The reason is the presence of inelastic scattering events
(due, e.g., to phonons) that introduce an uncertainty, Fi,, in the energy of
the particle; this uncertainty introduces a phase randomness, 8¢, and d¢g
with 8¢, # d¢a, and, as a result, destroys the perfect phase equality of A,
and As. The longer the path, the more severe the random phase difference,
Opa — O¢a, between A, and Ag, so that for very long paths (L > Lg)

D AsAL+) AaAL~0.

The characteristic length, L4, over which coherence is lost is related to a char-
acteristic time, 74, through the diffusion relation L2 = Dy, where the inelas-
tic phase incoherence time 74 is of the order //8Ei,. It must be pointed out
that this inelastic phase incoherence length, Ly, is physically unrelated to
the elastic scattering and transport mean free paths: the latter refer to phase
randomness among different configurations/realizations of the ensemble that
represent the random Hamiltonian. In other words, phase randomization ap-
pears only when we take the average of €® over all members of the ensemble.
Elastic scattering does not randomize the phase in each single member of the
ensemble. In contrast, the phase incoherence length, L, refers to the phase
randomization in each single member of the ensemble as a result of repeated
inelastic scattering.

To estimate the increase in |c,(t)]?, due to wave interference, we recall
that the dominant contribution to |c, (t)|2 comes from closed paths adjacent
to the classical one, i.e., from those inside a tube of cross section A2 (or A\4~!
for a d-dimensional system, where \ is the wavelength) around the classical
trajectory. Take also into account that the probability of returning after time ¢
to the original site is proportional to the probability of self-intersection of this
orbital tube. Now, within time dt¢, the wave would move by vdt and would
sweep a volume

d2 = 4 lde .
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The total volume, §2(¢), swept by the wave during the entire time interval
from zero to t is of the order of L% = (Dt)%2. Hence the probability of
self-intersection during the time dt after elapsed time ¢ is of the order of the

ratio
ds? A1y

—— = ———=dt.

Q(t)  (Dt)d/?
It follows that the probability, p, of self-intersection during the time interval
from ¢t = 0 to t = 74 is of the order

T U)\d_l

The lower limit in the integral was set equal to 7, (the transport elastic
relaxation time), since for ¢ < 7, the motion of the wave is ballistic and the
probability of returning is zero. The upper limit was taken as 7, (the inelastic
phase incoherence time), because for t > 7, phase coherence between a path o
and its opposite, @, is lost and, as a result, there is no quantum increase in
len (). Notice that at high temperatures, T = Ty, and consequently there
are no quantum corrections to the classical result for the conductivity. On
the other hand, for very low temperatures we have that 74 > 7., and, hence,
the increase, p, in the probability of returning to the original site and the
correction, 80, to the classical conductivity g are appreciable.
Taking into account that

Lo
\/E )

where ¢, = vT,, we have by performing the integration in (9.11)

_ ey o1 Le _
2(1 m) (1 LD) : d=1, (9.12a)
S ~ —p~ —&ln (T—¢> =—2/\\/§ln <&> ; d=2, (9.12b)

LD = DTtr =

Lp Tor Lp Lp

2 " 2 L
_\/52/\ (1_ /_l>:_*‘2/§(1——1’>, d=3. (9.12¢)
LD Te LD L¢

Notice that the dependence on Ly in (9.12) is the same as the dependence
on L, in (8.91) or the dependence on Ly in (9.2). This suggests that Ly in
(9.12) is the upper cutoff length L), discussed in Sect. 9.1.

Note that the lengths Ly, L, L, etc. tend to infinity in some appropriate
limits: L, — o0 as w — 0, Ly — 00 as T' — 0K because 74 is proportional
to T~ (with o = 2/3 for 1-d systems and a = 1 for 2-d systems), Lg — oo
as B — 0. Thus (9.2) are valid only in the case of relatively weak disorder
(known in the field as weak localization) such that 8o is considerably less
than og.
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We shall conclude this section by examining the role of the magnetic field
in 8c. The presence of a magnetic field, B, adds a term in the Lagrangian
of the form (¢q/c)A - v, where ¢ is the electric charge of the particle, v is its
velocity, and A is the vector potential: B = V x A. Obviously, the term
(g/c)A - v breaks the time invariance of the Lagrangian [since v(t) = —v(—t)]
and, as a result, the derivations of both (8.91) and (9.12) (which were based
on time invariance) need to be reconsidered. The basic equation (9.9) in the
presence of B becomes

Aa(t) = Aao(t) exp (ida) | (9.13)

where A, (t) is the contribution of the path « in the absence of magnetic field
and

. t .
. 1q g
o= —— A-vdt'=—= [ A-dr,
i9 hc/o v hc/ "
g9,

_Iq d4S. — 4 [ B 45 —
—hc/(VXA) dSa hC/B dS, = =2 . (9.14)

In deriving (9.14) we have changed the closed-path integral [ A -dr, to a sur-
face integral over a surface terminated at the closed path and we have used
the definition of the magnetic flux, &, = [ B-dS,. For an electron ¢ = —e,
and the extra phase ¢, becomes
13

o = —waz , (9.15)
where @ is the quantum of magnetic flux defined as @9 = hc/2e. For a, i.e.,
the same closed path run in the opposite direction, we have

Aa(t) = Aao(t) exp (—iga) - (9.16)

Substituting (9.13) and (9.16) into the third and fourth sum of the rhs of
(9.10") and taking into account (9.15) we obtain

> " |Aao|? [exp (—2iga) + exp (2i¢a)] =2 |Aao|* cos(2¢a) ,  (9.17)

so that
len ()7 =2 " |Aaol® [1 + cos(2¢a)] - (9.18)

Thus, the presence of the magnetic field, by breaking the time reversal in-
variance, reduces the probability of returning to the original site and, hence,
tends to restore the “classical” formula (9.1) for the conductivity. If we define
the average flux @(t) from the relation

2 za: |Aaol? [1 4 cos(2¢4)] = 2 {1 + cos (%p)] za: [Aaol®
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then the change Ac(B) = dc(B) — 80 (0) is proportional to

oA T dt 27 d(t)

In the 2-d case, the quantity Ac(B) has been calculated explicitly
[264-270], and the rigorous result in the limit Lg > ¢ was found to be

€2

2 [owr - (£2)]. o)

where z = 1 + (L/2L4)* and 4 is the digamma function [1], ¥(z) =
I''(x)/I'(x), where I'(x) is the gamma function.

For special geometries such that ¢, = —7®, /Py is the same for all paths
that count, the factor [1 — cos (2m®/Pg)] can be taken out of the integral in
(9.19). In such a case, the conductivity will exhibit a sinusoidal periodic vari-
ation with the magnetic flux with the period @ = hc/2e. This is the so-called
he/2e Aharonov—Bohm effect and has been observed in cylindrical tubes with
very thin walls so that the flux @, is an integer multiple of BS, where S is
the cross section of the tube. If S is of the same order of magnitude as ﬁLi,
then the only paths that count are those that go around the circumference of
the tube only once; for all such paths & = BS.

Another case where (9.18) produces impressive results is the one shown in
Fig. 9.2. In this case, the probability amplitude, A, for a particle to go from
point 1 to point 2 is

Ac(B) =

A=A+ Y Ay =) Apexp(id,) + > Apoexp(igy),  (9.21)

V/

Fig. 9.2. The current I flowing from point 1 to point 2 follows the two paths (v
and ') of a very thin ring-shaped wire
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where

e [2
y = —7— Ad vy .22
10) e /1 r (9.22a)

2
&
= — A a 22
) hc/l dr (9.22b)

Denoting by A’ each of the sums ) A, and ), A,o (they are equal by
symmetry) we have

A= Alexp (ig,) + exp (iy/)] - (9.23)
The probability |A|* is then

AP = |47 2+ 200s(6, — )] =214 [14 cos (£ f a-ar )]

=2]A") [1 + cos (%)] : (9.24)

where & is the magnetic flux through the ring. In this case, the conductivity
would be a periodic sinusoidal function of ¢ with period ch/e. This is the
so-called ch/e Aharonov-Bohm effect.

9.3 Localization

There is a simple way to improve upon (9.2) by returning to (8.92). In obtain-
ing (8.91) we started from (8.53) for the real part of o. It would have been
simpler to have chosen as our starting point (8.51); in this case, by a quite
similar procedure, we would have obtained the vertex corrections for both the
real and the imaginary part of o, i.e.,

8 2 /d ! (9.25)
o =—— .
wh (27)d qu —iw/DO)

the real part of which coincides with (8.91), as it should. One can rewrite the
lhs of (9.25) in terms of the diffusion coefficient,

80 =0 — 09 =2e%0(D — Dy) ;

furthermore, (9.25) can be improved if one replaces the D(®) inside the integral
by the corrected D = D(© 4+ §D. We have then

1 1
D(w) =D — / d : 9.26
@) (2m)drho qq2 —iw/D(w) (9:26)
Equation (9.26) was obtained by Vollhardt and Wélfle [271]. Self-consistent
equations for D(w) were also obtained by Gotze [272,273] and by Kawabata
[274,275].
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Equation (9.26) avoids the nonphysical behavior of (9.25) as w approaches
zero. Indeed, as w becomes smaller and smaller, the last term of the rhs
of (9.26) becomes larger and larger (at least for d < 2) and, hence, D(w)
becomes smaller and smaller until it finally approaches zero (in the limit of
Ly = Lp = 00). When D(w) = 0, the last term on the rhs of (9.26) must
be finite and equal to D). For this to happen when d < 2 we must have
w/D(w) — const. as w — 0, or, equivalently, D(w) — —if%w as w — 0, with
the constant, i£2, being imaginary to ensure that the integral is equal to the
real quantity (2m)47hoD(®). The same is true for d = 3 if D is very small.
Thus, the self-consistent equation (9.26) leads to the absence of static diffu-
sion [D(w) — 0 as w — 0 and Ly = oo] for d < 2 (no matter how weak
the disorder) and for d = 3 (if the disorder is strong enough to produce suffi-
ciently small values of D(?)). The vanishing of the static diffusion coefficient
or, equivalently, the vanishing of the DC conductivity implies localized states.
Indeed, for localized states, the electric susceptibility, x(¢), is finite as w — 0.
Hence the conductivity, o(w) = —iwx(®) [see (8.16)], and the diffusion coef-
ficient, D(w), approach zero linearly in w. As a result, —iw/D(w) — £72 as
w — 0. The constant £, which has dimensions of length and is defined only in
the localized regime, is given by

T h (651 1
where the numerical constant aq is introduced to account for the fact that
the ¢ dependence is valid only for small q.

It must be pointed out that do(w) as given by (9.25) is, apart from a con-
stant factor, the same as the unperturbed Green’s function Gy (7, 7;2z) with
z = iw/D® [see (1.38)]. Thus the divergence of 8¢ as w — 0 for d < 2 (which
leads to a finite £2 no matter how weak the disorder is and hence can be in-
terpreted as implying the localization of all eigenfunctions) is directly related
to the divergence of the unperturbed Green’s function at the band edge z =0
for d < 2. Recall that it is precisely this divergence that always allows a local
potential fluctuation to trap a particle (for d < 2). Hence, a mathematical
connection was established between the problem of localization in a disor-
dered system and that of a bound level in a single potential well [276,277].
This connection can be further quantified in terms of the localization length.
Indeed, for the shallow potential well problem, one can rewrite the basic equa-
tion (6.9) in terms of the effective mass m*, defined by E(k) = h%k?/2m*, and
the localization length A, connected to the binding energy Ej by the relation

E, = h2/2m*/\12,:
hQ a9 1
= d , 9.28
2m*atle]  (2m)4 / qq2 + 252 (9.28)
where a is introduced for the same reasons as in (9.27) and the integration is
confined within the first Brillouin zone, i.e., for ¢ < 7/a, where a is the lattice
constant. In (9.27) the integration is confined within a sphere of radius L},
where it was assumed that L,, is proportional to £, or /.
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Thus, according to the self-consistent equation (9.27), the problem of de-
termining the characteristic features of the eigenstates in a disordered system
(for a given energy E and degree of disorder) is mathematically equivalent
to finding the basic properties of the ground state in an equivalent potential
well' whose linear extent, aeg, is proportional to the mean free path at E and
whose dimensionless depth, eqsr/ [Vest|, is inversely proportional to 006‘5;2 or,
equivalently, inversely proportional to .S Féfflz

et = C1liy (9.29)
o 2¢2 1 d2m)® 1

72 ;ﬂ; 3 = 532_% a2 = dEQW) d—1 7 (9.30)
/ m Qe 1 m Uoétr GG T SFétr

where ¢; and ¢y are numerical factors dependent on the dimensionality;
their values can be determined by fitting numerical data to the localization
length, &, to the value of X, for a single site potential well of dimensionless
depth eegr/ |Verr| in @ TBM of lattice spacing deg-

Employing the CPA we can calculate the average DOS, the mean free
path £ or ¢, the conductivity oy, and the renormalized Fermi surface, Sp;
using the post-CPA corrections to op we obtain the conductivity in the weak
localization regime; finally, with the help of the potential well analogy, we can
obtain the localization length £ as well as the conductivity (in the presence of
a finite Ljps) in the so-called strong localization regime [278].

We conclude this section by summarizing results obtained through the
procedure just outlined.

9.3.1 Three-Dimensional Systems

In Fig. 9.3 the effects of the disorder in a simple TBM are shown: (i) The
Van Hove singularities associated with the perfect periodic system (Fig. 9.3a)
are smoothened out as the disorder is introduced. (ii) The approximate band
edges, +Ep, are moving away from the band center leading to a widening of
the band by an amount proportional to w?/ |V| (the proportionality factor is
equal to 0.5 for the present case and for not so large values of w?/V?2). (iii) The
band edges +FEp are not strictly defined because, beyond them, tails in the
DOS appear that, over a considerable energy range and for not so large w, are
of exponential form: o(E) ~ exp (— |E| /Ep), where Ey ~ cow?/ |V| (e2 =~ 0.12
in the present case). These tails are important because they produce the so-
called Urbach tails in the optical absorption in the semiconductors (as a result
of electronic transitions from the valence to the conduction band involving
the tails of either one). (iv) Two mobility edges, +F., appear such that the
states corresponding to |E| > E,. are localized, while those with |E| < E, are
extended. For low disorder, the mobility edges, +F., are very close to the band

L If the potential well is defined within the framework of an effective TBM, then
aefr is the lattice spacing and eeg/ (h2/2m*azﬁ) must be interpreted as geg/ |Vest|.
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(a) w=0
0.1-
=6 0 6 E/V|
14 (b) w=1.73|V]|
—Ep—Ec 0 Ec Ep E/|V|
0.1-
(c) w=4.62|V|
0 Ec Ep E/|V|
0.1
(d) w=6.5|V]

—6 0 6 E/|V]|

Fig. 9.3. The density of states vs. dimensionless energy for a simple cubic TBM
whose diagonal matrix elements are independent random variables with a Gaussian
probability distribution of standard deviation w; V' is the common value for the off-
diagonal matrix elements. The regions of localized states (black areas), the mobility
edges (£FE.), and the approximate band edges (+FEp) are also shown
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edges, +Ep, respectively (Eg — E, ~ w*/V?3), moving initially outward with
increasing disorder; for higher disorder they change direction and move inward
toward the center of the band and eventually merge together, transforming all
states to localized; this is known as the Anderson transition (in the present
case it occurs when w ~ 6.2 |V|). Thus the trajectory of the mobility edges
in the w—F plane is qualitatively similar to the one shown in Fig. 9.1. (v) As
one approaches a mobility edge from the extended side, fluctuations in the
amplitude, |9 ()], of the eigenstates appear of multifractal nature [279,280] up
to a maximum length &'. For E — E. or —E,, & blows up: £ ~ (|E.| — |E|) ",
where the exponent 7, according to the potential well analogy and the CPA,
is equal to 1; however, detailed numerical analysis shows that 7y ~ 1.54 (in the
absence of a magnetic field) and v ~ 1.43 (in the presence of a magnetic field).
The quantity &’ is important because it is connected to the conductivity o(F)
for E belonging to the extended part of the spectrum

2 /0.066 A
o(B) =~ — (_g/ +L—J;) , (9.31)

where the value of A; is of the order 0.05.

The quantity & near the mobility edge can be obtained by extending the
application of the effective potential well: if this potential well does not sustain
a bound state, it means that the corresponding eigenstates of the disordered
system are extended. However, as we saw in Chap. 6, as azﬂ |eot] approaches
the critical value (for the appearance of a bound state) from below, a resonance
state shows up at a resonance energy E,; the latter is connected to & through
the relation E, = h2/2m*§’2.

In the localized regime the eigenstates exhibit multiple scale fluctuations
and an exponential envelope of the form e~"/¢, where ¢ is the localization
length, which blows up in a power law, £ ~ (|E| — |E.|)” ", with the same
exponent 7y as the quantity £'. As |E| moves away from a mobility edge, &
soon becomes very small (comparable to the lattice spacing in the present
case; this implies very strong localization in the vicinity of a single site).

9.3.2 Two-Dimensional Systems

Two-dimensional electronic systems can be realized approximately in very thin
metallic films or rigorously at the interface of Si/SiOs or GaAs/Al,Ga;_,As.
The theory and arguments presented in this chapter as well as other ap-
proaches, together with extensive numerical work, converge at the conclusion
that all eigenstates in a static disordered 2-d system (in the absence of mag-
netic forces and within the independent electron approximation) are localized
(pathological exceptions do exist) no matter how weak the disorder.

In the presence of magnetic forces, and as the disorder is gradually turned
on, a very narrow region of extended states at the center of the band remains
until a critical value of the disorder where an Anderson-type transition takes
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place (as in the 3-d case) and all eigenstates become localized. This picture is
essential for the interpretation of the impressive Integral Quantum Hall Effect
(IQHE) to be briefly discussed in Sect. 9.8.

The d = 2 is the critical dimensionality separating the d < 2 regime
(where all states become localized even with a minute amount of disorder)
from the d > 2 regime (where a critical value of disorder is needed to localize
the eigenstates); as was mentioned earlier, the d = 2 case (in the absence
of magnetic forces) belongs to the first regime but being in the borderline
exhibits huge localization lengths (for not so strong disorder) given by the
approximate formula

€~ 2700 exp [M] ,

1 (9.32)

where S(E) is the renormalized length of the line in the 2-d k-space defined
by the equation E — Re {X(E)} = E (k).

An approximate interpolation formula for the conductivity can be derived
by employing the CPA and the potential well analogy (PWA) [278]:

In(Lpr/Li,)
Lar 1 )

K2 (L /) / e,

where K is the modified Bessel function of second kind and zero order [1].
In the weak localization case (weak disorder), Lj; < &, this expression
for o reduces to (9.2b), while in the opposite limit £ < Lj; we find

o~ 20 (L—M> ex (—QL—M>

Taking into account (9.5) in the case where Ly < L, L,,, i.e., when
1 1 co _ eB C2

=t 5 = + =,
L3, (1.33Lp)? ' L2~ 1.78hc ' L}

g = 0p

(9.33)

we have, according to (9.2b) [see also (9.20)], that the magnetic-field-induced
relative change of the resistance, AR/R ~ —Ac(B)/co(0), is equal to

2 2 2 2

ﬁ:_e—ln<1+ s ) =2 1n<1+£> ,

R 2m2ho(0) coL? 272ho(0) c21.78hc
(9.34)
i.e., the presence of a magnetic field reduces the resistance, or, in other words,
a negative magnetoresistance is exhibited as a result of weak localization ef-
fects.

It must be pointed out that various interactions such as electron—electron,
electron—phonon, etc. may produce effects similar to those of localization the-
ory [see point (iii) in Sect. 9.1] or may significantly modify results of local-
ization theory. For example, recent experiments in very clean interfaces of
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GaAs/Al,Gaj_,As or Si/SiOy have shown that o(T) ceases to decrease with
decreasing temperature and instead starts increasing in clear violation of the
formula 8¢ ~ —In (Lg/L,,) with Ly — oo as T — 0K [281].

9.3.3 One-Dimensional and Quasi-One-Dimensional Systems

Even during the early studies of 1-d disordered systems there were sugges-
tions that the eigenstates may become localized [282]. Mott and Twose [283]
were the first to propose that all eigenstates in a 1-d random system are lo-
calized. One may visualize this proposal by assuming that each backscattered
wave at every elementary scattering event is lost, as far as the propagation
is concerned, due to destructive interference; this picture suggests that the
localization length &, defined by the relation

@ iy ARl (9.35)
f m—oo m
is of the same order of magnitude as the mean tree path ¢; v, is the amplitude
of the eigenfunction at site m and «a is the lattice constant.

Borland [284-287] showed that for a random §-function array the solutions
of the differential equation (with fixed values of the function and its deriva-
tive at one end) grow exponentially on average with distance. This exponential
growth was shown to be a direct result of the phase incoherence. The picture
that emerged on the basis of Borland’s proof is that at every energy there are
two independent solutions of the Schrédinger equation, one increasing and the
other decreasing exponentially (on the average) with increasing z. At a set of
particular energies (the eigenenergies) the left decreasing solution matches at
some point the right decreasing solution to form the eigenfunction that decays
to zero as |x| — oo. According to this picture (which was not proven rigor-
ously) the localization length is the same as the inverse of the average rate of
growth of the solution of the differential equation. Wegner [288] demonstrated
the localization of eigenfunctions through a different method. Borland’s
method is discussed very clearly in a review article by Halperin [289]. Relevant
material can be found in books by Hori [290] and by Lieb and Mattis [291].

The exponential (on average) growth of the solutions of the differential
equation can be shown rigorously [292] by employing the transfer matrix
technique (Appendix H). The transfer matrix is a 2 X 2 matrix that con-
nects, e.g., ¥, d¢p/dx at & with ¢, dyp/da at 2’. The existence of such a 2 x 2
matrix is a direct consequence of the uniqueness of the path connecting x
and z’ in 1-d. The concept of the transfer matrix transforms the propagation
of the wave in 1-d to a product of random 2 x 2 matrices. There are exact
theorems [293] that state that under quite general conditions the product of n
random matrices is a 2 x 2 matrix whose two eigenvalues, 5; and 1, depend
exponentially on n (as n — 00): B ~ €2 and 31 ~ e~ 2", where g is a positive
number called the Lyapunov exponent. Thus, there is exponential growth of
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the solution and exponential decay of the eigenfunction with a localization
length & = a/p, where a is the lattice spacing.

The transfer matrix technique can be used for the calculation of the trans-
mission ([¢|?) or reflection (|r|*) coefficient associated with a disordered seg-
ment of total length L. Using Furstenberg’s theorem [292,293], it is easy to
prove that

l<1 t\2> _ 2 (9.36)
17 n | =" .
where 1/ is the average rate of exponential growth of the solution.

Note that the probability distribution of |t|* possesses long tails that are
responsible for a rather peculiar behavior of various averages [250, 251, 255~
258,294-297].

Abrikosov [258] found that, while <ln |t|2> is given by (9.36), other averages

give different results:

<|t|*2> - %(1+e4L/5)7 (9.37)

<|t|*4> - %+%e4L/E+%e12L/E, (9.38)
2 €\

<|t| "> — Cy (i) e /2 (9.39)

where the constant (), depends only on n. The standard deviation of In (|t|2)

is proportional to \/L/£ for large values of L/€. Hence, in the strong disorder
limit, In (|t|2) becomes sharply distributed, with a probability distribution
that seems to be Gaussian. The interested reader may find additional material
in [257,298-300] and in review articles by Abrikosov and Ryzhkin [301] and
Erdss and Herndon [302]. Note that a special case [295-297, 303, 304] exists
such that 1/ = 0. The vanishing of 1/£ does not necessarily imply extended

states. Indeed, in the case examined in [295-297], In (|t|2) ~—vLasL — oo

on the other hand, the special case examined by Tong [305] shows the existence
of a nondecaying wave at a particular energy.

The transfer matrix technique allows us to generalize the study to disor-
dered quasi-one-dimensional systems consisting of M coupled 1-d channels.
Then the transfer matrix is a 2M x 2M matrix and the product of n such
random matrices (as n — 00) is a 2M x 2M matrix, whose 2M eigenvalues,

/817527"'7ﬁMﬂBlvB2;~«-7BM7 are given by
Bi=exp(oin) Bi=exp(—om), i=1,...,M, (9.40)

where the M positive Lyapunov exponents g; define M localization lengths
& = a/o;. The decay of the eigenfunction is determined by the longest local-
ization length &; or the smallest positive Lyapunov exponent, o;.
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Returning to the strictly 1-d systems, we find from the potential well
analogy (PWA) that £ = ¢y, where ¢ = 4 for the weak localization regime.
In a subsequent section we shall present rigorous formulae for the evaluation
of £ in 1-d systems. Furthermore, the geometric average of the conductivity
according to the PWA turns out to be equal to [278§]

e’L 1

U:E—egL/g—l . (941)

In the weak localization regime, Lj; < £, we find that

e2¢  €e’L B 2¢20,, €2L

0227rh orh  wh  27h’

(9.42)

In (9.42), the first term on the rhs coincides with oo as given by (9.1) for
d = 1, while the second term coincides with (9.2a) [by choosing ¢; = 2 in
(9.5)].

9.4 Conductance and Transmission

By combining (9.41) and (9.36) we find the following important relation:

e [1 e T

-1
g
z—ﬂf‘l] ~ R (943)

where T is the geometric average of the transmission coefficient,

Gs

T =exp <ln |t|2> , (9.44)

R =1-T, and Gs = o/L is by definition the geometric average of the
conductance of the disordered 1-d system. Equation (9.43), connecting the
conductance to the transmission coefficient, was obtained and championed by
Landauer [306]. The universal coefficient 2 /7h is written by many authors as
2¢2/h to stress the point that e?/h is the conductance per channel and spin
when T'/R = 1. It is worthwhile to point out [307] that

AN o
Ttt1_~ T;
ota =1

(2

if we have N 1-d segments in series, each with a transmission coefficient T;
and reflection R; = 1 — T;. To obtain this additive feature of R;/T;, one must
assume that the transmission and reflection probabilities (and not the am-
plitudes as in quantum mechanics) undergo multiple scatterings [307]. The
additivity of R;/T; implies that the resistance grows linearly with L in agree-
ment with the first term on the rhs of (9.42). This is valid as long as L < ¢&.
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For large L (L > £) one must take into account the wave nature of elec-
tronic propagation and do the multiple scatterings in terms of transmission
and reflection amplitudes (not probabilities); this implies localization and,
consequently, exponential growth of the resistance with L [as in (9.41)].

Economou and Soukoulis [255], employing the Kubo—Greenwood formal-
ism, found that the conductance of a 1-d segment fed by a current source is
given by ,

G= Q%T , (9.45)
in apparent disagreement with (9.43). Equation (9.45), which has been gen-
eralized by Fisher and Lee [308] to the quasi-1-d case of M coupled parallel
channels: ) )

G= Q%Tr{fﬁ} = Z%MT, (9.46)
where the matrix element, fij, of the M x M matrix £ gives the transmission
current amplitude from the left jth channel to the ith right channel (Ap-
pendix H); T is an average transmission coefficient per channel defined by
T = Tr{tt'}/M.

Both the disagreement of (9.45) with (9.43) and the apparently paradoxical
result of finite resistance h/2e? per channel for a perfect conductor led to some
initial efforts to provide a physical explanation and possible reconciliation of
the two results [309-315]. This controversial subject was clarified when a more
careful analysis of the physical situation took place (Imry [316]).

Actually, the quasi-1-d system (with M channels) is connected (through
leads or directly) to two macroscopic contacts, each one in internal thermal
equilibrium with electrochemical potential p; = po — |le|Vi, @ = 1,2. The
macroscopic nature of the contacts means that they consist of a huge number
of channels, M (M — 00).

When a current enters a contact of M; channels from our quasi-1-d con-
ductor with M channels (M < M) it encounters a contact resistance. If
there is no reflection as the current enters the contacts, one can show (see
Datta [307], pp. 52-53) that this total contact resistance is given by

2 -1
R.=G. ' = (%M) : (9.47)

The total resistance of the system taking into account contacts is defined as
the ratio (1 — p2) / |e| I, where I is the current through our quasi-1-d system;
hence, the total resistance is the sum of the contact resistance, R., and the
resistance , .
Rs:gs_lz[QeTM]

h(1-T)

of the quasi-1-d system per se:

Gl=61+6"'= h <1+

T ) 22MT° (9.48)

1-T ho1
T 22 M
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Thus, the total conductance, G = (2¢2/h)MT, is identical to that given by
(9.46). One may conclude that G, as given by (9.46), measures the ratio

le| I

_NI_MQZH’

while G;, as given by (2¢2/h)MT/(1—T), measures the ratio I /AV’ of Fig. 9.4.
Actually, the latter is not always true because the presence of leads L} and L
in general modifies the corresponding voltages AV, and AV existing under
the same current (I = I') but without leads L} and L. To face this problem,
Biittiker [317,318] treated all external contacts (be they either current sources
or sinks of voltage probes) on equal footing and generalized the equation

I=G(ur — p2)/(— le|), with G = (2¢2/h)Tr {ttt}, to
I, = Z Gpq (Vo — Vel (9.49)
q
where 00 002
Gpy = %Tr{quﬂ:q} = %qu : (9.50)

where £, is a transmission current amplitude M x M’ matrix whose matrix el-
ements, t,4;, give the transmission current amplitude from the jth channel of
the g lead to the ith channel of the p lead, and qu is the average transmission
probability per channel times the number M M’ of channels. Furthermore,

Hp
Vp=—— 9.51
Pl 950
: - AV — P«l—‘l‘m
! - —le
L e . SRR
] .
C1 j l E E Co
quasi 1-d conductor ) H g
g : i
£ §

%] @ Cq

AV

| |
| |
| !
Fig. 9.4. Four-probe arrangement for measuring conductances of quasi-1-d con-
ductor, which through leads L1 and L2 is connected to the contacts ¢1 and c2 of

electrochemical potentials p1 and po, respectively. Two leads L} and L5 (through
which no current flows) connect the quasi-1-d conductor to voltage probes, c3 and c4
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is the voltage at the contact p, and I, is the total current entering from the
contact p. Strictly speaking, (9.49) is valid at zero temperature where only
channels at the Fermi level are involved; for finite temperatures the general-
ization is straightforward:

I, - / i (E)E, (9.52a)
where )
inB) = =25 T () 11,08 — 1,2 (9.52b)
and

f (E) = |exp M -+ 1 o
b kT ‘
If the chemical potential difference p, — 14 is small compared with variations
of Tpq(E) vs. E, then (9.52b) can be linearized by writing

_of
OF
and (9.52a) will be brought to the form of (9.49) with

Gpq = 2%2 /qu(E) (-%) dE . (9.53)

The smoothness of T),,(E) as a function of E is increased with increasing
temperature and with increasing inelastic scatterings, which introduces an in-
elastic scattering energy scale dE;,. Thus the validity of linear equation (9.49)
with G,q, given by (9.53), is guaranteed if

Fo(B) = Fa(B) = ~ 5ty — o) = Il 55 (V= Va)

ltp — 1g| < 8Ei + akpT (9.54)

where « is larger than 1.

9.5 Scaling Approach

In this section we present a work that played a decisive role in shaping our
ideas in the field of localization. The basis of this work is the assumption
that there is just one parameter @ (equal to the ratio of transfer strength |V|
over an average energy mismatch 0¢) that completely characterizes the an-
swer to the localization question for each dimensionality d. The existence of
just one parameter @) is obvious in the simple TBM we have examined in
Chaps. 5-8. What is not obvious is that a single parameter () can still charac-
terize more complicated models, where there are many energies per site and
more than one transfer matrix element. Such complicated Hamiltonians may



220 9 Localization, Transport, and Green’s Functions

arise even from the simple TBM if, e.g., one enlarges the unit cell of the lattice
by a factor x so that the new “unit” cell has linear dimension L; = azx and
contains n; = x? original sites (a is the lattice spacing). If each new “unit”
cell is considered as an effective “site,” there must be (according to our initial
assumption) a quantity (L) that characterizes the localization properties
of the reformulated problem. By repeating the procedure of unit cell aug-
mentation one produces a sequence, Q(Ls), Q(L3),. .., Q(Ly,),. .., where the
“unit” cell after the mth step has linear dimension L,, equal to az™ and
contains n,, = x™? sites. Abrahams et al. [319] realized that the derivative
of Q(L) with respect to L, or for that matter the logarithmic derivative [,
where

_ dIn[Q(L)]

= —qmr - (9.55)

is an extremely important quantity for localization. Indeed, if 3 is larger than
a positive number, no matter how small, the successive transformations will
monotonically increase ) toward infinity as L — oo, which means that the
initial problem is mapped into one, where the effective energy mismatch is
zero and, hence, the eigenstates are extended. If 3 is less than a negative
number,  monotonically decreases toward zero; this means that the initial
problem has been mapped into one where the effective transfer matrix element
is zero, and consequently the eigenstates are localized. Hence the quantity §
completely characterizes the localization problem. The assumption that there
is just one parameter () that determines localization forces the conclusion
that 3 is a function of Q:

B=fQ). (9.56)

To proceed further with these ideas, one needs to identify what @ is in the
general case. Thouless and coworkers [251,320] argued that in the general case,
where the “unit” cell has linear dimension L, the role of |V in (9.6) is played
by 8F (where 8F is a measure of how much the eigenenergies of an isolated
“unit” cell change upon changing the boundary conditions from periodic to
antiperiodic) and the role of d¢ is played by the level spacing, which is just
the inverse of the total DOS. In other words

Q = oL*3E . (9.57)

It was further argued [320] that 8E = h/7, where 7 is the time it takes
a particle to diffuse from the center to the boundary of the “unit” cell:
7= (L/2)?/D, where D is the diffusion coefficient. Taking into account (9.27)
we obtain that 8E = 4hD/L? equals 2ho/e?pL?. Substituting in (9.57) we
obtain that Q = 2haLd*2/62. But ¢ L%2 is the DC conductance G of the unit
cell,

G=oL"?. (9.58)
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Thus we reached the very important conclusion that the quantity @ is nothing
else than the dimensionless DC conductance, i.e.,

h
Q=56 (9.59)

[In (9.59) we redefined @ as to eliminate a factor of 2].

In view of the fact that higher values of both @) and § favor extended
states, it is not unreasonable to assume, as Abrahams et al. [319] did, that
is a monotonically increasing function of @ or of In Q). We are now in a posi-
tion to find the qualitative features of 8 vs. In Q. In the weak scattering limit,
when the conductance @ is very large, one is almost in the metallic regime,
where ¢ is independent of L and Q ~ L2, In this limit, 3 = dInQ/dIn L
approaches d—2. In the other extreme of very strong disorder, the localization
length is much less than L, and the conductance decays exponentially with L.
Hence § = In @ in this limit. This asymptotic behavior, together with the as-
sumption of monotonicity, leads to a 8 vs. In @) relation, as shown in Fig. 9.5.
For d = 1,2, 3 is always negative; hence by increasing the length L we de-
crease In (), which in turn further decreases (3. Thus, as we increase L, we slide
down the curves, as shown in Fig. 9.5, and, at sufficiently large lengths L, we
approach the regime of exponential localization, independently of what our
starting point was. Hence all eigenstates are localized and a truly metallic be-
havior is not possible (at least for independent electrons). Only a quasimetal-

Fig. 9.5. Plot of 8 vs. In@ for d = 1-, 2-, and 3-d disordered systems assuming
monotonicity. @ is the dimensionless conductance of a d-dimensional cube of length
Land f=dInQ/dIn L. As L increases, one moves along the curves in the direction
indicated by the arrows
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lic behavior can be observed when L is much larger than the total mean free
path and much smaller than the localization length. In 1-d systems, in the
presence of only elastic scattering, the mean free path ¢ is comparable to the
localization length and, consequently, even a quasimetallic behavior is not pos-
sible. However, inelastic scattering changes this conclusion drastically, mainly
because it allows electrons to jump from one localized state to another (of
different energy), and hence it delocalizes them. This delocalization appears
only after an electron has travelled a distance comparable to the inelastic
diffusion length Ly (9.3). As a result of this complication, localization effects
become important only when L4 becomes comparable to or larger than any
characteristic localization length.

In the 3-d case there is a critical value, @Q., of the conductance (). For
Q@ < Q., B is negative, and hence, by the same arguments as in d = 1,2, the
states are localized. On the other hand, for Q > Q., g is positive; as a result,
by increasing the length, one increases @ and, hence, g itself. Thus one climbs
up the 3 curve toward the flat metallic regime, associated with extended states
of more or less uniform amplitude. It must be pointed out that the present
analysis implies that the conductivity approaches zero continuously near the
critical point. Indeed, for every length L, no matter how large, one can find
a disorder such that @ is just above Q.. Then the conductivity o =~ Q./L can
become arbitrarily small by increasing the length L. There is considerable
interest in finding how o as a function of the energy or as a function of the
disorder approaches zero. One assumes a power-law behavior, and then the
question of finding the exponents arises [319,321-336]. For a recent review see
the article by Kawabata [337].

Let us now return to the weak scattering regime (InQ > 1), and let us
assume that the classical limit d — 2 is approached as 1/Q), i.e.,

ﬁ%d—2—%+"'; Q — . (9.60)

One can then integrate (9.60) to find the first correction to the classical result
for the conductance G or for the DC conductivity o. The final results are

2
o — & 7;41L , d=1, (9.61)
24
o gp— 2w, d=2, (9.62)
24
oo — o1 + S22t 4=3, (9.63)

h

where o¢ is the DC conductivity if vertex corrections were ignored. Equations
(9.61)—(9.63) are of the same form as (9.2a)—(9.2¢). Thus (9.60) can be justified
by the post-CPA vertex corrections. The latter, of course, gives explicit value
for the constant As: Ay = 1/7%. The constants A; and Az depend on the
relation between L and L, i.e., on the constant /¢ in (9.5). If we make the
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choice \/c1 = 2v/2 for d = 3, then A3z = 1/72, which is the usual value quoted
in the literature. For the 1-d case (9.42) gives Ay = 1/2m, which coincides
with (9.2a) if we make the choice \/c1 = v/2.

As was pointed out earlier, the theoretical results (9.61)-(9.63) have been
checked extensively experimentally in quasi-1- and 2-d systems and even in
3-d systems. For 2-d systems (thin films and interfaces) the experimental
data [338-347] are in very good agreement with the theoretical results. For
thin wires (quasi-1-d systems) the agreement is less impressive [348-353]. The
situation is less clear for 3-d systems, where the theory is not well founded
and the experimental data are limited to only impurity bands in semicon-
ductors [328,329, 333, 354]. Overall one can say that the scaling approach of
Thouless [251] and of Abrahams et al. [319] has played a significant role in the
field, and it has received strong experimental evidence in its support. Further
support was given to it by various independent approximate theoretical and
numerical treatments. Thus, although it is not a rigorous theory, it seems to
be well accepted as a tool for studying the role of disorder in transport prop-
erties. However, there are already indications [265,345-347, 355] suggesting
that some of the basic assumptions of the method may not be generally true:
e.g., spin-orbit scattering seems to change the sign of Ay in (9.62) and to re-
duce its magnitude by two [265,345-347,355]. Thus the monotonicity of 3 vs.
In @ is not valid in the presence of an external magnetic field (which breaks
the time reversal) or in the presence of spin-orbit interactions. As was men-
tioned before, in those cases, extended states at the center of a band of 2-d
systems seem to survive up to a critical value of the disorder. The other basic
assumption of the scaling approach, i.e., the one-parameter scaling, although
accurate enough, does not seem to be exact. For a recent numerical study of
this assumption see the article by Ohtsuki and Slevin [336].

Note that a full knowledge of 8 vs. In @ would allow us to know both the
critical value of @ in 3-d as well as the critical exponent, s, for the vanishing
of the conductivity at a mobility edge:

o(E) ~ (E| = E])” ., |E]— |E| . (9.64)
The critical exponent, s, which in the framework of the one-parameter scaling

theory is equal to v [where —~v is the critical exponent of &'; see also (9.31)]

is given by
1

T Q. (dF/dQ),

where Q. is the critical value of @ such that 5(Q.) = 0. An approximate
formula for 8 vs. @ for d = 3, which reproduces the correct behavior for the
two limiting values, @ < 1 and @ > 1, and interpolates in between, is

T2Q 2
ﬂ_2—(1+7>1n<1+%>. (9.66)
Based on (9.66) we get InQ. ~ —2.96 and s ~ 1.68; accurate numerical
estimates give s ~ 1.54 + 0.03 [335, 336].

s (9.65)
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9.6 Other Calculational Techniques

The question of localization has been studied extensively by various numerical
techniques. In this subsection no attempt will be made to cover this diverse
subject. The interested reader is referred to some of the original literature.
Most of the authors supplemented their theoretical analysis with numerical
computations that are consistent with the picture we already described. For
higher-dimensional systems the initial numerical results can hardly be called
conclusive because of the relatively small sizes of the samples; nevertheless,
they were not inconsistent with the prevailing ideas in the field.

Yoshino and Okazaki [356] and Yonezawa [357] have found eigenenergies
and corresponding eigenfunctions of finite 2-d (100 x 100) TBMs by direct
diagonalization of the matrix equation; they took advantage of the fact that
most of the matrix elements are zero. Licciardello and Thouless [320] exam-
ined numerically the sensitivity of the eigenenergies to changing boundary
conditions. Stein and Krey [358,359] implemented numerically the recursion
method [223], according to which higher-dimensional disordered systems are
mapped to 1-d systems with a much more complicated disorder; the 1-d sys-
tems are usually treated through the iteration (or continued fractions) to be
presented in Sect. 9.7. Weaire and Srivastava [360] examined numerically the
time evolution of a random trial function and used their results to draw conclu-
sions about localization. Prelovsek [361,362] employed a diffusion simulation
technique. Lee [363,364] and Sarker and Domany [321] implemented numer-
ically the scaling ideas presented in §9.6.1; their results showed that d = 2
seems to be a borderline dimensionality but were nevertheless inconclusive
regarding what is happening for d = 2.

There has also been considerable activity in trying to find the connection
between the localization question and other extensively studied problems,
where the borderline dimensionality is d = 2. As in the previous paragraph,
we do not attempt to cover this diverse subject here; we only refer the in-
terested reader to some of the original literature. Allen [365] connected the
localization problem to the random-walk problem, in particular to S(N)/N,
where S(N) is the mean number of distinct sites visited during a random
walk of N steps. Then S(N)/N goes to zero as N — oo for d < 2, while
it remains finite for d > 2. Kaveh and Mott [262,322, 366, 367] obtained the
vertex corrections to the conductivity (9.61)—(9.63) by mapping the prob-
lem to the classical diffusion process. Wegner [323-325], Hikami [332], Efetov
et al. [327], and Houghton et al. [326] have demonstrated that the localiza-
tion problem is analogous to the nonlinear o-model; then they employed so-
phisticated field-theoretical techniques to reach conclusions that are in agree-
ment with the scaling approach. Schuster [368] pursued an analogy with the
XY model; such an analogy, although in agreement with the conclusions
of Pichard and Sarma [369,370], is inconsistent with the numerical results
of MacKinnon and Kramer [371] and of Soukoulis et al. [372], as well as
with the conclusions of the scaling approach. The recursion method, which
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maps the problem to a 1-d one, produces results [373-375] that are con-
sistent with the prevailing ideas in the field. We mention also the work of
Gétze [272,273).

9.6.1 Quasi-One-Dimensional Systems and Scaling

The most reliable numerical method for checking the scaling assumption and
for producing results for various quantities of interest (such as critical disorder,
mobility-edge trajectories, critical exponents, etc.) is the one proposed and
applied by Pichard and Sarma [369,370] and MacKinnon and Kramer [371]
and reviewed by Kramer and Mackinnon [376]. Several other authors have
used and extended this approach: Soukoulis et al. [372], Economou et al. [277,
377,378], Zambetaki et al. [379], Q. Li et al. [380], Romer and Schreiber [335],
Ohtsuki and Slevin [336], Kawabata [337], and many others (see references in
a recent book edited by Brandes and Kettermann [381]).

The method determines numerically the longest localization length, Ay,
of a quasi-1-d system consisting of either M coupled channels arranged in
a planar strip or M x M coupled channels forming a wire of a Ma x Ma
square cross section (a is the lattice spacing). The probability distribution
of the diagonal matrix elements is rectangular of total width W. For the
wire case (which becomes 3-d as M — oo) the behavior depends on whether
or not the disorder exceeds a critical value. For W < W., Ay (M) behaves
as M?a?/4.82¢' (up to the largest M examined), and hence it seems to ap-
proach infinity parabolically as M — oo; the characteristic length £ (which
depends on the disorder) can tentatively be given a physical interpretation
as being the largest length beyond which the eigenfunctions look uniform in
amplitude. Since a uniform amplitude implies a classical metallic behavior,
the quantity & can also be interpreted as the length (for a given disorder)
at which 8 is almost 1. For W > W,, Ay (M) increases with M slower than
linearly, and it seems to saturate to a value A(oo), which is the localization
length £. For the strip case (which becomes 2-d as M — o0) Ay (M) increases
with M slower than linearly and it seems to saturate to a finite value at
least to disorders down to W/ |V| =4 [371]. Around W/ |V| = 6 (which early
work identified as a critical point), the localization length seems to change
very fast (e.g., A ~ 40 for W/ |V| = 6, while A =~ 500 for W/ |V| = 4).
Such large localization lengths make conclusive numerical work rather diffi-
cult. For a recent review, including various references, the reader is referred
to [335,376].

9.6.2 Level Spacing Statistics

This numerical method is based on the following basic difference between
extended and localized eigenstates. Consider two localized eigenstates 1; and
;41 belonging to consecutive eigenenergies; since the states are localized, we
expect, with a probability that approaches 1 as the system becomes infinite,
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that these two states will not overlap. On the contrary, if the states were
extended, their overlap would be substantial. Thus

(Vi | H1 | ig1) ~ 0, if 9y, 941 localized,

while
(i | Hy | iv1) = (Wi | Ha [ 1s) # 0, if ab;, b1 extended ,

where H; is any perturbation. As a result of this basic difference, there is no
level repulsion for localized states, in contrast to the case of extended states.
This means that the probability distribution of consecutive level spacing is
quite different for localized states (where very small values of level spacing
are probable) and extended states (where very small values of level spacing
are quite improbable), as shown in Fig. 9.6. This probability distribution can
be obtained by diagonalizing an appropriately large number of realizations of
the Hamiltonian of a finite segment of the random system under study. Note
that, while the maximum possible size of this segment is adequate to show
the difference in the probability distribution of level spacing, it is too small,
in general, to determine directly by the calculation of the eigenstates whether
the latter are localized or extended.

9.7 Localization and Green’s Functions

Green’s function techniques are heavily involved in the calculation of transport
properties in general and in the localization problem in particular. Besides the
examples we have already considered in Chaps. 8 and 9, Green’s functions are
used to obtain the longest localization length, £, in quasi-1-d systems
e m Lmienm@) (9.67)
é_ L—oo L
where the calculation of the Green’s function is obtained either from the
equation of motion or by techniques analogous to those used in the transfer
matrix approach.

S S

Fig. 9.6. The probability distribution of consecutive level spacing is quite different
for localized (left) and extended (right) eigenstates



9.7 Localization and Green’s Functions 227

In this section we shall examine some examples where Green’s functions
are used to calculate transport and localization quantities of physical interest.

9.7.1 Green’s Function and Localization in One Dimension

In this subsection we shall employ the renormalized perturbation expansion
(RPE) (Appendix F) to obtain the 1-d Green’s function. According to (F.6)
we have

G(l,m) = GU,OVGE+ 1,0+ 1[)V - - G(m, m[m — 1]) . (9.68)

In writing (9.68) we have taken into account that there is only one self-avoiding
path connecting ¢ to m in one dimension, and that G(n,n[n — 1]) does not
depend on €,,_2,&,_3, . ... From (F.12) and (F.13) we have in the present case
(where K = 1)

1
E—¢) = V2GU+2,0+2[0+1])

Gl +1,0+1[) = (9.69)

Equation (9.69) allows us to express the probability distribution of x = G(¢+1,
€+ 1[{]), fey1(z; E), in terms of the probability distribution of &), 1, p (€},;)
and the probability distribution of ' = G(£+2,¢+2[¢ +1]), fe+2(2'; E). The
result is (in units where |V| = 1)

for1(z; E) = % /p (E -z — %) foia (2')da’ . (9.70)

Because each site is equivalent on average, fr11 = feyo = f. Thus (9.70) is
an integral equation for f. From (9.67) and (9.68) we have (taking the lattice
spacing a = 1)

€= —(|GU+1,L+ 1)) = —/_OO f(z; E)ln |z|dx . (9.71)

Substituting in (9.71) from (9.70) and changing variables, we can recast the
expression for the inverse localization length, €71, in the following form:

el %/_oodg/_oodxp(E+€)f(x)ln’1+2 , (9.72)

which is more convenient in the weak disorder regime. An alternative but
equivalent expression for €1 can be obtained by observing that the product
in (9.68) can be expressed in terms of the eigenenergies of H and those of H
with the sites £, (41, ..., m removed [see (F.18)]. When the states are localized
and |£ — m| — oo, the eigenenergies of H can be separated into three groups:
those associated with the semi-infinite segment to the left of £, those associated
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with the segment to the right of m, and those associated with the segment
£,0+1,...,m. Only the latter do not cancel in (F.18). Hence

1
-1 _ . ]
13 _‘g,%n —|€—m|<g 1n|E—Ej|>
J

o0 S(|E - E,
= lim dE’<M>ln|E—E’|
[l—m|—o0 J_ |€—m|
:/ (0(E"))In|E — E'|dE" . (9.73)

Equation (9.73) was first obtained by Thouless [382]. We point out that the
average DOS per site,

™

(o(E) = -t { EEENL

can be expressed in terms of £(z) since A(£: E') in (F.10) is
AGE) =V2GU+ 1,0+ 1)) + VEG(L — 1,0 —1[4) . (9.74)
Hence (in units where [V/] = 1)
(0(E) = (B(E — = — A(LE)
_ / dedada’ p (e0) f (23 B') (27 B S (B — g0 — 2 — )

- Ty f i E) () (9.75)

The last step follows by integrating over ey, taking (9.70) into account, and
changing the remaining integration variable from z to y = 1/x.

As an application of (9.72) we shall calculate £~! to order o2 (where
0% = (e?)) at E = 0. To this order f(z) in (9.72) can be replaced by fo(z),
where fo(x) is the limit of f(x) as ¢ — 0. From (9.70) we find that

2

folw) = —g fo(1/) (9.76)
the solution of which is o
fo(z) = N ; (9.77)

the normalization constant C' = [2K(1/1/2)]7! & 0.27. Substituting (9.77) in
(9.72) and performing the integration we find (to order o?)

. 26 (Vif2) - K (V1]2)
(i

' 0? ~0.11420° . (9.78)
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For the rectangular distribution, where o2 = W?2/12, (9.78) becomes & =
105.045/W2. This result was first obtained through different methods by Kap-
pus and Wegner [383] and by Sarker [384].

Economou and coworkers [385-387] obtained with a similar technique an
integral equation for the joint probability distribution of

x = lirél+ Re{G({ + 1,0+ 1[{]; E+1is)}

and

y=— lim Im{

s—0t

G(l+1,0+ 1[£];E+is)}
- .

This allowed them to obtain averages of transport quantities like sG™ (£, m; E+
is) x G~ (m, {; E —1s) [see (9.92) below]; on the basis of their results they con-
cluded that in the weak disorder limit the eigenfunctions are concentrated
in a very small fraction of length £&. To be more specific, let us introduce

-1
L.= (Zm |1/Jm|4> as a measure of the number of sites participating in the

eigenfunction [¢) = > ), |m). Economou and coworkers [385-387] found
that while ¢ ~ W2 as W — 0, the quantity L. seems to behave like W~
with v very close to 1.

Finally, we comment on the connection between the localization length &
and the scattering mean free path ¢. The latter is defined as

hv
=97 = ———,
2 [Xs|

where v is the velocity at energy E. The so defined mean free path ¢ determines
the exponential decay of the average of G(m,n; E) or of ¥,,1,, i.e.,

(G(m,n; B)) ~ (thyipy) ~ e~ Im=nla/2t |m —n| — oo . (9.79)

We remind the reader that the transport mean free path ¢, = vr, is in
general different from ¢ because of the (1 — cos6) term in (8.22). However,
for the simple model we consider here /i, = £. In 1-d, where 6 takes only two
values (6 = 0, forward scattering, and § = 7, backward scattering), £~ can
be decomposed into two terms, 5]71 and ¢, ! corresponding to forward and
backward scattering:

=0t (9.80)
=20t (9.81)

For our simple model, ¢y = ¢, = 2¢ = 2{;,. In the weak scattering limit, using
second-order perturbation expansion [see (7.51)], and taking into account that

h/a = |Go(m,m)| " =/(2V)? — E2? |
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we find [( )2 2]
al(2V)s - F
é ~ T ) (9.82)

where a is the lattice spacing and 62 = (¢’2). For a rectangular distribution
of width W and at the center of the band (E = 0) we have (setting a = 1,
Vi=1)

0~ 24/ W2 (9.83)

Second-order perturbation theory gives

<Q<E’>>=—Im{G3(m’m;E‘E)} ,

™

with ¥ = 02Go(m, m; E) [see (7.51)]. Substituting in (9.73) and integrating
by parts one obtains

2 2a (4V? — E?
L _ 2a( ) : (9.84)
o2GE (m,m; E) o?

&~

which is four times the mean free path £. In the rectangular case and at the
center of the band, one obtains ¢ = 96/W? [251], to be compared with ¢ =
105.045/W?2, which is the exact result to second order in W. An explanation
of this discrepancy is given in [383].

