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The recently proposed force-balance theory of resistivity is examined critically in the context of a
simple model. It is shown that this theory’s basic formula, when evaluated correctly, yields in gen-
eral a vanishing resistivity. This renders this theory untenable.

I. INTRODUCTION

There has recently been renewed interest in the theory
of transport properties of solids, especially in the regime
of nonlinear response to an electric field. ' For the case
of linear response the theory of Kubo and others >~ has
given the generally accepted standard formula for the
conductivity o. The evaluation’ 7 of this formula, how-
ever, presents considerable difficulty even in the case of
weak scattering due to the imperfections. This is due to
the fact that o is of order A~2, where A denotes the
strength of the scattering interaction. Specifically, the
evaluation of o requires the summation of an infinite
number of appropriate terms (or diagrams) and it results
in an integral equation for the steady-state distribution
function, similar to the semiclassical Boltzmann trans-
port equation'®!® in the simplest cases. A different
method of evaluation, the method of kinetic equa-
tions,?°~2® leads more simply to identical integral equa-
tions.

Because of this difficulty, a number of different formu-
lations?’ 73! have been proposed which give explicit ex-
pression for the resistivity p=o ~!, rather than the con-
ductivity o. These were expected to be easier to evaluate
for small A, because p is of order A* and thus, it was
thought, it was necessary to evaluate only the first non-
vanishing term in the expansion of p in powers of A. If
correct, these formulations would have been of extreme
practical usefulness. However, all of them have been
shown®73* to be in error. If correctly evaluated, they
too require the summation of an infinite number of ap-
propriate terms even for small A. The physical results are

identical to those of the standard theory3—26 for o, as
they should be, since both formulations evaluate the same
physical quantity, i.e., the adiabatic conductivity o or its
inverse p.

Recently a new formulation has been proposed, the
force-balance theory,’>~*!' for the linear and nonlinear
resistivity p. It is claimed to have a simple mathematical
structure for small A, and many applications have been
reported to complicated systems that involve electron-
electron, electron-impurity, and electron-phonon scatter-
ing. This theory is not mathematically equivalent to the
standard theory®>~° in the case of linear response. It has
been stated® that it represents the isothermal resistivity
(linear and nonlinear).

In order to examine critically this new theory, we con-
sider here for simplicity the case of independent electrons
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and scattering only by fixed impurities. This case (includ-
ing electron-electron interaction) has been considered in
detail by the authors®®3® of this theory. We are going to
accept, for the sake of argument, all explicit and implicit
assumptions in the formulation of this theory, and we
shall concentrate only on the evaluation of the formula
for the resistivity that this theory produces. We shall
show that the correct evaluation of p according to this
theory requires the summation of an infinite number of
appropriate terms even for small A. Furthermore, it will
be shown that such a calculation gives a resistivity (linear
and nonlinear) equal in general to zero for small A. Final-
ly, it is shown that p=0 even for arbitrary A, in general.
On the basis of this result it is clear that any discussion of
the physical basis of this formulation, as it has been
presented so far, is unnecessary.

In the following section we present a succinct formula-
tion of this new theory for the simple system of indepen-
dent electrons with electron-impurity scattering, which
forms the basis of our considerations. The resulting for-
mula for p is evaluated “simply” up to order A? and it
constitutes the main result of this theory.?¢™3% In Sec. III
we examine the formula for p critically after rewriting it
in a more convenient form, and we evaluate it correctly
for small A. We find it to give p=0, in general. We point
out that the same argument gives p=0 for all A, in gen-
eral. We conclude with a brief discussion.

II. THE FORCE-BALANCE EQUATION
FOR RESISTIVITY

We present here briefly the new theory>® ™38 of resistivi-

ty (linear and nonlinear) in the simplest case of a system
of N independent electrons in N; random impurities
driven by a homogeneous electric field E.

