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Backscattering of ballistic electrons in a corrugated-gate quantum wire
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We observe periodic oscillations in the weak magnetic-field magnetoresistance for quantum wires subjected
to a corrugated gate. This enhanced magnetoresistance is attributed to backscattering of electrons from the gate
corrugations due to direct ballistic trajectories through the multigteer) quantum dot structures. Simulations
of the quantum transport also show evidence of the enhanced magnetoresistance, suggesting that the classical
backscattering trajectories are carried into the quantum behavior of the[ 8@£63-18207)02127-9

It has long been known that the electrical properties ofcorrugated so as to induce a series of couglaat open
mesoscopic semiconductor structures are strongly influencegbantum dots in the wire. We observed enhanced resistivity
by the phase-coherent nature of the electron waves. One @éf those magnetic fields for which selected orbits are back-
the best known examples is the concept of weak localizatiorscattered from the corrugations, thus causing a reduction in
In diffusive systems, weak localization is caused by cohererfhe transmission coefficient at the entrance quantum point
backscattering from the diffusive impurity scattering centerscontact. _ _ -
in which time-reversed paths lead to phase interference and 1he dot array samples were fabricated on a high mobility
enhanced resistivity at a zero magnetic fielBly breaking GaAs/Al,Ga _,As heterojunction wafer. The samples are
time-reversal symmetry, a small magnetic field destroys thdl'St mesa isolated and then the lateral gates are patterned
interference of the paths and dramatically damps the erdSing electron-beam lithography and liftoff of the Ti/Au met-
hanced resistivity. Weak localization has also been observe@lization. The resultant gates are sketched in Fig. 1, and the
in ballistic quantum dots, in which the mean free path iscorr(_espondmg dimensions of the wire and the. corruga}tlons
larger than the dot dimension. Hence, scattering occurs pr@'e indicated there. At 0.6 K, the ungated carrier derlsélty of
marily from the potential walls of the confining barriers, andthe two-dimensional2D) electron gas is 2>7191 cm
weak localization has been attributed to chaotic behaviond the Hall mobility is 480 000 cffV s. A negative bias of
within the quantum dot> However, it has recently been ob- —05Vis suff|c_|ent to deplete the carriers uno_le_r the lateral
served that weak localization can be observed in structuregates thus forming the quantum wire. For sufficiently nega-
defined simply by two quantum point contaéfsso that tive bias, the wire can .be narrowed to a couple(_j dot array.
there is no possibility of chaotic transport. Rather, it wasMeasurements to be discussed here are made ifoffe)
conjectured by these authors that ballistic electrons could b@uantum wire regime, and over the range of gate biases dis-
reflected from the edges of the quantum point contacts, in §ussed below, we estimate that 2—12 modes are present in
manner such that time-reversed orbits arose, and that this IéBe wire. While the quantum point contact can be expected to
to the weak localization. In agreement with this, it has alscollimate the bearfithe symmetry of the point contacts here
been shown that scattering off one or two impurities can lead
to weak localization in a single quantum point confaet, 3.0 pm
view in strong contrast to the normal invocation of chaos for
weak localization. This suggests that the appearance of %
weak-localization-like behavior can arise merely from ballis- \\\
1.0 pm 0.7 um

tic backscattering orbits, in a manner in which phase inter-
ference can arise, such as reflection in triangular G@sn-

sequently, it is of interest to see if other magnetoresistance
peaks, at nonzero magnetic field, can similarly be related to q N ] § 8

“E\Whie it 2 aificalt 1 probe drecty the nature of the &\\\\\\\\\\\\\\\\\\\\\\\\\\\%

time-reversed paths at zero magnetic field, it is possible to

study the enhanced resistance that can arise from phase in- FIG. 1. The schematic diagram of the depletion gates is shown
terference of backscattered electrons in a finite magnetigere. The corrugations induce a similar corrugation upon the elec-
field. Here, we report on the nature of the enhanced magneron gas, but the actual size of the potential will depend upon the
toresistance in quantum wires in which the lateral gate isletails of the self-consistent fields in the channel.
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FIG. 2. (a) The magnetoresistance is shown for a range of gate
voltages. The more negative voltages cause a narrower channt%l
through the point contacts formed by the corrugatidbs.An ex-
panded view of the oscillatory part of the conductance for the cas
of Vg=—1.2 V.