It must be pointed out that the decay shown in (9.79) is partly due to the
exponential decay of the amplitude (localization) and partly due to the phase
incoherence among different members of the ensemble over which the average
of G(m,n) is taken [see (9.79)]. The latter is present even when there is no
localization, and hence the exponential decay of (G(m, n; E)) as |m —n| — oo
cannot be used to deduce the existence of localization. To see the extent to
which the decay shown in (9.79) is due to localization, one may consider the
average )

(IG(m,n; B)]) ~ ([¢hmtnl) ~ eI/ (9.85)

To calculate X' one may approximately assume that In|G(m,n;E)| has
a Gaussian probability distribution with mean equal to — |m — n| /¢ and stan-
dard deviation equal to /|m —n| /. Then X = 2¢, which to second order
in W2 and at the center of the band yields \' = 210.09/W?2, to be compared
with A = 212.59/W? obtained in [383].

9.7.2 Renormalized Perturbation Expansion (RPE)
and Localization

Green’s functions behave differently depending on whether the eigenstates
are localized or extended. An example of such difference has already been en-
countered in 1-d, where for exponentially localized eigenstates (In |G (¢, m)|) ~
— ¢ —m| /N, while for extended states In |G (¢, m)| is independent of |m — £|,
(5.31).
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Before we proceed, let us further clarify the concepts of extended and
localized eigenstates. We call extended those eigenstates that do not decay
to zero at infinity; furthermore, we assume that these extended states look
more or less uniform in amplitude at least beyond a characteristic length
scale ¢’. On the other hand, we define localized states as those that decay
to zero “sufficiently fast.” There is no rigorous examination of what decay
law qualifies for this characterization. It seems that exponential decay is
“fast enough”; it is even possible that all normalizable eigenfunctions are
localized in the above sense. These definitions leave in principle the possi-
bility of having eigenstates that are neither extended nor localized in the
above sense. A decaying but not normalizable eigenstate is an example of
such an intermediate situation. It is usually assumed that the eigenstates
will be either exponentially localized or extended. In 1-d this assumption
is true in almost all cases. For higher dimensionalities there is no rigorous
proof.

Let us consider here a finite system consisting of N unit cells. The diagonal
matrix element of G(E; N) in a Wannier representation can be written as

fv
z—E,’

G(m,m;zN) =Y (9.86)

where
fv = (mlv) (v|m) , (9.87)

and |v) is an eigenfunction of the Hamiltonian H with eigenvalue E,; we have
dropped the index m from f, for simplicity. Note that the symbol )  in
(9.86) denotes a genuine summation since we are dealing with a finite system
that possesses a discrete spectrum.

We consider now the limit N — oo, i.e., we allow the system to become
infinite. A localized eigenstate |v) tends to a well-defined limit as N — oo;
hence, if |v) is localized, f, — f° as N — oo, where f2° is in general a positive
quantity. The magnitude of f2° (for localized eigenstates) depends strongly on
how far away from site m the localized state |v) is. If we assume exponential
decay of the localized eigenfunctions, then f, ~ exp(—27m. /&) a8 Tmy — 00,
where 7, is the distance between site m and the center of the localized
state |v) and &, is its localization length; thus, the new f/s that appear as
N — oo are extremely small since the distance ry,, of the new states |v) is
proportional to N*/4a, where a is the linear dimension of the unit cell. On the
other hand, for extended or propagating eigenstates |v) (in the limit N — o0)
the quantity f, behaves as 1/N in the limit N — oo; this behavior stems
from the normalization factor 1/ VN contained in every extended eigenstate
|v). This basic difference in the behavior of f, as N — oo produces the
following characteristic properties.

Consider the quantity ¢, (t), which is the probability amplitude for finding
a particle in state |m) at time ¢ if initially (¢ = 0) the particle was in |m).
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This quantity was evaluated before and is given by (6.34). Substituting (9.86)
into (6.34) we obtain

em(t) =Y fuexp (—iE,t/h) . (9.88)
The probability |cm (£)[? is
lem(®)|* =D fufor exp[~i(E, — E,)t/h] . (9.89)
Defining
2 I 2
lem? = lim / lem ()2t | (9.90)
t—oo t 0
we obtain o g
lem|? = Z Z Z fE . JE, (9.91)
E, i=14i=1

where g, is the degeneracy of the eigenenergy F,,.
Using (9.86) it is easy to show that

leml? = ;/ dEG (m,m; E +1is)G (m,m; E —is) . (9.92)

— 00

Equation (9.91) shows that the localized eigenstates make a nonzero con-
tribution to the probability |cm|27 while the extended eigenstates make no
contribution to |cm|2 as N — oo. Indeed, if all states were extended and
nondegenerate, then all f, ~ 1/N, and consequently

1 1
2y

(there are N terms in the summation). If the degeneracy, g,, is proportional
to N(@=1D/d (which is probably its largest value), then the contribution of
the extended states to |cm|” still goes to zero for N — oo (as N=V4); d is
the dimensionality. On the other hand, for localized eigenstates each f, tends
to a definite limit and series (9.91) converges since f2° becomes quite small
for eigenstates |v) appearing for large N. Equation (9.92), which is valid in
the limit s — 07 independently of whether or not the limit N — oo has
already been taken, shows that a branch cut in G(E) makes no contribution
to |cm|2 and, hence, corresponds to states that are not localized. It is probably
true, although no rigorous proof has been given, that a branch cut in G(F)
indicates a decay slower than 7~%%, Under rather general conditions, it is true
that extended states produce a branch cut in G(E) (Problem 3.1s); this can
be shown also by taking the limit N — oo in (9.86); one must keep in mind
that the average spacing of the levels goes as 1/N and f, (for extended states)
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behaves as 1/N for N — oo. On the other hand, for localized eigenstates, the
quantities f, approach a finite limit as N — oo, which means that in the limit
of N — oo, we will have a dense distribution of poles whose residues remain
finite; thus a line of singularity results that is not a branch cut and that is
known as a natural boundary because the side limits lim G(E + is) do not
exist as s — 0.

Another way to distinguish between extended and localized eigenstates
is to consider the convergence of G(E) as N — oo. Note first that each
term f,/(z — E,) in (9.86) is important as z — E (where E belongs to the
continuous spectrum), only if |[E — E,| < Af,, ie., if E € P,, where P, is
the interval [E, — Af,, E, + Af,] with A > 1. Then the contribution of all
the terms with v > v is important only if E belongs to the union ), of
P,s with v > vy. Assume now that the terms in (9.86) have been arranged in
order of decreasing f,. For localized eigenstates the extent of the interval P,
decreases at least as r,97¢ (because the states are normalizable) with & > 0
as v — 00. Hence the extent of the union ), approaches N—¢/4 je. zero
as 19 — oo. Consequently, the probability of E belonging to ), approaches
zero as vy — 00; hence series (9.86) converges as N — oo with probability 1.
It has been assumed that this last statement is equivalent to saying that for
localized states the probability distribution of G(F) converges as N — co. For
extended eigenstates the union ), approaches a nonzero value as vy — 00;
this implies that for extended eigenstates G(E) diverges with probability 1 as
N — o0.

On the basis of the above discussion one can state certain criteria to decide
about the nature of the eigenstates at E. These statements, although very
plausible, cannot be considered as rigorously proven.

(i) Consider the quantity
lim (sG (m, m; E +is) G (m,m; E —is)) , as s — 07
or, more generally,
lim (sG (m,n; E +is) G (n,m; E —is)) , as s — 07 .

If the above quantities are nonzero, the eigenstates at E are localized;
if they approach zero linearly with s, the eigenstates are extended (or
possibly very slowly decaying as r~* with v < d/4); if they approach
zero more slowly than linearly with s, they probably decay as =" with
d/4 < v < d/2 (with logarithmic factors in s appearing when v = d/2 or
d/4).

(ii) Counsider the probability distribution of G(E; N). If it converges as N —
00, the eigenstates at E are localized. If it diverges, the states are extended
(or possibly slowly decaying but not normalizable).

(iii) Counsider G(m,m; E, N). If this quantity converges with probability 1
as N — oo, the states at E are localized. If it diverges, the states are
extended (or possibly slowly decaying but not normalizable).
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The first criterion has been employed in 1-d by Economou and coworkers
[385-387]. We shall examine it in Problem 9.10s. The second criterion has been
used in 1-d systems (§9.7.1). The third criterion was first used in conjunction
with the renormalized perturbation expansion (RPE) by Anderson [388] in his
paper that marked the birth of the field of localization. Anderson’s work has
been further developed by Ziman [389], Kikuchi [390], Herbert and Jones [391],
Thouless [392], and Economou and coworkers [393,394]. In all this work the
RPE (presented in Appendix F) plays a key role; the reason is that the RPE
is a closed expression for a finite system. Hence, its convergence or divergence
as N — oo is equivalent to the convergence or divergence of G(m, m; E, N)
as N — oo; the latter, according to (iii), is connected directly with the nature
of the eigenstates.
According to (F.9), the RPE for the quantity A(¢) has the structure

Al ="t (9.93)

_ i SN (9.94)

N=1 j

where the summation in (9.93) is over all terms corresponding to self-avoiding
paths starting from and ending at site £. In (9.94) we have rearranged the
series so as to perform first the summation over all paths of N + 1 steps and
then sum from N =1 to co. We remind the reader that

N = VNHLG(ny, m[l])G(n2, na [6na)) - (9.95)

where sites £,mn1,no, ..., £ belong to the self-avoiding path j of N + 1 steps.
The expansion (9.94) may diverge through two distinct mechanisms: one is the
divergence of the series shown in (9.94); even if this series terminates (as in the
1-d case), the RPE may diverge as a result of the implicit iteration built in the
RPE (Appendix F). Usually the assumption is made that the convergence of
the series controls the convergence of the RPE; Abou-Chacra et al. [395] made
the opposite assumption by terminating the series at N = 1 and explicitly
taking into account the iteration procedure. To study the convergence of the
series, one introduces the localization function, L(E), defined by

1/N

L(E) = lim > #M) (9.96)

N—o0

If L(E) is less (more) than 1 with probability 1, then the series converges
(diverges) in probability. Here it must be pointed out that there is the pos-
sibility of convergence (not absolute convergence) even when L(FE) is larger
than 1. This possibility has been disregarded. To evaluate (9.96) one must
make several approximations. First we set

L(E) ~ L(E) , (9.97)
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where
1/N

L(B) = Jim | > ‘tEN)‘ . (9.98)

N—o0

Equation (9.97) means that the sign fluctuations of the t§N)s are omitted. The
second approximation is to replace each of the various Gs in (9.95) by the first
one

tN % VLGN () my (1) (9.99)

The third approximation replaces the G(n1,n1[f]) by its CPA average. Thus
L(E) was calculated for various 3-d and 2-d lattices and various probability
distributions of {e/,}. By setting L(E) = 1 one can obtain the trajectory of the
mobility edge, i.e., the critical energy E. separating extended from localized
states as a function of the disorder or, equivalently, the critical disorder as
a function of the energy (Fig. 9.1). The results were consistent with numerical
data and with various limiting cases. The main drawback of the final result
for L(E) is that it failed to predict any qualitative difference between d = 2
and d = 3. To check the origin of this failure, Soukoulis and Economou [396]
reexamined the three approximations mentioned above. In the process they
prove (F.19), which allowed them to relax approximation (9.99); they worked
in the limit of zero disorder so that no average was needed; and finally they
calculated both L(E) and L(E). At the ends of the spectrum they found
that L(E) = L(E) ~ 1 (with less than 1% error), which indicates that their
calculations are quite accurate. For d = 3, they found that (9.97) is well
satisfied and that L(E) is well above 1 within the band, which shows that
a finite amount of disorder is required to make L(E) < 1 and localize the
eigenstates. In contrast, for a 2-d lattice, it was found that, while E(E) is
well above 1 within the band, L(E) is (within numerical uncertainties) equal
to 1. This is a strong indication that any amount of disorder, no matter how
small, is enough to localize the states in 2-d. It was suggested [396] that the
equation E(E) ~ 1 indicates a crossover region where the localization length
varies very fast.

9.7.3 Green’s Functions and Transmissions
in Quasi-One-Dimensional Systems

In this subsection we expand further the topic presented in Sect. 9.4 and con-
nect the quantity ¢,,;; with the Green’s function associated with a multilead,
multichannel-per-lead system as shown schematically in Fig. 9.7.

The S-matrix as we defined it here [see (H.21)] connects the outgoing
current amplitudes D,; = \/Upi Dpi to the incoming current amplitudes C'pj =

V04 Cqj
Dpi =3 8p4isCaj - (9.100)
qa 7
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Tp OP
lead p CONDUCTOR o
ead ¢
Oq qu

Fig. 9.7. The eigenfunctions associated with each lead p are either incoming of
the form Cp;ixpi exp (ikizp) /v/Lo or outgoing of the form Dpixpi exp (—ikizp) /v/Lo.
The normalized wave functions xp; depend in general on the cartesian coordinates
yp and zp, normal to the propagation direction. The eigenenergy epx; of the two
states |p, i, £k;) is of the form ey, = epio + epi (ki); usually ey (ki) = h%k7 /2m;

The quantities 5py;; represent reflection current amplitudes, 3,pi; = 7pij, while
8pqij for p # q represent transmission current amplitudes, $pqi; = tpgij, from
the j channel of the ¢ lead to the ¢ channel of the p lead.

We examine first the idealized case where each lead is strictly 1-d and
as such sustains only one channel (or mode); thus index ¢ drops out. Taking
matrix elements of (4.17),2 G = Go + GoTGy, and remembering that?

i .
(.1 Gol0,2) = (== ) B exp kb + )
Up

we obtain
—i

pq hw, exp (iky |zp + 24)

<p,xp|G|q,xq> :6

—i —i

hvp hvg
X /dx;dx; exp (iky |, — 2)|) exp (ikq |2g — 2 |) (@p | T | zq) . (9.101)

With the choice of coordinate systems shown in Fig. 9.7 we have z, < 0,
rq <0, zg < xy, and x, < x,. Thus

<pa Tp | G | q, xq> = % €xXp [_1 (kpxp + kqu)]
q

—i . .
X {Spq + o /dx;dm; exp (ikpa),) exp (ikgal) (z), | T | =) | . (9.102)
The integral over dzj,dz can be written as follows:
Lo/dx;dx; (=kp | @) (o, | T | al) () | kg) = (=kp | T" | kg) ,  (9.103)
2 Everywhere G, Gy, and T stand for G, G§, T™.

3 When p = gq, the origins O, and O, of the coordinate systems coincide and
1
Tqg = —Tp.
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where T" = LoT. Thus the quantity in brackets on the rhs of (9.102) equals,
according to (H.26), the transmission amplitude?

—i
lpg = 8pq + h_ <_kp |T, | kq> . (9~104)
Up

For the reflection amplitude, 7,,, we have
—i
Tpp = o (=kp | T" | Kyp) (9.105)
p

Combining (9.102)—(9.104) we end up with

v . .
lpg = 1/ U_ptpq = ih\/vpVq exp [ (kpxp + kgxq)] Gpg (Tp, 24) , (9.106a)
q
Tpp = T'pp = —Opq + ifiv, exp (ikp |mp - 1‘;,'|) Gpq (scp - x;,') , (9.106b)
p =g, butz, is, in general, different from z,,

where Gpq (), 2q) = (p, 2 | G| ¢, z4). Since tp, is independent of x,, x4, and

), we can set ¥, =z, = r, = 0 in (9.106a) and (9.106b).

For the multichannel case, (9.106a) and (9.106b) are generalized as follows:

Upi . .
lpgij = 1/ U_étpqij = ih\/Vpivg;j exp [i (kpip + kgjTq)]
qj
< [ dewdes () Gy (rm) s (20). (0.107)

where r¢ = ¢, 00, £ = p, q.
For fppij we have to set p = ¢ and Tq = —.Z‘g and add —81‘]‘ to the rhs of

(9.107). Using (9.107) and setting 2, = x, = 0, the quantity T,; = Tr {{,t}, }
becomes
qu = Z Zipqij (’?;q)ji
g

=Y [ desdendeien (e iy, (2;) Gy (22))
tj

X Xpi (Q;) prix;i (op) G;’)_q (@poq) - (9.108)
We define

Iy (04, 0)) =Y Xaj (00) hvgiX; (€}) - (9.109a)
J

Iy (Q;, Qp) = ZXpi (Q;) hvpiX;n‘ (op) , (9.109b)

7

* The bra (—k,| appears instead of the (k,| of (H.26) because of the opposite
direction of the x,-axis (Fig. 9.7).
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and then we have
Toq = Tr {I,G,1,G,} =T {I,G} I,G.} | (9.110)

where Tr means integrations over Q;, Op, 0g, and qu. In the case of a discrete
system described by a TBM, (9.108)—(9.110) remain valid with the replace-
ments

Q¢ — Vyay ,
/ !
QE - Veaé 9
hvg, — vy, Jae ,

ve= (Vey,ve,) s V= (Vipviy) s L=D,q;

ay is the lattice spacing in the lead ¢; vy,, vy,, Véz, and 1/23 are integers deter-
mining the position of the atoms in the directions normal to z; the eigenfunc-
tions x and the Green’s functions G, are those corresponding to the TBH;
finally, the trace operation in (9.110) means additions over the integers vy,,
Ves, vy,, and vy, (£ = p,q). For a 2-d TB system we have

Fe Veg,Vg2 ZX@ Viy) Xgi( 22) , {=p,q, (9.111)
ZZZZF Pz’ym G;_q(ypzﬂyqz)
l/p2 u o Vq2 u2
XF (V‘D’ Q2)GI;P (Vlllz’ylljz) ' (9112)

9.8 Applications

We have already mentioned that the localization theory has found the most
direct applications in the transport properties of thin wires, films, and inter-
faces. There are, however, classes of materials (such as quasi-1-d organic con-
ductors [397], polymers [397,398], amorphous semiconductors [399,400], amor-
phous metals, etc. [400,401]) of high physical and/or technological importance
that are, to some extent, disordered. The ideas and theoretical techniques pre-
sented in this chapter are indispensable tools in studying these materials. How-
ever, due to their complexity, our understanding has not yet reached a quan-
titative stage of development comparable to that of crystalline materials.
Band structure techniques and localization theory have also been applied
to electromagnetic waves and other classical waves in strongly scattering peri-
odic and disordered media [21,243,402-409]. The motivation for such studies
is the fact that the classical waves are free from several complications that
plague electronic waves in solids, such as inability to control their energy,
finite temperature effects, electron—electron interactions, and other types of
many-body effects. On the other hand, as was pointed out in the comments
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following equations (7.70)—(7.71'), it is more difficult to localize classical waves
than electronic waves. Furthermore, classical waves are subject to absorption,
which contributes to the gradual extinction of an incoming beam; as a result,
localization is not easily distinguished from the combined effect of diffusion
and absorption.

Actually, the interpretation of the experiments of Wiersma et al. [404],
where the transmission of electromagnetic waves through a highly disordered
powder of GaAs was measured in three regimes identified by the authors as
the extended, critical, and localized regimes (on the basis of different length
dependence), was questioned by Scheffold et al. [409], who have argued that
the results can be interpreted also on the basis of classical diffusion combined
with absorption. One way to distinguish between localization on the one hand
and diffusion/absorption on the other is to measure fluctuations as a function
of the temperature T'.

The basic equations (9.46) and (9.50) can be used to provide an easy
interpretation of the impressive integral quantum Hall effect (IQHE). When
a current, I, flows in a 2-d striplike conductor in the presence of a strong
magnetic field, B, normal to the strip, a so-called Hall voltage, Vi, develops
between the two sides of the strip (i.e., perpendicular to the current flow). The
Hall conductance, Gy = I/Vy, turns out to be quantized in units of e2/h.
This is what one should expect on the basis of (9.46), if the two directions of
spin have been strongly separated in energy by the applied magnetic field, and
if the 2-d conductor behaves as a perfect conductor with transmission 7' = 1.
This last if seems unrealizable, since the conductor includes imperfections and
the temperature is not zero. Actually, what makes this imperfect conductor
behave perfectly is the presence of the strong magnetic field, which separates
spatially the states with positive k (along the direction of the current) from
those with negative k (opposite the direction of the current). The positive k
states are highly localized along one edge of the strip and the negative k states
along the other edge. Thus the scattering processes, & — —k, or —k — k,
cannot take place (since there is no spatial overlap of the |k) and |—k) states),
and the imperfect conductor behaves as a perfect one. For more details the
reader is referred to the book by Datta [307].

Another system where (9.46) finds application is transport through double-
barrier devices. The two barriers may trap the electron between them for
a long time thereby creating approximate bound states at discrete energies,
E,, each with a width 8F, ~ #h/7,, where 7, is their lifetime. When the
energy of the electron transported through the double-barrier device coin-
cides with one of the approximate levels, E,,, the transmission (and hence
the conductance) exhibits a sharp peak of width 8E,,. This resonance tunnel-
ing becomes even more interesting in very small devices, called quantum dots
(QDs), where both electron—electron interactions and the discrete nature of
electrons are important.

In these quantum dots, a critical voltage of the order |e| /C, where C' is
the capacitance of each barrier, is required in order to have conduction. This
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phenomenon, called Coulomb blockade, is due to the fact that for very small
voltages the charging energy of the quantum dot is positive and hence cannot
take place until the critical voltage is reached and the charging energy becomes
zero or negative. For more information the reader is referred to the books by
Taylor and Heinonen [133], pp. 337-339, Datta [307], pp. 246-273, and, for
more recent developments, the book edited by Brandes and Kettemann [381],
pp. 157, 259, and 289.

Finally, we mention that the formalism presented in §9.7.3 finds appli-
cation, among other situations, in transport through carbon and other nan-
otubes. These nanotubes are graphitelike strips that have been folded so as to
create tubes of typical dimensions of the order of a nanometer. These tubes
are connected to contacts and are studied as candidates for the next gener-
ation of nanoelectronics [410-413]. It is obvious that their conductance [and
hence T}, as given by (9.110)] is of central importance for their device per-
formance. To calculate T, one treats the coupling to each contact through

a self-energy, X, which allows the calculation of both I, =i [Xf — X 7] and

G=(F—-H.— 2)_1, where H,. is the Hamiltonian of the isolated nanotube
and X' =3 X, For details the reader is referred to the book by Datta [307]
and the original literature (see, e.g., Andriotis and Menon [414—416]). A very
idealized version of this approach is given in Problem 9.9.

We conclude this section by pointing out that the technology tendency
toward miniaturization, which has already touched the nanoregime, requires
conceptional and calculational tools such as the ones presented in Chaps. 8
and 9, where the quantum character of the transport and other phenomena
becomes quite explicit.

9.9 Summary

In this chapter we have shown that quantum interference effects in disordered
systems lead to eigenfunction amplitude fluctuations of increasing extent and
size as the strength of the disorder increases; as a result, the static diffusion
coefficient is reduced and eventually may become zero (for an infinite sys-
tem and in the absence of inelastic scattering events and external magnetic
fields). This is the phenomenon of Anderson localization whose physical man-
ifestations depend on the relative size of various lengths such as the mean
free path, ¢, the minimum of several upper cutoff lengths, Lj,;, and the lo-
calization length, &; Lj; may be of the order of the geometrical length of the
specimen, L, or the diffusion length, Ly = /D7y, during the inelastic phase
incoherence time 7y, or the cyclotron radius Lp = /hc/eB, or the diffusion
length, L. = \/D/w, in the presence of an AC electric field of angular fre-
quency w, whichever is smaller [see (9.5)]. If ¢ <« Ly < &, then we are in the
so-called weak localization regime, where the quantum interference corrections
to the conductivity are given by
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e2

———— Ly, 1-d, 9.2a
V2 M (6.22)
2 L
6o = 4 & g, Lu ) ,
o 7r2han’ 2-d, (9.2b)
€2 1 e 1
_— ———,  3d, 9.2¢
2\/§7T2h L]\/I 7T3h Lm ( )

and L., is of the order of the mean free path ¢. Notice that the presence
of a magnetic field, B, reduces the value of Ly from Ly = Lg/\/c2 (when

B =0) to
L
Ly=L .
M ¢/ 2t IR

Thus a negative magnetoresistance is exhibited that, in the 2-d case, is given
by

AR Ao
=0 (9.113)
where
Ao = o(B) — (0) ~ 2;—% {w(x) —2In (2%)] , (9.20)

x=0.5+ (LB/2L¢)2, and () is the digamma function, ¥ (x) = I''(z)/I'(x).

In special geometries such as cylindrical tubes with very thin walls and
magnetic field parallel to the axis of the tube, the conductivity exhibits a si-
nusoidal periodic variation with the magnetic flux, & = B.S, with a period
®y = he/2e, provided that the area S is of the same order of magnitude as
7TL3). This is the so-called hc/2e Aharonov—Bohm effect. Similarly, in con-
figurations such as those shown in Fig. 9.2, the conductivity would exhibit
a periodic sinusoidal dependence on the magnetic flux, @, through the ring
with the period of 2¢g = he/e; this is the he/e Aharonov-Bohm effect.

If the localization length, £, is much smaller than L,;, an exponential
dependence of the conductivity of the form

2L
o ~ exp (_TM> (9.114)
is expected. An approximate implicit expression for £ is the following;:
T h (6%} 1
——0g=—— [ dg————= 2
2 6200 (271_)(1/ Qq2+£_2 ) (9 7)

where o is the classical value of the conductivity.
The value of £ as determined by (9.27) is the same as the value of the
decay length of the lowest bound level in a potential well of linear extent

Goft = C1l4y (9.29)
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and depth eog given by

Eoff 02 2?2 1
= . 9.30
R2/2m*a2g - 2 1h oold? (9.30)

It follows from (9.27)-(9.30) that d = 2 is the critical dimensionality; for
d < 2 any amount of disorder, no matter how weak, is enough to localize the
electron, while for d > 2 a critical amount of disorder is needed to produce
localization.

For quasi-1-d systems consisting of a finite number of parallel running
coupled 1-d channels the conductance, G, is related to the transmission, 7',
per channel according to the formula

2¢2
G = = MT (9.46)
where M is the number of channels and the factor 2 accounts for the two spin
orientations. In the case where the quasi-1-d system is connected to several

current or voltage leads, Biittiker generalized (9.46) to the following:

I, = Z Gpg (Vo = Vo) (9.49)
q
where )
2e” -
Opg = Tqu ) (9.50)
Tpg =Tr {qutj)q} ; (9.50")

tpq is the transmission current amplitude M, x M, matrix whose matrix ele-
ments, tpqi;, give the transmission current amplitude from the jth channel of
the g lead to the ith channel of the p lead; I, is the total current entering from
contact p, V; ﬂp/( le]), and p, is the chemical potential of contact p. The
matrix elements tpqij are connected to the Green’s function through (9.107),
and the transmission coefficient, T}, is given by

Tpg = Tr [[,G, 1G] (9.110)

where
F Vp27 P2 ZXpl sz sz (VIQQ) 9 (9111)
G=(E-H.—2)", (9.115)
=3 5%, (9.116)

p
and

n=i[x -2 (9.117)
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‘H. is the Hamiltonian of the isolated quasi-1-d conductor and X, is the self-
energy describing its coupling to contact p through lead p.

In Sect. 9.3 we presented the main results of the Anderson localization
theory, in Sect. 9.5 we introduced the scaling approach to the localization
problem, and in Sect. 9.6 we summarized several other theoretical techniques
developed for this problem. Finally, in Sect. 9.7 the connection of the Green’s
function techniques to quantities related to the Anderson localization question
and transport properties were presented.

Further Reading

Among the many books and review articles dealing with localization, quantum
transport properties, and their calculation with the employment of Green’s
functions we mention the following:

e The book by Datta [307] provides an excellent introduction to the subject.

e Imry’s book [250] gives a clear, physical insight to the subject and an
extensive list of references to the original literature.

e The books by Sheng [21,243], as well as the book edited by Soukoulis [402],
deal with classical waves in ordered and disordered media.

e A short account of the Coulomb blockade is given in the book by Taylor
and Heinonen [133].

e The subject of quantum transport properties is treated in detail in the
book by Ferry and Goodnick [417]. A shorter account is given in the book
by Janssen [261]. Among the many excellent review articles we mention
the one by Abrahams et al. [281] and the older one by Kramer and MacK-
innon [376]. Some recent developments can be found in the book edited
by Brandes and Kettermann [381].

Problems

9.1s. Prove (9.31), where

,  24.560,
TS2 —12d)
Hint: Take into account (9.42) and (9.2¢) and that the localization length,
A4, of a quasi-1-d wire of cross section A in the extended regime is given by

A

AA:4&3

(see §9.6.1); ¢} ~ 0.75 in order to reproduce the numerically determined criti-
cal value of S¢2, ~ 9, at which ¢ blows up, indicating the transition from ex-
tended to localized eigenstates. Notice that the present approximate approach
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predicts a critical exponent v = 1 in disagreement with accurate numerical
data that give v ~ 1.54.

9.2. Using the potential well analogy with co = 1 show that the 2-d localiza-
tion length is proportional to fi, exp [Sts,/4].

9.3. Prove (9.34).

9.4. For a position-dependent conductivity, o(x), in a 1-d system, the local
electric field is E(z) = j/o(x), where j is the current that is position inde-
pendent since there is charge conservation. Hence the voltage drop, V', over

a length L equals
L
d
V= / dz
o o(z)
-1

/OL dzo™? (x)] ,

and the effective conductivity, o., is given by

- v
fOL dzo—1(z)

Then the conductance G is

S
%

LG

O¢

Assume that variations of o(z) with x are due to the fluctuations of the
eigenfunctions

_ k@P

=0p—5
[Ymax]”

where ¥(z) ~ e~%/¢ for x outside an effective 1 — d potential well. Following
the above reasoning prove (9.41).

o(x)

9.5s. Consider the T-shaped 1-d TBM shown in Fig. 9.8, where the off-
diagonal matrix elements between all nearest neighbors are equal to V' except
the (0| H | 14), which is equal to V’; the diagonal matrix elements are taken
as zero.

Calculate the 3 x 3 S-matrix for this model.

9.6s. Prove (9.65).
Hint: Q is a function of L/¢": Q = f(L/¢'); & blows up at the critical
value Q. with a power law: £ ~ (Q — Q.)°.

9.7s. Prove (9.78).

9.8. For a binary diagonal disorder

p(em) = %a(sm —o4 %6(5,, +e)
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® 1,y

Fig. 9.8. A T—shaped TB system

of a TBM with off-diagonal matrix elements V', calculate the average DOS for
e/B=0,4,6/B=0,7,¢/B = 1. Determine the positions of the mobility edges
by setting L(E) = K |Va (G (n,n[l]))| = 1, where K = Z — 1 = 5. Employ
the CPA for the calculation of the averages. Use the Bethe lattice periodic
Green’s functions. Plot the band-edge and the mobility-edge trajectories.

9.9. Consider the coupling, H.¢, of a 2-d conductor to a lead as shown in
Fig. 9.9. Let H, be the Hamiltonian of the isolated conductor and H, that
of the isolated semi-infinite ordered lead; the only nonzero matrix elements of
the Hamiltonian H., are assumed to have the simple form

(Wl Hee |v) = (v [ Hee | p) = Va .

lead —o—0 00 CONDUCTOR

Fig. 9.9. A simple TB coupling of a conductor to a lead
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Show that

[E — HZ] GZC - HCZGC =0 P
[E - Hc] Gc - HCZGEC =1 )
where

Ge Gee| | E—He —Hee -
Gcé Gc N _ch E_Hc '

Then show that
Go=[E—-H.—x]",

where

(i) = Vige (o) = V3 [E = Hal
= [Va| Zx; (1) exp (ikia) xi (1) ;

wand g’ are points on the first column of the lead, y; () are the eigenfunctions
for any column of the lead, and a is the lattice spacing of the lead.

9.10s. Using the CPA vertex corrections calculate the quantity
s{(G(E +is)G(E — is))

as s — 0T, where G(F +is) is the diagonal element of the Green’s function
corresponding to a random TBH.
Is the result nonzero? Comments?
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Green’s Functions in Many-Body Systems
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Definitions

Summary. The Green’s functions defined earlier are recast in a second quantized
form. The resulting expressions can easily be generalized for the case where there
are many interacting particles. The time evolution of the operators involves now the
interaction terms in the Hamiltonian. As a result, the generalized Green’s functions
obey differential equations containing extra terms that depend on more complicated
Green’s functions.

10.1 Single-Particle Green’s Functions in Terms
of Field Operators

The Green’s function formalism that has been developed up to now is ap-
propriate for the problem of a single quantum particle moving in an external
potential or for the propagation of a classical wave. Quite often we are dealing
with systems involving many quantum particles interacting with each other
or with quantized versions of classical waves. It is possible to generalize the
definition of the Green’s functions to obtain from them important physical
information about the properties of these interacting many-particle systems.
Such generalization is achieved in two steps. We first reexpress the single-
body Green’s functions (which we studied in the previous chapters) in the
second quantization formalism, which is the most convenient language for
the description of many-body systems [19,20,113,114,133,418]. We can then
generalize quite easily the definition of the Green’s functions, as we shall see
below.

In Appendix I we present very briefly the highlights of the second quan-
tization formalism for two characteristic and very important cases: (1) the
case of the field ¥ (7, t) obeying the Schrodinger equation (first order in time);
(2) the case of the field u(r,t) obeying the wave equation (second order in
time). We express first the various Green’s functions for the wave equation in
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terms of the field operator u(r,t). The field u(r,t) can be expressed in terms
of creation and annihilation operators b;rc and by, as follows (Appendix I):

u(r,t) = Z \/ Qchufj!? {bz exp i (wit — k- )]
k

+bpexp [—i(wpt — k-7)]} . (10.1)

The above time dependence of the operator u(r,t) results from the general
time evolution equation involving the commutator [u, H] = uH — Hu

0 t
n 2t e (10.2)
ot
which can be solved formally to give
u(r,t) = e Py, 0)e T/ (10.3)

substituting in (10.3) the noninteracting Hamiltonian
1
H= Zk: fiwy, (bLbk + 5) , (10.4)

we obtain (10.1) by taking into account the commutation relations (I.23)
obeyed by b;rc and bg. Since we ascribe the time dependence entirely to the
operators and not at all to the state vectors, we are working within the so-
called Heisenberg picture.

Now we express the various gs and gs associated with the wave equation
and defined in Chap. 2 in terms of the operator u(r,t) given by (10.1). We
have

i

glr,r' t,t') = : O] [u(r,t)u(r',t") —ul@’, " )u(r,t)] | 0)
=~ [ulr, ), u(r' )] (10.5)
g (e ) = —% O u(r, t)u(r’,t')|0), (10.6)
G5 (7', 1,1) = 5 0 ulr', ulr, 1) |0) (10.7)
9 r 7', = 20— 1) O [ulr, 1) u(r', )] |0) (10.8)
gt = 20— 1) 0] fulr, 1), u(r' )] |0) (10.9)
gl 1,8) =~ (O] [ulr, Hu(r', )] 0) (10.10)

The Green’s function g~ can be expressed in terms of g%, g4, and g as g~ =
g 4+ g —g. To prove the above relations we proceed as follows. For (10.5) we
note that g(r,r’ ¢, ¢') is uniquely defined by the wave equation it obeys,
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v — 1o glr,r' t,t) =0 (10.11)
C2 6t2 g I » Yy - . .
and the initial conditions g(r,r’,¢,t) = 0 and g(r,7/,t,t) = —c28 (r — /).

These initial conditions follow immediately from (2.48). All we need to show
is that the rhs of (10.5) obeys the same equation and the same initial condi-
tions. The wave equation (10.11) is obeyed by the rhs of (10.5) because the
operator u(r,t) obeys it by definition. The initial conditions are obeyed as
a consequence of the commutation relation (I.21). Thus (10.5) is proved. Note
that the unequal time commutator [u(r,t),u(r’,t')], where u(r,t) is given
by (10.1), is a c-number, and as such there was no need to take its mean value
in the vacuum state. We prefer to use the mean value of [u(r,t),u(r’,t')] in
defining g, first, because we can then generalize easily for interacting fields,
and second, because we conform more to the definition of the other gs and gs.
To prove (10.6) and (10.7), we use (10.1) on the rhs of (10.6,10.7), and we take

into account that by |0) = 0 and [bk, bL, = Orr; we find after some simple
algebra that the rhs of (10.6) and (10.7) are, respectively,

_ig Z (eik'r/\/ﬁ> ]Ee—ik'r//\/ﬁ> e—ick(t—t/)

k

and
__lc§ (elk'r/\/ﬁ> ]Ee_lk.r /\/ﬁ) eick(t—t’) )

These expressions coincide with the expressions (2.45) and (2.46), which were
obtained previously for g~ and g<. To prove this last statement, take into
account that for the present case L = —V?2, A\, = k2, and ¢, (1) = e* " /\/02.
The proof of (10.8) and (10.9) follows immediately from (10.5), (2.42), and
(2.43). Finally, the proof of (10.10) follows by recalling the definition of the
chronological operator T,

u(r, tu(r’, '), t>t,

T [u(r, t)u(r',t)] = { w(@ yule,t), t<t, (10.12)

and by taking into account (10.6), (10.7), and (2.41). We have thus succeeded
in expressing the various gs and gs for the wave equation in terms of the vac-
uum expectation values of bilinear combinations of the field operator u(r,t),
which obeys the wave equation. The relations (10.5)—(10.10) are valid for the
general case where the gs and gs are associated with the general linear second-
order equation (—8?/c?0t? — L) ¢ = 0 and u(r,t) obeys the same equation
and the commutation relations (I.21).

Let us now try to express the gs and gs of a first-order equation (as the
Schrédinger equation) in terms of the field operators ¢ and ¢'. In writing
expressions analogous to (10.5)—(10.10) we must take into account that the
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operator v is not Hermitian and that it may satisfy an anticommutation
(instead of commutation) relation; furthermore, its time dependence is

Z antn (1) exp (—iE,t/h) , (10.13)
ZaTw r)exp (iE,t/h) . (10.14)
Again this time dependence stems from the relation
Y(r,t) = T Py (r, 0)e T/ (10.15)
Yi(r,t) = M/ Pt 0)e =T/ R (10.16)
where
H=> E.ala,, (10.17)

and the creation and annihilation operators, al, and a,, obey the relation
(L.22).

In analogy to (10.5)—(10.10) we define for the fields 1 (r,t) and ¢ (r,#')
the following gs and gs:

g(r, vt t') = <0| [W(r, )0t (' t) F 4T (', )Y (r, )] | 0)

- _% (et 0t ()] (10.18)

g (r,7 tt) = —% (0] w(r, )y, ') |0) , (10.19)

g<(r,r' t,t) = ¢% O] t)b(r,t)|0) (10.20)

g w1y = 50— ) (0| [wtr 0,016 )] [0) . 021)

Pty = 0 0 (0] [wir 0.0t 0] o) (1022)

g(r, 7' t,t) = —% 0T [¢(r, t)t (', )] ]0) , (10.23)

where [A,B]; = AB ¥ BA (10.24)
and

Dl W), >t
+pT (e (e, t), t<t',  (10.25)

where the upper sign refers to bosons and the lower sign to fermions. It is easy
to see that if the field operator ¥ were Hermitian and were corresponding to
bosons, then relations (10.18)—(10.23) would be identical to (10.5)—(10.10). We
now show that the quantities defined by (10.18)—(10.23) are identical to the
Green’s functions g7, ¢g~, and § defined in Chap. 2 for a first-order equation.

T [, 061 (0!, )] = {
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We note first that g< = 0 because ¥ |0) = 0. Next g~ = ¢ for the same
reason. We now show that g as defined by (10.18) coincides with the g defined
in Chap. 2 [see, e.g., (2.13)]. Both gs satisfy the same equation (Schrédinger
equation) and obey the same initial condition, g(r,r’,t,t) = =8 (r — ') h
(for the Schrodinger case, ¢ = 1/h, L =H, A\, = E,,). We can easily see that

glr. vt t) =g v’ ) =0 (t — ) glr, v’ 1, ') = gt (r, 7', t, 1) ;

the last relation follows from (2.10). Similarly, g~ (r, v/, ¢, t') = g (v, 7', t, ).
Hence, in the case of a noninteracting field obeying a first-order (in time)
equation, the gs and gs defined in terms of the vacuum expectation values of
bilinear combinations of field operators 1 and ! are related to the ¢g*, g,
and ¢ associated with the same equation as follows:

gt ) = glr, v’ t, 1) = gBi(r, v 1, 1), (10.26)
g ('t t) = g7t 1) (10.27)
g(r, v t,t") [Eq. (2.9)] = g(r, 7", t,t") [Eq. (10.18)] =g~ (r,r',t,t'), (10.28)
g<(r,r' t,t')=0. (10.29)

The reader may wonder why we have introduced three gs and three gs since
actually there are in the present case only two independent gs and one in-
dependent g. The reason is that when we generalize our definition to the
many-particle systems, all three gs and three gs become independent.

10.2 Green’s Functions for Interacting Particles

We now generalize the definition of Green’s functions to systems of many
interacting particles that are described by a Hamiltonian. We first define var-
ious gs and gs for the Schrodinger case characterized by the field operators
¥T(r) and 9 (7). The time dependence of these operators in the Heisenberg
picture is given by the general equations (10.15) and (10.16). In what fol-
lows we assume for simplicity that there is no external potential felt by the
particles, i.e., the quantity V. introduced in Appendix I is zero. We also take
h = 1 so that we can use frequencies or energies indiscriminately. Furthermore,
we write x for the four-vector r, ¢, and we denote by f (z,2’) the function
f(r v’ t,t"), where f is any of the gs or gs. For the sake of simplicity we
omit the spin indices throughout the discussion. Because there is no external
potential, the Hamiltonian is invariant under translation in space or time.
This implies that all Green’s functions depend on the difference x — 2’. The
definitions of the various gs and gs are the following:

§a) =g@—a) = —i([e@), e (@)],) (10.30)
> 7 (z—2') = —i(P)' (2)), (10.31)
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§< (@,0') = < (¢ — @) = F (Ul (@) () | (10.32)
g (@) = g" (@ —a) = =0 (t—¢) ([p(@), v @), ) . (10.33)
ot @a) =gt @w—a)= 0 -0 ([ @), ). (10.39)

g(@,a") = g(x—a") = —i(T [px)p! (2)]) , (10.35)

where the upper sign refers to bosons and the lower to fermions. The sym-
bol (A) denotes thermal average of the arbitrary quantity A over the grand
canonical ensemble:

> (i|Ali)exp -6 (E; — uN;)]  Tr {Ae=B=nN)Y

W= > exp =B (E; — uN;)] T {e—ﬁ(H—uN)} ’

(10.36)

where H is the total Hamiltonian of the system, IV is the operator of the total
number of particles, u is the chemical potential, 5 = 1/kgT is the inverse
temperature, and {|i)} are the common eigenfunctions (in the Heisenberg
picture) of H and N with eigenvalues E; and N;, respectively. In the limit
T — 0 we have

(A) — (Wo | A| W) as T — 01| (10.37)

where |Wp) is the ground state (in the Heisenberg picture) of the whole sys-
tem. Thus the generalization from (10.18)—(10.23) to (10.30)—(10.35) consists
in taking the actual time development of the operators 1 (z) and ¢ (z') [in-
stead of (10.13)] and in calculating the averages over the actual state of the
system (instead of the vacuum). Obviously, if no particles are present in the
system, the gs and gs defined by (10.30)—(10.35) reduce to those defined by
(10.18)—(10.25), which, as we have seen, are identical to the gs and gs defined
in Chap. 2. In other words, we can say by inspection of (10.18)—(10.25), that
the gs and gs defined in Chap. 2 describe the propagation of a single particle
from 2’ to x in the absence of other particles. On the other hand, the gs and
gs defined by (10.30)—(10.35) describe the propagation of a single particle (or
hole) from z’ to x (or x to z') in the presence of other particles. For exam-
ple, 3~ (z,2") from (10.31) can be interpreted as the probability amplitude of
finding at  an extra particle that was added in our system at 2’ without any
other modification in our system; thus, g~ describes the propagation of an
extra particle added to our system (such propagation has physical meaning
for t > t'). Similarly, g<(z,2’) describes the propagation of a hole from x
to 2. It follows that g(x,2’) describes the propagation of an extra particle
when t > t/ and the propagation of a hole when ¢’ > ¢. If the system is the
vacuum, as in (10.18)—(10.23), we cannot have holes, and as a result g< = 0.
On the other hand, for the general case (10.32) a hole can be created (i.e.,
a particle can be eliminated) and hence g< is not, in general, zero.

The various gs and gs defined by (10.30)—(10.35) are related to each other
in exactly the same way as the gs and gs introduced in Chap. 2 for the second-
order (in time) equation, i.e., by (2.38)—(2.44).
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We introduce also the Fourier transform of f(x — 2’) with respect to the
variable ¢ = r — v’ and with respect to the four-vector x — z’, where f is any
of the gs or gs, i.e.,

f(k,7)= /dge*i’“'ef (x — ') (10.38)

and
f(k,w)= /dnge—i’“'9+in (x—2'), (10.39)

where 7 = ¢ — t/. The Fourier transform f (k,w) is the most widely used.
The (k,7) Fourier transforms can be expressed in terms of the aL and ag

operators, creating and annihilating a particle with momentum k as follows:
7 (k,7) = —i <ak (r+t)al, (t’)> (10.40)

with similar expressions for the other gs and gs. Equation (10.40) can be
proved using (1.29), which relates ¢(r) and ¥f(r’) to ag and a,Tc,,. Again,
ak(t) = exp (iHt) ag exp (—iHt) and aIc(t) = exp (iHt) aTk exp (—iHt). One can
use the relations (10.30)—(10.35) to define the Green’s functions associated
with any field. In particular, for the case of longitudinal acoustic (LA) phonons
it is customary to use the scalar field ¢(r,t), which is real and depends on
the LA phonon creation and annihilation operators b;rc and by, as in (1.46). We
have again that

o(r,t) = e (r,0)e M (10.41)

Denoting by D the Green’s functions associated with the LA phonon field, we
have, e.g.,
D(z,2')=D(z—12') = —i(T [¢p(x)¢ (z)]) , (10.42)

with similar expressions for DB, DA, D, D>, and D<. Again the Ds and Ds
are related to each other by (2.38)—(2.43), i.e., in exactly the same way as the
single-particle Green’s functions.

In the case where the total Hamiltonian H involves interactions, there is
a basic difference between the Green’s function defined in this section and
those defined in Chap. 2. In the presence of interaction the field ¢ (or ¢) does
not obey the same equation as in the noninteracting case. As a result, the
differential equations obeyed by the gs or gs are more complicated than those
examined in Chap. 2. To be more specific, consider the Schrodinger case with
a total Hamiltonian H = T' 4 V;, where T is the kinetic energy given by (I1.32)
and V; is the interaction part given by (1.35). In this case we have shown in
Appendix I that

2

(i% - 2V_m) P (r,t) = /dT‘/U (r =)ot ()0 (' )¢ (rt) . (10.43)

Thus, the application of the operator i9/9t + V2/2m on v (r,t) does not
produce zero as in the noninteracting case but an extra term involving the
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interaction potential v and three 1 (or 9T). As a result of this extra term,
application of i0/9t + V2/2m on g(z,z’) will give

i2 + V_2 (z,2")
ot om ) I
=8z —2a)+ i/d4x1v (r—mr1) go (m,xl;m’,xf)}h:t , (10.44)

where mf means 71, t1+sas s — 07 and go, the two-particle Green’s function,

is defined as

g2 (21,2252, 03) = (=1)* (T [¢ (1) ¥ (22) 9T (2) 9T (2))]) . (10.45)

where the chronological operator T' arranges the operators in chronological
order so that the earliest time appears on the right and the latest on the left. In
addition, for fermions only, we introduce a factor 1 depending on whether the
time-ordered product is an even or odd permutation of the original ordering.
Thus, for t; > to >t} > t5, we have that

g2(z1, w232y, w5) = (¥ (21) ¥ (22) ¥ (a) ¥ (2))

in this case, go describes the propagation of two extra particles added to our
system. Equation (10.44) shows that in the presence of pairwise interactions
the differential equation obeyed by g(z,z’) involves an extra term depend-
ing on the two-particle Green’s function gs, which is unknown. In a similar
way, one finds that the differential equation for go involves the three-particle
Green’s function gs and so on, where the n-particle Green’s function is de-
fined by

gn(xla'“axn;xllv"wx;l) =

(=)™ (T [ (1) - ¥ (w) ¥T (2,) - 0T (@))]) (10.46)

Thus, the existence of interaction complicates the calculation of g in an es-
sential way: while in the noninteracting case g was determined by a single
differential equation (and the appropriate initial conditions), in the presence
of interactions we have an infinite hierarchy of equations, each connecting
a Green’s function of order n to one of order n+ 1. We postpone the question
of calculation of ¢ until Chap. 12. In the next section we calculate g for the
special case where there are no interactions among the particles.

Since the various gs and gs are so closely interrelated, there is no need
to consider all of them. Most of the monographs on the subject develop the
whole formalism by using the causal Green’s function g defined by (10.35) or
(10.42). Some other authors (see, e.g., [419,424]) prefer to work with g%.

In this section we have defined the various gs and gs for a system consisting
of many particles. From these Green’s functions one can obtain quantities of
physical importance. We will discuss this question in the next chapter.
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10.3 Green’s Functions for Noninteracting Particles

Consider first the Schrodinger case 1(x). The Hamiltonian for noninteracting
particles is [see (1.32)]

H=> eralar, (10.47)
k
where e, = k?/2m. From the general equation
.dag, (t)
= t
=% [ar(t), H]
we have in the present case
dag(t
i acllct( ) = ekak(t) ,
which leads to
ar(t) = exp (—iext) ak - (10.48)

Substituting this into (10.40) we obtain

g (k,t) = —i<exp(—iekt) aka;rc> = —iexp (—iext) (1 + <akak>) . (10.49)

Similarly,
< (k,t) = Fiexp (—iext) <a};ak> . (10.50)

The average number operator, <a,1ak>, is given by the Bose or Fermi function
for noninteracting particles:
1
(afar) = fr (ex) =

exp (B (ex —p)] F1°

(10.51)

where g is the chemical potential, § = (kBT)_l, and kg is the Boltzmann
constant. For the other gs and gs we have [using (2.40)—(2.43)]

g(k,t) = { —iexp (—iext) [1 £ fz (ex)] , >0,

Fiexp (—iext) f+ (ex) , t <0, (10.52)

ﬁ(k,t) = —iexp (—iext) , (10.53)

g B (k,t) = —i6(t) exp (—iext) , (10.54)

g (k,t) = 10(—t) exp (—iext) . (10.55)

We see that, for noninteracting systems, the quantities g, g%, and ¢* do not

involve the temperature or p and that they have exactly the same form as
in the case of a single particle moving in the vacuum. On the other hand,
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the quantities g~, ¢g<, and g involve information pertaining not only to the
motion of the added particle (or hole) but to the state of the system as well.

For fermions in the limit T — 0 we have y = ep = k%/2m; thus g(k,t)
becomes

—iexp (—iext) 0 (k—kp) , t>0,

g(k,t) = { iexp (—iext) 0 (kp — k) , t<O. (10.56)

For bosons, the limit T — 0 is more complicated because of the phenomenon
of Bose condensation [20].

Let us now calculate the Fourier transforms with respect to ¢. It is easy to
show that

g (k,w) = —27d (w —€x) , (10.57)
1

B(k = lim —— 10.

g (k) o0t wtis—ep (10:58)
1

gt (k,w) = lim ——— . (10.59)

s—0t W —is — €y,
For T = 0 and for fermions we obtain from (10.56)

0k —ke)  O(kr —F)

k =1
9(k,w) Paret wHis—er  w—1is —eg
1
— lim , (10.60)

s—0+ w—e +1s€ (k — kp)

where &(z) =1 for > 0 and —1 for z < 0. By defining the function

1
Gk, z) = oy (10.61)
we can rewrite (10.58)—(10.60) as
g (k,w) = Slir(r)l+ G (k,w+1is) , (10.62)
gt (k,w) = Slir(r)l+ G(k,w—1is) , (10.63)
g(k,w) = Slir(r)l+ Glk,w+isé(w—ep)] . (10.64)

Equations (10.58)—(10.60) can be proved by applying the residue theorem to
show that the inverse Fourier transform of g%, g4, and g give (10.54)(10.56).

We consider next the Green’s functions for the LA phonon field ¢(z). As
was discussed in Appendix I, ¢(z) can be expressed in terms of the phonon
creation and annihilation operators bL and by as follows:

dx) = \/;—g (bLe““” + bke‘“”) : (10.65)
k



10.3 Green’s Functions for Noninteracting Particles 259

where kxz = wit — k-7 and the summation over k is restricted by |k| < kp.
In obtaining (10.65) we have used the fact that the phonons do not interact,
i.e., that their Hamiltonian is H = ), wk(bLbk + 1/2). Substituting (10.65)
into the definition of D> (z, '), we have

B> (a,') = i (9(2)6 (o)
_ % 3 Vorow [eXp (—ikz + ik'z") <bka,>

kk’
+exp (ikz — ik'z") <b,1bk/>] . (10.66)
Taking into account that
(bhbws ) = (Brrbl ) = Suwr = Sunmie = By (exp (Bun) = 1) ",
we obtain
B> (@,0) = = 3 w(k) [+ e ) (L mg)] L (10.67)

20
k

[w(k) = wy]; in the T = 0 limit we have
D> (@) = — ~ik(z=a’) 10.68
(74 = 5 b (10.68)
The quantity D<(z, ') can be obtained immediately from the relation

D<(z,2') = D> (z',z) .

We have then for D(z — z')

Do —a') = % k) [ M) — ke (10.69)
k
1 , )
=-5 2 w(k)sin[k(z —2")] .