The Hamiltonian of the system is

N
H;y= ¥ [H(p;,r;)—eE-1;],

i=1

(2.1)
where
» P«
H(p,r)=Hy+V= om +V(r)= >m + %u(r—ra)

(2.2)

and u(r—r,) is the electron-impurity potential centered
at r,. The central point for this formalism is the intro-
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duction of the variables for the center of mass (c.m.),
R, P, and for the relative electrons, r;,p;, namely

R=(1/M)3r, P=3p; 2.3)

ri=r;—R, p;=p,—(1/N)P, (2.4

which satisfy canonical commutation relations (we take
#i=1)

[R,, Pgl=ib,4 (2.5)
[ria, Pjgl=i8,5(8;; —1/N)=i8,g5,; , (2.6)
while (P,R) commute with (p},r;). Thus
Hr=H.+H,+H, , 2.7
where
H ==—P—2——NeE-R (2.8)
¢ 2M ’
H,= z (;’fj = % (H,)uchey 2.9)
(2.10)

H,= 2 V(r;+R)= E[V(R)];wc;cv
i mv

Here H, represents the motion of the c.m. as an effective
particle of mass M =Nm driven by the field and H, de-
scribes the system of relative electrons taken as uncon-
strained fermions, with ¢, and c, being the creation and
annihilation operators for the arbitrary one-electron
states |u) and |v), respectively. H, gives the coupling
between these two subsystems due to the electron-
impurity interaction. The operator for the total force on
the electrons is, according to (2.7)-(2.10),

P=—i[P, H;]=NeE+F,(R), 2.11)
where
Fr(R)= —% S V(r)+R)= S F(r,+R)

=3 [F(R)],cle, (2.12)
m,v

and

F(r)=— ) (2.13a)

or

is the operator for the force on a relative electron due to
the impurities, while

F(R)=F(r'+R) . (2.13b)

For the time development of the system it is assumed
that the c.m., due to its enormous mass M = Nm, behaves
like a classical system and thus R(z) becomes a time-
dependent ¢ number. It is then taken that the subsystem
of relative electrons evolves in time under the influence of
a t-dependent Hamiltonian

H,+H,(t)=3 [Hy+V(R()],cle, ,

m,v

(2.14)
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where

V(R)=V(r'+R) . (2.14a)

Thus its density matrix p(t) satisfies the Liouville equa-
tion

i—;i?p(t)=[He+Hei(t),p(t)] . (2.15)

Now it is assumed that the steady state is described by
the solution of (2.15) in the limit z — oo with the initial
condition*?

—B(H,—puN)

p(0)=e /Tre PHe7#N 2.16)
while
R(1)=vt +R, 2.17)

and H,; is turned on adiabatically. Here v is the constant
velocity of the c.m. in the steady state. It is determined
by the condition that the average of the total force (2.11)
in the steady state vanishes, i.e., by the force-balance
equation

NeE+D=0, (2.18)
where
D= lim Tr{F(R(#))p()}=D(v), (2.19)
t—> 00

with R(#) given by (2.17) in (2.12), (2.14), and (2.15). Tr
denotes the trace in the space of the many relative elec-
trons and it includes the ensemble average over the ran-
dom impurity centers {r,}. From (2.18), v is determined
in terms of E and thus the electric resistivity (nonlinear)
in the simple case of an isotropic system is

E D(v)
== , (2.20)
P~ Nev (Ne)*
where all vector quantities are in the direction of E.
Thus, the quantity D, defined by (2.19) and

(2.14)-(2.17), is the basic formula of this theory, as it
determines through (2.20) the resistivity (linear and non-
linear).

Now, the simplicity in mathematical structure which is
the most important aspect of the present method, accord-
ing to the authors,?’ arises from the expectation that the
evaluation of D, Eq. (2.19), for weak electron-impurity
interaction is simple. Specifically, if A denotes the
strength of the impurity interaction ¥V and

oo

D= S A'D, , 2.21)
n=2
p(="3 A, (1), (2.22)
n=0
it is taken36~ 38 that
D,= lim Tr(Fr(R(D)py(0)} , (2.23)

where
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H,(t'—1t)

1 t ., iH(t'—1) , —iH,
D= fo dt'e [H, ("), p(0)]e ,

(2.24)

since F is of order A.
D,=D,=0.

