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We have studied the transport and low-field magnetotransport of the two-dimensional electron
gas in GaAs-Al„Gal As heterostructures in the weak-localization regime and determined the lo-
calization parameter (a=0.75—0.85), the interaction coefficient (1 —F=0.5—3.2), the inelastic
scattering time v;„, and its temperature exponent (P=1.0). The experiment shows unambiguously
the importance of both the localization effect and the interaction effects. While the observation of
a & 1 is explained by the importance of the Maki-Thompson scattering process, also operative in our
case of the repulsive electron-electron interaction, several outstanding features of the data remain
unexplained. They include the following: (1) ~;„being 10 times larger than theory, (2) 1 —F at a
high density being 5 times its expected value, and (3) a temperature-sensitive negative magnetoresis-

tance in parallel B.

I. INTRODUCTION

Recently, the study of electrical transport in disordered
two-dimensional systems received a great impetus from
the scaling theory of localization of Abrahams, Anderson,
Licciardello, and Ramakrishnan, ' (AALR), which was
based on localization concepts developed earlier by Thou-
less. AALR showed that no true metallic conduction
could exist in a two-dimensional system and that the con-
ductance had a smooth and continuous transition from
the exponential localization regime to the weak logarith-
mic localization regime, where the conductivity increased
logarithmically with temperature. Measurements of the
temperature dependence of resistance per square (0/ ) in
several two-dimensional systems have clearly verified
this prediction.

Subsequently, the magnetic field effect was considered
in this weak-localization regime by Altshuler et al. and
by Hikami et al. According to their formulations, a per-
pendicular magnetic field suppresses the localization
correction to the conductivity and gives rise to a negative
magnetoresistance. In case of the two-dimensional elec-
tron gas (2D EG) in semiconductor inversion layers, the
negative magnetoresistance has been observed by several
groups, e.g. , in the Si-MOSFET (metal-oxide —semi-
conductor field-effect transistor) system by Kawaguchi
et al. Uren et a/. ', Wheeler, "and Bishop et al. ' and in
the GaAS-Al„Ga& „As heterojunction system by Poole
et al. ' The observation of this negative magnetoresis-
tance has provided a direct method for determining the in-
elastic scattering time ~;„of the electron and has made it
possible to study the inelastic scattering mechanisms in
these two-dimensional systems.

In addition to the localization effect mentioned above,

Altshuler et al. ' and Fukuyama' pointed out that a
similar logarithmic behavior is expected if the mutual
Coulomb interaction of the electrons is considered. The
interaction effects are less sensitive to the magnetic field
and therefore can be separated by suppressing localization
with a perpendicular magnetic field. Although the impor-
tance of the interaction effect was recognized long ago,
systematic studies to separate this effect from the localiza-
tion effect have only been realized recently. The only re-
port on the value of 1 F, which is —the interaction coeffi-
cient characterizing the strength of the interaction effect,
was given for the Si-MOSFET devices by Bishop et al. '

who employed the parallel field magnetoresistance mea-
surement. Their large values of F for different carrier
densities are unexpected. Owing to the large electron
screening constant E of Si, F is expected to be close to 1

theoretically, i.e., 1 F-0. In th—e case of GaAs-
Al Gai „As heterostructures, the interaction effect is ex-
pected to be significant, due to its smaller electron screen-
ing constant. This fact makes it a better system for study-
ing the interaction effect. But until now no experimental
values of F have been reported. Moreover, GaAs has a
single-conduction-electron valley, and the complication of
band-structure effects, such as intervalley scattering en-
countered in Si-MOSFET s, is absent here in determining
the value of the weak-localization parameter a. It allows
us to obtain a clearer picture of the role of Anderson lo-
calization in the transport of two-dimensional systems.

