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High-frequency hopping conductivity in the quantum Hall effect regime: Acoustical studies

I. L. Drichko,1 A. M. Diakonov,1 I. Yu. Smirnov,1 Yu. M. Galperin,1,2 and A. I. Toropov3
1A. F. Ioffe Physico-Technical Institute of Russian Academy of Sciences, Polytechnicheskaya 26, 194021 St. Petersburg, R

2Centre for Advanced Studies, Drammensveien 78, 0271 Oslo, Norway
and Department of Physics, University of Oslo, P.O. Box 1048 Blindern, 0316 Oslo, Norway

3Semiconductors Physics Institute of Siberian Division of Russian Academy of Sciences, Akademika Lavrentieva 13,
630090 Novosibirsk, Russia
~Received 6 March 2000!

The high-frequency conductivity of Sid-doped GaAs/AlGaAs heterostructures is studied in the integer
quantum Hall effect~QHE! regime, using acoustic methods. Both the real and the imaginary parts of the
complex conductivity are determined from the experimentally observed magnetic field and temperature depen-
dencies of the velocity and the attenuation of a surface acoustic wave. It is demonstrated that in structures with
carrier density (1.322.8)31011 cm22 and mobility (122)3105 cm2/V s the mechanism of low-temperature
conductance near the QHE plateau centers is hopping. It is also shown that at magnetic fields corresponding to
filling factors 2 and 4, the doped Sid layer efficiently shunts the conductance in the two-dimensional electron
gas ~2DEG! channel. A method to separate the two contributions to the real part of the conductivity is
developed, and the localization length in the 2DEG channel is estimated within the context of a nearest-
neighbor hopping model.
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I. INTRODUCTION

It is well known from numerous low-temperature resist
ity measurements that the electronic states of a t
dimensional electron gas~2DEG! whose energies are locate
between two adjacent Landau levels in a perpendicular m
netic field, are localized. Consequently, the conductanc
determined by electron hopping between the localized sta
The hopping mechanism is temperature dependent. At t
peratures 1-4 K, the conductances is usually determined by
nearest-neighbor hopping. In this case its temperature de
dence is mainly exponential,sxx(T)}exp(2E/kT) whereE
is the temperature-independent activation energy, see
Refs. 1–3 and references therein.~We assume that the 2DEG
is located in thex2y plane, the magnetic field is parallel t
thez axis, and the electric field is along thex axis.! At lower
temperatures,T&1 K, the electron hopping distance appea
to be greater than the typical distance between nearest n
bors: at such low temperatures it becomes difficult to fin
neighbor whose energy is close to the initial one within
accuracykT. In this so-calledvariable-range-hoppingre-
gime the conductivitysxx is also exponentially small,2,4–6

but with an effective activation energyE, which is
temperature-dependent.

To clarify the nature of the localized states, we study
this paper the two-dimensionalhigh-frequency~hf! conduc-
tance of a 2DEG,sxx(v), by measuring the velocity and th
attenuation of surface acoustic waves~SAW! propagating
along thex direction nearby the electron layer. Acoust
methods are particularly promising for our task sin
usxx(v)u in the hopping regime may be of the same order
magnitude as the SAW velocityV. Because the screening o
the electric fields produced by the SAW is determined by
ratio sxx /V, the acoustic properties are sensitive to the va
tions insxx . Furthermore, the attenuation and the velocity
the SAW depend on thecomplexconductance,
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sxx~v![s1~v!2 is2~v!,

and hence both the actives1 and the reactives2 components
can be detected. The active component can be then comp
to the static conductivitysdc. A pronounced difference will
clearly indicate that the electron states are localized.
compare the experimental results fors1(v) ands2(v) with
existing models for the dielectric response of localized sta
and extract relevant parameters of the latter.

The paper is organized as follows. In Sec. II the expe
mental setup is presented. Experimental results and their
cussion are given in Sec. III. They are summarized in S
IV. Details of the derivation of the expressions we use
presented in the Appendix.