From (2.23) and (2.24), D,(v) is found to be, when |u)
is taken as the plane-wave representation |ko ),

fo(5k+q)-f0(8k)

It is clear that py(z)=p(0) and

D,(v)= lim (=ON; 3 qlu(q)l2 3
q k

£—0 ietey €
:2§k‘,f0(8k)§ Wi (k' —k) , (2.25)
where
Wi =2m(|V,, |I*)8(e} —€.) (2.26)
with { ) denoting the impurity average,
g =ex+v-k=k2/2m+vk, 2.27

fole) is the Fermi-Dirac distribution function and u (q)
is the Fourier transform of the single impurity potential
u(r) of (2.2). This is the result of Refs. 36 and 38 where
the impurity scattering was considered in detail.

III. EVALUATION OF D

We show here that the proposed expression (2.23) for
D,, and thus the resistivity up to order A2, is in error.
We prove that a correct evaluation of (2.19) yields D=0,
and thus zero resistivity, in general.

We first simplify the mathematical structure of this
theory, taking advantage of the fact that we are not con-
sidering electron-electron or electron-phonon interac-
tions. Thus from (2.12) we see that D of (2.19) can be
written in terms of the one-electron density operator

(0= Tr{c,p(t)c]) 3.1
(without the impurity average), namely
D= lim tr{F(r+R(2))f(1)} . (3.2)

t—

Here tr is the trace over the one-electron free-particle
states |ko ) with periodic boundary conditions and it in-
cludes the impurity average, while F(r), given by (2.13),
is the operator for the force on an electron due to the im-
purities and R(z#) is given by (2.17). From (3.1), (2.15) and
(2.16) we have the Liouville equation for f(¢):

i:ld—tf(t)=[H0+V(r+R(t)),f(t)] : (3.3)

B(H,—p)
e 0

fO)=fo(Hy)=[ +17171, (3.4)

where, as in (2.9), H0=p2/2m, and p,r now refer to the

relative electron. Since now

F(r+R)=¢ePRF(r)e ~/PR (3.5)

and similarly for ¥V (r+R), we have from (3.2)

D= lim tr{Fg(z)} (3.6)
t— ©
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where
g (t)=e —ip~R(t)f(t)eip-R(t)

and F=F(r)=—0V(r)/dr. From (3.3),
we get for g (¢)

(3.7)
(3.4), and (3.7)

iLg(=1m, g(n1=L'g (1) (3.8)
g(0)=fo(H,) , (3.9)
where, since dR /dt =v,
H'=H,+v-p+V(r)=H,+V(r) (3.10)
and correspondingly
L'=Ly+L,, L X=[Hy X], L X=[V,X]. (3.11)

In order to find the limit of g (¢) for t — oo, it proves con-
venient?!3334 to introduce the Laplace average

g(e)= * e eg(1)dt .

g € fo e ®g(1) (3.12)
with € a positive number. Now if lim, ,  g(z) exists we
have?!3334 for the steady state

lim g(¢)= 1im+§(e) . (3.13)

t— © £—0

From (3.12), (3.8), and (3.9) we find that g(¢) is given by
the compact but convenient expression

g(e)=ielie—L') " 1fo(H,) . (3.14)
From (3.6), (3.13), and (3.14) we have
D= lim D(e), (3.15)
e—0

where

D(e)= tr{Fie(ie—L')"fo(H,)} . (3.16)
Or, since

ielie—L") " '=1+(ie—L")"'L", (3.17)
we have equivalently

D(e)= tr{F(ie—L')"'L,fo} , (3.18)

since tr {Ffy}=0 and Lyf,=0. Furthermore, since

F=—%%=iLlp , (3.19)
we get

D(e)=itr{(Lp)ie—L")"L,f,} . (3.20)
Finally, since tr{ AB}=tr{BA} and

tr{ A (ie—L')"'B}=tr{B(ie+L")"'4}, (3.21)
we have the convenient expression ‘

D(e)=—itr{foL,G(ie)Lp} , (3.22)
where

G(ie)=(ie+L")7". (3.22a)
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From this we can generate easily an expansion of D(¢)
in powers of A, i.e.,

