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Classical and weak localization processes in a tunable ballistic-electron cavity
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The appeal of the lateral surface gate technique lies in the ability to tune the device through applica-
tion of variable gate bias. We apply positive bias to a 250-nm-wide continuous gate, or stripe, defined
above the two-dimensional electron gas of an Al Ga, As/GaAs heterostructure. Following pulsed
light emitting diode illumination, inhomogeneities in the region shielded by the stripe can be annealed by
tuning the positive bias. We employ this technique to introduce trajectory scrambling events into a
ballistic-electron cavity. Through a systematic study of the low-field magnetoresistance of the cavity as a
function of positive stripe bias (tuning the inhomogeneities} and temperature (control of electron phase
coherence), we examine the interplay between geometry-induced weak localization and classical trans-

port phenomena. In contrast to other recent observations of weak localization in the ballistic regime,
our cavity is relatively large (1.8X30 pm ) and the trajectory loops are defined, not by the confining
walls of the cavity, but by the profile of the exit port.

I. INTRODUCTION

Advances in precision electron-beam lithography
(EBL) have made it possible to fabricate devices in which
electrons travel ballistically and maintain their phase
coherence over distances larger than the device size when
cooled to liquid-helium temperatures. ' These devices ex-
hibit a range of magnetotransport effects, induced
predominantly by the artificially imposed geometry rath-
er than intrinsic, material-related scattering processes.
Recent interest has focused on the quantum-mechanical
limit of classically chaotic systems —quantum chaos. ' A
variety of enclosed geometries, or cavities, can be defined
using electrostatic gates constructed above high electron
mobility systems, such as the two-dimensional electron
gas (2DEG) formed at the Al„Ga& As/GaAs interface.
In the traditional mode of operation, a negative gate bias
is applied to establish partial or complete electron de-
pletion under the gate pattern, and patterns have been
designed where the cavity evolves between two distinct
geometries as a function of the negative gate bias. In
this paper we demonstrate a different approach to the use
of surface gates to induce a controlled transition in the
cavity. A positive bias is applied to a 250-nm-wide con-
tinuous gate, or stripe, defined on the surface of an
Al„Ga, As/GaAs heterostructure. Following pulsed
illumination with a light-emitting diode (LED), the re-
gion shielded by the gate is highly inhomogeneous and
this can be annealed in a controlled, reversible fashion by
tuning the positive gate bias. Such a stripe can be used to
introduce scrambling events into a ballistic cavity and to
perturb classical and phase-coherent magnetotransport
processes. We employ the technique to investigate
geometry-induced weak localization, a phenomenon
which is generating considerable experimental ' ' and
theoretical interest. In contrast to recent observations in

submicrometer cavities, we adopt a much more open
geometry (1.8X30 pm ) which supports only a selected
number of phase-coherent trajectory loops, and this elirn-

inates magnetoconductance fluctuations. This
simplifies the weak-localization analysis since uncertain-
ties can arise from separating the weak localization from
the superimposed aperiodic fluctuations. We investigate
the effect of the stripe gating action on the interplay of
classical collimation and weak-localization processes in
the ballistic cavity.

II. DEVICE CHARACTERISTICS

The device, which consists of two split gates in series
and one continuous stripe gate bisecting the region be-
tween the split gates, is shown in the scanning electron
micrograph inset to Fig. 1. The five gates (each of width
250 nm) were defined by EBL and deposited on the sur-
face of a 30-pm-wide Hall bar using the lift-of process.
Figure 1 shows typical gate characteristics taken at 1.5 K
for the component gates, with the split gate revealing
conductance plateaus associated with the formation of a
quantum point contact (QPC). The two QPC's serve as
entrance and exit ports to a confined cavity with litho-
graphic dimensions 8'=30 pm and L, =1.8 pm. To
check for reproducibility of the effects reported, the de-
vice has been thermally cycled five times and, after il-
lumination (see below), the electron mobility and electron
density were in the ranges p=(25 —45) m~V 's ' and
n, =(1.9—3.6) X 10' m, respectively, corresponding to
mean free paths L, =(2—4.5) pm. The QPC's therefore
inject and collect a collimated beam of ballistic electrons
which passes under the stripe traversing the cavity.

