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Quantum corrections to conductivity: From weak to strong localization
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The results of detailed investigations of the conductivity and Hall effect in gated single-quantum-well
GaAs/InGaAs/GaAs heterostructures with two-dimensional electron gas are presented. A successive analysis of
the data has shown that the conductivity is diffusive forkFl 52522. The absolute value of the quantum
corrections forkFl 52 at low temperature is not small; e.g., it is about 70% of the Drude conductivity atT
50.46 K. ForkFl 52 – 0.5 the conductivity looks like the diffusive one. The temperature and magnetic field
dependences are qualitatively described within the framework of the self-consistent theory of Vollhardt and
Wölfle. The interference correction is therewith close in magnitude to the Drude conductivity so that the
conductivity s becomes significantly less thane2/h. We conclude that the temperature and magnetic field
dependences of the conductivity in the wholekFl range are due to changes of the quantum corrections.

DOI: 10.1103/PhysRevB.65.235322 PACS number~s!: 73.20.Fz, 73.61.Ey
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I. INTRODUCTION

The weak-localization regime in two-dimensional~2D!
systems atkFl @1 (kF and l are the Fermi quasimomentum
and the mean free path, respectively!, when the electron mo
tion is diffusive, is well understood from the theoretical po
of view.1 In this case the quantum corrections to conduc
ity, which are caused by electron-electron interaction a
interference, are small compared with the Drude conduc
ity s05pG0kFl , where G05e2/(2p2\). Experimentally,
this regime was studied in different types of 2D system
Qualitative and in some cases quantitative agreement
the theoretical predictions was found. However, import
questions remain to be answered: what happens to these
rections~i! with a decrease ofkFl down to kFl .1 and~ii !
with a decrease of temperatureT when the quantum correc
tions become comparable in magnitude2 with the Drude con-
ductivity?

It is clear that, sooner or later, the increase of disor
leads to a change of the conductivity mechanism from a
fusive one to a hopping one. The question is, when doe
happen? To answer this question the temperature depend
of the conductivity is analyzed usually. It is supposed that
transition to the hopping conductivity occurs when the co
ductivity becomes lower thane2/h and a strong temperatur
dependence arises.3–7 From our point of view, it is not
enough to analyze thes(T) dependence only. The low con
ductivity and its strong temperature dependence can re
from a large value of the quantum corrections as was p
posed in some pioneer papers on weak localization.8,9

The aim of this paper is to study the role of quantu
corrections over wide range ofkFl and to understand wha
happens when the quantum corrections become compa
with the Drude conductivity. We try to answer these qu
tions by studying the quantum corrections in 2D syste
with the simplest and well-known electron energy spectru
starting from the well-understandable casekFl @1.

We report experimental results obtained for single-w
gated GaAs/InxGa12xAs/GaAs structures with one 2D sub
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band occupied. An analysis of the experimental data sh
that the conductivity is diffusive whenkFl varies from 25 to
approximately 2 and looks like diffusive one atkFl
52 – 0.5. At low temperature andkFl .1 the total quantum
correction is not small. It is close in magnitude to the Dru
conductivity so that the conductivity is significantly less th
e2/h.3.8631025 V21 at low temperature. For instance,
is about 331028 V21 for kFl .0.5 andT50.46 K—that is,
600 or so times less thans0. Thus, in this range the stron
temperature and magnetic field dependences are cause
the change of quantum corrections.

II. SAMPLES

The heterostructures investigated were grown by me
organic vapor-phase epitaxy on a semi-insulator GaAs s
strate. They consist of a 0.5-mm-thick undoped GaAs epil-
ayer, a Snd layer, a 60-Å spacer of undoped GaAs, a 80
In0.2Ga0.8As well, a 60-Å spacer of undoped GaAs, a Snd
layer, and a 3000-Å cap layer of undoped GaAs. The sam
were mesa etched into standard Hall bars with dimensi
1.230.2 mm2 and then an Al gate electrode was deposi
onto the cap layer by thermal evaporation. The measu
ments were performed in the temperature range 0.4–12
magnetic fieldsB up to 6 T. The electron density was foun
from the Hall effect and from Shubnikov–de Haas oscil
tions when it was possible. These values coincide with
accuracy of 5%.