D(e)= 3 A"D,(e)

(3.23)
n=2
since
Gie)=(ie+Ly+L,)"!
= 3 (—1)"[Gylie)L]"Gylie) , (3.24)
n=0 '
where
Golie)=(ie+Ly) ! . (3.25)
Thus we have
D,(e)=—itr{foL,Gy(ie)Lp} . (3.26)

If we now take, with the authors of the force-balance
theory,3¢ ™38 as in (2.23),

D,= lim D,(e), (3.27)
e—0"
we obtain from (3.26) simply
(3.28)

D2=2 Efo(sk)z Wkk'(k"‘k)
k k'

which is identical, of course, to (2.25).

But we now prove that such a procedure is erroneous.
The error lies in the fact that expansion (3.23) of D(¢g) in
powers of A is invalid in the limit e—0", since there are
terms of order A" (n >3) that diverge as e—0". These
divergent terms appear whenever, in expansion (3.24),
G(ie) operates on the part X; of any operator X that is
diagonal in the plane-wave representation |k ), which di-
agonalizes Hy=H,+v-p. For then

[Golie)X,],,.= ikaﬁ (3.29)

kkl b
and thus such terms diverge as e—0". By contrast we
note that for the nondiagonal part X,,; of X,

[GO(iE)Xnd]kk'z(ie_e;c +E;(')_1ka' (k’¢k) (330)

presents no divergence as e—0", since when the thermo-
dynamic limit is taken first (in order to avoid the Poin-
caré cycle) this becomes

[Golie)Xpg i ——— [(ek —ei), ' +imd(ef —ei)1X,,

as e>0" (k's£k). (3.31)

Thus the procedure of keeping only the term of the
lowest order in A in the expansion of D(€) in order to ob-
tain the corresponding term of D in the limit e—0" is in-
valid. Instead, we must sum the infinite subset of terms
in the expansion of D(e) that are of the form
(A*/ie)"n=1). These are the dominant terms for
sufficiently small A. In other words, evaluating D, as

D,= lim %in%[xﬂn(e)], (3.32)

e—0

as it was done in (3.26) and (3.27), is incorrect. The
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correct way is

Dy = lim,_, lim [A7°D(e)] . (3.33)
e—0

This is equivalent to the “A%t limit” technique of van
Hove** which gives

D,,= lim lim [A72D(e)].
A2/e— 0 A—0,e—0
(A2/e5£0)

(3.34)

The physical basis of this limiting procedure has been dis-
cussed by van Hove,*® Argyres and Sigel®?3?, and Huber-
man and Chester,>* and it amounts to the technique of
Argyres and Sigel®>”3* we mentioned above. It is impor-
tant to point out that it is this procedure that has been
used’ ™! in the evaluation of the Kubo formula for the
linear conductivity for this system. We now extend the
technique of Argyres and Sigel’>3? to obtain the correct
evaluation of D. In the Appendix we show that the same
technique yields the standard result for the evaluation of
the Kubo formula for o. In fact, it does so much more
simply than the earlier derivations,’!7 which are quite
lengthy.

The isolation of the divergent terms of D(e) is greatly
facilitated with the introduction of the operator A that
projects the diagonal part X, of X, i.e.,

(AX)kk':kaSkk’ . (3.35)

The projection operator for the nondiagonal part of X is
then A'=1—A, with the obvious properties AZ=A,
A?=A’, AA'=A'A=0. The divergent terms now arise
whenever G,(i€) operates on a diagonal operator, since,
as we saw in (3.29),

Golie)a==--A (3.36)
whereas Gg(ie)A’ yields regular terms according to
(3.30). Thus it is convenient not to use expansion (3.24) of
G (ie) in powers of L,, but rather to expand G (ig) in
powers of AL,. We have

Gie)=(ie+Ly+A'L,+AL,)"!

