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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 when,= 1, as predicted by Houghtaat 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. Fow =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.
[S0163-182698)06604-1

Electron-electron interactio(EEI) and weak-localization
corrections determine the low-temperature dependence for Oxy(wc) = 50
the conductivity of disordered metals and highly doped semi- 1+ (we7)
conductors. In the two-dimensional case, following Altshuler
Aronov, and LegAAL),' the EEI correction to the conduc-
tivity is given in zero magnetic field and in absence of any 50y (wg) = 80(w.=0) @)
spin relaxation by xaTe c

—WeT

(0c=0).

Houghtorf has shown that

Soyy(w)=0.
o0 (T)=

e [ IV (kT
5 \1+ 7 )In( 7 ) (1) Equation(4) is a general result which is valid for any dimen-

2mh sionality and any kind of interaction between electrbsa
wherer is the elastic relaxation time. The first universal term cOnsequence the correction to the cpnductl\my:asuredzln
describes interaction between an electron and a hole with Standart Hall bar geometty is do(wc)= 4] (0oy
total spinj =0 and is due to the exchang@ocK term while  + 0%,)/ 03] = 80 (w;=0)[ 1~ (we7)?], despite the fact that
A0=1) s related to the directHartred term in the Hartree- (o) =0(w:=0). With Eq.(2), one finally obtains
Fock approximation of the Coulomb repulsion. In the ab-

sence of any attractive virtual potential between electrons, e’ A=Y 2 kpTT
A(=1) depends only on the Fermi surface and on the screen- 0~ 99°= 5| 1+ |[[1=(we)7lin| =

ing length. The exchange term dominates the Hartree term, if (5)
the interaction potential is sufficiently smooth, i.e., its exten- ) ]

sion is larger thang .2 This remarkable result is valid foo.7<=1, as demon-

For magnetic fields higher thaf,=k,T/g* ug, the spin  Strated in Refs. 4 and 5. It means that the logarithmic cor-

rection due to interaction becomes steadily as a function of magnetic field, changing its sign at
w.7=1. Equation(5) also shows that oscillations af(H)
e? / NI KT 7 with magnetic fieldin the Shubnikov—de Haas regijmmay
00(T)=—| 1+ ( ) (2)  give oscillations of6G .
2724 4 h The aim of this work is twofold: first we will show a

direct experimental observation of the inversion of the cor-
rection. We will confirm the temperatufén(T)] and mag-
netic field [1— (w.7)?] dependences according to E&).
Then we will use this fact to extract unambiguously the
[1+(AU=1/4)] term in both low and high classical mag-
netic fields, and find that the Hartree contribution is sup-
pressed X =Y=0), oncew,r=1. To our knowledge such a
—(w,=0), (3)  result have been never reported up to now. Moreover, the
1+ (we7)? substraction of the Shubnikov—de Haas oscillations permits

Expressiong1) and(2) are valid for a diffusive motiori,and
are modified when the cyclotron frequeneyg=eH/m* is
comparable to the elastic relaxation time

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

oyl @e) =
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the Shubnikov—de Haas oscillations. Inset: the correctidd o T
FIG. 1. L, vs temperature. The solid line is the prediction of Eq. at two magnetic field§squaresH=0 T; circles:H=1 T). The
(7). Inset: the low-field magnetoconductancelat375 mK, with a  absolute variation between these two fields is given by the weak

weak localization fit. localization and the Zeeman splitting terms.
us to show that the logarithmic term in Ed) is effectively So(H)= e f.l2 ﬁ 2 ®)
given by Ink,Tr,/4) at low magnetic field, where,, is the NSy e N

