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A magnetoresistance peak at zero magnetic field due to coherent backscattering is studied in submi-
crometer quantum dots with quantum-poini-contact leads. A systematic series of experiments on ballis-
tic microstructures shows that coherent backscattering is distinct from conductance fluctuations at finite
fields and gives properties in agreement with semiclassical theory. The effect results from interference
between pairs of time-reversed paths of ballistic electrons scattered from the walls of the dot, analogous

to weak localization in diffusive systems.

Coherent backscattering is ubiquitous to wave propa-
gation in disordered media, where multiple scattering
leads to complicated paths through the medium. The
probability to return to the origin is increased by con-
structive interference between pairs of time-reversed
paths. Occurring for both sound' and light,> coherent
backscattering has been studied extensively for electron
waves diffusing through a spatially random impurity po-
tential, where it is known as weak localization.>* The
predictions of weak-localization theory have been verified
through studies of the magnetoresistance peak at zero
magnetic field in disordered conductors.>* In ballistic
microstructures, coherent backscattering can also occur
from interference between pairs of time-reversed electron
paths scattering from the walls of the structure, each
path starting and ending in the same point-contact mode.
A zero-field resistance peak has recently been discovered
in circular and stadium-shaped ballistic microstructures
and associated with an analog of weak localization.” This
identification is supported by later theory® and subse-
quent experiment results.”?

In this paper, we demonstrate that coherent back-
scattering is the cause of the zero-field resistance peak in
stadium-shaped ballistic microstructures, and that this
effect is distinct from conduction fluctuations at finite
fields. The low-temperature (T'<1.50 K) magnetoresis-
tance exhibits a prominent zero-field peak and reproduci-
ble, aperiodic conductance fluctuations. The zero-field
peak is distinguished from conductance fluctuations, be-
cause it is robust to changes in the impurity configuration
or in the number of modes in the point-contact leads,
while the conductance fluctuations rearrange dramatical-
ly. A comparison of large and small stadia which are
otherwise nominally identical demonstrates that the
source of both the zero-field peak and conductance fluc-
tuations is scattering of ballistic electrons from the walls
of the microstructure. Theory predicts that the charac-
teristic field required to destroy coherent backscattering
is approximately one-half that to change conductance
fluctuations.® We verify this result experimentally by
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comparing the half-width of the zero-field resistance peak
to the slope of the conductance fluctuation power spec-
trum.>’

The experiment was carried out on samples fabricated
from a GaAs/Al; ;Gag ;As heterostructure containing a
near-surface two-dimensional electron gas located 420 A
below the surface. The measured sheet density
n,=4.4X 10" cm™? and mobility z=350000 cm?/V sec,
give a transport mean free path /=3.8 um. A stadium-
shaped quantum dot with quantum point contacts is
defined by depleting the electrons under a single metallic
gate with a negative voltage bias. Two small stadia and
two large stadia were patterned side-by-side on the same
chip using electron-beam lithography and Cr/Au metalli-
zation. Electron micrographs of a large and a small sta-
dium are shown in Figs. 1(a) and 1(b). They have nomi-
nally the same shape and point-contact geometry,
differing only in their size. The large stadium [Fig. 1(a)]
has dimensions 18 X 38 um?, roughly 7. The small stadi-
um [Fig. 1(b)] has dimensions 0.62X1.3 pm?, roughly
1/4, but much larger than the Fermi wavelength
A,=(2m/n;)'"?=38 nm, so that the semiclassical picture
is appropriate. The point contacts for both stadia have a
lithographic width ~190 nm, and accommodate up to
seven transverse modes when the stadium is defined. The
area of the small stadium, estimated as the lithographic
area minus a gate voltage-dependent depletion width, de-
creases from 0.62 to 0.47 um? as the number of modes in
the leads decreases from seven to one. The estimated
area agrees with the area 0.48 um? measured by
Aharonov-Bohm oscillations with one mode in each lead.

We use the term ballistic to mean that the transport
mean free path is larger than the dimensions of the stadi-
um. However, the ballistic regime is not free from disor-
der: electron trajectories deviate from straight lines
within the small stadium because of small-angle scatter-
ing,!° and they scatter from the walls at nonspecular an-
gles because of boundary roughness.!! Disorder can
change regular electron trajectories in highly symmetric
structures such as a circular dot into chaotic trajectories,
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FIG. 1. Electron micrographs of the (a) large and (b) small
stadia. (c) Magnetoresistance at T=1.50 K for large and small
stadia. Data are taken from a large stadium that does not have
a small stadium inside it. (d) Pairs of consecutive traces plotted
on an expanded scale demonstrate reproducibility.

but should have less qualitative effect in stadium-shaped
structures where the electron trajectories are already
highly chaotic.!? Note that small-angle scattering alone is
not sufficient to produce coherent backscattering in quan-
tum dots with dimensions less than the transport mean
free path.

