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Electron-electron interaction effect on the conductivity and the Hall conductivity
of weakly disordered electron systems

Michael Reizer
Department of Physics, The Ohio State University, Columbus, Ohio 43210-1106
~Received 12 November 1997; revised manuscript received 12 January 1998!

The effect of the electron-electron Coulomb interaction on the conductivity and Hall conductivity of weakly
disordered~Tt.1, wheret is the electron mean free path! three- and two-dimensional electron systems is
studied. We find that~i! temperature-dependent interaction corrections to the impurity resistivity and the Hall
coefficient are positive in three and two dimensions;~ii ! in two dimensions, gapless plasmons and particle-hole
excitations both contribute to the electron-electron-impurity interference correction, to the resistivity; and~iii !
in two-dimensional electron systems such as GaAs heterojunctions, the electron-electron interaction gives the
leading temperature-dependent correction to the impurity conductivity and the Hall conductivity more impor-
tant than the corresponding corrections from the piezoelectric electron-phonon interaction.
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I. INTRODUCTION

It is well known that interference between electro
electron and electron-impurity interactions leads to num
ous anomalies in the low-temperature properties of imp
electron systems.1 Such anomalies originate from the diffu
sion motion of electrons, and come from the region of sm
momentum and energy transfersql!1 andvt!1, wherel
5vFt is the electron mean free path, andt is elastic
electron-impurity relaxation time. The above conditions a
satisfied for temperaturesT,1/t.

The deformation electron-phonon interaction affects
low-temperature conductivity differently. As shown in Re
2, the interference between the deformation electron-pho
and electron-impurity interactions leads to an import
temperature-dependent contribution to the impurity cond
tivity s not in the diffusion region but in the short-wav
region,qTl @1, whereqT5T/m is the thermal phonon wav
vector andm is the sound velocity. This effect was expe
mentally studied in Refs. 3 and 4.

Now we are going to study the contribution to the co
ductivity from the interference between electron-electron a
electron-impurity interactions in the short-wave region,ql
@1 andvt@1, which corresponds toT@1/t. It is expected
that in typical metals this correction to the conductiv
de-es is less important that the corresponding correct
from the electron-phonon impurity interferencede-phs due to
the relative smallness of the electron-electron interact
However, we expect that, in semiconductors with a sm
Fermi energy, and especially in the two-dimensional ca
the interference correction to the conductivityde-es will be
important. In addition, in semiconductors without the inve
sion center, the piezoelectric electron-phonon interac
dominates over the deformation one in low-temperature e
tron kinetics. Thus we extend the analysis of electro
phonon-impurity interference2 for the case of piezoelectri
electron-phonon interaction in semiconductor tw
dimensional systems such as GaAs heterostructures.

Then we study electron-electron interaction effects on
570163-1829/98/57~19!/12338~7!/$15.00
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impurity Hall conductivity in weak magnetic fields, a prob
lem which has never been studied before, to our knowled
For the similar problem of localization and interaction e
fects on the Hall conductivity in the diffusion regime,5,6 the
linear-response method was applied. This method requ
working with vector potentials, and the gauge invarian
must be maintained. In addition, the electron-hole asymm
try must also be taken into account. For these reasons
calculations were very involved. We will apply the quantu
kinetic equation method, where we deal with real elect
and magnetic fields, which for our purpose is more con
nient than the linear-response method.

Another motivation for the present work is to study th
role of gapless two-dimensional plasmons in the electron
netics. Recently, it was shown7 that two-dimensional plas
mons lead to a nonanalytical structure of the electron den
of states. In the present work we show that two-dimensio
gapless plasmons are important for electron-electr
impurity interference corrections to the conductivity and t
Hall conductivity.

II. INTERFERENCE CORRECTIONS
TO THE CONDUCTIVITY

In this section, we develop a formalism for calculatin
corrections to the conductivity from interference of th
electron-electron and electron-impurity interactions. The
ezoelectric electron-phonon interaction will be considered
a separate section. We apply the quantum kinetic equa
method based on the Keldysh diagrammatic techniqu2,8

where, in addition to the retarded and advanced Gree
functions

G0
R~P!5@G0

A~P!#* 5
1

e2jp1 i /2t
,

jp5
p22pF

2

2m
, P5~p,e!, ~1!
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57 12 339ELECTRON-ELECTRON INTERACTION EFFECT ON THE . . .
wheret is the elastic scattering time, a functionGC is intro-
duced. In the first order in the nonuniformity,GC is defined
by the equation

GC~P!5S~P!@GA~P!2GR~P!#1dGC~P!,

dGC~P!5
i

2
$S0~e!,GA~P!1GR~P!%, ~2!

where the Poisson brackets in the electric and magnetic fi
are8,9

$A,B%E5eES ]A

]e

]B

]p
2

]B

]e

]A

]p D , ~3!