In this paper, we report our studies of the transport and
the low-field magnetotransport of the 2D EG in GaAS-
Al„Ga& ~As heterostructures. The temperature depen-
dences of the conductivity of three samples was studied in
the absence of any external magnetic field 8 and in the
presence of B applied perpendicular to the 2D EG. At
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This first-order correction term increases logarithmically
with tcn1pcratUIc bccausc thc length sc81c dccrcascs as thc
temperature increases. Consequently, the conductivity is
cQhanccd.

In the presence of a perpendicular B, the localization
contribution Ao.L decreases with 8 and is quenched as the
cyclotron radius given by lII =(Iri'/2cB)' becomes much
less than LT Th. is magnetic field effect results in a nega-
tive Illagnetorcsistance ' ' given by

ho I (8,T)=aL(B,'T ) cri —(0,T )

1 r 1=ao N g(a + —, ) —P(a'+ —, ) + ln
el

(3)

where fp Is thc diga111111R filIlction,

4aejg~, ' 4Deg~ )

and r,i is the elastic scattering time obtained from the
conductivity o.o.

Equation (3) introduces two characteristic fields, which
wc dcf1nc Rs

(3.1)

i682=
4ea&,)

(3.2)

In the temperature range of interest 8 I «82. For 8 «8 I,
boL -ao&(BIB&) . For interinediate fields, Bi «8 «82,
we find the familiar logarithmic field dependence
herr ao~ln(8——/80) The val.ue of AcrL approaches sa-
turation at 8 ~82 and is given by hcrL ——acr~in(r;„/~, &).

In practice, quantum oscillatory effects set in before this
high-field limit is reached. In our experiment, the field of
interest ls I the range 8 &82.

The exchange and the Hartree interaction will contri-
bute to the conductivity correction and also results in a
logarithmically temperature-dependent correction term.
Altshuler et al. ' and Lce et aI. ' included only the
particle-hole scattering channel, which gives the correc-
tion term as

II. THEORETICAI. BACKGROUND

In the weakly localized regime, the quantum interfer-
ence between the e' ' states and their backscattered e
staf cs cause spatially locallzcd states~ which prodUcc 8
correction term Ao.L to the classical Drude conductivity
oo. According to AALR, this correction term depends
logRrithII1icRlly on 8 characteristic length L Rnd is glvcn
by

boi(T) =(1—F)a~in(T/To),

where the Hartree parameter F, defined by
2e' dQ/2Ir

1+(2kF/E)sin(8/2) '
5oL =a(L) cr(LO) = —2ao~ln(L/Lo) .—

Here, a is a constant prefactor of umty and
o N ——se /4m III. The factor s is the product of the
spin and orbital degeneracies, and for the case of
GRAs-Al„Gai „As, s =2. At finite temperature, the
characteristic length scale is the Thouless length I ~ given
by LT D~;„(Ref. 16); D is——the electron diffusion constant
and g;„ is the inelastic scattering time. Usually, the tem-
perature dependence of ~;„ is expressed as w;„~ T I', and
tllc correction 111 conductlvlty, duc to localizatio11 Rt fliiiitc

T~ 1S

is determined from the angular average of the statically
screened Coulomb interaction. . Here, kz is the Fermi
wave vector and K is the 20 electron screening constant,
given by

pl e
2&6'A

(5b)

FukuyaI118 also considcI'cd the particle-pafticlc
scattering channel and wrote the correction term in the
form(2)b,col (T)=apojvln(T/To) .

8=0, loganthmic T dcpcndcncc werc obscfvcd ln thc
conductivity of all three samples. The localization param-
eter cx, the inelastic scattering time ~;„, and their T depen-
dcnccs werc dctcr111111cd f10111 dctailcd fl'ttiIlgs of 'tllc low-
field negative magnetoresistance, taken in perpendicular

8, to the localization theory. In a sufficiently high per-

pendicular B, the localization effect can be suppressed
completely, and the logarithmic T correction to the con-
ductivity arises entirely from the interaction effect. The
values of the interaction coefficient 1 Fw—ere determined
directly from the temperature dependence of the conduc-
tivity in this perpendicular B limit. In one of the samples,
we also measured the magnetoresistance in the parallel 8
configuration and did not observe the positive magne-
toresistance expected from the Zeeman splitting. We con-
clude that in our samples, the interaction coefficient 1 F, —
cannot be determined from the parallel field magnetoresis-
tance measurement, previously employed by Bishop et al.
in Si-MQSFET's.

