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Quantum corrections to the conductance of n -GaAs films
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The conductance of dopedn-GaAs films is studied experimentally as a
function of magnetic field and temperature in strong magnetic fields
right up to the quantum limit (\vc5EF). The Hall conductanceGxy is
virtually independent of temperatureT until the transverse conductance
Gxx is quite large compared withe2/h. In strong fields, whenGxx

becomes comparable toe2/h, Gxy starts to depend onT. The difference
between the conductancesGxx at the two temperatures 4.2 and 0.35 K
depends only weakly on the magnetic fieldH over a wide range of
magnetic fields, while the conductancesGxx themselves vary strongly.
The results can be explained by quantum corrections to the conduc-
tance as a result of the electron-electron interaction in the diffusion
channel. The possibility of quantization of the Hall conductance as a
result of the electron-electron interaction is discussed. ©1998 Ameri-
can Institute of Physics.@S0021-3640~98!00803-2#

PACS numbers: 72.80.Ey, 72.20.My

As is well known, quantum interference effects change the temperature depen
of the conductance of disordered metallic systems. According to the theoretical m
in the case of weak spin-spin and spin-orbit scatterings, the change in the conducta
the normal two-dimensional metallic system in a zero magnetic field as the tempe
changes fromT0 to T is given by1,2

dG5
e2

2p2\
H @p112l022l612~p21!b~T!# ln

T

T0

2 ln
ln Tc /T0

ln Tc /T
J . ~1!

Here p is the exponent of the temperature dependence of the reciprocal of the
interruption time 1/tw}Tp, Tc is a constant of the order of the Fermi energyEF divided
by the Boltzmann constantkB , and b(T) is a function of ln(Tc /T), whose values are
presented in Ref. 1. The first termp in brackets on the right-hand side of expression~1!
is due to single-electron interference~weak localization! and the remaining terms are du
to quantum effects in the electron-electron interaction. The second, third, and f
terms are due to interaction in the diffusion channel. The second term is due t
interaction of an electron and a hole with total spinj 50, the third term is due to the
2160021-3640/98/67(3)/6/$15.00 © 1998 American Institute of Physics
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interaction of an electron and hole with total spinj 51 and projection of the total spin
m50, and the fourth term is due to the interaction of an electron and hole with total
j 51 and spin projectionm561. In addition, the interaction constants arel05l6 . The
fifth term is the Maki–Thompson correction. The last term in braces is due to intera
in the Cooper channel. The first and second terms in expression~1! decrease and the
remaining terms increase the conductance with decreasing temperature. A magnet
H suppresses weak localization and the Maki–Thompson corrections in the caH
.Hw5\c/4eDtw (D is the electron diffusion coefficient!, it suppresses the correctio
due to interaction in the Cooper channel in the caseH.H int5pckBT/2eD, and in the
caseH.Hs5pkBT/gmB (g is the Lande´ factor, andmB is the Bohr magneton!, as a
result of the effect on the spin variables, it also suppresses the correction due to the
interaction in the diffusion channel with the total spin of electron and holej 51 andm
561. With the exception of the Maki–Thompson correction, the electron-electron
teraction does not affect the Hall conductance:dGxy50. We note that in transitiona
regions in terms of the magnetic field the corrections to the conductance are not
rithmic.

The results presented above were obtained for the casevct!1 (vc is the cyclotron
frequency andt is the electron relaxation time!. In strong magnetic fieldsvct@1, the
only remaining corrections are due to the electron-electron interaction in the diffu
channel and they were studied theoretically in Refs. 3–5. The authors found tha
maxima ofGxx the results are identical to the results of Ref. 6, initially obtained for
casevct!1. Specifically,dGxy50. Later, the results of Ref. 6 fordGxx were somewhat
altered.7 Apparently, similar changes must also be introduced for the case of s
magnetic fields, but this was not done. Quantum corrections in a strong field were s
experimentally, as far as I know, only in the GaAs/AlGaAs heterostructures.8 It was
found that at its maxima the conductanceGxx varies logarithmically. However, no dat
on the behavior ofGxy are given in this work.

Although quantum corrections to the conductance in 2D films placed in a st
magnetic field have not been studied theoretically, it can be expected that the result
case will be identical to the results for weak magnetic fields,vct!1. The first objective
of the present work is to study experimentally the magnetic field and temperature d
dences of the conductancesGxx andGxy of 2D films of dopedn-GaAs in strong magnetic
fields right up to the quantum limit (\vc5EF , whereEF is the Fermi energy! and to
compare the experimental results with the theory of quantum corrections due to ele
electron interaction.