The Green’s functions D, D, and D# can then be obtained by applying
(2.41)—(2.43). Having obtained the various D(z — 2’)s and D(z — 2')s, we can
calculate their Fourier transforms easily. We find

D (k,w) = —imwy [0 (w — wi) — 8 (w + wy)]

x0(kp —k) , k=|k|, (10.70)
2
DR (kyw)= — % g(kp—Fk) , 10.71
(k,w) PSR (kp — k) (10.71)
w2
DA (k,w) = k 0 (kp — k) . (10.72)

(w—is)? — w2
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In the T' — 0 limit we obtain for D(k,w)
—0 (kp — k) . (10.73)

The factor (kp — k) = 6(wp — wk), where wp = ckp comes from the re-
striction k < kp in the basic expression (10.65); physically, it is justified by
the requirement that there are as many degrees of freedom in our continuous
elastic model as there are degrees of freedom in an actual (discrete) solid.

10.4 Summary

Let () and 17 (r) be the field operators resulting from quantizing (second
quantization) the wave function (and its complex conjugate) corresponding
to the Schrodinger equation. We take i = 1 and (r,¢) = x and omit any
external potential; we also omit for simplicity any spin indices. (7, t) =
exp(iHt)(r) exp(—iHt) with an identical expression for ¥ (r,t), where H
is the total Hamiltonian describing our system. We define the one-particle
Green’s functions for our many-body system as follows:

§lw.a) = <i([p@).v (@)],) (10.30)
g7 (z,2') = =i (P’ (2)) , (10.31)
§< (z,2") = Fi(P' (&) p(2)) , (10.32)
gR (2= 0(t—t)g(z,2'), (10.33)
g% (z,2") = =0(' =) g (,2") (10.34)

g(z,2") = —i(T [}’ (2')]) , (10.35)

where [A, B]+ = AB F BA, the upper sign refers to bosons and the lower to
fermions; the chronological operator T is defined as

(), >t

T (2] =
T [9(z)yT ()] { T (@ (x), t<t . (10.25)

The symbol () denotes the thermal average over the grand canonical ensemble,
ie.,

Tr {Ae=B(H-uN))
<A> - Tr {e*ﬁ(H*MN)}

For zero temperature (A) = (¥y| A| %), where |¥) is the ground state (in
the Heisenberg picture) of our system.

The Green’s functions defined above describe the propagation of an ex-
tra particle (or hole) added to our system that is in thermal equilibrium.
If our system contains no particles at all, the Green’s functions defined by

(10.36)
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(10.30)—(10.35) reduce to those introduced in Chap. 2, which describe the
propagation of a particle in the vacuum. Using the commutation (anticom-
mutation) relations of the field operators, one can prove that the gs and gs
defined by (10.30)—(10.35) obey (2.38)—(2.44) as the Green’s functions intro-
duced in Chap. 2. Because the various gs and gs are interrelated, one can limit
oneself to one of them; the most commonly used is the causal g defined by
(10.35); a few authors use the retarded g%.

The time evolution of the field operator ¢)(x) depends on the total Hamil-
tonian, which involves the other particles of the system if interactions are
present. Thus, for interacting systems the differential equations obeyed by
the gs or gs contain extra terms that involve more complicated Green’s func-
tions.

In practical calculations it is more convenient to work with the Fourier
transforms of the various gs and gs with respect to the four-variable x — 2.

The definitions (10.30)—(10.35) can be applied to any quantized field. An
example is given for the scalar field of the longitudinal acoustic phonons in
a continuous elastic medium.

Finally, we calculated the Green’s function for the simple case of nonin-
teracting Schrodinger or phonon fields.

Further Reading

e Second quantization is presented in several books either by following
a field-theoretical approach as in Appendix I (see, e.g., the book by
Schiff [19] or the book by Mahan [114]) or by introducing creation and
annihilation operators as a starting point (see, e.g., the books by Fetter
and Walecka [20], Abrikosov et al. [113], and Taylor and Heinonen [133]).

e Green’s functions for interacting particles are defined and extensively used
in several books dealing with many-body theory: the book by Kadanoff
and Baym [420] uses a notation similar to ours; the reader may find it
profitable to consult the books by Mahan [114], Fetter and Walecka [20],
and Abrikosov et al. [113].

Problems

10.1. Prove (1.22) and (1.23) starting from (1.20) and (I.21) and (I.12) and
(1.13).

10.2. Show that the ordering of the operators in (I.35) is the correct one by
calculating the matrix element (@5 | V; |¥s) of V;, where W5 is a state with two
particles.

10.3. Prove (1.38) starting from (I1.32) and (I.35).
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10.4. Following the procedure outlined in Appendix I and starting from the
Lagrangian density

1 ., 1 2
= _—od> - -B(V-d
t=3e 5B(V-d)”,

prove (1.39) and (I.46) by taking into account that V x d = 0.
10.5. Prove (10.43) and (10.44).

10.6s. Using the invariance of the trace to cyclic permutations and the com-
mutation relations (I1.22) show that the Bose-Einstein and the Fermi-Dirac
distributions are given by

(ahan) = !

exp B (en — p)] F 1

for noninteracting particles.



11

Properties and Use of the Green’s Functions

Summary. The Green’s functions defined in Chap. 10 have analytical properties
that are similar but not identical to the Green’s functions defined in Chap. 2 corre-
sponding to second-order (in time) differential equations. They can all be expressed
in terms of a generalized DOS and the Fermi or Bose thermal equilibrium distribu-
tions. From the Green’s functions (or the generalized DOS) one can easily obtain all
thermodynamic quantities and linear response functions like the conductivity. The
poles of an appropriate analytic continuation of G in the complex E-plane can be
interpreted as the energy (the real part of the pole) and the inverse lifetime (the
imaginary part of the pole) of quasiparticles. The latter are entities that allow us to
map an interacting system to a noninteracting one.

11.1 Analytical Properties of gs and gs

Let us consider first the quantity g~ (k,t). We have
77 (k) = —i (an(Bal (1)) = =Y om (m | an(t)al (¢) | m)
=i Z Om <m | et e M | £> <£ m>

ml

= —iZQmexp [—iT (B¢ — En)] ’<€’a£‘m>’2 ) (11.1)
me

. ’ . ’
elHt azefﬂ-{t

where |m) and |¢) are eigenfunctions of the total H and N, i.e.,
H|m>:Em ‘m> ) H|£>:E@|£> )
Nlm) = Ny |m) ,  N|)=N|) ,

Om = exp [_ﬂ (Em — NNm)}
" Tr {exp [-8 (H — uN)]}’

7 =1t —t', and the summation extends over all eigenstates.




264 11 Properties and Use of the Green’s Functions

By taking the Fourier transform with respect to 7 we find
2
fgv>(k,w):—QWiZQm‘<Z‘aHm>‘ S(w+ Enm — Ep) . (11.2)
ml

In a similar way we can show that

G (k,w) =F2mi Y om |(n]ax |m)|*8 (w + En — En,) - (11.3)

mn

Equations (11.2) and (11.3) become in the T' = 0 limit
2
7 (k,w) :—2WiZ’<€‘aHWO>’ Sw+E,—E),  (11.2)
¢

~< . 2 /

g (k,w) = F2mi > [(n]ax | %) 8 (w+ En — Ey) (11.3)
where |¥p) is the ground state and E, the ground state energy.

One can easily show from (11.2) and (11.3) that
<(k,w) = e PO MG (k w) . (11.4)

In the 7' = 0 limit, (11.4) becomes

g<(k,w)=0for w>pu,
g (k,w)=0forw<p. (11.4")
Equation (11.4") can be proved directly from (11.2’) and (11.3") by taking into

account that u = Eg(N +1) — E4(N) = E4(N) — E4(N —1).
Let us now define a generalized DOS-like quantity A(k,w) as follows:

Alk,w) =ig(k,w) =i[g” (k,w) — g~ (k,w)] . (11.5)

Taking into account (11.4,11.5) we can express both g~ (k,w) and §<(k,w) in
terms of A(k,w). We find

7 (k,w) = —iA(k,w) [1 £ f+ ()] | (11.6)
< (k,w) = FiA(k,w) f+(w) , (11.7)

where 1
fr(w) = Blm 1 (11.8)

is the Bose (Fermi) distribution. Equations (11.6,11.7) become in the T'= 0
limit and for fermions
g~ (k,w) = —iA(k,w)0(w — ) , (11.6")
3 (k,w)= iA(k,w)0(un—w); (11.7)
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for bosons the 7' = 0 limit is more complicated as a result of the phenomenon
of Bose condensation.

From (11.2), (11.3), and (11.5) it is easy to see that the generalized DOS-
like quantity A(k,w) is real. For fermions it is always nonnegative. For bosons
it is nonnegative for w > p and nonpositive for w < p. One can show further
that A(k,w) obeys the following sum rule:

d—wA(k,w) =1. (11.9)
21

Equation (11.9) can be proved with the aid of (11.2), (11.3), and (11.5) or as
follows:

dw

™

Ak, w) :i/g—:/dtei“t (97 (k,t) — 5= (k,t)]
=i[g”(k,0) — g=(k,0)] = <aka;rc ¥ a,tak> =1.

Consider now the Green’s function G(k,w) defined by

G(k,w) = /OO dof Ak, ) (11.10)

oo 2T w—Ww
The function G(k,w) is analytic in the complex w-plane and has singular-
ities (branch cuts, in general) along those portions of the real axis where
A(k,w) # 0. From (11.10) and (11.5) it follows that

Gk,w+is) — G(k,w —is) = —iA(k,w) = g(k,w) , (11.11)

where w is real and s — 07. In view of (11.11) it follows immediately that
g(k,t) is given by integrating e ~'“7G'/27 along the contour shown in Fig. 11.1f.
Now we can show that gf*(k,7) can be written as

g (k,T) = / d—we_imG(k,w) , (11.12)
C 2

where the integration path C' is shown in Fig. 11.1b. The proof is as follows.

For negative 7 we can close the integration path by a semicircle in the upper

half-plane, and consequently g% (k,t) = 0 for 7 < 0, as it should be. For 7 > 0

we can close the path by a semicircle in the lower half-plane and the resulting

contour can be deformed as in Fig. 11.1f. Hence for 7 > 0

/ d—we_i“’tG(k,w) = / d—we_im [G(k,w + is) — G(k,w — is)]
c

27 Lo 2T
> d T~
=/ ek, w)
oo 2T

= g(va) = gR(va) :
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(f) g =T - - ———-- e ——— " Re{w}

Fig. 11.1. Integration paths in the complex w-plane for obtaining the various g(7)s
and §(7)s. The quantities g, g, and §g< are given by the corresponding integrals
only for T' = 0. The singularities of the integrand are located on the real w-axis

In a similar way we can show that

gk, 1) = / ;—we_in(k:,w), (11.13)
c

s

where path C' is shown in Fig. 11.1c.
For the Fourier transforms we have

g™ (k,w) = lim Glk,w+is) (11.14)
g (k,w) = 1ir(r)1+ G(k,w —1is), (11.15)

where w is real. Equations (11.14) and (11.15) can be written by taking into
account (11.10) as follows:
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> dw’ A(k,w)

;7

Re {g"(k,w)} = Re {g*(k,w)} = P/ (11.16)

o 2T Ww—w

Im {g"(k,w)} = —Im {g*(k,w)} = —%A(k,w) . (11.17)

From the general relation g = gf* + < [see (2.39)], with the aid of (11.7)
and (11.17) we obtain for real w

Re{g(k,w)} = Re {g"(k,w)} = Re {g”(k,w)} (11.18)
i {g(k, )} = ~5 Ak, ) F Ak, 0)f2()

— —A(kw) % £(0)
— T {7 (k,0)} [1 % 2/ ()]

= Tm {g®(k,w)} x {f;ﬁ {M} . (11.19)

Equation (11.19) in the limit 7' = 0 and for fermions becomes

i {g(k, )} = &(w — p)Im {5 (k,w)} = —5e(w — w) Ak, )
= lim Im{G (k,w +isé(w —p))} . (11.19")

s—0*t

From (11.19') and (11.18) it follows that, for 7= 0 and for fermions, g(k, 7)
can be obtained by integrating g(k,w)-e~“7 /27 along the path shown in
Fig. 11.1a. By taking into account (11.6"), (11.7’), and (11.11), we see that
g~ (k,7) and g<(k,7) (for T = 0 and for fermions) are given by integrating
Gk, )"

e~ “T /27 along the contours shown in Fig. 11.1d and e, respectively. With
the aid of (11.18), (11.16), and 11.19) we can express the Re{g(k,w)} in
terms of Im {g(k,w)} as follows:

Re {g(k,w)} = —2P/oo dw’ Im {g(k,w)} {tanh [M

— 00

2m w—w coth 2

] . (11.20)

We conclude this section with some remarks.

1. We see that all gs and gs can be expressed in terms of a single quantity,
namely, A(k,w) = ig(k,w), or in terms of the limiting values as s — 07 of
an analytic function G(k, w+is). Note that g(k,w), g% (k,w), and g (k,w)
depend only on A(k,w) [or lim G(k,w + is)]; on the other hand, g(k,w),
9~ (k,w), and g<(k,w) involve both A(k,w) and universal thermal factors;
in other words, g7, g<, and g are not simply the limits of G(k,w +is) as
s — 07 (except when T' = 0 and for fermions). This means that g~ (k,w),
9<(k,w), and g(k,w) cannot be continued off the real w-axis to produce
functions that are analytic everywhere off the real w-axis. This could be
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a serious drawback when one uses the residue theorem to evaluate integrals
or when one attempts to uniquely determine g(k,w) by continuing off the
real w-axis the equation obeyed by g(k,w). We shall return to this last
point in the next chapter.

. Note the close analogy of the analytic properties of the various gs and

gs for a many-body system and the gs and gs defined in Chap. 2.
Thus the quantity A(k,w) is the analog of 2mwo(k,w), where o(k, E)
is the density of states per unit volume in the k-space. The function
G(k,z) = [dw'(z — w') "1 A(k,w’)/27 is the analog of the diagonal ma-
trix element (in the k-representation) of the Green’s function G(k,z) =
(k | (z —H) ! ‘ k). Similarly, the quantities g, =, §<, g%, g, and g have
their counterparts for the single-particle case. One must keep in mind that
there are differences between the gs defined in Chap. 2 and those defined
in Chap. 10. We mention some: the w = 0 point in the Chap. 2 case
corresponds to the w = p point in the Chap. 10 case (compare Fig. 2.2
and Fig. 11.1). This difference can be easily eliminated by slightly mod-
ifying the definition of Green’s function, i.e., by replacing H by H — uN
in (10.15) and (10.16). This replacement implies that w — w’ = w — p.
Many authors use this modified definition (see, e.g., [20,113]). The quan-
tities g7, g, and g have the same analytic structure as the corresponding
functions defined in Chap. 2 only for fermions at 7' = 0. The quantity
o(E) can become a d-function in a proper representation, while A(w) can-
not, in general, become a &-function no matter what representation we
choose. Finally, we mention once more that the equations obeyed by the
many-body Green’s functions are not as simple as those obeyed by the gs
(or gs) of Chap. 2 because an extra term is present involving higher-order
Green’s functions.

. In Table 11.1 we present the connection of our notation with that used

in various books [20,113,114,130,135,420,421] on the subjects. All these
monographs deal mainly with the causal Green’s function g.

2 Physical Significance and Use of gs and gs

In this section we examine the question of what physical information can be
extracted from the various Green’s functions. The thermodynamic average of
any quantity that is the sum of one-body terms can be expressed immediately
in terms of the Green’s functions. As mentioned in Appendix I, such quantities
can be written in the second quantized formalism as

F= /d3r1ﬂ (r)F(r)¢(r) (11.21)

where F'(r) is the first quantized one-particle operator. Examples of opera-
tors F' are the kinetic energy T with T'(r) = —V?/2m, the total number of par-
ticles N with N(r) = 1, and the density operator n(rg) with n(r) = 8(r —ry).
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It follows from the definition of g< that

/dng <(r,t,r,t)

= ﬁ:i/d3rF(r lim g (r,t,7,t) . (11.22)

t/—tt

More specifically, we have the kinetic energy (T") and the density (n(r))

(T) = ﬁ:i/d?’r lim {—V—Qg(m x)}

r—r L 2m
t—tt

dw _ 2
= 4 k,w) ——
lzk:/oo 29 kel o

- Z/OO ;—:A(kaw) f;(w):—m7 (11.23)
k —0o0

=4 li t,r,t’
{n(r)) = +i lim g (r.t,7,¢)

3 w
:/%/ LAk w) Fr () (11.24)

The density in k-space is

k) = (an) = [~ S2AMK) (o). (11.25)

Operators that involve summation over pairs of particles such as the inter-
action energy V; (Appendix I), contain four s (two s and two v's). These
operators can be expressed in terms of go and not g. However, the interaction
Hamiltonian V;, which is connected through the Schrédinger equation with 7T,
can be written in terms of g. To show this we use the basic equation (see
Appendix I)

2
( % + V_> Y (r,t) = /d3r1v (r—r) 0" (r,t) 0 (r,t) 0 (e, 1) (11.26)

and its adjoint
) a V/2
(—1% + ) ot (1)

=l (r’,t’)/d3rgv (' — 1) YT (1o, ) (12, 1) . (11.27)

Multiplying (11.26) from the left by ¥ (7', #')/4 and (11.27) from the right by
¥(r,t)/4, subtracting the resulting equations, setting ¢ = ¢ and v’ = r and
integrating over r we obtain

}l/d% [(i% —16‘9 ) (Wt (r, )Y (7, 1)) = % (T) +(V;) . (11.28)

t=t’
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Using (11.23) and the definition of g, we obtain from (11.28)

i o V2
=+ [d 1l i—+— !
[ i [ o

_ Z/d“ ( i ) Ak, w) fr(w) . (11.29)

Adding (11.23) and (11.29) we obtain for the total energy

TR N B d V} )
<H>_i§/drt’li>mt+[§ %}g(mw)

_ Z/gi; ( i ) Ak, w) f=(w) . (11.30)

To obtain all the other thermodynamic quantities it is enough to calculate
the grand partition function Zg = Tr {exp[—F(H — uN)]} as a function of the
volume (2, the chemical potential p, and the temperature T = 1/kpf8. Z¢g is
directly related to the pressure by the general thermodynamic equation

Zg = eP9r (11.31)

Furthermore, the pressure can be expressed in terms of the density as [420]

P(3. 1) =‘[7 di'n (B i) . (11.32)

Substituting in (11.32) from (11.24) we have

" 3 w
PO = [ [ G [ Ak ) (11.33)

where both A (k,w) and f+(w) depend, in general, on the inverse temperature
and the chemical potential u'. Unfortunately, the integral over u' can rarely
be performed explicitly [420].

Another way to calculate Zg (which avoids this difficulty) is based on the
general thermodynamic relation [422]

OHN _ 9P
Oa da T

where a is any parameter in the total Hamiltonian H. We write for H

(11.34)

H=T+aV;, (11.35)
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so that a = 0 corresponds to the noninteracting case and a = 1 corresponds
to the actual case. Taking into account (11.31), (11.34), and (11.35) we obtain

% [n(Zg)] . (11.36)

Integrating (11.36) over a and using (11.29), we have, finally,

—B(Vi) =

In(Zg) = BPQ
— R - ﬂ/ daz/i‘;i( k2>Aa(k,w)f¢(w),(11-37)

where the subscript a in A(k,w) denotes that A,(k,w) corresponds to the
Hamiltonian (11.35), and Py is the pressure for the noninteracting system.

Another class of important physical quantities which are related to the
Green’s functions are the linear response functions introduced in §8.2.4. The
system is perturbed from equilibrium at ¢ = ty by an external Hamiltonian
H1(t) which has the form

Ha(t) :/d3rB (r,t) f(r,t) , (11.38)

where B(r,t) is an operator and f(r,t) is a c-number such that f(r,t) = 0
for t < tg. According to (8.38), the first order in H; of the change, 8 (X) =
(X) — (Xo), of an operator X (r,t), as a result of the application of Hj, is
given by (for i=1):

8X (r,t) = —i/dt’d?’r’<[X (r,t), B (' ) f (1) (11.39)

where the time evolution of the operators X (v/,t) and B (v',t") can be de-
termined either by Hy or by Hy + Hi1, since we are interested in the linear
response in H;. For what follows we shall restrict ourselves to the usual case
where X = B. We have then

B(r,1)) = /_OO dt’/d3r’DR (r 0! ) F (1, 1) (11.39)

Equation (11.39') is the analog of (2.52) with ¢ — ¢ replaced by 8 (B(r,t)).
The quantity D®(z, ') is

Df(z,2') = —i0 (t — ') ([B(z), B («)]) , (11.40)

i.e., it has the form of a retarded Green’s function with the field operator ¥
replaced by the operator B. A specific example of the above, directly related
to the one examined in §8.2.4, is the case of an external electrostatic poten-
tial ¢¢(7,t) applied to a system of electrons (each of charge —e) placed in
a uniform positive background (to ensure overall electrical neutrality). In this
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case, B(r,t) = dn(r,t), where dn(r,t) is the deviation of the electronic den-
sity from its equilibrium value ng, f(r,t) = (—e)¢c(r,t), and d(B(r,t)) is
(6n(r,t)). Thus the Fourier transform of (11.39') takes the form

(3n(k,w)) = (—e)DE(k,w)de(k,w) , (11.41)

where D (k,w) is the Fourier transform of Df(x,z’) with respect to the
variable z — 2/ and
Df(z,2') = —i0 (t — 1) <[8n( ), 0n (z)])
= —i0 (t = ') ([(v" (@) (2) = o) , (¥" (2') ¥ (2) = mo)])
= —i0 (t = ) ([¥!(@)0(2),v" (") ¥ (a")]) - (11.42)
Equation (11.42) shows that Df(z,2’) is related to the two-particle Green’s

function go. Taking into account that the external potential ¢, is related to
the external density n. with Poisson’s equation

ene(k,w)
de(k,w) = —47TT , (11.43)
and that the longitudinal dielectric function, e(k,w), is defined by
ene(k,w)
kyw) = 11.44
@) = ) + e Enlk,w)) (1L44)
we can express £(k,w) in terms of D as follows:
1 4e?
—1= DE(k,w) . 11.45

Since the longitudinal conductivity o(k,w) is related to e(k,w) by (8.15)

e(k,w)=1- Z,l—ﬂo'(k,w) , (11.46)
iw
we conclude that the longitudinal conductivity can be expressed in terms D',
i.e., in terms of go. The quantity dn(x) in (11.42) is related to the current op-
erator by the continuity equation; as a result, D® can be expressed in terms
of the current—current commutator. This is a special case of the fluctuation—
dissipation theorem [253], which connects the imaginary part of a response
function (which determines the dissipation of energy) to the square of the
fluctuation of the corresponding physical quantity. For more details on the
evaluation of the transverse and longitudinal conductivity the reader is re-
ferred to [113,135,423].
As we can see from (11.23), (11.24), (11.29), (11.30), (11.33), and (11.37),
the various thermodynamic quantities involve an integral of the type

I= lim I(oc)= lim (;—we_“’”F(w)A(k7w)f¢(w), (11.47)

o—0— o—0~ s
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where F(w) is a polynomial; the factor e~“? was introduced in order to allow

the transformations that follow. Taking into account (11.11) and subtracting
the contribution of the pole of f_(w) at w = p we can write for I(o)
dw

I(o) + %e*ZOUF (20) G (k,20) = i/c Ee*w"F(w)G(k,w)f;(w)

_i / A o PGk, ) fr ()
C

R 2T

—i/c d—we*“"’F(w)G(k,w)f¢(w) , (11.48)

L 2w

where zg = p and the contour C' = Cr — C4 and paths C'r and Cy4 are shown
in Fig. 11.1fb,c, respectively. For fermions the last term of the lhs of (11.48)
must be taken as zero. The integral over the path Cr, Ir can be transformed
as shown in Fig. 11.2. The new path Cy + Cs + C3 + C4 avoids the poles of
the integrand in the upper w-half-plane; these poles come from f+(w) and are
given by

v=2n for bosons, (11.49a)

v =0+ —
= H { v=2n—1 for fermions, (11.49b)

g

where n is a positive integer. Assuming that
—-f<o<0, (11.50)

we can easily show that the contributions from Cy and C} vanish. Thus

Ir(o) = q:% > exp(—2,0) F (2,) G (k, 2) ; (11.51)
v>0

Im {w}

Fig. 11.2. The integration of e “?F(w)G(k,w)fr(w)/2m (see text) along the
path Cr can be equivalently performed along the composite path C1 +Cs 4+ C3+ Cy
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in a similar way one shows that

Ia(o) = j:% D eI (2,) G (K, z) - (11.52)

v<0
Combining (11.48), and (11.51), and (11.52) we have

I(o) = ;%Ze’z”"F (2,) G (k, 2,) ,
= :F% SOF(2)G (k) - (11.53)

Equation (11.53) shows that the thermodynamic quantities can be obtained
from the values of G(k,w) at the special points z, given by (11.49). The
importance of this result stems from the fact that the quantities G(k, z,,) are
easier to calculate than A(k,w). We shall return to this point in the next
chapter.

The results of this section show that the quantity A(k,w)/27 not only
reduces in the absence of interactions to the density of states o(k,w) per unit
volume in k-space but also allows the calculation of various thermodynamic
quantities in a way similar to the way that o(k,w) gives the thermodynamics
of noninteracting particles. Because of this property we can interpret the quan-
tity A(k,w)/2m as a generalized density of states per unit frequency and unit
volume in k-space. Then, with the aid of (11.7), g<(k,w) can be interpreted
(apart from a factor +i) as the average number of particles per unit volume
in k-w-space; similarly, with the aid of (11.6), g~ (k,w) can be interpreted as
the average number of states (per unit volume in k-w-space) available for the
addition of an extra particle to the system.

In the absence of interactions and for a translationally invariant system,
we have

A(k,w)
27

where for Schrédinger particles €9 = k%/2m. Equation (11.54) expresses sim-
ply the fact that in the absence of interactions a particle of momentum k
necessarily has energy €. A formal proof of (11.54) is obtained by combining
(11.11) with (10.57). Substituting (11.54) in the basic formulae of Sects. 11.1
and 11.2, we rediscover the results of Sect. 10.3 and the well-known thermo-
dynamic expressions for noninteracting particles.

= o(k,w) =8 (w—¢j) , (11.54)

11.3 Quasiparticles

Let us assume that A(k,w) has a sharp peak at w = eg; for simplicity we
assume further that the peak has a Lorentzian shape, i.e.,

2 || wi

Alk,w) = Ap(k,w) + ————— .
(w - €k)2 + ’Yi

(11.55)
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Here Ap(k,w) is the smooth background, e the position of the maximum,
|v&| the width, and wg (0 < wg < 1) the weight of the peak. It is natural to
attempt to interpret the peak as representing a quasiparticle of momentum k,
energy ek, and lifetime 7, = 1/ |&|; wi can be interpreted as the percentage of
a real particle participating in the creation of the corresponding quasiparticle.
The quasiparticle can be thought of as a dressed particle consisting in part
(wg) of a bare (real) particle and in part (1 —wg) of a cloud of other particles
surrounding the bare one. As the interactions approach zero each quasiparticle
tends to the corresponding bare particle, i.e.,

e —eY, T—oo, |l —0", wp—1, A, —0.

The concept of quasiparticle is of fundamental importance in analyzing the
behavior of many-body systems; it allows us to replace a system of strongly
interacting particles by an equivalent system of weakly interacting quasiparti-
cles. Then, in a first approximation, the interactions among the quasiparticles
can be omitted, and the problem reduces to one that can be solved. A straight-
forward method to obtain the weakly interacting quasiparticles out of the
strongly interacting particles is by a canonical transformation; this method,
although conceptionally simple, is extremely difficult in practice since for ev-
ery particular system one must find the appropriate canonical transformation.
On the other hand, the Green’s function method provides a general way to rec-
ognize the existence of weakly interacting quasiparticles as peaks in A(k,w).
Furthermore, it gives basic information about the quasiparticles, i.e., it gives
its energy as a function of its momentum; it gives its finite lifetime resulting
from the weak interactions with the other quasiparticles; and, finally, it gives
what percentage of the quasiparticle is made up of bare particle and what per-
centage is made up of cloud. For a more precise statement of the last sentence
the reader is referred to Nozieres [423].

A peak in A(k,w) of the type shown in (11.55) will appear as a pole in the
analytic continuation of G(k, w) across the discontinuity along the real w-axis.
The analytic continuation of G(k,w), a.c.{G(k,w)}, to the lower w-half-plane
is, according to (11.11),

a.c{Gk,w)} =Gk,w) —ia.c{Alk,w)}; Im{w}<O0; (11.56)
similarly,
a.c{G(k,w)} = G(k,w) +ia.c.{A(k,w)}; Im{w}>0. (11.57)
Substituting (11.55) into (11.56) and (11.57) we obtain
a.c{G(k,w)} = G(k,w) Lia.c.{Ap(k,w)} £+ %k—wfl
(w—er)” +7
2’ykwki

)

= G(k,w) tia.c{Ap(k,w)} £ @ — 21) (@ — 21)

Im{w} =0, (11.58)
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where
2k =€k + 1k - (11.59)

Thus, a sharp peak of Lorentzian shape in A(k,w) appears as a pole (near
the real axis) of the analytic continuation a.c.{G(k,w)} of G(k,w) across the
real axis. The real part of the pole gives the energy of the quasiparticle, the
imaginary part gives the inverse lifetime, and the residue equals the weight wy,.
Taking into account (11.14), (11.15), and (11.58) we have

G(k,w), Im{w} >0, (11.60a)
R ) G(k,w) —ia.c. {Ap}
a.c.{g"(k,w)} = St

e mer<o, (o)
G(k,w) +ia.c. {4y}
2’ykwki
(w—2) (w—2[)
G(k,w), Im{w} <0. (11.61b)

Equations (11.60) and (11.61) mean that a pole in the analytic continuation of
g% (k,w)[g” (k,w)] in the lower (upper) w-half-plane describes a quasiparticle.
The closer the pole to the real w-axis, the better the quasiparticle is defined.

For fermions at T = 0 we obtain with the aid of (11.19) that the pole
of the analytic continuation of g(k,w), a.c.{g(k,w)}, appears, if at all, in
the upper w-half-plane when Re {w} < p and in the lower w-half-plane when
Re{w} > u, ie.,

a.c. {g(k,w)} = , Im{w}>0, (11.61a)

Gk,w), Re{w} > pu, Im{w} >0, (11.62a)
a.c{Gk,w)}, Re{w} <y, Im{w}>0, (11.62b)
a-c{g(k,w)} = Gk,w), Re{w} < p, Im{w} <0, (11.62c)
a.c{Gk,w)}, Re{w}>u, Im{w} <0, (11.62d)

where a.c.{G(k,w)} is given by (11.58). The function a.c.{g(k,w)} as defined
by (11.62) has a branch cut along the line Re {w} = p. Furthermore, a peak
in A(k,w) of the type shown in (11.55) appears as a peak in Im {g<(k,w)}
when e < p or as a peak in —Im{g~ (k,w)} when e, > p. Since g< (§7)
describes the propagation of a hole (particle), it follows that when e < p, the
pole in a.c.{g(k,w)}, which lies in the upper half-plane describes a quasihole;
when e > pu, the pole in a.c.{g(k,w)} which lies in the lower w-half-plane,
describes a quasiparticle. This situation is summarized in Fig. 11.3. When £k is
very small, the elementary excitation is expected to be a quasihole; this means
that for very small k the pole zx lies in region II of Fig. 11.3. On the other
hand, for very large k the pole lies in region IV. Assuming that the trajectory
defined by zx as k increases from zero is a continuous one, it follows that this
trajectory must cross the real w-axis at the point w = p. Thus, a characteristic
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Im {w} | w-plane
1 | I
2k = Eg + ik
T Re {w}
/«LN = &w + i
111 v

Fig. 11.3. Analytic structure in complex w-plane of analytic continuation of g(k,w),
a.c.{g(k,w)}, as given by (11.62) for fermions at 7= 0. A pole or any other singu-
larity will appear either in region II (corresponding to a quasihole) or in region IV
(corresponding to a quasiparticle). As k increases the pole moves along a trajectory,
an example of which is shown. The function a.c.{g(k,w)} has a branch cut along
the line Re {w} =

surface in k-space, which is called the Fermi surface, can be defined by the
relation
Ekp = [ - (11.63)

For a rotationally invariant system the Fermi surface is a sphere of radius
kp; kp is called the Fermi momentum. The Fermi surface as defined above
has (under certain conditions) one property of the Fermi surface of a system of
noninteracting particles, i.e., the quantity (n (k)) is discontinuous at k = kp.
To show this, use (11.25) and (11.55) and assume that the slope of the pole
trajectory is continuous at p and of magnitude s = lim (|yg|/ |ex — p|) as
k — kp. Then we obtain

(n (k) — (n (k1)) = 2222 ! (%) . (11.64)
Thus, if the slope is zero (as in Fig. 11.3), the discontinuity equals wg,,. If
the slope is infinite or if the trajectory is discontinuous at kp, the difference
<n (k:l_,)> — <n (k;)> is zero and the Fermi surface loses its usual physical
meaning. In Fig. 11.4 we plot n (k) vs. k for the case where s = 0. Systems
for which the trajectory of the pole is continuous with a zero slope at p are
called normal.

We show now that for normal systems the quasiparticles (or quasiholes)
near the Fermi surface can be used to analyze not only the thermodynamic
behavior of the system but the dynamic behavior as well. For this purpose we
try to calculate g(k,t), which, for ¢ > 0, describes the propagation of an extra
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0 s K

Fig. 11.4. Average particle number per unit volume in k-space for a normal inter-
acting Fermi system at T' = 0; kr is the Fermi momentum

particle added to the system at ¢t = 0. As was mentioned before, for fermions
atT =0

dw —iwt dw —iwt
g(k,t) = /C 5 ¢ Gk,w) = /C 5o ¢ 0-C {9(k,w)} , (11.65)
where the path C' is shown in Fig. 11.1 a and (11.62) was used. For ¢ > 0
the path can be closed by a semicircle in the lower w-half-plane. The result-
ing contour can be deformed as shown in Fig. 11.5. We have assumed that
there is a pole at zx, and any remaining singularities in region IV of the
a.c.{g(k,w)} are below the line Im {w} = —1I". The contribution from this line
contains a factor e=!?, and, consequently, it is negligible for ¢ > 1/I". The
contribution from the pole is

—iwg exp (—iept — |Y|t) , (11.66)
Im {w} ! w-plane

I 3 I

p Re {«}

| ® 2

3 H v

—I |

111 !

Fig. 11.5. Contour in w-plane for evaluating g(k,t) for t > 0
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and the contribution from the contour around the branch cut is, according to
(11.62) and (11.58),

2

/y—ioo dwe—iwt —2’ykwki
u o (w—2k) (w—25)

/u_loo d_we_iwt [a.c. {G (k,w)} — G (k,w)]

~
~

(11.67)

In obtaining the last expression we have omitted the quantity —ia.c.{ Ay (k,w)}
in (11.58) because it is small in comparison with the last term in (11.58) when
the pole zg is close to the point w = u. The contribution of (11.67) is compa-
rable to the contribution of (11.66) when t < 1/(e — ). For t > 1/(eg — p)
the contribution of (11.67) becomes about equal to

Yrwge Ht wre My

- . 11.68
t(er —p)® ek —p)ex —p (11.68)

Since t(ep — p) > 1 and /(e — ) — 0 as k — kp, it follows that the
contribution of (11.68) is negligible. We can thus conclude that for

1 1 1
max{—, — S« it — 11.69
{F m—m} ™ (11.69)

the propagator g(k,t) is given by
g(k,t) ~ —iwg exp (—iewt — |V&|t) , (11.70)

which is the propagator of an entity of weight wyg, of energy e, and of lifetime
1/ |vk|, i-e., of the quasiparticle we have already introduced. We can interpret
the results (11.69) and (11.70) physically as follows: following the addition of
a new bare particle in our system, a time or order 1/ |ex — p| is required for
its dressing, i.e., for the appearance of the quasiparticle. After the quasipar-
ticle is formed, it behaves as an independent entity for a period of the order
1/ |vk|. For a normal system 1/ |ex — pu| < 1/ |yk| — o0 as k — kp. Hence,
for a normal system there is a considerable time span when the quasiparticles
(and quasiholes) lying close to the Fermi surface are well-defined independent
elementary excitations of the system. Further considerations supporting this
last statement can be found in [423].

Physically we can understand the existence of long-lived quasiparticles
because the available phase space for decaying processes is proportional to
(k — kp)? as k — kp [113] [while (e — p) ~ (k — kr) as k — kp]. This
(k — kr)? result for the available phase space is based upon the conservation
of energy and momentum and upon the assumption that the quasiparticles are
fermions with a well-defined Fermi surface. Because of this last assumption
the argument above only shows that the normal state is a consistent state of
an interacting Fermi system and not necessarily the actual one. However, if
this consistent state is the actual one for very small « (as in the case where
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the perturbation expansion in powers of aV; converges), then by a continuity
argument, one expects that it may remain such for the real value a = 1.

Examples of normal systems are a dense system of electrons repelling each
other via Coulomb forces and moving in a positive background to ensure
overall electrical neutrality and a system of fermions interacting through short-
range repulsive forces. On the other hand, a system of fermions attracting each
other is not a normal one. We have seen in Chap. 6 that no matter how weak
the attraction, the system rearranges itself to a new state, the superconducting
state, consisting of bound pairs.

Another system that is not a normal one is the so-called Luttinger model or
Luttinger liquid, which is a 1-d exactly solvable model, such that any nonzero
value of the interaction constant totally destroys the Fermi distribution and
eliminates the concept of the Fermi momentum as a point of discontinuity of
ny, [114,135].

Although under the condition v, < |e — p| the poles of a.c.{G(k,w)}
lying near the real w-axis give the quasiparticles (or quasiholes), which are
independent elementary excitations of the system, not all the elementary ex-
citations appear as poles of a.c.{G(k,w)}. Excitations made of pairs of parti-
cles must appear as poles of a.c.{g2}, which describes the propagation of two
particles. Also, even in normal systems there are excitations, such as plasmons
or zero sound, that are elementary density waves. Such collective excitations
must appear as poles of a.c.{D(k,w)}, where D(z,z') = —i (T [n(z),n(z")])
[n(z) = ¥T(x)y(z) is the density operator]. Thus, in a typical normal sys-
tem the role of the interactions is twofold: first, the bare particles are dressed
and appear as independent quasiparticles characterized by a new dispersion
relation e = f(k); second, new collective density wave-type excitations are
created. In a system that is not normal the interactions play a more drastic
role, creating a new ground state that, in general, is fundamentally different
from the ground state of the noninteracting system.

11.4 Summary

11.4.1 Properties

The Green’s functions defined in Chap. 10 for a many-body system have an-
alytical properties that are similar but not identical to the Green’s functions
defined in Chap. 2 corresponding to a second-order (in time) differential equa-
tion. For a translationally invariant system the Fourier transforms of the gs
and gs can be expressed in terms of a single real quantity A(k,w) that can be
interpreted as 27 times a generalized density of states in k—w-space. We have
for real w

g(k,w) = —iA(k,w) , (11.5)
g% (k,w) = lim G(k,w +is), (11.14)

s—0+t
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g (k,w) = lim, G(k,w —is) , (11.15)
5 (kyw) = —iA(k,w) [1 £ fr()] | (11.6)
9= (k,w) = Fid(k,w) f+(w) (11.7)
g(k,w) = g"(k,w) + 7= (k,w) , (11.18,19)

where, for complex w, G(k,w) is defined as
G(k,w) = /O:O i—ijgk_—’:i) (11.10)

and )
f#(w) = P T (11.8)

A(k,w) can be expressed in terms of G as follows:

Alk,w) =1 lim [G(k,w +is) — G(k,w —is)] ; w real. (11.11)

s—0

Equations (11.5), (11.14), (11.15), (11.10), and (11.11) are the analogs of
(1.22), (2.34), (2.35), (1.30), and (1.21), respectively. Equations (11.18) and
(11.19) reduce to (2.33) only for fermions at 7' = 0 and with w = p instead
of w = 0; similarly for (11.6) and (11.7). The analogy can also be seen by
comparing Fig. 11.1 with Fig. 2.2.

11.4.2 Use

1. Having the generalized density of states A(k,w)/2m, one can obtain several
quantities of physical interest, such as the density of particles in k-space
(n (k)), the total kinetic energy (T'), the total potential energy (V;), the
total Hamiltonian (H), and the grand partition function Zg. We have
explicitly

(n(k)) = / % ) f0) s,
Z/ d_wk_A k,w) fr (W), (11.23)
w—k2/2m
Z/ ( il )A(k,w)fx(wL (11.29)
w 2/9m
Z/ T k/2 )A(W)fx(w% (11.30)
dov < dw
ln(ZG)—ﬂPQ_ﬂPOQ_ﬂ/O Ezk:/_oog

2
v % (w - f—m) Ao (ko) fr(w) . (1137)
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where A, (k,w) corresponds to an interaction part in the Hamiltonian
equal to oV; and Zg, = exp(8Pyf2) is the grand partition function for
a=0.

2. The poles of the analytic continuation of G(k,w), a.c.{G(k,w)}, in the
complex w-plane can be interpreted as representing quasiparticles or
dressed particles, i.e., weakly interacting entities determining the low-
lying excitation spectrum of the many-body system. The real part, eg, of
the pole gives the energy of the quasiparticle, the inverse of the imaginary
part, g, gives its lifetime, and the residue gives the percentage of the
dressed particle consisting of a bare (actual) particle. Normal systems are
those for which v/ |ex — | — 0 as e — p. Not all systems are normal;
superconductors and Luttinger liquids are two examples of nonnormal
systems.

3. Green’s functions also give the linear response of a system to an external
perturbation. For example, the dielectric function e(k,w) is given by

1 _ 4me?

e(k,w) 1=

DR (k,w) , (11.45)

where D¥ is a retarded Green’s function with the field operator replaced
by the total density operator ¥ (z)¢(z) — no.

Further Reading

The material of this chapter is presented in detail in the standard books on
many-body theory such as the books by Fetter and Walecka [20], Mahan [114],
Kadanoff and Baym [420], Abrikosov et al. [113], etc. For an introductory
level the book by Mattuck [421] may be found very satisfactory. The subject
of quasiparticles is treated in a thorough way in the book by Nozieres [423]; in
the same book the reader will find an extensive examination of the dielectric
function.

Problems

11.1. Prove (11.4).

11.2. Prove (11.19).

11.3. Prove (11.25).

11.4s. Prove (11.37) and recast it in terms of G (k, z,).

11.5. Show how (11.46), (11.45), (11.42) can be recast in the form of (8.47).
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Calculational Methods for g

There are two basic approaches to the approximate calculation of Green’s
functions. One is based upon the differential equation obeyed by ¢. In the
other, a perturbation expansion is employed where g is expressed as a series
whose terms involve the unperturbed gy and the interaction potential v(r—r’).

12.1 Equation of Motion Method

As was mentioned in Chap. 10, the Green’s functions for an interacting many-
body system obey a hierarchy of equations, the first of which has the form

(9 V% AN /
<1§+%>g(m7x)—8(m—x)

:ti/d3rlv (r—71) g2 (x,xl; x', xf)tl:t (12.1)

and connects the one-particle causal Green’s function with the two-particle
causal Green’s function; the next equation in the hierarchy connects go
with g3; and so on. A similar hierarchy of equations is obeyed by the re-
tarded and advanced Green’s functions [424]. The infinite number of coupled
differential equations shows clearly the essential complication introduced by
interparticle interactions. It is obvious that to obtain a solution, one has to
terminate the hierarchy at some point by employing an approximate relation
connecting g, with g,—1, gn—2, etc. The simplest such approximation attempts
to express go in terms of ¢ and then substitute in (12.1). Thus a nonlinear
integrodifferential equation for g will result.

We consider first the simplest approximate relation expressing g, in terms
of g, which is equivalent to the so-called Hartree approximation,

92 (331,332;55/1795/2) 29@1@’1)9@2@’2) . (12.2)

Remembering the physical interpretation of g, as describing the propagation
of two additional particles from z1, x5 to 2}, x5, we can see that (12.2) means
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that the two particles propagate independently, one from x; to z} and the
other from z3 to x4. Note that (12.2) does not satisfy the basic symmetry
property demanding that g3 be invariant under the exchange x; = x5 or
under the exchange zj = 5. Thus (12.2) is a quite drastic approximation

indeed.
Substituting (12.2) into (12.1) we obtain

ot " om )9\
=3 (r—2') tig (z, 33/)/(137"11} (r—mr1)g(z,a7)
=38(x—2a')+g(x,2) /dgnv (r—mr1)(n(r)), (12.3)
where (11.24) was used. Introducing the effective one-body potential

Vir)= /d3T11} (r—mr1) (n(r)) , (12.4)

we can rewrite (12.3) as

LA 14 ') =35 ! 12.5
i+ s V)] gea) =B o) (125)
which shows that the added particle (or hole) moves (independently) in the
average potential V(r) created by the particles of the system. For a trans-
lationally invariant system, the density (n (r1)) is a constant ng; as a result
V(r) is a constant novy, where vg = [ d3rv(r). Then (12.5) becomes a simple
differential equation that by a Fourier transformation can be written as

(w - % - noU()) g(kw)=1. (12.6)

The general solution of (12.6) is the sum of a particular solution plus the
general solution of the corresponding homogeneous equation, which is propor-
tional to & (w — k?/2m — novo). In Chap. 1, to get rid of this indeterminacy,
we have allowed w to become complex, in which case the homogeneous equa-
tion has no solution, and then we have taken the limit of the solution as w
approaches the real axis. This method works here for fermions at T' = 0 where
g(k,w) is the limit of an analytic function, as can be seen from (11.19"). Thus
for fermions at 7' = 0 we have, by combining (12.6) with (11.19"), that
1

k = li . 12.7
9(k,w) si%ﬂw—k2/2m—novo+is§(w—u) (12.7)

For T # 0, g(k,w) is not the limit of an analytic function, and consequently
one cannot continue (12.6) in the complex w-plane without further analy-
sis. This point shows why the equation of motion method works well for g%
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(or g), since each one is the limit of an analytic function for all tempera-
tures [see (11.14) and (11.15)]. There is also a trick that allows us to use the
equation of motion method for the “imaginary time” causal Green’s functions.
Consider the quantity

. . g~ (ry, —ioy, o, —ioa) , o1 > 02, (12.8a)
g(r1,—ioy, 72, —iog) = ~c . .
g (7‘1, —101, T2, —10’2) s o9 > 01, (128b)
which results from replacing in the causal Green’s function, g (r1,t1,72,t2),
the time t; by —ioq, the time t5 by —io2, and the time ordering by o-ordering;
the quantities o1 and o9 are confined in the interval [0, 8], where § is the in-
verse temperature. For the systems we consider, g (r1, —io1, re, —iog) is a func-
tion of r = r; — r9 and 0 = 01 — 02. Using the relation

rl7tl7r23 t2)

3
/ o2 / (;17:;3 exp [_iw (tl - t2) + lk . (T‘l — 1"2)] §< (k7w) ,

together with (12.8) and (11.7), we obtain
~< (Tlv 1017 T2, 102

3
= ?1/ / d°k exp —wo +ik- (11 —r2)] A(k,w) fx(w), (12.9)

where 01 — 02 = 0 < 0. From the general equation (11.53) we have that

Bk . 1
g (r1,—io1,re, —iog) = :Fi/welk (Tl_m)%ze_ZWG (k,z,) ,

v

which shows that the Fourier transform of g (71, —ioy, 72, —iog) with respect
to 11 — 79, g(k, —io), obeys the relation

g(k,—io) Zexp —2,0) G (k,z,) , (12.10)

where z, is given by (11.49). In a similar way one obtains that (12.10) is
valid also for ¢ > 0. Equation (12.10) shows that the imaginary time Green’s
function, g(k, —ic), can be expanded in a Fourier series whose coefficients are
the values of the analytic function G(k,w) at points z,. Inverting (12.10) we
have 5
G(k,z,) = —%/ g(k, —io) exp (z,0) do . (12.11)
-8
From (12.10) it follows immediately that

g(k, —io) = g (k,—i(c +B)) , 0<0. (12.12)
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From definition (12.8) it follows that g (ri, —io1, 72, —ic2) obeys the basic
equation (12.1) with each ¢ replaced by —io and &(¢; —t2) replaced by id(c; —
032). Using (12.2) for the imaginary time Green’s function, substituting in
(12.1), and employing (12.10), we obtain

k2
(z,, 5y n0v0> G(k,z,)=1. (12.13)

Because of the analyticity of G(k,w) in the complex w-plane, it follows im-
mediately from (12.13) that

1
Gk, z)= , 12.14
(ks 20) 2, — k2/2m — ngvg ( )
which by analytic continuation gives
1
G(k,w) = (12.15)

w—k2/2m —ngvg

From G (k,w) one can obtain all the real time Green’s functions by employing
the general relations of Sect. 11.1. The above analysis shows that the imagi-
nary time causal Green’s functions are very convenient tools because, on the
one hand, they obey the hierarchy of equations of motion and, on the other
hand, their Fourier coefficients are the values of the analytic function G (k, w)
at the points w = z,.

To summarize the calculational procedure for 7" # 0:

1. The imaginary time causal Green’s functions (resulting from substituting
t; = —ioy, etc., into g, ga,...) obey a hierarchy of equations, the first of
which is (12.1) with ¢t = —io,... and 8(t — t') = i8(c — o’).

2. The hierarchy is approximately terminated usually by expressing gs in
terms of g. There is a systematic procedure for obtaining increasingly
more accurate expressions of go in terms of g [420].

3. Combining (12.1) and the approximate relation g2 ~ f(g) one obtains an
equation for g, which in view of (12.10) becomes an equation for G(k, z,).
The solution of this equation determines the analytic function G(k,w) at
the points w = z,. As we have seen in Sect. 11.2, the values of G(k, z,) is
all we need in order to calculate the thermodynamic quantities.

4. If the real time Green’s functions are needed, one has to obtain G(k,w)
by analytically continuing G(k, z,) and by taking into account that
G(k,w) — 1/w as w — oo [20]. This asymptotic behavior is a conse-
quence of (11.9) and (11.10). Determining G(k,w) from its values at the
points w — z, may be a difficult problem; however, in most practical cases
it involves no more than substituting z, by w. Having G(k,w), one can
obtain all Green’s functions by employing the equations of Sect. 11.1.

The above procedure was illustrated in the simple case of the Hartree ap-
proximation (12.2). As can be seen from (12.15), within the framework of this
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approximation, a quasiparticle of momentum k has energy e, = k?/2m+nquvo,
infinite lifetime, and weight equal to 1, i.e., it is a free particle with the added
energy novg. The average energy is obtained by combining (11.30), (11.11),
and (12.15); so

(H) = Zskij (er) — %Qngvo , (12.16)
k

where the last term corrects for the double counting of the interaction ngvg.
The equation of state in the low-density limit is [420]

1
P — 571%00 = nokpT , (12.17)

which is of the van der Waals type without the volume-exclusion effect [420].

An improvement over the Hartree approximation can be obtained by tak-
ing into account the symmetry (or antisymmetry) or go under the exchange
x1 = x2 or under the exchange xj = x4, while still considering the added
particles as moving independently of each other. Under these conditions we
have the so-called Hartree—Fock approximation

g2 (x1, 2252, 25) =~ g (21, 2)) g (x2,25) £ g (21, 75) g (v2, 7)) . (12.18)

Following the procedure outlined above one obtains within the framework of
the Hartree—Fock approximation

1
Gk,w) = . (12.19)
where
= —kQ + + / _d3k’ (k — k’) ( (k’)> (12.20)
Ek = om NoVo (27T)3U n .

and v(k) = [d®re™* Ty(r) is the Fourier transform of the potential v(r).
Note that the quasiparticle energy ep depends implicitly on the tempera-
ture T through the density (n (k')). In [420] more complicated g, ~ f(g) are
examined.

12.2 Diagrammatic Method for Fermions at T' = 0

This method is applicable to the important case where the total Hamiltonian
can be decomposed as
H=Ho+H1, (12.21)

where Hp, the unperturbed part, is such that the Green’s functions corre-
sponding to Hy can be easily calculated. The method here is analogous to
that presented in Chap. 4 where the eigenvalues and eigenfunctions of the
one-body H were determined from G = (E — H)~! and G was expressed as
a perturbation series in terms of H; and Gy = (F — Ho)_l. In the present
many-body case, working with ¢ is much more advantageous than in the one-
body case. The reason is that the causal Green’s function g not only has
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a simpler perturbation expansion than any other quantity, but it also pro-
vides a host of important physical information without unimportant details
of the many-body system. For comparison we mentioned that while the per-
turbation expansion for the ground-state energy is more complicated than the
expansion for g, the information we obtain is clearly less.

