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1. Introduction 

To study the electronic transport in 
substitutionally disordered alloys it is 
important to treat simultaneously impurity 
and electron-phonon scattering mechanisms. 
Several interesting features can be expect
ed from including off-diagonal randomness 
in the tight-binding model under considera
tion. Theoretically, this problem is con
nected with the appearance of vertex cor
rections to the conductivity arising from 
a random current operator. 

In the phononless case, most of the 
work /1-8/ has been devoted to transport 
processes in alloys with only diagonal di
sorder using the coherent potential appro
ximation (CPA). Then the expression for 
the electrical conductivity involves no ver
tex corrections as has been proved in single
site CPA by Velicky /1/. Various appro-
aches /9-13/ have been developed to investi
gate the effect of off-diagonal randomness 
on the conductivity. Restrictions were sup
posed in constructing practicable models 
where the transfer integrals depend additi
vely /10,12/ or multiplicatively /9, B/ on the 
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configurations at the sites linked, and 
other limiting cases/~/ were treated. Fu
kuyama et al. /10/ have derived nonvani sh
ing vertex corrections, whereas no vertex 
corrections occur in other extended CPA 
schemes /13/ as in the renormalization pro
pagator formalism of Niizeki and Endo /9/. 
At finite temperature, the effect of elect
ron-phonon interaction has been investiga
ted by Chen et al. /! 4/. Their CPA treatment 
restricted to the case of diagonal disorder 
yields, in analogy to /I/ , no vertex correc
tions to the conductivity. 

In this paper we start with a model 
Hamiltonian/!~ including random diagonal 
and off-diagonal elements caused by substi
tutional and thermal disorder in the binary 
alloy. The functional-derivative technique 
is used to generate the contribution of the 
electron-phonon interaction to the electron 
self-energy. The static (adiabatic) appro
ximation is introduced to show the equiva
lence of statically approximated and genera
lized stochastic models, and the correspond
ing distribution functions are derived in 
Section 2. After specializing to additive 
conditions for the transfer elements, the 
calculation of the ac-conductivity is 
based on the Kubo-Greenwood formula involv
ing the random current operator and double 
average (Section 3). In Section 4 we present 
a method for determining the vertex correc
tions to the conductivity which evades the 
renormalized cumulant perturbation series 
for the self-energy use~ in/ 1 ~. Two-par
ticle quantities are evaluated within the 
modified CPA/I~ using a random-phase appro
ximation type of decoupling similarly to /1/. 
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The vertex corrections are found by sol
ving Bethe-Salpeter-type equations. 

2. Equivalence of Statically 
Approximated and Stochastic Models 

Consider the electron-phonon interac
tion in substitutionally disordered binary 
systems such as AcBl-c-alloys. The model Ha
miltonian depending on the configuration is 
assumed to have the form /15/ 

where 

H = He + H eph + H ph ' ( 2. 1) 

H 
e 

I£ a+a + I h a+a 
n n n n DJll nm n m 

(n~m) 

( 2. 2) 

+ . ~ ( ( s) ( ( s \ + 
H h= I ® a a , wtth ® = ~ y b + y 'J*b ), 

ep nm nm n m nm 
8 

nm s mn s 

+ 
H = I 1w (b b + 1

2 
) . 

ph s s s s 

( 2. 3) 
( 2. 4) 

a+(a ) and b+(b ) are creation (annihilation) 
n n s s 

operators for an electron in the Wannier 
state at lattice site n and for a phonon in 
the state with the quantum number s, res
pectively. The s summation is extended over 
3N normal modes of lattice vibrations,where 
N lattice sites are randomly occupied by 
atoms A or B. The atomic energies ln , the 
hopping integrals hnm as well as the elect
ron-phonon coupling elements y (s) and y (sl nn nm 

are random variables which take the values 
( 11 , h '1L , y < s) 11 and y < s) VJL , r e s p e c t i v e 1 y ; h e r e 
the superscript v(JL) refers to the atomic 
spec i e s ( v, IL = A, B ) 1 o c at e d at s it e n (m ) • 
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Only the nearest-neighbour (n.n.) transfer 
elements hnm andy~~ are considered. 

We are primarily interested in the 
electronic properties of the system. Accord~ 
ing to the procedure of Kadanoff and Baym /16/, 
the one-electron thermodynamic Green func
tion related to H A= H+.\ is introduced by 

where 

G (tt'·A)=-1-
nm ' ' i'h 

<T(8(-i'h{J,O>an(t) a~(t')}> 

. t 

'(2.5) 
< 8 (- i'hf3' 0) > 

8<t, t') = T exp(- ..!_f.\ (t")dt" I 
h , 

t 

( 2. 6) 

with the time-dependent auxilary field 

A(t)= I. Anm(t) E>nm(t). (2.7) 
nm 

From the equation of motion for the Green 
function (2.5) one gets the Dyson equation 

(in-~ -( )G (t,t';A)- I. h k.'Gk (t,t';A) = (2.8) 
VL n nm k (:in) n m 

-i"-f3 I I 
= o o<t-t') +I. f dt"I. ~ <t,t";A)Gk <t",t';A). nm k na. m 

0 
· {vi The electron1c self-energy I.nk (t,t";.A) due 

to electron-phonon interaction in a given 
configuration I~ is defined by 

6 

-inf3 
I. I dt "I. I vi ( t t" · .\) 1": ( t" t' ·A) 

nk ' ' Km ' ' 
k 0 ( 2 • 9 ) 

