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Parabolic Magnetoresistance from the Interaction Effect in a Two-Dimensional Electron Gas
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A negative magnetoresistance proportional to B? is found in the two-dimensional elec-
tron gas of GaAs-Al Ga;_, As heterostructures. It is explained by the conductivity cor-
rection due to the electron interaction effect in disordered two-dimensional systems.

The high-field electron lifetime, estimated

both from the interaction effect and from the

Shubnikov—de Haas oscillations, is much shorter than the zero-field lifetime, demon-
strating the predominance of long-range potential fluctuations in high-mobility GaAs-

Al,Ga,_, As samples.

PACS numbers: 71.55.Jv, 72.20.My, 73.60.

Two types of logarithmic corrections have been
predicted for the electrical conductivity in dis-
ordered two-dimensional (2D) systems. The lo-
calization correction' results from the properties
of a single electron in a random potential and
leads to a negative magnetoresistance?®? in the
weak magnetic field limit, w,7,<1, where w,
is the cyclotron frequency given by w,=eB/m *
and 7, is the transport scattering time at B = 0.
This correction is suppressed at fields higher
than the critical field given by B, =%/4eDT,,
where D is the electron diffusion constant. The
second correction is due to the enhanced Coulomb
interaction between diffusively moving electrons*:s
and is predicted to be present even when w, 7,
> 167 and to lead to a negative magnetoresistance
in this regime.! The interaction effect is affected
by the Zeeman splitting and, consequently, a pos-
itive magnetoresistance® is expected in the re-
gime when the magnetic field is above the critical
field given by B, = k3 T/glip, where g is the con-
duction-electron g factor and up is the Bohr mag-
neton. The localization correction is sufficiently
well understood®® that the negative magnetore-
sistance, due to localization, has been used ex-
tensively to measure the inelastic scattering
time. The interaction correction, on the other
hand, is not so well understood and a consistent
picture of the various effects in parallel and per-
pendicular fields has yet to emerge.>*!***® In Si
metal-oxide-semiconductor field-effect transis-
tors,!! the screening length of the Coulomb inter-
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action is short and the interaction effect is small.
In contrast, the screening length in the GaAs
heterostructure is longer and the interaction ef-
fect is important in the weak-field limit.'* Paal-
anen, Tsui, and Gossard'” also observed a loga-
rithmic correction in the T dependence of the
quantum oscillations of the diagonal conductivity
and demonstrated the persistency of the interac-
‘tion effect even to the quantum limit Zw, = E¢g.

In a high-mobility 2D electron system, the
high-field limit w,7,>1 can be reached at suffi-
ciently low B that the condition w >k T/fi for
observing the Shubnikov~de Haas (SdH) quantum
oscillations is not fulfilled even at relatively low
T. We report in this Letter our studies of the
magnetotransport properties of such a high-mo-
bility 2D electron gas in this so-called classically
strong-field regime. We find a negative mag-
netoresistance, which is proportional to B2 and
which has a logarithmic temperature dependence.
Our sample parameters indicate that the localiza-
tion effect is totally suppressed in this field re-
gime (B, < 2x10"* T), but the Zeeman splitting is
not yet effective (B,> 3 T above 1 K tempera-
ture). We are able to fit our data with the pre-
dictions of the interaction theory®'” and deter-
mine the interaction coefficient (1 — F) and the
cutoff temperature, T, = %i/k g, from their tem-
perature dependence. We find an unexpectedly
large T, suggesting that the relevant electron
lifetime 7 in the high-field regime is much short-
er than 7,. We attribute this short 7 to the in-
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homogeneous Landau-level broadening by the
dominance of long-range potential fluctuations in
our high-mobility sample.

Our sample is a modulation-doped GaAs-
Al, Ga,.,As heterostructure grown by molecular-
beam epitaxy on Cr-doped GaAs substrate. The
layered heterostructure consists of 1 um un-
doped GaAs, 370 A of undoped Al,Ga,.,As, and
400 A of Si-doped (2x10'® cm®) Al, Ga,.,As. By
using a backgate bias, we are able to vary the
electron density continuously between 7 =1.17
x10*/cm? and n,=1.64x10'*/cm?. Concomitantly,
the mobility changes from p=0.65%10° ecm?/V s
to 1.12x10% cm?/V s.

Figure 1 shows the normalized magnetoresis-
tance for n,=1,17x10"/cm? at T =1.04, 3.17,
and 9.8 K in high perpendicular fields, w,.7,>1.
At each of the three temperatures, we find a neg-
ative magnetoresistance, which is proportional
to B2, At 1.04 K, this parabolic dependence on B
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FIG. 1. The normalized magnetoresistance AR/R,
as a function of perpendicular B for n =1.17 x 10'!/em?
at three different temperatures. The broken lines rep-
resent the best fit of Eq. (3) to the data with 1 — F
=0.27 and T(=15.5 K.

is observed up to ~0.2 T, corresponding to w7,
~12, above which the SdH oscillations appear.
Notice that the SdH oscillations start at an unex-
pectedly high field.

The observed negative magnetoresistance can
be explained by the interaction corrections to the
conductivity. Houghton, Senna, and Ying® and
Girvin, Jonson, and Lee” predicted that the cor-
rection to the diagonal conductivity is independent
of B and is given by

Aoy, =(e?/2mR)(1 - F) In(T/T,), @)

where & BTO'zﬁ/T and 7 is the electron lifetime,
which at high fields may be different from 7.
The Hartree factor F is an angular average over
the statically screened Coulomb interaction,

27 46 1

o 21 1+ (2%;/K)sinb/2 "’
where K is the screening constant.!®* The above
theory® predicts no correction for the Hall con-
ductivity, i.e., Ag,,=0. The magnetoresistance,
AR, obtained by inverting the conductivity matrix,
is given by®

AR/R2= (- e2/21%)[1 = (w, 7)?]
x(1-FIn(7/T), @)

@)

where R, is the sheet resistance per square of the
2D electron gas at B=0. Equation (3) predicts a
negative magnetoresistance proportional to B2,
The broken lines in Fig. 1 are calculated from
Eq. (3), with use of the values of F and T, deter-
mined from the temperature dependence of the
data illustrated in Fig. 2.