II. THE EXPERIMENTAL SETUP

A sketch of the experimental setup is shown in Fig. 1.
SAW propagating along the surface of a piezoelectric cry
is accompanied by a wave of hf electric field. This elect
field penetrates into a 2DEG located in a semiconductor
erostructure mounted on the surface. The field produces e
trical currents which, in turn, cause Joule losses. As a res
there are electron-induced contributions both to the SA
attenuation and to its velocity. These effects are governed
the complex frequency-dependent conductivity,sxx(v),

FIG. 1. The experimental setup.
7470 ©2000 The American Physical Society
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which oscillates as a function of the external magnetic fie
Hence, specific oscillations will appear both in the SA
attenuation and its velocity. Under reasonable assumpti
the experimental results allow one to determinesxx(v) as
function of the magnetic field and to analyze its properti
In the present paper, the attenuation coefficientG and the
relative velocity change,DV/V, are measured as functions
perpendicular magnetic field up to 7 T in the temperature
interval 1.5–4.2 K. The Sid-doped GaAs/AlGaAs hetero
structure samples with sheet densitiesn5(1.322.7)31011

cm22 and mobilitiesm5(122)3105 cm2/V s at T54.2 K
were grown by molecular-beam epitaxy, their structures
ing shown in Fig. 2.

III. EXPERIMENTAL RESULTS AND THEIR DISCUSSION

The expressions relatingG andDV/V to the complex con-
ductance,s12 i s2, can be extracted from Refs. 7 and
They read

G ~dB/cm!54.34AK2k g, ~1!

DV/V5~AK2/2! ~dv/v ! . ~2!

Herek5v/V is the SAW wave vector,K2 is the piezoelec-
tric coupling constant of the substrate~Y-cut LiNbO3), and

A58b~k!~«11«0!«0
2«se

22k(a1d), ~3!

b~k!5$b1~k!@b2~k!2b3~k!#%21, ~4!

b1~k!5~«11«0!~«s1«0!2~«12«0!~«s2«0!e(22ka),
~5!

FIG. 2. The structures of the samples AG49 and AG106.
.
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b2~k!5~«11«0!~«s1«0!1~«11«0!~«s2«0!e(22kd),
~6!

b3~k!5~«12«0!~«s2«0!e(22ka)1~«12«0!

3~«s1«0!e[ 22k(a1d)] . ~7!

In these equations,«1550, «051, and«s512 are the di-
electric constants of LiNbO3, of the vacuum and of the sem
conductor, respectively.a is the finite vacuum clearance be
tween the sample surface and the LiNbO3 surface andd
denotes the finite distance between the sample surface
the 2DEG layer. In our experiment, the heterostructure w
pressed to the piezoelectric platelet. Even in this case
clearancea remains finite because of some roughness of b
surfaces. Since the actual clearance is hardly controlled
treata as an adjustable parameter. The quantitya is detem-
ined by fitting the experimental data in the region of meta
conductivity where the complex conductivity is essentia
frequency independent at our frequencies~30–210 MHz!.
The values ofa are slightly different for different sample
setups. We have checked that for a given setup the value
sxx extracted in this way are indeed frequency independ
in the above-mentioned range of magnetic fields. More
tails regarding the fitting procedure are given in Ref. 9.

The parameters of our experimental setup area
50.5mm andd50.59mm for the first sample, and 0.09mm
for the second one. The reduced attenuationg and velocity
variationdv/v are given by the expressions

g5
S1

S1
21~11S2!2

, dv/v5
11S2

S1
21~11S2!2

; ~8!

S i5~4ps i /«sV! t~k!, t~k!5@b2~k!2b3~k!#/2b1~k! .

The experimental magnetic-field dependence ofg anddv/v
for the sample with carrier densityn52.731011 cm22 and
mobility m523105 cm2/V s are shown in Fig. 3. Similar
results have been found previously in GaAs/AlGa
heterostructures.10

FIG. 3. The experimental dependencies of the reduced S
attenuation,g and reduced SAW velocity variation,dv/v, on the
perpendicular magnetic fieldH. T51.5 K, f 530 MHz.



uc

0

r
n
f.

ve
k
m

te

e

t
th

the

g
d-

t

ts
ooth

lds.
uc-

e

el

-

7472 PRB 62I. L. DRICHKO et al.
The real and the imaginary parts of the complex cond
tance are derived fromG andDV/V, using Eqs.~1! and~2!.
The results obtained forT51.5 K and acoustic frequency 3
MHz are shown in Fig. 4.

As can be seen,s2 practically vanishes near half-intege
filling factors, i.e., when the Fermi level is close to any La
dau level. In such regionss1(v), as has been shown in Re
11, appears to be close to the static conductivitysdc. These
facts indicate that the electron states are indeedextended.
With a further increase of the magnetic field the Fermi le
leaves the Landau band, a metal-dielectric transition ta
place, and the electrons become localized in the rando
fluctuating potential of the charged impurities.

