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Influence of shape on electron transport in ballistic quantum dots
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We have investigated the low-temperature (T=0.43—4.25 K) magnetotransport of quantum dots fabricated
in the shape of an.open circle and a circle having a central bar. The characteristic magnetic fields for both
coherent backscattering and conductance fluctuations are strongly shape dependent: both are larger by a factor
=3 in the device with the central bar. Comparison of large and small devices of nommally identical shape
shows that characteristic trajectory areas are proportional to the device area.

Mesoscopic transport in diffusively scattering metals and
metallic semiconductors has been carefully studied:! interfer-
ence of forward-scattered electron waves traveling by differ-
ent paths causes time-independent conductance fluctuations;
interference of time-reversed pairs of backscattered electron
waves leads to weak localization. Analogs of both phenom-
ena have recently been observed in ballistic microstructures
for which the mean free path greatly exceeds the size of the
device. At low temperatufes, the magnetocondyctance of cir-
cular and stadium-shaped quantum dots with quantum point
contacts show conductance fluctuations due to the interfer-
ence of electron waves travelmg between the contacts by
different paths and a coherent backscattering peak at zero
magnetic field due to the interference of time-reversed pairs
of backscattered trajectories.>~%

Quantum interference phenomena in ballistic microstruc-
tures are of great interest because they are produced by scat-
tering from the walls of the structure rather than by randomly
located impurities and are thus inherently shape dependent,
and because they make contact with the fundamental theory
of statistical mechanics and quantum chaos in billiards.” A
circular billiard differs from a stadium in that an ideal circle
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has integrable trajectories that conserve angular momentum,
while an ideal stadium produces chaos. The differences ob-
served between circles and stadia in measurements of con-
ductance fluctuations and coherent backscattering are, how-
ever, not large and require quantitative analysis to discern.>™
The lack of obvious differences between data from circles
and stadia may in part be due to the redirection of electron
trajectories by the small-angle scatterlng and boundary
roughness present to some degree in all samples.®

In this paper we present magnetoresistance data on quan-
tum dots fabricated in the shapes of an open circle and a
circle with a barrier between the point ¢ontacts, which show
large, unambiguous shape- and size-dependent changes in
both the conductance fluctuation spectra and the coherent
backscattering peak. Figures 1(a) and 1(b) show electron mi-
crographs of quantum dots with quantum point contacts fab-
ricated in two shapes: shape A, an open circle and shape B,
a circle with a central barrier; the bright area is a patterned
Au gate used to define the dot in a two-dimensional electron
gas located underneath the gate in a GaAs/Al,Ga, _ As het-
erostructure. Conductance fluctuations originate from inter-
ference of forward-scattered electron waves as indicated for

FIG. 1. Scanning electron mi-
croscopy micrographs of (a) large-
shape A and (b) large-shape B;
length bar is 1 um. In shape A,
forward-scattered (c¢) and back-
scattered (e) trajectories circulate
in a single direction; in shape B
[(d) and (f)], they reverse direc-
tion with each rebound off the
central bar, partially canceling the
accumulated area. Trajectories cir-
culating clockwise (counterclock-
wise) are shown in solid (dashed)
lines.
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the open circle in Fig. 1(c), while coherent backscattering
originates from the interference of pairs of time-reversed
paths as shown in Fig. 1(e). For the same device, the en-
closed area for coherent backscattering is larger than that for
conductance fluctuations by roughly a factor of 2. Character-
istic areas can be measured experimentally via the magnetic
field necessary to insert a fraction of a flux quantum,
Py/27="/e, and thereby change the interference. For open
circular dots, electrons circulate in the same direction, and
the enclosed areas can be quite large.

As illustrated in Figs. 1(d) and 1(f), the barrier in shape B
reflects electron trajectories and greatly reduces the enclosed
area of both forward-scattered trajectories linking the two
contacts, as well as the enclosed area of time-reversed pairs
of backscattered trajectories. Thus we expect the character-
istic areas associated with conductance fluctuations and co-
herent backscattering in shape B to be smaller than for the
open circle, and the corresponding characteristic magnetic-
field scales to be larger. This difference should be robust to
small amounts of disorder: although small- angle scattering
and boundary roughness destroy the perfect symmetry of the
open circle, they are unlikely to completely reverse the di-
rection of circulation.