transport relaxation time. However,the amplitude of this fac- L . ]
tor seems strongly reduced at high field. with f(x) =Inx+y(x+3). Ly=Vh/2eH is the magnetic
Equation(5) means thao increases in amplitude as the '€N9th andy(x) the digamma function.
square of the magnetic field, leading eventually to an Hall F19uré 1 shows the temperature dependence of the phase-
insulating state characterized lag,~0 and o, constant. breaking lengtiL,= VD7 (7, is the phase-breaking time
This prediction was studied by Murzin and Jarfsienthree- For electroln—elegtron interaction in two dimensions, Alt-
dimensional(3D) doped semiconductors at high-magnetic-Shuleret al-- obtained
field. But the crossover ab.7=1 has not been studied. A
merit of our samples is to conjugate a relatively high disor- L=
der, giving a large EEI correction to the conductivity even at ¢
small fields, and a classical high magnetic field regime above
3 T. Electron interactions have been also studied in 2D high
mobility GaAs heterostructures in Ref. 7. They observed thaWVith the measured sample parameters, we fingum)
the correction to conductivity due to interaction varies like =0.63 T~*2 in excellent agreement with the weak-
(we7)? [for we=1 andT=1 K), and use that fact to study localization measurement between 150 mK and éée Fig.
extensively the amplitude of the correction for various geom-1). At very low temperature {T<150 mK) a saturation is
etries. Our experiment differs from Ref. 7 because thenevertheless observed, attributed either to high-frequency
samples are in the diffusive regime, where AAL theory isheating, to dephasing due to magnetic impurities, or to gen-
applicable. In addition, the Shubnikov—de Haas oscillation€ral electromagnetic environment consideratfns.
do not depend on temperature in our sample, because the In the intermediate magnetic field regime (002
elastic mean free path is much smalltarge Dingle tem- <0.5) both Zeeman effect and weak localization make non-
perature than in Ref. 7(and the experiment is performed at negligible and opposite contributions to the magnetoconduc-
lower temperatune This permits us to extract the tempera- tance. In addition, a crossover in the effective dimensionality
ture dependence of the correction and not only the associatetcurs when the magnetic length is comparable to the sample
magnetoresistance. For this limitation the sign inversion prethickness. For these reasons we do not fit the magnetocon-
dicted in Eq.(4) was not seen in Ref. 7. ductance in this intermediate regime. From the temperature
We have used molecular-beam-epitdk§BE)-grown  dependence of the conductance correction both in zero mag-
GaAs doped at 2.2 8 Si m~3. Because our samples are netic field and forH=1 T, we determine self-consistently
based on a 300-nm-thick layer, in the low-temperature rexU=1) (see inset of Fig. 2 In fact, aboveH=1 T the weak-
gime considered, samples are effectively two dimensionaltocalization contribution is negligible and the Zeeman level
both the phase breaking length and the thermal lehgth degeneracy breaking is effective for our lowest electron tem-
= JAD/kgT (D is the diffusion constapiare larger than the perature. The conductance correction should obey td3g.
thickness below 1 K. A 258 200-um? sample with Ohmic i.e., the slope ofsG(e?/h) versus 5 InT (divided by 1
AuGeNi contacts is defined by etching. The system is char—[w.7(H)]?, that is, 0.929 atH=1 T) is given by
acterized by the following paramete®:=3.2 10 3 m?s?, (1/7)(1/1.3) 1+10=Y/4)] (where the factod= 1.3 corre-
kil =6.5, 7,=1.01x 10 s, E;=240 K, a,=95 A, andR,  sponds to the the length divided by the width of the sample
=492 () is the resistance per square. At zero magnetic field the same slope is given by
To separate the EEI correction, we first analyze the weak{(l/7) (1/1.3) 1+ (3N0=1)/4)+ 1], where the last factor 1 is
field magnetoconductance which is entirely due to the weaklue to the weak localization term (&)(1/1.3)
localization correctior(see the inset of Fig.)t x(e?/h)In(z,/7) (with 74T~ ). The first evaluation gives

T2 @)
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FIG. 4. The correction to conductivity due to electron interac-
tion vs H2. The base temperatuf is 150 mK; the symbols refer

H=6.6 T (circles. T, is the measured temperature for measure-to different temperatures. The dashed and solid lines are, respec-
) " e P tively, Eq. (5) with A]=*=—1.55 (excellent at low fiell and with

ments in the linear regime or the temperature deduced from the;—; (excellent at high field Inset: Two fits with\]=1=0 for

bias-temperature relation discussed in the text for nonlinear condu?- . ) ) L .
s ) . . . wo different Dingle temperatures, showing the sensitivity to this

tance measuremen(solid lineg. Inset:G(V) at various intermedi- arameter

ate magnetic fields 1, 1.5, 3, 3.75, 4, 4.5, 5, 5.5, 6, and Gt6pto P ’

bottom.

FIG. 3. Conductance vs temperature o= 0.5 T (squaresand

Figure 3 also shows the conductance versus bia$ at
=100 mK. Due to finite electron-phonon coupling, the effec-
tive electronic temperatur®’ is increased above thg, pho-
non temperature at finite bias, according to the expre¥ion

A0=Y=—_1 55+ —0.1, while the second estimation is com-

patible with \0=V=—1.2. This corresponds to a strong

screening case id=2. The small discrepency may be re-

lated to a small spin splitting a zero magnetic figld; to

additionnal terms, for instance the Maki-Thomson term. T =~
Moreover, the absolute magnetoconductance betwéen

=0 and 1 T iswell accounted by balancing the the weak-

localization suppression and the Zeeman splitting effseis ~ With @ the resistivity L is the sample lengttlarger than the
the inset of Fig. 2 electron-phonon scattering lengttand = =0.524xy, with