o

= ¥ (—D)"[G'(ie)AL,A']"G'(ig) , (3.37)
n=0
where ‘
G’(i£)=(ie+L6+A’Ll)_1
=Gy(ie)—Gylie)A'LGylie)+ - - - (3.38)

and we made use of the fact AL;A=0. We note that
G'(ie)A’ has no divergent terms, whereas G'(ie)A does
have divergent terms with a single (1/ie) factor. By a
simple rearrangement we can exhibit them by writing

G’(is)A=é[A+G'(is)A’L1A] (3.39)
from which it follows that
A'G'(ig)A= Tli_:—A’G’(ie)A’LIA . (3.40)
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Finally, from (3.37) and (3.40) we have

AGlie)A= 3,

n=0

_l " ’ ¥ ' ’ rn
— ][AG(ze)ALlALlA]

XA'G'(ig)A", (3.41)

where all divergences are exhibited since G'(ie)A’ has no
divergent terms. We now note that the quantity of in-
terest, D(g) of (3.22), when the trace is evaluated in the
|k ) representation, is

D(e)=—itr{foAL,A'G(ie)A’'L,p} , (3.42)

since tr{ fo X} = tr{f,AX} and AL ,p=0. Using (3.41) in
(3.42) and rearranging the series, we have

[Se)1* p |, (3.43)

— - |—L
D(e) itr [fo';:,o l e
where

S(e)=AL,A'G'(ie)A'L,A=AL ,G'(ie)L,|A, (3.44)

since AL;A=0. In (3.43) all divergent terms are shown
explicitly, since S (¢) produces no divergencies as e —>07.

For the evaluation of D to the lowest order of A we
need all divergent terms of D(g) of the form (A2/ie)", as
we explained earlier. These are obtained from (3.43) and
(3.44) by introducing A and putting G'(ie)=G(ie) [from
(3.38)] in S (), the neglected terms of (3.38) generating
contributions of the form (A*/ie)", (A*/ie)", etc. We
thus obtain

© 12 "

D(e)=—iAtr [fo 3 ‘ i: [S,(e)]"tlp|, (3.45)
n=0

where

S,(e)=AL,A'Gy(ie) A’'L | A=AL,Gylie)L A . (3.46)

All other terms vanish in the limiting procedure of (3.34).
We recall now that the trace in (3.45) includes the ensem-
ble average over the impurity centers, which we now
denote explicitly by { ). Because of the randomness of
their distribution we find?® that in the thermodynamic
limit (S%)=(S,)", and thus upon summation of the
series

-1

(S,(e))p| -

2
1+7,‘—(sz(e))
1€

D(e)=—iA%tr lfo

(3.47)

According to the correct limiting procedure (3.33) or
(3.34) for D,., we thus find from (3.47) that, since
(5,(0")) exists,

D, =0. (3.48)
More explicitly, we have from (3.47)

Dy = lim tr[foQ(e)]=2 3 fo(e)Qy » (3.49)
€—0 k

where Q= lim__ +(k|Q(e)|k ) and the diagonal opera-
tor Q(¢) is determined by
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[is+(sz(s))]Q(e)=s<Sz(a)>p , (3.50)

or, equivalently, Q, is given by the integral equation

3 Wl QumQ)= lim (o3 Wy (K —k)| =0,

£—0

(3.50a)

with W, , given by (2.26). Equation (3.50a) yields, in

general,* Q; =0 and thus (3.48). By contrast, the in-
correct procedure (3.32) yields from (3.47)

D,=—i lim_tr{f,(S,(e))p}

e—0

=273 folex) Wkk,(k'—k) (3.51)
k k'

which is, of course, identical to the earlier expressions
(3.28) and (2.25).

A similar argument shows, in fact, that D=0 to all or-
der in A. In the expression (3.43) for D(€), which shows
explicitly all divergent terms for e—07, we note that we
have, in the thermodynamic limit for the impurity aver-
age, {(S")=(S)". Therefore, from (3.15)

-1

(S(e))p

D= lim (—i)tr
+

£—0

1
fo 1+;;(S(e)>

(3.52)

Since now (S (07)), given by (3.44), exists, we have as in
the previous paragraph that

D=0. (3.53)

Thus, the force-balance theory®>~3¥ predicts, in gen-

eral, zero direct-current resistivity (linear and nonlinear),
at least for the system of independent electrons in ran-
dom impurities of arbitrary strength.