The gate voltage dependences of the electron density
conductivity are presented in Fig. 1~a! and Fig. 1~b!, respec-
tively. Varying the gate voltageVg from 0.0 to23.3 V we
changed the electron density in the quantum well from
31011 to 1.231011 cm22 and the conductivitys at T
54.2 K from 2.131023 to 631027 V21. The straight line
in Fig. 1~a! shows theVg dependence of the total electro
density in the quantum well andd layers, calculated from the
simple electrostatic considerationnt(Vg)5n(0)1VgC/ueu,
with n(0) as a fitting parameter andC5«/(4pd), whered
©2002 The American Physical Society22-1
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FIG. 1. ~a! The gate voltage
dependence of the conductivity a
T54.2 K ~solid circles! and elec-
tron density in quantum well
~open circles!. The line is the de-
pendencent(Vg) calculated from
the electrostatic consideration~see
text!. ~b! The gate voltage depen
dences of conductivity at T
54.2 K ~circles! and the Drude
conductivity ~crosses!. ~c! Tem-
perature dependences of the co
ductivity for different gate volt-
ages. The solid lines are provide
as a guide to the eye; dotted line
Eq. ~7! with ~113/4l!50.35 and
p50.9 ~see text!.
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53000 Å is the cap-layer thickness,«512.5. The deviation
of the experimental data from the line, which is evident
Vg.21 V, is a result of the fact that the fraction of ele
trons occupies the states in thed-doped layers. In the presen
paper we will not consider this gate-voltage range, beca
the appearance of the states at the Fermi energy in the d
layers leads to additional specific features in transport, so
of which have been already discussed earlier.10

III. RESULTS AND DISCUSSION

The temperature dependences of the conductivity for s
eral gate voltages are presented in Fig. 1~c!. It is clearly seen
that the temperature dependences ofs are close to the loga
rithmic ones forVg>22.85 V. For lowerVg when the con-
ductivity is less thane2/h a significant deviation from loga
rithmic is observed. The conductivity in such a case
usually interpreted as the hopping conductivity.4–7 We will
show below that quantum corrections can lead to such a
havior if they become close in magnitude to the Drude c
ductivity.

To clarify the role of quantum corrections at low condu
tivity when kFl .1 let us analyze the experimental data sta
ing from kFl @1 where the conventional theories of th
quantum corrections are applicable. Following the seque
of data treatment described in Ref. 11 we will assure at fi
that the quantum correction theories describe the tempera
and low- and high-magnetic-field behavior of the conduct
ity. After that we will find the contributions of the electron
electron interaction and quantum interference to the cond
tivity and then trace their changes with lowering ofkFl .

A. CasekFlš1

In Fig. 2 the magnetic field dependences of the com
nents of the resistivity tensorrxx andrxy measured at differ-
23532
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ent temperatures are presented for the gate voltageVg
521.8 V. Two different magnetic field ranges are evide
in Fig. 2~a!: the range of sharp decrease ofrxx at low mag-
netic field B<0.1– 0.2 T~see also Fig. 4! and the range of
moderate dependencerxx(B) at higher field. A characteristic
feature of the data presented is the existence of the cros
point atB5Bcr , at which all therxx-versus-B curves cross
each other.