1 
< Tl 8 (-ihf3, O>E> nk (t)a k (t) a: ( t ')! > 

=-I. --. 
ih k <8(-i'hf:J,O)> 

By exploiting the A-dependence explicitly 
the relation 

8Gk(t,t';A) 1 
m =- -.-<E>nk(t)>HAGkm(t,t';A) + 

0 A nk ( t) lll ( 2 • 1 0 ) 

+ -~
(i"h) 2 

< Tl8(-ihf3, 0)8nk. (t)ak (t)a :<t')l> 

<8<-infJ,O>> 

1s obtained from (2.5) to (2.7) with the 
abbreviation 

<E>nk (t)>HA 
<T I 8 <- i'h f3, 0)8 nk<t>l > 

<8<-infJ ,O>> 
(2.11) 

On the other hand, via (2.8), one derives 

Jvl -
8GkJt.t';A) 

OA nk(t) 

-ittp-inf3 ol: -<t': t";A) 
~ I I dt"dr'o <t,t'';A) n o- <t'~t';.A>. 
II 0 0 kl & (t) lm 

nk 

Using (2.9) to (2.12) we find the 
differential equation 

I vi 
Inm(t,t';A)=<E>nm(t)>H,\o(t-t') + 

-ittf3 oi.Ivl(t'~t';A) 
+ itl I. I dt"G (t,t";A )--k_m __ _ 

lk lk 8>.. (t) 
0 nl 

(2.12) 

functional-

(2.13) 
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The equations (2.8), (2.12) and (2.13) de
termine, at least in principle in terms of 
mean values of phonon operators, the one
electron properties of a fictive system HA 
within a given configuration. The physical
ly interesting quantities are obtained in 
the limit A __, 0 . 

The following approximation scheme can 
be derived analogous as it has been done/IV 
in treating the local electron-electron 
interaction in the Hubbard model. The static 
approximation is introduced by neglecting 
the time-dependence of the A -field. Then 
we formally arrive at an equilibrium prob
lem. Going over to the Fourier coefficients 
in (2.8), (2.12) and (2.13) within the sta
tic approximation, we get 

<z-f )G <z;A)- I h ,Ck <z;A)= 
n nm k(~n) n... m (2.14) 

I vi 
=Onm + IInk (z;A) Gkm(z;A), 

k lvl 
ackm (z ;A) a III (z ;A) 

~Gk 1<z;A) Gl (z;A), (2.15) 
aAnk II aAnk m 

I vi 
lvl 1 (}Ikm (z; A) 

I (z;A)=<El >H -f3IG 1k<z;A) .(2.16) nm nm A kl d\ 
nl 

There are physical arguments to support 
this static approximation. In the sense of 
the Born- Oppenheimer adia~atic approximation 
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we can suppress the ionic motion in treat
ing the electronic problem, formally, by 
neglecting the time-dependence of the pho
non operator enm or, equivalently, by neg-
1 e c tin g the non c o mm uta t ion of He h and H h. 

• • p p 
Then an electron lS elastlcally scattered 
by phonons approximated as static scatterers. 

Another approach to the electron-phonon 
interaction is based on the simulation of 
the interaction term by a static c-number 
field which acts on the electron with cer
tain statistical fluctuations. The Hamilto
nian of the stochastic model for a still 
fixed configuration is given by 

H = He + Hee + Hph , (2.17) 

with 

H = I e a+a 
eO nm nm n m 

(2.18) 

where the quantities e~ fluctuate statisti
cally according to a certain normalized dis-
tribution function P<lel). • Note that enm 
and P<le I) are also configurational depend-
ent. 

Starting now with the Hamiltonian HA= 
=H+A including the static auxiliary field 

A= I A e (2.19) 
nm nm nm 

the Fourier transform G nm (z; (.)) of the one
electron Green function obeys the equation 
of motion 

~ ~ ~ 

<z-f )G <z ;e)- I h kGk <z;t!J =o +I e kG k <z;e). ( 2. 2 0) 
n nm k(/n) n m nm k n m 
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The 0-averaged Green function is defined 
by (compare the analoAous expression for 
the Hubbard model in V ) 

A(A, 0) 
e 

G ( ~ A) = < G ( z ; 0) A( A, 0) > 0 ' 
nm nm <e >o 

(2.21) 

where 

< f<l 0 I) > = JP <! 0 I )f<! 0 I) II dO nm , 
e nm 

(2.22) 

A(A,O) = -{3~.\nmOnm • ( 2. 23) 
nm 

From (2.20) and (2.21) one gets the Dyson 
equation 

and 
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I vi 
(z-( )G (z;A)- ~ h k'r: (z;.\)=o +~~ k (z;A)G km(z;A) 

n nm k(;in) n lbri nm k n 

I vi aG (z;.\) a~ - (z;A) 
km =~ G (z;A) II G- (z;.\), 
a.\ II kl aA lm 

nk nk 

lvl 
~ (z·.\)=<0 > -

e A(A, f)) 

nm ' nm 
< e A(A,O) > () 

() 

- 1 a~lvl ~ ~ G ( . ') km (z ;.\) 
1-' kl lk z' 1\ a.\ 

nl 

(2.24). 