$A,B%H5
e

c
H•S ]A

]p
3

]B

]p D . ~4!

The functionS(P) plays the role of the electron distributio
function. In equilibrium,S5S052tanh(e/T). In the pres-
ence of the electric and weak magnetic fields~the quantiza-
tion of the electron levels is neglected!, S is determined from
the following quantum transport equation:

e~v•E!
]S

de
1

e

c
~v3H!

]S

dp
5I e-imp1I e-e1I e-e-imp1I e-e-imp8 ,

~5!

whereI e-imp andI e-e are the collision integrals correspondin
to the electron-impurity and the electron-electron inter
tions, andI e-e-imp and I e-e-imp8 are the interference collision
integrals containing both electron-electron and electr
impurity interactions; they will be described in detail belo
All collision integrals are expressed in terms of the cor
sponding self-energies by the equation

I ~S!5I 0~S!1dI ~S!, I 052 i @SC2S~SA2SR!#, ~6!

dI 52 i @dSC2S0~dSA2dSR!#1 1
2 $SA1SR,S0%, ~7!

wheredS is the correction in Poisson brackets form. In o
case,dS is obtained by taking into account the correcti
dGC in the expressions forS.

The collision integralI e-imp that corresponds to the firs
electron self-energy diagram of Fig. 1 is chosen in the s
plest form:

FIG. 1. Diagrams of the electron self-energy.
ds

-

-

-

r

-

I e-imp5
2

pnt E dk

~2p!3 @S~k,e!2S~p,e!#Im G0
A~k,e!

5
S0~e!2S~e!

t
. ~8!

Constructing the electron-electron collision integralsI e-e
and I e-e-imp , we need the advanced electron self-energy,
second diagram of Fig. 1,

Se-e
A ~P!5

i

2 E d4Q

~2p!4

3@VR~Q!GC~P1Q!1VC~Q!G0
A~P1Q!#,

~9!

where VC52i Im@VR(Q)#@2N(v)11#, and VR(Q) is the re-
tarded electron-electron potential which will be discuss
later, andN(v) is the Bose distribution function.

The first interference collision integralI e-e-imp corre-
sponds to the correction to the electron density of state
I e-imp in the formde-eG

A5(G0
A)2Se-e

A ~the third self-energy
diagram of Fig. 1!,

I e-e-imp5
2

pnt E dk

~2p!3 @S~k,e!

2S~p,e!#Im$@G0
A~k,e!#2Se-e

A ~k,e!%. ~10!

The second interference collision integralI e-e-imp8 corre-
sponds to the electron self-energy diagram with the impu
vertex correction, the fourth diagram of Fig. 1.

Calculating the interaction corrections to the conductivi
we drop the magnetic field term in Eq.~5!. Assuming the
electron-impurity scattering is a dominant momentum rel
ation process, we solve Eq.~5! by iteration: S5S01f0

E

1S if i
E , i 51,2,... . For the first correctionf0

E , we keep
only I e-imp in Eq. ~5!, and find

f0
E~P!52et~v•E!

dS0~e!

de
. ~11!

The correctionsf i
E correspond to the other collision inte

grals in Eq.~5! which include the effects of the electron
electron interaction. Below, we describe all these correcti
in detail. The first correctionf1

E is

f1
E5t@ I e-e-imp~f0

E!#. ~12!

The next correctionsf2
E andf28

E contain terms in the colli-
sion integralI e-e in the form of the the Poisson brackets@see
Eq. ~7!#,

f2
E52 i t@dSe-e

C 2S0~dSe-e
A 2dSe-e

R !#, ~13!

f28
E

5
t

2
$Se-e

A ~S0!1Se-e
R ~S0!,S0~e!%E . ~14!

