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Electron-electron interaction in doped GaAs at high magnetic field
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We observe an inversion of the low-temperature dependence for the conductivity of doped GaAs by appli-
cation of a magnetic field. This inversion happens whenvct tr.1, as predicted by Houghtonet al. @Phys. Rev.
B 25, 2196 ~1982!# for the correction to conductivity due to screened Coulomb repulsion in the diffusive
regime. This correction follows the oscillating behavior of the transport elastic time entering the Shubnikov–de
Haas regime. Forvct>1, we observe that the Hartree part of the interaction correction is suppressed. More-
over, the total correction seems strongly reduced, although its dependence stays logarithmic.
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Electron-electron interaction~EEI! and weak-localization
corrections determine the low-temperature dependence
the conductivity of disordered metals and highly doped se
conductors. In the two-dimensional case, following Altshu
Aronov, and Lee~AAL !,1 the EEI correction to the conduc
tivity is given in zero magnetic field and in absence of a
spin relaxation by

ds~T!5
e2

2p2\
S 11

3l~ j 51!

4 D lnS kbTt

\ D , ~1!

wheret is the elastic relaxation time. The first universal te
describes interaction between an electron and a hole
total spin j 50 and is due to the exchange~Fock! term while
l ( j 51) is related to the direct~Hartree! term in the Hartree-
Fock approximation of the Coulomb repulsion. In the a
sence of any attractive virtual potential between electro
l ( j 51) depends only on the Fermi surface and on the scre
ing length. The exchange term dominates the Hartree term
the interaction potential is sufficiently smooth, i.e., its exte
sion is larger thanlF .2

For magnetic fields higher thanHc5kbT/g* mB , the spin
degenerescence is broken by Zeeman splitting, and the
rection due to interaction becomes

ds~T!5
e2

2p2\
S 11

l~ j 51!

4 D lnS kbTt

\ D . ~2!

Expressions~1! and~2! are valid for a diffusive motion,3 and
are modified when the cyclotron frequencyvc5eH/m* is
comparable to the elastic relaxation timet .

In this classically high-magnetic-field case, it is know
that the tensor of conductivities is anisotropic:

sxx~vc!5
1

11~vct!2
s~vc50!, ~3!
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sxy~vc!5
2vct

11~vct!2
s~vc50!.

Houghton4 has shown that

dsxx~vc!5ds~vc50!, ~4!

dsxy~vc!50.

Equation~4! is a general result which is valid for any dimen
sionality and any kind of interaction between electrons.1 A a
consequence the correction to the conductivity,measured in
a standart Hall bar geometry, is ds(vc)5d@(sxx

2

1sxy
2 )/sxx#5ds(vc50)@12(vct)2#, despite the fact tha

s(vc)5s(vc50). With Eq. ~2!, one finally obtains

dG5ds5
e2

2p2\
S 11

l~ j 51!

4 D @12~vct!2# lnS kbTt

\ D
~5!

This remarkable result is valid forvct<>1, as demon-
strated in Refs. 4 and 5. It means that the logarithmic c
rection to the conductance due to interaction increa
steadily as a function of magnetic field, changing its sign
vct51. Equation~5! also shows that oscillations oft(H)
with magnetic field~in the Shubnikov–de Haas regime! may
give oscillations ofdG .

The aim of this work is twofold: first we will show a
direct experimental observation of the inversion of the c
rection. We will confirm the temperature@ ln(T)# and mag-
netic field @12(vct)2# dependences according to Eq.~5!.
Then we will use this fact to extract unambiguously t
@11(l ( j 51)/4)# term in both low and high classical mag
netic fields, and find that the Hartree contribution is su
pressed (l ( j 51).0), oncevct>1. To our knowledge such a
result have been never reported up to now. Moreover,
substraction of the Shubnikov–de Haas oscillations perm
3710 © 1998 The American Physical Society
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57 3711BRIEF REPORTS
us to show that the logarithmic term in Eq.~4! is effectively
given by ln(kbTttr /\) at low magnetic field, wheret tr is the
transport relaxation time. However,the amplitude of this f
tor seems strongly reduced at high field.