Our results show that, in the range of T from 42 to 770
mK, a is 0.76, 0.75, and 0.85 for the three samples with
density n =0.87X10"/cm, 2.86X10"/cm, and 7.11
X10"/cm, independent of T, and r;„=so(IE/Tp with
p=l. v;„at 1 K is v.o——2.05)&10 " sec, 5.2&10 "sec,
and 4.83 X 10 " sec. The value of 1 F is 0.5,—0.95, and
3.2 respectively. The fact that a is less than unity is attri-
buted to the electron-electron scattering described by the
Maki-Thompson diagrams in the theory on fluctuations in
superconductivity.

In Sec. II, we give some theoretical background em-
phasizing the fact that different effects can be dominant
in different field ranges. The characteristic magnetic field
for each effect is given. Details on the experimental tech-
niques and the sample structures are given in Sec. III.
Our results are presented in Sec. IV and the discussions
are made in Sec. V. A summary is given in Scc. VI.
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TABLE I. Sample parameters.

Sample Ilo.

0.87' 10"
2.86' 10»
7 11g10»

1.65 g 10
0.55~104
2.99' 10'

0.74' 10'
1.34&& 10'
2, 11'10'

1.27' 10'
2,31' 10'
3.63 g 10

5.91
6.43

87.4

799
480

4140

50.9
55.4

753

b,a I ( T)=gpcr~ln( T/To ),

gF=gi+gz —2(g3+g4) .

Herc, g, 8nd g, Rrc the particle-hole channel coUpling
constants due to the exchange and Hartree interaction,
respectively. Similarly, g2 and g4 are due to the corre-
sponding contributions in the particle™particle channel and
are of the order of F. In general, the particle-particle
channel is only important for short-range interactions'
and is sensitive to the perpendicular magnetic field. It
leads to a positive magnetoresistance when the cyclotron
radius lii becomes comparable to the thermal length given
by lT (&AD/m. —k—liT). This fact suggests a third charac-
teristic field, defined by Bz 2nk&T/—4—ea.. Our experi-
ments were performed in the range of perpendicular
8 &83.

In addItIon to the g2 and g4 correction terms, a magnet-
ic field (either perpendicular or parallel) will produce a
correction term from the antiparallel-spin-electron Har-
tree contribution. Since the magnetic field will split the
antiparallel electrons into spin-up and spin-down sub-
bands with an energy gap of gpzB, this Hartree contribu-
tion cuts off when gp&8 ~ kz T. This results in a
Zeeman-splitting term in the conductivity given by'

hozs(8, T)= —,' Fa~G(B/B~—)

18 h
G()Ii=f dia 2 z» 1 —

z
du~ e —1

8 are valid only in the classically weak-field limit,
co,~=IJ,8&1. This defines another characteristic field,
85 =p

III. EXPERIMENTAL PROCEDURE

The GRAS-Al Ga& „As heterostructures were grown
by molecular beam epitaxy (MBE) on Cr-doped GaAs
substrates. The heterostructures consisted of a 1-pm-
thick undoped GaAs epilayer, a 100-A spacer of undoped
Al„Gai „As, a 600-A. -thick Si-doped Al„Gai „As layer,
and a 200-A-thick GaAs cap layer to facilitate Ohmic
contacts. Thc samples wcI'c cut 1Qto standard Hall bridges
and the low-field Hall measurements were performed to
determine their electron densities and mobilities. In addi-
tion, high magnetic field measurements were also made to
observe the quantum oscillations from the 2D electrons.
Thc agrccmcnt bctwccn thc clcctIon dcQsity dctcrmincd
from these quantum oscillations and that from the low-
field Hall measurements indicated that no parallel channel
conduction existed in our samples. Altogether three dif-
ferent samples with electron densities n =7. 11
&&10 "/cm, 2.86&&10"/cm, and 0.87X10"/cm were
studied and their electrical characteristics are listed in
Table I.