IV. DISCUSSION

It has been argued® that this force-balance theory
gives the isothermal resistivity (linear and nonlinear), in
contrast to the other expressions?’ 3! for the adiabatic
resistivity (linear), which have been shown2~3* to be er-
roneous. As a result, it has been stated® that a critical
analysis like the one presented above cannot in fact be
applicable to the force-balance theory. We have not dis-
cussed the question whether this theory**~ 3 gives the
isothermal rather than the adiabatic resistivity. Our
point of view has been that whatever the physical mean-
ing of the expression for D [Eq. (2.19)] is according to
this theory, the method of evaluation of this quantity is in
error. A correct evaluation of D —at least for the case of
independent electrons in random impurities—yields in
general a vanishing result for the resistivity. Thus a dis-
cussion of the physical meaning of p as given by Eq.
(2.20) becomes superfluous. We conclude that the force-
balance theory, as it has been presented so far, is unten-
able.

Finally, we present an argument which without de-
tailed calculations indicates that D=0. From (3.6) we
see that D= tr{Fg(¢t— )} is the average value of the
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force F of the impurities on an electron for a steady state
produced by the Hamiltonian H’, Eq. (3.10), starting
from the initial condition (3.9). Now we note that equa-
tion (3.8) for g (¢) can be written equivalently as

L= LPL;:Z—V)Z+V(r),g(t) : @.1)
If we now carry a gauge transformation

g'(t)=emVig(t)e ~imv T (4.2)
we find that

L= 3%;—+ Vi, g0 |=[Hg(0]  @3)
and

g'(0)=fol(p—mv)*/2m] (4.4)
while

D=tr{Fg'(t—x)} , 4.5)

since F=F(r). But, according to (4.3) and (4.4),
g'(t— ) is the equilibrium value of the one-electron
density operator for the independent electrons with total
one-electron Hamiltonian H =H,+ V starting from the
displaced unperturbed equilibrium distribution (4.4).
Since we expect such a system to reach an equilibrium
state as t— 00,*»*¥ 7 g/(t _, %) must be a function of
H =H,;+ V. But, in view of the fact that

F=i[V,p]l=il[H, p]l, (4.6)

we immediately get D= — tr{[H, g'(t— » )]p} =0. Al-
though clearly this is not a rigorous argument as present-
ed here, it provides an understanding of the result D=0
on more physical grounds.

Note added in proof. This argument can be genezalized
to apply to the more complicated system of electrons and
phonons with electron-electron, electron-impurity and
electron-phonon interactions.

APPENDIX

We derive here the standard results of the linear
response theory for the conductivity of the system under
study, Egs. (2.1) and (2.2), using the technique we
developed in Sec. III. This should be compared with the
other existing methods” ™17 for the same problem.

For the system of electrons described by Egs. (2.1) and
(2.2) we can write

Hp_ 3 (H——eE-r)wcfcv ,

i (A1)
B

where H =H,+ V is given by (2.2). The current density
is

Tr{Ppr(1)} , (A2)

t— ©

Jp=1lim |[-%
T lm{m

where

P= (p),.chc, (A3)
m,v
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is the total momentum and p(?) is the statistical density
operator determined by

i%pr(t)=[HT, pr(D], (A4)

pr(0)=e TBA—LN) fppo —BH—uN)

Here A= ZM’VHﬂVCLCV,
the impurity average.
This reduces immediately to a one-electron system,

since from (A2).and (A3) we get

(AS5)