Using a red LED mounted on the device header, the il-
lumination process consists of a sequence of 100-ms
pulses at 4 K, with all gates grounded to the 2DECx. In
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FIG. 1. The inset is a scanning electron micrograph of the
five-gate device. Each gate is 250 nm wide. The main traces
show typical characteristics for the component gates as a func-

tion of negative bias. T =1.7 K.

the exposed (i.e., ungated) regions, n, increased due to the
well-known persistent photoconductivity effect, and the
sequence is continued until n, saturates. Typically, n, in-
creased by 40%%uo during the complete illumination pro-
cess. In contrast, the regions under the gate are partially
shielded from the light. The gates consist of a 10-nm Ti
metallization (chosen for its reproducible Schottky bar-
rier and superior adhesion properties) capped by a 40-nm
layer of Pt. Based on our previous low-temperature opti-
cal transparency tests of thin (8 —50 nm) gates, we esti-
mate the skin depth (5) of the gates to be less than 20 nm
at the LED wavelength, and therefore that less than 10%
of the light will penetrate the gate metallization. Not-
withstanding this, diffraction processes will result in a
partial, nonuniform exposure of the shielded region. We
believe that the region under the stripe is described by an
electron density n smaller than the bulk, and which has
a nonuniform spatial distribution. We also note that
electron-beam damage during fabrication will be strong-
est in the gate regions, further adding to the inhomogene-
ous character of the stripe.

Four terminal measurements were made across the gat-
ed region of the Hall bar using low-frequency ac measur-
ing techniques, with typical currents of 10 nA at dilution
refrigerator temperatures. Low-field Shubnikov —de Haas
oscillations indicate an increased homogeneity in the Hall
bar's electron density as positive bias is applied to the
gates. Furthermore, the accuracy of conductance pla-
teaus of the @PC's can be improved by positively biasing
the neighboring gates. Both results are consistent with a
positive bias removing the effect of the presence of a gate.
At magnetic fields su%ciently high for edge-state trans-
port, the stripe rejects selected edge states, allowing a
calculation of ng as a function of stripe bias V, . ' The ra-
tio ng /n, is found to be as low as 40% for zero bias, and
this increases smoothly as a function of positive bias. A

FIG. 2. Magnetoresistance traces with +0.5 V applied to the
stripe: (a) the arithmetic addition of the resistances
R(QPC1)+ R(QPC2) —R(Bulk), (b) the device resistance, (c)
R(QPC1), (d) R(QPC2), and (e) R(Bulk). See text for details of
features X and K The inset shows the ratio ng In, as a function
of stripe bias V, . T=1.7 K and n, =3.6X10"m

typical stripe bias characteristic is shown in the inset of
Fig. 2. Provided biases of 0.7 V are not exceeded, the
gating action is found to be reversible. Higher biases
match the Schottky barrier height (0.77—1 eV), and the
resulting gate leakage current causes a redistribution of
charge in the intermediate material layers, altering the
gating characteristic. Thermal cycling and/or reillumina-
tion similarly results in a modified characteristic.

III. LOW-I IKLD CLASSICAL
MAGNKTORKSISTANCE

Figure 2 shows the magnetoresistance of the device
taken at T = 1.2 K following pulsed illumination
(n, =3.6 X 10' m ). The gating action, characterized
by the same cooldown, is shown in the inset, and from
this we find that the presence of a particular gate can be
minimized by applying a +0.5-V bias. First consider the
behavior of the individual components of the device.
Each QPC separately shows the characteristic negative
rnagnetoresistance associated with magnetic depopula-
tion of the Landau levels in the bulk 2DEG (Fig. 2, traces
c and d). Within the Landauer-Buttiker formalism, ' the
magnetoresistance is determined by the number of occu-
pied subbands in the QP C (X „,) and in the bulk
(Xb„&z ).' " For low magnetic fields, Xq~, is essentially in-
dependent of field and Nb„&k is the number of Landau lev-
els. The four-terminal resistance of a @PC,
(h /2e )(1/Xq&, —1/Xb„&k), then has a negative slope
equal to the Hall slope, as observed. For the stripe there
is a different behavior. When the cyclotron diameter 2R~
is less than the stripe width (B &0.25 T) the number of
occupied Landau levels in the stripe region (N„„,) will,
depending on the gate bias, be less than Nb Ik. The ap-
propriate term (h /2e )(1/X,„„.,—1/Xb„&z) then results
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in a positive magnetoresistance. At lower fields, when
the cyclotron diameter is larger than the stripe width, the
magnetoresistance of the stripe is expected to be
effectively constant, followed by the transition to the
higher-field positive slope. ' ' In practice, due to the
stripe's narrow width, the positive magnetoresistance is
found to be partially suppressed by transmission of elec-
trons across the stripe and, at the +0.5-V bias, can be ig-
nored for the field range considered here. '