FIG. 3. The effect of temperature is only weakly observed on
e oscillatory parts of the conductance, but is a big effect on the
weak localization. Ir(@ the data are shown farg=—1.2 V, while
fh (b) the data are shown for2.0 V.

peaks have been labeledb, b’, b”, ¢, andc” in this figure.

should lead to the majority of injected carriers being directedt is important to note that these peaks do not occur in a wire
directly down the quantum wire. Current-biased measurein which only one side is given the corrugatidiience, it
ments were performed utilizing a four-probe configurationmay be concluded that these peaks arise from processes
with two lock-in amplifiers. The bias current in the sample iswhich involve both corrugations themselves in a fundamen-
kept sufficiently low so that the bias across the sample isal way. Backscattering from the corrugations is such a pro-
kept below 1uV. The mean free path of the carriers is esti- cess.
mated to be more than A4m, which is considerably larger Itis commonly observed that quantum interference is gen-
than the dimensions of the wire, and we estimate that therally accompanied by a very strong temperature depen-
wire is in the quasiballistic limit, with little scattering from dence. In Fig. 3, we show two magnetoresistance traces ob-
within the wire itself. tained at different temperatures, and for two different gate

In Fig. 2@, we plot the magnetoresistance of the wire atvoltages. From this, it may be seen that the central peak at
several values of the gate bias. In each case, there is a cleBe0 is very rapidly damped with temperature, reinforcing
weak-localization peak at zero magnetic field, and a stronghe observation that this is likely a phase-coherent weak lo-
general negative magnetoresistance that persists to beyouoédlization. On the other hand, the backscattering peaks are
0.2 T. This latter is felt to be due to the general enhanceanly weakly damped in going to the higher temperature. This
coupling to the wire at the input contact that arises as the 23uggests that this is not a phase-coherent property, but is the
electrons undergo less back scattering from the entrance e¢sult of semiclassical orbits reflecting and backscattering
higher magnetic fields. Superimposed upon the general into the input quantum point contact.
negative magnetoresistance is a series of additional peaks With the gate bias applied, the actual potential profiles are
with the most prominent occurring in the range 0.05-0.2 T ahot those indicated from the metallization of Fig. 1. Rather,
each gate voltage. These peaks occur in each trace, but arere is edge depletion around the gates and this leads to
most pronounced in the trace fdfy=—1.2 V. We have noticeable rounding of the corrugations, both at the tips and
subtracted the background magnetoresistance and plotted the point where they join the gate proper. Consequently, it
just the peak structure in Figs(® for this latter trace. These is possible for carriers to be deflected by the magnetic field
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FIG. 5. Comparison of the theoretically calculated resistance
fluctuations and the experimentally observed fluctuations. The
single peak near 55 mT in the experiment seems to be two closely
spaced peaks at 47 and 58 mT.

(b)

FIG. 4. (a) The conceptual source of the magnetic-field-inducedthe experiment. It is clear that the quantum calculation shows

backscattering orbits that lead to enhanced resistance is sketch€§hanced resistance at peaks corresponding to those ob-
here. (b) More complicated orbits are thought to give rise to extra S€'Ved in the experiment. The theory, however, suggests that
resistance peaks. the peak at about 50-55 mT is actually composed of two