The samples were attached by Apiezon X grease on a
silver plate, which was in direct metallic contact with the
mixing chamber of a dilution refrigerator capable of
reaching 10 mK. The external magnetic field was gen-
erated by a superconducting solenoid. The conductance of
the samples was obtained from four-terminal resistance
measurements using an ac bridge operating at 11 Hz. The
measuring current was always adjusted to levels where
non-Ohmic behavior was not observed.

where the characteristic field 84 k~ Tlglj, g. Equ——atio~s
(g) predict a positive magnetoresistance given by

Acrzs —
2
Fa——zlnB

for 8&84. If the particle-particle channel is taken into
account ,'F in Eqs. (8) is r—eplaced by gi+g4. Since the
characteristic field 84 is greater than BI and B3 in our
GRAS samples, we expect no contribution from the Zee-
man term in perpendicular fields less than 83 However,
in the parallel field geometry, the Zeeman term is the only
known contrIbutIOQ to magnctoleslstancc Rnd thc Inagnc-
toresistance in this geometry has been Used by Bishop
et al. ' to determine F in Si-MOSFET's. In addition, we
must point out that the equations describing the conduc-
tivity correction terms in the presence of a perpendicular

IV. RESULTS

All our samples show 8 logarithmic temperature dcpcn-
dence in their conductivity in the absence of 8 and a nega-

tive magnctoresistance in a perpendicular B. We plot in
Fig. 1 the conductance of sample 2 as a function of 8,
which was applied perpendicular to the plane of the 2D
electrons, at several different temperatures. A logarithmic
dependence on 8 is seen in the data taken at 811 six tem-
peratures, and the range of this logarithmic dependence is
larger at the lower temperatures. In this sample, the
characteristic magnetic fields, discussed in Sec. II, are
8, =5.8~10-' T at 1 K, 8,=0.14 T, $3=2.5XIO ' T
at 1 K, 84, ——2.9 T at 1 K, and 85 ——1.8 T. Since the data
shown in Fig. 1 were taken with 8~82 and 84 and
8 &83, the observed negative magnetoresistance is due to
the suppression of Anderson localization. Consequently,
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PIG. 2. Temperature dependencies of the inelastic scattering
time for three diffclcnt sRIQplcs.

FIG. 1. Conductance of sample 2 as a function of perpendic-

ular B. Dots are measured data and solid hnes are theoretical

fits to Eq. (3) with values of a and ~;„given in Table II.

the locallzatjon par ametex' A and the jnelastlc scstterMg
time r;„can be extracted from the least-squares fits of the
data to Eq. (3). The solid lines represent the best fits to
the data with a=0.75+0.03 (independent of T) and the
values of r;„lptote das solid dots in Fig. 2. Similar data
taken from samples 1 and 3 yield a=0.76+0.05 and
0.85+0.07, respectively (see Table II). In the temperature
range from 42 mK to 4.2 K, the inelastic scattering time
extracted from fitting the data from all three samples, as
shown in Fig. 2, follows r;„=ro(IK/T) ~, with
p=1.00+0.08. The value of ~o for the three samples are
listed together with their other parameters in Table II.