To obtain the perturbation expansion for g, we need to work within the
interaction picture according to which the time development of the operators
is determined by the unperturbed part, Hy, while the time development of
the states is determined by the perturbation H;. More explicitly, we have for
any operator A [see (8.38b) and (8.38¢)]

Ar(t) = exp (iHort) As exp (—iHost) , (12.22)
which is equivalent to
id“gt(t) — [Ar(8), Hoi] . (12.23)
We also have
|@r(t)) = exp (iHost) |Ps(t)) , (12.24)

which leads immediately to
.d
iy 1Wr() = Har(8) |1 (8) - (12.25)

The subscript “I” denotes the interaction picture; the subscript “S” denotes
the Schrodinger picture according to which

dAg
— = 12.2
a (12.26)
and d
i Ws(0) =Hs¥s() , Hs=H, (12.27)
or, equivalently, .
Ws(t)) = e 7 [Wg(0)) . (12.28)
We consider also the Heisenberg picture where
Ap(t) = M Age™ Mt (12.29)
or, equivalently,
dAg(t
i ;( ) _ [Ag (t), Hal (12.29')
and
Wh (1)) = [¥s(0)) - (12.30)

From the above relations it is easy to see that the observable matrix elements
are the same in all pictures:

(@s(t) | As(t) [Ps(t)) = (Pr | Au(t) [Vr) = (@1(1) | Ar(2) | W1 (2)) - (12.31)
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By integrating (12.25) or by employing (4.39), (4.42), and (12.24) we obtain
Wi (1)) = S (¢, to) %1 (to)) (12.32)

where S(t, to) is given by (4.55) with all the integration limits being to and t; as
can be seen from (4.51) and (12.22), we have H1(t) = Hi;(t). In what follows
we assume that H; contains a factor e 5!l and that after the calculations are
done, we will take the limit s — 07. This means that the interaction is turned
on adiabatically at ¢ = —oo and is turned off adiabatically as t = co. We can
now prove that

(@]5(00,t)Ar(t)S(t, —00) | P)

(n [Au(t)|¥n) = S|P ;

(12.33)

where |#g) is the normalized ground state of the total Hamiltonian H, |®) is
the ground state of the unperturbed Hamiltonian Hy, and S = S (0o, —00).
The proof is as follows:

(n [ Ap(t) |Ya) = (Ur(t) [ Ar(t) | Pr(t))
= (U1 (to) | S (to, t) Ar(t)S (o) | Y1 (to))
— (@] (=00, 00)S (00, 1) A; (1)S(t, —c0) | &) . (12.34)

The second step follows from (12.32) and the third step from (12.24) and
the fact that |¥r (to)) = exp (—iHoto) |P) as tg — —oo, since H; — 0 as
t — —oo: we have also used the basic property S(t1,t2) = S(t1,t3)S(¢3,12)
with 1 = —o0, t3 = o0, t2 = t. Assuming that the ground state |P) is
nondegenerate, and taking the limit s — 0%, we can see from (4.46) that
S'|®) is proportional to |®), i.e.,

S |®) = e |P) . (12.35)

Equation (12.35) means that an interaction switched on and off adiabatically
does not produce a transition from a nondegenerate state. From (12.35) we
have 4
(@] S(—00,00) = e % (P| (12.36)
and L
. — (12.37)
e : :
(@5]9)
Combining (12.37) and (12.36) with (12.34), we obtain (12.33). With the help
of (4.55) we can rewrite (12.33) in a more explicit way as follows:

Wt | A (t) | W) = @\1%
X <£Z5 2%/Zdtl.../2dtnT[Hu (t1) - Has (tn) Ar(t)] ¢> )

(12.38)
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In a similar way we can prove that

(W |T[Aig () Az (') -] | ¥n) =

< i e [

T [Hir (t1) - Har (tn) Arg (t)Azr (') - - ]' 45> . (12.39)
Equation (12.39) is the basis for the perturbative-diagrammatic expansion
of the causal Green’s function. We consider the case where the interaction
part H; is given by

Hl = %/d?’rdi)’r/w'r (7’) ’(/}T (,,./) v (,,, _ ,,,I) w (’l”/) d} (7’) : (1240)
which can be rewritten as

|ttty = [ asarvlod @) la =)y ur @) . G240
with
v —2)=v(r—7r)3(t —t) (12.42)

and
Yr(z) = exp (iHot) ¢ (r) exp (—iHot) . (12.43)

Using the definition of g(x,z’), (12.39), and (12.41), we obtain the following

expansion:

N
/ p—
9(z,2') =5, (12.44)

__ioo l n(_l . Tn x/
v=-ix(s) fanas,
X (@[T [0} (@1) 0] (@) ¥ (@) s (1) -+

x ] mw? () b1 () 1 () 1)} (o)) | @)

xv(zy —x)) v (T, —2l) |
/dxndx

-2 (2) S

x (o | [v] <x1>w} (@) s (@) 0 (@a)] | 2)
xv(zy — ) v (T, —2l) . (12.46)

(12.45)
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Taking into account (10.46) we can write (12.45) and (12.46) as follows:

V=3 (5) g famasi o [ ama,
n=0

ngn+10(5€ 331,56/1,...;1‘/,.731,.73/1,...)

xv (g —x)) v (Tn — ) (12.47)
D=;(§> m/dxldml /dxndx

Xgono (z1,2, .. 2,2, .)

xv (g —x)) v (Tn — ) 5 (12.48)

the subscript “0” denotes that the Green’s functions go,,41 and ga,, correspond
to the unperturbed Hamiltonian Hy (since all ¢;s, w}s and |®) refer to Ho).
Remembering the physical interpretation of g, as describing the propagation
of m additional particles, and taking into account that the unperturbed part
Ho does not include any interparticle interactions, we can conclude that the
m added particles propagate independently of each other, and hence g,, 0 can
be written as a product of one-particle propagators. This product must be
symmetrized (or antisymmetrized) in order to take into account the invariance
of physical quantities under particle exchange. Thus, we have

! / !
92n+1,0 (.Z‘ L1, Tyee 3T 3T, Ty - )
!~
= E Pao(z,7')---go (), 7)) , (12.49)
where {Z', Z1, T, ... Zn, 2} is an arbitrary permutation of the set
{2/, 21,2}, ..., Tn, 2, }, the summation is over all permutations, and P is even

(odd) when the permutation is even (odd). Equal time go must be interpreted
as gg; this can be seen from the starting equations (12.45) and (12.46), where
the creation operator precedes the equal time annihilation operator.

Equation (12.49) can be proved formally [20]; it is known as Wick’s the-
orem. Combining (12.49) with (12.47), (12.48), and (12.44), we immediately
see that we have succeeded in expressing g in powers of go and v (z — z'); this
expansion is substantially more complicated than the analogous expansion in
the single-particle case.

It is obvious that the zero-order contributions to N and D are N(© =
go(z,2") and D) = 1, so that, to zero order, g(z, ') = go(x, z') as expected.
The first-order contribution to N, N(!) contains 3! = 6 terms; N(2) contains
5! = 120 terms, and so on. At this point we introduce a set of diagrams,
each of which is in one-to-one correspondence with each term in N via
certain well-defined rules to be presented below. We introduce also diagrams
for each term contributing to D(). The introduction of these diagrams, called
Feynman diagrams, was done for the following reasons:
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1. They facilitate the task of keeping track of the enormous number of terms
contributing to NV or D. We will also see that the diagrams have some
additional very important advantages.

2. Certain cancellations are revealed by the introduction of diagrams.

3. One can ascribe a physical meaning to each diagram as representing a par-
ticular process associated with the propagation of the added particle in
our system.

To be specific, consider the terms contributing to N(V); there are six terms
in the summation (12.49) for n = 1. These six terms are in one-to-one corre-
spondence with the six ways one can connect by directed lines the four points
x, «', x1, and x} shown in Fig. 12.1a. These six ways give the six diagrams
shown in Fig. 12.1b. The rules for finding the contribution to NV from the
corresponding diagrams can be obtained by simple inspection of (12.49) and
(12.47). Thus each directed line starting at « and ending at x, corresponds
to go(x,, x)); the wavy line connecting x; with ) corresponds to v (z; — ).
We multiply these factors by (i/2)(—1)% and integrate them over the internal
variables z; and . Note that (—1)F equals (—1)™, where m is the number of
closed loops. The same rules allow us to calculate D) from the two diagrams
shown in Fig. 12.2.

As one can see from Fig. 12.1b, the diagrams can be classified as con-
nected (such as the third to sixth) and disconnected (such as the first and
second). The contribution of a disconnected diagram consisting of two or
more connected subdiagrams can be written as a product of terms each one
corresponding to each subdiagram. The reason is that the subdiagrams have
no common integration variables, and consequently the integral of the cor-
responding products is the product of the corresponding integrals. Thus, the
contribution to NV up to first order can be written as in Fig. 12.1c. Taking into
account that D(®) = 1 and that D™ is given by the diagrams in Fig. 12.2,
we see that the quantity in the second parenthesis in Fig. 12.1c equals the
contribution to D up to first order. It follows that the contributions to g up
to first order are given by the connected diagrams up to first order contribut-
ing to N and shown in the first parenthesis in Fig. 12.1c. It turns out [20]
that this feature is correct to all orders, so that g(x,z’) is given by the sum
of connected diagrams contributing to N.

Because we are left with connected diagrams only, we can make some fur-
ther simplifications. We observe that nth-order diagrams resulting from each
other by permutation of the pairs (z1, x}), (2, z5),. .., (zn,2),) are equal since
this permutation is equivalent to renaming the integration variables. There are
n! such diagrams. Thus we can keep only one of them and drop the factor 1/n!
in (12.47). Similarly, interchanging z) with 2, leaves the contribution of the
diagram unchanged. Thus we can consider only one set of all diagrams re-
sulting from interchanges of the type ), = ) and drop the factor (1/2)™ in
(12.47). We are now in a position to give the final rules for calculating the
nth-order contribution to g(z,z’):
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4t (+) 5th(-) 60 (+)

(©) +®. ; E;
o0 <

Fig. 12.1. The six terms contributing to N (see text) are in one-to-one corre-
spondence with the six diagrams (b) resulting from all possible ways of connecting
the two external points z and z’ and the two internal points z1 and x} (a) according
to the following rules: a directed line must start from z’; a directed line must end
at x; one directed line must start from and one must end at each internal point;
and no directed line must start from or end at any other point except z, z’, x1,
and ;. The plus or minus sign in parentheses is the sign of (—1)¥ [see (12.49)] for
the corresponding term. The terms NO© 4+ N® can be written as in c, where up to
first-order terms must be kept
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OO+ <>

1st(+) 21)d(,)

Fig. 12.2. The two diagrams contributing to D™ (see text)

1. Draw all topologically distinct connected diagrams with n interaction
(wavy) lines, two external points, and 2n + 1 directed g lines.

2. Label each vertex with a 4-d point z; = r;, t;.

3. For each directed line starting from z, and ending at x, write a factor
go(xy, Tv).

4. For each interaction (wavy) line between xz; and =} write a factor
v (x; — ).

5. Integrate over all internal variables x;, x}.

6. Multiply the expression by (—1)™, where m is the number of closed
fermion loops.

7. Interpret go (ri,ti, 7}, t;) as being equal to g5 (v, ¢, 7}, t;).

In Fig. 12.3 we plot all the diagrams for g up to second order. The contribution
of the two first-order diagrams is, according to the rules above,

—i/go (z,21) go (w1, 2") go (x), x7) v (21 — 2}) doyday

ti / 90 (@, 2,) go (&4, 1) 9o (@1, 2') v (@1 — ) daada, .

For translationally invariant systems the calculations are facilitated by
working in momentum-frequency space. This is achieved by expressing all
g(x, —z,) and v (z; — 2}) in terms of their Fourier transforms with respect to
the variables x,, — x,, and x; — z}, respectively. Then the integration over the
internal variables z; can be performed explicitly giving d-functions expressing
energy-momentum conservation at each vertex. Thus, in momentum space,
we have rules resulting from the previous ones by the following replacement:
2—-2'3—-3,4—4,5—5, and 7T— 7', where

2'. Label each line with a four-momentum ¢ = k,w; conserve energy-
momentum at each vertex.
3'. For each directed line labeled with a four-momentum k,w write a factor

1
kw) = Ii : .
9o (k. w) om0t — e) +ise(w — p)

4'. For each interaction (wavy) line labeled by k,w write a factor

iv(k) = i/dBrU(r)e*ik'r .
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Fig. 12.3. Feynman diagrams for g of zero order (first line), first order (second
line), and second order (third, fourth, and fifth lines)

5'. Integrate over all internal independent four-momenta (with a factor 1/2m
for each single integration).

7'. Interpret each go(k,w) corresponding to a line starting from and ending at
the same point (or linked by the same interaction line) as being g5 (k,w) =
2mid(w — eV)0(kp — k).

According to the above rules, the contribution to g(g) from the first-order
diagrams shown in Fig. 12.4 is

—i/%?]}f (¢") v(0)go(q)g0(q) +1/%go(q)go(q)§§ (@) v(k—K)

31./ 31./
= 95(q) [v(O)/%G(kp—k’)—/éf) v(k—K)0(kp — k')
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Fig. 12.4. First-order Feynman diagrams for g in the four-momentum space

It should be noted that the above rules for obtaining g are appropriate
for an interaction term H; of the form given by (12.40). Similar but not
identical rules would apply for the case where Hy = Hoe + Hop and Hy =
v [ d3ryT (r) ¢ (r) ¢ (r), where Ho. describes noninteracting electrons, Ho,
describes noninteracting phonons, and H; is the electron—phonon interaction.
In this case we have a causal Green’s function g for the electron field and
another causal Green’s function D for the phonon field, for each of which we
can write perturbative expansions involving both the unperturbed Green’s
functions go and Dy and the interaction ~y. For details the reader is referred
to [20] or [113].

12.3 Diagrammatic Method for T # 0

In the last section we succeeded in expanding the 7' = 0 fermion ¢ in terms of
go and v. This expansion was based upon: (1) (12.39), expressing the average
(at T = 0) of a chronological product of Heisenberg operators as N/ D, where
N is the unperturbed average (at T' = 0) of the chronological product of
S (00, —00) and the same operators in the interaction picture and D is the
unperturbed average (at T = 0) of S(o0, —o0); (2) Wick’s theorem (12.49),
expressing gm, o in terms of products of ggs. For finite temperatures an equation
analogous to (12.39) does not exist. Hence, the real time g for 7' # 0 cannot be
expanded in terms of gy and v. However, it turns out that such an expansion
for T' # 0 is possible for the imaginary time Green’s functions introduced in
Sect. 12.1. The basis for such an expansion is the following equation:

(T [A1g(—i0) Ay (—i0")---])
~ (T'[S(=1B,0) A1 (—i0) Azr (—i0") -+ ]),
B (S(=iB,0)), ’ (12:50)

where
o= T {Aexp[B(H N}
< > = — — )
Tr {exp [=6 (H — uN)]}
in (A),, H has been replaced by Ho. Equation (12.50) is the analog of (12.39).
To prove (12.50) we use the relation

¥1(0)) = [¥s(0)) = [¥u) , (12.51)
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which follows from (12.24) and (12.30). From (12.51), (12.32), and (12.31) it
follows that
Ag(t) = S(0,t)Ar(t)S(¢,0) . (12.52)

We have also that . .
e Mt — =1Mot g (1, 0) . (12.53)

Equation (12.53) follows from (12.28), (12.24), (12.32), and (12.51). Replacing
t by —if in (12.53) and multiplying by e’*"V, we obtain

e PH=iN) — o=B(Ho=1N) g(_ig () . (12.54)

To arrive at (12.54) we need to assume that N commutes with H and H.
If this is not the case, then pu = 0; consequently, (12.54) is always valid.
Combining (12.54) with (12.52) and the property S(¢1,t2) = S(t1,t3)S (3, t2),
we obtain (12.50).

Taking into account (12.50), (12.49) (which holds for imaginary times as
well [20]) and the definition of g (r1, —io1, r2, —io2), we have a diagrammatic
expansion of the latter in terms of gg (r;, —ioy, 7}, —io}) and v (r; — 7}) based
on rules resulting from the previous ones by the following substitutions: 2 by
II, 4 by IV, 5 by V, and 7 by VII, where

II. Label each vertex with a 4-d point x; = r;, —io;.
IV. For each interaction (wavy) line between x; and x} write a factor

v(r; —7,)8(0; —0l) .

V. Integrate over all internal variables r; and o;: [ d®r; foﬁ do;.
VIL. Interpret go (r;, —io;, r}, —io;) as being equal to g5 (r;, —io;, 7’

i i —iai).
The calculational effort is greatly simplified if we work in the k, z,-space, i.e.,
if we try to calculate G(k, z,) given by (12.11). The final rules for obtaining

the nth-order contribution to G(k, z) are the following:

I'. Draw all topologically distinct connected diagrams with n interaction
lines, two external points, and 2n + 1 directed lines.
IT'. Label each line with a four-momentum k', z/; conserve momentum and
Im {z]} at each vertex.
IIT'. For each directed line labeled with a four-momentum k, z,, write a factor

1
z,—ed

GO (k7 ZV) =

IV’. For each interaction (wavy) line labeled k, z, write a factor —v(k).
V’. Integrate over all internal independent momenta k [(27)~® [ d3k| and
sum over all internal independent discrete frequencies (6713 ).
VI'. Multiply by (—1)™, where m is the number of closed fermion loops.
VII'. Whenever a directed line either closes on itself or is joined by the same
interaction line, insert a convergence factor exp(—z,0) with ¢ — 07.
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As an example we calculate the contributions of the first-order diagrams
shown in Fig. 12.5. We have

2 dgk/ 1 / r
Gi(k,z,) |Fv(0) ——Zexp(—zya)Go(k:,zV)

(2m)? B
31./
_/% Zexp —21,0) Go(k ,Z{,)] ,

which, with the help of (11.53) and Ag(k,w) = 278(w — €Y), becomes

31./ 31./
Gk [o00) [ S re () % [ o= 15 61)]

(upper sign for bosons; lower sign for fermions).

It should be noted that the above rules for finite temperatures are appro-
priate for an interaction of the form (12.40). For other interactions, such as
the electron—phonon interactions, the rules must be modified [20,113].

Before concluding this section we remind the reader that the calcula-
tional schemes we have presented do not cover the case of bosons at low
temperatures. The reason is that the unperturbed system for T' < T, un-
dergoes the phenomenon of Bose condensation according to which a fi-
nite fraction of the particles occupy a single quantum state, the k = 0
state. This effect requires a special treatment, which is presented in [20]
and [113]. Special treatment is also required for fermion systems, which are
not normal (superfluid or superconducting systems). These questions will
not be covered in the present work (with the exception of superconduc-
tivity).

Fig. 12.5. First-order Feynman diagrams for G(k, z,)

12.4 Partial Summations. Dyson’s Equation

It is very rare that a small number of lowest-order diagrams would be a good
approximation for g. For this reason, in practical calculations we either try to
obtain certain general results without employing approximations or, whenever
specific results are sought, we try to find a class of diagrams such that the
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contribution of the whole class is both calculable and dominant. Of course,
it is not so often that such a happy situation occurs. Anyway, our calcula-
tional task is facilitated by reorganizing our expansion through certain partial
summations. These partial summations can be performed in a graphical way.
An example of such a summation is shown in Fig. 12.6. Square 1 denotes
a part of the diagram connected to the rest by two directed lines; square 2
denotes a different part connected to the rest by two directed lines. The sum
of the two diagrams can be found by calculating first the contributions of
parts 1 and 2 according to the rules, summing these two contributions, and
using this result for the part 1 4+ 2. This idea can be developed further so
that starting from a few simple diagrams (called skeletons) and performing
all possible summations in the lines and vertices (putting flesh to the skele-
tons [421]) we obtain g. Such a procedure requires care to ensure that all
diagrams have been included and no diagram was counted more than once.
To examine this question, we need to introduce some definitions and present
some relations.

We call self-energy X' the sum of the contributions from all parts that are
connected to the rest by two directed lines (one in and one out). From the
structure of the diagrams for g it follows that

G(k,z,) = Go(k, 2z,) + Go(k, 2,)X(k, 2,)Go(k, z,) . (12.55)

Equation (12.55) can be written in a graphical way (Fig. 12.7), which shows
that in z-space it would acquire an integral form. Note the similarity of (12.55)
and (4.17). We define next the proper self-energy, X*, which involves only
those self-energy parts that cannot be divided into two pieces by cutting

Fig. 12.6. An example of graphical summation

Fig. 12.7. Relation between Green’s function G (thick line), unperturbed Green’s
function Go (thin line), and self-energy X
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a single particle line. It is not difficult to see that
X=X+ XGo X + YFGo X G Xt + - --
= X" 4 X'Go X
=X"+ YGoX™. (12.56)

Note the analogy of (12.56) and (4.13), (4.15), and (4.16). Combining (12.55)
and (12.56) we obtain

G =Go+GoX*G = Go + GE*Gy (12.57)

which is the analog of (4.6) and (4.7). In k, w-space (12.57) can be rewritten

as
_ Go(ki,UJ) _ 1
Gk ) = T o o (ke) o 3 (kw) (12:58)

where we have taken into account that Go(k,w) = (w — 52)_1. In Fig. 12.8

we show (12.57) in a diagrammatic way. It is clear that (12.58) has not solved
the problem since X* involves the summation of infinite diagrams. One could
try to connect X* with G by employing the idea of partial summations in the
diagrams for X*; these partial summations would replace the Gy-lines by G-
lines. It turns out that one cannot express X* with a few diagrams involving
G-lines and interaction lines. This is to be expected since, as we have seen
in the equation of motion method, one cannot obtain a system with a finite
number of equations for a finite number of unknown functions that are related
to the many-body g. However, one can express X* in terms of G with the help
of a new quantity I", which is called the verter part and is defined as the sum
of the contributions from all parts that are connected with four (two in and
two out) directed lines (Go-lines) to the rest and that cannot be decomposed
into disconnected parts. I is related to the two-particle Green’s function ga,
as shown in Fig. 12.9, i.e.,

92 (x17x27x117x12) =g (xlaxll)g(x27x/2) =+ g (xlaxé)g (x27x/1)
—l—/d%ld%Qd%/ldg/QF (%1,%2;5/1,5/2)9(331,%1).9(1‘2,52)

x g (#,2)) g (T, ah) - (12.59)

Fig. 12.8. Relation between G (thick line), Go (thin line) and proper self-energy X*
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Fig. 12.9. Relation between g2, g, and vertex part I

One can show [113] that X* is given in terms of G and I' as shown in
Fig. 12.10a. One can easily prove that the relation shown in Fig. 12.10a is
equivalent to the equation of motion (12.1). The proof makes use of (12.59)
and (12.57). Figure 12.10 shows that X* can be calculated by “putting flesh”
to the four skeleton diagrams shown in Fig. 12.10b, i.e., by replacing the Gg-
lines by G-lines and one of the two interaction lines in the last two diagrams
by the vertex part. (If both interaction lines in the same diagram are replaced
by vertex parts, one would double count diagrams.) As expected, one cannot
express I in a closed form involving G and I, i.e., the skeleton diagrams for I”
(to be fleshed by the substitution Gy — G and v — I') are infinite in number.
Usually we stop this infinite hierarchy of relations by approximately expressing
I' in a closed form in terms of G and I'. The simplest such approximation is
to put I' = 0 in the relation shown in Fig. 12.10a. This is the Hartree-Fock
approximation. We obtain then for X* (k, z,) the expression

A3k 1 ,

X* (k,z,) = Fv(0) / e Z exp (—z,0)G (K, z)

31./
_/ ((;7:;311 (k—K') %ZeXp (=2,0) G (K',2)

(12.60)

(a)%wO+D+¢ +//

- o) [ D

Fig. 12.10. The proper self-energy, X*, can be calculated from the four diagrams
(a) resulting by “fleshing” the skeleton diagrams (b)
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4 1
= v(0) / éTqylA (K o) fr ()

d4ql ’ ro ’
i/wv(kz—k)A(k,w)ij(w)

= 5" (k) . (12.61)

Combining (12.61) with (12.58) we obtain (12.19) and (12.20). The Hartree—
Fock approximation is shown diagrammatically in Fig. 12.11. The basic
equation (12.58) combined with the equation connecting X* with G and I’
(Fig. 12.10a) is called Dyson’s equation.

We introduce also the concept of an effective interparticle interaction v,
as the sum of v plus the contributions (apart from a factor i or —1 for the
T =0 or T # 0 case, respectively) from all parts that have two external
interaction lines. The effective interaction, v., can be expressed as shown in
Fig. 12.12a in terms of the polarization IT; the latter is defined as the sum of
the contributions (apart from the above factors) of all parts that are connected
to the rest by two interaction lines. Following an analysis similar to the one
given for the self-energy, we can easily express the polarization, II, in terms of
the proper polarization, II*, as shown in Fig. 12.12b. The proper polarization
IT* is the sum of the contributions (apart from a factor —i or —1 for the
T =0 or T # 0 case, respectively) of all parts that are connected to the
rest by two interaction lines and that cannot be divided into two pieces by
cutting a single interaction line. For a translationally invariant system and in
the g-representation, the relations of Fig. 12.12 become

ve(q) = v(q) +v*(@)11(q) , (12.62)

I(q) = 1I"(q) + " (q)v(q)T*(q) + - - = IT"(q) + 1I"(q)v(q)1I(q) , (12.63)
which leads to y

1I(q) = M) (12.63")

~ 1—w(Q)II*(q)
and
ve(q) = v(q) +v()1I*(q)ve(q) (12.64)

which can be solved for v.(q) to yield

_ v(q) )
ve(q) = 7= OVEOR (12.64")

Fig. 12.11. Hartree-Fock approximation
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+w~.¢xxm,m

(b) qr - <> + > -

@ - o

(C) anAnn,  —

+ nd{[wnnn

Fig. 12.12. Relation between: a v., v, and IT; b v, IT, and IT*; ¢ v., v, and IT* for
fermions at T' = 0. For the T' # 0 imaginary time case in k, z,-space ive, iv, —iII,
and —ill™ must be replaced by —ve, —v, —II, and —II*, respectively

If we define a dielectric function £ (k,w) from the relation

v(9)
ve(q) = ; 12.65
@)= 2k (12.65)
we obtain, by taking into account (12.62) and (12.64"),
1 1
=1+v(q)(q) (12.66)

<(q) T 1@ (e)

To find the relation between the usual (retarded) dielectric function defined
in Chap. 11 and £ (k,w), we observe first that the inverse Fourier transform
of the polarization II(q) equals D(z,z’), where

D(z,2") = —i(T [ng(z)ng (z')]) (12.67)

and

nu(z) = nu(z) — (np (@) = P (@)dn (@) - (G (@) () . (12.68)

The proof of the relation D = II follows from a diagrammatic expansion of
(12.67). The causal Green’s function, D(z, '), is connected with the retarded
Green’s function, Df(x,z’), which was introduced in Chap. 11 in the usual
way. Thus for fermions at T'= 0

Re{D"(q)} = Re{D(q)} = Re{ll(q)} ,
tm {D7(g)} = @)im {D(q)} = @) im (@)} ,  (12.69)
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where

_ { +1  forw >0,
Ew) =
-1 forw < 0.

Taking into account (12.66), (11.45), and (12.69) and the fact that v(q) =
4me?/q? (for a Coulomb interaction), we obtain that

Re{e (k,w)} = Re {5C (k,w)} (12.70)
Im {e (k,w)} = &(w)Im {e (k,w)} . (12.71)

In the T' # 0 imaginary time formalism, the sum of all polarization diagrams
gives —II(k, z,), from which, by analytic continuation, one obtains IT(k, z).
The dielectric function e(k,w) is then given by

ko) =1+v(k)imII(k,z), (12.72)
as z approaches w from above the real w-axis. The conclusion is that from the
polarization diagrams one can obtain the dielectric function for either 7' = 0
or T'# 0.

Of course, the polarization II or the proper polarization IT* involves an
infinite number of diagrams, which cannot be summed exactly. Thus the calcu-
lation of IT or II* must be done approximately. The approximation is usually
implemented either by keeping a few diagrams for IT* or by expressing IT in
terms of g and I" and then approximating I". An example will be examined
in the next chapter.

12.5 Other Methods of Calculation

Several other methods of treating many-body systems have been developed.
Besides the standard technique of canonical transformations various bosoniza-
tion approaches are employed, such as the introduction of the so-called slave
boson operators [135], or the reexpression of electron Hamiltonian in the Lut-
tinger liquid model in terms of the bosonic density operators [114,135]. The
interested reader is referred to the books by Mahan [114] and Doniach and
Sondheimer [135].

12.6 Summary

In all practical cases the total Hamiltonian H can be decomposed into an
unperturbed part Hp, such that the corresponding Green’s functions can be
easily calculated, and a perturbation H;.
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In the equation of motion method one writes a differential equation for
one of the gs; this equation also contains a term involving H; and a higher-
order Green’s function. The calculation is done by approximately expressing
the higher-order Green’s function in terms of ¢g. This method is applicable to
g%, g4 (for T =0o0r T #0), and g (for T'= 0 only). It can be applied to the
T # 0 causal g if complex times are considered.

In the perturbative diagrammatic method, g is expressed as a complicated
series each term of which involves products of gy and H;. Keeping track of
the terms in the series is facilitated by associating diagrams with each term.
The diagrams help in intermediate algebraic manipulations and permit also
a physical interpretation of each term (this last feature can be used to develop
meaningful approximations). The diagrammatic method is applicable to the
causal Green’s function g at T" = 0; it is applicable to the imaginary time
causal g for T' # 0.

The calculational effort is facilitated by defining the summation of cer-
tain types of diagram parts. Thus, the self-energy, X', and the proper self-
energy, 2, are defined; their relation to the causal Green’s function is shown
in Fig. 12.7 and 12.8. We defined also the vertex part, I', which is related
to g2, as shown in Fig. 12.9. The proper self-energy, 2™*, can be expressed
in terms of I" and G. The system of equations can be closed by approximat-
ing I' in terms of I" and G. Finally, the polarization part, I7, and the proper
polarization part, IT*, are defined and related with the effective interaction,
as shown in Fig. 12.12. The quantity II (or II*) is directly related to the
dielectric function.

Further Reading

For the equation of motion method the interested reader may consult the book
by Kadanoff and Baym [420].

The diagrammatic approach for g, G, X, X*, I, I, and II* is presented
in a clear way in the book by Fetter and Walecka [20]. The other classic
books, such as the one by Abrikosov et al. [113] or the one by Mahan [114],
provide extensive treatments of the diagrammatic approach and the partial
summations leading to the concepts of the proper self-energy and the proper
polarization.

Problems

12.1. Calculate the energy and the thermodynamic potential, —P{2, within
the Hartree—Fock approximation.

Hint: Use (11.30) and (11.37) as a starting point and assume that vy in
(12.20) is zero. For T = 0 obtain explicit results. See [20], pp. 121-127 and
261-267.
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12.2. Express the energy, g, and the inverse lifetime, g, of a quasiparticle
in terms of expansion of the proper self-energy around the pole of the Green’s
function.

Hint: See next chapter.

12.3. How is wy, related to the derivative of X* (k,w)?
Hint: See next chapter.

12.4s. Obtain (12.19) and (12.20) from Fig. 12.11 by employing the finite
temperature diagrammatic approach.

12.5. Calculate the sum
XV:GO (% + Zu,ﬁk) Go (g - Zuaﬁ;c) .

Hint: Reexpress the product of GoGy as a difference of Gyps, and use (11.47)
and (11.53).
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Applications

Summary. Some applications of the many-body Green’s functions are briefly
presented. They include the study of a high-density electronic system moving in
a positive background; this model describes approximately electrons in metals.
A low-density Fermi system with short-range interactions is also examined. The em-
ployment of the Green’s function formalism to justify the widely used independent-
particle approximation is emphasized. Superconductivity and the Hubbard model
are also examined.

13.1 Normal Fermi Systems. Landau Theory

In Chap. 11 we defined a normal Fermi system as one for which the a.c.
{g(k,w)} has a single pole with a trajectory (as k varies) that crosses the real
w-axis at w = p (for k = k) with zero slope. Taking into account that

g(k,w) = [w—e2 — X*(k,w) !, (13.1)

it follows that for a normal Fermi system X7 = Im {X*(k,w)} must behave
as
Tik,w) = p— w)Crlw — ", Cr =0, real, (13.2)

for w & p with n > 1. Luttinger [425] has proved that n = 2 is a consistent
solution of the equations for g and X*. The outline of the proof is the following.
We substitute (13.2) into (13.1), and the resulting expression is used in the
equation shown in Fig. 12.10a. The first two terms give X7 = 0. In the next
two terms, I" is replaced by an infinite series of diagrams involving the bare
interaction v and the dressed propagator g. One can then show [425] that each
of the resulting diagrams gives an imaginary part that behaves as

(w_:u’)2m’ m:172a37"'7
in the limit w — p*. Hence,

lim X7 (k,w) o< (w—p)?, (13.3)

w— U
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as was assumed at the beginning. Thus, expression (13.1), subject to condition
(13.3), is a solution of the equations for g, which means that the normal state
of a strongly interacting Fermi system is a possible one. The pole zx = e +iVk
is a solution of

2k —eh — X% (k,2) =0, (13.4)
which for k =~ kp gives
0eY) 82
Ek = ‘ k R Wi - (ki—kp) s (135)
oxE] "
= ]. .
Wi |: 8&) ] y ( 36)
e =& (1 — ) weCh (e — 1)° | (13.7)

where the derivatives are calculated for k = kr and w = pu.
The Green’s function g can be written as

Wi

gk,w)=————
W= ek — ik

+ go(k,w) (13.8)

where the smooth background contribution, g,(k,w), can be omitted for
w &2 €. We see that the normal solution, (13.8), not only is a possible so-
lution of the interacting Fermi system but also goes continuously to the un-
perturbed go(k,w), since, as the coupling constant goes to zero, Cx — 0,
wi — 1, e — €Y, and gy (k,w) — 0. Thus, if we assume that the actual state
of the interacting system develops in a unique and continuous way from the
unperturbed state as the interactions are turned on, we can conclude that
the normal solution, (13.5)—(13.8), is the actual one and that our system is
a normal one. Obviously, if the perturbation expansion converges, the above
assumptions are correct and the system is a normal one. However, it should
be stressed that the continuity assumption may be valid while the expansion
in powers of the coupling constant may diverge, which means that a system
may be normal even if the perturbation expansion diverges. On the other
hand, there are physical systems (e.g., a superconducting material) where the
perturbed state does not develop from the unperturbed in a continuous way
as the interactions are turned on; such systems are not normal, and the actual
Green’s function does not have the form (13.5)—(13.8).

Equation (13.5) shows that the dispersion relation e for k =~ kg is char-
acterized by a single quantity vp = ‘aak /Ok + 0X% /8k| wy; the expansion
coeflicient vg is the velocity of the quasiparticles at the Fermi level, and it is
usually expressed as

Vp = . (139)

m*
Equation (13.9) can be considered as the definition of the effective mass m*.
For a noninteracting system m* = m.
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For a normal system characterized by (13.5)—(13.8) with short-range forces,
one can prove (see, e.g., [425]), by analyzing the diagrams for the vertex part
I(p1,p2; k), that

I' (p1,p2; k) =~ I' (p1,p2)
wiFk%
(27‘()3’()1:'

v-k

”

In (13.10) p1 = p1,w1 and ps = pa, w2 are the four momenta at the two “in
points of the vertex part I'; p1 + k, po — k are the four momenta at the two
“out” points of the vertex part I'; k = k,w is the four-momentum transfer;
I'Y = limy,_ limg_o I'(k) (note the order of the limits); v is a vector directed
along q with |v| = vp; the four-momentum ¢ equals g, p with |g| = kp; [ dO
denotes an integration over the direction of q. Equation (13.10) is valid for
small w and |k]|.

Using (13.10) together with some relations connecting the derivatives
0g~t/0w, 8g='/0k, k-0g~1/0k, and Og~'/Ou with the vertex part I" (see
[425]), one can prove the following two important relations first derived by
Landau [426,427].

The Fermi momentum kr, which was defined by the equation e, = w,
satisfies the relation e 13 N

T _FE

R (13.11)
where N is the total number of particles for each spin direction and 2 is
the volume. We see that kp for a normal interacting Fermi system satisfies
the same basic equation as for the noninteracting system. Thus, for a normal
system, turning on the interactions not only retains the concept of a Fermi
surface; it leaves the Fermi surface unchanged.

The other relation connects the bare mass m with the effective mass m*
and the vertex part I

1 1 kpwi,

m m 3n) /F“’ (p1,p2) cos0dO , (13.12)
where p1 = p1, ;5 p2 = p2, 13 |[p1| = [p2| = kp; 0 is the angle between p;
and po; and the integration is over all directions of p; or py (the interaction
is isotropic). For an alternative derivation of (13.11) and (13.12) the reader is
referred to [423].

From (13.10) one can prove [113] that I"(p1,pe; k) develops a pole as
a function of w. Since I' (p1, p2; k) is directly related to the polarization part
I1(k), it follows that the pole of I (p1,p2;k) appears as a pole in IT(k) =
IT (k,w). As was mentioned in Chap. 11, the pole of IT (k,w) [= D (k,w)] cor-
responds to a collective Bose excitation, which is an elementary density wave.
Thus, a normal system possesses collective Bose excitations. For short-range
interactions at T' = 0, these excitations are given as the poles of the solution
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of (13.10). It turns out [20,113] that the eigenfrequency wy of this collective
excitation is of the form
wg = o |k, (13.13)

i.e., it resembles sound waves. For this reason it is called zero sound. Zero
sound is clearly distinguished from ordinary sound because the former, in con-
trast to the latter, does not correspond to a local equilibrium condition (i.e.,
the variation in the distribution, §f(r, k), is not spherical in k-space). This
question was discussed by Abrikosov et al. [113] and Fetter and Walecka [20].

We close this section by mentioning that the leading term in the difference
&(T) — #(0) as T — 01, where @ is any thermodynamic quantity (such as
specific heat, entropy, or energy), is given by replacing the bare mass m* in
the corresponding free-particle expression by the effective mass m* [113]. In
other words, for a normal Fermi system and for the purpose of calculating the
temperature dependence of thermodynamic quantities in the limit 7" — 0, one
can replace the strongly interacting particles by noninteracting quasiparticles
of an effective mass m*.

In this section we have outlined how the many-body Green’s function for-
malism can be used to justify and quantify the fundamental idea that an
interacting system of particles can be replaced by a weakly interacting system
of quasiparticles. For many purposes the interactions among quasiparticles
can be omitted, and consequently the so-called one-body approximation is
justified. For normal systems there is one-to-one correspondence between par-
ticles and quasiparticles, and each quasiparticle reduces to a real particle as
the interactions are turned off. Note, though, that the interactions produce
a Bose-type excitation (a density wave) that is absent in a noninteracting
system.

We reiterate that there are systems (such as the superconducting materials
or superfluid He?) where the interactions play a fundamental role in reorganiz-
ing the low-lying states to a new configuration that cannot result from the un-
perturbed states in a continuous way. For such a system the Green’s function
formalism requires some modifications. The reader is referred to Sect. 13.4 or
to the book by Mattuck, [421] for an introduction. More detailed treatment
is given in [20], [111], and [113]. The modified Green’s function formalism
finds one of the most important applications in the study of these nonnormal
fermion systems.

13.2 High-Density Electron Gas

In this section we consider a particular but important fermion system, the
so-called jellium model, a high-density electronic system moving in the back-
ground of positive charge to ensure overall electrical neutrality. The jellium
model is an idealization of a real metal; this idealization omits the discrete
character of the positive background, its dynamics (phonons), and the inter-
action of the ion motion with the electrons. The high-density jellium model,



13.2 High-Density Electron Gas 313

although a normal Fermi system, has certain peculiarities associated with the
long-range character of the electron—electron interaction. The 1/r? nature of
the Coulomb force gives that the average potential energy per particle is pro-
portional to n!/3; on the other hand, the average kinetic energy per particle,
as a result of the Pauli principle, is proportional to k%/2m, i.e., proportional
to n?/3, where n = N/£2 is the number density. Thus, in contrast to ordinary
gases, in the high-density limit, the kinetic energy of the electron system dom-
inates the potential energy, and therefore the system behaves as a gas; on the
other hand, in the low-density limit, the potential energy is the dominant one,
and the system becomes a (Wigner) solid; for intermediate densities we have
a liquid. We can express formally this feature by introducing the dimensionless
interparticle spacing rs, where
70

rs = pl (13.14)
ro is defined by 47r3/3 = /N and ap = h?*/me? is the Bohr radius. By
introducing the dimensionless quantities {2', k¥, p’, and ¢’, where

=0/, K=rk, p=rop, ¢ =r0q, (13.15)
we can rewrite the Hamiltonian of the jellium model (Appendix I) as
2

e 1 T
H= =N K alaw +
apr? \ 2 ™ g Ul 20

147 + +
> 72 W Uy O | (13.16)
k/p/q/

which shows that in the high-density limit (rs — 0) the potential energy
becomes negligible. Note that the prime in the summation means that the
¢ = 0 term must be excluded.

By inspection of (13.16) one may suspect that terms of higher than second
order in the potential energy would give contributions that approach zero as
rs — 0. Hence, it is reasonable to try to terminate the diagrammatic expansion
in the second order. Because of the ¢’ = 0 exclusion, the diagrams involving
a ¢’ = 0 interaction line give no contribution and can be omitted. Thus the
only diagrams that contribute to the proper self-energy up to second order are
those of Fig. 13.1. The Xy, X3, and X7, diagrams can be calculated according
to the rules and give no problems. Explicit results can be found in [20]. The
25, diagram is troublesome and requires detailed consideration; we have

T ) =i [ 5 S VRO (@w) . (13.17)
w) =1 —=— —q,w—w1)V w .

2r ) (277)3 o 9o q, 1 q o \g,w1) ,

where —ill; is the contribution of the bubble, i.e., the contribution of the

lowest order to the proper polarization

« . d3p1 dwy
11§ (q,w1) = —1/ 2m)® 27 90 (P1,w2) go (P1 + @ w1 +w2) . (13.18)
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X1 + X3 + X5 + X5

Fig. 13.1. All the contributions of up to second order to the proper self-energy of
an electron gas

This quantity I (q,w1) is calculated explicitly in [20]. It turns out that

lim 175 (g,lq) ) = F(x) (13.19)
q%

where F'(x) is an integrable function of x = w;/ |q|. Substituting (13.19) into
(13.17), and taking into account that v(q) = 4me?/q?, we obtain that the
integral over g behaves for small g as

&g [da

X5 (k,w) ~ q
2 0 q* o 94

(13.20)

)

i.e., it diverges logarithmically. This logarithmic divergence simply indicates
that the perturbation expansion in powers of the Coulomb potential 4me?/q>
does not converge. One way to avoid this difficulty is to replace the Coulomb
potential by e2e=*" /r, which has a Fourier transform equal to

4re?

- 13.21
@+ A2’ (13.21)

ua(q) =
with A being a small quantity. One can then try to sum the perturbation se-
ries in powers of vy and take the limit A — 0 in the final result. In summing
the power series expansion, one must keep in mind that there are now two
independent small quantities, namely, r; and A, and hence one cannot termi-
nate the series at the second order because some of the higher-order terms
(which tend to zero as r; — 0) may approach infinity as A — 0. To handle this
problem correctly one must find for each order of perturbation series (i.e., for
each power of r,) the leading term(s) in A. In second order the leading term A
is X%,., which behaves as In A in the limit A — 0. This behavior stems from
the fact that the two interaction lines in X%, have the same q. It is easy to
see that the leading term in A of nth order will come from the diagram that
has the same g in all interaction lines (Fig. 13.2). Such a diagram would give
a contribution X that is proportional to
kT2 / Lq ~TPTENET D =34 (13.22)
nr s O(q2+)\2)n s ’ yEy e :
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Fig. 13.2. Leading diagrams of third, fourth, etc. order for proper self-energy of an
electron gas

while all the other diagrams of nth order give a contribution of the order
r"=2X37" or less. Thus, in the limit A — 0, the nth-order contribution to X*
and X equals X . We can conclude that in the limit of small 7, and small
A the proper self-energy is given by

DAESD » R D A P vl (13.23)
n=2
The quantity X7 + 25 4+ X3, + -+ can be written as in Fig. 13.3, where

v

2 rr* 3 yr*2
Ve,RPA = Ux + U5 + o3 Ig" 4+ - = ———— .
1 —ll;

(13.24)
Thus we have for X% = Z D2
n=2
. . d3q dw;
Yi=1] m=57=90(k—q,w—wi)verpa (q,w) —v(q)]

(2m)3 27

d3q dw; v?(q) I} (g1, w1)
=i —_ k — — ’ . (13.2
1/ (2r)3 21 90 (k= g, —wn) 1— v (q) I (g1, 1) (13.25)

Note that ve gpa results from the general expression (12.64’) by replacing the
proper polarization IT* by its lowest approximation I/§. The approximation

Fig. 13.3. The sum X] + X5, 4+ X3, + -+ -; ve,rpa is the effective interaction corre-
sponding to the approximation IT* = I1§



316 13 Applications

is known, for historical reasons, as the random phase approzimation (RPA).
It is also known as the summation of the ring diagrams. It must be stressed
that on the rhs of (13.24) or (13.25) we can take the limit A — 0 without any
divergence.

The approximation (13.26) coupled with the general equation (12.66) for
the dielectric function gives

ekpa (¢:w) =1 —v(q) Il (q,w) . (13.27)

Having obtained X* and € we can calculate several quantities of physical
interest:

(a) Quasiparticles € and . The reader is referred to [421] and references
therein.
(b) Ground-state energy. Taking into account the general thermodynamic re-

lation
ory _ op
da /  da

(11.29), (11.7), Fig. 11.1, and (12.58), we can express the ground-state
energy F as follows:

E=FE ——/daZ/ S (kyw) g (kW) | (13.29)

where Ej is the unperturbed ground-state energy, contour C' consists of
the path shown in Fig. 11.1 a and a semicircle in the upper half-plane,
and X* and g correspond to an interaction potential equal to av(q). Equa-
tion (13.29) is more convenient for calculations than (11.30). Substituting
(13.23) into (13.29) and expanding ¢ in powers of the small quantity X*,
we obtain that

, (13.28)
N,

9E* = (57 + X5, + 53, + X7) g0+ (Zi90)” (13.30)

where the omitted terms in (13.30) would give a contribution to E that
would approach zero as rs — 0. Combining (13.29) with (13.30) and
performing the integrations, we obtain for the ground-state energy

e?N [2.21 ~ 0916

2ap | 12 Ts

E= +0.06221n (ry) —0.094+--- | ,  (13.30)

where the first term in parentheses is the unperturbed ground-state en-
ergy, the second corresponds to the first-order go X5 in (13.30), the third
comes from goX*, and the fourth from the sum go (X3, + 35,) + (27 90)°.
The remaining terms approach zero as rs — 0. Equation (13.30") shows
that we cannot obtain a series expansion of E in powers of r;.
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Effective interaction ve rpa. Using (13.27) we have

v(q) v(q)
Ue,RPA = —5 = — (13.31)
crpal@)  1—wv(q)I(q)
which for the static case, w = 0, becomes [20]
4me?
Ve,RPA = y 13.32
AT el (o) 1532
where the Thomas—Fermi screening length, q;},, is given by
dry (4 \'?
2 s 2
= — k% | 13.33
drr . (97r> F ( )
and the function f(x) equals
1 1 1 2—x
=-——(1-22%2)1 13.34
f@) =3 2x< 43“") ‘24—:3 (13:34)
In the limit ¢ — 0, (13.32) becomes
4me?
Ve,rPA (@,0) ¥ ———5— as ¢ — 0, 13.35
rpa (¢, 0) - ( )

which shows clearly the effects of screening produced by the summation
of the ring diagrams.

Response to an external static point charge. From £¢(q) we can immedi-
ately obtain, with the use of (12.70) and (12.71), the retarded dielectric
function e(gq), which gives the following expression for the electronic charge
density 0o(r) induced by a static point charge Z |e| at the origin:

Q%Ff (Q/kF) .
@+ arpf(g/kr)’

3
BQT(T)Z—Z\e\/ (;1733&4"‘ (13.36)

the subscript r indicates that the ring approximation was used. Some
interesting consequences of (13.36) are discussed in [20]. Here we mention
that, as r — o0,

Zle| 2§ cos(2kpr)
a+ép @

dor-(r) — &= ﬁ , (13.37)

i.e., the induced charge does not decay exponentially, as one would con-
clude from the approximate expression (13.35), but in an oscillating
power law way. These Friedel oscillations [428,429] arise from the sharp
Fermi surface, which produces the singularity at ¢ = 2kp of the function

f(q/kF).
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Collective (plasma) oscillations. As was mentioned in Chap. 11, collective
density oscillation modes appear as poles in the analytic continuation of
II(k,w) or, in view of (12.72), as zeros in the analytic continuation of
e(k,w) or e(k,w). Within the RPA, £°(k,w) is given by (13.27), so the
collective mode of the electron gas has a complex eigenfrequency z, =
wq — 1&(wq)74 that satisfies the equation

1 =v(q)a.c.{II}(q,z)} - (13.38)

Using the properties of I1}(q,w) as ¢ — 0 and the fact that v(q) ~ ¢—?2

as ¢ — 0, we can prove [20] that

9 q )2
Zg =wWg 2wy |1+ — | — as — 0, 13.39
q q P 10 <QTF q ( )

where w,, the plasma frequency, is given by
4e®n
2

= . 13.40
“p m ( )

Equation (13.39) shows that the plasma has a dispersion relation that
starts from a finite value w, at ¢ = 0 and grows quadratically with g.
Within the RPA, the lifetime 1/7, is exactly infinite for small ¢. If the
RPA is relaxed, v, becomes different from zero for all g # 0. Note that if
v(q) were approaching a constant v as ¢ — 0, i.e., if v(r) were of short
range, then the solution of (13.38) would have a dispersion relation of the
form

wg=-coq as q—0, (13.41)

where the velocity ¢y would satisfy the equation [20]

ke [1 Ft1 i
1= vom2 F {_C_g co/vg+ ‘_1_ Ec_gg (1 C_g >] , (13.42)
T 2vg co/vp —1 2 vp Vg

where v% = kp/m. Equation (13.42) shows that co/v% > 1; otherwise
there is no real solution. In the weak coupling limit, vgmkr < 1, the
solution of (13.42) is

2 2
co =~ 1%, [1+2exp (—mkﬁv —2>} : (13.43)
FU0

while in the strong coupling limit, vomkp > 1, we have

o~y 20 (13.44)
m

As was mentioned in Sect. 13.1, the collective mode with the linear dispersion
relation is called zero sound. For the Coulomb interaction case the collective
mode is called plasmon and its dispersion is given by (13.39), i.e., it approaches
a nonzero value w, as ¢ — 0. This nonzero w, implies a nonzero restoring
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force as ¢ — 0, which is a result of the long-range character of the Coulomb
interaction. Note that the zero sound or the plasmon dispersion is given in
general as a solution of the same equation, 1 = v(q)a.c.{IT*(q, z)}, which in
the RPA reduces to (13.38).

13.3 Dilute Fermi Gas

In this section we examine the case of a low-density Fermi system with re-
pulsive short-range interactions. This is a particular example of the general
theory outlined in Sect. 13.1. Its interest lies in the fact that explicit results
can be obtained that are of relevance to the studies of nuclear matter and He3.

The small parameter in this case is kra, where a is the scattering length
defined by the relation

f(k:f,k)—>—a as kuk—>0, (13.45)

where f (ky, k) is the scattering amplitude (Chap. 4) corresponding to the
potential v(r). Thus the theory outlined here is appropriate for either a di-
lute system (krp — 0) or short-range interactions a — 0. For nuclear matter
krpa ~1/3.

Because kra — 0, one could guess that the most important diagrams are
those describing the interactions of pairs of particles to all orders. Quanti-
tatively, this means that the vertex part I' could be approximated by the
so-called ladder diagrams shown in Fig. 13.4a. One can prove [20,421] that
the diagrams for I" omitted in Fig. 13.4a give contributions to X* of higher
order in kra. This statement can be demonstrated by comparing the two dia-
grams for X* in Fig. 13.5. Diagram a is proportional to kra, while diagram b

VL et e

Fig. 13.4. a Vertex part I" in ladder approximation. b Integral equation obeyed by
I in ladder approximation
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(a) (b)

Fig. 13.5. Diagram a was retained in the ladder approximation, while diagram b
was omitted

is proportional to (kra)?; in general the power of kra is determined by the
number of reverse running go-lines. It follows that the lowest order in kpa is
obtained by keeping diagrams in I involving only parallel running go-lines,
i.e., by keeping the ladder diagrams. The summation of the ladder diagrams is
equivalent to an integral equation for I', as shown in Fig. 13.4b. This integral
equation is known as the ladder approximation to the Bethe—Salpeter equa-
tion; its kernel involves the product vgggg. For present purposes it is much
more convenient to express the integral equation for I in terms of the scatter-
ing amplitude f (ky, k), which is related to the potential v(q) through (4.62).
After some lengthy algebraic manipulations one obtains

d3k
I'(p,p;P)=1y (p,p';P)+m/WFo (p, k; P)

N (P, k) 1 ,
{mE—k2+isN(P,k) mE—k2+iJ F(k,p',P) , (13.46)

with

™ T 2 3
Io (p,ps P) = _% Foup) + (4m) /(;1771;3

- . )f*(p’,k); (13.47)

mE—k2+is+k2—p’2—is

xf(p, k) (

in the above equations s — 07; the four-momentum P stands for p; + po;
the four-momentum p stands for (p1 — p2)/2 + k and p’ = (p1 — p2)/2; E =
Eo — P?/4m is the total energy of the pair in the center-of-mass frame; Ey =
(p? + p3) /2m; N(P,k) = 1(—1) if both P/2 + k are outside (inside) the
Fermi sea; N(P,k) = 0 otherwise. The quantity I is the vertex part for
two particles in the vacuum: I — I as kp — 0. The usefulness of (13.46)
and (13.47) is that the quantity I is related to the observable scattering
amplitude, which remains finite even for infinite potentials such as the hard-
sphere potential. Equations (13.46) and (13.47) were obtained first by Galitskii
[430] and Beliaev [431].
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The integration over k in (13.46) is essentially restricted within the Fermi
sea because the integrand vanishes when both P /2 + k are outside the Fermi
sea. Since we are interested in energies of the order ey, the last term in (13.46)
is of the order mIvkpl, so that (I' — Iy)/I" ~ mIovkp ~ fkp ~ kpa. Thus
(13.46) can be solved by iteration in the present case where kra < 1. In the
same limit only small values of p, p’, and k are important in (13.47) for which
the scattering amplitude f (k, k') behaves as

f(k,k')=—a+ika®+ O (k*a®) ; |k|=|K|—0. (13.48)

Substituting (13.48) into (13.47), replacing I" by I in the last term of (13.46),
and keeping terms of order a?, we obtain I" to order a?. Replacing the result
for I in the equation shown in Fig. 12.10a (with the g-lines approximated
by go-lines) we have the self-energy to order (kra)?. For details the reader is
referred to [20]. The final results for physical quantities are the following [20]:

k2 2 o (ke —k\?_
_fp 2 _ 13.4
Yk 2m7r(kFa) kp E(kp —k)+--, (13.49)
oy, = FE 14 bt — (11 — 2In2) (kpa)® + (13.50)
H=Eke = o 3r T 152 HeINEPa (1o
m* 8 2
- —1+m(7ln2—1)(k‘pa) +- (13.51)
Nk% [3 2
<H>— om |:5+ng61,
4
+——(11-2In2) (kpa)® +---| . (13.52)
3572

The theory outlined above can be improved if in the equation shown in
Fig. 13.4b the go-lines are replaced by g-lines. The resulting integral equation
together with the equation of Fig. 12.10a (which in view of the integral equa-
tion for I" can be simplified as in Fig. 13.6) and the equation g~ = w—¢g¥ — 2
form a complete set of equations. For a discussion of this improvement the
reader is referred to [20].