The samples were cooled in a *He cryostat or He dilu-
tion refrigerator, and magnetoresistance measurements
were made using standard ac lock-in techniques. The
magnetic field B is oriented perpendicular to the plane of
the electron gas, and the precision of the magnetic-field
sweeps was =0.01 mT. We current bias at f =11 Hz us-
ing an excitation of Iy, R oumpe <0.5 kT/e. Larger bias
currents did mnot alter the magnetoresistance for
TiiasR sampte <5 kKT/e.

Figures 1(c) and 1(d) compare the magnetoresistance of
the large and small stadia measured at T=1.50 K. The
data are symmetric in magnetic field R (B)=~R (—B) as
expected for two-probe measurements,* with small devia-
tions arising in the wide regions of the electron gas used
to make contact. This two-probe symmetry is crucial, be-
cause it implies that the magnetoresistance originates in
the cavity and not the leads. As shown in Fig. 1(c), the
magnetoresistance for the large stadium decreases
smoothly from zero field, while the magnetoresistance for
small stadium shows a narrow zero-field peak and
aperiodic conductance fluctuations superimposed on this
smooth background. Figure 1(d) shows an expanded
view of two consecutive magnetoresistance sweeps for
each stadium. The slight variations from the smooth
background seen in the large stadium do not reproduce,
while the features in the small stadium accurately repro-
duce and are clearly well above the noise.

The primary difference between the large and small
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stadia responsible for the appearance of the zero-field
peak and conductance fluctuations is that both the trans-
port mean free path and the phase-coherence length are
smaller than the large stadium, but larger than the small
stadium. Thus the large stadium acts as a region of two-
dimensional electron gas with quantum point contacts,
while the small stadium is a ballistic quantum dot. The
phase-coherence time 74 was measured on a narrow chan-
nel* from an adjacent piece of the same wafer, using the
method of Ref. 15. The measured value at T=1.50 K is
74733 ps, which gives a ballistic phase-breaking length
l4=vpTy=~9.5 pm. In order to produce quantum in-
terference, the total path length must be less than / ¢ In

-the small stadium, this length corresponds to roughly ten

bounces off the walls, but in the large stadium electrons
cannot travel once across before losing their phase. Thus
the zero-field peak and conductance fluctuations present
in the small stadium are due to quantum interference.

The lack of a resistance peak and conductance fluctua-
tions in the large stadium imply that phenomena seen in
the small stadium are due to collisions with the walls of
the microstructure. If the zero-field resistance peak in
the small stadium were caused by scattering from impuri-
ties within the stadium, a similar peak should also be seen
in the large stadium. Furthermore, the half-width at
half-maximum B,~3 mT of the zero-field peak for the
small stadium is comparable to the field necessary to des-
troy coherent backscattering in a ballistic quantum dot
(see below for a precise comparison), but is a factor ~150
larger than the characteristic field B, ,,~0.02 mT neces-
sary to destroy traditional weak localization in a diffusive
two-dimensional electron gas with the same scattering
times.> Note that these arguments are valid for both
smooth and rough boundaries, and thus we cannot deter-
mine the importance of boundary roughness from this
comparison alone.

Figures 2(a) and 2(b) show data which demonstrate
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FIG. 2. (a) Conductance change G(B)-G(0) at T=1.50 K
for small stadium with three (solid) and five (dashed) modes in
the contacts. (b) Magnetoconductance with three modes before
(solid) and after (dashed) thermal cycling.



that the physical origins of the zero-field resistance peak
and conductance fluctuations are different. Conductance
fluctuations, which can either increase or decrease the
conductance, exist at zero field along with coherent back-
scattering, which only decreases the conductance. Be-
cause conductance fluctuations are quite sensitive to
small changes in electron trajectories, coherent back-
scattering can be distinguished by making small changes
in the shape of the stadium. In Fig. 2(a), the magneto-
conductance of the small stadium is shown for two gate
voltages corresponding to approixmately three and five
modes in each point-contact lead; the magnetoresistance
peak here appears as a conductance dip. As shown, the
zero-field dip remains prominent, but there is no con-
sistent relationship between the conductance fluctuations
in the two cases. Similarly, in Fig. 2(b), the magnetocon-
ductance of the small stadium with three modes in each
lead is compared before and after thermal cycling, which
rearranges the random potential due to charged impuri-
ties. Again, the zero-field dip remains strong, while the
conductance fluctuations change dramatically.