In Fig. 3, the conductance of sample 2 is plotted as a
function of T in the absence of 8 and in perpendicular
fields 8=0.03 and 0.3 T. Again, logarithmic regions are
apparent in all three curves. The deviation from a strictly
logarithmic T dependence at the lowest T is believed to be
dUe to electron heating. ID the case where 8 =0, both the
localization effect and the Coulomb interaction effect con-

tribute to the observed logarithmic T dependence and, as
seen in Fqs. (2) and (3), the slope of the straight line
directly determines the value of up+(I E). However- ,
the localization contribution can be suppressed by the ap-

plication of a perpendicular B. With 8 & 0.03 T the local-
ization contribution is sufficiently suppressed that the ob-
served effect is dominated by the Coulomb contribution.
For 8=0.3 T the localization contribution is suppressed
completely, and the observed effect is due entirely to the
Coulomb contribution. As a result, the data for 8=0.03
aild 0.3 T follow two stlalght lliles almost pai'allel to eacli
other. The slope of the straight line through the 8=0.3 T
data gives us a direct measure of 1 F. In Fig. 4—, the
value of 1 Fdetermined —for the three samples are plotted
as a function of their 2k+/IC.

At this point, two remarks should be made concerning
our data analysis. First, our direct determination of the
interaction coefficient 1 gallows us to —make an indepen-
dent determination of the localization coefficient ap. This
is accomplished by taking the difference between the value
of ay+(I F) and the value of —1 E, obtained fro—m the
cIata 1Q Fig. 3 at 8=0 and 0.3 T~ respectively. On the
other hand, fitting of the low-field magnetoresistance to
the localization theory gives us u and ~;„, and the tem-
perature dependence of ~;, directly gives us p. The prod-
Qct of A and p thUs determined, as sho%'Q in the lower

Sample no.

TABLE II. ExpcrIIDcntal Rnd CRlculatcd parRIDctcrs in thc weak"locahzatlon rcg1IDc.

Calculated
go (sec)

0.76
1.38
2.18

0.76+0.05
0.75+0.03
0.85+0.07

2.05 ~ 10-"
5.20' 10-"
4.83)& 10

1.04
1.0
1.02

0.50+0.05
0.95+0.05
3.2+0.2

0.71+0.07
0.77+0.07
0.90+0.1

0.25 ~ 10-"
0.26+10-"
2.13X 10-"
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FIG. 3. Conductance of sample 2 as function of T at B=O,
0.03, and 0.3 T perpendicular to the sample.

FIG. 5. In the upper and rniddle panels, the dots show the
values of a and p determined from the magnetoresistance data
(Fig. 1); triangles (4) are from Ref. 13. In the lower panel, the
dots show the product of o; and p and the squares show the ap
determined from the logarithmic temperature-dependent data
(Fig. 3).

panel of Fig. 5, is in good agreement with ap for all three
samples. This agreement shows the internal consistency
of our data analysis and also provides evidence that the
Coulomb interaction effect, operative at B=0, is operative
at finite B, when the localization effect is quenched.
Second, Bishop et al. first demonstrated the use of paral-
lel magnetoresistance measurements to determine the in-
teraction parameter F. They recognized that the applica-
tion of a parallel 8 should have no effect on localization,

and the resulting positive magnetoresistance is due to the
Zeeman-splitting term given by Eqs. (8). However, this
method cannot be used to determine F in our GaAs-
Al Ga~ As samples in which a negative magnetoresis-
tance was observed in the range of parallel 8, where the
Zeeman term is expected to be appreciable. Figure 6
shows the percentage change in the conductivity as a
function of parallel 8 at T=0.11, 0.77, and 7.1 K. A pos-
itive magnetoresistance was observed only in the data for
8~6 T taken at T=7.1 K.

V. DISCUSSIONS

0~
0

p. kF /K

FIG. 4. 1 —I' as a function of 2k~/K for three samples. Bro-
ken curve is the theoretical curve calculated from Eq. (5).