(2.25) 

(2.26) 

These equations completely coincide with 
the relations (2.14) to (2.16) if in deter
mining the distribution function P<IOI) we 
make the formal identification 

<0 nm 

e A(A, 0) 
> = <8 > 

<e A(A,O) >o 0 nm H A 
( 2. 27 ) 

being valid within a fixed configuration for 
all A. In this way- concerning the electro
nic properties - the statically approximated 
model (2.1) is reduced to the stochastic mo
del (2.17), i.e., to a generalized alloy mo
del. Such a treatment of the electron-phonon 
interaction is not restricted to a special 
type of disorder. 

In order to calculate the distribution 
function P<l Ol) , the phonon operator Elnm 

on the r.h.s. of (2.27) will be averaged in 
the spirit of the Born-Oppenheimer approxi
mation as 

-{1I~h -{3 
1rle-/3J\ef3>e n/1 1rle <e ~ )I 

<8 > H = n "' {3H nm ' ( 2 • 2 8 ) 
nm ,\ Tr le -f:l~ -{3A I Trl e- phe -f:l.\ I 

where.\ means the static field (2.19). 
For practical calculations the reduced 

distribution function 

P <o > = J P<l en rr , de .. 
nm nm .. ( 1 IJ 

IJ F nm) 
(2.29) 

is needed. Writing the phonon average of 
any function f(8

0
m) in the form (compare/14/) 
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-{3Hph 
Trle f(8nm)! 

<f(8 )> == ------
nrn ph JP (0 )f<e )de ,( 2. 3 0) 

nm nm nm nm -f3Hph 
Trle I 

by means of Bloch's theorem one finds the 
normalized distribution function 

p (0 ) == 
1 

e~ 
nm nm 

expl- I, 
y2TTa 2a nm 

(2.31) 
nm 

\\ith a nm == ~ 
I (s) I 2 {-lhw 

ynm coth- s 
s 2 

Obviously, the Gaussian (2.31) identified 
with (2.29) fulfils the condition (2.27) 
within the approximation (2.28) by setting 
A ij == Anm o ij, nm • In an analogous manner, 
the reduced two-dimensional distribution 
function P nm,k£0nm ,0 kl) defined by 

lS 
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Pnm, kl (0 nm•O kl) ==JP(!OI) II" dO ij 
ij Vnm, ,£kl) 

(nm fo kl) 

( 2. 32) 

obtained after extensive calculations as 

p nm,kl (Onm ,ekl) 

2 2 
1 &nm ekl 

--:=====expl-( -- + ---
2anm 2a kl 

(2.33) 

2TT V anm, kl 

anm, kl e e kl )I, 
nm 

2anm, kl 

where (under the subsidiary condition 

a nm, kl > 0) 

with 

2 

- 1 a run, kl -a == a 
nm nm 

akl 
a kl ==a kl 4 

1 2 
a nm, kl a nm a kl - 4a nm, kl 

1 
4 

2 
anm, kl 

a nm 
(2.34) 

( 2 • 3 5 ) 
~ (( (s) * (s) ( s) (s) {3hw 

anm,kl == Ynm )ykl +y (y kl)*)coth--
8 

s nm 2 

Note that the interference term (proportio
n a 1 to a nm kl ) ) r e f 1 e c t s phonon- as s i s t
ed correlati~ns between different lattice 
sites. 

3. Symmetric Model and Conductivity 
Formula 

The description of the electron-phonon 
interaction in alloy analogy allows one to 
apply a modified CPA for calculating electro
nic properties as the conductivity. There
fore, we specialize the off-diagonal random
ness by assuming the additive and symmetric 
c on d it i on s /l 5 / 

h A8 == {<h AA + h 88 ) ' ( 3 .1) 
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( s) A 13 1 ( ( s) A A ( s) B 13 ) 
y =zY + y • ( 3. 2) 

Then the general Hamiltonian 
rewritten as 

(2.1) can be 

H 
H=H +~V +H h' 

e n n p ( 3. 3 ) 

with 

V =<E +8 )a+a + ~, (h +B Ha+a + a+a ), (3.4) 
n n n n n m(fn) n n n m m n 

where the prime indicates that only nearest 
neighbours are included in the summation. 
H~ is the one-electron Hamiltonian (2.2) 
for a perfect_ B-crystal. The random ¥uanti
ties IE ,h ; 8 ,8 ] are equal to [c4 -£ 1\-<h~h11H); 

A - A n n n n R- R 2 
8 ,e l or [0, 0; 8 ,e ] according to whether 
an A or B atom occupies the n-th site, res
pectively, where 

~' ( s)v (sh' * + 
e = ~ (y b + (y ) b >, 

s s s ( 3 • 5) 

-LJ e = ~ ~ (y (s)w b s + (y ( s)w ) \ :) • (v= A, B). ( 3 . 6 ) 

In alloy analogy (2.17), the stochastic model 
corresponding to the symmetric model (3.3) 
takes now the form 