At high magnetic field the behavior ofrxx(B,T) and
rxy(B,T) can be explained by the contribution of th
electron-electron interaction to the conductivity. It fully co
responds to the theory developed in Ref. 1, which pred
that the electron-electron interaction contributes to the di
onal component of the conductivity tensorsxx , and does not
contribute to the off-diagonal componentsxy . For the actual
casegmBB/kT&1, wheremB is the Bohr magneton, the cor
rectiondsxx

ee is independent of the magnetic field and has
form

dsxx
ee~T!5G0S 11

3

4
l D lnS kTt

\ D ~1!

and hence

rxx~B,T!.
1

s0
2

1

s0
2 ~12m2B2!dsxx

ee~T!, ~2!

when dsxx
ee!s0. Here,t is the quasimomentum relaxatio

time,m is the electron mobility, andl is the parameter of the
electron-electron interaction, calculated in Ref. 12. It
clearly seen from Eq.~2! that therxx-versus-B plots taken at
different temperatures are to cross each other at magn
field B51/m. Inspection of Figs. 2~a! and 2~b! shows that
2-2



QUANTUM CORRECTIONS TO CONDUCTIVITY: FROM . . . PHYSICAL REVIEW B65 235322
FIG. 2. The magnetic field
dependences ofrxx ~a! andrxy ~b!
for different temperatures atVg

521.8 V (kFl 517.9).
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the value of Bcr51 T is really close to 1/m with m
50.99 m2/(V sec) obtained asm5rxy /(rxxB) at B5Bcr
~see Ref. 11 for details!.

The temperature dependences ofsxx and sxy calculated
from rxx andrxy are presented for high magnetic field in Fi
3. As seensxy is temperature independent within experime
tal error. The temperature dependence ofsxx is close to the
logarithmic one. The slope of thesxx-versus-lnT plot does
not depend on the magnetic field. Thus, the high-magne
field behavior of the conductivity tensor components agr
completely with the theoretical predictions for the correcti
due to electron-electron interactions. It allows us to de
mine the value of (113/4l) @see Eq. ~1!#. So for Vg
521.8 V we obtain (113/4l)50.3560.05.

We turn now to the low-magnetic-field behavior ofrxx ,
which is a consequence of suppression of the interfere
correction by magnetic field~Fig. 4!. An analysis shows tha
at B,0.5Btr , whereBtr5\/(2el2) is the so-called trans
port magnetic field,13 the dependencesDs(B)51/rxx(B)
21/rxx(0) are described by the well-known expression14

Ds~B!5aG0H cS 1

2
1

t

tw

Btr

B D2cS 1

2
1

Btr

B D2 lnS t

tw
D J ,

~3!
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with a and tw given in this figure. In Eq.~3!, c(x) is a
digamma function andtw is the phase breaking time. A dif
ference of the prefactora from unity, which is more pro-
nounced at higher temperature, is a consequence of the
tw /t ratio. For instance,tw /t.20 for T54.2 K, which is
clearly not enough for the diffusion approximation.15 Never-
theless, as shown in Ref. 15 the use of Eq.~3! for the fit of
experimental data in this regime gives a value oftw very
close to the true one.

The temperature dependence oftw found from the fit is
well described by the power lawtw}T2p with p.0.9 ~Fig.
5!. It must be noted that not only the temperature depende
but the absolute value oftw obtained experimentally is clos
to the theoretical ones:

tw
215

kT

\

2pG0

s0
lnS s0

2pG0
D . ~4!

So we can determine the absolute value of the inter
ence correction atB50 using the well-known expression16

ds int52G0lnS tw

t
11D . ~5!
-
FIG. 3. The temperature de
pendence ofsxx ~a! and sxy ~b!
for two magnetic fields; Vg

521.8 V.
2-3
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FIG. 4. The magnetic field dependence
Ds(B)51/rxx(B)21/rxx(0) for different tem-
peratures;Vg521.8 V. Solid curves are the ex
perimental data. Dashed lines are the best fit
Eq. ~3! made over the magnetic field range fro
0 to 0.25Btr , Btr50.03 T. The parameters of th
best fit are given near the corresponding curve
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Figure 6 shows the results obtained forT50.46 K. As seen
ds int is practically independent ofkFl while kFl>2.