This experiment demonstrated unambiguously the im-
portance of the electron-electron interaction effect in the
weak-localization regime of the two-dimensional electrons
in the GaAs-Al Ga& „As heterostructure. We deter-
mined directly the interaction coefficient 1 —F, the locali-
zation parameter a, the electron inelastic scattering time
~;„, and its temperature exponent p. In this section, we
discuss these results in view of current theoretical expecta-
tions and point out the difficulties in understanding the
data in their entirety within the theoretical framework
outlined in Sec. II. It is suggested that scattering by the
Maki-Thompson process of fluctuations in superconduc-
tivity is operative in these samples, and it constitutes an
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B. The inelastic scattering time

Abrahams et al. ' showed that in the dirty limit the in-
elastic scattering time ~;„due to electron-electron scatter-
ing is given by

—AT
ln 9

&In &F

where eF is the Fermi energy, ~, is the elastic scattering
tllYle~ and Tt, 1s g1ven by

fiat g
kg T) ——

~ e+
~ ~ a

7. 1

FlG. 6. Percentage change in the conductivity as a function

of parallel 8 at T=0.11,0.77, 7.1 K from sample 2.

additional contribution to the temperature and the mag-
netic field dependences in this regime

A. The localization parameter

(10)

where g~ is a normalized coupling constant related to the
phonon exchange and the Coulomb interaction. Conse-
quently, a= 1 —HgM/6, and gl obtained from our results
is -0.4. The higher value of a observed in the sample
with n=7. 1)&10"/cm may be attributed to the decrease
of g~ at higher n

According to the one-electron scaling theory, 0;=1, our
result, as shown in Fig. 5, shows that u is clearly less than
1. This fact that a ( 1 is consistent with the earlier result
from Ref. 13, and it cannot be attributed to the domi-
nance of spin-orbit interactions, which was not taken into
account in our analysis. The spin-orbit interaction in
GaAs is well known' and is sufficiently weak in compar-
ison to the inelastic scattering given by w;„.

We believe that scattering by the Maki-Thompson pro-
cess of fluctuations in superconductivity is an additional
correction to the conductivity. It was pointed out by Lar-
kin that in the particle-particle channel, scattering of
electrons by the same process that gives rise to fluctua-
tions in superconductors can affect the low-field magne-
toresistance. This additional channel of scattering pro-
duces a positive magneioresistance which has the same
functional forin as the negative magnetoresistance due to
localization. This correction term can be expressed as

+gM
b,o~T(B, T) = — AcrL (B,T), g~ ((1

6

Here, e is the dielectric constant. For our three samples,
T, =4.3 ~ 10', 5.6 y 10', and 1.4 y 10' K, and the
in(T/T~) contribution is so weakly dependent on T that
r;„ is expected to be strictly proportional to T

Our results from all three samples show v;„=ra(1 K/T)
(Figs. 2 and 5). This T ' dependence agrees with previ-
ous observations on Si-MOSFET s and is consistent with
the explanation that electron-electron scattering is the
dominant inelastic scattering process that destroys the
electron's phase memory. However, the values of ro
(Table II) are an order of magnitude higher than that
predicted by Eq. (11). A similar discrepancy has also been
found by Bergmann in thin metal films, and the impor-
tance of electron-phonon processes was invoked as a possi-
ble explanation. In our case, an additional electron-
phonon process of similar importance will decrease the ex-
pected value for r;„and further increase the observed
discrepancy. %e believe that the strictly T ' dependence
observed in all the samples is sufficient evidence for the
dominance of electron-electron scattering and that the
magnitude of r;„still cannot be explained by the present
theory.