As the Fermi level departs from the Landau-level cen
s1(v) becomes clearly larger thansdc , see Fig. 5. Such a
behavior can be qualitatively interpreted11 as absorption by
large clusters~‘‘lakes’’ ! disconnected from each other. Insid
each cluster the absorption is determined by the value
sdc . Since the area occupied by the clusters is less than
area occupied by the infinite cluster at the mobility edge,
effective s1(v) is less thansdc at half-integern. At the
same time,s1(v) is greater thansdc in the same magnetic

FIG. 4. The experimental dependencies of reals1 and imagi-
nary s2 parts of high-frequency conductivity of a 2DEG on th
perpendicular magnetic fieldH. T51.5 K, f 530 MHz.

FIG. 5. DC-measured conductivity of a 2DEGsdc ~solid line!
and acoustically-measured hf conductivity of a 2DEGs1(v) versus
magnetic fieldH in the region close to the fourth Landau-lev
center. The symbols correspond to frequenciesf ~MHz! and vacuum
gap widthsa ~mm!: ~1! 213 and 0.3,~2! 30 and 0.5,~3! 150 and 0.3,
~4! 30 and 0.4,~5! 90 and 1.2.T54.2 K, the electron density isn
5731011 cm22.
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field because there is no infinite conducting cluster at
Fermi level. The imaginary part,s2(v) increasesas the
Fermi level departs from the Landau-level’s center.

At magnetic fields corresponding to small integer fillin
factors, when the Fermi level finds itself in-between the a
jacent Landau levels, wheresdc'0, s2(v) becomes abou
an order of magnitude larger thans1, see Fig. 6. Figure 7
depicts the temperature dependencies ofs1(v) at f
530 MHz in magnetic fields corresponding to the midpoin
of the Hall plateaus. One can see a crossover from a sm
temperature dependence at a strong magnetic field~5.5 T!, to
a rather steep increase with temperature at weaker fie
Such behavior is compatible with the idea that the cond

FIG. 6. Magnetic-field dependencies of real parts1(v) and
imaginary parts2(v) of hf conductivity of a 2DEG near the filling
factor n52 at T51.524.2 K, f 5v/2p530 MHz for the sample
with n52.731011 cm22 ~AG49!.

FIG. 7. Temperature dependencies of real parts1(v) of hf con-
ductivity of a 2DEG atf 530 MHz in magnetic fields correspond
ing to integer filling factors.
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tivity consists of two contributions. The first one is due to t
extended states near the adjacent upper Landau level, w
the second is coming from the localized states at the Fe
level.12 The relative occupation of the extended states
creases with increasing temperature because of thermall
tivated processes. Obviously, this effect is dominant at sm
magnetic fields.

We now turn to the region of low temperatures and filli
factors close to 2, where hopping between the locali
states gives the main contribution to dielectric response.
analyze the experimental results we adopt the so-calledtwo-
site approximation, according to which an electron hops b
tween states with close energies localized at two differ
impurity centers. These states formpair complexeswhich do
not overlap. Therefore, they do not contribute to the sta
conductivity but are important for the ac response. Be
very simple, the two-site model has been extensively stud
see for a review Refs. 13–15 and references therein. In
following we will use the 2D version of the theory.13 Some
details of the discussion depend on the assumptions reg
ing both the density of localized states and the relaxa
mechanisms of their population. We therefore rederive
theoretical results in Appendix A.

As is well known,14 there are two specific contributions t
the high-frequency absorption. The first contribution, the
called resonant, is due to direct absorption of microwav
quanta accompanied by interlevel transitions. The sec
one, the so-calledrelaxational, or phonon assisted, is due to
phonon-assisted transitions, which lead to a lag of the le
populations with respect to the microwave-induced variat
in the interlevel spacing. The relative importance of the t
mechanisms depends on the frequencyv, the temperatureT,
as well as on sample parameters. The most important of t
is the relaxation rateg0(T) of symmetricpairs with interlevel
spacingE5kT. At v&AkTg0 /\ the relaxation contribution
to s1(v) dominates, and only this one will be taken in
account. Following the derivation given in Appendix A w
obtain

s15
p2

2

g2j3ve4

«s
~LT1Lv/2!2 . ~9!