Equation~5! means thatds increases in amplitude as th
square of the magnetic field, leading eventually to an H
insulating state characterized bysxx.0 and sxy constant.
This prediction was studied by Murzin and Jansen6 in three-
dimensional~3D! doped semiconductors at high-magnet
field. But the crossover atvct.1 has not been studied. A
merit of our samples is to conjugate a relatively high dis
der, giving a large EEI correction to the conductivity even
small fields, and a classical high magnetic field regime ab
3 T. Electron interactions have been also studied in 2D h
mobility GaAs heterostructures in Ref. 7. They observed t
the correction to conductivity due to interaction varies li
(vct)2 @for vct>1 andT>1 K!, and use that fact to stud
extensively the amplitude of the correction for various geo
etries. Our experiment differs from Ref. 7 because
samples are in the diffusive regime, where AAL theory
applicable. In addition, the Shubnikov–de Haas oscillatio
do not depend on temperature in our sample, because
elastic mean free path is much smaller~large Dingle tem-
perature! than in Ref. 7~and the experiment is performed
lower temperature!. This permits us to extract the temper
ture dependence of the correction and not only the assoc
magnetoresistance. For this limitation the sign inversion p
dicted in Eq.~4! was not seen in Ref. 7.

We have used molecular-beam-epitaxy-~MBE!-grown
GaAs doped at 2.2 1023 Si m23. Because our samples a
based on a 300-nm-thick layer, in the low-temperature
gime considered, samples are effectively two dimensio
both the phase breaking length and the thermal lengthLT

5A\D/kBT ~D is the diffusion constant! are larger than the
thickness below 1 K. A 2503200-mm2 sample with Ohmic
AuGeNi contacts is defined by etching. The system is ch
acterized by the following parameters:D53.2 1023 m2s-1,
kf l 56.5, t tr51.01310213 s, Ef5240 K, ab595 Å, andRc
5492 V is the resistance per square.

To separate the EEI correction, we first analyze the we
field magnetoconductance which is entirely due to the w
localization correction~see the inset of Fig. 1!:1

FIG. 1. Lf vs temperature. The solid line is the prediction of E
~7!. Inset: the low-field magnetoconductance atT5375 mK, with a
weak localization fit.
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ds~H !5
e2

2p2\
f 2F2S Lf

LH
D 2G , ~6!

with f 2(x)5 lnx1c(x11
2). LH5A\/2eH is the magnetic

length andc(x) the digamma function.
Figure 1 shows the temperature dependence of the ph

breaking lengthLf5ADtf ~tf is the phase-breaking time!.
For electron-electron interaction in two dimensions, A
shuleret al.1 obtained

Lf5A 2pD\2

kbe2RclnS p\

e2Rc
DT21/2. ~7!

With the measured sample parameters, we findLf(mm)
50.63 T21/2, in excellent agreement with the weak
localization measurement between 150 mK and 4 K~see Fig.
1!. At very low temperature (T<150 mK! a saturation is
nevertheless observed, attributed either to high-freque
heating, to dephasing due to magnetic impurities, or to g
eral electromagnetic environment considerations.8

In the intermediate magnetic field regime (0.02<H
<0.5) both Zeeman effect and weak localization make n
negligible and opposite contributions to the magnetocond
tance. In addition, a crossover in the effective dimensiona
occurs when the magnetic length is comparable to the sam
thickness. For these reasons we do not fit the magneto
ductance in this intermediate regime. From the tempera
dependence of the conductance correction both in zero m
netic field and forH51 T, we determine self-consistentl
l ( j 51) ~see inset of Fig. 2!. In fact, aboveH51 T the weak-
localization contribution is negligible and the Zeeman lev
degeneracy breaking is effective for our lowest electron te
perature. The conductance correction should obey to Eq.~5!,
i.e., the slope ofdG(e2/h) versus d lnT „divided by 1
2@vct(H)#2, that is, 0.929 atH51 T… is given by
(1/p)(1/1.3)@11l ( j 51)/4)] ~where the factord51.3 corre-
sponds to the the length divided by the width of the samp!.
At zero magnetic field the same slope is given
(1/p)(1/1.3)@11(3l ( j 51)/4)11#, where the last factor 1 is
due to the weak localization term (1/p)(1/1.3)
3(e2/h)ln(tf /t) ~with tf}T21). The first evaluation gives

.