C. The interaction coefficient

In our samples, the screening constant E is small and
2k~/EC ) 1 (Table I). Consequently, the interaction effect
given by Eqs. (4), (5a), and (5b) is expected to be compar-
able to the localization effect given by Eq. (2). Unlike pre-
vious experiments on Si-MOSFET's, where 2k&/E is
small and this interaction term is negligible at 8=0, this
experiment makes it possible to test the theory quantita-
tively. In Fig 4, the v. alue of 1 Ii calculated fro—m Eqs.
(5) is shown as the dashed curve to compare with our ex-
perimental results. For the two lower-density samples,
which have small 2k+/E, the trend of increasing 1 I"—
with increasing 2kF/E is observed. However, the trend
towards saturation expected for large 2kF/E is not ob-
served in the high-density sample with 2kF /E =2.2.
Moreover, the magnitude of 1 —Fdetermined from the ex-
periment is larger than that calculated in all three sam-
ples. At 2kI /IC=2. 2, the observed 1 I' is 5 times that—
expected from theory. Particle-particle channel scattering,
whose contribution was already found in u, could account
for some of this difference [Eq. (6)]. However, the addi-
tional g2 —2g& contribution, which is of the order of F,
cannot explain the large value of (1 I') found in sample—
3. We should note that I' ~ 1 was previously observed in
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the parallel B magnetoresistance data of Si-MOSFET's
and a value as large as F=3.5 was observed when kFI, -3.
The approach towards exponential localization at kFI, =1
was suspected as the cause for this breakdown of the
theory. In our case, I' = —2.2 in the sample with
n=7. 1)&10"/cm, 2k+/K=2. 2, and kFl, =87. It is in the
limit k+1, &~1 where the theory is expected to be valid.

D. Parallel field magnetoresistance

A parallel 8 does not alter the orbital motion of the
2D EG and is expected to have no observable effect on lo-
calization. As a result, only the positive magnetoresis-
tance term described by Eqs. (8) can be operative. The
strongly temperature-dependent negative magnetoresis-
tance observed in Fig. 6 cannot be attributed to either the
localization effect or the interaction effects. Scattering by
magnetic impurities is an unlikely explanation since no
evidence for such magnetic scattering was observed in the
magnetoresistance in the perpendicular 8 geometry.
Furthermore, the mechanism due to suppression of inter-
subband scattering previously invoked by Englert et al.
to explain the negative magnetoresistance in high-density
samples is also inapplicable. The next subband is at least
5 meV above FF in the sample frotn which the data shown
in Fig. 6 were taken. Finally, we note that similar parallel
field negative magnetoresistance has also been observed in
the 2D EG in ZnO (Ref. 23) and in InAs (Ref. 25).

VI. SUMMARY

We have studied the transport and the low-field magne-
totransport of the 2D EG in three GaAs-Al„Gat „As
heterostructure samples in the weak-localization regime.
We found that both localization and interaction contribu-
tions are important in the logarithmic temperature and
logarithmic magnetic field dependences of the conductivi-
ty. The localization parameter e, the inelastic scattering

time ~;„, and the screening parameter 1 —F were deter-
mined from fitting the perpendicular field magnetoresis-
tance to the theory of Altshuler et al. and Lee et aI. ' in
a consistent manner. The values of a we obtained are
clearly less than unity (0.75+0.03 to 0.85+0.07). This re-
sult is different from that previously obtained from Si-
MOSFET's, ' and the difference can be explained by the
importance of the interaction effect in this system, where
the screening constant E is small and 2kF /K & 1.

We believe that scattering by the Maki-Thompson pro-
cess that gives rise to fluctuations in superconductivity is
also operative in the case of the repulsive electron-electron
interaction in our system. This leads to a positive magne-
toresistance correction which is similar to the negative
magnetoresistance due to the suppression of the localiza-
tion effects and reduces a from 1. We found from the
Maki- Thompson correction that the particle-particle
channel corrections are comparable to the particle-hole
channel contribution. The temperature exponent p of r;„
is 1.00+0.08, in agreement with the theory of inelastic
electron-electron scattering. However, the absolute
values of r;„raeabout an order of magnitude larger than
the theoretical prediction. The experimental values of
1 I' are f—ound to increase with increasing 2k~/K, in
qualitative agreement with the theoretical prediction.
However, 1 —F=3.2 at n=7. 11&10" cm is 5 times
that expected from theory, and this large discrepancy
remains unexplained. We also found a negative magne-
toresistance in the case of parallel B. Thus the positive
magnetoresistance due to the Zeeman splitting, previously
employed to determine I', wa.s not observed.

¹ted added in proof. We thank Dr. K. K. Choi for
pointing out to us that the Maki-Thompson diagrams are
also included in Fukuyama's theory, Ref. 18.
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