Figure 2 shows the temperature dependence of
the negative magnetoresistance at two different
magnetic fields and at two different n,. In order
to remove the field dependence, we have divided
ARby R21 - (w,7,)2]. For both densities we find
a logarithmic temperature dependence as pre-
dicted by Eq. (3). Furthermore, the results at
different magnetic fields agree within our resolu-
tion and confirm the magnetic field dependence
shown in Fig. 1. From the solid lines in Fig. 2
we obtain 1 - F =0,27 and T,=15.5 K for n =1.17
x10/cm? and 0.28 and 9.8 K for ny =1.64x10'/
cm?, We also measured the Hall resistance and
observed no T dependence within our resolution,
consistent with the prediction of Houghton, Senna,
and Ying.

The values of 1 — F compare favorably with the
theoretical predictions of 0.34 and 0.37 from Eq.
(2) for n,=1.17x10"/ecm? and n=1.64 x10'*/cm?,
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FIG. 2. The temperature dependence of the magne-
toresistance AR=R(B) — R(0) at B=0.10 T (circles) and
B=0.21T (triangles). Data represented by solid sym-
bols are from ny =1.17 X 10" /cm? and those by open
symbols are from g =1.64 x 10'!/cm?,

respectively.!® However, they are smaller than
the value 0.50 measured in the weak-field limit
on low-mobility samples with comparable densi-
ties.!®* We believe that the screening approxima-
tion in Eq. (2) describes more accurately high-
mobility samples than low-mobility samples.
The electron lifetime 7 obtained from our data
through 7 = %#/k 3T, is unexpectedly short, namely
T/ 0.,0207, for n,=1,17x10"/cm? and 7= 0.0187,
for n =1.64x10"/ecm?. We also determined the
electron lifetime from the amplitude of the SdH
oscillations observed at low T (Fig.1). For
short-range scatterers in the limit w,7s 1, An-
do'® obtained the following expression for the os-
cillation amplitude:

o 2w, 1)? -7 x

1+ (w7)? exp(wcT> sinhx ’ @)
where x =212k T/fw,. We assume Eq. (4) to be
valid here and use 7 as a fitting parameter. In
Fig. 3 we plot the amplitude of the SdH oscilla-
tions as a function of w, 7 at two different tem-
peratures for n, =1.17X10"/cm?, and a rather
good fit to the data is obtained with 7=0.0777.
Similarly, 7=0.0557, gives a good fit of the data
atn, =1.64xX10"/cm?, These fits are obtained
for w,7 <2, which is somewhat above the range

o, b0
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FIG. 3. The amplitude of the SdH oscillations as a

function of magnetic field w,Ty=pB for n, =1.17x 101!/
cm?, The dashed curves are fits of Eq. (4) to our data

with 7=0.,0777,. The upper scale reads W, T.

of w, 7 for Eq. (4) to be valid. In any case, taking
into account the approximative nature of Eq. (4),
we find both determinations of 7 consistent, dem-
onstrating convincingly that, in our high-mobility
sample, 7 in the high-field limit is much shorter
than 7,.

We attribute this apparent shortening of the

~electron lifetime to inhomogeneous broadening

of the Landau levels by the dominance of long-
range potential fluctuations in the high-mobility
samples. The short-range scattering due to in-
terface roughness is absent in epitaxially grown
GaAs-Al,Ga,_, As heterostructures. Residual
impurities in the GaAs as well as the doping im-
purities selectively placed inside the Al,Ga,., As
can give rise to weak, long-range potential fluc-
tuations, dominant in the high-mobility samples.
In the case of long-range potential fluctuations,
the broadening of the Landau levels is not related
directly to 7,.'° The effective 7 used to charac-
terize the broadening can be much smaller than
T, Inour sample at 1 K, the SdH oscillations
vanish at B=0.2 T. If we assume that the range
A7 of the dominant potential fluctuation is given
by the cyclotron diameter of electrons closest

to E; at B~ 0.2 T, we obtain A»~1000 A, In the
presence of such long-range potential fluctua-
tions, the high-field transport in the quantum
Hall regime (where the cyclotron radius is <<A7)
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can be described by the classical percolation
model.2’ Such a classical description has in fact
been used to explain successfully the observation
that the quantum Hall plateaus in high-mobility
GaAs-Al Ga,_, As heterostructures approach
perfectly sharp steps as T approaches zero.'”

In conclusion, we have observed a large nega-
tive magnetoresistance, which is proportional
to BZ and has a logarithmic temperature depen-
dence in a high-mobility 2D electron gas. This
observation confirms the predictions of the theo-
ry on the interaction effect in disordered 2D
systems by Houghton, Senna, and Ying® and
Girvin, Jonson, and Lee.” It demonstrates con-
vincingly that, in the absence of Zeeman splitting,
the interaction effect in the particle-hole channel
is indeed independent of magnetic field. We find
good agreement between theory and experiment
on the value of the interaction coefficient (1 —-F)
and attribute this success to the fact that the
screening approximation is accurate in describing
high-mobility samples. We also find that long-
range potential fluctuations dominate the broad-
ening of the Landau levels in our high-mobility
sample. This dominance of long-range potential
fluctuations underlies the classical percolation
description of the quantum Hall effect in high-
mobility GaAs-Al,Ga,., As heterostructures.
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