Note that contribution ofdSe-e
C term tof2

E is canceled out by
contribution tof28

E from theVC terms inSe-e
A andSe-e

R .
The contribution fromdSe-e

A anddSe-e
R terms in Eq.~13!

is
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f2
E5t iS0~dSe-e

A 2dSe-e
R !

5 i tS0~e!
i

2 E dQ

~2p!4 2i Im VR~Q!dGC~P1Q!.

~15!

According to Eq.~2!,

dGC~P1Q!5
i

2

]S~e1v!

]e
eS v1

q

mD •E$@G0
A~P1Q!#2

1@G0
R~P1Q!#2%, ~16!

and thus

f2
E5tS0~e!E dQ

~2p!4 Im DR~Q!
]S~e1v!

]e

3eS v1
q

mD •E Re@G0
A~P1Q!#2. ~17!

If, according to Eq.~9!, we include inSe-e
A and Se-e

R only
terms withVR andVA, we obtain

f28
E

5
]S0~e!

]e E dQ

~2p!4 t2eS v1
q

mD •E Re@V~Q!#

3S0~e1v!Im@G0
A~P1Q!#2 ~18!

As seen from Eq.~18!, the correctionf28
E is proportional to

the real part of the potential. It may be shown that su
terms, corresponding to the renormalization effects,10 are
less important than terms proportional to the imaginary p
of the potential; thusf28 will be dropped.

The next correctionf3
E is associated with the interferenc

collision integral,I e-e-imp8 ,

f3
E5t@ I e-e-imp8 ~eq!1I e-e-imp8 ~noneq)], ~19!

where collision integralsI e-e-imp8 ~eq)1I e-e-imp8 ~noneq) corre-
sponding to the equilibrium and nonequilibrium vertex fun
tions G anddG, are derived following Ref. 2,

I e-e-imp8 ~eq)52E dQ

~2p!4 f0
E~P!G~q!S0~e1v!

3Re@G0
A~P1Q!VA~Q!#, ~20!

I e-e-imp8 ~noneq)5 i E dQ

~2p!4 EdG~q!S0~e1v!

3
]S~e!

]e
Im@G0

A~P1Q!VA~Q!#, ~21!

where the vertex functions forqvF@v are

G~q!5
1

pnt E d3p

~2p!3 G0
A~P!G0

R~P1Q!5
p

2ql
, ~22!
h

rt

-

EdG~q!5
1

pnt E d3p

~2p!3 G0
A~P!G0

R~P1Q!~2etv•E!

5 ie
E•q

q2 . ~23!

The electric current and the correction to the electric c
rent due to the electron-electron interaction are given by
equations

J52 i E dP

~2p!4 evGC~P!, ~24!

dJ5dsE52E dP

~2p!4 ev„f0
E Im$@G0

A~P!#2Se-e
A ~S0!%

1S0Im$@G0
A~P!#2Se-e

A ~f0!%1~f1
E1f2

E1f3
E!

3Im@G0
A~P!#…, ~25!

whereds is the correction to the impurity conductivity du
to the electron-electron interaction. The first and third ter
in Eq. ~25! mutually cancel out. The second term gives t
following correction to the conductivity:

d1
e-es52e2tE dP

~2p!4

3E dQ

~2p!4 v•nS v1
q

mD •nS0~e!
]S~e1v!

]e

3Im$@G0
A~P!#2Im G0

A~P1Q!VR~Q!%, ~26!

wheren is a unit vector. There are two choices how to g
the imaginary part in the right-hand side of Eq.~26!,

Im$@G0
A~P!#2Im G0

A~P1Q!VR~Q!%

5Im@G0
A~P!#2Im G0

A~P1Q!Re VR~Q!

1Re@G0
A~P!#2Im G0

A~P1Q!Im VR~Q!. ~27!

The first term proportional to the real part of the potent
will be dropped. Keeping the second term, we have

d1
e-es52e2tE dP

~2p!4

3E dQ

~2p!4 v•nS v1
q

mD •nS0~e!
]S~e1v!

]e

3Im VR~Q!Re@G0
A~P!#2 Im G0

A~P1Q!. ~28!

Equation~28! can be rewritten in the following way:

d1
e-es52e2tE dP

~2p!4

3E dQ

~2p!4 v•nS v1
q

mD •nS0~e!
]S~e1v!