Now, when we have experimentally found the values
the electron-electron and interference contributions to
conductivity, we can determine the value of the total qu
tum correctionds(T)5ds int(T)1dsee(T) and, hence, the
value of the Drude conductivity:

s05s~T!2ds~T!. ~6!

If the experimental results are adequately described by
theory of the quantum corrections, we have to obtain
same values ofs0 from the data taken at different temper
tures. Really, this procedure gives close values. The scatt

FIG. 5. The temperature dependences oftw at Vg521.8 V,
kFl 517.9 ~open circles! and Vg523.1 V, kFl .1 ~solid circles!.
Solid line is the theoretical dependence given by Eq.~6!; dashed
line is the power lawT20.9, dotted line is a guide for the eye.
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about (0.5– 1)G0 for T50.46– 10 K in the whole gate volt
age range. The Drude conductivity obtained in this way a
function of Vg is presented in Fig. 1~b!.

The found value ofs0 can be further compared with
rxx

21(Bcr). Both quantities are to be equal to each other a
follows from Eq.~2!. As an example we consider the case
Vg521.8 V. The value ofs0 obtained with the help of Eq
~6! is equal to (56.460.5)G0. Inspection of Fig. 2 gives
rxx(Bcr)

21555.6G0. It is slightly lower thans0. The rea-
son for this difference is obvious.11 It is due to the remainde
of the interference correction which is not fully suppress
by magnetic field even atB5Bcr.30Btr .

Finally, the temperature dependence of the conductivity
zero magnetic field is determined by the overall temperat
dependences ofdsxx

ee @Eq. ~1!# andds int @Eq. ~5!#. Thus,

s~T!}G0S 11
3

4
l1pD ln T. ~7!

The dotted line in Fig. 1~c! demonstrates a good agreeme
of the experimental data with Eq.~7! when one uses~113/
4l!50.35 andp50.9 obtained above.

As is clear from the above the observation of crossing
the rxx-versus-B curves at one point is very important.
allows us to carry out so thorough an analysis. Unfortunat
the crossing is not evident at low gate voltage. The decre
of Vg leads to a mobility decrease and hence to a shift of
crossing to high magnetic field. AtVg,23.0 V the crossing
runs out of our magnetic field range.

The following should be emphasized here. We could
use Eq.~2! for the analysis at low gate voltage even if w
had a high magnetic field and observed the crossing aB
.6 T. There is a physical restriction of applicability of th
expression. It is valid when the quantization of the ene
spectrum in a magnetic field can be ignored, i.e., when
cyclotron energy\vc is less than both the Landau lev
broadening and the Fermi energy. The absence of
Shubnikov–de Haas oscillations in those magnetic fie
where the crossing is evident testifies to the fact that
Landau levels are really strongly broadened. As for the s
ond requirement, it is violated with a decrease of the g
2-4
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QUANTUM CORRECTIONS TO CONDUCTIVITY: FROM . . . PHYSICAL REVIEW B65 235322
FIG. 6. The contributions to the conductivit
due to electron-electron interactiondsee, inter-
ferenceds int, and the total contributionds as a
function of kFl . The dotted curve iss05pkFl ;
other curves are a guide for the eye. Solid a
open circles are obtained as described in S
III A and Sec. III B, respectively. Inset shows th
ratio of the conductivity in zero magnetic field a
T50.46 K to the Drude conductivity plotted as
function of kFl .
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is a
voltage due to a lowering of the Fermi energy and elect
mobility. Analysis of the experimental data presented in Fi
1~a! and 1~b! shows that the value of\vc at B5m21 be-
comes greater than the Fermi energy atVg.22.9 V, when
the electron density and mobility fall down to.2
31011 cm22 and .0.2 m2/(V sec), respectively. Namely
for Vg.22.9 V whenkFl .2 good agreement with all the
oretical predictions is observed.