Here g is the ~constant! single-electron density-of-states
the Fermi level,j is the localization length of the electro
state,LT5 lnJ/kT, J is a typical value of the energy overla
integral, which is of the order of the Bohr energy, wh
Lv5 ln(g0 /v). Equation~9! is valid provided that the loga
rithmic factors are large. Note that the productr v5j(LT
1Lv/2) is the distance between the sites forming a hopp
pair. Note also that Eq.~9! is similar to the result obtained in
Ref. 13, but differs from it by some logarithmic factors and
numerical factor of 1/4.

The analysis ofs2(v) is a bit more complicated becaus
virtual zero-phonon transitions give a comparable contri
tion. The analysis presented in the Appendix leads to
following expression for the ratios2(v)/s1(v),

s2

s1
5

2Lv~L T
21LTLv/21L v

2 /12!14cL T
2 Lc

p~L T
21LTLv1L v

2 /4!
. ~10!
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Here Lc5 ln(\vc /kT), vc is the cyclotron frequency, andc
*1 is a numerical factor depending on the density-of-sta
in the region between the Landau levels, see the Appen
Using the estimate forg0 from Ref. 15,

g05
4pe2K2kT

«s\
2V

,

valid for the piezoelectric relaxation mechanism, as well
other parameters relevant to the present experiment, one
cludes that in the hopping regimes2*s1. This conclusion
agrees with the experimental results obtained for the midd
of the Hall plateaus at 5.5 T and 2.7 T and ensures that
conductance mechanism in these regions is indeed hopp

Given an experimental value fors1, one can obtain from
Eq. ~9! the localization lengthj provided that the single-
electron density-of-statesg is known for given values of the
magnetic field. This quantity has been obtained from
temperature-dependence measurements of the thermall
tivated dc conductivity.1,3 It has been shown that for sma
filling factors the density-of-states in the plateau regions
finite and almost field independent, see Fig. 8. Using
density-of-states versus mobility curve from Ref. 1, obtain
for a sample similar to ours, we estimate the density-of-sta
as g52.531024 cm22 erg21. On the other hand, accordin
to Ref. 3, the density-of-states as function of the magn
field H can be expressed by the interpolation formula

g~H !5
g0

11AmH
, ~11!

where m is the mobility of the 2D electrons whileg0
5m/(p\2) is the 2D density-of-states atH50. From Eq.
~11! we obtain for H55.5 T the density-of-statesg51.7
31024 cm22 erg21.

Using the first estimate for the density-of-states one
tains j56.531026 cm, that is about 1.6 times greater tha
the spacer thicknessl sp5431026 cm. On the other hand, i
is the spacer width that characterizes the random pote
correlation length in the 2DEG layer. Hence, this fact co
tradicts our interpretation of experimental results in terms
pure nearest-neighbor pair hopping.

To improve the agreement with the two-site hoppi
model, we assume that the high-frequency hopping cond
tivity of the 2DEG channel is shunted by hopping along t
doping Sid layer. This assumption can be substantiated
follows. Let us suppose that at the middle of the Hall plate
s1

n525431027 V21 and s2
n5252.431026 V21 are en-

tirely determined by the hopping conductivity along the Sd
layer. Such a contribution is only weakly dependent on
magnetic field because the latter is too weak to deform

FIG. 8. Schematic profile of the single-electron density-
states.
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nificantly the wave functions of the Si dopants. Then t
contributions tos i associated with the 2DEG channel a
just the difference between the experimentally measureds i
in a given magnetic field and its value atn52.

We now analyze the dependence of the differencesF1

[s12s1
n52 andF2[s22s2

n52 on the filling factorn. The
plots of logFi versusn are shown in Fig. 9. Both curve
approach straight lines, and consequently can be extrapo
to n52. Using this extrapolation we have obtainedF1

n52

51028 V21 andF2
n525531028 V21. It should be noticed

here that the extrapolated values ofFi
n52 are two orders of

magnitude smaller than the values ofs i
n52 , associated with

the hopping along the Si-d-layer. Using the extrapolated va
ues ofF1 and F2 to extract the 2DEG contributions tos1
ands2, one can calculate the electron localization length
n52 from Eq.~9!. This procedure is corroborated by the fa
that the experimental ratioF2 /F155 is close to the theoret
ical value 4.2 coming from Eq.~10!. The localization length
at n52 obtained in this way isj5231026 cm, which is
half of the spacer width. This estimate makes realistic
‘‘two-site model,’’ which we have extensively used.
should be emphasized, however, that from the above valu
j, the hopping lengthr v is estimated to be 1.431025 cm.
Consequently, there is an interplay between hops to the n
est and more remote neighbors. A more rigorous theory
this situation should be worked out. Such a theory sho
also explain why the magnetic-field dependencies ofs1 and
s2 at the vicinity ofn52 appear to be different—thes1(H)
dependence is more pronounced than thes2(H) one. Ac-
cording to the two-site model, both are determined by
respective dependence of the localization length on the m
netic field and should be similar. Indeed, their ratio, from E
~10!, is almost field independent. It follows from the expe
mental data that there exists an additional mechanism l
ing to the pronounced decrease ofs2 as the Fermi level falls
into the extended states region. A probable mechanism
thermal activation of electrons from the Fermi level to t