]e

3Im VR~Q! 1
2 Im$@G0

A~P1Q!#@G0
R~P!#2%.

~29!



c-

-

l
t,

d

-

ty

57 12 341ELECTRON-ELECTRON INTERACTION EFFECT ON THE . . .
Thef2
E term gives the following correction to the condu

tivity:

d2
e-es52e2tE dP

~2p!4

3E dQ

~2p!4 v•nS v1
q

mD •nS0~e!
]S~e1v!

]e

3Im VR~Q!Im G0
A~P!Re@G0

A~P1Q!#2. ~30!

Again we can rewrite Eq.~30! as

d2
e-es52e2tE dP

~2p!4

3E dQ

~2p!4 v•nS v1
q

mD •nS0~e!
]S~e1v!

]e

3Im VR~Q! 1
2 Im$G0

A~P!@G0
R~P1Q!#2%. ~31!

Comparing Eqs.~29! and ~31!, we see thatd1
e-es5d2

e-es.
The collision integrals with equilibrium and nonequilib

rium vertex functions, Eqs.~20! and~21!, give the following
corrections to the conductivity

d3
e-es5~et!2E dP

~2p!4

3E dQ

~2p!4 ~v•n!2S0~e1v!
]S~e!

]e
G~q!

3Im VR~Q!Re@G0
A~P!G0

R~P1Q!#, ~32!

d4
e-es5 i2etE dP

~2p!4

3E dQ

~2p!4 v•nS0~e1v!
]S~e!

]e
dG~q!

3Im VR~Q!Im@G0
A~P!G0

R~P1Q!#, ~33!

In the next sections we will calculate the correctionsd1-4
e-es in

three and two dimensions.

III. THREE-DIMENSIONAL CASE

The screened Coulomb electron-electron interaction is

VR~Q!5
V0~q!

12V0~q!PR~Q!
, ~34!

where in three dimensions the nonscreened potentia
V0

(3)(q)54pe2/q2e, wheree is the static dielectric constan
and the polarization operator forqvF.v is

P3
R~Q!52n3S 11

ipv

2qvF
D . ~35!

Thus

VR~Q!5
1

n3

k3
2

q21k3
2~11 ipv/2qvF!

, ~36!
is

wherek3
254pe2n3 /e andn35mpF /p2.

The combined contribution ofd1
e-es andd2

e-es is

d1,2
e-es52

e2n3vF
2t

12p4 E
q0

2pF
dq q2

3E dv f ~v/T!I 3~q!Im VR~q,v!, ~37!

where

f ~v/T!5 1
2 E de tanhS e1v

2T D ]

]e
tanhS e

2TD
5

]

]v Fv cothS v

2TD G , ~38!

and

I 3~q!5Im E dVq

4p E djpG0
R~P!@G0

A~P1Q!#2, ~39!

andVq means angular variables of vectorq. Performing in-
tegration forql@1 andvt@1, we have

I 3~q!52p Re E
21

1 dx

~qvFx2v1 i /t!2 5
2p

~qvF!2,

q.q05uvu/vF . ~40!

Performing the remaining calculations, we have

d1,2
e-es

s3
5

p2

72 S T

eF
D 2

3H lnS 4eF

T D2 lnF11S 2pF

k3
D 2G2

2pF
2

~2pF!21k3
221J .

~41!

The corrections to the conductivity from equilibrium an
nonequilibrium vertex corrections are

d3
e-es52

p2

4
d1,2

e-es, d4
e-es52d1,2

e-es. ~42!

Thus the final result is

de-es

s3
52

p4

288 S T

eF
D 2

3H lnS 4eF

T D2 lnF11S 2pF

k3
D 2G2

2pF
2

~2pF!21k3
221J ,

~43!

wheres35e2n3vF
2t/3 is the Drude conductivity in three di

mensions.
It is interesting to compare Eq.~43! with the correction to

the conductivity from the interference of electron-impuri
and the deformation electron-phonon interactions,2

de-phs

s3
5F 4

3p22
1

12
2

8

3p2 S ul

ut
D 3G p4b lT

2

2eFpFul
, ~44!
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whereul andut are longitudinal and transverse sound velo
ties, andb l is the electron-longitudinal phonon coupling co
stant. It is clear that in good metals, wherepFul!eF , the
correctionde-phs dominates, while in semiconductors, whe
the electron-phonon coupling constant is much smaller t
in metals, the correctionde-es is more important. The cas
of the piezoelectric electron-phonon interaction will be co
sidered in Sec. V.