Thus, we maintain that atkFl *2 just the quantum correc
tions determine the temperature and low- and high-magne
field dependences of the conductivity in two dimensions. T
total value of the corrections decreases only slightly at
creasingkFl ~see Fig. 6!; the contribution due to electron
electron interaction is 25%–30% of the interference con
bution atkFl .25 and only 10% atkFl .2. The significant
point is that the quantum corrections at low temperature
be comparable in magnitude with the Drude conductiv
e.g., atkFl .2.3 (Vg522.85 V), their value is about two
thirds of s0 for T50.46 K. So the strong temperature d
pendence of the conductivity atB50 in this case@see Fig.
1~c!# is caused by the decreasing of the quantum correct
with temperature.

Now we consider the behavior of the electron-electr
contribution withkF changing. ExperimentalkF dependences
of (113/4l) and, for comparison, the theoretical resu
from Ref. 12 are presented in Fig. 7. One can see tha
2kF /K.1.5 (K52/aB is the screening parameter, andaB is
the effective Bohr radius! when kFl .5 the experimenta
data lie somewhat below the theoretical curve but foll
quite parallel to it. In this range of 2kF /K the present results
are close to those obtained in Ref. 11. The strong devia
of (113/4l) at 2kF /K,1.5 can result from the fact that th
strong inequalitykFl @1 which is required by the theory i
not fulfilled under experimental conditions.

B. CasekFl¶1

Let us analyze the data forVg,22.9 V when the con-
ductivity is low and the crossing point is not observed. Fi
23532
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of all, one can see from Fig. 1~c! that the temperature depen
dence ofs is not logarithmic in this case. It is not surprisin
because Eqs.~1! and~5! are valid only when the correction
are small compared with the Drude conductivity. When t
temperature tends to zero, Eqs.~1! and ~5! give a negative
value of the conductivity which is meaningless.

It is obvious that another theoretical approach should
used in this situation. Self-consistent calculations,17,18 which
take into account the fact that the diffusion coefficient its
depends on the correction value, lead to the following eq
tion for the conductivity:

s~T!

s0
512

1

pkFl
lnS 11

tw~T!

2t

s~T!

s0
D . ~8!

FIG. 7. The value of multiplier (113/4l) in Eq. ~1! as a func-
tion of 2kF /K. The open circles are the results obtained for t
structure investigated~the upper axis indicates the gate voltage!.
The solid circles are the results from Ref. 11. The dashed cu
represents the theoretical result from Ref. 12. The solid curve
guide for the eye.
2-5
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FIG. 8. The temperature de
pendence ofs ~a, b! and r ~c!
in the coordinates correspondin
to self-consistent calculation@Eq.
~9!# and power-law localization
and variable-range hopping@Eq.
~11! with m51/3], respectively.
The circles are our data; th
crosses are the results from Ref.
The values of kFl from Vg

522.75 V to 23.3 V are the
following: kFl .3, 2.1, 1.4, 1.0,
and 0.5.
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Whentw@t it can be rewritten as follows:

s0

G0
1 lnS s0

G0
D2Fs~T!

G0
1 lnS s~T!

G0
D G5 lnFtw~T!

t G . ~9!

At s02s(T)!s0 this equation coincides with Eq.~5! and
gives the logarithmic temperature dependence of the con
tivity. Besides, Eq.~9! gives a reasonable behavior ofs(T):
the conductivity goes to zero whentw(T)/t increases with
the temperature decrease.

In Fig. 8~a! we present our experimental results as
@s(T)/G01 ln(s(T)/G0)#-versus-lnT plot in accordance with
Eq. ~9!. It is evident that the experimental data are well d
scribed by this theory in the wholekFl range.

Strictly speaking, the theory in Refs. 17 and 18 was
veloped for arbitrary values of the correction but forkFl
@1. In our case the value ofkFl is close to 1 forVg
,22.75 V; therefore, a more detailed quantitative analy
makes no sense.