Tep = aT'3 and y=w?vk3/3. v is the density of states, and
11 e a is a numerical model-dependent constantand = char-
_ - - < acterize the electron-phonon coupling.
CUD=GO)= T 3R [N/ 7] We use this formula to rescale the voltage as an effective
temperature in Fig. 3T'=8V?5 [B(H=1 T)=15, B(H
In[keT7y/%)]. ®) =6.6 T)=10; this change is not explaingdrhese values of
! B correspond t&&=4 10 4 nW um™2 K5, an estimation
104 lower than in metald® This small electron-phonon
For instance alT=1 K, we findG(1T) — G(0)=1.16€*h), coupling is essentially due to the low density of electrons.
and we estimateG(lT)—G(O):1.34(e2/h) (T=1K, 7y We observe that the change in the temperature or bias
=1.32x10 s and\ == —1.55). Our value\ =) cor- dependence of the conductivity happens precisely whgn
responds to a screening larger than the estimation based 6n7y - Wherer, is the transport relaxation tim@ee Figs. 2
the Thomas-Fermi approximatidrput is not surprising con- and 4. In that range of fields, the sample exhibits pro-
sidering the relatively high carriers concentration. nounced Shubnikov—de Haas oscillations periodic i 1/
After elimination of the weak localization and Zeeman (see Fig. 2, which permits us to determine the thermody-
splitting effect, it is possible to investigate precisely the cor-namic relaxation timery,emqto be 6.410 14511 we find that
rection due to interaction aboyd=1 T. First one has to 74+=1.57hemo: T he diffusion by impurities is quite isotropic.
consider theg 1—(w,7)?] term in Eq.(4), which give two  Moreover, this time corresponds to a large value of the
main effects: a change of sign féiG(T) as w,7=1 and  Dingle temperatureTp=19 K. This value much larger than
oscillations of §G(T) resulting from oscillations of-(H). our experimental rangg0.1 and 1 K implies that the tem-
Figure 2 shows the absolute magnetoconductance at vafperature changes of the conductance are strictly related to the
ous temperatures. One can see the change in the temperatérel effects. This permits us to investigate the absolute val-
dependence of the conductance at a magnetic field of aboues for exchange and direct terrfsee Fig. 4. Indeed, by
3.75 T. This is confirmed in the Fig. 3, which details the substracting conductance vs magnetic field at different tem-
correction to the conductivity versus temperature for twoperaturesT and T’, we can estimate the terdG=G(T)
magnetic fieldsH=1 and 6.6 T. The correction varies like —G(T’) = (1/71.3)[1+ (A\0=Y/4)][1 - (w.7)2]IN(T/T’).
the logarithm of the temperature as predicted by Efjsand ~ From low-field analysis we have obtained'=%=—1.55
(5). Note that the cancellation of the correctiorta:3.75 T  + —0.1, that corresponds to a relatively strong screening
permits to determine precisely the Drude conductancecase, which makes the direct term comparable to the ex-
Gpruge=41.36@%/h). change term. Figure 4 shows that this estimation is valid up
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to w.my=1. But, asw,7,>1, the fit deviates strongly from agreement is obtained if the tertk,T 7, /%) is multiplied by
the data. In this high-magnetic-field regime, we find that  a factor 50. Note that this factor does not enter in the relative
6G=G(T)—G(T') measurement. This result suggests that
departure from the diffusive regime—strictly valid only at
low magnetic field— is accompanied by a strong absolute
reduction in amplitude for the correction due to electron-
electron interaction.

In conclusion, our diffusive GaAs sample exhibits large

e2

1.35G=5cr=2 [1— (0em)?]IN(T/IT'), (10

w°h
without any adjustable parameter: the direct term is de
stroyed (U=Y=0), and the correction is just given by the

exchr?rrge p;_rt,_ qtlalltatlvely as if the screening becomeéorrections due to disorder and interaction in zero magnetic
much less etticient. ield. AboveH=1 T, only interaction corrections due to ex-

. f
The reason for the cancelation of the Hartree term need(?l"nange and Hartree terms of the screened Coulomb repulsion

ti)lbeTﬁla;nﬂed, tatkmg mtg_ta;:c?fun: thathlt hagpeflsﬁs' . persist. These corrections leads do/5T<0 at low tem-
= 1. That suggests an orbital €fiect, pernaps due (o ere'fﬁerature. When a high magnetic field is applied such
hat w.7,=1, the temperature dependence changes its
sign leading toSa/ 8T>0, as predicted by Houghton, Senna,
and Ying*® The whole functional dependence of the corr-
ection in 1- w.m(H)? is obtained, including the the
Shubnikov—de Haas oscillations efH). We have been able
To complete our analvsis. we have substracted théo normalize the magnetoconductance curves at various tem-
: P analysis, . rPeratures, and we show that the Hartree term is canceled
Shubnikov—de Haas fit in order to extract the total correctio When w.ry(H)=1. Moreover, we have measured the abso-
to the conductance, i.e., to evaluate the absolute value of the cTr ) == o . i
. o . Ute value for the interaction correction. Its predicted depen-
In(k,T7/%) term in Eq.(5). This is possible because of the . o o ;
. . dence is verified at low magnetic field, but whegr,>1 it
excellent evaluation obtained for the other terms. At WeakIS stronalv reduced
field, we verify that the absolute value of the correction gy '
agrees perfectly with the prediction of E) with 7= 7. We acknowledge B. Etienne for providing the MBE
But at higher magnetic field«.7,=1), Eq. (5) predicts a GaAs:Si layers, R. Tourbot for his technical support, and V.

larger correction than the one measured. A quantitativé-alko for fruitful discussions.

forcement of the forward scattering as compared to the bac
ward ones: as. 71, the backward scatterinyk= 2k is
diminished as compared to the forward scatterixig=0.
The direct (exchangg correction is proportionnal taAk
=2k (Ak=0), that could explain our experimental obser-
vation.
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