In Ref. 9, quantization ofGxx and, correspondingly, the appearance of minima
Gxy at temperatures less than 1 K were found in experimental samples in the quant
limit \vc.EF , while atT54.2 K Gxy andGxx are monotonic functions of the magnet
field.9 Quantization ofGxy arises forGxx comparable toe2/h, when second-order local
ization corrections can be substantial~the magnetic field suppresses first-order corr
tions!. The second objective of this work is to determine which is the more signifi
under these conditions: electron-electron interaction or localization effects.

The measurements were performed on samples prepared by molecular-beam
axy. A 0.1mm thick layer of undoped GaAs was deposited on a semi-insulating G
~100! substrate at temperatureT5410 °C. The following were deposited next: an ep
taxial layer of undoped GaAs~0.6 mm!, a GaAs/AlAs320 periodic structure with GaAs
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thicknesses equal to 10 monolayers and AlAs thicknesses equal to 5 monolaye
undoped GaAs layer~1 mm!, a layer of silicon-dopedn-GaAs~0.1mm! with a prescribed
donor density of 1.5 and 331017 cm23 for samples 2 and 3, respectively, and once ag
a layer of undoped GaAs~1 mm!. Samples 0.18 mm wide and 3 mm long with legs f
measurements of the longitudinal and transverse stresses in and transverse to the
of the samples were etched from disks. The measurements were performed with a
ac current in a magnetic field up to 11.5 T in the temperature range 0.3–4.2 K. The
measurements were performed in a field oriented perpendicular to the plane o
sample.

The volume electron densitiesn in a strongly doped layer were determined acco
ing to the periods of the Shubnikov–de Haas oscillations of the transverse resistancRxx .
They equal 1.8 and 2.531017 cm23 for samples 2 and 3. The electron densitiesNs per
unit film area and the mobilitiesm52400 and 2500 cm2/V•s were found from the
resistance in a zero magnetic field and the Hall constant. The values obtained f
mobilities are close to the mobilities in single crystals with close densitiesn.10 The mean
free path lengths, equal to approximately 0.03mm, as determined from the mobilities, a
much less than the film thicknessesd. Dividing n by Ns , we determined the ‘‘effective’’
film thicknesses to be 0.07 and 0.083mm. They are somewhat less than the thicknes
of the doped layers because of the decrease in the electron density near the boun
To show in addition that the electron spectrum in the films is three-dimensional
resistance of sample 2 was measured in a magnetic field parallel to the film plan
once again perpendicular to the current. It was virtually identical to the resistance
perpendicular field~the positions of the visible maxima and minima of the Shubnikov–
Haas oscillations were also identical!.

Figure 1 displays the transverseGxx ~on a square! and HallGxy conductances versu
the magnetic field for sample 2 at temperaturesT50.35 and 4.2 K. The conductance

FIG. 1. HallGxy and transverseGxx ~on a square! conductances versus magnetic field at two temperatures.
solid curves are forT54.2 and the dashed curves forT50.35 K. Curve1—dGxx(H) ~difference of the curves
Gxx(H) at T54.2 K and atT50.35 K!, multiplied by 10. Curve2—dGxx(H)•10, calculated according to Eq
~2! with the constantsl0 andl6 obtained by fitting the temperature dependences ofGxx in Fig. 2. Curve3—
dGxx(H)•10 due to second-order localization corrections.
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were determined by converting from the transverse resistanceRxx on a square and the
Hall resistanceRxy . The transverse conductanceGxx at first increases somewhat in wea
fields and then decreases by approximately a factor of 10. AtT54.2 K Gxx is everywhere
greater than its value atT50.35 K. The curvesGxy(H) are virtually identical, with the
exception of the strongest magnetic fields in whichGxx is comparable toe2/h. The
difference dGxx5Gxx(4.2)2Gxx(0.35) at first decreases rapidly and then increa
slowly. In strong fieldsdGxx starts to oscillate, whileGxy(H) becomes temperature
dependent. The oscillations ofGxx(H) andGxy(H) at low temperatures are observed
these samples in the magnetic field range 10–23 T.9 The temperature dependenc
Gxx(T) for both samples in different magnetic fields are presented in Fig. 2. In we
fields they are close to logarithmic and in stronger fields they differ appreciably
log T.