In Fig. 2, trace b is the magnetoresistance of the device
with both QPC's formed and the stripe biased at +0.5 V.
The high-field magnetoresistance (above about 0.1 T,
marked Y) closely matches trace a, the arithmetic sum of
the effects of the separate QPC's (with the appropriate
correction for double counting of the bulk contribution).
At fields below Y, there is a dip in the resistance of trace
b and a small central peak (labeled X). The peak will be
discussed below. The dip is attributed to a collimated
beam of ballistic electrons propagating through both
QPC's, "" giving the standard nonadditive result. '

Increasing the field deAects the beam, reducing the num-
ber of directly transmitted electrons until, when Rz
matches L, all trajectories are directed into the upper (or
lower, depending on current and field direction) region of
the cavity where the electrons' phase is randomized. "'
The full angular spread of the ballistic beam, 2o., mea-
sured from the ratio L/Rii (Ref. 1) at the field B, at
which the resistance changes from nonadditive to addi-
tive (i.e., at feature Y) is 98'. In contrast, the angle calcu-
lated assuming classical collimation factors for the QPC
is 74'. '" Previous QPC studies, using a similar cavity
but without a central stripe, also gave an angle larger
than that expected for a classical injector, and the devia-
tion was attributed to electron-diff'raction eff'ects (the
QPC width and Fermi wavelength are of a similar magni-
tude). ' In the case of our device, inhomogeneities asso-
ciated with the stripe will further add to the broadening
of the beam.

Figure 3 shows the same magnetoresistance features as
a function of stripe bias, measured on the same device fol-
lowing thermal cycling and reillumination. The change
in device resistance is due to a change in QPC bias set-
tings: in Fig. 3, the QPCs are tuned to each transmit four
subbands, whilst for Fig. 2 the bias was less negative.
Note that feature Y has moved to lower fields. This is
partly the result of a decrease in n, (2 X 10' m ) and
also the higher QPC bias producing a more collimated
beam (2a =65'). '" As the positive stripe bias is reduced
from 0.5 to 0.3 V, the ratio n /n, decreases and the cavi-
ty becomes less homogeneous, so scrambling the col-
limated beam. This reduction in the number of ballistic
(directly transmitted) electrons is evident in the weaken-
ing of the resistance dip. In the negative bias regime, as
n /n, decreases below 50%%uo and the depletion region
starts to form a well-defined barrier, a broad central peak
emerges accompanied by a large rise in device resistance
(Fig. 3, trace a). This is attributed to ballistic refiection
of electrons by the barrier back through the entrance
QPC. The effect of the stripe on one or both QPCs is, as
a result, highly nonadditive: R (QPC1+Barrier))R(QPC2)+R(Barrier). For example, the extra resis-
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FIG. 3. The effect of stripe bias V, on the device magne-
toresistance. The traces have been vertically offset for clarity.
The V, and zero-field resistances are (a) —0.19 V and 9.68 kA,
(b) —0.04 V and 7.19 kO, (c) +0.13 V and 7.12 kQ, (d) +0.18 V
and 7.15 kA and (e) +0.5 V and 7.26 kA. The bar marker refers
to traces a and b only: the vertical scale of these traces is half
that for the others. T=1.7 K and n, =2X10' m . The inset
shows a Lorentzian fit (solid line) to the data (dots) of trace e.