IV. TWO-DIMENSIONAL CASE

The nonscreened Coulomb interaction in two dimensi
is V0

(2)52pe2/e0q. For ql@1 and vt@1 the polarization
operator in two dimensions is

P2
R~Q!52E d2p

~2p!2

qv cosfd~jp!

v2qvFcosf1 i0

52n2S 12
v

A~v1 i0!22~qvF!2D . ~45!

In the particle-hole excitation region,qvF.v,

P2
R~Q!52n2~11 iv/qvF!,

VR~q!5
1

n2

k2

q1k2~11 iv/qvF!
, k252pe2n2 /e,

~46!

wherek2 is the two-dimensional Debye screening mome
tum, andn25m/p.

In the plasmon region,qvF,v,

P2
R~Q!5

n2

2 S qvF

v1 i0D 2

, ~47!

and the screened potentialV(Q) has a plasmon pole with th
spectrumv5vF(k2q/2)1/2.

We start with the correction to the conductivityd1,2
e-es,

d1,2
e-es5

e2n2vF
2t

8p3 E
0

`

dq qE dv f ~v/T!I 2~q!Im VR~q,v!,

~48!

where

I 2~q!5Im E
0

2p df

2p E djpG0
R~P!@G0

A~P1Q!#2

52Re E
0

2p df

~qvFcosf2v1 i /t!2 . ~49!

It is easy to see that in two dimensions forql@1 andvt@1,
the real part of the last integral exists only forv.qvF , and
I 2(q)522p/v2. Integrating the plasmon pole, we have

n2E
0

`

dq q Im VR~Q!5k2v2Im E
0

` dq

~v1 i0!22k2vF
2q/2

52
2p

vF
2

v3

uvu
. ~50!

Finally the correction to the conductivityd1,2
e-es is
-

n

-

s

-

d1,2
e-es

s2
52

2T

eF
, s25e2n2vF

2t/2. ~51!

We note that unlike the three-dimensional case, the cor
tion d1,2

e-es is negative in two dimensions. The reason for th
is the following: according to Eq.~49!, the functionI 2(q) in
the plasmon region,v.qvF , is negative, unlikeI 3(q),
which is positive in the particle-hole excitation regionqvF
.v.

For the other corrections,d3
e-es and d4

e-es, the particle-
hole excitation regionqvF.v gives the main contribution
Calculating the equilibrium and nonequilibrium vertex co
rections in two dimensions,

G~q!5
1

ql
, EdG~q!5 ie

E•q

q2 , qvF@v, ~52!

we find the corresponding corrections to the conductivity

d3
e-es

s2
52

T

2eF
,

d4
e-es

s2
52

T

4eF
. ~53!

The combined contribution of all terms is

de-es

s2
52

11

4

T

eF
. ~54!

V. PIEZOELECTRIC ELECTRON-PHONON
INTERACTION IN HETEROSTRUCTURES

Calculation of the interference correctionde-phs for the
deformation electron-phonon interaction performed in Re
is complicated, because local charge disturbance is res
sible for both the electron-phonon interaction and electr
impurity scattering. Therefore, to insure the local electron
trality of the electron-ion system, the processes of inela
electron-impurity scattering should be taken into account
piezoelectric crystals, where the electron-phonon interac
stems from the coupling of electrons with a macrosco
electric field caused by the local elastic strain, the elec
neutrality does not affect the piezoelectric coupling. As w
shown recently,11 in a piezoelectric crystal, local strai
caused by an impurity is less important than local cha
disturbance, and processes of inelastic electron-impu
scattering may be neglected. This fact allows us to treat
piezoelectric electron-phonon and electron-electron inte
tions on the same footing. We will concentrate on a tw
dimensional electron gas in GaAs heterojunctions. In w
follows, we treat phonons as bulk acoustic modes couple
a local electronic density by virtue of the screened vertex

Ml~Q!5
eh14

e~q,v! S Al

2rulQD 1/2

,

Al5
9qz

2q4

2Q6 , At5
8qz

4q21q6

4Q6 , ~55!