8 
B=H +~V +Hh 

e n n p H + H h ' e p ( 3. 7) 

where 

v 
n 

+ - + + 
= <E + e ) a a + ~' (h + 0 )(a a +a a)( 3. 8 ) 

n n n n m(~n) n n n m m n 
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-
He denotes the electronic part of the gene-
ralized alloy Hamiltonian (3.7). The equa
tion of motion for the Fourier transform 
Gnm(z;O) of the one-electron Green ~unc-
tion is obtained as 

88 -
<2l-£ 8 -E >G <z;O)- I'<h +h +hk)Gk <z;e) = 

n nm k(;i n) n m 

( 3. 9) - -
= o +0 G (z;O)+ ~, (0 +Ok)G k (z;O). 

nm n nm k (~n ) n m 

Adopting the formalism developed in Section 
2, one immediately recognizes the special 
case of the symmetric model as 

e = e nn n e = e + e nm n m (3.10) 

and 

o - o nm - n ' onm = 0 n + 0 m' (n,m:n.n.). (3.11) 

Especially, one recovers with (3.10) and 
(3.11) the equation (2.27) for determining 
the distribution function P<IO}). 

Adapting the CPA formalism we introduce 
from (3.7) and (3.9) the totally averaged 
one-electron Green function (or the propa
gator) in the physical limit .\ ... 0 as 

- - -1 -1 
~(z)=«G(z;O)>..> =«(z-H) >0 > =<z-H8 -I (z)) 

(jc e c e 

(3.12) 

where < ... >c implies the configuration ave
raging and I is the electronic self-energy 
operator. 
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The real part of the conductivity ten
sor at finite frequency w is given by the 
Kubo-Greenwood formula 

2rr 00 f(ry )-f(ry+<v) - -
a',~ (w) =-I dry( )«trl~rrll )j o(rpu>-H )j ,l>a> ' 

at-' y -oo w e a e /:f c 

(3.13) 

where 

I -I f<ry) = (1 + exp ( 17- p)/k ll1!) (3.14) 

is the Fermi distribution function, V is 
the volume of the system, 11 is the chemical 
potential and ia is the a-component of 
the one-electron current operator. The trace 
is to be taken over one-eletron states, and 
the two possible spin orientations are 
already taken into account by an extra fac
tor of 2. Equivalently, t~e conduetivity can 
be expressed in terms of G(z;O) as 

1 
00 

f(ry)-f(ry+w) - + -· _ 
a:_f-1(w)=---fdry( )«trlG(ry )j G(ry +cu)j/J+ 

"1-' 2rrV -oo uJ a J 

+ c <11 >i a c < 11 + + (u) i f3 - c <11 +) i a c <11 + + w) i rr < 3 • 1 5 ) 

- G (ry -) j a G (ry- + w) j f3 l » , 

+ . where 17- = 17 ± iO and the notatlon has been 
simplified by dropping ()-arguments and the 
indices from the double average. 
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The current operator in tight-binding 
representation takes the form 

with 

+ - (0) 
j = - ie I. R [ a a , H ] = j a nannn a 

(l) 
+ j a 

(0) BB + 
j =-ieh I. I.' <R -R )a a , 

a n m(.,: n) an am n m 

(3.16) 

(3.17) 

j (l) =I- j(l)=-iei. I.' (h +0 )(R -R )(a+a -a+a )~ 
a an n m(/n) n n an am n m m n 

-> (3.18) 
where Rn denotes the position vector of site 
n in the static lattice. Here j~) refers to 

B 
the unperturbed current related to He. The 

. ( 1) • d. . d part J a lnclu lng both electronlc an pho-
nonic contributions is configurational de
pendent. Additionally, the_phonon-assisted 
current (proportional to en ) is subjected 
to statistical fluctuations. 

4. Vertex Corrections within 
a Modified CPA 

Substituting (3.16) into (3.15) the 
diagonal part of a which we are primarily 
interested in can be written in terms of 
expressions 

~ . - . - . <o>- . ({)) 
«tr!G(z 1>1 aG(z 2)J al»=«triG<z 1)J a G(z 2>1 a l>> + 

- ( 1) - ( 0) ~ ( 0) ~ ( 1) 
+«triG<z 1 >ia G<z 2)j a l»+«triG<z 1)j a G(z ~a I>>+ 

- (1)- (l) 
+«triG<z )j G(z )j l». 

J· a 2 a 

( 4 . l ) 
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We must therefore consider averages of the 
following types: 

(0) - (0) -
K =« G (z )j G (z )» = ( 4. 2) 

l a 2 

= !-';<z 
1
)[j (~) +«T(z 

1
> ~(z 

1
)j ~O) ~(z/l'(z 2)»] ~(z 2>, 

K (I)=« G(z )j ( l)G(z )» = ~(z ){<<j ( 1 ~>+«T(z ) ~(z )j ( 1 ~>+ 
la 2 1 a l Ia 

+ << j ~]) S ( z 2 )T(z 2 )» + «T( z 1> ~~(z 
1
>j ~]) ~ <z

2
>T<z

2
)>>]§ (z

2
>,. 