- =

Fig. 13.6. In the self-consistent (i.e., with the go-lines replaced by the g-lines) ladder
approximation, X is related to I" as shown
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13.4 Superconductivity

13.4.1 Diagrammatic Approach

The ladder approximation of the previous section is a reasonable one for ex-
amining the phenomenon of superconductivity because it includes the char-
acteristic physical process responsible for this phenomenon, i.e., the multiple
scattering of two particles leading to the bound Cooper pair. Since the many-
body Green’s function incorporates the indistinguishability of the electrons,
both the direct and the indirect processes, discussed in Chap. 6, are expected
to show up automatically in the present formalism. We demonstrate here that
this is indeed the case.

From Fig. 13.4 we see that the structure of the ladder approximation to
the vertex part is of the form

T =—v—vGGT . (13.53)

We have used the symbol T instead of I' in order to stress the anal-
ogy with the t-matrix in one-body Green’s function formalism. Referring
to Fig. 13.4b, we denote by p the sum p; + p2 and by s the difference
(p1 — p2) /2, so that p1 = s+ (p/2) and po = —s + (p/2), where p =
(z,p), s = (iwn,s), z = 2p + 2Im{z}, and iw, = ir(2n — 1)/8. Simi-
larly, p1 + k is denoted by s' + (p/2), p2 — k by —s" + (p/2), p1 +k — ¢
by § + (p/2), and p2 — k + g by —§ + (p/2). Notice that, when p1, pa cor-
responds to the same spin direction (e.g., both up), then within the lad-
der approximation both diagrams of Fig. 13.6 contribute to the proper self-
energy. In contrast, when p; and p, are associated with opposite spins,
only the first diagram of the rhs in Fig. 13.6 contributes to X*. Further-
more, if the interaction v is proportional to a d-function in real space [and,
consequently, a constant in k-space, for |e(k) — u| < wp], then for paral-
lel spins the two diagrams in Fig. 13.6 exactly cancel each other (within
the ladder approximation). This is physically obvious, since two electrons
with parallel spins cannot be at the same point in space and thus they
give no chance to the O-function interaction to act. Two more remarks:
for the purpose of calculating X* in the framework of the diagrams in
Fig. 13.4 and the first diagram in Fig. 13.6, we must put po — k = po, or
s’ = s; then the presence of a &-function interaction makes 7" depend only
on p.

Taking into account the points above and the rules III' to VI’ in Sect. 12.3
we can write (13.53) more explicitly as follows:

35
1+v/(;17)3%2n:G(8+§>G<—5+§)

To proceed further we shall replace the dressed propagators by the bare ones
in the summation over n:

T(p) =—v. (13.54)
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S (s 56 (9

n

| =

1 1 1
== 13.55
ﬂzn:iwn—&-(zﬂ)—el —lwp, +(2/2) — &3’ ( )
where we have replaced the dummy index n by n, and we set

€1 = ¢€o (’5—# g‘) and g9 = ¢ (‘—5—# g‘) .

To perform the summation over n in (13.55) we write

1 1
X
iwn + (2/2) —e1 —iwp + (2/2) — e
B 1 1 B 1
z—e€1—¢eg lw, — (2/2) + e wp +(2/2) —e1

} . (13.56)

then, according to (11.53), we have

1 1 1
B ; wn —(2/2) + &2 - exp [B(u—e2)] +1 ) (13.57a)

1 1 ]
B zn: iwn t(2/2) —e1 expBler—p)+1° (13.57b)

In (13.57a) and (13.57b) we have taken the limit Im {z} = 0 so that z/2 = p.
As was discussed in Chap. 6 and can be verified by performing the integral in
(13.54) numerically, the most favorable condition for the blowing up of T'(p)
occurs when p = 0; in this case, €1 = €2 = ¢, and (13.55) in view of (13.57a)
and (13.57b) becomes

= ML

where f(e) = [efE=1) 4+ 1] ~!is the Fermi distribution.

The integration over d3s can be transformed to an integration over de
times the DOS at Ep, or, which can be taken out of the integral. Thus, the
denominator of T'(p) becomes

ptwp _
1- vgp/ daiﬂg) . (13.59)
w

—wp z—2¢

By setting z = E and ¢ = E’/2, the integral in (13.59) becomes identical
to the one in (6.65), which was calculated for £ = 2y ~ 2EF in (6.67) and
turned out to be negative. Thus the quantity 7" blows up only for negative v
(i.e., for attractive interaction), signaling the creation of a bound state, i.e.,
the creation of a Cooper pair. The critical temperature is given by (6.68),
where A = gp |v| (Jv] has dimensions of energy times volume).
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13.4.2 Equation of Motion Approach

This approach is based on imaginary time Green’s functions and on a fac-
torization of go in the spirit of the Hartree—Fock approximation, but with
a crucial addition:

g2 (331,3?2;33/1735/2) =g (xlvxll)g (332,3?/2) ) (xl,x’g)g (332,3?/1)

(T (¢ (1) ¥ (22)) (T (¥F (@) 9T (23))) . (13.60)

where 1, 22, 2}, and z/, are condensed notations for (ry, —ioy, $1), (r2, —io2,
s2), (v}, —icl, s1), and (rh, —ich, s5), respectively, and s1, s2, si, and s} are
spin indices taking values up or down. The last term in (13.60) describes the
propagation of two holes and two particles. It was added for physical reasons
in order to incorporate in the formalism the possibility of Cooper pairs and
in the hope that the resulting theory will provide a self-consistent way for the
formation of Cooper pairs as well as their properties.

One may argue that the last term in (13.60) is automatically zero; this is
certainly true for a particle-conserving Hamiltonian. However, the factoriza-
tion of the interaction part, V;, of the Hamiltonian,

Vi=s / Erd®r'v (r— )0 (0l (K)o (P 6 () (13.61)

consistent with (13.60), will render V; in a particle-nonconserving form:
Vi~ Vigr + /dgrd?’r’v (r—7) {<¢I (r) 1/4 (r’)> Wy (P (r)
() vy () ] () 6] ()] (13.62)

which allows the possibility of mnonzero (T (¢ (z1)¢ (2z2))) and
(T (¢ (#}) 9" (24))). The choice of spin indices in (13.62) reflects the fact
that electrons in the Cooper pairs have opposite spins. The same choice of
spin indices must be made in (13.60), where the imaginary time evolution of
the operators is determined by the Hamiltonian H = Hg + V;, where Hj is the
kinetic energy and V; is replaced by the rhs of (13.62). Actually, for simplicity
we shall omit V;gr and in explicit calculations we shall choose

v(ir—r)=—|v|d(r—71). (13.63)
Note that the average value

Tr {e—,ﬂ(H—,uN)eoHAe—oH}
<A(J)> - Tr {Q*B(HfﬂN)}

of any Heisenberg time-dependent operator remains invariant if c’H is replaced
by o (H — uN). This follows from the invariance of the trace in cyclic permu-
tations (when H and N commute), and by the fact that © = 0, when H and N
do not commute. Thus, in calculating thermal averages, we can use for the
time evolution either H or H — uN. However, it is imperative to use H — uV
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instead of H, in the case where H and N commute, but H has been replaced
by a particle-nonconserving approximation, as in (13.62). The advantage of
H — uN, besides letting us attribute the nonconservation to particle exchange
with a bath of chemical potential y, is that it allows us to have a nonzero p,
defined by p = (3F /ON ) v (where N is the average number of particles
within the grand canonical ensemble) despite the approximate nonconserva-
tion of particles. Henceforth we shall use H — u/V for the time development of
Heisenberg operators. As a result of this change, all single-particle energies,
e — & =€ — p and z, — iw, = 2z, — g and w, = 7(2n —1)/4.

The factorization (13.60) forces us to introduce two new closely related
Green’s functions

f @)= (T [¢@vi@)]) . (13.64a)
(@, 2 —<T [u{(x)qp}(x’)b. (13.64b)

Combining (12.1) (with ¢ — —io, etc.), (13.60), (13.62), and (13.63) with the
approximation V;gr = 0, we find the following equation for the time evolution
of ¢:

<—%+%V2+u>g(:ﬂ,x’) =id(r—7")8(c —0')
Hol (1 (r) 4y (7)) T (2,2") . (13.65)

It is clear from (13.65) that we need to find an equation for the time evolution
of the new Green’s function f'(x,2’). This can be achieved by employing
the general time evolution equations, 91/0c = [H — uN, ] and 9y /0o =
[H — uN, wT], and the approximate form of H together with the definitions
(13.64a) and (13.64b). We find

(—5% + %V2 + ,u) flx,2') = —iA(r)g (2, 2), (13.66a)
<5% + %VQ + ,u) fH(z,2") = —iA* (r) g (z,2') ,  (13.66b)
where the so-called gap, A (r), is by definition

A(r) = ol (@ (1)1 () = = [o (1 (r) ¢y (r)) = [o] f (2T, 2) . (13.67)

For a time and space translationally invariant system, it is convenient to use
Fourier transforms with respect to the difference x — x’. Then, taking into
account (12.9)-(12.11) and

/ dSk ik (r—r’ 1 —iwp (o—0’
fT(x,m):/Wek( )Ezn:e =) Pt (K, 2,) . (13.68)
A = o] fT (2t —2)
_

/8 Ze—iwnsFT (T‘ —_r = O,iwn) as s — O+ , (1369)
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we obtain from (13.65) and (13.66b) the following pair of equations:
(iwn — &) G (k,iw,) + AFT (k,iw,) =1, (13.70a)
(—iw, — &) FT (k,iw,) — A*G (k, iwy,) = (13.70b)

where & = (k?/2m) — p and w,, = 7(2n — 1)/3. The solution of (13.70a) and
(13.70b) is

G (ko) = — U (13.71a)
Y w, — By w, + By ‘
1 1
F(k,iwy, = F' (k,i n) = = 13.71
(k,iwy,) (k,iwy) ukvk( — iwn—i—Ek)’(?)? b)

where

By = /A2 42, (13.72)

A
UV = Q_E'k s (1373)

1
vi=1—u}= 3 (1 — 2-’;) . (13.74)

We have assumed, without loss of generality, that A is real.
It remains to use the definitions of A, (13.67), and (13.69) and the solution
(13.71Db) to find an equation that determines the gap A:

|v| d3k
Z (2m)3 w2 + E2
or

|v| d3k 1
Z/ SRR (13.75)

The series has been summed already [see (13.55) and (13.58) and set z = 0]

and gives
Z L 1 _ 1 tanh BEx
— 3 (w2 + E}) 2By 2 )7

while the integration over d3k can be transformed to an integration over d¢
times the DOS per unit volume at the Fermi level. Thus

d VE2 + A2
1=1|v|or 3 tanh &+ .
0 /€2 4+ A2 2kpT
Equation (13.76) allows us to determine the gap as a function of temperature.

It turns out that A # 0 for T < T, and A = 0 for T' > T,. In particular, for
T = 0 we find that

WD

(13.76)

A(0) =2wpe™ ' X =1v]or . (13.77)



13.5 The Hubbard Model 327

The critical temperature, T, is determined by letting A — 07 in (13.76). We
find as before

2e7
kpT, = —~wpe 1/ . (13.78)
T

Many other quantities of physical interest may be obtained by employing
(13.71), (13.72)—(13.74), and (13.76). For details see, e.g., the book by Fetter
and Walecka [20].

13.5 The Hubbard Model

The Hubbard model, within the LCAO framework, is as important as the
interacting electrons [see (13.16)] within the jellium framework. Actually, it is
richer, since it incorporates the discrete nature of the solid-state structure and
is amenable to several generalizations so as to incorporate essential features
characterizing various groups of materials.

In its simplest form, the Hubbard model is described by the following
Hamiltonian:

H=> Vijalajo +U> nini . (13.79)

10 K3

The first term on the rhs of (13.79) is the usual TBH with one state per site; a!_
creates a particle at state |¢) with spin o (¢ =1 or |); a;, destroys a particle
with spin o at the state |j). The last term in the rhs of (13.79) describes
the on-site interaction of strength U, when two particles of opposite spin are
on the same state |¢). Usually, we assume for simplicity that Vi; = V;; =V
when 4, j nearest neighbors, and zero otherwise; furthermore, we shall take
U > 0, i.e., repulsive interaction.

The most important parameter in the Hamiltonian (13.79) is the ra-
tio U/ |V, which determines the relative weight of the two competing as-
pects incorporated in this model: U, the strength of the repulsive poten-
tial energy, which tells the particles to avoid each other as much as pos-
sible; and |V|, the strength of the kinetic energy, which favors the spread-
ing of the particles over all sites of the system. Important factors in de-
termining the outcome of this competition of conflicting tendencies are the
number of particles per state, (, and the dimensionality, d, of the system.
Depending on the values of U/|V|, ¢, and the dimensionality d, the sys-
tem may exhibit magnetic ordering and/or undergo a metal-insulator tran-
sition. Thus, a phase diagram in the (-U/|V| plane has to be constructed
[392,432-440].

Several generalizations of the simple Hubbard model can be achieved by
adding more terms in the Hamiltonian (13.79) or by having more than one
orbital per site. These generalizations seem to be necessary for allowing the
appearance of important physical phenomena such as ferromagnetism. For
example, we can add to (13.79) additional interactions, Hi, of the form
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Hi = % Z Uj*ininj + % Z Z Jj*iazga}g/aio’ajg

i#] i#j oo’
1 1
P > (Uj—i - §JJ‘—¢> ning =y Jjisi- 85, (13.80)
7 i#j

where n; = a}LTaiT + a;rlail and 2s;8; = 25;,8;, + 8;4+-5j— + $;—5j4. The last
term in (13.80), known as the Heisenberg model, favors ferromagnetic ordering
for J;_; > 0 and antiferromagnetic ordering for J;_; negative between nearest
neighbors and zero otherwise.

Returning now to the simple Hubbard model, (13.79), one can show that
for ¢ =1 and in the limit U/ |V| — oo, it is equivalent to

22 ' N,Z
H’zT Zsi-sj— ] (13.81)

where the prime in the summation denotes restriction to the Z nearest neigh-
bors only and Ny is the total number of sites. Equation (13.81) shows clearly
that the simple Hubbard model is capable (at least in this limit) of creating
magnetic ordering.

Within the Hartree approximation, the Green’s function for the simple
Hubbard model can be obtained by replacing the last term in (13.79) by
Zw €isNis, Where self-consistency requires that

€ic = U <nio/> ) (1382)

where ¢’ is opposite to o. Three of the possible choices for (n;,) are shown
schematically in Fig. 13.7 and given below:

Case (a)
<n1'c7> = %C ) (1383)
Case (b) T
(Nio) = , (13.84)
%(C - M) yo=|
Case (c)

(¢ + p) , o =7, sublattice A or o =|, sublattice B,
(Nig) = (13.85)
%(C — ), o =], sublattice A or ¢ =1, sublattice B.

D=

Using the techniques of Chap. 5, we determine the diagonal matrix elements
of the one-particle Green’s functions for each of the three phases:

1

1 s .
Gl (E) = lim <z Eris T

s—0+

2> : (13.86)
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(nir)

(niy)

(nar)

(niy)

Al B| Al Bl A| B

(niy)

Fig. 13.7. Schematic representation of three possible choices for (n;;) and (n;))
within the Hartree approximation to the Hubbard model: a nonmagnetic fully sym-
metric phase, b ferromagnetic phase, ¢ antiferromagnetic phase

where
!/ /
Ho =Y ionig + VY alyajo = lio)ei, (o] + VY lio) (jo| , (13.87)
i i#j i i#]
as well as the DOS per site
1
0ic(E) = —=Im{Gi,(E)} . (13.88)
Y
The number of electrons per site is given by
EF EF
¢ :/ dEgi1(E) +/ dEg; (E)dE , (13.89)

and the local magnetic moment, p, [for cases (b) and (c)]

Er Efr
u=|<nm>—<nu>|=| | B - [ e (13.90)

Equations (13.89) and (13.90) determine self-consistently the two unknowns,
Ep and p [in case (a) u is identically zero]. Equation (11.30) [with k2/2m
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replaced by &, (k), the eigenvalues of H,| yields for the average energy in the
present case

Er
% => dE g (E)E — % (¢ —u?) (13.91)

o

where the last term on the rhs of (13.91) corrects for the double counting of
the interaction term present in both H and H,.

For a given value of U/ |V| and ¢, the phase with the lowest value of (H)
is the preferable one among the three, but not necessarily the ground state.
This is because a better approximation than the Hartree may change the
ordering (e.g., it may make (H) g, omagnetic alWays larger than the minimum
between the other two); furthermore, other, more complicated, configurations
may have lower energy than those shown in Fig. 13.7 at least in some regions
of the (-U/ |V| plane [432,433,441].

The model allows us to calculate the value of the magnetic couplings J;_;
(in the magnetic phases) by reversing one or two local moments and computing
the resulting change in energy [439]. For example, if J;_; is different from zero
for nearest neighbors only, J is given by

3 (H)
J| = |— 13.92
1= 252 (18.92)
8 [
. .‘
1
6 !
U i
B /
1
4 F /
/
/
L Y
2 [~ /// AF
| P
1 1 1 1 1 1 1 1 1
0 0,2 04 ¢ 0,6 0,8 1,0

Fig. 13.8. Phase diagram for the 3-d simple Hubbard model in the Hartree approxi-
mation showing the regions where the nonmagnetic (P), the antiferromagnetic, (AF)
and the ferromagnetic (F) phases have the lowest energy. In the F phase, u = (;
the exact solution is expected to shrink the F region probably until it disappears
completely. B is half the bandwidth in the P phase. The results are the same for ¢

and 2 — ¢
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where & (H) = (H,) — (H), H, = Hqr +H», and the subscript r indicates the
sign reversal of a single moment, which creates a single impurity of strength
le] = U [{(ns1) — (ny))] in both Hy, and H),. (H,) can be calculated using the
formalism of Chap. 6.

The reader may verify the results [434,440] of the Hartree approximation
shown in Figs. 13.8-13.10 by following the procedures outlined in this section.

06}
04}

0,2+

0 0,5 1,0 1,5 2,0 2,5

U/B
Fig. 13.9. The magnetic moment per site (in units of ug) vs. U/B (B = Z|V|)
for the AF phase of the Hubbard model and for ¢ = 1 within the framework of

the Hartree approximation. Solid line: simple cubic lattice; dotted line: Bethe lattice
Green’s function

T

0,15
ZJ/B
0,10

T

0,05+

uB

Fig. 13.10. Value of J (as defined in —JY.'s;-s;) vs. U/B (B = Z|V|) for AF
phase of Hubbard model and for ¢ = 1 (for Hartree approximation). For large values
of U/B, J — —2V?/U, in accordance with (13.81)



332 13 Applications
13.6 Summary

We first outlined the proof that the normal state of a Fermi system is a con-
sistent solution of the equations, and it goes continuously to the free-particle
state as the interactions are turned off. Thus, if the actual state of the inter-
acting system develops in a continuous way as the interactions are turned on,
the system is normal, i.e., it has a well-defined Fermi surface determined from
the equation
Ekp = MK

where ¢y, is the quasiparticle energy. Moreover, the quasiparticle lifetime ap-
proaches infinity as (k — kr)~2 in the limit & — kp; and each quasiparticle is
in one-to-one correspondence with the real particles.

We then indicated how the Green’s function formalism can be used to jus-
tify Landau’s theory. The most important results are: (1) The Fermi momen-
tum kg (as defined above) satisfies the simple equation (taking into account
the two directions of spin)

dr k3 N
g _MF I 13.11
3 (2n)3 (9] ( )
(2) The effective mass m* defined by the equation
kr
m=— ——— (13.9)
|0k /Ok|j._4,.
is related to the bare mass m as follows:
1 1 kpwi,
- _ 2 kr [ w 6d 13.12
m*  m  2(2m)3 / (P1,p2) cos O, (13.12)

where I'“ is a limiting value of the vertex part. (3) There are also collective
excitations (such as zero sound) in an interacting Fermi system with an acous-
ticlike dispersion relation that is given by the poles of the vertex part I" or the
poles of the polarization part I1. The above results are quite important be-
cause they provide (for normal Fermi systems) a justification for the one-body
approximation, which is widely used in solid-state and nuclear physics. More-
over, they give corrections and refinements; they also clarify the conditions
under which the one-body approximation is valid.

We also examined four important specific examples for which explicit re-
sults were obtained:

1) The high-density electron gas moving in a uniform positive background.

This is a normal Fermi system that approximates electrons in a metal.

It exhibits some peculiarities associated with the long-range character of

the Coulomb interaction; the most important consequence of this feature

is that the collective excitation, which is called plasmon, has a dispersion
relation of the form

wo =w, +Ag> as ¢ — 0. (13.39)

q:
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2) A low-density Fermi system with short-range repulsive interactions. Ex-
plicit results for quasiparticles and ground-state energy were obtained;
these results are applicable to nuclear matter and with appropriate refine-
ments to liquid He?.

3) We revisited the problem of superconductivity within the framework of the
diagrammatic approach and the equation of motion approach to the many-
body Green’s functions. The first approach confirms the results of §6.3.2
without the hand-waving physical arguments employed there. The second
approach provides a full solution to the Green’s function — and, hence,
to the calculation of thermodynamic quantities of the superconducting
state — through the gap function A(T") given by

wp d 2 AQ
0 ﬁtanh <—V§kB+T> . (13.76)

4) The Hubbard model, which in its simpler form has the following Hamil-

1= |v|or

tonian:
H=> Vial,aj, +UD niniy, (13.79)
where usually V;; = V for nearest neighbors and zero otherwise. This

model incorporates the essential competition between the spreading of
the electrons throughout the system on the one hand and the require-
ment of avoiding double occupation of the same state |¢) on the other.
As a result of this, the model is capable of describing many-body-driven
metal-insulator transitions as well as magnetic phases. For one electron
per site and U/ |V | — oo, the Hamiltonian (13.79) reduces to a Heisenberg
type Hamiltonian

H=— Jijs; s; + const. (13.93)
i#]
with J given by
2V2
J=-" 13.94
i (13.94)

for nearest neighbors and zero otherwise.

We mention finally that the Green’s function formalism is very useful in
describing effects due to interactions among other elementary excitations in
solids such as phonons and magnons as well as interactions of these excitations
with electrons.

Further Reading

The material of Sects. 13.1, 13.2, 13.3, and 13.4.2 is presented in detail in the
classic books on many-body theory such as those by Fetter and Walecka [20],
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Mahan [114], and Abrikosov et al. [113]. The ladder approximation to the
vertex part is treated also in the last chapter of the Kadanoff and Baym
book [420]. Some relevant material can be found in solid-state books [30,133].

The Hubbard model and the related subjects of magnetism and metal-

insulator transitions are presented in several books, e.g., the books by Mott
[442], Enz [134], Auerbach [443], Montorsi [444], Mattis [441], etc.

Problems

13.1. Consider the process k1, ko — ks, k4, where k1 > kp, ko < kg, ks > kp,
ks > kp. We have that |k; —kp| /kr < 1, (i = 1,...,4). Show that the
available phase space for this process is proportional to (k1 — kp)2. Conclude
from this that Im {X* (k,w)} ~ (w — p)%.

Hint: See [113], p. 17.

13.2. Calculate the quantity I} given by (13.18).
Hint: See [20], pp. 281-282.

13.3. Show that the specific heat for an electron gas within the Hartree—
Fock approximation behaves like —T/InT as T — 0 while experimentally is
proportional to 7" in this limit.

Hint: Consider the thermodynamic potential —P{2 = —kpT In Zg as given
by (11.37); take into account that

d(PR) = SAT + PAV + Ndpu .

(See also [20], pp. 261-267; do not forget that we are dealing with a jellium
model with long-range forces between the electrons and no screening.)

13.4. Prove that the finite temperature dielectric function, egpa (g,w), can
be brought to the form

ERPA (qvw) =1-

871’62/ Ak f(er) = f (Ektq)

¢ (27)3 w418 — €krq +Ek
13.5s. Prove (13.37).

13.6. Starting from the following expression for the thermodynamic potential
—PQ

—PQ:2kBTZIH[1—f(Ek)]-FZ[fk—Ek]UIQc_AQZELk’
k k k

show that the specific heat, Cy, of the superconducting state is given by

T e 9 1 O0A?%\ of 3 5
Cy = T ooda(E +2kBT a7 ) g E=+\e2+ A2,
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Hint: Take into account that

PR _0(P2) _
3Ek - 3uk o ’

since the potential, —P{2, must be minimum at equilibrium.

13.7. Following (13.82)—(13.91), verify the results shown in Figs. 13.8-13.10.
Use Bethe lattice Green’s functions in the limit K — oo with 2|V'| VK =
B = Z|V|. How are the results modified for the 1-d case?
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Dirac’s delta Function

The 1-d delta function, 8(z), is defined through a limiting procedure so that
8(x) =0 for z#0 (A.1la)

and 8(0) = co. The meaning of this last relation, taking into account (A.la),
is that

b
/ dof (2)8(z) = £(0) (A.1b)

for any well-behaved function f(z) and for any pair a, b such that a < 0 < b.
Some functions producing in the limit the delta function, as defined by
(A.1la, A.1b), are given below:

1 €

Elir(r)lJr el Lorentzian, (A.2a)
lim ! e v Gaussian (A.2D)
——exp | —=— .
c—0t o271 P 202 ’ ’
8(z) = . sin(z/e) -
lim ———= | Dirichlet, (A.2c)
e—0t o
1 L]
lim — ez dk Fourier. (A.2d)
L—oco 27 7|L\

From the definition of the delta function it follows that

8(g() =3 % , (A.3)

n

where g(x) is a well-behaved function of x, the sum runs over the real roots,
{zn}, of g(x) =0, and ¢’ (z,) = (dg/dx),_, # 0 for all z,,.
The derivative of the delta function is properly defined as

(x)=0, 2#0 (A.4a)
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and .
[ dar@)® @) = -r0) (A.4D)
for any well-behaved function f(z) and for any pair a, b such that a < 0 < b.

The integral of the delta function is the so-called theta function

8(z) = di(;) ) (A.5a)

where

1, f >0,
G(x)z{ or x

0, forz<O0. (A.5b)

The definition of the delta function is generalized to more than one inde-
pendent cartesian variable:

§(r) =58 (21) 8 (22) .8 (xn) (A.6)

in an n-dimensional space. More explicitly we have

S(r—r)=8(—-2)dy—y)= %S(T—T')S(cﬁ—(b’) ;o 2d, (A7)

d(r—r)=08(x—2)d(y—y)d(z—2)

:%S(T—r')S(cosH—cos@’)S(qS—qS')
1
= 5gdr=r)8(0-0)8(0-¢), 3d. (A8

The completeness relation (1.4) of Chap. 1 allows us to obtain many series
or integral representations of the delta function. For example, the Fourier
representation of the d-dimensional delta function is, according to (1.4) and
the footnote on p. 3,

Br—r) =Y ok oi () = 5 S )
k k

2—00

1 {2 ik (r—r 1 ik (r—r’
= e | Ut 07 = g [t ) a

Equation (A.9) generalizes in d-dimensions (A.2d).
Similarly, the delta function over the spherical angles 6 and ¢ can be
expressed as a sum over spherical harmonics, Yz, (0, ¢), according to (1.4):

8 (cosf — cos8') 8 (¢ — ') = ﬁsw—a’)sw—aﬁ’)

e3¢} l
=3 Yeu(0,0)Y5, (0, . (A10)

{=0 m=—¢
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where the spherical harmonics are given in terms of the associated Legendre
polynomials, P, ', by the following expression:

Yom (0, ¢) = iz(—l)(m+m)/2\/(26447;(?5_4|;n|;?|)!Pgml(cose)eim“f’ . (A1)

Equation (A.10) is valid because the set Yy, (0, ¢) is orthonormal

T 2
/ sinfdd [ AoV, (8,0)Yerm: (8, 6) = SuerSpmm -
0 0
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Dirac’s bra and ket Notation

In quantum mechanics, the states of a particle are described by eigenfunctions,
¢n (1), of any hermitian operator, £, corresponding to a physical quantity such
as its momentum, its Hamiltonian, etc. The same physical states can equally
well be described by the Fourier transforms, ¢,, (k), of ¢, (r) or by any other
representation of ¢,, () such as the set {a, ¢} of the expansion

$n (1) =D anetpe (r) (B.1)
4

in terms of a complete orthonormal set of functions {t,}.

It is very convenient to introduce for a physical state a single symbol that
will be independent of any particular representation and such that the various
representations, ¢, (1), ¢, (k), and {a, ¢}, can be reproduced easily whenever
they are needed. This symbol is denoted by |n) or by |¢,) and is called a ket.
Thus

State of a particle characterized by quantum number(s) n < |¢,) or |n)

To each ket |¢,,) corresponds one and only one conjugate entity denoted
by (¢n| and called a bra. We define also the inner product of two kets, |¢) and
|1}, (in that order) as a complex quantity denoted by (¢ |v) and such that

(@1)" = (le) . (B.2)
In particular, for an orthonormal set we have
<¢n |¢m> = 6nm . (B3)

Physically, the inner product (¢ | 1) gives the probability amplitude for a par-
ticle being in state |1)) to be observed in state |¢).

A complete set of kets, {|¢,)}, defines an abstract Hilbert space. Some
usual complete sets of kets for a spinless particle are the following:

(a) The position kets {|r)}, where r runs over all positions in the domain £2;
|r) corresponds to the state where the particle is completely localized at
the point 7.
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(b) The momentum kets {|k)}; |k) corresponds to the state where the particle
has momentum hk.

(¢) The Bloch kets {|k,n)}; |k, n) corresponds to the state where the particle
has crystal momentum Ak and belongs to the nth band.

(d) The kets {|d¢)}; |de) is an eigenstate of the Hamiltonian. The indexes
fully characterize this eigenstate.

According to the above, the inner product (r |1) gives the probability ampli-
tude for a particle being in the state |1)) to be observed at the point r; but
this probability amplitude is nothing other than (). Hence

e (r)=(rly) . (B.4)
Similarly, _
¥ (k) = (k|¥) . (B.5)
If in (B.4) we choose |¢) = |k), then we obtain
(r k) = %ei’w . (B.6)

The rhs is the r-representation of a normalized plane wave; if in (B.4) we
choose |1)) = |r’), then we have

(riry=38(r—-7r') . (B.7)

Equation (B.7) follows from the orthonormality of the set {|r)}.
From (B.4) and (B.7) we obtain

wr):<r|w>=/dr'S(r—r'><r'|w>=/dr’<r|r’><r’|¢>
— (vl [far' ) o) (B3)

Since (B.8) is valid for every (r| and every |¢), we end up with the complete-
ness relation for the set {|r')}:

/dr' [P’y (r'| =1. (B.9)
Similarly, we obtain the relation
n
1= Zk:|k> (k| — W/dkm (K| . (B.10)

Using (B.9) and (B.10) we can easily transform from ¢ (r) to v (k) and vice
versa

D) = (10} = [ar(kln) (r0) = [ar—e i m )

= \/%/drefik'rd} (r) , (B.11)
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r)=(r = r elkrr
Y (r)=(r|y) = (r|k)(k|y) = fz W (k

k

— (;/gd /dkeik"’{z(k) . (B.12)

Notice that the definition of the inner product coincides with the usual defi-
nition in the r-representation:

(6] 9) = / dr (| 7) (r | 9) = / dr* (1) (r) | (B.13)

The form of any operator in the Dirac notation follows by calculating its
matrix elements. For example, taking into account that the position opera-
tor, 7, satisfies by definition the relation (r|7 = (r| r and that the momentum
operator, p, satisfies the relation (k| p = (k| hk, we have

(rie|g)=r{rlv)=re(r), (B.14)
(k|p|y) = hk (k[v) = hky (k) . (B.15)
Using (B.10) and (B.15) we obtain the matrix element (r|p|):
<r|i)\w>=;< r| k) (k Z\/_l’“ "kt (k)
= —1i i k""L’v — _ih— - ikrr )
_Zk: iho el mwc)_ hﬁ?“zk:\/ﬁe ¥ (k)
_ _ihaa_rw (r) . (B.16)

The last relation follows from (B.12). In a similar way one can show that

(k|| 6) =150 () - (B.17)

The relations (B.14)—(B.17) can be generalized for operators that are func-
tions of # or p. Since by definition the function f (/l) of any operator A is

an operator with the same eigenstates as A and eigenvalues f (A;), where A;
are the eigenvalues of A, we have

(rlf@) ) =f(r)v(r), (B.18)
g (hk) ¢ (k) , (B.19)

Y (r) (B.20)

(
k| ()]6) = f* (iﬁ> 3w . (B.21)
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For hermitian operators f* (r) = f (r) and g* (hk) = g (fik). As an application
of (B.18) and (B.20) we have

2
b .
o TV ()

¢> = {—%vi +V(r)] Y (r) . (B.22)

For particles with spin 1/2 we have to specify whether the spin is up (1) or
down (]). Thus a complete set is {|r,T),|r, )} or {|k,1), |k, |)}. Assuming
that the spin quantization axis is the z-axis, we have for the spin operator
8§ = XToSy + YoSy + 208"

_1 o =+1 forspinup,
Sz |r7o>—§o|r,a>7 o =—1 for spin down (B.23)
T sley] _ 1 | (r 1))
<nl|s|¢>‘_2” (r Ly (B.24)

where o is the vector defined by the three Pauli matrices

0 1 0 —i 1 0
0'=<1 O)wo-‘r(i 0>yo+(0_1>zo. (B.25)



C

Solutions of Laplace and Helmholtz Equations
in Various Coordinate Systems!

C.1 Helmholtz Equation (V2 + k?) (r) =0

C.1.1 Cartesian Coordinates x, y, z
Y (r) = Z {Agm [sin (bx1) 4 bg cos (bx1)]

tm
X [sinh (\/62 + m%g) + com cosh (\/ 02 + mQxQ)}
X [sin (\/ m2 + k2x3) + d,p, cOs (\/ m2 + k2x3)] } . (C.1)

The set {z1,x2, 23} represents any permutation of the set {x,y, z}. Bound-
ary conditions (BCs) and normalization may fully determine the various
eigensolutions and eigenvalues. Instead of sin (¢x1) + by cos (¢x1), one can use
exp (ilx1) + by exp (—ifx1); similar replacements can be employed in the other
factors of (C.1).

The solution of the Laplace equation V2¢ = 0 is obtained immediately by
setting £ = 0 in (C.1).

C.1.2 Cylindrical Coordinates z, ¢, @

Y (r) = Z Apn [sinh(mz) + by, cosh(mz)] [sin(ng) + ¢, cos(nd)]

[ (V) e (VRS . (02

In the first factor of the rhs of (C.2) one can use instead of sinh(mz) +
b, cosh(mz) the sum e™* + b/ _e~"™#. Similarly, in the second factor one can
use e"? 4 ¢/ e~ 1"?, Finally, in the last factor one may use

HD (w) = J,(w) + iy, (w)

1 For the definition and properties of the most common special functions see [1].
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and/or
HP (w) = Jy(w) - 1Y (w)

instead of J,, and Y,,, where w = vm? + k2p. Recall that

Jn(w)ﬁ%, w—0, n#*-1,-2..., (C.3a)
1
Yo(w) — —=I'(n)(w/2)™™, w—0, Re{n}>0, (C.3b)
™
2
Yo(w) - —Inw + const., w — 0, (C.3¢)
T
HY (w) — iei(w*"”/%”/‘l) , W — 00, (C.3d)
Tw
HP (w) — 4/ ie*i(“’*"”/z*”/‘” , W—00. (C.3e)
Tw

Thus, Y,,(w) blows up for w — 0; H,(ll)(w) and H,(f)(w) represent for w — oo
outgoing and ingoing waves, respectively, while for Im {w} > 0, Hr(bl)(w) and
a? (w) blow up as w — 0.

The solution of the Laplace equation, V2¢ = 0, is obtained by setting k = 0
in (C.2). The solutions of the Helmholtz equation in 2-d polar coordinates, ¢
and g, are produced by setting m = 0 in (C.2). Finally, for the solution of the
Laplace equation in 2-d polar coordinates, we must take m = 0 and k& — 0 so
that

o(r) = Z Ay, [sin(ng) + ¢, cos(ng)] (0" + dno™™)
n#0
+Ao(1+dolnp) . (C.4)

C.1.3 Spherical coordinates r, 6, ¢

Y (r) = Z Apm (€™ + bype™™?) [P/ (cos 0) + com Q)" (cos )]
m

X [je(kr) + deye(kr)] (C.5)

Q7 (cos 0) is singular for # = 0 and 0 = ; similarly, P;"(cos#) is singular for

0 = 0 and # = 7 unless ¢ is a nonnegative integer. Thus, ¢4, must be zero

and ¢ must a nonnegative integer if § = 0 or 7 is included in the problem.
The spherical Bessel functions, je(w) and y,(w), are defined by the rela-

tions
. s
Je(w) = |/ 3Ty ()

’LUZ

N
1x3x---x(20+1)

asw — 0, (C.6a)
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) =[5 Yia s 0)

1 ceex (201
- — ><3><we+><1( ) asw — 0. (C.7a)

In a similar way we define the spherical Hankel functions hél) (w) = jo(w)+
iye(w) and hf) (w) = je(w) — iye(w), which represent outgoing and ingoing
spherical waves, respectively.

For problems covering the full range of values of ¢ (0 < ¢ < 27) and
0 (0 <6 <), com must be set equal to zero, £ must be a nonnegative integer
for the reasons explained above, m must be an integer running from —¢ to +¥¢,
and the first two factors in brackets on the rhs of (C.5) are then represented by
the spherical harmonic Yz, (0, ¢) [not to be confused with the Bessel function
Y, (w)] given by (A.11) in Appendix A. The set {Yz, (0, ¢)} is an orthonormal
complete set of functions over the whole surface of the 3-d unit sphere.

The solution of the Laplace equation, V2¢ = 0, is obtained by taking the
limit ¥ — 0 in (C.5) and using (C.6a) and (C.7a):

r) = Z A, [eim¢ + bme_imﬂ
X [P} (cos 8) + com Q)" (cos 6)] (re + d}/r“l) . (C.®)

If ¢ and 0 cover the full range of their values, then the first two factors in
brackets on the rhs of (C.8) must be replaced by Y., (0, ¢), as given by (A.11).
C.2 Vector Derivatives

We shall conclude this Appendix by giving the formulae for some vector deriva-
tives in spherical and cylindrical coordinates.

C.2.1 Spherical Coordinates r, 8, ¢
8¢ 1 81/1 1 3_¢

grady (r) = Vi (r) = Z2ir + ~ =50 om0 96 (C.9)
divA(r) =V-A(r)
_19 > 1 9 1 044
B _28_( Ar) + rsin 6 90 (sin6Ao) + rsinf 0¢ (C.10)

SR A S R N T
V¢(r)—r2ar " or +r251n989 06 +rzsin208¢2' (C.11)
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C.2.2 Cylindrical Coordinates z, g, ¢

oY oy, 10y,

grady (r) = Vo (r) = 55 + 8_ng + Ea_qé% . (C.12)
A () = LA 10 104
divA(r)=V-A(r) = P + 200 (0A,) + 200 (C.13)
0% 10 o 1 0%y
2 _ - -7 -
V) =g 0do (90@> 0% 0¢% (0.14)
C.3 Schrodinger Equation in Centrally Symmetric
3- and 2-Dimensional Potential V'
h? _,
—— VX +Vip=Ey. (C.15)
2m
For the 3-d case we write
vir) = "Dy, 0,0), (©16)
and we obtain
K2 d2u R2e(0+1)]
(r x p)2 = —h%(rx V)2
IR N R )
=h Lin?e 92 T moos \"n05 )| - (GITD)
(7 X P)* Yo (6, 6) = B*E(L + 1)V (6, ) , (C.17¢)

where Yy, (0, @) is given by (A.11); in particular,

Yio(6, ) = it/ 2{; L py(cost) . (C.17d)

Equation (C.17a) is a 1-d Schrédinger equation with an effective potential
consisting of the actual potential V(r) plus the centrifugal part; the latter
equals the eigenvalue, h2((¢ + 1), of the square of the angular momentum,

T X p, over twice the “moment of inertia” mr?2.

For the 2-d polar coordinates we write

¥ (r) = R(e)2(¢) , (C.18)

and we obtain ‘ ‘
B(¢) = ™ + be” I (C.19a)
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and

d’R  dR 2mE  2mV(p)
7R dft _ oo _
0 40 +ng —&—R[( 2 2 )g n} 0. (C.19b)

If V(o) is a constant such that E —V > 0, we define k? = 2m(E — V) /h?
and (C.19b) becomes the ordinary Bessel equation with solutions J,,(k¢) and
Y. (ko) [see (C.2) for m = 0].

If V(o) is a constant such that E — V < 0, then we define —k? =
2m(E —V)/h?, and (C.19b) becomes the modified Bessel equation with solu-
tions I, (ko) and K, (ko) satisfying the following relations:

—inm/2 . _ < 9
L (w) = { e I (lw), T <argw < 7/2,

S (w),  w/2 <argw < T ; (C.20)
1Iei"”/QH,(Ll)(iw), - <argw < 7/2,
Kn(w) = 2i7r
—Ee_i"”/QHff)(—iwL /2 <argw <. (C.21)

Other useful properties of I,,(w) and K, (w) are given in [1].
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Analytic Behavior of G(z) Near a Band Edge

The Green’s function G(z) can be expressed in terms of the discontinuity
G(E) = GT(E) — G~ (FE) as follows:

G(z) = i/_w dEfE—E; . (D.1)

The derivative of G(z) is obtained by differentiation under the integral. Inte-
grating by parts we obtain

i~ G(E)
= — dE D.2
27 /_ w 2—E’ (D:2)
where the prime denotes differentiation with respect to the argument. In ob-
taining (D.2) we have assumed that G'(E) exists and is integrable and that
G(E)/E — 0 as |E| — oo. By taking the limits Im {2} — 0% and using (1.20)
we obtain

G*(E) = %P /_OO dE’S(_E; + %@(E) , (D.3)
d , G/ (E") Ll
SGH(E) = 5 / 1 B+ a ), (D.4)

where one can show under the above assumptions that

G'(z) iGjE(E) .

—
Im{z}—0* dF
We would like to connect the behavior of G(z) and G'(z) as z — Ep with
the behavior of G(E) around Ejy. One can prove the following theorems [15]
about F(z) given by

F(z)= x /OO dxM = T @) ) . (D.5)

21 J_o Z—x 27 x—z
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Theorem 1. If f(x) satisfies the condition
1F (1) = f (@2)] < Alay — wl" (D6)

for all x1 and x2 in the neighborhood of xg, where A and p are positive con-
stants, then

|F(21) = F(22)| < A |21 — 20" when p <1, (D.7)

and
|F(21) — F(2)| < A' |21 — 2|'™° when p=1, (D.8)

for all z1 and z in the neighborhood of xoy and Im{z1} Im{z2} > 0; A’ is
a positive constant and € is an arbitrary positive number.

Inequalities (D.7) and (D.8) are valid as one or both of z; and 2, reach the
real axis either from above or from below. Thus, e.g.,

|FT (z1) — F" (22)| < A'|wy — 22" when p <1, (D.9)
with a similar relation for F~(z1) — F~ (z2).
Theorem 2. If f(x) is discontinuous at x = xg, i.e.,
f(zg) = flag) =D #0, (D.10)

but otherwise f(x) satisfies condition (D.6) for both x1 and zo being either to
the left or to the right of xq, then

Fl) = %m( L ) + Fyz) (D.11)

where Fo(z) satisfies (D.7) or (D.8).

Theorem 3. If f(xz) behaves around xq as

f@) = folx) + fi(2)f (2 F xo) [£x F 0], (D.12)
where fo(x) and fi(z) satisfy condition (D.6) and 0 <y < 1, then
P = I g (D.13)

- T 2isin(yw) (2 F o)
where (&2 F z0)” " is the branch that coincides with the branch (£x F xq) "
in (D.12) as z approaches x from the upper half-plane and

C

Q)| <
B2 < g

(D.14)

where C' and ~y are positive constants such that vy < 7.
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The above theorems allow us to obtain the analytic behavior of G(z) near
a band edge. Thus:

(a)

When G(E) goes to zero as (E — Eg)* (u > 0) near the band edge Ep,
then, according to Theorem 1 above, G(z) and G*(FE) are bounded in the
neighborhood of Ep. The derivatives G’(z) and G¥ (E) can be obtained
using (D.2). Since G/(E) behaves as (E — Ep)*~! inside the band and
near the band edge, then, according to Theorem 3 above, the quantities
G'(z) and GE'(E) behave as (z — Eg)*~! and (E — Eg)*~! as z and E
approach Ep. For a free particle in 3-d, u = 1/2.

When G(E) goes to zero in a discontinuous way at the band edge (as in
the 2-d free-particle case), one can apply Theorem 2 above. Consequently,
G(z) and G*(FE) exhibit a logarithmic singularity as shown in (D.11).
When G(E) behaves as |E — Ep|™" with 0 < 4 < 1 in the interior of the
band and near the band edge Ep, then, according to Theorem 3 above,
G(z) and G*(E) behave as (z — Eg)~" and (E — Eg) ™7, respectively. For
a free particle in 1-d, v = 1/2.




E

Wannier Functions

For many purposes it is useful to introduce the Wannier functions. The Wan-
nier function associated with the band index n and the lattice site £ is defined
as [27,28,30]

1 k-
wy, (1 —€) = \/_Nzk:e Kl (1) (E.1)

where 1, (7) are the Bloch eigenfunctions given by (5.2). The Wannier func-
tions wy, (r — £) are localized around the lattice site £.

The functions w, (r —£) for all n and £ form a complete orthonormal
set; thus any operator, e.g., the Hamiltonian, can be expressed in a Wannier
representation. It may happen that the eigenenergies associated with a par-
ticular band index ng are well separated from all the other eigenenergies. In
this case the matrix elements of the Hamiltonian H between wy,, (r — £) and
wy, (r — m), where n # ng, may be much smaller than |e,, — €,,|. Then these
small matrix elements to a first approximation can be omitted, and the sub-
space spanned by the states w,, (r — £), where £ runs over all lattice vectors,
becomes decoupled from the rest. Let us assume that the band ng is associated
with a single atomic orbital ¢ (r — £) per atom; then, the set {wy, (r — €)} is
nothing other than an orthonormalized version of the set {¢ (r — £)}. If the
latter is assumed to be orthonormal, then the Wannier functions wy,, (r — €)
and the atomic orbitals ¢ (r — £) coincide. However, in general, the Wannier
functions are hybridized atomiclike orbitals that possess two important fea-
tures: completeness and orthonormality.




F

Renormalized Perturbation Expansion (RPE)

Consider the tight-binding Hamiltonian H = Hy + H1, where

Ho =3 16)e ] (F.1)
£

Hi =V 18) (m] | (F.2)
m

and the summation in (F.2) extends over nearest-neighbor sites only. If we
consider Hj as the unperturbed Hamiltonian and H; as a perturbation, we can
apply the formalism developed in Chap. 4. Thus we have for G(z) = (2 —H) ™!

G =Gy + GoH1Gy + GoH1GoH1Go + - - -
or

G (6,m) = Go(&,;m) + Y Go(£,n1) (n1|Hy|n2) Gy (nz,m)

ning

+ Z Go (K,’I’ll) <n1 |H1 ‘n2> Go (n27n3)

X <n3 | Hl ‘ ’I’l4> GO (’I’l4, m)
4o (F.3)
It is clear from (F.1) that Go (n1,n2) = 8,0, Go (n1), where Gy (n) is
1
Go (n) = . (F.4)

Z—En

Similarly, (ny | Hy | ne) is different from zero only when ny and no are nearest
neighbors. Hence (F.3) can be simplified as follows:

G (€, m) = 8¢.mGo (£) + Go(£)V G (M) Sg.rmy1
+> Go (@) VGo (n1) VGo (m) + - . (F.5)
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One way of keeping track of the various terms in the expansion (F.5) is to
consider all possible paths in the lattice starting from site £ and ending at
site . with steps connecting one lattice site with a nearest-neighbor site.
There is a one-to-one correspondence between the terms in (F.5) and the set
of all such paths. Each term in (F.5) can be obtained from the corresponding
path by calculating a product according to the following rules. (1) For each
lattice site m (including the initial £ and the final m) visited by the path,
include a factor Go(n). (2) For each step from one site to a nearest-neighbor
site, include a factor V. Thus, the contribution to G (£, m) corresponding to
the path shown in Fig. F.1 is

Go (é) VG() (’I’ll) VGO (’I’lg) VGO (’I’ll) VGO (nz) VGO (m) .

The most general path starting from £ and ending at m can be con-
structed by “decorating” a “skeleton” path. The latter is a self-avoiding (no
site is visited more than once) path starting from £ and ending at m; the
“decorations” consist of closed paths starting from and ending at sites visited
by the self-avoiding path. The skeleton path in Fig. F.1 is the self-avoiding
path £ — n; — ny — m. There is one decoration n; — ny — my at site ny
giving an extra factor G (n1) V2G (ns); the same decoration can be consid-
ered as associated with site ny [being ny — n; — mng and giving an extra
factor G (n1) V2G (n2)]. Because of this ambiguity one must be careful not
to count the same decoration twice. The above remarks allow us to perform
a partial summation. Consider the subset of all paths whose only difference
is the decorations starting and ending at site £. The contribution of all these
paths is

VG() (nl) cee VGO (m) Z s
P

where )", is the sum of all the decorations of site £, i.e., the sum of the
contributions of all paths starting from and ending at €, which equals the
Green’s function G(£,£). Thus, one can omit all decorations of site £ if at
the same time one replaces Go(€) by G(¢,£). The same is true for the next

Fig. F.1. A path starting from site £ and ending at site m involving five steps
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site i1, but with one difference: decorations of site n; that visit site £ must be
omitted because these decorations have been included already as decorations
associated with site £. The decorations at site m; can be omitted if Go(n,)
is replaced by G (n1,n1 [€]), where the symbol [€] denotes that in evaluating
G (n1,m1 [€]) the paths visiting site £ must be excluded. This exclusion is
obtained automatically if one assumes that e, = oo [because then Gy (€) = 0].
Hence, G (1,14 [£]) is the nq, 1y matrix element of H with e, = oo. Similarly,
all the decorations at site mo can be omitted if at the same time one replaces
Go(n2) by G (ng,ns[€,n1]), where the symbol [£,n;] denotes that both e,
and €, are infinite. This way one avoids double counting decorations passing
through mno that have been already counted as decorations associated with
site £ or site my. As a result of these partial summations one can write for
G (e,m)

G(t,m)=> G, VG(ni,n [€))V
x G(ng,n2 [£,n1))V--- VG (m,m[l,ni,ng,...]) ,(F.6)

where the summation is over all self-avoiding paths starting from £ and ending
at m, £ - n; — ny — --- — m. In particular, for the diagonal matrix
elements G(¢,£) we have

G(£,£) =Gy (£) + ZG(K,Z)VG (n1,n )V ---Go(£) , (F.7)

where again the summation extends over all closed self-avoiding paths starting
from and ending at £. The last factor is Gg (€) because all decorations of the
final site £ have already been counted as decorations of the initial site £.
Equation (F.7) can be rewritten as

G(£,£) =Gy (£) + G(£,£)A(£) Gy (€) , (F.8)
where A (£) is called the self-energy! and is given by
AW)=> VG (ny,m [f)V---V. (F.9)
Equation (F.8) can be solved for G(£,£) to give

_ Go () _ 1
TG (OA(:) -y 010

G(L,¢;z2)

The last step follows from (F.4). Equation (F.10) justifies the name self-
energy for A (€). The expansions (F.6), (F.7), and (F.9) for G (£, m), G(£,£),
and A (£), respectively, are called the renormalized perturbation expansions
(RPEs), [388,445,446]. Their characteristic property is that they involve sum-
mation over terms that are in one-to-one correspondence with the self-avoiding

! The name self-energy is used in the literature for different quantities depending
on the forms of Ho and H;.
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paths in the lattice. The price for the simplification of having self-avoiding
paths is that the factors associated with lattice sites are complicated Green’s
functions of the type G (n,n [€,ny,...]). These Green’s functions can be eval-
uated by using again the RPE. One can iterate this procedure. Note that for
a system involving only a finite number of sites, the summations associated
with the RPE involve only a finite number of terms. The iteration procedure
terminates also, since with every new step in the iteration at least one ad-
ditional site is excluded. Thus, the RPE iterated as indicated above gives a
closed expression for the Green’s functions of a system involving a finite num-
ber of sites. For a system having an infinite number of sites the terms in each
summation and the steps in the iteration procedure are infinite; thus for an
infinite system the question of the convergence of the RPE arises.