In Ref. 9 a so-called conception of power-la
localization8 was used to analyze the experimental data in
case of a large quantum correction. It was shown that
long as the Fermi energy was above the mobility edge,

s~T!

s0
5S t

tw~T! D
g

. ~10!

For g51/(pkFl ) this expression gives just the same result
Eq. ~5! when the temperature is relatively high so thatkFl
@ ln(tw /t). Whentw(T) tends to infinity with a temperatur
decrease,s(T) follows the power-law vanishing atT50.

Figure 8~b! presents our data in double-logarithmic sca
It is evident that the experimental temperature dependenc
the conductivity follows a power law only at high gate vo
agesVg*22.9 V (kF*2) and noticeably deviates from it a
lower Vg . The exponent increases with thekFl decrease, bu
differs from 1/(pkFl ) by a factor of about 2.

Thus, as follows from comparison with both the se
consistent theory17,18 and the power-law conception8 the
23532
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strong temperature dependence of the conductivity, wh
appears with akFl decrease, is the result of quantum inte
ference but not the transition to the hopping regime.19

Moreover, a negative magnetoresistance is observed
small kFl values too. The shape of theDs-versus-B depen-
dence is the same as for largekFl . It is illustrated by Fig.
9~a! whereDs-versus-B data forVg521.8 V (kFl 517.9)
and Vg523.3 V (kFl .0.5; see below for details! are pre-
sented. It is evident that these data sets practically coinc
From our standpoint this fact indicates that at both small a
largekFl values the negative magnetoresistance results f
the magnetic field suppression of the interference correc
to the conductivity.

Let us try to estimate the phase breaking time from
negative magnetoresistance. To our knowledge there is
adequate theory of the negative magnetoresistance for
casekFl .1; therefore, we have used Eq.~3!. By analogy
with the temperature dependence ofs @see Eq.~9!# we have
analyzed the magnetic field dependence ofs(B)/G0
1 ln@s(B)/G0#2$s(0)/G01ln@s(0)/G0#% rather than s(B)
2s(0) as in Eq.~3!. Note that the way of finding the valu
of Btr used in the casekFl @1 ~see Ref. 13! is poor now
becauses strongly differs froms0. Therefore, we have use
a successive approximation method. For the first approxi
tion we sets(0) equal tos0, found Btr , and, then, deter-
minedtw /t from the fit of the magnetoresistance. After th
we substituted this ratio into Eq.~9! and found the corrected
value ofs0 and so on. So the output of this procedure is t
value of the Drude conductivitys0 and the ratiotw /t. A
convergence of the described procedure is illustrated by
9~b!. One can see that it is sufficient to make from six
seven iterations to achieve an accuracy in the determina
of s0 andtw /t better than 10%.

We realize that Eqs.~3! and~9! have been applied beyon
the framework of their workability. Nevertheless, let us co
sider the results. It has been found that the lowering ofVg
down to 23.3 V leads to a fall of the Drude conductivit
down to.1.5G0 @see Fig. 1~b!#—that is,kFl .0.5. The val-
2-6
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QUANTUM CORRECTIONS TO CONDUCTIVITY: FROM . . . PHYSICAL REVIEW B65 235322
FIG. 9. ~a! The negative mag-
netoresistance forVg521.8 V
(kFl 517.9) ~circles! and Vg

523.3 V (kFl .0.5). Solid line
is Eq. ~3! with parameters corre-
sponding to the best fit forVg

521.8 V: a50.78, tw50.79
310211 sec, andBtr50.03 T. ~b!
Convergence of the procedure o
determination ofs0 ~upper panel!
andtw /t ~lower panel!, described
in Sec. III B, Vg

523.1 V, T51.55 K.
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ues of the fitting parameterstw and a therewith change
slowly and monotonically over the wholekFl range. It is
clearly seen from Fig. 10 in which the results forkFl .2 are
presented as well. Moreover,tw behaves naturally with tem
perature: it increases with the temperature decrease~Fig. 5!.
From our point of view some saturation oftw evident at low
temperature for the casekFl .1 means no more than th
saturation of the fitting parameter but not the saturation
the phase breaking time. At lowkFl , Eqs. ~3! and ~9! can
give only its rough estimation.