( 4 • 3 ) 

L = « G( z 1)j ( (:) G (z 
2 

)j '! )» = ~ ( z 
1 

)[ «j ~) S (z
2 
)j ~ 1) » + 

+ < < j ~]) ~ ( z 2 )T( z 2 ) ~ ( z 2) j (~) >> + 

+ «T(z ) (:J (z )J. ( l) (•)(z ) J. ( I)» + 
l 0 la~2 a 

+ «'I (z ) ~(z )j ( l)S<z )T (z ) ~z )j (I) » l , 
l la 2 2'2a 

( 4. 4 ) 

where the scattering operator T correspond
ing to the perturbation (~ V - ~) is de-

n n 

fined by 

G =r0 +('_lTr;; tJ cJ tJ ( 4 • 5 ) 

with the self-consistency requiremen~ «~>~. 
The additive random operator ~Vn sug

n 

gests to decompose the self-energy in the 

form ~ = ~ ~ n and to introduce the single-
n 

site scattering operator Tn as 

18 

' 
' 

i , 

T 
n 

-
(V 

n ( 4. 6) 
- l -.'£ )[1 - ~<V - .'£ )] - . 

n n n 

It is pointed out that V ,.'£, 1 
(1) n n n 

and, re
ranged quan
total scat-

c a 11 i n g ( 3 . 1 8 ) , j ttn a r e f i n i t e 
tities in the Wannier space. The 
tering operator can be expressed in terms 
of Tn as multiple scattering series /1,14/ 

( 4. 7) 
+ ~ T ~T + ~ T ~T ~T 

1 
+ 

nil} n m nml n m 
(n'fm) (n,fm, m~ll 

T =~ T 
n n 

To calculate the averages (4.2) to (4.4) we 
are working within a modified single-site 
CPAh~ based on the self-consistency con-
dition 

«T >>= 0. 
n ( 4 • 8) 

Moreover, in view of the statistical corre
lations, a random-phase approximation type 
of decoupling similarly to /II is used which 
can be characterized, for instance, by 

«T ST »=«T ~,T »o ,«T ~i <n » = 
n c m n n nm n (_ am 

=«T ~i <n »o ,«j<n~jo~>= 
n · an nm an am 

. m~'~: (I) ·r «J ~ » 1 n=m, 
an an 

( 4 . 9 ) 

«j ( 1 )»S«i ( 1 
)» if ~m, 

an am 

etc. The higher products of random quantities 
are averaged analogously. 

Beginning with the expression K(D (4.3) 
and defining the vertex operator r<ll as 
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(I) . (I) . (l) (<) 

f' (z 1 ,J a , z 2) = « T (z t ~(z 1>1 a t~ (z~'f(z 2) >> , ( 4 . 1 0 ) 

we obtain the Bethe-Salpeter-type equations 
( argument s z (z ) t o the 1 e f t ( r i g h t ) o f j <I) ) 

1 2 a 

K (1) =IV[«" (l)»+«T (<)· ( 1) »+«.(I) (<)T»+~ l'(l)] (2 
:-J J a t~J a ] a tJ n n ~:" 

with (4.11) 

f' ( ll = «T K( n T »+ 
n n n (4.12) 

T (4· 0 > .Ol T rv .O> .<nrvT rmrvT +« ~] -«J »-« ;:J ] >>-<<] ;:J >>- J ;:J ». 
n an an n an an n n n 

Iteration of this closed system yields the 
formal solution for rOl as 

f' ( 1) =~«T ~[«j (l~>+<<T f'lj Ol»+«j (I)§ T» + 
0 n a a a 

+.(l)_«.(l)»-<<T (<)· (1)»-«.(lltuT »]ruT»+ 1an 1 an n;:J]an 1an° n tJ n 

(4.13) 
.o> .< n .<n 

+ ~ «T ~«T §[«J »+«T~ J »+«J ~ T» + 
lli1J n m a ca a 

(n;em) 

+ j ( Il -«j ( ll »-«T ~ j (1)»-«j < H §T »] ~T » ~T »+ 
am am m am am m m n 

+ ... 

d . . f K(Q The correspon 1ng equat1ons or 
(4.2) and the vertex operator 

f'(O)(z ,j(O) ,z l=«T(z )~z 1 )j(O)§(z )T(z )» 
1a 2 l a 2 2 (4.14) 
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are a special case of (4.11) to (4.13) if 
. (l) . 1 d b 
la 1s rep ace y the non-random current 
. (0) 
J a 

The contributions to (4.4) which are 
retained by the single-site CPA can be clas
sified in the form (with dropping the z
arguments) 

(I). (1) (1) (I) 
L =«j S<z lj >>=~l«j ~ j » + 

1 a ' 2 a n an an (4.15) 

+ ~ «j <n » £;«j o> »I, 
m{;ln) an am 

< n . . < n 
L 2 = «j a ~~ {z2lT(z 2)g(z2 )] a » 

(4.16) 
=~I «j (1) C:j T s/ 1) »+«/ n~ T » S ~ «j Ol >> + 

n anc n(an an( n r:m~n) am 

+ ~ « 3.0)»(0«1' ru 3·0l»+«J·(l)f0T »(0 ~ «T e:~ 1·<1l»} c::J V ~ c_J c_j ' 
m (~n) am n a n an n m (~ n) m a m 

