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We have studied weak localization and conductance fluctuations in 2D mesoscopic GaAs/AlGaAs
heterojunctions for T=60 mK to 7 K. The weak-localization data show that the spin-orbit scattering
rate exceeds the phase-breaking rate below -2 K. At the same time, the conductance-fluctuation am-

plitude is reduced significantly below -2 K, as compared to that extrapolated from the high-

temperature region. Our data agree well with calculations for the eA'ect of spin-orbit scattering on the
conductance-fluctuation amplitude. A related effect on the magnetic correlation field is also discussed.

PACS numbers: 72.20.My, 73.20.Fz, 73.40.Kp

Universal conductance fluctuations' (UCF) are a nov-

el quantum interference effect in small weakly random
systems. These are manifest as reproducible, but sam-
ple-specific, conductance fluctuations as a function of
magnetic field or chemical potential. At zero tempera-
ture, the rms UCF amplitude 8G is of order e /h, in-

dependent of sample size and degree of disorder. UCF
cleanly demonstrate the importance of electron phase
coherence at low temperatures. Much recent attention
has been focused on the effects of spin-orbit (SO)
scattering and magnetic field on 8G, due to the connec-
tion of these effects to random-matrix theories
(RMT). These theories treat quantum transport on
the basis of "universality classes" of random Hamiltoni-
ans. The ratios of BG for Hamiltonians in difterent
universality classes follow from very general symmetry
principles and are independent of microscopic details of
the system. Both random-matrix ' and diagrammat-
ic' theories predict that as long as the magnetic field

does not cause significant Zeeman splitting, H & Hz
=kttT/gptt is reduced by a factor of 2 in the presence
of strong SO scattering, as compared to the amplitude
for an identical system, at the same field, having negligi-
ble SO scattering. The diagrammatic theory attributes
this factor-of-2 reduction to the suppression of the con-
tribution of the triplet terms to the conductance fluctua-
tions in both the Cooper and the diffusion channels.
Within the RMT approach, at zero magnetic field the
factor-of-2 reduction is due to a transition from the or-
thogonal to the symplectic ensemble. At "moderate"
magnetic fields, H & Hz but sufficiently large to suppress
the Cooper channel, this reduction is due to breaking of
spin degeneracy, which increases level repulsion. These
reductions are summarized in Table I. The theories also
predict reduction factors in 6G due to magnetic fields.
These are also shown in Table I, and have been observed
in experiment. ' The direct effect of SO scattering on
UCF has not yet been established experimentally.

TABLE I. Conductance-fluctuation amplitude 6'G normal-
ized to the weak SO and H=O case (see text). In our system

H J @o/Lr; 40 is the flux quantum h /e and Lt =+AD/ks T

Weak SO
Strong SO

H moderate
Hl &H &Hz

H strong
H&Hg

In this Letter we report the observation of a reduction
in the UCF amplitude due to SO scattering. In our
GaAs/A16aAs heterojunctions the SO scattering length

Lso is shorter than the phase-breaking length Lt„below
-2 K and is shorter than the thermal diffusion length
L~ below -0.3 K. Thus, by changing the temperature
we cross from a weak SO regime (high T) to a strong
SO regime (low T). At the same time, the UCF ampli-
tude at lower temperatures is reduced with respect to
that extrapolated from the high-temperature regime.
The main advantage of our experimental system is that
the transition from the weak to the strong SO regime is
done within a single sample; i.e. , we do not need to dope
with impurities having large SO scattering potentials. A
critical feature of the GaAs/A16aAs heterojunctions for
this work is that the impurities are not mobile at the
temperatures employed, in contrast to the situation in

metal films. "