Finally, knowing the Drude conductivity we can find th
total value of the quantum corrections asds(T)5s(T)
2s0. ForT50.46 K, the value ofds as a function ofkFl is
depicted in Fig. 6. As the figure illustrates, these resu
match those obtained forkFl .2 and discussed in the prev
ous subsection. It is seen that the total quantum correc
23532
f
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ds is a small part of the Drude conductivitys0 at largekFl .
It is about 70% ofs0 at kFl .2 and very close tos0 at lower
kFl . The last leads to the fact that at low temperature
conductivity in zero magnetic field is much less than t
Drude conductivity~see the inset in Fig. 6!. For instance,
s/s0.231023 at kFl .0.5 and T50.46 K; the absolute
value of s is about 331028 V21 which is much smaller
thane2/h.3.8631025 V21.

Thus, down tokFl .0.5 the conductivity looks like a dif-
fusive one and its temperature and magnetic field dep
dences are due to those of the quantum corrections whic
turn can be comparable in magnitude with the Drude c
ductivity at low temperature.

It is usually supposed that fors,e2/h the conductivity
mechanism is the variable-range hopping.4–7 It is argued by
the fact that the temperature dependence of the resist
d

FIG. 10. The conductivity de-
pendence oftw ~a! and prefactor
a ~b! at T51.5 K. Symbols are
the experimental results. The soli
line in ~a! is Eq. ~4!; the dashed
line is a guide for the eye.
2-7
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r5s21 is well described by the characteristic for th
mechanism dependence:

r~T!5r0 expS T0

T D m

, ~11!

with m51/2,1/3 depending on the ratio of the Coulomb g
width to the temperature. Figure 8~b! shows our experimen
tal results as a lnr-versus-T21/3 plot. As seen, our data, bein
in excellent agreement with Eq.~9! @Fig. 8~a!#, are well de-
scribed by Eq.~11!, also. Surprised by this fact we hav
examined some data from Refs. 4–7, which were interpre
from the position of the variable-range hopping. W
have found that while the resistivity is less than;106 V
those dependences are well aligned in$s(T)/G0
1 ln@s(T)/G0#%-versus-lnT coordinates also. For example, th
data from Ref. 7 for carrier density 1.08531011 and 0.984
31011 cm22 are presented in Fig. 8. Thus, it is impossible
identify reliably the mechanism of the conductivity consi
ering only its temperature dependence.

IV. CONCLUSION

We have studied the quantum corrections to the cond
tivity for single-well gated GaAs/InxGa12xAs/GaAs struc-
tures with 2D electron gas. A thorough analysis shows t
the temperature and low- and high-magnetic-field dep
dences of the components of the conductivity and resisti
d

.

a
o

s

D

v
B

23532
d

c-

at
n-
ty

tensor are well described within the framework of the co
ventional theory of quantum corrections down tokFl .2.
The value of the total correction is not small and is abo
70% of the Drude conductivity forT50.45 K. It has been
shown that for zero magnetic field the interference contrib
tion to the conductivity exceeds the contribution due to t
electron-electron interaction by 3–5 times.

On the further lowering ofkFl down to.0.5 the tempera-
ture and magnetic field dependences of the conductivity
in qualitative agreement with the self-consistent theory
Vollhardt and Wo¨lfle,17 which is applicable for arbitrary val-
ues of the quantum corrections. Thus, in a wide range
low-temperature conductivity starting from s.3
31028 V21 the conductivity is of a nonhopping nature. W
assume that the transition from the diffusion to hopping o
curs at a lowerkFl value.
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