FIG. 2. G(H) at various temperatures. The solid line is the fit
the Shubnikov–de Haas oscillations. Inset: the correction ofG vs T
at two magnetic fields~squares:H50 T; circles: H51 T!. The
absolute variation between these two fields is given by the w
localization and the Zeeman splitting terms.
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3712 57BRIEF REPORTS
l ( j 51).21.55120.1, while the second estimation is com
patible with l ( j 51).21.2. This corresponds to a stron
screening case ind52. The small discrepency may be r
lated to a small spin splitting a zero magnetic field,9 or to
additionnal terms, for instance the Maki-Thomson term.

Moreover, the absolute magnetoconductance betweeH
50 and 1 T iswell accounted by balancing the the wea
localization suppression and the Zeeman splitting effects~see
the inset of Fig. 2!:

G~1T!2G~0!.
1

p

1

1.3

e2

h
@ ln~tf /t tr!#

1
l~ j 51!

4
ln@kBTt tr/\!]. ~8!

For instance atT51 K, we findG(1T)2G(0).1.16(e2/h!,
and we estimateG(1T)2G(0).1.34(e2/h) (T51 K, tf

51.32310210 s andl ( j 51)521.55). Our valuel ( j 51) cor-
responds to a screening larger than the estimation base
the Thomas-Fermi approximation,1 but is not surprising con-
sidering the relatively high carriers concentration.

After elimination of the weak localization and Zeema
splitting effect, it is possible to investigate precisely the c
rection due to interaction aboveH51 T. First one has to
consider the@12(vct)2# term in Eq. ~4!, which give two
main effects: a change of sign fordG(T) as vct.1 and
oscillations ofdG(T) resulting from oscillations oft(H).

Figure 2 shows the absolute magnetoconductance at
ous temperatures. One can see the change in the tempe
dependence of the conductance at a magnetic field of a
3.75 T. This is confirmed in the Fig. 3, which details t
correction to the conductivity versus temperature for t
magnetic fields:H51 and 6.6 T. The correction varies lik
the logarithm of the temperature as predicted by Eqs.~1! and
~5!. Note that the cancellation of the correction atH53.75 T
permits to determine precisely the Drude conductan
GDrude541.36(e2/h).

FIG. 3. Conductance vs temperature forH50.5 T ~squares! and
H56.6 T ~circles!. Teq is the measured temperature for measu
ments in the linear regime or the temperature deduced from
bias-temperature relation discussed in the text for nonlinear con
tance measurements~solid lines!. Inset:G(V) at various intermedi-
ate magnetic fields 1, 1.5, 3, 3.75, 4, 4.5, 5, 5.5, 6, and 6.6 T~top to
bottom!.
on

-

ri-
ture
ut

e:

Figure 3 also shows the conductance versus bias aT
.100 mK. Due to finite electron-phonon coupling, the effe
tive electronic temperatureT8 is increased above theT0 pho-
non temperature at finite bias, according to the expressio10

T8.S T0
51

V2

(%L2D 1/2

}V2/5, ~9!

with % the resistivity,L is the sample length~larger than the
electron-phonon scattering length!, and (50.524ag, with
tep

215aT83 andg5p2nkB
2/3. n is the density of states, an

a is a numerical model-dependent constant.a and ( char-
acterize the electron-phonon coupling.

We use this formula to rescale the voltage as an effec
temperature in Fig. 3:T85bV2/5 @b(H51 T!515, b(H
56.6 T!510; this change is not explained#. These values of
b correspond to(.4 1024 nW mm23 K25, an estimation
1024 lower than in metals.10 This small electron-phonon
coupling is essentially due to the low density of electrons

We observe that the change in the temperature or
dependence of the conductivity happens precisely whenvc