contributions, the previously designatbd58 mT), and the

so that they strike the corrugation, are reflected across thaissingc’ (47 mT). This gives rise to the rather broad single
wire to the other side, and then so deflected that they arispeak seen in the experiment. It should be noted that the
back at the entrance point contact. In Figa)4 suggested rounding of the potential, both in the corners of the “dots”
orbits for peaksa, b, and c are indicated schematically. and at the peaks of the corrugations, is crucial to provide the
These three peaks correspond to transit through one, twproper angle for reflection that gives rise to the backscatter-
and three dot regions before back reflection. Pdakeand ing peaks. This rounding is a natural result of the self-
b” are thought to be variants of orltit and these are shown consistent potential in the wire. The simulations are consis-
in Fig. 4(b). It must be emphasized, however, that these ortent with the idea that corrugation shape is crucial in
bits are only suggestive, and we will deal with actual simu-determining the backscattering orbits. We obtain qualita-
lated orbits belowObviously, with such an open structure, tively similar results using different degrees of rounding, but
many other orbits than the ones shown in the figure can bthe position of the peaks is highly dependent on the shape.
conceived. However, the orbits that we have used in thig€ven small changes in the shape of the corrugation tips can
figure have the important property that theymmetricna- make a significant difference.
ture allows for the particles to be backscattered all the way While the backscattering arises from specific semiclassi-
from one end of the structure through a few dots and back teal trajectories, it is clear that these are replicated in the
the entry contact. Such orbits cannot occur in a single-sidequantum-mechanical simulation of the wire, and strongly af-
corrugation which, as we have mentioned, does not show thiect the wave functions themselves. In Fig. 6, we plot the
backscattering peaks. results of classical billiard simulations and those of the quan-

Enhanced resistance at a given magnetic field arises fromum simulation for comparison for a field of 22 m(peak
a reduction in the transmission through the wire, and thic). Only the backscattered trajectories are plotted for the
reduction is due to the onset of the backscattering process|assical case. Pan¢h) shows the classical backscattered
whether quantum or classic&t*! The backscattering here is trajectories in all four dots, whiléb) enhances just the last
unlikely to be due to phase coherence within the loop, altwo dots. For comparison, we plot the quantum simulation
though this may play a part in the amplitude of the enhancedesults in(c). It is clear that the regions of high probability
resistance, as will be discussed below. This is reinforced bgensity(dark areascorrespond to the regions of large num-
its weak temperature dependences, in contrast to the strofgers of backscattered trajectories. We must remember that
temperature damping observed in the weak localiza@mon  this is an open system and the “resonances” in the wave
phase-coherent peglRather, it is likely to be due to simply function must arise from the backscattering processes. A
the reduction in transmission caused by the backscatteringimilar behavior is seen at each of the other peaks. While it is
process. Nevertheless, this process, and the classical orbitiear that there is a great deal of similarity in the classical
that result, carry over to a quantum-mechanical treatment cdind quantum simulations, it is just as clear that the concep-
the transport. We have carried out a simulation of the corrutual orbits of Fig. 4 are quite simplified, although they con-
gated quantum wire using a stabilized variant of the latticevey the generic idea of the backscattering processes. More
transfer-matrix approacht? The experimental data and a detail will be published elsewhere.
calculated conductance curve are shown in Fig. 5. The latter In summary, we have observed enhanced magnetoresis-
has been smoothed to correspond to the finite temperature tdnce peaks which are clearly connected with ballistic back-
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FIG. 6. Results of classical and quantum
simulations. (@) The backscattering trajectories
for the classical particle injected at the left-hand
side of the structure for 22 mTb) Enhancement
of the last two cells.(c) The quantum wave-
function amplitude shows a behavior that sug-
gests the carryover of the classical orbits into the
quantum regime. This figure shows the wave
function in the last two cells of the four cell struc-
ture.

scattering trajectories in the corrugated-gate quantum wirecaused by ballistic reflections from generic scattering edges
The presence of the backscattering is clear evidence for thie the quantum structures.

stability of classical orbits in the quantum structure that com-

poses the wire, and the fact that these orbits are exceedingly The authors would like to express their appreciation to
sample specific. Moreover, the presence of the enhancdder Omling and Dragica Vasileska for many helpful discus-
magnetoresistance in the quantum simulations is substantigions, and to the former for sharing results of their experi-
support for the extension of the classical orbits into quantumnents prior to publication. Portions of this work were sup-
contributions to the overall density of states of the systém. ported(Chiba U) by a grant in aid for the Science Research
Simulations of both the classical orbits and the quantunProject on the priority area of “Single Electron Devices and
wave functions suggest a deeper connection to the enhancé&tieir High Density Integration” from the Ministry of Edu-
magnetoresistance. Finally, the observation of these orbitsation, Science, and Culture of Japan, dA&U) by the
and backscattering peaks is support for the existence of @ffice of Naval Research and the Defense Advanced Re-
weak-localizationlike behavior at zero magnetic field that issearch Projects Agency.
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