The increase ofGxx(H) and decrease ofdGxx in a weak field are due mainly to th
suppression of weak localization. Quantum corrections in this region of magnetic
were studied in Ref. 11 on samples similar to ours. The small increase indGxx in fields
greater than 1 T and the deviation of the temperature dependences from a logarit
dependence can be attributed to the effect of a magnetic field on the corrections
conductance that are due to the electron-electron interaction in the diffusion channe
j 51 and m561. The difference between conductances in a magnetic field at
temperaturesT andT0 in this case should be2

FIG. 2. Temperature dependences of the dissipative conductanceGxx in different magnetic fields, indicated by
the numbers near the curves. For convenience, all curves except the bottom curve are shifted downwa
shifts D for different curves are~top to bottom! 8.37, 4.89, 1.16, 18.7, 18.13, 2.08, and 0.
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dGxx~H !5
e2

2p2\
F ~12l022l61!ln

T

T0

12l61E
0

` ]2

]v2S v

exp \v/kBT21
D

3 lnU12
vs

2

v2UdvG , ~2!

wherevs5gmBH. The experimental results cannot be fit adequately by expression~2!, if
it is assumed thatl05l61 and the interaction constant forj 50 equals 1. For this reason
we fit the experimental curves choosing as the two independent adjustable paramet
coefficienta1 of the logarithm and the coefficienta2 of the integral in expression~2!. The
results for the temperature dependences are displayed in Fig. 2. The fitted curves d
the experimental results fairly well, with the exception of the curves in 8 and 10 T
sample 3 at temperatures above 2 K. These deviations could be due to the fact th
two-dimensionality conditiond@(D\/kBT)1/2 is not satisfied. The adjustable paramet
area150.45 anda250.23 for sample 2 anda150.57 anda250.16 for sample 3. If it is
assumed that the interaction constant forj 50 equals 1, thenl050.32 andl6150.125
for sample 2 andl050.2 andl6150.1 for sample 3. The dependencesdGxx(H) calcu-
lated using the values obtained for the parametersa1 anda2 ~curve2 in Fig. 1! describe
the experimental curves well in substantial magnetic field intervals~1–7 T for sample 2!.

In fields of about 0.2 T small dips are observed in the curvesdGxx(H). These dips
cannot be due to the behavior of only a weak localization and interaction in the diffu
channel in a magnetic field. Apparently, they are due to the electron-electron intera
in the Cooper channel.

A magnetic field suppresses the first-order localization corrections to the con
tance. However, since in strong magnetic fieldsdGxx become comparable toGxx , there
arises the question of what role do localization corrections to the conductance in th
order play. According to the results obtained on the basis of the nonlinears model in a
magnetic field~see the review in Ref. 12 and references cited therein!,

b5
d ln Gxx

d ln L
52

2

~2pGxx!
2

2
6

~2pGxx!
4

1OS 1

~2pGxx!
6D . ~3!

For our values ofGxx ~in units of e2/h) only the first term on the right-hand side of th
expression need be retained. Then, solving the equation we obtain

Gxx5S Gxx,0
2 2

1

p2
ln L D 1/2

'Gxx,01
p

4p2

1

Gxx,0

ln~T/T0!, ~4!

whereL5(Dtw)1/2. The magnetic field dependence of the quantitydGxx5Gxx2Gxx,0

for this case is presented in Fig. 1~curve3!. The value ofGxx at T54.2 K was taken as
Gxx,0 and it is assumed thatp51, just as in a zero magnetic field.1,11 The values of
dGxx(H) computed in this manner are much smaller than the experimental values~see
Fig. 1!, i.e., the electron-electron interaction dominates.

Let us discuss the effect of the electron-electron interaction in films withGxx and
Gxy.e2/h at low temperatures. As temperature decreases, the dissipative condu
Gxx decreases as a result of the electron-electron interaction, while the Hall conduc
Gxy does not change. It the dissipative conductance vanishes, then according to L
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lin’s gauge arguments the Hall conductance should be quantized.13 Therefore it can be
expected that the electron-electron interaction, which decreasesGxx , ultimately will re-
sult in quantization ofGxy5 ie2/h. Since there are no distinguished values ofi , Gxy will
apparently approach one of the closest quantized values as temperature decreas
transitional regions whereGxy is not quantized and correspondingly,Gxx approaches a
constant value should exist. Such behavior of films was conjectured by Khmel’nitsk� on
the basis of a single-electron analysis.14 However, forGxx.e2/h the temperature depen
dence ofGxx due to the interaction is stronger than the temperature dependence oGxx

due to single-electron effects. Therefore the quantization ofGxy should be due mainly to
the electron-electron interaction. In this case, the quantization ofGxy and the decrease o
Gxx should apparently be accompanied by the appearance of Coulomb gaps at the
level.

In summary, the experimental results are described quite well by quantum co
tions, due to electron-electron interaction in the diffusion channel, to the conductan
it is assumed that eitherl0Þl61 or the second term in brackets in expression~1! is
different from 1. The quantization of the Hall conductance observed in Ref. 9 is ap
ently due to the electron-electron interaction.
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