We fabricated two-dimensional mesoscopic devices
from modulation-doped, molecular-beam epitaxy grown
Alo 36ao 7As/GaAs heterojunctions. We omitted the
usual undoped spacer layer. The mobility is thus fairly
low, and electron transport is diffusive. ' The results
presented here were obtained from two different samples.
The first, sample A, is a L x W-10 X 7 pm sample, hav-

ing sheet resistance R& = 220 0, electron density
n = 9 x 10'' cm (we tested that only the first subband
was populated), mobility p =30000 cm /Vs, diffusion
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constant D = 1000 cm /s, Lr =+AD/kg T = 0.9 pm at
1 K, and elastic mean free path I = 0.4 pm. This sample
was measured at T ~ 0.4 K in pumped He and He sys-
tems. Sample 8 was measured also in a dilution refri-
gerator down to 60 m K. It is a —15 x 15-pm device
having R~ = 300 0 and n = 9.5 x 10' ' cm -'. The
conductance-fluctuation measurements were made by a
standard four-terminal ac measurement, while the low-

field weak-localization data were obtained using a four-
terminal ac bridge. The ac drive currents were 40 nA
for sample A and 5 nA for sample 8 at the lowest tem-
perature, small enough to avoid self-heating.

In the inset of Fig. 1 we plot two low-field magne-
toresistance traces, hR =R(H) —R(0), taken for sample
A at two diA'erent temperatures. These are normalized

by the zero-field resistance. The T=6 K trace shows
negative magnetoresistance only, which indicates that
SO scattering is relatively weak. ' The T=1.5 K trace,
on the other hand, shows positive magnetoresistance
below 2 G, indicating that the SO scattering rate esp
exceeds the phase-breaking rate r& '. By fitting the 2D
weak-locatization theory' to the symmetric part (with
respect to the magnetic field) of such traces, we obtain

L~=QDr~, and Lso=QDrso. The fittings are done over
a very narrow field range, 0-8 G, since the theory applies
only up to the "elastic field, " /t/8zel, which is —10 G
in our devices. L, and Lso are plotted in Fig. 1, together
with Lq, as functions of T ' . Figure 1 shows that ~y

is proportional to T, indicating that the dominant phase-
breaking mechanism is electron-electron scattering in a
dirty 2D system. '' Indeed, Lr,(1 K) =2.4 pm yields

r~
' = 1.6 x 10 ' s ' at 1 K, in fair agreement with the

calculation of Altshuler and co-workers, '' which gives

~&
' -0.7 x 10' s '. The fact that L& does not deviate

from the T '~ behavior indicates that self-heating is

negligible. Figure 1 shows also that L~p=1.7 pm is

nearly independent of T, as expected. ' Lgp is shorter
than L, below 2 K, and shorter than Lq below 0.3 K.
Sample 8 showed similar behavior. There, Lsp= 1.5
pm, L,(1 K) =1.7 pm, L~) Lso below 1.2 K, and
Ly. & Lgp below 0.3 K.

The reason for the relatively strong SO scattering in

our devices, as compared to that typically reported for
A1GaAs/GaAs heterojunctions, ' is our high electron
density. In recent experiments ' it was found that
7'g() Ix n ', a fact which is attributed' to a band-structure
mechanism for the SO scattering, due to the strong crys-
tal fields in the polar GaAs crystal. A consequence of
the strong SO scattering is that in our system Zeeman
splitting exceeds the SO energy only at magnetic fields
larger than hrso'~g~p8=9 kG, taking" g= —0.44.
We do not exceed 3 kG in our experiment.

In Fig. 2 we plot the rms conductance-fluctuation am-
plitude normalized to the average conductance 6G/(G)

T (K) 0.7
r

0.3
I

T (K) 2
I

2.5—

0.3 0.06

0

CO3.5—

2.0—

1.5-

2.0—

L

LSO

V
1.0—

].5—

1.0—

0.5—

LT

0.5—
/

/

/j
/j

j/

0

2

H (kG)

3 4

0.0 0.5
I

1.0

T-1/2 (K-1/2)

I

1.5

FIG. 1. Phase-breaking (squares), spin-orbit scattering (tri-
angles), and thermal (dashed line) lengths as functions of
T '; sample A. These were calculated from traces such as
those shown in the inset for 1.5 and 6 K. Solid lines represent
least-squares fits to the data.