Quantum-dot devices were fabricated using electron-
beam lithography and Cr/Au metallization to define gate
-structures on the surface of GaAs/Al,Ga;_,As heterostruc-
tures containing a two-dimensional electron gas with density

. n=4.4X10" cm~? and mobility x=350000 cm?/V sec, lo-

cated 420 A below the surface. Two pairs of devices were

made with nominally identical shapes; one large pair (pic-
tured in Fig. 1) with electron-gas area =1.6 um? obtained
by subtracting the depletlon width from the lithographic size,
and one small pair (not shown) with electron gas area
=043 um?. The width of the bar in the devices with barri-
ets is less than 50 nm. All four devices are much smaller than
the measured mean free path 3.8 um, so electron trajectories
inside the dots approximate straight lines, and we say that
transport is ballistic. In our devices, the measured small-
angle scattering time 7,=0.5 psec.” At 0.43 K, the measured
phase coherence length was 19 um for ballistic motion.'”
The samples were cooled in a 3He cryostat to temperatures
between 0.43 and 4.25 K, inside a superconducting solenoid.
The magnetic field was oriented perpendicular to the plane of
the electron gas, and the precision of the field sweeps was
+0.01 mT. Magnetoresistance measurements were made us-
ing ac lock-in techniques at 11 Hz. .
Figure 2 shows four magnetoresistance plots taken at
=0.43 K that illustrate the striking difference between
shapes A and B. Data for the large devices are shown as the
upper (B) and lower (A) traces in Fig. 2(a), data for the
smaller versions of the devices are shown in Fig. 2(b). All
four magnetoresistance traces have the same qualitative fea-
tures: a resistance peak centered at zero magnetic field due to
coherent backscattering,?” superlmposed on conductance
fluctuations due to interference of forward-scattered paths.”
The magnetic-field scales for shapes A and B, however, are
quite different. As predlcted by theory, the width of the zero-
field peak and the characteristic field for conductance fluc-
tuations are both much larger for the circles with a barrier
than the open circles. Comparing large and small devices of
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FIG. 2. Representative raw magnetoresistance data taken at
T=0.43 K with (a) both large devices biased at —0.7 V and (b)
both small devices biased at V=—0.5 V. Shape-A data (lower
traces) offset for clarity from shape B (upper). Note more rapid
oscillations and narrower zero-field peak in large vs small and in A
vs B.

the same shape, we find that the magnetic-ficld scales are
inversely proportional to the area of the electron gas, also in
agreement with theory.

Figures 3(a)—3(d) show the resistance change AR/R due
to coherent backscattering (solid lines), averaged over five
gate voltages, for all four devices at T=0.43 K. The zero-
field resistance peaks are fit by the Lorentzian line shape
predicted by chaotic scattering theory (dashed lines). The
coherent backscattering peak is robust: we observed the re-
sistance peak at all bias voltages and temperatures in all de-
vices on five separate thermal cycles. For a given sweep,
conductance fluctuations distort the zero-field peak shape. In
order to average away the effect of the conductance fluctua-
tions, data were taken at five gate voltages in the conducting
regime (Gg4o>€2/h) for all four devices at 0.1000-V inter-
vals. Chaotic scattering theory predicts that the conductance
minima near zero field is a Lorentzian:!!

G(B)=G(0)—AG,/[1+(B/B.)?], 6))

where B, is the half width at half maximum. As shown in
Fig. 3, a Lorentzian fits our data well at 7=043 K. The
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FIG. 3. Fractional change in magnetoresistance of (a) large-B-,
(b) large-A -, (c) small-B-, and (d) small-A -shaped devices averaged
over five gate voltages. Data (solid) are offset for clarity and fit to
Lorentzian line shape (dashed).
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TABLE I. Characteristic magnetic fields and corresponding en-
closed trajectory areas for all devices at T7=0.43 K; values from
chaotic theory fits of coherent-backscattering peak widths (B.) and
power spectra of conductance fluctuations (B,). Averaged over all
four devices, A, =2.4+0.84,,.

Size, shape B, (mT) B, (mT)
A, (um?) Aq (um?)
Large, B 1.2+0.2 22+04
0.55+0.09 0.30x0.06
Large, A 0.30+0.06 0.80x0.12
2.2+04 0.82+0.12
Small, B 3.4+0.7 7.8£1.2
0.19+0.04 0.084+0.013
Small, A 1.1+0.2 2.6+04
0.6+0.1 0.25+0.04

predicted line shapes for devices A and B at zero temperature
are more sharply peaked'!'? due to the presence of large-
area trajectories. Both small-angle scattering and the loss of
phase coherence due to inelastic scattering at finite tempera-
tures eliminate long trajectories that sharpen the peak shape
in an integrable structure. Recently Chang et al.® found a
Lorentzian line shape for the zero-field peak in an array of
open circles at higher temperatures, and a more sharply
peaked line shape for 7<0.4 K.