Coherent backscattering theory® predicts that the
zero-field conductance dip is destroyed when one flux
quantum threads twice the characteristic area enclosed
by paths returning to the injecting contact. By contrast,
conductance fluctuation theory’ predicts that conduc-
tance fluctuations will change when one flux quantum is
inserted into the characteristic area enclosed by two tra-
jectories joining the injecting and receiving contacts. If
one assumes that these two areas are the same, then the
characteristic fields B, for coherent backscattering and
B, for conductance fluctuations, defined below, differ by
a factor of 2: B,= B, /2; however, this relationship is not
rigorous. Both characteristic fields can be measured from
a single magnetoresistance trace in order to test theory.

Figure 3(a) shows representative raw magnetoconduc-
tance data from the small stadium at 7=1.50 K. The

T T i T T T T T

I
I~

g
=)

Conductance (eZ/h)

—
N

-20 0 20
1.2+ B (mT) -
) | 1 1 " 1 2 I 1 t I
03 -02 -0.1 0.0 0.1 0.2 0.3
Magnetic Field (T)

FIG. 3. (a) Magnetoconductance at T=1.50 K (solid) shown
with a fourth-order polynomial background fit (dashed). (b)
Zero-field conductance dip (solid) with a Lorentzian fit (dashed).
(c) Averaged power spectrum of conductance fluctuations (cir-

cles) with a fit (solid) to semiclassical theory.
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data are only shown at relatively low magnetic fields for
which the cyclotron radius is greater than the radius of
curvature of the stadium. In order to characterize the
zero-field dip and the conductance fluctuations, the slow
magnetoconductance background is removed by subtrac-
ing a fourth-order polynomial (dashed line) to obtain the
difference 8G. Baranger, Jalabert, and Stone® predict
that the zero-field magnetoconductance dip is a Lorentzi-
an. Figure 3(b) shows a fit of a Lorentzian to the data us-
ing one free parameter: the half-width at half-maximum
B,=2.5+£0.4 mT; the height of the dip AG, is deter-
mined by the background fit. Jalabert, Baranger, and
Stone® predict that the power spectrum of the conduc-
tance fluctuations has a mnearly exponential form:
S(f)=S,(14+27fB,)exp(—27fB,), where f is ex-
pressed in cycles/T. The measured power spectrum of
8G versus 1/B, shown as open circles in Fig. 3(c), is ob-
tained by averaging 31 half-overlapping power spectra
segments to suppress sharp structure at low frequencies
associated with periodic orbits. A fit of S'(f) to the data
using two parameters B, and S, shown as the solid line
in Fig. 3(c), fits well over four orders of magnitude, and
gives the characteristic field B, =5.0%1.0 mT.!® We find
B.=B, /2 within the error bars, as predicted by semi-
classical theory.

Figure 4 shows the dependence of the fluctuating part
of the magnetoconductance 86G at T=1.50 K as the
number of transverse modes in the quantum point con-
tacts increases from =1 in Fig. 4(a) to =26 in Fig. 4(e). A
prominent zero-field conductance dip is seen in all five
traces, while the conductance fluctuations change.
Several trends are evident. The size of the zero-field dip
AG, increases with the number of modes in the leads,
while the width B, remains approximately constant. The
average root-mean-squared fluctuation 686G, increases
with the number of modes like AG,, while fits of S(f) to
the power spectrum of each trace show that the charac-
teristic field B, remains approximately constant like B..
The fact that B, and B, are unaffected by changes in the
contact width indicate that the characteristics areas at
1.5 K are limited primarily by dephasing inside the dot."’
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FIG. 4. Conductance change 8G at T=1.50 K for five
different values of the average conductance at zero field; (a) 1.1,
{b) 2.0, (c) 3.1, (d) 4.6, and (e) 6.3 e*/h.
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It also indicates that we are justified in averaging the
different values of B, and B,. The measured statistical
properties of the conductance fluctuations characterized
by 8G,,, and B, are unchanged by thermal cycling to
within their error bars.

In order to find ensemble average values of the charac-
teristic fields B, and B, we repeated the characterization
described in Fig. 3 above at 26 gate voltage values for two
thermal cycles and for two separate samples, giving
(B,)=3.24£0.8 mT and (B,/2)=2.6+0.6 mT. The
values agree to within their error bars. Ensemble averag-
ing is necessary to extract the best quantitative estimate
of the characteristic field B, because zero-field conduc-
tance fluctuations superimposed upon coherent back-
scattering introduce some error. At lower temperature
T=0.15 K, the characteristic field B, for conductance
fluctuations decreases to {B,/2)=1.610.4 mT, indicat-
ing that the characteristic area increases; this value re-
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peated after thermal cycling, and agrees with that ob-
tained earlier on a separate, nominally identical stadium
B,/2=1.8 mT.®> A larger area is expected for the longer
phase-coherence time 74 at lower temperatures. The rela-
tive size of the conductance fluctuations increases at low
temperatures and makes a detailed analysis of the zero-
field conductance dip difficult.
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