The RPE can be used very successfully to calculate Green’s functions for
Bethe lattices. For the double periodic case shown in Fig. 5.11, we have for
the self-energy A(f)

A(l) = (K + D)VEG(+ 1,0+ 1[4)) (F.11)

since there are only K + 1 self-avoiding paths starting from and ending at
site ¢ (each one visiting a nearest neighbor). The quantity G(¢ + 1,¢ + 1[¢])
can be written according to (F.10) as

1
z—epp1 — AL+ 1[4)
Using the RPE, the self-energy A(¢ + 1[¢]) can be written as
A(+1[0]) = KV2GU 42,0+ 2[ +1]) . (F.13)
We use K and not (K + 1) since the self-avoiding path involving site £ is
excluded. By combining (F.12) and (F.13), we have
1

Gl +1,0+1[0) =

(F.12)

(41,04 1[0) = ' F
G0+ 1,0+ 1) z—er1 — KV2G(0+ 2,0+ 2[0 + 1]) ()
Similarly,
1
Gl +2,0+2[0+1]) = (F:19)

2z —eppo— KV2GU+3,0+3[(+2])
Because of the periodicity shown in Fig. 5.11, G(¢ + 3,£+ 3[{ + 2]) = G(¢ +
1,0+ 1[¢]). Thus (F.14) and (F.15) become a set of two equations for the two
unknown quantities G(€+ 1,¢+ 1[¢]) and G({+ 2,0+ 2[(+1]) = G(¢, ([¢ + 1]).
By solving this system we obtain
G+ 1,0+ 1[])

(=) (z—22) = V(z—e1) (z —22) [(z — 1) (z — £2) —4KV?]

= F-l
2K (2 —e441) V2  (F.16)

G(L, €[ + 1))

_(z—e1)(z— €9) — \/(z —e1)(z—¢e2)[(z—e1) (2 —e2) —4KV?]
B 2K (z —eg) V2 )

(F.17)
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Substituting in (F.11) and (F.10) we obtain for G(¢, ) the expression given
in (5.57) and (5.58).

For the calculation of the off-diagonal matrix element, G(¢, m), one can
apply (F.6). For a Bethe lattice there is just one self-avoiding diagram con-
necting site ¢ with site m; G(¢ + 1, ¢ + 1[¢]) has already been calculated, and
Gl +2,0+2[¢,£+1]) equals G(£+ 2, ¢+ 2[¢ +1]), which has been evaluated.
These two quantities alternate as we proceed along the sites of the unique
path connecting ¢ with m. Thus one obtains the expressions (5.59a), (5.59b),
and (5.60) for G(¢,m).

We mention without proof two theorems concerning products of the form

P=G¢£,L )G (ni,n[€];z)

xG (ng,na[€,n1];2)---G(m,ml,n;,ny...];z2) .

The first states that

1G5

P=— (F.18)
[1G-E)
J
where { E¢} is the eigenenergies of H with sites £, n1, ng, ..., m removed, i.e.,
€0 = Epy = En, = -+ = Em = 00, and {E}} is the eigenenergies of H. The
second theorem states that
P = det{G}, (F.19)

where G is a matrix with matrix elements G(s,r,z), where both s and r
belong to the set {£,n1,n4,...m}.




G

Boltzmann’s Equation

The function to be determined by employing Boltzmann’s equation (BE) is
the density, f (7, k;t), of particles in phase space, defined by the relation

dr d?k

where dN is the number of particles in the phase space volume element d%r d%k
around the point r, k at time ¢. In what follows, we shall assume that the spin
s = 1/2. Since we specify both the position, r, and the (crystal) momen-
tum, hk, it is clear that we work within the framework of the semiclassical
approximation.

If there were no interactions among the particles or collisions with defects
and other departures from periodicity, the total time derivative, df/d¢, would
be equal to zero according to Liouville’s theorem

df _of 0f dr  9f dk _

ot Tor o @ (G-1)
However, because of collisions with defects and particle interactions, the rhs
of (G.1) is not zero but equal to (9f/0t),, where the subscript ¢ indicates any
kind of collision or interaction.

The simplest expression of (0f/0t), is through the introduction of a phe-
nomenological relaxation time 7:

of I =Jo it
-] ~- =-—— 2
( ot ) . T T’ (G2)
where fy is the form of f in a state of thermodynamic equilibrium,
1
fo(ex) = (G.3)

exp [B(ex — )] +1"7
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the chemical potential u is determined by the condition

2/drdk JZ‘;E;’;) =N,

and f1 = f — fo. More realistic choices for (0f/0t),, do exist. For example, if
the particles are fermions and if the only collisions are elastic scatterings by
static short-range defect potentials, then we have

of (rkit)\ ak’
( ot )f” / @n?
(] (RSO [ F (ks D] — F kst [L— J (m K50} Q (koK) (GA)

where @ (k, k') is the probability per unit time that a particle of initial
wavevector k will find itself with a wavevector k' after a collision. We as-
sume that Q (k, k') = Q (k’,k) as a result of time reversal. According to
(4.48)

Q (k, k') = NipWiesor = Qi (21/1) | (k| T | K'Y * 8 (e — £},)

where nimp = Nimp/ {2 is the concentration of the scattering centers and T is
the t-matrix for each of those centers. The rate for the process k/ — k is also
proportional to the occupation, f’, of the state k' and to the availability, 1 — f,
of the state k; the same is true for the rate of the inverse process, k — k',
which enters with a minus sign since it reduces the magnitude of f (v, k;t).

In (G.1), dr/dt = v and dk/dt = h='q(E + v x B/c), where E and B
are the imposed electric and magnetic fields, respectively, and ¢ is the charge
of the carrier (—e for electrons). Hence

2 %—(%+%> : (E+%xB)7f1q

ok At~ \ ok ' Ok
_ (2% ek | 0K v -1
_(85k8k+6k) (B+5xB)0
_oh 4 9h
—qagkvk E+ch ok (v X B) . (G.5)

In the last relation we have used the fact that (9e/0k) - (v x B) = 0, since
Oey/Ok = hv, and we have omitted the term (9f;/0k) - Eh~1q, since it is
of second order in E (taking into account that f; is of first order in E). In
calculating quantities as the conductivity that represent linear response to F,
there is no need to keep terms of higher order than the first in E.

If we take into account that € = £}, (since the collisions are elastic) and,
consequently, fo (ex) = fo (ex), (G.4) becomes

(—8f (g’tk;t))c -of % [ (K t) — fi (r ks )] Q (koK) . (GL6)
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If the fields E and B are taken as constant, the density f(r,k;t) does not
depend on r and t and the linearized BE takes the form

q 0f fr _ 0fo
oh Ok (’Uk, XB)+ - = —q v E (G?)

[if we make the simplest assumption (G.2) for the collision term], and the
form

2O B+ 0 [ S 0~ A ()] QK K)
- _qg_ﬁv,c.E (G.8)

if we use the more realistic expression (G.6).
We examine first the case of no magnetic field, B = 0. Equation (G.7)
gives immediately the solution

AT o
€k
while the more realistic case (G.8) may again admit a solution of the form
(G.9) [in view of the rhs of (G.8)] with an energy-dependent 7, 7 (¢4), which
can be obtained in terms of Q (k, k). Indeed, taking into account the form of
f1 (k) and that the direction of E is arbitrary, we find

T(eg) 2 {vk/(;iTk)/dQ (k. k') — / %Q (k,k')vk/} = v . (G.10)

Since two of the three terms in (G.10) are proportional to vy, the third term,
J (dk’/(2m)?) Q (k, k') v, must be proportional to vy. Hence, by analyzing
Vi t0 vy = (Vi /vk) v cosf and to vis 1, we see that only vy makes
a contribution to the third term; the angle 6 is between k and k’. Furthermore,
if ey, is isotropic, then v = vg and

7 (ek) .Q/ (;iTk)/dQ (k,k')(1 —cosf) =1. (G.11)

Taking into account the expression for @ (k, k') and the fact that

dk’  dero(e,)dO

(2m)3 4
we find
i 2
L 27, ) Mimef? /do|<k\T(5k)\k’>|2 (1-cosd), (G.12)
7 (k) h 47

which coincides with (8.22) by setting e, = Ep and T = 27T.
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Assuming that (k) = h2k?/2m*, we have that

( ) m*2v
€)= —5=
ek 2m2h3
and -
4m°h* do
kT (e1) | K| = —.
1T (&) IR = 22
Substituting these expressions into (G.12) we can recast it as follows:
1
— = UNimpOtr
Ttr o
or )
—— = NimpOtr , (G12I)
gtr

where v = 0¢(k)/hok and £y, = v,

We return now to the case where there is a nonzero magnetic field, B,
whose direction is taken as the z-axis. We assume further that the collision
term is given by (G.2) and (G.12). Instead of the triad k,, ky, k., we shall
use the triad ¢, ey, k., where the phase ¢ = ¢(t) + ¢ is given by the formula

¢ = o(t) + do = wet + o ,

and w, is the cyclotron frequency, w. = |¢| B/m*c (in SI w, = |¢| B/m*).
In the new variables only ¢ changes with B:

o (kY _0fi (36\ __ o
k- (E>B‘ 99 (at)s“”cw o
Substituting (G.13) into (G.7) we have
w Oh K = —q%'mE . (G.14)

‘00 T Oek,

This equation can be solved by employing Green’s function techniques (Prob-
lem 8.8). The solution is

0 ¢ r_
fi @ eioks) = L (‘a_i) [ aven (oi ¢

Assuming that e, = h?k?/2m*, we have that

)'v (¢ enk.) - E . (G.15)

&k = (Tf’; ) dgderdk, .

Substituting this last relation into the expression for the current density,

3
i=2 / %vm (k) |
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and taking into account (G.15), we find for the conductivity tensor in the
presence of magnetic field the following expression:

2 *
q dfo m
Oij = —4773h2 /d&'k (_8_%> /dkz e

<[ " as / Ooo d6'vi(6)u; (&) exp (¢'_¢) . (G16)

WeT

Notice that both v;(¢) and vj(¢’) depend also on e; and k.. For metals, where
—0fo/0er = 8 (e, — Er), (G.16) becomes

2 m* 2m 0
oij = %/dkz—/ qu/ d¢'vi(¢)vj(p+¢') exp (¢ Jwer) , (G.1T)
473 i we Jo oo
where ¢ = —e for electrons.

Equations (G.16) and (G.17) are known as Shockley’s tube-integral formu-
lae and constitute the basis for calculating the magnetoresistance tensor.
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Transfer Matrix, S-Matrix, etc.

We shall consider first a 1-d model described by the hermitian Hamiltonian
‘H =Ho + H1, where

2 32
Hoz—:—m% (H.1a)
and
0, <0,
Hi=<¢ V(z), O0<z<L, (H.1b)
Vo, L<ux,

with Vj being constant and V' (x) an arbitrary real function of x.
The eigenfunction(s) corresponding to the eigenenergy E (where E > 0
and E > Vp) is (are) of the form

Ajexp (ikiz) + Brexp (—ikiz) , =z <0, (H.2a)

V) = { Agexp (ikex) + Boexp (—ikez) , L <z, (H.2b)

where k1 > 0, ko > 0, E = h%k;/2m, and E = Vo + h%k3/2m.

If we know the solution in the region z < 0, we can obtain, in principle,
the solution everywhere (since ¥ obeys Schrodinger equation). Hence, both Ay
and Bs are linear functions of A; and Bj:

Ay = aAy + By, (H.3)

where the coefficients « and 3 are functions of E, Vj, and L and functionals
of V(z).

Since the Hamiltonian is hermitian, there is time-reversal symmetry, which
means that ¢*(z) is also an eigensolution with the same eigenenergy as that

of ¥(x):

Texp (—ikiz) + By exp (ik1z) , <0, (H.4a)

Vi) = { Ajexp (—ikoz) + Byexp (ikpz) , L <.  (Hdb)
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Comparing (H.4) with (H.2) we see that the former results from the latter by
the substitutions Ay — B}, B1 — A}, Ay — Bj, and By — Aj. Hence, (H.3)
with these substitutions is transformed into

B} = aB} + BA; (H.5)

or
B2 = O[*Bl + ﬂ*Al . (HSI)

Combining (H.3) and (H.5’) we can write in matrix form
A\ Aq
(BQ>_M(Bl>, (1.6)

v (52 (1.7)

M is the so-called transfer matriz. The advantage of this matrix is that it
allows us to transfer our knowledge of the solution from the region z < 0 to
the region = > L.

Furthermore, in the case of more complicated Hamiltonians consisting of
alternating regions of constant and varying potentials, we can propagate the
solution by repeated applications of relation (H.6), which is equivalent to the
multiplication of consecutive transfer matrices.

The coefficients « and [ of the transfer matrix are related to the transmis-
sion and reflection amplitudes. Indeed, if By = 0, then we have an incoming
wave coming from the left; then the transmission amplitude, t3; = t2.1, equals
the ratio A3/A; and the reflection amplitude, r1; = By/A;. From (H.5") we

where

have that e
By
- (= S i H.8
T11 <A1> Bo=0 «oF ’ ( )
since By = 0. Using (H.8) and (H.3) we find that
Az jaf* — |8
2 ( A1> B2=0 a* ( 9)

Similarly, if the wave is coming from the right, we have that 4; = 0, and then
the reflection amplitude is ros = As/Bsy, while the transmission amplitude
ti2 = tio = B1/Bs.

From (H.5") we have

B1 1
tio = [ = = —. H.10
y (&)mwa* (H.10)

Combining (H.10) and (H.3) we find

(A2 B
e <B2>A1—o S ar’ ()



H Transfer Matrix, S-Matrix, etc. 371

We can express a and (3 in terms of the transmission and reflection am-
plitudes by employing (H.8), (H.9), (H.10), and (H.11):

1 to1

a=_—=—21 (H.12)
tha  1—|rul
t *
p="22___tam (H.13)
t12 1 —|r]

Conservation of probability, i.e., conservation of the number of parti-
cles, provides another relation between a and 3, since the flux in the left,

ky (|Al|2 - |Bl|2)7 must be the same as the flux in the right, kg( |As]? —

|Bg|2 ) By setting By or A1 equal to zero we have, respectively,

B (1=1rnl) = kel (H.14)
B (1= Iraal”) =k Jtazl (H.15)
We have
Irul® = Rt ,
raa|” = Roa
(:-i) ltor|? = o,
and

=1 =T
<k2>| 12] 12 5

where Ry1 and Rgs are the reflection coefficients from the left and the right,
respectively, and T»; and T35 are the transmission coefficients from the left and
the right, respectively. Thus (H.14) is equivalent to Ry + T = 1 and (H.15)
to Rog + Th2 = 1. Comparing (H.8) with (H.11) we find that |raa| = [r11].
Hence

R11 = R22 and T21 = T12 . (H16)

Dividing (H.14) by (H.15) we find that

tn® _ K2
|t12|2 k3’

which, in view of (H.9) and (H.10), leads to

o2 — 152 =M (H.17)
ko
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To simplify the notation, we introduce current amplitudes fli,Bi, (1 =
1,2), related to the corresponding wavefunction amplitudes A; and B; by the
relations

Ai = \/U_zAl and Bz = \/U_zBu (Z = 172) )

where v;, (i = 1,2) is the velocity hk;/m in segment i. Then, the current
reflection and transmission amplitudes are defined by ratios of Bs and As,
analogous to (H.8), (H.9), (H.10), and (H.11). As a result, #;; = 4, but

~ (o Vi ~
tij = U_Z‘tij and tij = ’U_J'tij . (H].S)
J 1

In terms of the fij, the transmission coefficient T}; is given by

Ty = &, (H.19)
Similarly, (H.14) and (H.15) simplify to
1— |l = ‘fji‘Q (H.14")

Furthermore, (H.6) becomes

(5)=5(5) ol

where )
(& B\ v2 [« 1]
M= <B* 64*) - v <ﬁ* a*) s (HQO)
ie.,
a=,2a, B=,/25. (H.20")
V1 U1

Then, in terms of the hatted quantities, (H.8)—(H.11) remain valid. Finally,
matrix M is unitary, MM =1, which implies that

B =1 (H1T)

We shall define another matrix, called the S-matriz, which relates the
outgoing waves to the incoming waves. As we shall see, the S-matrix is the
1-d analog of the S-matrix we defined in Chap. 4:

(2)=5(5) (=2



H Transfer Matrix, S-Matrix, etc. 373

It follows immediately (by setting either By or A, equal to zero) that

G— (™ t:12> H.22
(tzl 722 ( 8)
1 5 o
— 2|/ 2\ s | H.22D
& <|a|2— E )ﬂ (H.220)

Of special interest is the case where Vjy = 0; then the ratios of current am-
plitudes and wavefunction amplitudes are identical. Since the perturbation H;
is confined within the finite region (0, L), the reflection and transmission am-
plitudes can be found by employing (4.31)

(@|y) = (@|k) + (| GgT | k)

1 k
= =M Y (2| GI|K)K|TH ), k>0, (H23)
VL m 0

where, taking into account (3.32), we have
1
(z|GY|K) = /dac' (x| G| 2"y (2| k) = i /dx'Gar(a:,x') exp (ik'z")

\/_ th /dac exp (ik |z — 2'|) exp (ik'2’) . (H.24)

For the transmission amplitude, we must choose x > L, which implies
x> «’. Then, substituting (H.24) into (H.23), multiplying by v/L, and per-
forming the integration over 2’ [which gives 276 (k — k')], we find

VI(z) = e** <1 + ﬁzk

<kyT’+yk>> ., T'=LT. (H.25)

Hence
tor =14 G§ (z,2) (k| T"" | k) | (H.26)

where G (x,x) = —im/h*k = —i/hvy, (vy is the velocity) and
(kT k) = /dx'dm” exp [ik (z' — 2")] (a" | T*|2") . (H.27)

Choosing & < 0, which implies |z — 2’| = 2’ — x, we find for the reflection
amplitude, r11, the following expression:

ri1 =G (z,2) (k| T | k), (H.28)
where

(k| T | k) = /dm’dx" exp [ik (¢ + ") (a" | TT |2') . (H.29)
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Similarly, we find

tio =1+G{ (z,2) (=k|T'"|-k) , k>0, (H.30)
ros = G{ (v, 2) (k| T |—k) ,  k>0. (H.31)
Equations (H.26), (H.28), (H.30), and (H.31) are the 1-d analog of (4.46).

Quite similar expressions to those in (H.26)—(H.31) for ¢21, 711, t12, 22,
and S are valid for a 1-d TBM with

<€|H0 | m> = EQSZm + Vv (1 — ng)
and

Lo
Hi=> [0)ec (]
=1

(pa being equal to the length L). Combining (5.31) and (5.17), and taking
into account that vy = 0Ey/hok, instead of
Fpa) = L

Colo:0) =~ 3k = "o

we must set . .
i i
Gi )= —————c=——.
0 (60 Bsin(ka)| hvg

In the limit & — 0, vy — hk/m*, where m* = h?/Ba?, B = 2|V|. Further-
more, we have

(k|| k) =Y el (m|TH |0y, k>0,  (H32)
,m

(=k|T k) =Y e m (m Tty k>0,  (H33)
,m

(=k|T | =Ky =Y e % im | T ), k>0, (H34)
,m

(k|T | —k) =Y e *allbm) (m | T (), k>0. (H.35)
,m

The transfer matrix for V5 = 0,

M:M:M(O):<§if*) :

was associated with the potential V' (z) placed between 0 and L. If the same
potential is rigidly transposed by a length L so as to be located between L
and Lo + L, then the transfer matrix would be M (Lg). To find the relation
between M (Lg) and M(0), it is sufficient to introduce a new coordinate z’ =
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x — Lo; then A;e'*® would become Aj exp (ikLg) exp (ik2’), Bie™** would
become Bj exp (—ikLg) exp (—ikz’), and so on.

The potential between Lg and Lo + L expressed in terms of z’ is exactly
equivalent to the potential between 0 and L expressed in terms of . Hence, the
quantities Asexp (ikLg), B2exp (—ikLg) and A; exp (ikLg), Biexp (—ikLg)
are connected through M (0):

Az exp (ikLo) '\ _ Aj exp (ikLy)
(BQ exp (—ikLOO) > = M) <B1 exp (—ikLOO) > : (H.36)

By introducing the V = 0 transfer matrix for length Lg:

Mo (L) = (eXP ((i)kLo) ot EikLO)> 7 (H.37)

(5) =20 (5)

M (Lo) = Mg (Lo) M(0)Mo (Lo) - (H.38)

(H.36) becomes

with

Equation (H.38) allows us to propagate easily the solution along a linear chain
consisting of alternating segments of V.= 0 and V' (z) # 0 as shown in Fig. H.1.
Indeed, we have the recursive relation that, by repeated application, connects
Apt1, Bnyi to Ay, By:

(5t) = 845 (B a0 (1) (57 ) = M 20 57

Bn+1

——
A1, By Az, B2 An, Bn An+1, Bnt1

Fig. H.1. A 1-d potential of alternating segments where V(z) # 0 and V(z) =0
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= Mg (Lyn) Mn(0)Mo (L) Mg (Ly—1) Myp—1(0)Mo (Ln—1) - -
-+ Mg (L2) M2(0)Mo (L2) M:1(0) <g1)
= Mg (Ln) Mp(0)Mo (L, — Ly—1) My—1(0)Mo (Ly—1 — Ln—2) - -

A
“++ Mo (L3 — L2) M2(0)Mo (L2 — L1) M1(0) <Bi) . (H.39)
If the system is periodic with period a, the result is
A, N h K A
<Bni> = M ((n - 1)a) {M] M(0) <Bi) , (H.40)
where . . .
- eika 0 B eika el aﬁ
M = < 0 eika) M(O) - (eikaﬂ* eikaa*) . (H41)

For piecewise constant potentials it is more convenient to define and em-
ploy an alternative transfer matrix connecting 9 (x) and ¢’(z) at the arbitrary
point z to 1(0) and ¢’(0). Indeed, if between z,, and z,4+1 (n = 1,2,...) the
potential is constant, equal to V,,, we have

( () )
V()
= (—/EZ Zl[ﬁrfk(f (@ f"ai]n)] S“éi’i’fkf (z f’ﬁ%f ") ($ ((i’;)> ) | (H42)

where x, < x < xp11 and h%k2/2m = E — V,.
The continuity of ¥ (z) and ¢’(z) and application of (H.42) give

<$/((xw))) = Ny (& = 20) Npoy (20 — 2pm1) X -

% N (w2 — 1) (w(“)) , (H.43)
where

Ne(xos1 — xo)

_ ( cos [ke (ze41 — @¢)]  sin [k (w1 — 0)] /kl)
—kg sin [kz ($z+1 — xg)] COS [kg ($z+1 - xg)] ’

(=1,....n—1, (H.44)
and x, <z < Tpi1.
We can easily connect matrix N (L) with matrix M defined in (H.6), as-
suming that V' (z) is a constant, V(x) = V. Indeed, since
Ag exp (ikaL) + Byexp (—iko L) = (L) ,
ikQAQ exp (leL) — ikQBQ exp (—lkgL) = 1/)’([4)
Ay + By = ¢(0),
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and
ik1 Ay — ik By = 4'(0) ,
we have
A2 exp (lkzL) + BQ exp (—1]{}2[/)
iszQ exp (lkzL) — iszQ exp (—1]{}2[/)
[ exp(ikoL) exp (—ikoL) Ay
o ikg exp (leL) —ikg exp (—1]€2L) BQ
_( cos(¢L) sin(¢L)/q 1 1 Ay
~ \ —gsin(gL) cos(qL) iky —iky By )’
where h2 k2 h2 k2 h2 2
E = 1 = 2 = q .
2m 2m +Vo 2m v
Hence

_ i ([ —ikyexp(—ikoL) —exp (—ikoL) 11
M= 2]€2 ( —ikz exp (lkzL) exp (lkzL) N(L) lkl —lk'l . (H45)

In electromagnetism, a transfer matrix analogous to that in (H.42) is quite
widespread (see, e.g., the book by Born and Wolf [447], pp. 5-70). For a wave
propagating in the z-direction normal to consecutive films each of constant
permittivity € and permeability p, the role of ¢ (z) is played by E,(x) (as-
suming that the EM wave is linearly polarized with the y-axis chosen in the
direction of the electric field) and the role of ¢'(x) by H,(x), since

OE, ipw

b A ad * 8

Ox c
and

O, _ iwe

ox ¢ Y7
Then, the electromagnetic analog of (H.42) is

Ey(z)\ _ Ey ()
(Hz(ac)> =N (z—xz) <Hz () ) (H.46)

where

cos[kn (x —xn)] iznsin [k, (2 — 25)]

N(z—z,) = (H.47)

i sin [k, (x — x,)]  cos[kn (x — )]

In (H.46) and (HA7) 2,, <z < Zp41, 2n = \/in/En is the surface impedance
of a film of constant permittivity and permeability bounded by the planes
x =z, and & = Tpt1, and ky, = wy/Enfin/c.
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Equation (H.47) can be easily generalized to the case where the angle of
incidence is 6 and not zero as in (H.47). Then for a TE wave (i.e., one with
E, =E, =0), (HA47) is still valid if k, is replaced by ¢, = ky cosf and z,
by t, = zn/ cosf; for a TM wave (i.e., one with H, = H, = 0), the relation
between Hy(z), —E.(z) and Hy (z,), —E. (z,) is still given by (H.47) with
the replacements k,, — ¢, = ky, cosf and z, — s, = 1/z, cosf (see the book
by Born and Wolf [447], pp. 51-70).

Further Reading

Because of its wide applicability, the subject of transfer matrix is treated
in several books, starting from an elementary level and extending to various
generalizations. For an introduction similar to the one presented here see the
books by Landau and Lifshitz [12], Merzbacher [13], and Born and Wolf [447].

For a more advanced level see the review paper by Kramer and MacKinnon
[376] and the recent book edited by Brandes and Kettermann [381], especially
pp. 21-30.
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Second Quantization

There are several ways to introduce the formalism of second quantization. Here
we shall follow a field-theoretical approach that unifies both the Schrédinger
and the classical wave case. For the latter case, second quantization is of
critical importance, since it introduces the particle aspect of the wave/particle
duality; for both cases this formalism is very convenient for treating systems
of many interacting or noninteracting wave-particles, because it incorporates
naturally, among other advantages, the generalized Pauli principle.

We consider first the Schrodinger equation describing the motion of a single
particle in an external potential,

( §t+—v2 V)w(r,t)zo, (L.1)

and the wave equation

1 092
<V2 - ?ﬁ) u(r,t)=0, (1.2)

where u (r,t) is a real field.
Equations (I.1) and (I.2) can be derived, respectively, from the Lagrangian
densities [19,29]

0= ihp*y — h—zw* Vi — Vp* | (1.3)
1
= 262u - = (Vu) , (I.4)

by applying the principle of least action, which leads to the basic equation

YA N VAR ol
96 o ; B2, 0(00/02,) (5)

where the dot denotes differentiation with respect to ¢t and ¢ stands for v, ¥*
or for u; x1, x2, and z3 are the three cartesian coordinates of 7.
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Substituting (I.3) and (I.4) into (I.5) we obtain (I.1) (or its complex con-
jugate) and (1.2), respectively.

The field momentum conjugate to the field variable ¢ (¢ = v, ¥* or u) is
obtained from the general relation

ol
= —. (1.6)
¢
We obtain for the field momenta conjugate to ¥ and u, respectively,
=i | (I.7)
U

The Hamiltonian densities are obtained from the general relation

h:Zm].ﬁ—E; (1.9)

the summation in (1.9) is over all independent fields ¢ [¢, ¥* in case (1.3),
or u in case (I.4)]. We obtain by substituting in (I.9) from (I.7), (I.8) and
(I.3), (1.4), respectively,

ih i
h = 5 (V7r) (V) — ﬁVmp , (1.10)

h = ;CTF + = (Vu) : (L.11)

The most general solution of (I.1) and (I.2) can be written as a linear
superposition of the corresponding eigensolutions. Thus we have

Zanwn r)exp (—iE,t/h) , (1.12)

u (7, t) \/_Z{Pk exp [i (wit — k- 7)]
+Ngexp [—i(wit — k-7)]} (1.13)
where
h2
2m

and w, = ck. For V.= 0, ¢ = %' 7/ and E, = h*k?/2m. Note that
n (I.13), in contrast to (I.12), there are two terms for each k, one associated
with the positive frequency wy and the other with the negative frequency —wy.
This feature is a consequence of the second-order (in time) nature of the wave
equation. Note also that as a consequence of u being real, we have the relation

Py =N} . (1.14)
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Substituting (I.12) and (I.13) into (1.10) and (I.11), taking into account (1.7)
and (I.8), and integrating over the whole volume (2, we obtain the total energy
of the system in terms of the coefficients a,, or Py, and Ny, respectively. We
have explicitly

H = Za;;anEn , (1.15)
2
H = Z g (Nj Nk + N Ny) (1.16)

We can rewrite (I.16) by introducing the quantities

ka
= —N I.l
bre ez Ve (1.17)
as follows: )
=3 > hwr (bibe + brbi) - (1.18)
k

A general way to quantize a field ¢ is to replace ¢(r,t) by an operator
o(r,t) that satisfies the commutation relation

d(r,t)m(r' t) F (e’ t)p(r, t) = ihd(r — '), (L.19)

where the upper sign corresponds to the case where ¢ describes bosons (i.e.,
particles with integer spin) and the lower sign corresponds to the case where ¢
describes fermions (i.e., particles with integer plus 1/2 spin).

The field u, being a classical field, corresponds to integer spin and as
such is associated with the upper sign in (I1.19). The field ¢ may describe
either fermions (e.g., electrons) or bosons (e.g., He* atoms). The operator
@(r,t) commutes (anticommutes) with ¢(r',t); similarly, w(r,t) commutes
(anticommutes) with (', ¢). Combining this last statement with (1.19) and
expressing everything in terms of 1 or u, we have the equal time commutation
(anticommutation) relation

P ' ) F T e t) =8 (r — 1) |
(e, )Y(r', ) F (' t)e(r,t) =0,
Wi )t ) F 9T gl (r, ) = 0, (1.20)
u(r, t)a(r’,t) —a(r’, tyu(r,t) = ihc®d (r —r') |
u(r, tyu(r',t) —u(r’ tyu(r,t) =0,
a(r, tyu(r’ t) —alr’' t)a(r,t) =0, (1.21)

where the quantity ¢*, which is the complex conjugate of 1, has been re-
placed by the operator 1!, which is the adjoint of the operator 1. Since 1
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and u became operators, the coefficients a,, and by, are operators obeying cer-
tain commutation (or anticommutation) relations. To find these relations we
substitute (1.12), (I1.13), and (I.17) into (I.20) and (I.21). After some straight-
forward algebra we obtain

anal, F aIL,an = Onn’
ApnQp! F Qp/Qp = 0 )
aLaL, F aL,aL =0, (1.22)

bibl — blbr = kg
brbg — babre = 0,
bibl — bkl = 0. (1.23)

By right-multiplying the first of equations (I1.22) by a,, setting n’ = n, and
taking into account that the operators af a,, are nonnegative, we find that af a,,
has the eigenvalues 0, 1, 2. .. if the upper sign is taken and the eigenvalues 0, 1
if the lower sign is taken. Similarly, the operator b};bk takes the eigenvalues 0, 1,
2,.... For this reason the operator a;flan or b;‘cbk is called the number operator
and is symbolized by n, or ng; its eigenvalues show how many particles we
have in the state 1, () or how many quanta have been excited in the mode k.
The previous proof implies that the operator a,, or by annihilates a particle or
quantum from the state [¢,,) or |k); similarly, we can show that af or b}; creates
a particle in this state. These operators can be used to create a complete set
of states starting from the vacuum state |0), i.e., from the state that has no
particle or quanta. Obviously,

an|0) =0, (L.24)
b [0) = 0. (1.25)

All the one-particle states can be obtained by applying the operator a} (or bL)
to |0, i.e., al |0) (or b;‘c |0)), where the index n (or k) takes all possible values.
By applying two creation operators we can construct the two-particle states,
and so on. Note that the correct symmetry or antisymmetry of the state is
automatically included in this formalism.

We can define different sets of operators {a,} and {al} depending on
which complete set of one-particle states {1, } we choose. Let us have another
complete orthonormal set {¢,,} to which a different set of operators {a,}
and {al } corresponds. Taking into account that

m) =) (n|m)n) .

n

and that |m) = af, |0) and |n) = af |0), we obtain

al = Z (n|m)al (1.26)
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from which it follows that
Ay = Z (m|n)an, . (1.27)

Usually, the set {1} is: (1) The position eigenstates |r); (2) The momentum
eigenstates |k); (3) The eigenstates of the Hamiltonian —A%2V?/2m + V. Of
course, when V' = 0, set (2) is identical to (3). Let us apply (1.27) when the
set {|m)} is the set {|r)} and the set {|n)} is set (3) above. We obtain

=Z<r\n>anzzwn(r)an;

comparing with (I.12), we see that a, = v¥(r,0), i.e., ¥(r,0) [T(r,0)] is an
annihilation (creation) operator annihilating (creating) a particle at point r.
Similarly, ¥ (7,0)% (7, 0) is the number operator at point 7, i.e., the number
density operator (or concentration) o(r)

o(r) = ¢t (r,0)9(r,0) . (L.28)

The relation between the operators ¢ (r), ¥f(r) and a, aL is, according to
(L.26) and (L.27),

o(r) = Z<r\k ak—\/_Ze"’“ ", (1.29)
/d3 (k|r)e /d?’re ke (1) . (1.30)

All the operators can be expressed in terms of creation and annihilation op-
erators. We have already seen that

o(r) =9t (r)y(r) .

Hence, the total number operator is
N = /d?’er (MY (r)=> afax . (1.31)
k

The last relation follows with the help of (1.29). The kinetic energy operator
is obtained by setting V' =0 in (I.10) and integrating over r:

= h—;/vwfvwd?’r __7 /d?’mpfv?w Z

The second step follows by integrating by parts the first expression; the last
expression is obtained with the help of (1.29).

The potential energy in the presence of an external potential V' (7) is ob-
tained by integrating over r the second term on the rhs of (I.10). We have

Ve, = /v Yol (r r—/V (1.33)

akak (1.32)
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as was expected. The operators g, N, T, and V, involve the product of one
creation and one annihilation operator. This is a general feature for operators
that correspond to additive quantities. On the other hand, operators involving
summation over pairs of particles (such as the Coulomb interaction energy of
a system of particles) contain a product of two creation and two annihilation
operators. For example, we consider the interaction energy

1
‘/i = 5%:11(7‘1',1‘]') .

This expression can be written in terms of the density g as follows:

Vi 5 [ et oty (L34)
using (1.28) we obtain
Vi = %/d?’rdg’r'wT ()T () v (e, ) ()P (r) . (1.35)

Note that in our derivation of (1.35) there is an uncertainty in the ordering of
the four creation and annihilation operators. One can verify that the ordering
in (I.35) is the correct one by evaluating the matrix elements of V; among
states with a fixed total number of particles [20,448].

The total Hamiltonian of a system of particles interacting with each other
via the pairwise potential v(r, ') and placed in an external potential V (r) is
given by

H=T+V.+V;, (1.36)

where the quantities T, V., and V; are given by (I1.32), (1.33), and (I.35),
respectively.

Note that the Hamiltonian (I.36) cannot be brought to the form (I.15)
because of the presence of the interaction term V;. Furthermore, the field
operator ¥(r,t) does not satisfy the simple equation (I.1). There are two
ways to find the equation obeyed by 1: (1) by applying the general equation
(I.5) with £ containing an extra term —V; or (2) using the general equation

at - [¢’ H] b
which leads to
0 AV
gy + g~ V()] v
- / Bt (e, ) 9T (7, 8) ) (¢, 6) ) () (137)

with a similar equation for ¥f(r,¢). For the particular but important case
of a system of electrons moving in a positive background (to ensure overall
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electrical neutrality) and repelling each other through v(r,r’) = €?/|r — 1’|,
the total Hamiltonian H can be expressed in terms of a;rc, ag as follows:

HZ

We can also express various operators associated with the field u(r,t) in terms
of the field operator u(r,t) or in terms of the operators by and bJr To be more
specific, we consider the particular case of the longitudinal v1brat10ns of an
isotropic continuous solid. In this case, each operator bL creates a quantum
of a plane wave longitudinal oscillation that carries a momentum equal to hk
and an energy equal to hwg. This quantum is called a longitudinal acoustic
(LA) phonon.

The theory we have presented for the field u(r,t) requires some modifica-
tions to be applicable to the longitudinal vibrations of a continuum; the reason
is that the latter are described by a wvector field, namely, the displacement,
d(r,t), from the equilibrium position; since we are dealing with longitudi-
nal vibrations, it follows that V x d = 0. The various quantities of physical
interest can be expressed in terms of LA phonon creation and annihilation
operators as follows (for detailed derivations see [20]). The displacement op-
erator, d(r,t), is

h k ‘ ,
s 2 i —i(wrt—k-7r) _ 3t i(wxt—k-7) I
! - 2w 82 k {bke bie ] ’ (1.39)

where p is the constant equilibrium mass density. The conjugate momentum,

m(r,t), is

od hwio k
il =egr =2\ 30 1

(bk exp [—i (wxt — k- 7)) + b exp [i (wpt — k - r)]) . (1.40)

o
akak+ 29 Z 7 ak+q p—qQpQk - (L.38)
k,p,q#0

The Lagrangian and Hamiltonian densities are

(= %gdz - %B (V-d)*, (1.41)
_ 1 2 1 2
h=g,m + SB(V-d)” (1.42)
where
B = oc? (1.43)

is the adiabatic bulk modulus, B = —£2(0P/012)s, and c is the speed of sound

in the medium. The Hamiltonian expressed in terms of bL, br has exactly the
form (I.18), which can be rewritten as

1
H=>hwy <bLbk + 5) (1.44)
k
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by taking into account (I1.23). Equation (I.44) means that the phonons are non-
interacting. If the harmonic approximation is relaxed, the Lagrangian (1.41)
will contain extra terms involving powers of V -d higher than the second.
Since d is a linear combination of b;rc and by, these third- and higher-order
terms will add to the Hamiltonian (I.44) an H; that will involve terms of
the form bibgbp, bhbgbp, bLbibp, and bLb}bY and terms involving four, five,
etc. creation and annihilation operators. Thus the term H,; represents compli-
cated interactions among the phonons, and as a result the equation of motion
(I.2) is modified; the new equation can be found from (1.5) with ¢ containing
whatever anharmonic terms are present.

In a solid there are interactions between the electrons [which are described
by the field 1 (r,t)] and the longitudinal phonons [which are described by
the field d(r,t)]. It is customary and convenient to describe the longitudinal
phonons through the scalar field ¢(r,t), which is defined as

o(r,t) =cy/oV-d. (I.45)

Substituting in (1.45) from (1.39), we obtain for the phonon field ¢(r,0) the
following expression:

o(r,0) = Z 1/ % (b};e_ik"" + bkeik'r> ; (1.46)
k

the summation over k is restricted by the condition k < kp, where kp is the
Debye wave number: kp = (672N, /02)*/3, where N, is the total number of
atoms. This restriction ensures that the degrees of freedom in our isotropic
continuum are equal to the vibrational degrees of freedom of a real solid. In
terms of the fields ¢ (r) and ¢(r) the electron—phonon interaction Hamiltonian
is [20]

T / Erpt (1) ¢ (1) d () | (147)
where 22
- T ZQ .

z is the valence and M is the mass of each ion, m is the mass of the electron,
and kg is the Fermi momentum of the electron gas. If the various interactions
discussed up to now are included, the total Hamiltonian H; of an electron—
phonon system can be written as follows:

He=He+Hp+Heo+Hyp+Hep, (1.49)

where He, Hp, He—e, and H_p are given by (1.15), (1.44), (1.35), and (1.47), re-
spectively; H,_, contains terms involving the product of at least three phonon
creation and annihilation operators, as was discussed above; H,. can be writ-
ten also as the sum of (1.32) and (I.33). The time dependence of the operators
¥(r,t) and ¢(r,t) can be obtained from the general relation
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LO0(rt)
ih—p— =W (0, M, (1.50)
po0(r.t) _

If the interaction terms were absent, (1.50) would give (1.12) and (I1.51) would

give
o (r,t) = E — (b expli(wit — k-7)]
—\ 20 (bhexp i
+ by, exp [—i(wkt—k-r)]) . (L52)

We shall conclude by expressing some common electronic and phononic
operators in second quantization language.

Electronic Hamiltonian Including the Spin Variable o(o = £1)

h2
He +Heoo = ;/drwz_ (r) [—%VQ +V (1“)} P (1)
320 [ar [arul @l o) v ve @), ) 15
Total Electronic Momentum

P=>" / drip, (r) (—ihV) ) (r thakoaka . (1.54)

Electronic Current Density

h

J(r) = 5= W) Ve (r) = (VoL (1) v ()] (1.55a)
_ % Z 0 (k+ 2 of, anrqo (L55D)

k,q,0

Total Electronic Spin Density

Sr) = ZW Joo Yo (1) (L56a)
= m . qz ,eiq-ra;rcg(d)gg/ak+q70/ , (1.56b)

where o is the vector whose cartesian components are the three Pauli matrices.
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In a discrete periodic lattice, the atomic (or ionic) displacement vector,
dr(t), is characterized by the index R (which determines the primitive cell
in which the atom is located) and the index v (which specifies the atom
within the primitive cell R). The eigenmodes are characterized by the crystal
momentum g and the branch index s (s = 1,2,3,...,3p), where p is the
number of atoms in each primitive cell. By introducing the abbreviations @ =
q,s and x = R,v,i (where i = 1,2,3 denote the three cartesian coordinates
of dr ,t), we have

d(z,t) = \/LN % 1/ —QZ\jWQ [wQ(x)e*intbQ + w*Q(m)einth?} ’ (157)
\/__% Z h]\;]y;‘ﬂ@ [wQ(m)efintbQ _ w*Q(x)einthQ] . (158)

Q
bo = \/_Z l\/ de ,0) + i\/im;)(x,())] wh(x), (1.59)

1 M2uwq [ _
bg i ; l Shil d(z,0) —1i QHMWQ;D(J:,O)] wg(z); (1.60)
1

Hy =Y hwg (bng + 5) :
Q

where M, is the mass of the vth atom, N is the total number of atoms in the
solid, M = Y"_, M, /p, wo(x) = €,;,g 7" B satisfies the equation

Ml,w qu (R, v,1) ZD,,W i (@) wqs (R, l/,il) ) (L.61)

v'i!

and p(z,t) = M,d(z,t) is the ith cartesian component of the momentum of
the atom v located at the R primitive cell. The harmonic potential energy, U,
in terms of the displacement dgr . ;, is given by

U=Uy+ % S°SS druiDois (R— R dge (1.62)
R,R' v, it
and
I/’L v z’ Z DV’L v z’ —1q R . (163)

The eigenmodes wg(z) are orthonormal in the following sense:

Z Mywzg(x)wQ/ (l‘) = M()SQQ/ 5 (1.64)
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where My = NM is the total mass of the solid; they satisfy also the complete-
ness relation

ZwQ = 8p0r - (1.65)

If there is only one atom per primitive cell, equation (1.57) simplifies to

d(R,t) \/_Z,/2qus [eqs expli (g R — wqst)]bgs

o5 ©XP[—1 (g R — wgst)bl,] . (1.66)

which reduces to (I1.39) by setting ¢ = k, s =longitudinal only, e, = —ik/ |k|,
and NM = pf2.




Solutions of Selected Problems

Chapter 1

1.1s. We start with the relations

£¢m = /\m(bm ’ (2)
where A\, # A, We multiply (1) by ¢*, and (2) by ¢, and we integrate
[ Gnntondr =, [ 6 0nar 3)
fo) 7
/ o Lopdr = )\m/ oF ddr . (4)
fo) o)

By taking the complex conjugate of (4) and employing the hermitian nature
of £ we find

[/Q qbflﬁqudr]* = /qufnﬁqbndr = )\m/ﬂ¢:‘n¢ndr. (5)

In (5) we have used the fact that the eigenvalues of a hermitian operator are
real [for a proof set n = m in (3) and then take its complex conjugate].
Subtracting (5) from (3) we have

o — ) /Q 65 Gdr = 0. (©6)

Thus, if A\, # Am, then ¢, and ¢, are orthogonal. By incorporating an
appropriate constant multiplying factor in the definition of ¢,, ¢, we can
always have that

/ﬁ%w=l (7)
N

for every n.
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Now, if A, = A, while ¢,, # ¢, with [, ¢F dpdr # 0, we can always
choose a new eigenfunction ¢/, = ai¢, + aa2¢,, associated with the same
eigenvalue \,, = \,, such that

/ Grddr = aq + 0[2/ Ok dmdr =0, (8)
2 (93
and
L/<ﬁ;¢%dr:ﬂaﬂ2+ﬁaﬂ2+oﬁa2/m¢2¢mdr+o§a{/)¢;¢ndr::1.(%
(9] 2 (9]

Thus, by appropriate selection of a; and g, we can impose orthonormality
even in the case of degenerate eigenvalues. O

1.2s. By definition, a set of functions {¢,} is complete if any well-behaved
function v defined on (2 and satisfying proper boundary conditions can be
written as a linear combination of ¢, s:

Y (r) = ch¢n (r) . (1)

By multiplying by ¢F,, integrating over r, and taking into account the or-
thonormality of the set {¢,}, we determine the coefficients {c;, }:

Aﬁmwzg%éﬁ%wz%. (2)

Substituting (2) into (1) we have

v = [ {Z b (') b <r)}¢<r'>dr'. (3)
For (3) to be true for any function v, the kernel
> O (1) dm (r)

must be equal to 8 (r —r’). O

1.3s. The true meaning of (1.20) is the following:

B
lim Lx,)dm
y—0+ J4 T Eiy

= lim l _a@dm—i—/B f(x)dac

a—0t A T x

Fin [def(@d@), ()

where A < 0 < B, and f(z) is any function well behaved in the interval [A, B].
The limit of the expression in brackets on the rhs of (1) is denoted by
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B B
T x
P / udx or by ][ de
A X A X

and is called the principal value of the integral.
The lhs of (1), before taking the limit y — 0%, can be written as follows
by multiplying the numerator and the denominator of the integrand by = Fiy:

A xEiy A T2 +y? a T2 4y?

According to (A.2a) of Appendix A, the limit of y/ (x2 + y2) asy — 07 equals
78(z). Hence the imaginary part of the lhs of (1) equals the imaginary part
of the rhs of (1). Let us examine now the real part of the lhs of (1). We have

—Q o

B B
/ del(ey) = [ del@y)+ [ del(e,y)+ / del(z,y), (3)
A A —« @

where I(z,y) = zf(z)/ (z* + y?). In the first and third integral of the rhs of
(3) we can take the limit y — 07 and thus recover the expression in brackets on
the rhs of (1). In the second integral of the rhs of (3) and in the limit oo — 0T,
I(z,y) can be replaced by zf(0)/ (2® + y?) since f(z) is well behaved in the
whole interval (A4, B). Hence, we have

(0% [e3 T

lim dzl(z,y) = f(0) lim de——— =0. (4)

a—0t J_q a=0t J_q Z‘2+y2

Thus the real parts of the two sides of (1) are equal to each other as well. O

1.5s. The state of a classical point particle moving in a d-dimensional real
space is fully determined by fixing the d-component position vector r and
the d-component momentum vector p, i.e., by giving the corresponding point
in phase space (the latter is the combined 7, p space). Thus, the number of
states associated with a region of phase space, although classically infinite,
is proportional to the volume of that region (the dimension of this volume
is action to the dth power). Quantum mechanics, because of Heisenberg’s
uncertainty relation, 8x8p, > h/2, sets an absolute minimum, (ch)?, to the
volume of phase space (c is a numerical constant). Hence, to the elementary
volume (ch)? corresponds just one state and to the volume drdp correspond

drd
E M

states. To determine the numerical constant ¢, it is enough to consider a free
particle in a 1-d real space of total length L as L — oco. Without loss of
generality we can impose periodic boundary conditions:

¥v(0)=v(L), (2)
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where v is the eigenfunction,
Lok

P(z) = Tfel °, (3)

of momentum p = hk. Because of (2) we have
L=1= kL =2n¢, (= integer. (4)
Thus, the allowed values of k are
27
k[ = f‘g 3
with a spacing between consecutive eigenvalues equal to 27/L. As a result,
the number of states in an interval 8k equals
Ok L Lép

— = "8k =="2. 5

2n/L 2w 2rh (5)
Hence the constant ¢ in (1) equals 27, and the final formula for the number
of states in the phase space volume element drdp = h%drdk is the following:

drdp drdk
hd  (2m)d (©)
For a uniform |4 (r)|?, integration over dr gives
Ndk

for the number of states associated with the k-space volume element dk and
the whole real space volume, 2.

Notice that (6) and (7) are valid not only for plane waves but for Bloch
waves as well, i.e., for wavefunctions ¢ (x) of the form

() = u(w)e™ (8)

where u(z) is a periodic function with the same period as the potential acting
on the particle. For these wavefunctions, (4) is valid, which implies (5), (6),
and (7). O

1.6s. The normalized eigenfunctions of the operator, —d?/dz?, in the domain
(0,1) with BC ¢,,(0) = ¢,(1) = 0 are obviously

dn(z) = V2sin(nmz) ,n=1,2,3,... . (1)

Hence, according to (1.13), the Green’s function G(z,a’;z) is given by the
following sum:

sin(nmx) sin(nrz’)
=2 Z : 2
G(z,2';2) P (2)

The second method of calculatlon gives G as the sum G*°, the Green’s
function satisfying the same inhomogeneous equation in the infinite domain
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(=00, 4+00), plus the general solution, ¢, of the corresponding homogeneous
equation

d2
(z + @) ¢(x) =0. (3)
Equation (3) gives for ¢(z)
d(x) = Ae!VZ" 4 Be VE | (4)

Taking into account (1.55) and the BC for G(z,2’; 2) = G™(x,2'; z) + ¢(x),
we obtain two linear algebraic equations for A and B:

ei\/Eml

2) = —— +A+B=
G0,2';2) =0 = 21\/24- + 0, (5)
iVE(1—a")
G(1l,2'52)=0= VS + Ae'V* + Be 0. (6)
Solving the set of (5) and (6) we find
A= iSiI’l [\/Z(l — xl)] B = iei\/z Sin(\/Zm’) (7)

2\/zsiny/z 2\/zsiny/z

Substituting A and B from (7) into (4) and adding ¢(x) to G*° we obtain
after some algebra

_sin W(;sfﬁ]j? (V=) — —(1-a)a', o <z.(sh)

The reader can easily prove that expression (8) satisfies (3) for 0 < z < 2’ and
for 2/ < x <1, exhibits a discontinuity equal to 1 in the derivative (dG/dx)
at z = 2’ [which is equivalent to d2G/dz? = §(x —1')], and satisfies the BC at
x, 2’ =0, and z,2’ = 1. Thus (8) gives indeed the requested Green’s function
in closed form.

According to the third method of calculation, we find the Green’s function
separately in the regions 0 < z < 2z’ and 2’ < z < 1 together with the
corresponding BC. In these regions the Green’s function satisfies (3), which
together with the BC gives

Glz,2;2) =

C(z')sin (vzz) | r<a, (9a)

Gl { Dl)sin[Va(l—x)] . a'<w. (o)

The unknown quantities C(z') and D(z’) are determined by the continuity of
G at z = 2/, which implies

C(z')sin (vza') = D(2') sin [Vz(1 — 2')] (10)
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dG da
(E)I_W - <£)x_y =1. (11)

Equation (11) is obtained by integrating (1.1) over z,

and the relation

(z + %) G(z,2'2) = 8(x — '), (12)

once from 2’ —a to '+« as a — 07; one more integration of (11) leads to (10).
Taking into account that G(z,z’; z) remains invariant under interchanging x
and z’, we conclude that (10) implies that

C(z') = Asin [Vz(1 — 2')] (13a)
and
D(2') = Asin (Vza') . (13b)
Substituting (13a) and (13b) into (11) we determine the constant A:

1
A=——r——. 14
Vzsin/z (14)
Combining (14), (13a, 13b), and (9), we end up again with (8) for G(z, x’; 2).
To find the sum °°°, (a? +n?) ", we equate the two expressions for
G(z,2';z) [(2) and (8)], set = 2/, and then integrate over x from 0 to 1. We
then find

\/_cot\/_ = Z z—n27r2 . (15)

Setting z = —72a? in (15) we have
| 1 2
1;1 m = ﬁ [—1 + aT COth(OZﬂ')] aj()) F . (16)

If we choose z = 2/ = 1/2 in both (2) and (8), we obtain

815581\1/1_\;% N 2; z— TL27T2 ’ (17)

where the prime in the sum indicates that only odd values of n are involved.
Taking the limit z — 0 in (17) we have

> == (18)
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1.7s. The solutions of the 2-dimensional Helmholtz equation, (z + V?2) ¢ = 0,
in polar coordinates are given by setting m = 0 in (C.2) of Appendix C:

where n is an integer, since ¢ covers the whole range [0,27]. The BC of
¥ (@), being finite at the origin, excludes the presence of the other Bessel
function, Y,,. The BC at ¢ = a, ¥(a, ¢) = 0 implies that

Jiny (VZa) = 0. (2)

Let us call the roots of Ji,(z) = 0, Aym, m = 1,2,3,.... It then follows
from (2) that
)\2

2
a
Hence the eigenfunctions we are looking for are of the form

where the constant A,,, is determined from the normalization condition,

/w;m () Yum (@) 0dodp =1,

which, in connection with the relation!