L = «T(z ) C:]<z )j < ng (z lj < 1)» = 
3 l'la 2a 

== ~I«T s/ 1 )~jUl»+«T ~ i 0 l » S ~ «j(l}>> + 
0 n an an n an m~n am 

+«T S ~ «i(n»Si< 0 » + 
n m<;kn) am au (4.17) 

+«T ~ ~ «T ~j Ol» ~ j Ol »I, 
n m~n) m am an 

and with (4.12) 
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L =«T(z >§<z )j (l) §<z )T(z) §<z )j(l) » = 
4 1 la 2 2 2a 

= ~I«T §j(l) §T §j<U »+<<T § ~ «j 0 l»§T§j<n»+ 
0 o a o n an n m (~n) am n an 

+«T~~«T §j(l)»§T §j(ll»+ 
n'm~n) m am n an 

+«T § ~ «j (ll §T » §T §j (I) » + 
n m{~n) am m n an 

(4.18) 
+«T Gi 0 )» rJ ~ <<'T §j(l)»+ 

n an m {jn) m am 

+ «T § ~ « j ( Il ~ T » § j ( I) » + 
n m(~n) am m an 

+1'0~[ ~ («j (l)»+«T §/Il »))+«T § ~ r 0§ j (I)»+ 
n m(~n) am m am n m~n)m · an 

( lh ( 1) 
+ «T ~ ~ r ~ T § j » l. 

n m(~n)m n an 

Further calculations are performed 
in the momentum representation. Using the 
translational sym~etry, the propagator 
(3.12) takes the k -transform 

B BB --> --> 1 
~ ... (z) = [ z - f - h s (k) - ~ (k, z))

k 
(4.19) 

where the nearest-neighbour structure factor 
-+ .......... 4 

s(k) - ~' ik(Rm- R nl - .., e 
m~n) 

(4.20) 

is associated with the static lattice. The 
self-energy 

... ... ... 

~ <k,z) =a
0 

(z)+2a1 (z)s<kl+a
2
(z) s 2 <k) ( 4. 21 ) 
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is expressed in terms of a0 ,a1 , a 2 which 
obey the CPA conditions «t10 »=0 0 = 0,1,2)/IS/ 

-+ 

arising from the T
0 

operator in the k -trans
formed version 

-> -+ --> 

<kiT !k'>=l_e-i(k-k')Rn[t
0

+t
1 

(s(kl+s(k'))+t
2 

s(k)s(k')]. 
n N n n n 

(4.22) 

Combining (4.6) with (4.8) to ~n = «V
0
» + -

+«Vn § T 0 », we can derive with (3.8) 
the useful equations (by averaging the in
dex n disappears) 

a 0 =cl\ + «(E +0 )t"- »F +«(h +0 )tOn»F + 
0 n n vu 0 n n (J.

23
) 

+ «(E + 0 ) t 1 » F 1 + «(h + 0 ) t 
1 

» F 
2 

, n n n n n n 

,'\ I 
a = c-12 + «(h + 0 )t >>F +«(h +0 )t »F , 

I n n On 0 n n In I 

(4.24) 
-

a = « ( h + 0 ) t 
1 

>> I• 
0 

+ « (h + 0 ) t 
2 

» F , 
2 n n n n n n I 

(4.25) 

where 

. -+ f 
F D (z) = 1 L C:) ... (z)[ s (k)] 

t N _. ' k 
k 

(f = 0,1,2). (4.26) 
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Here we have made use of the Gaussian (2.31) 
• • • A A B A 6( AA BR ( and the deflnltlons LlQ = f -f ,Lll= h ~ I e.g., 

for a simple cubic lattice); c being the 
concentration of the A component. By trans
forming (3.17) and (3.18) we arrive at the 
diagonal current 

. (0) 
1 ak 

-> 

BB as(k) 
eh --=r-

aka 
(4.27) 

and the matrix elements 

( 4. 28) 
-J ~,-+ -) -) 

.... <n .... -Hk-k )R - a <k> d. <k') 
<kl' I k'> = ~e n(h +0 H~+ 8

_, j 1
an N n n ak ak' 

a a 

Al 
which lead, by using «h 

n + e » = c -- ' ' to 
n 12 

the average 

. o > A 1 a s <; > 
<<1 >> .... = ec-- --.... -

a k 6 dk 
a 

(4.29) 

Having introduced the momentum represen
tation, the quantity K(l) we are looking for 
can be obtained in the following way. To 
begin with, we get, via (4.22) and (4.28), 
the expressions 

«<kuo>~'I I;'»> = 
an n 

-) -) -+ -) 
e -i(k-k ~ R -+ -> as (k ) 

=- e n [r 
0 

F 
0 

+r 
1 
(F 

0
s(k ') + F

1 
>+r 

2
F

1
.s(k ')1----::;-

N ak 
a 

(4.30) 
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.... 
«<kl 'I 

n 
c o> I k .... '>» 
ulan (4.31) 

e -i(~_;,) ;n -> -> a s(k ') 
= 1 e [r0 F0 +r1 (F<f(k)+ F

1
l+r 2F

1
s(k)]--.... -

N ak' 
a 

implying the relation 

(I) r; 
« j ~) T» __, = « T 

a k 

(<>(I) » 
uJ -> 

a k 

.... ( 4. 32) 
.... 