FIG. 9. The dependences of log(F1)5log(s12s1
n52) and

log(F2)5log(s22s2)
n52 versus the filling factorn near n52. T

51.5 K, f 530 MHz. Note that both extrapolated curves show
cusp in the middle of the plateau.
e
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upper Landau band, leading, first, to a decrease of the n
ber of pairs responsible for the hopping conductivity, an
second to a screening of the electric-field amplitude p
duced by the SAW. We hope to work out a proper quant
tive theory in the future.

IV. CONCLUSIONS

The above analysis leads to the following conclusions
~1! At the vicinity of the Hall plateau centers, high

frequency hopping conductance in the 2DEG layer can
effectively shunted by hopping inside the dopingd layer.

~2! When the shunting effect is properly subtracted, t
results appear to be compatible with the nearest-neigh
two-site model of hopping conductivity.

~3! The localization length determined at different ma
netic fields~and, consequently, different filling factors! by
the above method, scales as the magnetic lengthaH
5(\/eH)1/2. This agrees with the concept of neare
neighbor hopping.

~4! The interpretation of the imaginary part of the condu
tivity s2(v), appears more complicated. While th
magnetic-field dependence of the real part of the hf hopp
conductivity of 2D electrons seems to be determined by
magnetic-field dependence of the localization length—
slope of logj(H), calculated from the values ofF1

n52(H)
using Eq.~9!, is close to the slope of logj(H) in Ref. 2—the
magnetic-field dependence of the imaginary part of the
conductivity has been explained so far only qualitatively.
more detailed quantitative analysis, which would include
proper account of the screening of the SAW-induced hf el
trical field by both layers, is required.

It is worth emphasizing that the acoustic method used
the present paper allows the determination of the localiza
length near the Hall plateau centers.This is very difficult
achieve using a dc technique.
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APPENDIX: DERIVATION OF s„v…

The derivations of the complexs(v) within the two-site
approximation have been extensively discussed, see
Refs. 14 and 15. However, the resulting formulas differ
some details. These differences are mainly due to differ
assumptions about the relaxation of the occupation num
of the localized states. We therefore present here a un
derivation, in order to clarify the various assumptions a
notations.

Let us characterize the sites by the single-electron e
giesw1,2, which would be the actual energies if the Coulom
correlation between the occupation numbers is ignored.
two electron energies, in the absence of quantum hybrid
tion of the states, can be specified by four terms,

W050, W15w1 , W25w2 , W35w11w21
e2

«sr
.
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Herer is the distance between the sites. As shown in Ref.
when the frequencyv and the temperatureT are low enough,
such that\v, kT!e2/«sr , only the two termsW1 and W2
can be occupied, and we face a situation of a two-level e
tronic system. Quantum tunneling hybridizes the two leve
so that the resulting energies are

W65
w11w2

2
6

E

2
, E5AD21L2~r ! .

Here D5w12w2 , L(r ) is the energy overlap integral tha
decays asr increases. The effective Hamiltonian correspon
ing to this situation is

HLR5
1

2 S D 2L

2L 2D
D 5

1

2
~Dsz2Lsx! . ~A1!

Here s i are the Pauli matrices. Diagonalizing this Ham
tonian we obtainH05(E/2) sz .