whereQ5(q,qz) is the three-dimensional phonon mome
tum, r is the bulk mass density of GaAs, andul is longitu-
dinal (l ) or transverse (t) sound velocity. We will use the
notationu for estimates,h14 is the only nonzero componen
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of the piezoelectric constant, ande(q,v)511V0
(2)P2(q,v)

is the two-dimensional electron dielectric function.
Equations ~29!–~35! should be modified by assumin

two-dimensional integration over the electron momentu
using three-dimensional integration over the phon
momentum, and substituting ImVA(Q) for
SluMl(Q)u2 Im DA(Q,v), where the imaginary part of th
phonon propagator is

Im DA~Q,v!5p$d@v2Vl~Q!#2d@v1Vl~Q!#%,
~56!

hereVl(Q) is the phonon frequency. Calculating the cont
bution d1,2se-ph-imp, we notice that after integrating overv
the result is proportional to

I 28~q!52Re E
0

2p df

~qvFcosf2ulq1 i /t!2 50, ~57!

becausevF.u. Thus, unlike the electron-electron interactio
in two dimensions, where the plasmon region contributes
integralI 2(q) @see Eq.~49!#, the contributiond1,2

e-phs is zero.
Calculating the other contributionsd3,4

e-phs, we note that the
dielectric function may be taken in the static limit,e(q,v)
511k2 /q. There are two regimes of screening; stro
screening forT,T1 , and weak screening forT1,T, where
T15k2u for GaAs, andT1'0.5 K. Calculations show tha
for T1,T, the correctiond3,4

e-phs is temperature independen
while for lower temperatures,T,T1 ,

d3,4
e-phs

s2
52

C3

4

~eh14!
2

rul
3 S T

k2vF
D 2

, ~58!

where, for GaAs,

C35
1

4 E
0

1

dxF9x2~12x2!2

1S ut

ul
D 3

@8x4~12x2!2~12x2!6#G51.2. ~59!

Comparing Eqs.~59! and ~54!, we see thatde-es dominates
at low temperatures. In the three-dimensional case, u
Eqs. ~34! and ~35! for the dielectric function, we can show
that for T,T1 the corresponding correctionde-phs/s3 ac-
quires an additional small factor (T/k3ul)

2, and as a resul
the interference correction from the electron-electron in
actionde-es @see Eq.~43!# dominates in three dimensions a
well.

VI. INTERFERENCE CORRECTIONS
TO THE HALL CONDUCTIVITY

In the presence of crossed electric and magnetic fields
iteration solution of Eq.~6! is S5S01f0

E1f0
H1S if i

H ,
wherei 51,2, . . . . Thecorrectionf0

E is defined by Eq.~11!.
The next correctionf0

H depends on both the electric an
magnetic fields:
,
n

to

g

r-

he

f0
H~p,e!52t

e

c
~v3H!

]~S01f0
E!

]p

52
e2t2

cm
v•~E3H!

]S0

]e
. ~60!

The other correctionsf i
H include the effects of the

electron-electron interaction. The first of them,f1
H , is ob-

tained by taking into account nonequilibrium functionf0
H in

Eq. ~10!,

f1
H5t@ I e-e-imp~f0

H!#. ~61!

The next corrections are obtained from Eq.~7! where the
Poisson brackets are taken in the magnetic field fo
$A,B%H ,

f2
H52 i t@dSe-e

C 2S0~dSe-e
A 2dSe-e

R !#, ~62!

f28
H

5
t

2
$Se-e

A ~f0
E!1Se-e

R ~f0
E!,S01f0

E%H . ~63!

The following calculations are similar to that presented
Sec. II for the correction to the conductivity; e.g.,f2

H is
satisfied by Eq.~15!, wheredGC is substituted for

dGC~P1Q!5
i

2
$S0~e1v!1f0

E~P1Q!,G0
A~P1Q!

1G0
R~P1Q!%H

5t
i

2

]S0~e1v!

]e

e2

c S v1
q

mD •~E3H!

3$@G0
A~P1Q!#21@G0

R~P1Q!#2%. ~64!

Thus

f2
H5t2S0~e!E dQ

~2p!4 Im VR~Q!
]S~e1v!

]e

e2

c

3S v1
q

mD •~E3H!Re@G0
A~P1Q!#2. ~65!