= e[r
0

F
0
+r

1 
(F 

0
s(k) + F ) +r F 8 (k)] a s(k) 

2 I _, , 
ak 

a 

where 

r 0 = « (h + 0 ) t 
1 

>> , 
t n n n 

(£ = 0, 1,2l. (4.33) 

The examination of the equation (4.13) for 
l'(l) shows that_, each term in the series 
expansion in k-representation contains 

-> -> 

the factor «<kl1 SA ~'I !k'>>>, where A de-
n n 

composes, in view of (4.28) to (4.32), into 
-> -> 

-> as<kl) as<k2)) 
summands of the type f(s(k

1
»[a .... + b _, 

akla ak2a 

-> -> 

(k 1 ,k 2 are summed over finally). Using the 
symmetry relation ( f being an arbitrary 
function) 

-> 

-> a s(k) 
I f(s (k)) .... 
k aka 

(4.34) 0, 
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one can prove that the vertex part r<n va
nishes. Moreover, the same conclusion is 
drawn for the vertex part r(O) defined in 
(4.14). From (4.2) and (4.27) one immedia
tely obtains 

--> 

(0) BB ds(k) f __,(z ) ~--- (z
2

) • K ... = eh - ... ~,__ k l k 
k dka 

(4.35) 

The next step consists in differenti
ating the self-energy (4.21) expressed in 
terms of (4.23) to (4.25) and in comparing 
the result with (4.29), (4.32) and (4.33): 

i/2, A 1 ... ... a s <k > 
- ... - = 2[c-- + r F +r <F s(k >+ F )+r F s<kH----,-
dk 12 0 0 l 0 l 2 I dk 

a a 

(4.36) 1 (1) ' (l) (1) ' 
=-[«j »_.+«T~j »__,+«j §T»__.]. 

e a k a k a k 

Recalling the z-arguments from (4.3), 
with (4.36) and vanishing rm in (4.11) we 
get the final expression 

--> --> 

K(l) = ~[ cJI(k, z I) 

k 2 --> + 
dka 

ai<k, z2) J<.'? ... (z t ~ -->(z 2)' 
--> uk k 

aka 
(4.37) 

which includes vertex corrections arising 
from the terms «T(z 1> ~(z 1>j<!l » and 

«j~)§<z 2)T(z 2 )». The relation (4.37) 
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plays the role of a generalized Ward's iden
tity /IS/ . 

Let us outline the procedure for cal
culating the quantity L defined in (4.4). 
Substituting (4.22), (4.28) to (4.33) into 
(4.15) and (4.16) we fin§, with (4.24), 
(4.25) and (4.36), the k-transformed cont
ributions 

.... 
2 - 2 ~I 21 as(k) 2 1 A 

L ... =e [«(h +0) »-(c-h[F <---::r-) +-NF]+ 
lk n n 12 0 ak 

a 
+ («" (1)» ... ) 2 t: -> 

J a k u k ' ( 4. 38) 

- -
L ... k =e

2
[«(h +0 ) 2t 0 »F

0
2+2<<(h +0 ) 2t

1 
»F

0
F + 2 nn n nn n I 

- 2 2 ~I 2 2 
+«(hn+On) t2n »FI-(ai+c}2XroFo+2rlFOFI+r2FI)-

.... 
2 as(k) 2 

-a2(ro F oF I +r I (F I +F oF 2 l+r 2F I F 2 >l<-__.-) + 
aka ( 4. 39) 

ai . o> _(1) 1 ai .m 2 
+<e---<<J »->K<J >>-> 0 ->+-(e---«J >> ... ) (iJ_. -> a k a k ~ k 4 ... a k ~k' 

aka aka 

where 
... 

F(z) = I § __,(z)[ ds(k) ] 2 

k" k ak 
(4.40) 

a 

The quantity L 2k can be simplified by using 
the identity 

«j Ol §T ~V »=«j (l) ~ T »<1+ ~I) + an n n an n n ( 4. 41) 

+ «. 0 l » §I - «. m ~ V » 
Jan n Jan n ' 
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which yields the relation 

- 2 2 - 2 
« (h + e ) t » F + 2«(h + e ) t » F F + 

n n On 0 n n ln 0 l 

- 2 2 
+ << (h n + en ) t 2n » F 1 = a 2 + 

2 +a 1(r 0 F 0 +2r 1F 0 F 1 +r 2 F~) + (4o42) 

+ a2 (r lo F l + T 1 (F 1
2
+ Fo F 2 ) + r 2 Fl F 2 ) + 

~~ -
+ c l2- (a l F o + a 2 F l ) - « (h n + e) 2 » F o 

Then we get 

- 2 ~~ 2 1 A 

L ->+L -•=e [«(h +8) »-(c-) ]--F + n 2k n n 12 N 

.... 
2 c a s <k> ) 2 1 c a I m 2 ( 4 o 4 3 ) 

+ e a,) - .... - + - e~ + << j >> .... ) (iJ .... 
- ak 4 ak a k ~ 0 a a k 

By inserting the expressions (4o22), (4o28) 
to (4o33), (4o36) and (4.42) into (4ol7) 
and (4.18) we obtain the remaining contri
butions to L in the form 