T-1/2 (K-1/2)

FIG. 2. The rms amplitude of the conductance fluctuations
BG normalized to the average conductance for sample
(squares) and sample 8 (circles) vs T '~'. 6G was calculated
from traces such as the one shown in the inset for sample 8 at
0.4 K. Dashed lines extrapolate the high-temperature data,
Eq. (1 ). Solid curves represent diagrammatic calculations
multiplied by —0.8 to fit the high-T data. Dotted curves were
calculated from Eq. (3), as explained in the text.

1495



VOLUME 65, NUMBER 12 PHYSICAL REVIEW LETTERS 17 SEPTEMBER 1990

as a function of T ' -. BG was calculated from magne-
toresistance traces taken between 1 and 3 kG, such as
the one shown in the inset for sample 8 at 0.4 K. The
squares and circles represent data obtained from samples

and 8, respectively. At high temperatures BG is
characterized by a T ' dependence. This is a conse-
quence of thermal and spatial averaging in the regime of
weak SO scattering. ' In our case, where L~ and L, are
both proportional to T ', theory estimates for this
high-temperature regime '

BG/(G) =C(e /h)R~(2trhD/keLW) ' T ' (1)
where C is a constant of order unity which depends on

magnetic field and on the ratio L,/Lr. Experimentally
we find C=0.73 and 0.63 for samples 8 and 8, respec-
tively. R& is nearly independent of temperature in the
range of magnetic field used. At lower temperatures,
there is a significant reduction of the amplitude as com-
pared to that extrapolated (dashed lines) from the high-
temperature region. In sample 3 the reduction starts at
-2 K, while in sample 8 it starts at —1 K. This is con-
sistent with the crossover temperatures observed in our
weak-localization experiments, and is further discussed
below.

The solid curves in Fig. 2 represent results of a di-

agrammatic calculation. First, we calculate the diff'usion

pole, in a fashion similar to that in Ref. 1, and obtain

DJ M (n, m, hE, H) = {n +S m + (L/trL, )

+ (4J/3) (L/tLso)

+i [dE+MgpeH]ltr E,l ', (2)

where J and M are the total spin of the diffusion and its
z component, respectively, n and m are integers, S=L/
W, AF. is the energy dilference between the two Green's
functions in the diff'usion propagator, and F., = AD/L- is

the energy correlation range. ' (Note that the Zeeman
term, though small, is included. ) It can be seen from Eq.
(2) that only the triplet (J=1 ) terms are suppressed by
the SO interaction. Next, we calculate BG using Eq. (4)
of Ref. 6 with the diff'usion pole given above. In the
computation, we take our experimental values for L,,
Lso, and D. For the Zeeman term we use' g= —0.44
and a magnetic field H=2 kG, being the average value
used. The Cooper pole is not calculated, since it is

suppressed at the magnetic fields employed. ' We
multiply our theoretical result for BG by a numerical fac-
tor to fit the high-temperature experimental data. Note
that this is the only adjustable parameter in this calcula-
tion, which, for both samples, is —0.8. This agreement
in the high-temperature regime is significant in itself;
this is the first time that a complete diagrammatic calcu-
lation which includes thermal averaging has been com-
pared with experiment. The calculation also fits the
reduction effect rather well, as shown in Fig. 2.