IV. GEOMETRY-INDUCED
WEAK LOCALIZATION

We now return to peak X. Preliminary measure-
ments' tentatively attribute this feature to a change in
current distribution that accompanies the transition from
low field (p8 «1, where the distribution is determined
by the path of maximum conductivity) to high field
[pB ))1, when the Hall term (o„) dominates and the

tance of the stripe by itself is approximately 500, but
with the QPC's formed it adds a resistance of 3 kQ. Ap-
plication of a magnetic field deAects the backscattered
electrons away from the entrance QPC and suppresses
field at which R~ matches the spacing between the strip
and QPC (0.65 pm, allowing for a lateral depletion of 50
nm). This calculation is in agreement with the measured
width of Fig. 3, trace a. In this negative bias regime, the
well-defined barrier suppresses the ballistic propagation
across the cavity and encourages equilibration of elec-
trons on either side of the barrier. This gives the ob-
served result, expressed by the approximate equality:
R(QPC1+ Barrier) + R(QPC2+ Barrier) =R(QPC1+
QPC2+Barrier). This equation is approximate because,
as has already been noted, the barrier alone adds 500
only whilst barrier plus QPCs adds 3 kA; the important
point here is the resistance added by the interaction of
barrier and QPCs. Suppression of ballistic propagation is
made complete by magnetic fields strong enough that the
electrons are confined to skipping orbits along the edges
of the gates defining the QPCs.
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FIG. 4. (a) The normalized peak amplitude r& as a function
of temperature with a fit using p =

3 (see text for details).
V, =+0.7 V. The inset shows a schematic representation of a
simple trajectory loop created by the rounded profiles of the en-
trance and exit ports. (b) Magnetoresistance of the device taken
at T=50 mK for stripe biases of (a) +0.7 V and (b) +0 V.
Trace b is offset by 250 Q for clarity. n, =2 X 10' m

distribution is determined by local Hall resistance and
hence electron-density variations across the gated region]
behavior. However, the peak width given by p8 =1 is
0.04 T, which is more than twice that observed. Further-
more, the peak's temperature dependence would be ex-
pected to follow that of peak Y since both would be deter-
mined by p. Figure 4(a) demonstrates that peak X has a
much sharper temperature dependence by plotting the
normalized height of peak X (the ratio rz of the heights
of peak X and Y, both measured relative to the resistance
minimum at around 0.01 T) as a function of temperature.
The classical feature Y shows only a small change in
resistance (30 0 over the temperature range shown), indi-
cating a temperature saturation of p. The temperature
dependence of the ratio therefore essentially reflects that
of peak X and can be fitted to the expression
exp( LD/L—&), if we assume L&aT [within the experi-
mental uncertainty the data are consistent with both
p =2/3, shown in Fig. 4(a), and p =1 (Ref. 17)]. This
form suggests a quantum-mechanical origin, with the
process magnitude governed by an electron phase-
coherence length L& (Ref. 17) and a characteristic elec-
tron traversal length LD. We can dismiss injection effects
relating to standing-wave modes supported by the cavity,
since for these to be resolved temperatures below 50 mK
would be required to reduce thermal broadening. Be-
cause the dimensions of the cavity are significantly larger
than the Fermi wavelength (A,+=55 nm), a semiclassical
picture is appropriate: the effect is reminiscent of weak
localization (WL). ' See, for example, Fig. 4(b), showing
the low-field magnetoresistance at T =50 mK. Since the
potential profiles of the QPC's are expected to be round-
ed, ' the device geometry does indeed define time-
reversed pairs of trajectories, each starting and ending in

the same subband of the entrance QPC. The associated
coherent backscattering of the electron waves increases
the zero-field resistance above its classical value by an
amount determined by the electron phase coherence and
hence temperature. The inset to Fig. 4(a) shows a
schematic representation of the simplest trajectory, al-
though more complex reentrant loops do exist. ' Con-
structive interference is lost when the order of one Aux

quantum ($0 = h /e, where h is Planck's constant and e is
the electronic charge) threads the enclosed area A of a
typical loop. For the triangular loop, 8

&
=$0/2 A (the

factor of 2 arises because, in effect, the loop is traversed
twice during the WL process' ) predicts an approximate
peak width of 0.01 T, close to that observed. We note
that negative magnetoresistance features were also evi-
dent in the data from other ballistic cavities incorporat-
ing two QPC's positioned opposite each other, although
the origin of these features was not addressed.