1
/0 dxl&hm(&l‘)ﬂm(ﬂl‘) = %Saﬂ [J‘nHl(a)]Q s if J‘n|(a) = J‘n‘(ﬂ) =0 y
(4)

1 1
Anm N \/;a Jn+1 (Anm) ’ (5)

Taking into account (3) and (5) and combining the &+ |n| terms, we have
[according to the basic formula (1.13)]:

gives

G(Q, 9"2)
_ (Anmo/a) Jn( Mm@’ /a) cos[n(p — ¢')] 6
a2 nzzlmzzl Jﬁﬂ (/\ ) [ - nm/a)z] ( )

Jo (Aomo/a) Jo (Aomo'/a)
mZ T2 (o) |2 = (o /0)’]

! See the GR table of integrals on p. 672 of [11].
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Combination of the Fourth and Third methods

In 2-dimensional polar coordinates the delta function & (@ — @’) can be written
as

— 1 1 oim(¢—¢)

> 55(9—9)6 - (7

m=—0oo

1 1

8 — / = —8 — 0 8 — & = —
(e—¢@') ’ (0= 2)8(¢—¢) = 5
We shall express the Green’s function we are trying to determine as

oo

1 o

Gle.dia) =5 D gmle ¢ z)em (=) (8)
m=—oo

In the regions 0 < p < ¢ and ¢ < p < a, G satisfies the homogeneous

equation (z + V?) G = 0, and consequently gn, is given by Bessel functions:

(0.02) = 1 Am (¢',2) Jm (Vze) , 0<o<d (92)
IO TN B 2) L (Vzo) , d<eo<a (9b)
where
Lo (v/20) = I (/30) — emYin (V32) (9¢)
such that L,, (v/za) = 0, which implies
o = T (V2a) [Yin (Va) (90)

In (9a) we have excluded Y;, (1/z0) because it blows up for ¢ = 0. The invari-
ance under interchanging ¢ and ¢’ and the continuity of G (g, @'; ) at 0 = @’
lead to the relations

A (¢'s2) = DinLin (Vz0') (10a)
B (¢'s2) = Dindm (V20') (10b)

where D,, is a constant depending only on m. By integrating the singularity
8(0o—0') /o from ¢ — a to ¢’ + « in the limit « — 0T, we transform it to
a discontinuity 1/¢ at the point ¢ = ¢’. Thus

(dg_m> _ (dg_m> _ b (11)
de o=0'" de o=0"" 0

Substituting (9a), (9b), (9¢), (9d), (10a), and (10b) into (11), we determine
D,,:

1
D,, =
/ _ / - _
cmg\/z [JmYm JmYm]Q:Q’ CmQ\/z( 2 )
Toz

T
_ 12
2 (12)
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where

J = [%} e Yo = {d?\}//;@)]g_gf ;

use was made of the fact that the Wronskian

W { T (V70), Yo (VZ0)} = JYs — T Yo = szg .
Thus
(0.d) = { Im (Vz0) Km (Vzd') . o<, (13a)
gm e e Im (Vz0") Km (Vz0) , ¢ <o, (13b)
where
Kn(o) = [ Vole) = F0520 10 (13¢)

The case a = oo (meaning that the BC at infinity is such that the Green’s
function describes an outgoing wave) is obtained by replacing K,,(z) by

—(177/2)H,511) (x). Notice that the case @ = oo cannot be obtained from (13c) by
taking the limit a — oo since the BC G (g, ¢’; 2) = 0 implies the existence of
a reflected ingoing wave in addition to the outgoing. Formally the K, (z) can

be transformed to — (im/2) Hr(r})(x) by replacing Yy, (v/za) /Jm (\/za) by i. The
case a = oo has already been obtained in closed form in (1.48). Comparing the
two expressions (1.48) and (8) combined with (13a) and K,, — (—iw/Q)H,(,il)
we have

——H ' (Vzle—@|) =

i i gm(o-o) o [ Im (VZ) H (VEe) . e<d (14)
4~ m(\/‘g)an)(\/’gL o <o
Knowing (14) allows us to use the second method for the calculation of

G, ie., G = G + 1, where ¢ is the general solution of the homogeneous
equation (z + V2) 1 = 0; ¢ according to (1) has the following general form:

i ™) 1. (Vz0) - (15)

Hence the Green’s function G is given by [taking into account (14)]

_ I im(e—e
G—4Ze ( )

m

T (VZ0) — Ju (VZO) HY (VZ0) , 0<d
Im (VZ0) = Jm (VZ0) HY (VZ0) , o <o.



400 Solutions of Selected Problems

To satisfy the BC G = 0 for o = a, we must have

n Hn (vza)
A = T (Vz0') T (Vza) (17)

We substitute (17) into (16) and find, taking into account that HY = Jo +
iYo,,

Apdin (Vz0) = Jm (Vz0) HY (Vz)
= —i|v (o) - 2WED 5 )] g (vE0)

| T (v/za)

= K (VE0) Jn (VEO) . o< (18)
Ao (VZ0) = I (Vze') HSD (Vo)

= —%Km (Vzo) Jm (VZd'), & <o. (19)

Substituting (18) and (19) into (16) we find the same expression as the one
obtained by combining (8) with (13a).

The reader may verify, by taking the limit 2 — 0 in (13a, 13b, 13¢) and
using (C.3a-C.3c) of Appendix C, that the Green’s function satisfying the
relation V2G = 8 (0 — ¢') and the BC G = 0 for ¢ = a is given by

[ E (-0 e

e S (2] v

m=1

The above function, multiplied by —4m, gives the electrostatic potential, 1,
of a line unit charge located at the point (¢’,¢’) inside a hollow grounded
metallic circular cylindrical shell of radius a. 0O

1.8s.
First method by employing the eigenfunctions of —V?

The eigenfunctions of —V? satisfying the BC at r = 0 and r = a are of the
form

fném - An@mnm (97 (b) j@ (\/?T) ) (1)

where vz'a = Mg, and jy (\en) = 0, i.e., 2/ = N2, /a®.
The coefficients A, are determined from the normalization condition

/ P Fatmdr = 1., (28)
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or

a 2
Anm/ drr? |jo (VZ'r
om |, arr® fie (V27
1 3
= 240 [ o e en)? = A i Q) = 1. (2b)
0

Hence, according to (1.13), the Green’s function is given by

G(r r';2)
O = Vi (0, 0)Y7 (0,8 e Nenr/a) je (Aent’ Ja)
— . 3
ZZ,,; 1 Qe [z — (A2, /a2)] ®)

Combining the Third and Fourth methods

Following the corresponding approach in 1.7s and taking into account that
d(r—7) Z Yim (0, 0)Ye, (0,¢) (4)

we expect G (r,7'; 2) to be of the form

je (Var) ke (Var') . r <7, (5a)

G(T,T ;Z) - ;nm(07¢)ntn (0 7¢ ) { Je (\/27”/) ke (\/ZT) ’ r' < Ty (5b)

where
ke(z) = de[je(x) — coye()] (6a)
and
Equation (6b) implies that
_ Je(V/za)
“ Ve "

Using (C.11) with G in the place of ¢ in connection with (C.17b) and (C.17c¢)
we find

(c+v2)a=L0 (2‘”

Zor \" ar

) + [2r? — 00+ 1)]%2(}’ =8(r—7r'). (8)

Substituting in (8a) from (4) and (5) and integrating over r from ' — s to
" +sass— 0" we find

VEli@k @) ~ k@) = 5, @ =Vr (b)
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The Wronskian in brackets equals

dgc dec
—deceW (je, ye) = —% = —% :
Thus
b= )
and

ke(z) = V2 [ye(w - j—éjm)} | (10)

The case a = oo with no ingoing reflected wave is obtained by replacing 1/¢y
by i so that

ko(z) — —ivzh(V(z) . (11)

Equating (5), in conjunction with (11), with expression (1.39) for G (v, 7’; 2),
we have the following relation:

ei\/g|r7'r'|

CAmr — |

— _1 P Ym 9’ Y* 9/7 / j@ (\/ET) héll) (\/Erl) 9 r < rl

f%ﬂj tm(0,0)Yem, ( ¢){jg(\/2r’)h§)(\/2r) <y
oS 14

=-ivz) > (2- Smo)%;lMPZm(cos 0) P (cos 6')

|
— = dr (04 m)!

gy Jaean g vz e <
x cos [m (¢ — ¢')] {je (VZr) hegl) (Var) 1 <7 (12)

If we choose the z-axis to coincide with the direction €', ¢’ and we call v the
angle between 6, ¢, and the new z-axis, then the above expression simplifies
because it is symmetric around the new z-axis and consequently m = O0;
furthermore, Py(cos0) = P;(1) = 1. Thus comparing the two expressions for
G (r,7'; z) in the old and the new z-axis we obtain

Py(cosy) =Py (n-n')
¢

= m:0(2 - Smo)%]?;ﬂ (cos )P (cos 8 ) cos [m (¢ — ¢')]  (13a)
4 ‘
= 2, Vo (Vi (1) (13b)

where n, n’ are the unit vectors along the directions (8, ¢) and (¢’,¢’), re-
spectively. To obtain (12) and (13a), we used (A.11) in Appendix A.
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Taking the limit z — 0 in (12) we have

o ;oo [t e <!
= S OO ) | e
= et e <!
= ;PE (n : n/) {T/é//rul < (14b)
oo V4
= Z Z (2 —0mo) mPE (cos0)P;" (cosB")
£=0 m=0
/et e <!
X COos [m (¢ - ¢/)} {r/é//ré+1 , 7! <r (14C)

Equations (14a), (14b), and (14c) are the basis for the multipole expansions
in electrostatics.

We quote here for completeness the expansion of a plane wave in spherical
harmonics:

[e%S) l

T=dry > i, (ko) Yom (o) je(kr) (15a)
£=0 m=—¢
i“(20 + 1) Py (ko - 7o) je(kr) | (15b)
£=0

where kg and rg are the unit vectors along the directions of k and r, respec-
tively. O

1.9s. We wish to calculate the integral

1 (B dE
G(z):;/_B(z_E) S P2 (1)

We change variables by introducing ¢ through

E = Bcos¢ (2)
so that
1 /% _Bsingd¢ 1 [°  dé
G(z)—;/#r (z — Bcos ¢)Bsin ¢ __;[ﬂZ—BCOSQs' )

We put w = €!? so that dw = iwd¢ and cos ¢ = (w + w_l) /2 = (w2 + 1) /2w.
Hence

i [t dw i?2 dw
G(z) = — = 4
() /_1 zw—%(wQ—Fl) B _yw?—(2z/Bw+1 )

2i ! dw i dw

7B J_ 1 (w—wy) (w— ws) B | (w—wi)(w—ws)’
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where w1, ws are the roots of the polynomial w? — (2z/B)w + 1. Obviously,
wiwg = 1, w1 + wg = 22/B, and wy — w1 = 24/(z/B)? — 1. The last integral
is over the unit circle; it was obtained by adding to (3) the integral

1 /" do B
_;/0 z — Bcos¢ = G()

and dividing by 2.

Case 1: |wi| # |wzl; then one of the two roots, e.g., |wi], is less than one
(since wiwg = 1). By the residue theorem we then have

2 1
CC)= Bl —w) - VB )

where the square root is the one that has the same sign of the imaginary
part as the sign of Im {z}. Thus Im {z} xIm {G(z)} < 0, unless Im {z} = 0;
in this case G(z) is negative for z < —B and positive for B < z.

Case 2: |wi| = |wsl; this occurs only when z = cos ¢, i.e., only when z is
real and in the interval (—B, B). To prove that, take into account that,
since |wi| = |wz| = 1 and wyws = 1, w; = €'® and wy = e~'%; hence

w1 + we = 2z/B = 2cos¢. Thus in this case we must follow a limiting
procedure by setting z = B cos ¢ +iec and take the limit ¢ — 0*. Using (5)
and the relation eIm {G(cos ¢ +ie)} < 0, we obtain, remembering that
E = Bcos ¢,

Fi Fi

VBE_L® Blsing|

G*(Bcos¢) = Jim G(E +ie) = (6)

The density of states (DOS) is

olF) = 2 {GH(B)} = —oer g

which coincides, as it should, with the original DOS. O

1.11s. We have that
wmzﬂumcmmw+éwm¢emmw
—Lemmuwnw. (1)

Equation (1) is valid because the third term cancels the first since £, (r) =
u (r) and the second term is equal to ¢ (7) in view of the fact that £,G (r, 0) =
& (r — o). The last two terms in (1) can be transformed as follows, taking into
account that £, =V, (f () V) + g (r):
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| W) eGee -Gt
/¢ r) V.G (r, @) dr + /¢ (r) G (r, 0) dr
- [ @0V m Vi [ Gresmvma: @

the second and fourth terms on the rhs of (2) cancel each other; the remaining
two terms can be written as follows:

/ {0 () Vo [f (1) V.G (1, 0)] — G (r, @) Vi [f () Vb ()]} dr
/v ) V.G (r,0) — G (r,0) f () Vi) ()] dr
—/Sw()f()VG(rg) G(r.o) f(r)V,p(r)]-dS.  (3)

Substituting (3) into (1) we have

/Grg
/SW( r) f(r)VeG(r,0) = G(r,e) f(r) Vi (r)] -dS . (4)

Thus, if we know that v (r) satisfies the BC ¢ (r) = wy (r) for 7 on the
bounding surface S, we can choose the BC for G (r,9) = 0 on S. Then

/Grg dr+/ 1(r) f(r)V,.G(r,0) -dS . (4a)

If, on the other hand, V,4 (r) is given for » on S [V,¢ = ug (7)], we can
choose V,.G (r, 0) = 0 on S; then we have

g)=/Qammu(r)dr—/SGmg)f(r)uz(r)-ds. (4b)

Equations (4a) and (4b) show that the unknown function ¢ can be expressed
in terms of a volume and a surface integral involving the Green’s functions
and known functions. If 1V, G or Gus in (4a) and (4b), respectively, is zero
on the surface S, then only the volume integral survives.

In the special case f (r) =1 and g (r) = z, we have

/G (r,0)u dr—l—/ 1(r) V.G (r,p0) -dS (4a’)
or
z/ G(r,g)u(r)dr—/G(r,g)ug(r)-dS. (4b")
e s

Notice that, in this case, G (r, 0) = G (g,7). O
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Chapter 2

2.2s. Taking into account that

dék dky dkq
= — Xt X — (1)
(2m)d 2 27

and

exp (ik -0 — iCkQT) = exp [1

M=

(ky 0v — CkST)]
1

N
I

exp [i (k101 — ckiT)] x - x exp [i (kaoa — ckiT)]

we obtain that

g(r,r';T) = —ic/ % exp [i (ko1 — ck%r)]

—oo 4T
> dk
X oo X / 2—: exp [i (kaoa — ckir)] . (2)

Each of the quantities
2 2 Ov
kyo, — ck,T = —cT (kl, — —kl,)
cT
can be transformed to a perfect square by adding and subtracting o2 /4cr.
Indeed )
Ov ov \? 0
- kQ——kV)z— (k,,— )——V . 3
CT( vooer [ 2cT 4272 | T (3)

In each of the integrands in (2) we take into account (3), and we change
variables by the substitution x, = k, — (9,,/2¢7). Then each integral becomes

00 dz 2
/ ~ exp {—icrwi + v

oo 2T der

= E exp | i o /OO dx, exp (—icmc2) = L exp iﬁ (4)
27 der ) J_os " v drmicr der )

Substituting (4) into (2) and taking into account that

Q% Q?l i 2 2
] —— X o0 X 1—& — N
exXp (1 - ) exXp (140 ) exXp |: - (Ql + + Qd):|

we obtain (2.24). O
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Chapter 3

3.1s. Consider a point 7 far from the boundaries of the cube of volume L¢
within which the particle is confined. Eventually we shall let L — oco. The
local DOS is according to (1.25)

E) =Y 8(E—Ey) ) (r—ra)tn (r—ra) . (1)

We can separate the eigenstates ¢, (r — r,) (located around r,) into two
groups: the first contains those centered away from the boundary by at least
a length of the order L.; the second contains those centered close to the
boundary within a distance of the order L.. The number, Ny, of eigenstates
in the first group is proportional to (L — aLC)d — L% as L — oo, while the
number, Ny, in the second group is proportional to L.L?!. Thus, in the limit
L — 00, Ny/Ny1 ~ L./L — 0. Since each of the eigenstates of the first group
is essentially confined within a volume Lg around 7,, it is not in contact
with the boundary; thus the quantities ¢} ¢, and E,, converge as L — oo to
nonzero finite values. The average separation between two consecutive levels,
§E, is of the order L%, while the coefficients Y* 1)y, in front of the & functions
remain finite (for the ﬁrst group), although most of them are quite small. Let
us integrate (1) from E = —oco to E = E:

R(rE)=) 0(E—E)y, (r—r0) v (r—12) . (2)

The function R(r, E') has almost everywhere steps (since their average separa-
tion L=% — 0 as L — 00) of finite size. Obviously, neither R(r, E) nor o(r, E)
converges to a well-defined function at any point F as L — oo. Neither of the
side limits
. . s/m
Jig Jim S )@
exists.

On the other hand, if the eigenstates were extended over the whole volume
L4, the quantity 1,1, would be on the average equal to L~¢, while the average
separation of two consecutive levels would be of the order of L~%. Thus, (2)
would look as in Fig. 1, where both b and ¥/ — 0 as L — oo with &’/b finite.
It is clear that taking the limits as in (3), a smooth, differentiable (except at
some isolated singular points) function will be produced. O

3.2s. From (3.13) and (3.20) we have, for d =1,

Y(x,t) 1h/ (x,2";t) % (2,0) dz

27r1ht \/&( )/
_ 2 / 2
/ dz’ exp [ m(z — ') pit 2 . (1)

2ht h 49822
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R(r,F)

Fig. 1. The number of states per unit volume for a finite system

The integral in (1) can be written as

ma? o 9
exp (12ht> - da’ exp (—a 2% + ba') |

where .
1 im
(= s
4622 2Rt

and )
b:—}gz(m—vot) , vozis».

The quantity —a z'? + bz’ can be written as
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|z im [,  (z—wot)?
VP o | L

L 2mdx?

[ 2 +,mv0 ,mv%t
_ IR )
=,/ —exp 7

“ 14i——
L 2modx?

Substituting the last expression for the integral into (1) we obtain finally

- it 172
— (9 9 1/4 1 1
Y(x,t) = (2mda?) + S5
B x? —|—imv0x—imv8t
2
xoxp | 02 h____h | (5)
L+ ' 9mda?

The absolute value of the square of ¥ (x,t) is

SN SR B R0
WOl = o ovas p[ 2[&@)12] ’ (©)
where 122
[82(t)] = 822 + TS (7)

is the variance of x that increases with time as shown in (7).

Thus, the free particle with an initial average velocity vo = po/m and an
initial Gaussian probability distribution propagates with the same average ve-
locity vy and preserves its Gaussian probability distribution, but centered now
at z(t) = vot and with monotonically increasing width 8x(t). It is worthwhile
to point out that the coefficient of ¢2 in (7) is inversely proportional to 8z2.
Can you provide a physical explanation of this inverse dependence on 827

We define 9(p, t) as the Fourier transform of ¢ (z,t):

o0

Ip.t) = / dze™ 77/ (1) | (8)

— 00

It suffices to calculate ¢ (p, t) for t = 0, since H |p) = &, |p), where e, = p?/2m,
and consequently

o) = (p|6(1) = (p

4 50)) = exp (~i21) (o] 010)
= exp (—'5—22&) QZ(p, O) . (9)
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To obtain 1 (p,0), we use (4) and find

2.2
~ p—po)” Oz
¥(p,0) = V28x (27)7* exp [—%1 ) (10a)
~ 1/4 8$2 2 . €pt
¥(p,t) = V28 (2m) / exp 77 (p—po) —ial (10b)
~ 2 2822
[0, )| = 200v2mexp {— o (- pO)Q] . (11)
From the last relation, (11), we see that the variance 8p?(¢) is given by?
h2
204\ _
i.e., it does not change with time.
Notice that at t =0 B
dxdp = 3 (13)

which means that the initial state, ¢ (z,0), is a minimum uncertainty wave
packet no matter what the value of 8z is. However, because of (7), this prop-
erty is not preserved for ¢ # 0 since

242
So(t)dp(t) = 1+4ht

2 m2dxt (14)

It is worthwhile to compare the increase with time of [3(t)]” for the diffusion
case (see the solution of Problem 2.3) and the Schrédinger case (7). Can you
provide a physical explanation for the differences? 0O

3.4s.
a. For £ < A,

b. For E = A+ 8F (O0F < A),

R(E) 1 E3 1 dr, 4 4
o, —oema ey k)

- 2
2 Keep in mind that the normalization condition for | (p, t)‘ is

[ o -1,
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where 5 SE
m
(ks = ko)* = =53
or
2m05E
ks =ko £/ 2
and
2mooE
1.3 2 [ 4o
~ kg £ 3k; roal
Thus,
2 E
Sk =62y m05
and

R(E) 1 2m0
9, 672 h3c3 6 ol \/ (B-4)
1
~ 62 h3c3 V E 4)

c. For E= A —8E' (0 <3E < A)

R(E) 1 3 3 3
o ot T 67r2 (k7 = A27)
1 /2mE\"* 1 5 5
5 (%) el
h2 2my
A= o (= k) = A= O = Ky = k([ VSR
0
2mi SE
R e L
2m/oE’
_ 2 0
= 6kT\ | =%
Hence,
R(E) 1 (2mE\” k2 [2mf
2, 6m \ R2 e\ AP
d. For E > A’

Thus, the number of states per volume and the DOS per volume are as shown
schematically in Fig. 2a,b respectively. 0O
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R(E) ‘ ‘
1 I
3 E3Y2 _BVA —E 1
B3+ AVE= A \ /
(2) ! !
ﬂ i
A A E
o(E) ‘ ‘
| B2+a/vE=—A : =
3 VE+B//VA=E |
| / \ ! vE
(b) i 3
E? ‘ i
A A/ E

Fig. 2. a The number of states per unit volume, R(E), and b the DOS per unit
volume for E(k) as in Fig. 3.3

Chapter 4
4.3s. According to (4.46) we have
<n | ST ‘ m> = 6nm + 27id (En - Em) <¢n | T (En) | ¢m> (1)
and
(m|S[0) =8me — 278 (Er — E) (b | TT (Ee) | ) - (2)

Multiplying (1) by (2) and summing over m (summation over repeated indices
is implied) we have to show that

(n|ST|m)(m|S|€) = (n|STS|l) =8
= 8pmOme + 21 [8m68 (En — Ep) (¢ | T7 (En) | ém)
—08nmd (B — Em) <¢m }TJr (Er) } (Mﬂ
—(271)%8 (Ep, — Epy) 8 (Ep — Epy)
X (G | T~ (En) | om) (¢m | T (Ee) | pe) - (3)

Now, >, 8nmOme = &,¢, which cancels the 8, on the lhs of (3). Because of
the term §,,, we have E,, = Ej; because of 8,,, we have that E,, = E,;
furthermore, in the last term

8(Ey — En) (B — Ep) = 8(Ey — En)8(Em — Ey)
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Hence (3) gives
(n|TH(E !¢e>—<¢n!T’ En) | ¢c)
= _zmzs ) (bn | T (En)| dm) (bm | TT (En) | de) ,  (4)

which is (4.50).
If we start from the relation T" = H; + H1GH1, we have

TY —T = —2niH18 (E — H) H; . (5)
Choosing E = E,, and taking the (¢, |¢¢) matrix element of (5) we have

= =271 (¢ | H18 (B — H) Ha | ¢¢) - (6)

Introducing the unit operator > |¢;,) (.|, we have for the rhs of (6)

—21i Y (fn | Ha8 (B —H) | ) (| Ha | 00)

m

= =211 8 (En — Em) (6 | H1 | ) (U | Ha | 6)
=211y 8 (En— Ep) (¢n |T7 (En) | 6m) (Sm | TT (En) | 0e) . (7)

Substituting in (6) we obtain (4.50). The last relation follows from (4.34). O

4.6s. Consider a particle of mass m acted upon by a d-dimensional potential
well of depth —V{, and radius a (d = 1,2, 3). Assume that the ground state
is a smooth function of total linear extent L. Then, the kinetic energy, Ey, of
the particle is

h2
E, = 1
k C1 szQ ) ( )
where c¢; is a numerical constant. The potential energy, E,, is
and
Epz—cwo(z) . a<L, (2)
assuming that a < L. Hence the total energy, Fy, is
h2 d
Et—612 77 02V0 a<lL. (3)

By introducing the natural unit of kinetic energy, Ko = h%/2ma?, we have

E; a? Vo a®
= Cl

?0 ﬁ—CQFOﬁ. (4)
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Assuming that Vy < Ky, we plot in Fig. 3 E; /K vs. L/a for d < 2 and d > 2.
We see from the plot that for d < 2 there is always a minimum at a finite
L/a > 1 no matter how small the ratio Vo/K( is. On the other hand, for
d > 2 and for a very shallow potential well (Vy, < Kj) there is no minimum
for L/a and hence no bound state unless caVp/c1 Ko becomes comparable to
unity. Actually, the critical value of Vo /Ky is 72 /4. (See Problem 4.7s; in that
problem, the critical dimension, d = 2, is also examined). O

0.0 Fe/ Ko

0.1+

-0.1+

-0.2-— S~

Fig. 3. Plot of dimensionless energy, F:/Ko, vs. linear extent, L/a, of wavefunction
for d-dimensional system (d =1, 3)

4.7s.

1-dimensional case In Fig. 4 we plot the potential V(x) vs. z: The ground
state is an even function of x without nodes. Thus it is enough to consider
only positive values of x. For 0 < z < a, the solution is of the form

P(z) = Acos(Az), 0<z<a, (1a)
while for a <z
Y(x) =Be % a<uz. (1b)
Substituting in the Schrédinger equation we find that
A2 = -2%2‘-/9—-2%]-5?, d=1, (2a)
R (2b)
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Vi(z)
—a a x
,,,,,,,,,, _E,
VA
Fig. 4. A 1-d potential well
The continuity of ¥'(z)/v(x) at x = a gives
aXtan(al) = ak , (3a)
or
\/b—ztan(\/b—z):\/;, (3b)
where b and z are the dimensionless quantities
E,
= —— d=1 4
‘ h2/2ma2’ ’ (1)
Vo
b= —— . 4b
h2/2ma? (4b)
From (3b) it follows that
2
z—b? OrEl_}WinaQasvo_)o’ (5a)
2 2552
zeb—%orEl—ﬂfo—%aSVOﬁoo. (5Db)

The decay length, 1/k, divided by the radius a is directly related to z:

1 h?/2ma®
1 1 b Vo

E:ﬁ_) 1 h?/2ma?
— =y/——— asVp—o00. 6b
7 \/ 7 0 (6b)

2-dimensional case The general solution of the Schrédinger equation for
0 < a has the form [see (C.18-C.19b)]

as Vo — 0, (6a)

Ap [T0(X0) + b, Yn(No)] (€7 + cpe™ ™) | o<a, (7a)
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where A is given by (2a). For ¢ > a, the general solution, according to
(C.18-C.21), is of the form

B, [K, (ko) + b, I, (ko)] (" + cpe ™), o0>a, (7b)

where k is given by (2b).

Since () is finite at the origin, we must exclude Y;,(Ao) by setting b,, = 0.
Similarly, b/, = 0 since I,,(ko) blows up at infinity. Furthermore, since we
are looking for the ground state, we must take n = 0 (an n # 0 adds to
the Hamiltonian a positive term proportional to h2n?/2mg?).

The continuity of the solution and its derivative at o = a gives

MyAa) | kK)(ka)
Jo(Aa) — Ko(ka) ’

(®)

where the prime denotes differentiation with respect to Aa or ka, respec-
tively. In the limit b = Vy/ (h?/2ma?) — 0, we have that both Aa and
ka — 0, and consequently

Jo(Aa) — 1 — i()\a)2 +0 ()\4(14) , (9a)
Ji(Aa) — —%/\a Lo (W) | (9b)
Ko(ka) — — [111 (Z—“) +7] [1 + (kz) ]

+@ +0 (ln (k;2_a> k4a4> (9¢)
K (ka) — —% + O(kaln(ka)) . (9d)

Thus (8) in the limit b — 0 becomes

2
1
Xa_ o Ye sy (10)

5
2 —1In (%ka)

or
or
Taking into account (2b) we find

Es5 4 4h? 4 . 2h?
- = exp|————| = —exp |-———
R2/2ma? e P 2ma2Vj 2 P ma2Vy |’
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or, by introducing the area, {20 = ma?, of the potential well,

o K2 . 2 h?
T e—— — X J—
2T o mi2y P Vomi2y

], b—0. (12)

The dimensionless decay length, 1/ka, is given by inverting (11):

L@,y @ [ mh?

Notice the nonanalytic behavior of E, and (ka)™' as b = Vy/(h?/
2ma2) — 0.
3-dimensional case Taking into account that the ground state corresponds

to £ =0, we have from (C.17a)

du?  2m

o7 eV Bu=0 (14)
with BC u = 0 for » = 0 [because u(r)/r must be finite at » = 0] and
u—0asr— oo.
By introducing A? and k? from (2a) and (2b), respectively, we obtain for

u(r)

Asin(Ar), r<a, (15a)
u(r) = —kr
Be™"" | r>a. (15b)
The continuity of u(r) and du/dr at r = a gives
aXcos(aX)
sin(a\) “ (16)
or
Vb—zcotvVb— 2= —/2. (16")

For (16’) to have any solution, the quantity cot /b — z must be negative,
which means that v/b — z must exceed 7/2. Thus b = /2 is the critical
value for the first bound state to appear; then Vb — 2z — (7/2)" as \/z —
0". Hence, in order to have a bound state, the following must hold:

2

™
e = — 1
b>b 1 (7)
or 9 h?
T v /
Vo > Voo = S mal (17

We write b = b, + 6b. As &b — 0 we have

\/b—z—>\/bc+8b—z—>\/bc+5b—>\/bc+i, (18)
2v/b.
3b

cot\/b—z—>—2—\/b_c. (19)
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In (18) we took into account that z ~ 8b? as 8b — 0. In view of (18) and
(19), (16’) becomes in the limit 6b — 0

ob
Vz = 5 &b — 0" (20a)
or ) N
1 o 1 2 2
= — — bO¢ = — _ — s _— 2
z 4(b be) 4<b 4) b—><4> (20Db)
or )
Ey=———s (Vo —Voo)?, Vo— V. 20
3 4h2/2ma2 ( 0 0 ) ’ 0 Voc ( C)
The dimensionless decay length, (ka)~!, is obtained by inverting (20a):
1 2 h? 2
— = _ B /ma” (21)
ka  b—(w2/4) Vo —Voc
In the opposite limit of Vj — oo we obtain
w2 h?
E3=Vo — =Vo—4Voe, Vo — 00, (22)
2ma?

and (ka)~! — 0 as Vp — oo.

In Fig. 5 we plot 2 as a function of b?, according to (16’), (8), and (3b) for
3-d, 2-d, and 1-d, respectively (Aa = v/b — z and ka = \/z). O

0.8 — 1-d —

0.2 —

Fig. 5. Plot of dimensionless binding energy z = Eq/Ko, where Ko = h2/2ma2, vs.
b?, where b= Vo /Ko and d = 1,2,3
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Chapter 5

5.1s. Since p102 = 1 we can write o1 = r1e'? and gy = roe™ 1 with ri7e = 1,
where r1 = |p1] and ro = |g2|. The equality |o1| = |o2| implies that o1 + g2 =
2cosf. But g1 + 02 = —2x. Hence |p1]| = |o2| is equivalent to —x = cos 8,
or —1 < z < 1. Given the definition of v/x2 — 1, we have that the sign of
Im {g2} = —rosinf is the same as the sign of —Im {z}; but the sign of —Im {z}
is the same as the sign of Im {p; }+Im {02} = r1 sin—rasinf = (11 — r3) sin b,
since g1 + g2 = —2z. Hence, the sign of (r; — r2)sin 6 is the same as the sign
of —rgsinf. For sinf # 0 this implies that ro > ;. O

5.2s. We know that
E (k) =¢o+2V (cosdy + cosga) = g9 — 2|V|(cos ¢y + cosga) , (1)

where ¢1 = kga, ¢2 = kya.

limG (R;2) = G (R E) = li o’ / er " 2)
1m V2) = ; = lim —— _—
(2m)? Jipz 2z — E(k)
as Im{z} — 0T, where R = ma = myai + moaj.
Equation (2) can be rewritten as follows:

—ia?

(2m)?
We shall follow the method of stationary phase for the evaluation of integral

(3) for R > a. For this purpose we expand the exponent in (3) up to the
second order around the points kg and ¢y to be determined shortly:

+ . — > 2 ~xp {1 . — .
Gt (R, E) = /0 dt/d kexp{ilk-R+(E—EE)} . (3)

k=ko+q, t=to+7; (4)
we have then

A=k -R+(E—E k)t
:ko-R+q'R+(E—E0)to+(E—E0)T
OF OE 1 O*E

_3_k; _a_ko.qr__

ato T
2 &= Okidk |,

: qiqjto - (5)
0

To get rid of the first-order terms (so as to make the phase stationary), we
choose

oE
8—kot0—R, (63)
Then 5 o2
E 1 E
A=ky R— 22| qr— =5 22| qigito .
T U > ok, qugto (7)
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Using (1) we have

E
OF = (1 =2|V]asin (koza) , (8a)
0k |,
E
9E = B = 2|V|asin (koya) , (8b)
oky |,
0*’E 5
oz . =ay = 2|V|a®cos (koga) , (8¢)
2
E
275 i = az = 2|V|a*cos (koya) - (8d)
Then
2 =
A—kO'R_;ﬂz%T 2;az%t0 . (9)

We substitute (9) into (3) and perform the integrations first over ¢; (i = 1,2)
and then over 7, keeping in mind that only small values of ¢; and 7 contribute,
since for larger values the strong phase oscillations (due to the very large
value of R) would render the integral zero. Thus we can extend the limits of
integrations to Foo without appreciable error:

Y . 1 2
I, = /_OO dg; exp l—l (Z: BiqiT + 3 zi:aiqi tO)]

,32 2 .
=, /— |Oél|to (1+i)exp { QtOOZi] ; (10)

the upper sign is for negative «; and the lower for positive ;. We define

2t0a1 2t0a2 2t0a1a2

Substituting (10) and (11) into (3) we find

A

Gt (R —ia” / (1£i)(1 £ i)eM etk R
\/ |a1a2 to
—ia? lztl)(lj:)/ 2 ik R
= dre'" e
dm |O£1042 to J-oo
47T\/2|)\ \/|a1a2 to 7

in the last (1 £ 1) factor the upper sign is for positive A\ and the lower for
negative \. Substituting (6a) and (11) into (12) we have

(L) (1) (1 xi)a® (P24 B)7 ek R

4w VIBas + Baa| VR

G (R;E) =

(13)
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For a; > 0 and ap > 0 the first fraction is equal to —(1 + i)a?/2\/m, while
for a1 < 0 and az < 0 the first fraction is equal to (1 —i)a?/2,/7. Finally, for
aiay < 0 the first fraction is equal to (1 —i)a?/2,/m with the upper sign for
A > 0 and the lower for A < 0. The second fraction becomes [by employing
(8a—8d)]:

2 |V| a (sin2 ¢01 + SiIl2 ¢02)1/4
V2(V2|V] (12\/|sin2 $o1 oS Poa + sin? g2 cos ¢01|

Va (sin® ¢o1 + sin® ¢o2) s
2|V a2\/|(cos @01 + cos Pp2) (1 — cos o1 cos do2)|

Va (sin® ¢o1 + sin® ¢o2) s

- 1/ ° (14)
-E /2
2|V|a? |7 (1 — cos goy cos doz)
Substituting in (13) we have finally
. . 1/4 .
+1—i 2 2 ikop* R
Gt (R:E) = ¢ 2\/771) Va(sin o + sin” doa) -2 = (15)
2|V LQR,’F (1 — cos ¢p1 cos ¢o2)

Equation (15) must be reduced to the free electron Green’s function, as R —
oo, times a? by taking the limits g = 4|V|, |E|/|V| — 0, ¢o1, ¢poz — 0, and
|V| = h?/2ma®. We have then (taking into account that, in these limits, kg is
parallel to R)

—(14+0)  Va(Ka?)t ehor
2/ (A2 /ma?) \/Z/W VR
—(1 +14) ma? etkol

T 27 12 VER (16)

G (R;E) =

Now the free electron G*(R; E) in the limit R — oo is

GH(R:E) = lim ;;;“Hg” (koR), E>0,
_ —im 2 koR.—in/4
“ o2\ kRrt

_—im(1-1) [ 2 cikoRt _ —(1+1) m etk (17)
N \/§2h2 mkoR B Qﬁ h? VkoR .

O
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5.5s. The position vectors of the nearest-neighbor sites in a bcc lattice are:

zlzg(i+j+k)=—él7
zgzg(—z+j+k)_—z2,
by =5 (i—j+k) =4,
=S (i+5—k) =4, ()

where a is the linear size of the cubic unit cell (which for bee has a volume
twice as big as the primitive cell). Substituting (1) into (5.15) we find
E (k) = €0 + 2V [cos (¢1 + ¢2 + ¢3) + cos (—¢1 + ¢2 + ¢3)
+cos (¢1 — ¢2 + ¢3) + cos (o1 + 2 — ¢3)]

= g¢ + 8V cos ¢1 cos ¢a cos P3 , ¢ = a7 i=x,y,z, (2)

o _ —8V sin ¢; cos ¢; cos ¢y, . (3)
i
In the spirit of Fig. 5.3, we plot E (k) as k moves along straight segments
of the 1BZ shown in the insert of Fig. 6.
Thus, the minimum, E,,, of E (k) is at the point ¢1 = ¢2 = ¢3 = 0 and
is equal to €9 — 8 |V/|. The maximum, E,, = ¢ + 8|V, is at point H, ¢; = 0,

€0 +8|V|
=
S E
S 0
g0 — 8|V|
r N P H N r

Fig. 6. E vs. k for the 3-d bcce tight-binding case with nearest-neighbor coupling
V(< 0), as k varies along the straight-line segments of the first Brillouin zone (1BZ)
for bee
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¢2 = 7, ¢3 = 0 (plus two others resulting from cyclic permutations). Along
the line segment PNP’ (¢ = 7/2, ¢po = 7/2, —7/2 < ¢p3 < 7/2) (plus 11 more
resulting from cyclic permutations and changing the signs to +7/2) E(k) =
and 0F/9¢; = 0 for all i = z,y, z. Hence the DOS must exhibit a logarithmic
singularity at £ = ¢¢ and be of the form depicted in Fig. 7.

The position vectors for nearest neighbors in an fcc lattice are:

a . .
fli=§(li9):_£/1ia

a
egi:§(_7:|:k}):—£/2i,

a .
aegi = §(k:|:'b) = _Eéﬂ: .
Substituting (4) into (5.15) we find after some algebra

E =¢eg—4|V|(cos ¢y cos ¢ + cos ¢z cos ¢3 + cos ¢p3 cos ¢1) , (4)

where ¢; = k;a/2 and a is the linear size of the cubic unit cell (which for fcc
has a volume four times the volume of the primitive cell).

In Fig. 8 we plot F vs. k in the spirit of Fig. 5.3.

Thus the minimum value, E,, = g9 — 12|V, of E (k) is obtained at the
point I' (¢1 = ¢2 = ¢3 = 0) and the maximum, Ej;, along line segment X W
(—7/2 < ¢p1 < 7/2, ¢p3 = m, ¢3 = 0) and five more resulting from symmetry
considerations. The derivatives

OF
0

indeed vanish along XW (and symmetric lines) as well as on the isolated point
L (and points symmetric to it). Point L is a saddle point with two positive As

=4|V|sing; (cos¢p; +cos¢y) , 1#jFk#i, foralls

DOS

EQ*S‘V' €0 EO+8‘V|

Fig. 7. Schematic plot of DOS for becc TBM (see text)
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€0 +4|V|

€0

N

E(k)

bl
el
\
\
\

g0 — 12|V

r X W L r U=K X

Fig. 8. E vs. k for 3-d fcc tight-binding case with nearest-neighbor coupling V(< 0),
as k varies along straight-line segments of first Brillouin zone (1BZ) for fcc

along directions perpendicular to (1,1, 1) and one negative along the direction
(1,1,1). Thus the DOS for the fcc resembles that in the sketch in Fig. 9. O

5.7s. Let us call Gy, G1, and Ga the quantities G(1,1), G(1,1[2]), and
G(2,2[1]), respectively. Combining (F.10) and (F.11) we have

1

Gy

From (F.12) and (F.13) we find

=z—eg1—-A=z—¢ — (K+1)V3G;. (1)

DOS

fcc

eo — 12|V €0 eo+4|V| E

Fig. 9. Schematic plot of DOS for fcc TBM (see text)
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1 _
G—lzz—sl—KVQGg. (2)
We multiply (1) by K and (2) by K + 1, and we subtract
K+1 K
G——:_G_lz(K+l)(2_€1)_K(2_El) =z—¢€1,
or K41
Gl=——+. (3)
zZ—€1 —|—KG1
O
Chapter 6
6.3s.
35 —
3 —
2.5 |- | .
n ]
s ||
S :
1.5 — i _|
1+ _|
05 [ | .
o L

Fig. 10. Plot of DOS for simple cubic TBM at site of impurity
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6.4s. We start from (6.25). The quantity (n |Gy |¢), according to (5.28), is
given by

(n|GF|0) =G Do, (1)
where
Z— & zZ— &0 2
01 = — Iz +iy/1— ( 5 >

= cos(ka) +iy/1 — cos?(ka)

= cos(ka) + isin(ka) = e™* (2)
since

z = E(k) =9 — Bcos(ka) . (3)

We then have, by substituting (2) into (6.25),

eGt (4’ & E)eikM—meikz

n = (nlk) + . 4
e For n > ¢, i.e., for transmission, we have
: Gi(,6:E) |
\/N — oikn Elg 5, 6 ikn
(nlve) =+ T e e B
1 "
B —— UL > /. 5
1_Giep)’ " 5)
e For n < ¢, i.e., for reflection, we have
. G+(€ E'E)eZikge_”m
\/N — oikn Elg 5, 6
(nhve) =+ = e m)
+ )

_ oikn | o-ikngaike_€Go (4,4 E) (6)

1—eG{ (LG E)

1
T o ikt
Jr
ik(n—t) | —ik(n—t) EGo ({4 E) <l (7
X |e +e —1—€G(J{(€,£;E) , n (7
Thus )
t=—F———— 8
1—eG{ (4,4 E) ®)
and

eGS0, E) (9)

"TI1 G GE)
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E/B

1.11
5 8

[asersnsassansnensen)

ewrwrarensenserensen)

ewrararensenserensen)

ewrwrarensenserensen)

ewrwrarensenserensen)

ewrwrarensenserensen)

ewrwrarensenserensen)

ewrwrarensenserensen)

—1.118

Fig. 11. Plot of the bound states eigenenergy(ies) vs. the local perturbation for

a two-band (shaded areas) model shown in Fig. 5.12

Schematic plot of the bound-state eigenenergies, F,, vs. the local
perturbation |1) e (1] for the double spacing periodic Cayley tree with K = 3,

6.5s.

—e9 = B/2. The upper and lower edges of the two subbands are also

shown. Notice that for € < —0.539B there are two bound eigenenergies (one
in the gap and the other below the lower band); for 0 < & < 0.206B there is

€1

no bound state; finally, for 0.206 B < ¢ there is only one bound state above

the upper band. 0O

6.6s.

K

by the relations

)

We introduce the center of mass, K, and the relative, k

so that

) /2

ki— k2

(

ki + ko and k =

(1a)
(1b)

We have the inequalities

—~ —~ —~

s o (G0
a —

N\
[a\]

- . k
LTS +
= = o~ _4
A A
X PR
+ I
L %
+ + +

_ N N~

4
4
k

Ky
k3

Furthermore,

or
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mE  K?
VTR T @

From (2a) and (2b) in combination with (3) we have

E E
—(n;—Q—k%)<K-k<n;—2—k%, (5)
which, in view of (4), becomes
mE ]€2
lcos ] < —12 L = . (6)
mE K
Ky\/% — 7

The DOS per unit volume, o(E; K), equals (27)~3df2; /dE, where d{2;, is the
elementary available volume in phase space between E and E 4 dFE. Thus

B (k —/RE KT>
/ d¢d6 sin Ok>dk 15
x 0 (FE —2Er) , (7)

where, according to (3), dE/dk = 2h%k/m. If we denote by A the maximum
value of |cos 6| [taking into account (6)] and perform the integrations in (7),

we find
A m |mE K?
QO(E»K)—FEV?_TG(E_QEF) ; (8)

mE 2
5 kR

E K2
K\ —

1
(2m)?

o(E;K) =

where

A =min |1,

(&)

For K = 0 we obtain

1 /m\%2
00(E;0) = 2 (ﬁ) VES (E —2EFp)
1

N (%)/ \/ge (E —2Ep)
L, <5) 0(E —20p) | )

2 2

where o(FE) is the DOS for a single free particle of mass m. For K # 0,
E — 2Ep, and taking into account (3), we have for the quantity A
E—-2FEp
Ao —_F
T RKk/m’

and consequently
1 (m ) 2 F—-2FF

wER =) Tx

9(E—2EF), K#O, E—>2EF
(10)

O
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6.7s. The DOS is given by

I E\]  or PEP-F) 1 o
QO(E)—QF§ [I—Qf <E)] —7m—7tanhx, (1)

where z = 5 (% — EF) and dF = %dx and the integration limits are x =

—Bhwp /2 and Bhwp /2. Thus we have for Go(E)

Bhwp /2
or 4 tanh x
Go(z z/ de-—-— , 2

o(2) “Bhwpj2 2 Bz—(4z/B) = 2EF @

and the value of Gy(z) for z = 2Fp is

Bhwn/2 qptanh z Bhwn/2 qg tanh z
Go (2Ep) = —2F _____‘:—@F/‘ e ©)
2 J _Bhwp/2 x 0 x
Integrating by parts we have
Bhwp /2 1
Go (2EF) = —oF <lnxtanhxgth/2 —/ dz nx2 )
0 cosh”
Bhwp Bhwp /WMD/2 dxInzx
= — In tanh — — | . 4
er ( 2 2 0 cosh? z )
In the limit Shwp > 2 or kT <« hwp/2 we have approximately
hw > 1
GOQEF):—@F<hﬁ3 D_f/ do—— ). (5)
2 0 cosh” z

The integral in (5) equals In 7 —In4—~, where v = 0.577215 . .. is the so-called
Euler’s constant. We can write (5) as follows:

2e"hwp

2Ep) = —op In D
Go (2EF) orln v

kT < hwp . (6)

Chapter 7

7.1s. Following a procedure similar to that of Problem 6.4s (and taking
into account that o; = e*¢ = €!?) we obtain the following expressions for the
transmission, ¢, and the reflection, r, amplitudes:

t=1+GoTy, (1a)
r = GoTb 5 (lb)
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where Gy is the diagonal matrix element of the unperturbed Green’s function
Go = Go(¢,0), and Ty and Ty, are the forward and backward matrix elements
of T, respectively, given by

Ty = Too + Ty + Tome™ + Trnpe (2a)
T, = eQikaéTM + eQikamem + eika(é—i—m)sz + eika(£+m)ng . (2b)
More generally, if we have impurities at the sites £i,...,¢, (which are not

necessarily consecutive), the expressions for Ty and Tj are

Ty =Y explika(l; — £;)] (¢ |T|6:) (3a)
Eiéj

Ty, = explika (; + ;)] (6; | T| ;) - (3b)
[ifj

The matrix elements Tys, Trum, Tom, Tme in (2a) and (2b) are given by em-
ploying (7.12) and (7.13). The result is the following;:

Tf = fme[te + tm + 2tot,,, Go(£, m) cos(ka)) (4a)
= fme [tg + ty + 2t ot Goe*® cos(ka)} , (4b)

where Gy = G,(¢,¢) and

fme = [1—titmGie 21’“1] . (5)
The reader may calculate numerically and plot |t = |1+ GoTy|* vs. = =
E/B = — cos(ka) for various values of € and &’ (especially for those close to

the boundaries in Fig. 7.3a). O

7.2s. In matrix notation the unperturbed Hamiltonian, Hg, satisfies the
relations

0
O Hy ) =2 " |, 1
(t1Hol6) = |5 2 1)
|\ Ves V| | Vo VY
<€|H0|éil>_‘:':‘/sp Vpp _‘:F‘/z// ‘/'2/ (2)

We define the matrix state |k) = [|ks), |kp)] b
\/_ Z elkfa |€ (3)

The |k) states are orthonormal in the sense that
(k|k") = 8w 1, (4)

where 1 is the 2 x 2 unit matrix.
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Let us calculate the matrix elements of Hy in the |k) basis

1 iy .
(k“ HO ‘]{1/) — N Ze1k ma—ikla <€ ‘ HO ‘m> —
m

_ %; [ei(k'—k)ma

+ ei(k’fk)maeika

es 0
0 &

Voo VY
Vi’ Vi

"
Vo —V;

i(k'—k)ma ,—ika
|Zn %

.

or (taking into account that ) el (K —k)ma _ Noii)

+e

es + 2V cos(ka) 2iVy sin(ka)

n_
(k| Ho |k") = Ok —2iVy'sin(ka) &, + 2VJ cos(ka)

: (5)

Now the matrix elements of the Green’s function Gy in the initial {|¢)} basis
is

(0] (z=Ho)™"[m) =D (tlk) (k| (= = Ho) " k') (k')

kK’

_ %Zeik(Z—M)a (21 — By (k) ", (6)
3

where Fs(k) is the matrix in (5) and 1 is the unit 2 x 2 matrix. Thus we have
to find the inverse of the matrix

_ |z —es—2Vacos(ka) —2iVy sin(ka)
21— Ba(k) = 2iVy’ sin(ka) z—ep —2Vy cos(ka)| (7)
We have
1 1 Jz—¢e,—2V]cos¢ 2iVy'sing
(21— Bx(k)] = D(k) | —2iVy' sin ¢ z—¢€s—2Vocosg|”’ (8)

where ¢ = ka and
D(k) = (2 — &5 — 2Vacos @) (z — g — 2V cos @) — 4Vy'?sin ¢ .

The summation over k from —7/a to 7/a and the division by N would be
transformed to an integration over ¢ from —x to 7 (over 2m). The off-diagonal
matrix elements in (8) are odd functions of k or ¢, and consequently the £ = m
matrix element would be diagonal:

=m0 =[5 8] o)

where
Gous(2) = /_7r %z - 6p5(2¢‘)/2' cos ¢ ’ (9a)
Gop(2) = /j (Qi_j:z - 555(3)‘)/2 cos ¢ . (9b)
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The perturbing Hamiltonian corresponding to the impurity at the n-site,
[n) e’ (n|, where ¢’ is a 2 x 2 diagonal matrix with €} and ¢}, shall modify
the Green’s function as in (6.8) and (6.10):

G(L,m) — Go(t,m) = Go(t,n)e’ [L — Go(n,n)e']"" Go(n, m)
= Go(t,n) [1 — £'Go(n,n)] " 'Go(n,m),  (10)
where G(n,n) is a 2 x 2 matrix given by (9), (9a), and (9b). Since in general
both & and G (¢, m) are matrices, the ordering is important [not in the present
case since the matrices ¢’ and Go(n,n) are both diagonal]. We have for them

[1—€&'Go(n,n)] "' =[1 - Go(n,n)e']™"

[1—¢.Goss] " 0

= _ . 11
0 1= < Gopp] (11)

Thus, the bound states would appear as solutions to the equations

1
g = Goss(E) , (12a)
1
PV GOPP(E) . (12b)
€p

In particular, for a vacancy (for which &{ = ¢}, = c0) we have

GOSS(E) =0 5 (13&)
Gopp(E) =0. (13b)
The reader may calculate Goss(E) and Gopp(E) numerically for e, €,, Va, V3,

and V3" appropriate for Si as given in Problem 5.6. He can compare his result
with those of a more realistic model for Si in [52]. O

7.5s.  We introduce the dimensionless quantities = = E/B, 0 = X1/B,
a=¢/B,and g = BGT = BG{ (E — X*). Then (7.59a) becomes

o= % [1 - (aa— o)y 1+ (aa+ J)g] ’ (1)

where for the Hubbard Green’s function we have
gzZ(z—a— (2—0)2—1>. (2)

Keep in mind that Im {z} — 07, Im{c} < 0, Im {g} < 0.

Iterate (1) for each value of a¢ and z until you obtain convergence, which
is facilitated by starting with a nonnegligible value of Im {z} and large values
of Re{z} (Re{z} = 1+ a). Sometimes, convergence is accelerated if, in each
step n, you employ as a starting value of ¢ half the sum of the input plus the
output value of o.
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The results are shown in Fig. 12. Note that as € is increasing, a deep
develops at the center of the band that becomes deeper and deeper, and
eventually the band splits into two subbands separated by a gap. O

7.6s. The CPA obtains X from (7.59a), which can be recast as

50 = [ €= mIGE=-Dn . )

We shall examine the case of weak disorder, i.e., (w/|V|) < 1, and we shall
distinguish two subcases (a) |e| < w, (b) |e| > w, where w is the standard
deviation of the Gaussian probability function, p(e).