.t tr
21 wheret tr is the transport relaxation time~see Figs. 2

and 4!. In that range of fields, the sample exhibits pr
nounced Shubnikov–de Haas oscillations periodic in 1H
~see Fig. 2!, which permits us to determine the thermod
namic relaxation timet thermoto be 6.410214 s.11 We find that
t tr.1.5t thermo. The diffusion by impurities is quite isotropic
Moreover, this time corresponds to a large value of
Dingle temperature:TD.19 K. This value much larger than
our experimental range@0.1 and 1 K# implies that the tem-
perature changes of the conductance are strictly related to
EEI effects. This permits us to investigate the absolute v
ues for exchange and direct terms~see Fig. 4!. Indeed, by
substracting conductance vs magnetic field at different te
peraturesT and T8, we can estimate the termdG5G(T)
2G(T8) 5 (1/p1.3)@11 (l ( j 51)/4)# @12 (vct)2# ln(T/T8) .
From low-field analysis we have obtainedl ( j 51).21.55
120.1, that corresponds to a relatively strong screen
case, which makes the direct term comparable to the
change term. Figure 4 shows that this estimation is valid

-
e
c-

FIG. 4. The correction to conductivity due to electron intera
tion vs H2. The base temperatureT0 is 150 mK; the symbols refer
to different temperatures. The dashed and solid lines are, res
tively, Eq. ~5! with l j 51.21.55 ~excellent at low field! and with
l j 5150 ~excellent at high field!. Inset: Two fits withl j 5150 for
two different Dingle temperatures, showing the sensitivity to t
parameter.
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to vct tr.1. But, asvct tr@1, the fit deviates strongly from
the data. In this high-magnetic-field regime, we find that

1.3dG5ds5
e2

2p2\
@12~vct tr!

2# ln~T/T8!, ~10!

without any adjustable parameter: the direct term is
stroyed (l ( j 51).0), and the correction is just given by th
exchange part, qualitatively as if the screening becom
much less efficient.

The reason for the cancelation of the Hartree term ne
to be clarified, taking into account that it happens asvct
>1. That suggests an orbital effect, perhaps due to the r
forcement of the forward scattering as compared to the ba
ward ones: asvct@1, the backward scatteringDk.2kF is
diminished as compared to the forward scatteringDk.0.
The direct ~exchange! correction is proportionnal toDk
.2kF (Dk.0), that could explain our experimental obse
vation.

To complete our analysis, we have substracted
Shubnikov–de Haas fit in order to extract the total correct
to the conductance, i.e., to evaluate the absolute value o
ln(kbTt/\) term in Eq. ~5!. This is possible because of th
excellent evaluation obtained for the other terms. At we
field, we verify that the absolute value of the correcti
agrees perfectly with the prediction of Eq.~5! with t5t tr .
But at higher magnetic field (vct tr>1), Eq. ~5! predicts a
larger correction than the one measured. A quantita
r
th

ra
pi

e-
-

s

ds

n-
k-

e
n
he

k

e

agreement is obtained if the term (kbTt tr /\) is multiplied by
a factor 50. Note that this factor does not enter in the rela
dG5G(T)2G(T8) measurement. This result suggests th
departure from the diffusive regime—strictly valid only
low magnetic field— is accompanied by a strong absol
reduction in amplitude for the correction due to electro
electron interaction.

In conclusion, our diffusive GaAs sample exhibits lar
corrections due to disorder and interaction in zero magn
field. AboveH>1 T, only interaction corrections due to ex
change and Hartree terms of the screened Coulomb repu
persist. These corrections leads tods/dT,0 at low tem-
perature. When a high magnetic field is applied su
that vct tr.1, the temperature dependence changes
sign leading tods/dT.0, as predicted by Houghton, Senn
and Ying.4,5 The whole functional dependence of the co
ection in 12vct tr(H)2 is obtained, including the the
Shubnikov–de Haas oscillations oft(H). We have been able
to normalize the magnetoconductance curves at various
peratures, and we show that the Hartree term is canc
whenvct tr(H)>1. Moreover, we have measured the abs
lute value for the interaction correction. Its predicted dep
dence is verified at low magnetic field, but whenvct tr.1 it
is strongly reduced.

We acknowledge B. Etienne for providing the MB
GaAs:Si layers, R. Tourbot for his technical support, and
Falko for fruitful discussions.
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