We see that Eq.~65! may be obtained from Eq.~17! by
substituting vectorE for (e/c)E3H. It may be checked tha
the correctionf3

H may be obtained from Eqs.~19!–~23! by
the same substitution.

Calculating the Hall conductivity, we assume that t
magnetic field is directed along thez axis, and that the elec
tric field is directed along thex axis. The Hall currentJy is
proportional toE3H. For the system of noninteracting ele
trons we use Eq.~24!, and take the first term in Eq.~2! for
GC where we include the nonequilibrium functionf0

H in
S(P). As a result, we obtain the Hall conductivity of nonin
teracting electrons,

sxy5
Jy

E
52eE d4P

~2p!4 vyf0
HIm G0

A~P!5Vts3 ,

~66!

whereV5eH/mc is the cyclotron frequency ands3 is the
Drude conductivity.
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The correction to the Hall current is

DJy52eE dP

~2p!4 vy$f0
HIm@~G0

A!2Se-e
A ~S0!#

1S0Im@~G0
A!2Se-e

A ~f0
H!1~f1

H1f2
H1f3

H!Im G0
A#%.

~67!

It may be checked that the corrections to the Hall conduc
ity d124sxy are defined by Eqs.~28!–~33!, with additional
factoreH/c and the unit vectorn directed alongE3H. Thus
in any dimensions we have

de-esxy

sxy
5

de-es

s
. ~68!

Consequently, for the Hall coefficientRH , we have the rela-
tion

RH5
sxy

s2H
,

de-eRH

RH
5

de-esxy

s
22

de-es

s
52

de-es

s
.

~69!

VII. CONCLUSIONS

The temperature correction to the conductivity and
Hall conductivity due to interference of the Coulom
electron-electron interaction and electron-impurity scatter
in the short-wave regimeT.1/t is calculated. We find tha
the interference corrections to the conductivity and the H
conductivity are negative in three and two dimensions. T
corresponding correction to the resistivity is positive, a
therefore it does not lead to a minimum in resistivity typic
of the long-wave~diffusion! regime.

In two dimensions, both two-dimensional plasmons a
particle-hole excitations are equally important. In two d
mensions, plasmons are gapless with the spectrumv
5vF(k2q/2)1/2, and they play a role similar to the diffusio
modev5 iDq2 in the long-wave regime,1 ql!1 andvt!1,
andD is the diffusion coefficient.

The effect of interference of the piezoelectric electro
phonon and electron-impurity interactions on the conduc
ity in semiconductor heterostructures is also studied. We
y

,

-

e

g

ll
e
d
l

d

-
-
d

that in semiconductors with small Fermi energy, the lo
temperature dependence of the conductivity is determined
the electron-electron interaction rather than the electr
phonon interaction. It is worth mentioning that a well-know
proof that the electron-electron interaction does not cont
ute to the conductivity12 does not hold in the impure case fo
the interference electron-electron-impurity correction to
conductivity in both the diffusion region1 and the short-wave
region considered in the present work.

In conclusion, we repeat that the correctionde-es studied
in the present paper is due to interference of the electr
electron and electron-impurity interactions, and thus the
fect exists only in disordered electron systems. The condi
that the electron-impurity scattering is a dominant mom
tum relaxation process means that the temperature-depen
correction to the conductivity is smaller than the Drude co
ductivity. This condition restricts the effect from high tem
peratures and clean materials, where direct electron-pho
scattering is a dominant momentum relaxation process.13

In strongly disordered samples, the low-temperature re
tivity associated with the weak localization and interacti
effects under conditionTt,1 exhibits the minimum in re-
sistivity. In metals, the position of the minimum is define
by competition between the above-mentioned weak local
tion and electron-electron interactions,1 with electron-
phonon-impurity interference2 at Tl@u, which were ob-
served in Refs. 3 and 4. As shown in the present pape
strongly disordered semiconductors the minimum in resis
ity corresponds to a crossover from a low-temperature
strongly disordered regimeTt,1 of the electron-electron
interaction, to a high-temperature or weakly disordered
gime Tt.1. While the low-temperature resistivity of ex
tremely clean two-dimensional semiconductors associa
with the electron-phonon interaction was measu
recently,14 we are not aware of measurements similar
Refs. 3 and 4 for disordered semiconductors.
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