The theory of WL in ballistic devices is highly topical.
The predicted correction to the classical resistance can be
large and for our 50-mK data, Fig. 4(b), the correction is
8%. In the limit 8& ((8„the classical bending of trajec-
tories can be ignored for fields smaller than 8&. The WL
magnetoresistance is then determined only by the phase
difference which appears between the time-reversed
paths, and its exact line shape will be sensitive to the dis-
tribution of loop areas supported by the geometry. Semi-
classical analysis highlights a fascinating feature of ballis-
tic WL, not apparent for the analogous effect in disor-
dered systems the WL magnetoresistance line shape
will distinguish between chaotic and nonchaotic dynam-
ics. For our cavity 8&/8, =0.3, and the inset to Fig. 3
shows a Lorentzian fit to the low-field magnetoresistance
of Fig. 3(e). The half-width of the fit is 0.01 T, identical to
the width calculated assuming the characteristic area to
be that of the simple triangular loop. The Lorentzian
form has also recently been applied to the magnetoresis-
tance of a chaotic geometry. ' The unique quality of our
device lies in the aspect ratio of the cavity. L is
sufticiently small to allow the WL trajectory loops to
remain phase coherent, but 8'is so large that more com-
plex loops, confined by the cavity's width, do not contrib-
ute because of their length. For this reason, aperiodic
fiuctuations, which are seen in the magnetoresistance of
more confined geometries, ' ' ' and which arise from
quantum interference between paths which do not return
to their originating QPC subband, are not generated by
our cavity. Since fluctuations are not superimposed on
the WL magnetoresistance, our device geometry is highly
suited to studies of the WL phenomenon. We note also
that, for studies of WL in submicron stadia, ' ' the en-
trance and exit ports are deliberately offset to eliminate
direct paths which do not interact with the edges of the
cavity. In contrast, for our geometry the ports should be
aligned in order to most effectively define the WL loops;
the effect was not observed in similar cavities where the
ports are offset by 190 nm. '

I'inally, we consider the effect of the stripe on the WL
feature. When the cavity is clean (at the lowest tempera-
tures, to remove phase randomization processes, and
highest positive stripe bias, to remove inhomogeneities)
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the WL process is strongest. The WL loops are scram-
bled by introducing the inhomogeneous region under the
stripe, and the peak therefore decreases as the positive
bias is reduced. Peak X is more sensitive than peak Y to
the introduction of the inhomogeneous region under the
stripe (see Fig. 3) because this region is traversed four
times during the %'L process, whereas this traversal
occurs only once for the classical collimation effect. We
speculate that the variation in the size of peak X between
different cooldowns reflects the sensitivity of the WL pro-
cess to the precise potential profiles of the QPCs and un-
der the stripe [note that the larger peak of Fig. 3(trace
e) compared to Fig. 2(trace b) is also partially attributable
to the narrower beam increasing the number of electrons
directed at the exit QPC, allowing a larger fraction of
electrons to contribute to the WL process]. WL is com-
pletely suppressed at negative stripe biases when the
stripe barrier prevents the majority of electrons from
traversing the cavity.

&. CONCLUSIONS

Following pulsed illumination with a LED, a 250-nm
stripe has been used to tune the homogeneity of a 2DEG

cavity through application of positive gate bias. We have
compared the effect of introducing scrambling events on
the magnetoresistance features generated by the cavity.
We have distinguished a quantum process from the clas-
sical ballistic processes through its increased sensitivity
to both temperature and inhomogeneities introduced un-
der the stripe, and have identified the quantum effect in
this device as geometry-induced weak localization. Due
to the aspect ratio of the cavity, the magnetoresistance
does not exhibit the aperiodic fiuctuations observed in
more confined cavities such as the stadium geometry.
Future experiments will investigate the precise depen-
dence of the WL process on temperature and beam
spread.
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