A theoretical study of the effect of SO scattering on
the conductance of one-dimensional rings was presented
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by Meir, Gefen, and Entin-Wohlman. ' In their picture,
the SO interaction affects the magnetoconductance by
inducing an effective flux, having opposite signs for the
two different spin directions. Extending their discussion
to bulk systems, they derived a general relation between
the SO-induced reductions of 8G and (G). Using a semi-
classical result for the latter, ' they obtain

SG/SGp=0. 513exp( 4Lc—/3Lso)+1I t,
where BGp is the magnitude of BG with no SO scattering
(i.e. , the dashed lines in Fig. 2) and L„ is a characteristic
length. We assume that L, =Lr, the shorter of the two
cutoff lengths in the UCF theory, L, and Lz. Taking
L, =1.12Lq and L, =0.65Lq for samples 2 and 8, re-
spectively, we obtain best fits of Eq. (3) to our experi-
mental data. These are represented by the dotted curves
in Fig. 2. Note that because of the semiclassical approxi-
mation' taken, Eq. (3) is not exact. The fact that the
dotted curves fit the data so well is due to Eq. (3) having
essentially two adjustable parameters, SGp and L„. We
therefore do not claim that the agreement with the data
is definitive. Nevertheless, Eq. (3) and its fits to the
data, with reasonable values for L, , do serve as a useful

way to visualize the SO-induced reduction in 8G.
At the lowest temperature for sample 2, 0.4 K, the

reduction factor in the UCF amplitude is -0.7, which is
still not the full eff'ect (0.5 reduction). Because of
thermal averaging, ' the full reduction is expected to be
observed in both samples only for T&&0.3 K, where
Lr»Lso (see Fig. 1). Indeed, the data obtained from
sample 8 reach a reduction of -0.6 at a temperature
where Lr =2Lso. We note that the observed reduction
cannot be attributed to a dimensional crossover, since
both samples have width =2L~ at the lowest tempera-
ture. We also note that the magnetic fields used were
clearly in the moderate regime (see Table I) for T & 0. 1

K. The possible crossover to the H & Hz regime for
sample 8 below 0. 1 K should not by itself reduce BG any
further, since we are in the regime of strong SO scatter-
ing.

Finally, we discuss the temperature dependence of the
magnetic correlation field H„which is the typical spac-
ing of the fluctuations versus magnetic field. ' H, is
shown for sample A in Fig. 3. The data for T & 2.5 K
show a clear linear dependence of H, on temperature,
which extrapolates (solid line) to H, =0 at zero tempera-.
ture. Below 2 K, H, is larger than this extrapolation. In
order to understand the data, we recall that the cutoff
length of the triplet terms, L 2, is given ' ' by
L2 =Ly: + —', Lp~ in systems where Lz & L~. The
singlet term has a cutoff length L~. The correlation
fields for the triplet and singlet terms are, respectively,

tx +pL2 and H,' =Hzp ~ @pLy ~ T, where H, p is

the correlation field in the absence of SO scattering and
4p is the ffux quantum h/e. At high temperatures,
L2= Lq,. H,' approaches H, p, so that the net H„ for the
singlet and triplet terms together, is just H p. At 0.4 K,
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Lsp = LT,' thus H,' & H p, and so H, is enhanced over

H, o.
' (At yet lower temperatures, the contribution of

the triplet terms to the conductance will be negligibile;
H, is then expected again to approach H„o.) In the inset
of Fig. 3 we plot the enhancement H, /H„o as a function
of Lso/LT. For H, o, we take the high-temperature ex-
trapolation. Recently, Chandrasekhar, Santhanam, and
Prober' calculated the enhancement H, /H, o for a 1D
sample. They found it to peak at a value of —1.2. Our
data agree qualitatively with their results.

In conclusion, we have observed a SO-induced reduc-
tion of the rms UCF amplitude 86. Our data agree well

with theoretical calculations for this effect. The temper-
ature dependence of H, can also be understood as due to
the effect of SO scattering.
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FIG. 3. Magnetic-field correlation range H, as a function of

T for sample A. The line extrapolates from the high-

temperature region. Inset: Enhancement of H, over the value

H p expected from the high-temperature extrapolation vs the
ratio of the SO length to the thermal length.
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