In subcase (a) we can expand the denominator in (1) in powers of (¢ — X) G
and keep terms up to third order. We find

X~ w?lG - (2w4 - u4) G*+0 (w6) ) (2)

where py = <E4> = 3w
In subcase (b), the main contribution to the integral in (1) comes from
the pole of the denominator. Thus
T

since | X| < |e| in this case. Hence, in subcase (b) the DOS per unit volume is
1 GL(E) _
E)=——3 "(E)) . 4

0.7 —

{a(E)}
\

0.4 +

—1m
T

0.3

Q:

0.2 +—

2

Fig. 12. Density of states for a random binary alloy A;B1—5 (z = 0.5) with €4 +
ep = 0 and €4 — e = 2¢. The unperturbed bandwidth is 2B; B has been taken as
the unit of energy
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The reader may verify, by using Table 5.2, that for a simple cubic lattice
Gy*(E) ~18.6V2 —15.76|[V|E, 3V <E<0.1V, (5)

where E = 0 coincides with the unperturbed lower band edge, and V' < 0.
Substituting (5) into (4) we obtain the DOS at the tail, which over the
range shown in (5) is exponential in E

w2
m~exp (=) | Ey= e 6
Guail eXp( E0> *T 788V (©)

This exponential tailing in the DOS leads to exponential subgap optical ab-
sorption in crystalline and amorphous semiconductors (Urbach tails) with
an Ey of the form Fy = Eys + Egr, where Eys is due to static disorder and
Egr ~ kgT is due to thermal disorder.

Returning now to subcase (a) and taking into account that Go(E) =
Go(0) + av/—F as E — 0~ with o = 1/47|V|*? and Go(0) = —0.2527/ |V,
we have from (2)

¥ =w?Go(0) + aw*VE — E + w'G3(0) . (7)

This is a quadratic equation for Y. The CPA band “edge,” Fcpa, is deter-
mined when Im {X'} = 0, where X is the solution of (7). This condition leads
to

2
Ecpa = Go(0)w? + {% + Gg(O)] w?

4
- (0.2527)3} “1# . (8)

_0.2527w? 1

N V| 6472
The quantity w?Go(0)+w*G§(0) in (7) can be replaced by Ecpa — (o?w?/4),
in view of (8), so that (7) becomes

a?wt

= )

Y —E=ouwVY —E—(E—Ecpa) —

By introducing the unit of energy

a?w? w

E‘: = s
TA T a2 |vP

(9) is reduced to a dimensionless universal form

S-B=2/E-FE-u-1, (10)

where X = X /eg, E = E/eg, and 2 = (E — Ecpa) /0. The solution of (10)

isY—E=1—z+2y/—=z. O
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7.9s. We introduce the notation

go =w/co, co =+/Bo/oo, ¢ =+/BJo,

q=uwlc, A= /o, M= cfc.

The incident wave, ¢;, is
@i = exp (igoz) le (20 4 1)je (qor) Pe(cos ) . (1)
=0

The scattered wave, ¢, and the wave inside the sphere, ¢;,s, are of the form

¢s = — 3 20+ Vrehe (qor) Pelcost) ,  he=h",  (2a)
=0
Gins = Y1120+ Iejelqr) Po(cos ) . (2b)

¢

Il
<

The coefficients ry and I, are determined from the BC

. 1
Jeo — Teoheo = wae , (3a)
QOJQO - WCIOhéo = IZQJQ , (3b)

where the argument of jyo and hgg is goa, while that of j, is qa; prime denotes
differentiation with respect to gor or gr.
The result for r, is

JeyJt — Tjeoy o 1%

Ty = - " 5 = . 4
7 Wi — wheod, Q00 )
The equation for the energy flux can be written
20 Re{B PV " } (5)
Substituting ¢ = ¢; + ¢, into (5) we find that
J=Ji+tJs+Jis, (6)
where
Jis = _ 200 g {B*éiw* + B*ésw’-‘} : (7)
BO + BS S 7

From energy conservation,

/ &*rv-j+Q=0,
r<a
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where @ is the energy dissipation within the sphere; taking into account (6),

we have
—/jis-ds:/ji-ds+/js-d5+cz. (8)

The first integral on the rhs of (8) is zero, the second one gives the scattering
cross section (times |j;|), while @ gives the absorption cross section (due to
dissipation inside the sphere) times |j;|. Thus, the total cross section (TCS),
which is also called the extinction cross section, is given by minus the integral
of jis over the surface of the sphere divided by |3;|.

Performing the integral of j;s over the surface of the sphere we find, after
a lengthy but straightforward calculation, that

Im {C}
TCS =4dn—"r——, 9
Re{Boqo} ®)
where o
C = Bogoa® Y (20 +1) (johtore + Johior?) (10)
=0

and the subscript zero indicates that the argument of the Bessel and the
Hankel functions is gga.

It is left to the reader to show that in the absence of losses in the host
material (i.e., when Im {By} = 0), (9) and (10) reduce to the usual formulae
for the total scattering section

TCS = —Im{f = —gz (20 + 1)Re {r} . (11)
=0

O

8.1s. In the presence of an electric potential ¢, the chemical potential, p,
becomes

1= po+4qé, (1)
where pg is its expression in the absence of ¢ and ¢ is the charge of each
particle. Equilibrium demands that g must be a constant throughout the
system. If this is not the case, a particle current is set up proportional to
—Vu (for not-so-large values of |Vpul):

Jp=—cVpu= —CSS%VTL —cqVo . (2)

By definition, the diffusion coefficient is the coefficient of —Vn:

5#0 .

the coefficient of —V¢ = E is by definition the conductivity divided by ¢:
o=cq . (4)
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Substituting the linear coefficient ¢ from (3) into (4) we have

_ 2"
J_qDS,uo' (5)

By making explicit the spatial nonlocal dependencies of o, D, and n/duy we
obtain (8.10).
For kT > Er the relation

1
n= /d@g(@)m
reduces to
n= /dsg(s)efﬁ(ff“) .
Hence P
n
@ - ﬂn )

from which (8.11b) follows. O

9.1s. The conductance, G, of a wire of cross section A and length L is given

by
g :0—% ; (1)

where ¢ is the conductivity of the material in the limits L — oo and A =
L? - .
Generalizing (9.42) and (9.43) to a wire we have

€2 cha e

L 2

2rh L 2mh’ 2)

where in the place of £ (the localization length of a 1-d system) we have

substituted cAa; A4 is the localization length of the wire given by Ay =

A/4.82¢" and ¢ is a numerical factor which, by the method of §9.6.1, turns out
to be about 2. Combining (1) and (2) and the expression for A4 we obtain

2

c e 1

S imxane v Lo 3)

(2

When L=! > 0 we have to add to (3) a term proportional to L~!, which,
according to (9.2c), is equal to

1 621_ \/6_1621 ()
2v2r2 h Ly 24272 h L

In (4) we took into account (9.5) and assumed that L;l =Lt = Lgl =0.
Combining (3) and (4) we obtain

e (0.066 0.036\/0_1> . (5)

£ +
R\ ¢ L
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According to the potential well analogy, & blows up at a critical value (S¢7,)
[see (9.30)] with a critical exponent s = 1 (keep in mind that the correct
critical exponent is larger, s ~ 1.54). Thus

€ = gp—er
Sg%r - (Sé%r)c ’

from (9.2¢), the critical value turns out to be 12¢}, where ¢} = ¢4,/ Ly,. The
quantity C' is determined by going to the weak scattering case, where S¢Z, >
(Séfr)c and o = (e?/12n%h) Sl;,. Equating this value of o with the value
0.066¢%/h¢’, where &' = C'/S02., we find

C = 1272 x 0.066 ~ 24.56 .

O

9.5s. We shall employ (9.106a) and (9.106b) [for a discrete system ,/v,vq
must be divided by the lattice spacing a as in (9.111)]. The Green’s function
will be calculated by the same trick as in Problem 9.9 below, i.e., we shall
introduce a 2 x 2 Hamiltonian of the form

Ho Hox
H= , 1
<H01 Hi S
where Hg describes an infinite periodic 1-d TBM, H; a semi-infinite periodic
TBM terminated at point 14 (i.e., the perpendicular leg of T) and Hp1 =

V' (|0) (14| + |14) (0]). Corresponding to H is a 2 x 2 Green’s function that
satisfies the matrix equation

E—-Ho —Ho Go Gor\ (10 (2)
—Hoo E-"Hy Gio G ) \01)~

More explicitly, (2) is equivalent to the following four equations:

(E —Ho)Go — Ho1G10 = 1, (2a)
—Ho1Go + (B —H1)Gio =0, (2b)
—Ho1G1 + (E—Ho)Go1 =0, (2¢)
(E—H1)G1 — HorGor =1. (2d)

Combining (2a) and (2b) we obtain
Go = Go + GoHo1G1Ho1 % » (3)

where

Go=(E—Ho)™ "' and Gi=(E—H) ". (4)

Similarly, from (2c) and (2d) we have
G1 =G1 + G HuGoHoG1 - (5)
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Let us calculate first (0] Go |m) = Go(0,m) from (3):
QO(O, m) = G0(07 m) + G()(O7 O)V’Gl (ld7 ld) V/go(()7 m) R (6)

or
. GO(O7m) !
Go(0,m) = 1 —=V"2Gy(0,0)G1 (1a,14) )

We remind the reader that

_ —i iln—m|¢ _
Go(nym) SWisno |V|sin¢e , ¢=ka. (7)

From (3), (6’), and (7) we can easily show that
Go(n,m) = Go(n,m) + Go(n,0)G1 (14, 14) V/2go(0, m) . (8)

To find the current transmission amplitude from left to right we have from
(9.1064)
£, = thve—iotnl+imp G m) 9)
a
Taking into account that hiv = —2Vasin ¢, and substituting in (9) from (8),
(7), and (6’) we obtain

-1

Ve 1 (1g, 1g) . (10)

tr=|14i———G
¢ +12|V|sin¢

It remains to calculate Gy (14, 14); this corresponds to a Hamiltonian where
site 0 is a vacancy. Hence

10) €O
Gy =Gy - Go——"""—GCG
T TG (g 1)
or
Gr (10, 1a) = Go (Lo, 1a) — Go (La, L) €29 = ———_ (1 —¢¥) . (11
1 (1a, 1a) 0 (la,1a) — Go (14, la)e 2|V|sin¢( e”?) (11)
Substituting in (10) we have
X 129 _ 2ig\ ! 1 _ o—2i0 V2
A T P R
V2 4sin® ¢ 1+ 22 — e %9 V2

The reader may obtain the remaining matrix elements of § by the same ap-
proach. O

9.6s. Because of the one-parameter scaling assumption we have that

Q=f(L/g), (1)
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where ¢ is a function of @ such that & = ¢(Q — Q.)”°, as Q — Q7. Differ-
entiating this last relation we have

d 1 o S s—1
a0 <g,> =-(@-Q)" . (2)
By definition of 5 we obtain from (1)
_LdQ L1

where the dot over f denotes differentiation with respect to the argument
L/¢'. Now, using the relation

ENEA TR "
d@ \¢ d(L/¢) I
and keeping L constant, we have that
R e 5
dQ \ ¢ Lf LQ&pB QP

In (5) we have replaced f from (3). Substituting in (5) & by ¢(Q — Q.)”°,

d(1/¢) /dQ from (2), and setting 5 = (d3/dQ).(Q — Q.) as Q@ — Q. [since
by definition 3 (Q.) = 0], we find that

1

Ss= — 6
Q. (@340, )
O
9.7s. We have from (9.72)
- / dep(e / dafo(z 1n‘1—|——‘
=1 ) [ assam
s [ ) [ awnt@mi- 5 1)
= - n —_— —
5] ep(e ; xfo(z o
Taking into account that fo(z) = C/v1+ x*, we have for the integral
o0 1 52
1= de———=1In|1 —
/0 V142t x?
/Ood< L 1)1 o= 2)
= 2|———-1)In|1- =],
0 V142t x?
since ) )
/dgc1n1—5—2 — S 0. (3)
o 22| p—oo
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We split integral (2) from 0 to € and from ¢ to co. In the first integral we
write

1 Ll
V14t 2

since € — 0, while in the second we expand the logarithm

2

€ 1 se\2n
- 5=-20 () @
Thus
I=1+1,
where
€ 1,4 52
Ilz/dx<—7)ln 1-= — 0 (%) for e—0, (5)
0
g2 oo 1 1
I = — dr (1— — | — . 6
2 Z ’I’L/E Jf( /_1+1'4> x2n ()

Each term in the series (6) is of order higher than &2, except for the n = 1,
for which we have

(1) 2 [ 1 1
I,/ = 1-—) —. 7
e M- 2) S ™
This integral can be expressed in terms of elliptic functions (see [11], p. 261):
W _ _€
I = -5 [Fla,r) —2E(a, 1)+ O (63) , (8)
where
(5+1)
a=arccos | 77— | -7 as £—0,
ec+1
1
r=—.
V2
But
F(m,r) =2K(r) and &E(m,r)=2E(r) . 9)
Thus finally
I=I" +0 (%) = =2 [K(r) — 26(r)] + O (%) . (10)

Hence the inverse localization length to order o2 is given by

e

&= 2/ dsp(s)[él), where C =

2K(r)
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according to (9.77). Thus finally

N 4K(r)
where o is the standard deviation of p(g). O

9.10s. From (8.75) we have
E iy = SNy _Al
s(G(0,0; E41is) G (0,0; E ls)>_NZq:1_uA(q), (1)

where, according to (8.82),
u(z,2) Ag;2,2") = 1+ a1 (2 = &) — azq’ (2)

as z — 2/ and ¢ — 0; a; = 1/2|%s| and az = hD®) /2 |X,| according to (8.83)
and (8.85), respectively. In the present case, z — 2’ = 2is.
Substituting in (1) we have

_ s 02 (1/u) | Xy
s(G*G >:CN(27r)d/dqs—|—(hD(0)/22) 5

- dN / hD0/2) ®)

where we have taken into account that u = |X5| /m¢’ and we have introduced
a numerical factor ¢ to correct for the fact that expansion (2) is valid for small
values of q.

For d = 3 the ¢? term in the denominator (in the limit s — 07) is cancelled
by a ¢ phase space factor in the numerator (coming from dg ~ ¢3dq), and
hence (3) approaches zero linearly in s, indicating thus the validity of the
perturbation expansion. In contrast, for d = 2 or d = 1 the phase space
factor is ¢ or 1, respectively, and the integral blows up. Although the integral
blows up as s — 0, the quantity s (GTG™) still approaches zero: as /s/hD()
in one dimension and as (s/ hD(O)) In |s/ hD(O)’ in two dimensions. If this
result is accepted, one must conclude that the eigenstates are neither extended
nor normalizable; instead, they decay very slowly to zero. However, we know
that, at least in one dimension, the states are exponentially localized. Hence,
we must conclude that the singularities of the vertex part obtained through
the CPA or the post-CPA, although indicative of localization effects, are not
capable of fully describing the situation at all length scales. It is assumed
that at short length scales, when one does not sample the extreme tails of the
eigenfunctions, the CPA and the post-CPA vertex corrections are satisfactory.

One way of improving the present method is to replace in (3) D by D
the corrected diffusion coefficient, which in general is w and ¢ dependent. Since
D(w) is proportional to iw, then s (GTG™) goes to a nonzero limit as w — 0
first and then s — 0%, and thus regular localization is recovered. O
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10.6s. Since the particles do not interact, their Hamiltonian has the form
H = Zsia;rai . (1)
i
The quantity <a az> to be calculated is by definition

Tr {ala;e PH—1N)
<a’Ta"> - T{r{eﬁ(HMN)} } : (2)

We have that
a; exp (—xazai) =e "exp (—ma;rai) a; . (3)

Equation (3) can be proved by acting on any eigenfunction of ajai (a}ai |p) =
n; |¢)) and taking into account that f (a;rai) a;|¢) = f(n; —1)a;|p). Then
we write
H— uN = (g; aal—&—z aa]7
JFi
and we have

Tr {a a;e —B(H— “N)}

=Tr ajai exp [—ﬂ (ei — ) a}ai] exp BZ a ey
J#i

=Tr aj exp [—f (e; — p)] exp ﬁz a jaj | @i

= exp =B (e — )] Tr < a;al exp ﬁz )ala;

=exp[—fF (i — )] {Tr [ G “N)] + Tr {a a;e B(H_“N)]} .4

From (4) and definition (2) we obtain the desired result

ala;) = !
(alor) = oo 1 )
O
11.4s. From (11.36) we have
(10 Zaw) = ~B{V) = B (Vi) M)

We integrate (1) from a =0 to a = 1:

1
InZa zanGO—ﬂ/ %Ma) : (2)
0
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The quantity (V;q) is given by (11.29):

v =2 [ 525 (4 g ) Aeth seo). @

Substituting (3) into (2) we obtain (11.37). The integration over w can be
transformed to a sum over z, according to (11.47) and (11.53). We have

1 2
ﬂPQ:ﬂPO-Qi/O %;Z%(zy—j—m>Ga(k,zy). (4)

O

12.4s. From Figs. 12.11) and (12.8, and rules I' to VII' on p. 299, we have
for the proper self-energy X*

31
zk%-ﬂz/dk (K. 2L exp (~z,0)
dgk, / o )
ﬂz/ (k— k)G (K, 2)exp(—2,0), (1)

where the first term on the rhs corresponds to the loop diagram in Fig. 12.11
and the last term in the last diagram.
Now, by employing (11.47) and (11.53) we can rewrite (1) as follows:

0= [E [ e 0A®.w) Jr )
<[ /&” LK) A, fr ()

A3k , ,
+ [ —=v(k—k K)) . 2
om0 = [ o (k= k) (o () )
The bottom line in (2) was obtained from (11.24) and (11.25) by taking into
account that the particle density, (n (k’)), is independent of r and equal to
no.

Since .

)

G (k,w) = [w—e) — X*(k,w)]
we have that the quantity e in (12.19) equals

4>k’
(2m)?

which coincides with (12.20) since €9 = k?/2m. O

ex = 9 +v(0)ng :t/ v(k—K)(n(K)) , (3)
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13.5s. We shall outline here the proof:
(a) We first do the integral over the angles, and we have
Z e
do(r) = -3 ‘2‘/ dqgsin(qr)F(q) , (1)
™
where 2 lalkr)
drrl] \4/KkF
F(q) = . 2
= @ /) )
We integrate (1) twice by parts
Z |e| d?
So(r) =533 dq sin(ar) 3.z [¢F (q)]
Zlel 1 [ o d?
= — dge'?"" —[qF(q)] .
(2m)2i 73 /,oo 4 gl F @) 3)
The function ¢F(q) has a singularity at ¢ = =£2kp of the form

(¢ F 2kp)In (J]g F 2kF|). Thus, the second derivative of ¢F(q) would produce
two poles, (¢ F 2kF)_1, which would dominate the integral as r — co. 0O
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152

ballistic motion, 205
band, 78, 80, 91, 94, 96, 101, 104, 145
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conduction, 126, 210
tail, 210
edge, 46, 69, 78, 84, 89, 91, 96, 97,
99, 104, 119, 121, 122, 124, 136,
137, 170, 210, 353
index, 78, 104
tail, 157
valence, 126, 210
tail, 210
bandwidth, 84, 85, 89, 96, 101
BC (boundary condition), 345
bee (body-centered cubic), 103
BCS, 130, 139
BE (Boltzmann’s equation), 363
Bessel
equation, 349
function, 12, 45
modified, 45, 349
spherical, 346
Bessel function, 118
Bethe lattice, 98-102, 145, 147, 360, 361
double spacing periodic case, 98
Bethe—Salpeter equation, 320
binary
alloy, 150, 164, 170
case, 157
distribution, 165-167, 201
binding energy, 128, 129, 135, 139
Bloch
eigenfunction, 355
function, 78, 138
ket, 342
wave, 115, 394
Bloch’s
theorem, 70
body-centered cubic (bcc) lattice, 103
Bohr radius, 313
Boltzmann’s equation, 177, 196, 197,
363
linearized, 365
bond, 164
Born approximation, 65, 75, 131
Bose
condensation, 258, 265, 300
function, 257
thermal equilibrium distribution, 263
Bose—Einstein distribution, 262
boson, 252, 254, 381
bosonic density operator, 306

bound, 137
bound pair, 128, 130
bound state, 74, 75
boundary
natural, 6, 15, 233
boundary condition, 3, 11, 15, 41, 345
branch cut, 6, 9, 15, 22, 42, 44, 57, 72,
117, 232
Brillouin zone
first, 78, 84-87, 90, 94, 102, 105
bulk modulus, 85, 158, 159, 171, 385

canonical transformation, 276, 306
capacitance, 239
cartesian coordinate, 25, 173
Cauchy’s theorem, 114
causality, 174
Cayley tree, 98, 99, 126, 140
double spacing periodic case, 98
center of mass, 127
cermet topology, 158
channel, 217, 218
characteristic length, 225
charge density, 8
chemical potential, 175, 219, 242, 364,
436
chronological product, 298
classical wave, 238
cluster, 157, 165, 168
scattering, 165
cluster—Bethe-lattice, 101
coefficient
diffusion, 25, 193, 197, 204, 208, 220,
240
Lamé, 158
reflection, 125, 170, 215, 371
transmission, 125, 170, 215-217, 371,
372
coherent potential approximation
(CPA), 141, 153, 169
collective (plasma) oscillation, 318
commutation relation, 252, 381
commutator, 35, 36
current—current, 273
completeness, 355
of a set, 4
relation, 338, 342, 389
complex propagation constant, 155
concentration, 37, 175, 177



condensate, 128
conductance, 216, 218, 220, 221, 239,
242, 437
Hall, 239
of nanotube, 240
conduction
band, 126, 210
tail, 210
conductivity, 126, 173, 189, 193, 204,
210, 212, 213, 216, 222, 240, 241,
244, 273, 364
AC, 175
DC, 175, 209
electrical, 173, 195, 197
local, 179
metallic, 199
post-CPA correction, 192
tensor, 174, 367
thermal, 25
conductor
perfect, 180, 197, 239
quasi 1-d, 218
quasi-1-d, 243
configuration, 150
conjugate momentum, 385
connected diagram, 294
connection of the notation, 269
conservation of probability, 371
constant
complex propagation, 155
diffusion, 37
FEuler’s, 69, 130
propagation, 161, 162
contact, 217, 218
resistance, 217
continuation
analytic, 9, 117, 276-278, 283
continued fraction method, 166
continuum, 145, 169
contribution
diamagnetic, 179, 197
paramagnetic, 179
convergence, 234
Cooper pair, 111, 322-324
coordinate
cartesian, 25, 173
relative, 127
Copper oxide, 131
correction
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post-CPA; 194, 199, 201
Coulomb
blockade, 240
force, 313
interaction
energy, 384
screened, 176
potential
attractive, 66, 67
repulsion, 132
screened, 132
coupled pendula, 81, 83, 101, 200
equations of motion, 81
coupling
magnetic, 330
coupling limit
strong, 318
weak, 318
covalent solid, 79
CPA, 141, 153, 154, 156-158, 160,
162-168, 170, 186, 189, 195, 210,
245
for classical wave, 158
homomorphic, 164
muffin-tin, 164
creation operator, 250, 252, 255, 383
phonon, 258
critical
dimensionality, 201, 213, 242
energy, 235
exponent, 50, 223
temperature, 130, 327
value, 138, 223
voltage, 239
cross section, 115, 163, 177
absorption, 162, 171
differential, 65, 66, 75
inelastic, 176
extinction, 162
scattering, 115, 118, 125, 159, 162,
171
total, 66, 73, 75, 161, 162, 171, 436
crossover, 134
crystal cell
primitive, 79
crystal wavevector, 104
Csl, 100
current, 219
amplitude, 372



464 Index

density, 173
current reflection amplitude, 236
current transmission amplitude, 236,
242
current—current commutator, 273
cutoff
energy, 130, 134, 139
length
upper, 199, 205, 240
cyclotron radius, 200, 240

Debye frequency, 131
Debye wave number, 386
decay length, 75
defect, 126
degeneracy, 42, 112
delta function, 337
derivative, 337
in cartesian variables, 338
density, 158, 161, 171, 270, 271
electronic, 273
fluctuation, 128
high, 312
low, 313, 319
matrix, 180
of particles, 282
wave, 281, 312
elementary, 311

density of states, 7, 16, 42, 46, 51, 72,

78, 91, 104, 157, 166, 167, 211,
268, 433
generalized, 275, 281
derivative
logarithmic, 220
device
double-barrier, 239
devil’s staircase, 52
diagram, 142, 144, 307
connected, 294
Feynman, 293, 297, 298, 300
ladder, 319
maximally crossed, 191, 192
phase, 327, 330
ring, 316, 317
skeleton, 301, 303
diagrammatic representation, 169
dielectric function, 283, 305, 334
retarded, 305
differential

cross section, 65, 66, 75
equation, 18, 285
homogeneous,second-order, 26
inhomogeneous, 3
inhomogeneous,second-order, 26
second-order, 27, 34
diffuse, 220
diffusion, 25, 239
classical, 224
coefficient, 25, 193, 197, 204, 208,
220, 240
constant, 37
equation, 25, 37
function, 174
length, 200, 240
inelastic, 222
digamma function, 207
dilute limit, 156
dimensionality
critical, 75, 201, 213, 242
Dirac notation
inner product, 343
Dirac’s notation
bra, 4, 5, 19, 42, 341
inner product, 341
ket, 4, 5, 19, 42, 341
Dirichlet function, 337
discontinuity, 278
disorder, 156, 173, 200, 235
diagonal, 164, 168
binary, 244
environmental, 151, 165, 168
limit
weak, 229
off-diagonal, 151, 164, 165, 168
strong, 221
topological, 151
displacement
operator, 385
vector, 388
dissipation
of energy, 273
distribution
binary, 165-167, 201
Bose thermal equilibrium, 263
Bose—Einstein, 262
Fermi, 127, 129, 139, 178, 183
Fermi thermal equilibrium, 263
Fermi-Dirac, 262



Gaussian, 170
Lorentzian, 201
rectangular, 150, 201
divergence, 209, 234
logarithmic, 69, 314
DOS, 44-46, 48, 49, 51, 52, 58, 91, 94,
96, 97, 99, 103, 104, 106, 113,
114, 118, 120-125, 127-129, 132,
139-141, 150, 156, 157, 168, 170,
173, 175, 177, 193, 210, 245, 323,
329, 428
average, 154, 228
direct process, 135
direct-process, 134
for bec, 423
generalized, 263, 264
indirect process, 135
indirect-process, 134
tail, 210, 434
total, 220
DOS (density of states), 7
drift velocity, 176
dynamic behavior, 278
Dyson’s equation, 300, 304

effect
Aharonov—Bohm, 207, 208, 241
interference, 203, 204
Kondo, 111, 129, 135, 139
weak localization, 213
effective
interaction, 307, 317
interparticle, 304
mass, 120, 310-312, 332
medium, 158
eigenenergy, 64, 70, 81, 83, 104, 224,
227
discrete, 42, 66, 67
resonance, 115, 120, 140
eigenfrequency, 83, 130, 131, 176, 177
discrete, 136
eigenfunction, 4, 9, 16, 55, 57-59, 70,
71, 81, 83, 102, 156, 224
Bloch, 355
bound, 114
causal, 60
discrete, 59, 113, 118
localized, 113
nondegenerate, 9

Index 465

orthogonal, 17
scattering, 118
eigenmode, 83
eigensolution
linear superposition of, 380
eigenstate, 6, 42, 114, 138, 157
bound, 115
extended, 6, 42, 116, 139, 196, 200,
201, 226, 231, 232
localized, 6, 42, 116, 157, 196, 200,
201, 221, 226, 231, 232, 233
nondegenerate, 42
normalized, 6
propagating, 6, 42, 116, 139
resonance, 115-118, 136
scattering, 138
extended, 169
eigenvalue, 3, 5, 10, 11, 15, 16, 19, 41,
55, 71, 102
discrete, 5, 9, 15, 16, 57-59, 118
nondegenerate, 19
eigenvector, 4, 19
Einstein’s relation, 174, 175
electric
field, 8, 173, 364
susceptibility, 175, 182, 209
electrical
conductivity, 173, 195, 197
resistivity, 131, 133
electrochemical potential, 217, 218
electromagnetic
equation, 48
theory, 31
wave, 238
electromagnetism, 14, 377
electron
dressed, 132
gas
high-density, 332
pair, 132
quasi, 132
electron—electron interaction, 201, 239
electron—phonon interaction, 131, 132
electronic
current density, 387
density, 273
Hamiltonian, 387
momentum, 387
polarizability, 100
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potential energy, 176
spectrum, 137
spin density, 387
structure, 164
trajectory, 86
electrostatics, 11
elementary excitation, 281
Eliashberg gap equation, 133
elliptic integral, 94, 97
complete, 90, 91
energy
average, 289, 330
binding, 128, 129, 135, 139
conservation of, 128
critical, 235
cutoff, 130, 134, 139
flux, 171
ground-state, 316
interaction, 270
kinetic, 270, 282, 313, 383
mismatch, 219
potential, 282, 313, 383
electronic, 176
resonance, 116, 120
total, 126, 271, 381
ensemble, 150, 199
canonical, 182
grand canonical, 254
equation
Bessel, 349
Bethe—Salpeter, 320
Boltzmann’s, 177, 196, 197, 363
linearized, 365
diffusion, 25, 37
diffusion type, 33
Dyson’s, 300, 304
electromagnetic, 48
Helmholtz, 345, 397
in cartesian coordinates, 345
in cylindrical coordinates, 345
in polar coordinates, 346
in spherical coordinates, 346
homogeneous, 9, 14-16, 22, 24, 28,
29, 35
inhomogeneous, 9, 16, 17, 24, 27, 30,
35, 59
integral, 320
Klein—Gordon, 31, 47, 48, 51
Laplace, 11, 12, 345-347

Lippman—Schwinger, 59
Newton’s, 176
of motion, 135
of state, 289
Poisson’s, 11, 13, 126, 273
relativistic, 33
Schrédinger, 41, 43, 44, 46, 52, 58,
69, 75, 158, 159, 251, 348
time-dependent, 60
Schrédinger type, 33
time-evolution, 325
weak localization, 201
equation of motion approach, 324
equation of motion method, 307
equations
hierarchy of, 256
Euler’s constant, 69, 130
excitation
elementary, 281
expansion
asymptotic, 97, 103
power series, 314
exponent, 212
critical, 50, 223
Lyapunov, 214, 215
external static point charge
response to, 317
extinction
cross section, 162

face-centered cubic (fcc) lattice, 103
fce (face-centered cubic), 103
Fermi
distribution, 127, 129, 139, 178, 183
energy, 127
function, 257
level, 219, 310
momentum, 278, 281, 311, 332
sea, 127, 129
surface, 131, 210, 278, 278, 280
system
low-density, 333
normal, 309, 332
thermal equilibrium distribution, 263
Fermi’s golden rule, 62, 75, 178
Fermi—Dirac distribution, 262
fermion, 252, 254, 278, 381
closed loop, 296, 299
ferromagnetic
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ordering, 328 plasma, 318
phase, 329, 330 friction force, 176
ferromagnetism, 327 Friedel oscillation, 317
Feynman diagram, 293, 297, 298, 300 fullerene, 131
Feynman’s path integral, 203 function
field analytic, 5, 9, 22
elastic wave, 162 Bessel, 12, 45, 118
electric, 8, 173, 364 modified, 45, 349
electromagnetic, 162 spherical, 346
EM, 163, 171 Bloch, 78, 138
magnetic, 86, 202, 239, 364, 366 Bose, 257
external, 223 delta, 337
momentum, 380 derivative, 337
operator, 35, 36, 250 in cartesian variables, 338
for noninteracting quantum fields, dielectric, 283, 305, 334
36 retarded, 305
transverse, 162 diffusion, 174
vector classical, 162 digamma, 207
film, 196, 238 Dirichlet, 337
metallic, 212 Fermi, 257
first Brillouin zone, 78, 84-87, 90, 94, Fourier, 337
102, 105 gamma, 67, 207
fluctuation—dissipation theorem, 182, gap, 333
273 Gaussian, 337
flux grand partition, 271, 282
average, 206 Hankel, 12, 45
magnetic, 206, 208, 241 spherical, 163, 347
quantum, 206 Hubbard dielectric, 132
force linear response, 263, 272
Coulomb, 313 longitudinal dielectric, 273
friction, 176 Lorentzian, 337
magnetic, 212 orthogonal to, 9, 16
restoring harmonic, 177 response, 273
short-range, 311 step, 23
formalism theta, 338
second quantization, 249 Wannier, 79, 355
formula Furstenberg’s theorem, 215
Kubo—-Greenwood, 180, 195
four probe, 218 gamma function, 67, 207
Fourier gap, 78, 100, 104, 120, 126, 325, 326
function, 337 function, 333
series, 287 level, 111
transform, 5, 21, 25, 27, 33, 34, 57, Gauss’ theorem, 11
58, 174, 176, 255, 258 Gaussian, 157
frequency distribution, 170
Debye, 131 function, 337
mismatch, 200 generalized DOS-like, 265
natural, 177 geometric

phonon, 131 average, 150
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optics, 159
grand partition function, 271, 282
Green’s function, 250, 255, 265, 325
n-particle, 256
1-d, 227
advanced, 27, 35
causal, 27, 35
imaginary time, 287, 288
perturbative expansion, 292
diffusion, 37
for noninteracting particles, 257
for the LA phonon field, 258
Hubbard, 97, 101, 120, 122, 170
retarded, 27, 35, 272
two-particle, 256
wave, 37
ground state, 281
ground-state
energy, 316
group velocity, 85, 155
of sound, 85

Hall
conductance, 239
effect
integral quantum, 213, 239
voltage, 239
Hamiltonian, 384, 385
density, 380
electron—phonon, 386
total, 386
electronic, 387
Heisenberg type, 333
Kondo, 134
periodic, 47, 77, 78
eigenfunction of, 78
eigenvalue of, 78
tight-binding, 77, 80, 83, 87, 101,
111
total, 282
Hankel function, 12, 45
spherical, 163, 347
harmonic
approximation, 386
interaction, 135
oscillator, 78
potential energy, 388
Hartree
approximation, 285, 288, 328-331

Hartree—Fock

approximation, 289, 303, 307, 334
heat

specific, 334
Heisenberg

model, 328

picture, 250, 290
Helmholtz equation, 345, 397

in cartesian coordinates, 345

in cylindrical coordinates, 345

in polar coordinates, 346

in spherical coordinates, 346
hermitian operator, 3, 5, 14, 15, 17, 19,

33, 391

hierarchy of equations, 256, 285
high T, superconductivity, 131
Hilbert space, 80, 341
hole, 129
Hubbard

dielectric function, 132

Green’s function, 97, 101, 120, 122,

170

model, 327-331, 333

hyperbola, 107, 145

imaginary time, 299
imperfection, 77, 78
impurity, 113, 115, 136, 137, 141, 144,
145, 169
band, 202
single-isotope, 136
substitutional, 111
independent-particle approximation,
183
inequality, 352
inertia, 176
inner product, 341, 343
instability
numerical, 91
insulator, 126
integral, 17
elliptic, 94, 97
complete, 90, 91
equation, 56, 57, 59, 227, 229, 320
inhomogeneous, 72
integral quantum Hall effect (IQHE),
213, 239
interaction
effective, 307, 317



electron—electron, 196, 201, 239

electron—phonon, 131, 132
energy, 270
harmonic, 135
on-site, 327
picture, 290
repulsive, 333
screened Coulomb, 176
short-range
repulsive, 319
spin-orbit, 223
interface, 196, 212, 213, 238
interference, 203, 204
constructive, 199
destructive, 199
quantum, 240
ionic
crystal, 99
motion, 78, 82
solid, 79

jellium model, 312
high-density, 313

kernel, 56
KKR method, 70
Klein—Gordon
case, 47, 50
equation, 31, 47, 48, 51
Kondo
effect, 111, 129, 135, 139
Hamiltonian, 134
problem, 133, 139
Kramers—Kronig relation, 174
Kubo-Greenwood
formalism, 217
formula, 180, 195

LA (longitudinal acoustic), 385
ladder
approximation, 319, 321, 322
diagram, 319
Lagrangian, 203
density, 379
Lamé coefficient, 158
Landau’s theory, 332
Laplace
equation, 11, 12, 345-347
transform, 25

Index 469

lattice, 77, 101
bcc, 422
Bethe, 98-102, 145, 147, 360, 361
body-centered, 97
body-centered cubic (bee, 103
constant, 84, 90
diced, 94
face-centered, 97
face-centered cubic (fec), 103
fce, 423
honeycomb, 94
path in, 358
relaxation, 126
simple cubic, 94, 96, 97, 119-121,
147, 170
square, 84, 89, 92, 95, 124
triangular, 94
vector, 78
vibration, 100, 131, 136, 137, 164, 165
LCAO, 79, 102
Legendre polynomial, 339
length
localization, 212
screening, 317
Thomas—Fermi, 317
level
bound, 119, 120, 122, 124-126, 129,
209
discrete, 66, 68, 69, 73, 74, 120, 122,
123, 138, 145-147
Fermi, 310
non-degenerate, 138
repulsion, 226
resonance, 122, 123, 139
spacing, 226
statistics, 225
LiF, 100
lifetime, 118, 276, 277, 283, 318, 332
line, 301
line of singularity, 6
linear
chain, 375
density, 85
response, 283
function, 263, 272
theory, 180
linear combination of atomic orbitals
(LCAO), 79, 102
Liouville’s theorem, 363
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Lippman—Schwinger equation, 59
liquid, 313
Luttinger, 281, 283
liquid He-4, 52
local
conductivity, 179
moment, 133, 134, 139
oscillation, 136
localization, 192, 197, 209, 219, 224, 230
Anderson, 240, 243
effect
weak, 213
function, 234
in disordered system, 209
length, 209, 210, 213-215, 221, 225,
229, 240, 241
inverse, 227
problem, 201
regime
strong, 210
weak, 216, 240
theory, 238
weak, 205
locator, 144
expansion, 165
logarithmic
derivative, 220
divergence, 69, 314
longitudinal, 163
dielectric function, 273
Lorentzian, 150, 168, 170
distribution, 201
function, 337
shape, 277
Luttinger
liquid, 281, 283
model, 281
Lyapunov exponent, 214, 215

magnetic

coupling, 330

excitation, 164, 165

field, 86, 192, 202, 239, 364, 366
external, 223

flux, 206, 208, 241
quantum, 206

force, 212

moment, 329, 331

ordering, 327, 328

phase, 333
susceptibility, 134
magnetoresistance
negative, 202, 213, 241
tensor, 367
magnon, 333
mass
center of, 127
effective, 120, 310, 311, 312, 332
material, 238
superconducting, 312
mathematical data, 17
matrix, 148
Pauli, 344, 387
matrix element, 61, 79, 80, 101, 150
diagonal, 7-9, 42, 80, 81, 87, 89, 92,
95, 96, 111, 231
of current operator, 179
off-diagonal, 80, 81, 89, 99, 101, 103,
151, 155, 165
maximally crossed diagram, 191, 192
mean
arithmetic, 184
geometric, 184
mean free path, 155, 155, 156, 159, 210,
230, 240
elastic, 194
scattering, 178, 229
transport, 180, 204, 229
medium
effective, 166
homogeneous, 49
periodic, 49
polarizable, 130
random, 163
strongly scattering, 158
disordered, 158
periodic, 158
metal, 80, 312
transition, 80
metal-insulator transition, 173
metallic
conductivity, 199
regime, 221
method
continued fraction, 166
equation of motion, 307
of residues, 88
of stationary phase, 92



pseudopotential, 79

recursion, 166, 224
mobility

averaged, 175

edge, 201, 210, 211, 235

microscopic, 175
model

XY, 224

Anderson, 201

Heisenberg, 328

Hubbard, 327-331, 333

Luttinger, 281

nearly-free electron, 78

tight-binding, 79, 80
moment

local, 133, 134, 139

magnetic, 329, 331

of inertia, 348
momentum, 18, 46, 388

angular, 348

conjugate, 385

conservation of, 128

eigenstate, 383

electronic, 387

Fermi, 278, 281, 311, 332

ket, 342

operator, 343

total, 127
motion

ballistic, 205

equation of, 135

ionic, 78, 82
multichannel case, 237

NaCl, 100
nanoelectronics, 240
nanotube

carbon, 240

nearly-free electron model, 78

negative energy solution, 48
network topology, 158
Newton’s equation, 176
NFE, 78, 79
nonanalyticity, 165
nonmagnetic

phase, 329, 330
normal state, 280
normalized eigenstate, 6

number density operator, 383

Index
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number of states, 7, 18, 49-52, 104, 394

number operator, 382
numerical technique, 224

occupation number, 175
one-dimensional
quasi, 217
operator, 18, 23, 61
adjoint, 19, 381

annihilation, 250, 252, 255, 383

phonon, 258
bosonic density, 306
chronological, 251
creation, 250, 252, 255,
phonon, 258
differential, 14
displacement, 385
field, 250

383

hermitian, 3, 5, 14, 15, 17, 19, 33, 391

linear, 3, 14, 33
momentum, 343
number, 382
number density, 383
position, 4, 343
positive definite, 8
slave boson, 306
spin, 344
time-evolution, 23, 43
time-independent, 33
unit, 5
optical
absorption, 100, 210
theorem, 63, 66, 73, 161
orbital, 77
d-like, 79
p-like, 79
s-like, 79
antibonding, 104
atomic, 79
hybrid, 79, 104
atomiclike, 101, 126
bonding, 104
local, 163
tube, 204
order
short-range, 151, 168
ordering
anti-ferromagnetic, 328
chronological, 63
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ferromagnetic, 328 antiferromagnetic, 329, 330
magnetic, 328 diagram, 327, 330
orthonormal, 388 ferromagnetic, 329, 330
orthonormality, 79, 355, 392 incoherence, 214, 230
oscillation inelastic length, 204
charge inelastic time, 204, 205, 240
longitudinal, 176 length, 204
collective time, 200
transverse, 176 magnetic, 333
collective (plasma), 318 nonmagnetic, 329, 330
Friedel, 317 shift, 162
local, 136 space, 18, 280, 363
small, 135 velocity, 85, 156
oscillator of sound, 85
harmonic, 78 phonon, 48, 132, 333, 386
oxide superconductor, 80 frequency, 131
longitudinal acoustic (LA), 255, 385
pair photoconductivity, 100
bound, 281 photon, 48
electron, 132 plane wave
of equations, 326 expansion of, 403
partial differential equation normalized, 342
first-order, 33 plasma frequency, 131, 318
homogeneous plasmon, 128, 281, 318, 332
first-order, 21 Poisson’s equation, 11, 13, 126, 273
inhomogeneous polarizability, 176
first-order, 21 electronic, 100
partial summation, 301 polarization, 162, 304, 306
particle part, 307
dressed, 276, 283 proper, 304, 306, 313
number, 279 part, 307
particles pole, 9, 10, 16, 22, 42, 57, 66-69, 72, 73,
interacting, 253 117, 145, 277, 310, 332
path, 142 simple, 5, 15
integral, 203 polynomial
self-avoiding, 358, 360 Legendre, 339
skeleton, 358 position
Pauli matrix, 344, 387 eigenstate, 383
Pauli principle, 127, 129, 313, 379 ket, 341
permeability, 158, 163, 377 operator, 4, 343
permittivity, 158, 175, 176, 195, 377 positive energy solution, 48
perturbation, 55, 64, 70, 142 post-CPA, 222
expansion, 14, 285 contribution to o, 196
series, 5D correction, 194
theory, 55 correction to conductivity, 192
second-order, 133 vertex inclusion, 195
time-dependent, 61 potential
perturbative approach, 36 attractive, 145

phase, 42, 83 centrifugal, 348



chemical, 175, 219, 242, 364, 436
Coulomb
attractive, 66, 67
disordered, 51
electrochemical, 217, 218
thermodynamic, 307
vector, 206
well, 69, 209
analogy, 210, 212, 244
circular, 69
shallow, 67, 68, 73
power, 178
power series expansion, 314
pressure, 159, 171, 271
primitive cell, 87
primitive crystal cell, 79
principal
axis, 106
value, 393
principle of least action, 379
probability, 150
amplitude, 60, 61, 73, 117, 203, 231,
341
conservation of, 371
distribution, 150, 226
joint, 229
reflection, 216
transmission, 216, 218
process
direct, 322
indirect, 129, 322
propagation constant, 161, 162
propagator, 23, 133, 144, 280
bare, 322
dressed, 322
proper self-energy, 132
property
optical, 176
pseudopotential method, 79
PWA (potential well analogy), 216

quantized sound wave, 128
quantum

condensation, 128

dot, 239

field theory, 35

interference, 240
quantum-mechanical, 14
quasihole, 278
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quasiparticle, 263, 276, 278, 280, 283,
312, 316, 332

radius
Bohr, 313
cyclotron, 200, 240
random
1-d system, 214
matrix, 214
medium, 163
variable, 156
Gaussian, 180
random phase approximation (RPA),
316
random walk problem, 224
randomness
off-diagonal, 164
ray approximation, 159
Rayleigh scattering, 159
reciprocity relation, 9
rectangular
case, 157
distribution, 150, 201
recurrence relation, 90, 91, 93, 103
recursion method, 166, 224
recursion relation, 93
reflection
amplitude, 237, 370, 373, 429
current, 372
coefficient, 125, 170, 215, 371
regime
critical, 239
extended, 239
strong localization, 210
weak localization, 216, 240
relation
anticommutation, 252
commutation, 252
Einstein’s, 174, 175
Kramers—Kronig, 174
relaxation time, 156, 156, 159, 196, 363
transport, 176, 196
renormalized perturbation expansion
(RPE), 98, 230, 234, 359
representation, 341
diagrammatic, 169
residue, 9, 16, 42, 72, 112, 277, 283
theorem, 10
resistance, 213, 216
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contact, 217
total, 217
resistivity, 134, 135, 139
electrical, 131, 133
tensor, 174
resonance, 66, 121, 122, 125, 146
eigenenergy, 120, 140
eigenstate, 117, 118, 136
energy, 116, 120
level, 139
state, 212
tunneling, 239
response, 9, 24
function, 273
linear, 283
ring, 208
role, 173
RPA
(random phase approximation), 316,
318, 319
RPE (renormalized perturbation
expansion), 98, 227
rule, 295, 299
final, 294

saddle point, 91, 106, 107
scaling, 133
approach, 219, 223, 224, 243
one-parameter, 223, 439
scattered wave, 163
scattering, 64, 144, 176
amplitude, 46, 65, 67, 73, 159, 161,
171, 319, 320
forward, 66
backward, 229
cross section, 115, 118, 125, 159, 162,
171
elastic, 173
forward, 229
inelastic, 173
length, 319
limit
strong, 156
mean free path, 178, 229
multiple, 144, 157, 165, 169, 199, 217,
322
probability, 131
process, 239
Rayleigh, 159

regime
weak, 222
spin flip, 133
spin-orbit, 223
theory, 57, 63
weak, 134
Schrédinger
case, 49
equation, 41, 43, 44, 46, 52, 58, 69,
75, 158, 159, 251, 348
time-dependent, 60
picture, 290
second quantization, 379
formalism, 249
self-consistency, 126
self-energy, 153, 154-156, 160, 166, 169,
185, 190, 240, 243, 301, 301, 307,
359, 360
proper, 132, 301, 302, 307, 314, 315
semiconductor, 103, 126, 210
amorphous, 151
doped, 126
heavily doped, 202
set
complete, 355
orthonormal, 341, 355
set of eigenfunctions
complete, 3, 15, 17, 33, 41
orthonormal, 3, 15, 17, 41
Shockley’s tube-integral formula, 367
Si, 103, 104, 127
simple cubic, 84, 108
lattice, 119-121, 147, 170
single-isotope impurity, 136
singlet state, 128
singular point, 93, 94
singularity, 23, 26-28, 34, 42, 52, 57,
104, 133
S-function, 114
logarithmic, 47, 50, 91, 94
square root, 89
Van Hove, 94, 96, 97
skeleton
diagram, 301, 303
path, 358
slave boson operator, 306
small oscillation, 83, 135
solid
covalent, 79



crystalline, 77, 78
ionic, 79
periodic, 70
tetrahedral, 79
Wigner, 313
solid-state physics, 46
solution
normal, 310
outgoing, 115
sound
propagation, 171
velocity, 159
wave, 48, 312
quantized, 128
source, 9, 24
unit point, 9
spacing
interparticle, 313
specific heat, 25, 334
spectrum, 4, 78, 136
band, 84
continuous, 8-10, 15, 42, 44, 57-59,
64, 72, 113, 120, 122, 200
discrete, 8, 200
electronic, 137
speed of sound, 385
spherical harmonic, 339, 347
spin, 127
flip, 134, 139
scattering, 133
operator, 344
part, 128
spring constant, 83, 164
state
bound, 74, 75, 111, 114, 118, 120,
124, 128, 134, 135, 139, 170, 323,
427
extended, 210, 226, 233
ground, 128, 281
localized, 209-211, 226
normal, 332
propagating, 52
resonance, 111, 212
scattering, 111
singlet, 128
superconducting, 334
triplet, 128
step function, 23
strip case, 225

Index 475

strong coupling, 130, 132
limit, 318
subband, 99
width, 100
sublattice, 80, 81
substitutional impurity, 111
sum rule, 114, 265
supercell, 166
superconducting system, 129
superconductivity, 124, 139, 322, 333
high T, 131
theory of, 69
superconductor, 129, 283
superfluid, 312
system, 129
superlattice, 166
surface impedance, 377
susceptibility, 176
electric, 175, 182
magnetic, 134
symmetry
of time reversal, 192
time reversal, 204

system
disordered, 6, 15, 141, 150, 167, 169,
209, 221, 240
Fermi

low-density, 333

normal, 332
many-body, 249
normal, 278, 283, 311
quasi one-dimensional, 223
quasi-1-d, 215, 242
quasi-one-dimensional, 225
random, 150, 151, 169

1-d, 214
superconducting, 129
superfluid, 129
TB

2-d, 238
three-dimensional, 223
two-dimensional, 223

tail
in DOS, 210, 434
Urbach, 210, 434
TBH, 81, 101, 111, 137, 327
TBM, 79, 80, 83, 103, 136, 141, 151,
186, 201, 210, 220, 238, 374



476 Index

TCS (total cross section), 436
technique
transfer matrix, 214
temperature
critical, 130, 327
finite, 219
tensor
conductivity, 174, 367
magnetoresistance, 367
resistivity, 174
tetrahedral solid, 79
theorem
Bloch’s, 70
Cauchy’s, 114
fluctuation—dissipation, 182, 273
Furstenberg’s, 215
Gauss’, 11
Liouville’s, 363
optical, 63, 66, 73, 161
residue, 10
Wick’s, 293, 298
theory
electromagnetic, 31
Landau’s, 332
linear response, 180
of superconductivity, 69
perturbation, 55, 133
scattering, 57, 63
thermal
average, 254, 324
conductivity, 25
thermodynamic
potential, 307
property, 45
quantity, 263, 275
relation, 271
theta function, 338
Thomas—Fermi screening length, 317
tight-binding, 84
bce, 422
for fcc, 424
Hamiltonian, 77, 83, 87, 101, 111
coupled pendulum analog of, 82
coupled pendulum double spacing
analog of, 82
Hamiltonian (TBH), 80
model (TBM), 79, 80
simple cubic, 85
time

imaginary, 299
time-evolution
equation, 325
operator, 23, 43
time-reversal symmetry, 369
topology
cermet, 158
network, 158
total
cross section, 66, 73, 75, 161, 162,
171, 436
energy, 271, 381
trajectory
classical, 204
transfer matrix, 214, 370, 376, 377
element, 81, 83, 220
technique, 214
transformation
canonical, 276, 306
transition
metal, 79, 80
metal compound, 80
metal-insulator, 173
metal-insulator, 327, 333
probability, 46, 75
rate of, 62
transmission, 239, 242
amplitude, 237, 370, 373, 429
current, 372
coefficient, 125, 170, 215, 371, 372
in quasi-1-d system, 235
transport
mean free path, 180, 204, 229
property, 173, 186, 226, 238
relaxation time, 176, 196
transverse, 163
triplet state, 128
tunneling, 132
two-band model, 427

unitarity

of S, 63
unitary, 63, 372
Urbach tail, 210, 434

vacancy, 170
vacuum state, 382
valence

band, 126, 210



tail, 210

value

critical, 138, 222, 223
values

continuous, 4

discrete, 4
van der Waals, 289
Van Hove singularity, 94, 96, 97
VCA, 151, 152, 168
vector

classical field, 162

derivative

in cylindrical coordinates, 347
in spherical coordinates, 347

displacement, 388
potential, 206
space, 4
velocity, 158, 159, 161, 310, 318
longitudinal, 158
of light, 48
of sound, 48
sound, 159
transverse, 158
vertex, 301

correction, 184, 186, 188-193, 196,

208, 222
inclusion
post-CPA, 195

part, 187, 188, 302, 307, 311, 319,

320, 322, 332
vibration
longitudinal, 385

Virtual Crystal Approximation (VCA),

151
voltage, 219
critical, 239
probe, 218

Wannier function, 79, 355
wave
acoustic, 161, 163

Index

classical, 158, 159, 238
acoustic, 158
elastic, 158
electromagnetic, 158
elastic, 163
electromagnetic, 238
scattering of, 169
equation, 31, 33, 49, 51, 171
2-d, 31
homogeneous, 36
inhomogeneous, 30, 36
scalar, 37
function, 41
ingoing, 12, 65
outgoing, 12
packet
free quantum-mechanical, 25
minimum uncertainty, 25
plane, 4
propagating, 83
reflected, 145
spherical, 65
TE, 378
T™, 378
transmitted, 145
wavelength, 155, 156, 158
wavevector, 49, 52
crystal, 104
weak coupling limit, 318
weak localization equation, 201
weak scattering limit, 156, 221
Wick’s theorem, 293, 298
Wigner solid, 313
wire, 196
case, 225
thin, 238

zero sound, 281, 312, 318, 332
zone

477

first Brillouin, 78, 84-87, 90, 94, 102,

105
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