The quantitiesw i are random, and their distributions a
specified as follows.14 The ‘‘center-of-gravity’’ (w11w2)/2
is assumed to be uniformly distributed within a band
width e2/«sr ; and the differenceD[w12w2, is also as-
sumed to be uniformly distributed within a band much wid
thankT. Sinced2r 5r dr df, wheref is the polar angle in
the 2DEG plane, we obtain anr-independent pair distribution
function P(D,r ,f)5g2e2/«s , where g is the ~constant!
single-electron density-of-states. It is convenient to cha
the variables fromD,r ,f to D,L,f,

P~D,L,f!5g2~e2/«s!udrL /dLu, ~A2!

wherer L is the solution of the equationL(r )5L.
In the presence of an external ac electric fieldE the pair

acquires a dipole momentd̂5er̂ , described by the interactio
HamiltonianHi5(E•d̂)5e(E• r̂ ). This interaction is added
to D in the Hamiltonian~A1!. In the representation whereH0
is diagonal, the interaction Hamiltonian becomes

Hint5e~E• r̂ !S D

E
sz2

L

E
sxD . ~A3!

The contribution of a pair to the complexs(v) can be
expressed in terms of the complex susceptibility,x(v)
5s(v)/ iv, which in turn is given by~cf. Ref. 16!

x~v!5
pe4 g2

«s
E dD dL r L

2 udrL /dLu

3@~D/E!2xzz~v!1~L/E!2xxx~v!# . ~A4!

The partial susceptibilitiesxpq are given by~cf. Ref. 16!

xzz5
1

kT cosh2~E/2kT!

ig i

v1 ig i
, ~A5!

xxx5tanhS E

2kTD (
6

7
\21

v7E/\1 ig
, ~A6!

whereg andg i are the proper relaxation rates.xzz is respon-
sible for the relaxational contribution, whilexxx is respon-
sible for the resonant one.
4,

c-
,

-

f

r

e

To continue the calculations one needs to specify the s
tial dependence of the overlap integral. Let us assume
L(r )5J e2r /j, wherej is the localization length. Then,r L

5j ln(J/L), udrL /dLu5j/L. At the next step, it is convenien
to transform the variables fromD,L to E,p5(L/E)2, the
Jacobian being (2p)21(12p)21/2. This results in

x̃~v![
x~v!

x0
5E

0

`

deE
0

1 dp

pA12p
ln2S J̃

eAp
D

3@pxxx~v!1~12p! xzz~v!#, ~A7!

wherex05pe4 g2 j3kT/2«s , e5E/kT, and J̃5J/kT@1.
The following analysis will be based on Eq.~A7!. It can

be easily shown that under the conditions of the present
periment the only important contribution to the dissipati
part of the susceptibility, Imx̃(v), is the one coming from
the relaxational mechanismxzz. Thus we have,

Im x̃~v!5E
0

` de

cosh2~e/2!
E

0

1 dpA12p

p

3 ln2S J̃

eAp
D g iv

v21g i
2

. ~A8!

An important feature of the relaxation rateg i is that
g i(e,p)5p g0(e), see e.g., Ref. 15. Since we are interes
in the casev!g0, we can pute51, p5pv[Ag0(1)/v in
the argument of the logarithm and take the logarithm out
the integrand. As a result,

Im x̃5pS LT1
1

2
LvD 2

, ~A9!

whereLT5 ln J̃@1 while Lv5 ln(1/pv)@1.
The relaxational contribution to the real part can be w

ten as

Rex̃zz~v!5E
0

` de

cosh2~e/2!
E

0

1 dpA12p

p

3 ln2S J̃

eAp
D g i

2

v21g i
2

'2E
pv

1 dp

p S LT2
1

2
ln pD 2

52LvS L T
21

1

2
LTLv1

1

12
L v

2 D . ~A10!

The contribution fromxxx to the real part of the susceptibi
ity is also important. Putting\v!E we obtain

Rex̃xx52E
0

` de

e
tanh~e/2!E

0

1 dp

A12p
ln2S J̃

eAp
D

'4L T
2E

0

` de

e
tanhS e

2D . ~A11!
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The last integral diverges logarithmically at its upper lim
That means that the result is substantially dependent on
total structure of the impurity band. Assuming that~i!
e2/«sjLT!\vc , and~ii ! that we are interested in the situ
tion when the Fermi level is in the middle of the gap, we c
replace for avery crudeestimate

g2E
0

` de

e
tanhS e

2D by E
0

` de

e
g2~e!tanhS e

2D .
ck
a

v

.A
th

,

he

n

According to certain experimental evidence, the density
localized states within the gap is a weak function of t
energy. Then an estimate for the above integral can be w
ten ascg2Lc , whereLc5 ln(\vc /kT), while c*1 is a cor-
rection factor due to energy dependence of the density
states. As a result, we obtain

Rex̃xx'4c L T
2 Lc . ~A12!

Since Res/Im s5Im x/Rex we obtain Eq.~10!.
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