I~_,(z >L ->=e
2l[a <z >-C«<h +e )2

»-k k l 3k 2 l n n 

~~ 2 A ~~ 
-(cl2) )F

0
<z

1
)]F(z

2
)+[a1 (z 1

)+c-iz]B
1 

+a 2(z 
1
>B

2
l + 

1 a I< z 1> < n < n 
+-

2
I ~ .... <z 1 )~_.(z He--.... --<<j »_.]<<j >>_., 

.... k k 2 ak a k a k 
k a 

( 4 0 44) 
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2 ~ l 
I §_.<z )L .... = e [(a (z )-c-)B +a (z )B ] + k kl4k 12121222 

ai(zl) (1) 
+ _!_ ~ £; ->( z 1) £; .... ( z 2 )[ e - « j » .... ] x 

4 k k k ak a k. 
a 

ai<z2) 0) 
(4o45) 

x [e--.... ---- «j » .... ] , 
ak a k 

a 

with the abbreviations 

B 1 = r 
0 

F 
0
H 

0 
+ r 

1 
(F

1 
H 

0 
+ F 

0
H I ) + r 

2
F 

1
H 

1 
, ( 4 • 4 6 ) 

B 2 = r o F o HI + r l ( F IH l + F o H 2 ) + r2 F l H 2 ' ( 4 • 4 7 ) 

being valid for rf = re<zi)' F f= Fe<z 1> and 

.... 
as <k > 2 .... r 

H
0

(z ,z) = l § .... <z )~_.(z H-.... -] [s(k)], (4.48) 
L 1 2 .... k 1 k 2 ak 

k a 
(f = 0,1,2). 

Here we have used (4.34) in getting the equ
ation (4.45). 

Now one can prove, by means of (4.24) 
and (4.25)~ the relations 
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ai (zi)BI + a2(zi)B2 = 

a ~ < z 
1
> 2 1 a ~ < z 

1 
> o ) 

= _!~~ ~<z l)~_.(z2)[(-~-) -- _. <<ja»_.], 
4 k k k ak e ak k 

a a 

ai(z2)Bl +a2(z2)B2 = 

a~<zl) 
_ _!_ ~ ~ ... < z 1> ~) z 2 H a k 
-4!7k k a 

1 a~<z2> <.<n»~l. 
--- < J a k 
aka 

--e 

(4.49) 

a~ (z 2) 

aiZa (4.50) 

Combining (4.44) and (4.45) 
two equations we find 

with the last 

* ~ ... <z 1HL -.+ L _.) = 
k k 3k 4k 

2 - 2 ~I 2 " 
=e [a2(z 1 )-(«(hn+On) »-(c 

12
) )F 0 <z 1>lF<zJ+ 

1 2 a~(zl) 2 
+-~~ _,(z 1)~ .J..z

2
He (-~) + (4.51) 

4 k' k k ak a 

2 ~(zl) a~<z 2) a~<zz'' .(ll .(ll 2, 
+ 2e --- ----- 2e---«J >> ~ -(«J »__.) J, 

ak ak ak a k a k 
a a a 

After recalling the z-arguments in (4.43), 
all contributions to the quantity triLl can 
be now summarized as 

~ ~ ~< z )[L ~ + L -++ L -++ L _.] 
k k 1 lk 2t- 3k 4k 
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al:< z > al:<z 2> 2 
2 I + ) + ...:_l:~ ... <z 1>~ ... k<z2H-~ aka (4.52) 4 17 k a 

" "' 
+ e 2 [a 2<z I)F(z 2> + a 2 (z 2

)F (z I)]. 

Returning with J.4.27), (4.35), (4.37) 
and (4.52) to the st\rting point (4.1), one 
obtains the final result 

- -
«tr!G(z)j G(z)j I»= 

1 a 2 a 

BB -+ -+ ~ 2 
=e 2l:~jzi)~_.(z)[Lih s<k>+l(I<k,z 4l:(k,z ))I] + 

k k k 2 aka 2 I 2( 4 • 5 3 ) ... 
2 . as~) 2 

+e I[a (z )~_.(z >+a (z) ~ ... <z )][ ] . r 2 I k 2 2 2 k 1 ak 
a 

• 
This equation represents, in view of (3.15), 
the formal CPA solution of the ac-conducti
vity problem expressed in terms of the to
tally averaged one-electron Green function 
and the electron self-energy. The nonvanish
ing vertex corrections resulting from the 
random current operator are proportional to 
a 1 and a

2
, i.e., assotiated with the 

off-diagonal disorder. The simultaneous 
action of impurity and electron-phonon scat
tering mechanisms is taken into account. 
In the phononless case, the formula (4.53) 
corresponds exactly to the solution of the 
static-conductivity problem obtained by 
Fukuyama et al. /ro/ . Note that the correspond
ing result/ID/ was found via a diagram ana
lysis on the basis of Yonezawa's perturba
tion series for the self-energy. 
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The numerical evaluation of the exp
ression (4.53) is connected with the solu
tion of the CPA self-consistency problem/1~ 
Numerical results showing the effect of 
the vertex corrections on the temperature -
dependent conductivity will be reported in 
a subsequent paper. 
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