Table I lists the half-width B of the coherent backscatter-
ing peak for all four devices, measured via the Lorentzian fits
shown in Fig. 3, along with the corresponding trajectory ar-
eas A.=®y/27B,. The error in B, (~20%) is dominated
by uncertainty in the base line, whose value was a free pa-
rameter in the fit. Comparing the characteristic areas of
shapes A and B, we find that the area A . of the open circle is
larger for both the large and small devices by factors 3.9 and
3.1, respectively. Comparing the characteristic areas A, of
large and small devices of the same shape, we find that the
ratio for the large A, to small is 3.6 to 1 for shape A and 2.9
to 1 for shape B, in good agreement with the =3.7 to 1 ratios
for the electron-gas area in both shapes.

The characteristic area A , enclosed by pairs of forward-
scattered paths leading to conductance fluctuations can be
measured via power spectra of the resistance vs magnetic-
field data. For chaotic systems, semiclassical analysis'® pre-
dicts that the power spectrum S(f) of conductance fluctua-
tions vs magnetic frequency f (cycles/T) is

S(F=So(1+27B  flexp(—27B.f), 2

where B, is the magnetic-field change necessary to increase
the flux through the characteristic area A ,=®y/27B, by
®/24r. For the open circle, no analytic form for the power
spectrum corresponding to Eq. (2) exists; numerical
results®!! give spectra with more power at higher magnetic
frequencies, which resemble power laws. For consistency
with our coherent-backscattering analysis, we use Eq. (2) to
fit data for all four devices, despite the fact that we expect
deviations from this form.

Figure 4 shows measured average power spectra of the

conductance fluctuations vs magnetic frequency f in the
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FIG. 4. Power spectra of conductance fluctuations for (a) large
and (b) small devices vs magnetic frequency, averaged over five
gate voltages. Data for shape A (circles) and shape B (triangles) are
offset for clarity. Curve fits to Eq. (2) (solid) agree with data over
four orders of magnitude in power. Note discrepancy between fit
and data for both open circles at low f. The tail at high f is a noise

effect.

large [Fig. 4(a)] and small [Fig. 4(b)] shape-A (circles) and
shape-B (triangles) devices; the power spectra for shape-B
devices have been offset downward by a decade for clarity.
The solid lines in Fig. 4 are fits to theory [Eq. (2)]. These
power spectra were obtained from low-field (|B|<0.3 and
|B|<0.5 T for the small and large devices, respectively)
magnetoconductance data to minimize the effects of trajec-
tory curvature. A fourth-order polynomial was subtracted
from each magnetic-field sweep to remove background mag-
netoconductance associated with the point contacts. As for
the coherent-backscattering analysis above, power spectra
were averaged over five gate voltages. At each gate voltage,
31 half-overlapping power-spectra segments were logarith-
mically averaged to suppress sharp structure at low frequen-
cies associated with periodic orbits.

As shown in Fig. 4, chaotic theory provides a good fit to
the conductance-fluctuation power spectra for the circles
with barriers, suggesting that orbits within the actual devices
are chaotic.!* The fit for data from the open circular devices
is less good: the power spectra for both circular devices are
concave up, in agreement with numerical simulations® for
open circular devices, whereas the power spectra predicted
by chaotic theory are concave down. Nonetheless, the fit pro-
vides a good operational definition of a characteristic area
A, , which quantifies the large differences in power spectra
between the two device shapes in Figs. 4(a) and 4(b).

Table I summarizes the fitted characteristic fields B, and
characteristic areas A , for the data of Fig. 4; the estimated
error (~15%) is largely due to uncertainty in the high-
magnetic-frequency cutoff chosen for the fits. Comparing
conductance fluctuations in our devices we find ratios of
characteristic area A, for shapes A to B of 2.8:1 and 2.9:1
for large and small devices, respectively, and large-to-small
A, ratios of 3.4:1 and 3.3:1 for shapes A and B, respectively.

These ratios agree well with those obtained from our
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coherent-backscattering analysis, suggesting that the electron
trajectories contributing to both phenomena are similar. An
important difference is that the characteristic area for coher-
ent backscattering is expected to be approximately twice that
for conductance fluctuations, because a pair of closed time-
reversed paths are required for coherent backscattering. Av-
eraging over all four devices, we find A, =2.4+0.84,, in
good agreement with theory.
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% Trajectories inside an ideal-shaped B device are integrable since
they differ from those in an open circle by only a mirror reflec-
tion for each collision with the bar. Realistic devices with round-
ing of the bar and disorder are éxpected to possess chaotic or-
bits.