N= zﬂc,tc u» and Tr includes

Jy=lim | |£ tr{pr(t)}} , (A6)
t— oo m
where fr(t) is the one-electron density matrix,
[fr(D],= Tric,pr(ticl} , (A7)

and tr is the trace in the space of one-electron operator
and includes the impurity average. From (A1), (A4), and
(A5) it is easily seen that

i f (=10 —eEer, £(0], (A8)

fr0)=fo(H)=(ePH #+1)71, (A9)
For the linear response we get from (AS8),

friy=fo(H)+f(2), (A10)
where

L f =L O+C=(Le+L)f(+C,  (A1D

f(0)=0, (A12)

C=—eE-[r, fo(H)] . (A13)
In (All) we have introduced LX=[H,X],

L,X =[H),X], and L, X=[V,X]. The ohmic current
density for the steady state is then

. (A14)

= lim l tr{pf(t)}

t— o0

£
m

In order to consider more easily the steady state, we in-
troduce the Laplace average

Fley=e [ “dte=ef (o). (A15)
From (A11), (A12), and (A 15) we get

fle)y=K(ie)C, (A16)
where

K (ie)=(ie—L)7'. (A17)

Since now f (t— o )=f(e—0"), we have from (A 14)

tr{pf(e)}= lim+

e—0 £—0

= lim [i
+ m

e .
p” l tr{pAK (ie)C} .

(A18)

In order to evaluate (A18) we expand K (ie) and C in
powers of V. We note that while
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c=3c (A19) 1 a )
n o A __t L n

< K(ig)A e n§0 [ia [S(e)]"A, (A29)
Co=—eE-[r,fo(Hy)=(—ie/mE-pfo(Hy)  (Al9a) L ]
presents no difficulty, AK (ie)A =7 n§0 [E [S(e)]"AL,A'K'(ie)A’ ,

K(ie)= 3 [Kolie)L,]"K,(ie) (A20) (A30)

"o where
with
S(e)=AL;A'K'(ie)A’'L,A=AL,K"(ie)L A . (A31)
Kolie)=(ie—Ly) ™! (A21)

generates divergent terms such as e—07. Specifically,
since
. 1
Ko(le)A=EA , (A22)
such an expansion diverges term by term as e—0" and
we must sum the divergent terms. In order to carry this

out, it is convenient to expand K (ie) in powers of AL,
rather than L, as in (A20), i.e.,

K (ie)=(ie—L,—A'L,—AL,)™!

= ¥ [K'(ie)AL,A’')"K'(ie) , (A23)
n=0
where
K'(ie)=(ie—Ly—A'L,)"!
=Ko(ie)+Kolie)A'L,Ky(ie)+ -+ . (A24)

We note that K'(ie)A’ has no divergent terms, whereas
K’(ie)A does have divergent terms with a single (1/ig)
factor, namely

K’(ie)A=$[A+K'(ie)A’L1A] . (A25)
We thus have

AK’(ie)A=éA : (A26)

AK(ig)A'=0 (A27)

A’K’(ie)A=;1€—A’K’(ie)A’LIA , (A28)

while A’K’(ie)A’ has no singular terms. Finally, from
(A23) and (A26)-(A28) we get, after reorganizing the
series,

Taking now the impurity average and noting that
([S(e)]")=(S(e))" and (S(e)4)=(S(e)){(A) for
any operator A in the thermodynamic limit, we have,
upon summing the series,

(AK (ie)C)=A(K(ie)YA(C)+A(K (ie)A'C)

=[ie—(S(e))] ' [(AC)Y+D(e)], (A32)

where
D(e)=(AL,K'(ie)A'C) . (A33)

Since now S(g),D (e) have no singular terms as e—0t,
we have from (A18)

J=2 i %kfk , (A34)
where f, ={(k|f|k ) and f is the diagonal operator:
=—(S(0"))7'[(AC)+D(0")], (A35)
or equivalently
(S0 f=—[(AC)+D(07)]. (A36)

This is-an integral equation for the distribution function
fi- In the lowest order in A(V—AV), we have clearly
that f, is of order A ™2, and it is given by the standard
Boltzmann equation

2w f—fi)=(e/m)E-kf(g;) , (A37)
-

where
Wy, =2V, [2)8(e, —¢, ) . (A38)

All these results can be obtained more simply by the
method of kinetic equations.?0~2¢
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