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Coherent resonant tunneling peaks are observed in the conductance of a quantum point con
coupled to anopenresonator in a two-dimensional electron gas as we tune the resonator’s dimension
A wavelet based boundary wall method is used to compute both the electronic wave function an
probability current in and around the resonator. We find excellent agreement between the calcula
and measured conductance resonances, and identify fine structure associated with the lemon bill
cavity modes. [S0031-9007(97)04837-0]
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Recent experiments on two-dimensional electron g
(2DEG) systems have examined the effect that the sh
of a quantum billiard can have on its electronic transpo
properties. For example, the power spectrum of magne
conductance fluctuations [1,2] as well as the line sha
of the weak localization peak [3] both show a clea
distinction between devices whose boundary shapes
classically chaotic and those whose shapes are classic
integrable. In related work [4] scarred chaotic orbi
are found to enhance the conductance of resonant tun
diodes. The results of these experiments have provid
a test of semiclassical theory, which assumes electr
carry phase while moving along classical trajectories [5
Although it is possible to discern some information abo
individual orbits in these experiments [3,6], they measu
the entire ensemble of electron trajectories present
the billiards. As a result, it has only been possib
to experimentally examine the statistical predictions
semiclassical theory.

Much of the interest in quantum billiards, however, ce
ters on individual trajectories. For example, the wa
function of a classically chaotic system may be scarred
the remnants of a small number of periodic orbits [7].
this Letter, we describe coherent resonant tunneling m
surements in an open electrostatically tunable resona
These measurements provide a means of examining
effect of individual cavity modes on the transport prop
erties of the device. When the conductance of a qua
tum point contact (QPC) is tuned in the tunneling regim
so that less than one transverse mode is transmitted,
presence of nearby scattering sources can lead to dram
interference effects, as in recent experiments on quan
dot edge states [8,9]. Unlike tunneling experiments in
quantum dot edge states, our measurements are perfor
in zero field, so we probe ballistic electron trajectorie
An even more important distinction is that our resonat
0031-9007y97y79(24)y4806(4)$10.00
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is open, so the quantum states form a continuous spectr
and tunneling occurs into the stable (nonchaotic) modes
the resonator. We have developed a wavelet based te
nique that readily allows us to compute the electronic wa
function and the resulting conductance of an arbitrary tw
dimensional structure. When a realistic amount of dam
ing is included, we find excellent agreement between the
calculations and our experimental measurements, wh
enables us to identify the modes of our resonator asso
ated with each observed conductance peak.

Figure 1 is a scanning electron microscopy (SEM
photograph of the central region of the device. The brig
regions are CryAu gates patterned on the surface of th
GaAsyAl xGa12xAs heterostructure using electron-bea
lithography followed by thermal evaporation. The 2DE
lies 470 Å beneath the surface and has a low tempera
mean free path of 5.0mm. The electronic sheet density
3.5 3 1015 m22 corresponds to a Fermi wavelengthlF ­
42 nm. The reflector gates are circular arcs, 800 n
radius of curvature, centered on the QPC. Although tw
reflector gates are present, only one is energized, so
resonant cavity consists of the point contact and th
single reflector gate. As shown in the circuit schema
included with Fig. 1, the gate voltages applied to th
point contact and the two reflectors are independen
tunable. As a reproducibility check, the roles of the tw
reflectors were reversed [10]. In addition, measureme
were performed on a device where the circular mirro
were replaced by plunger gates with 300 nm long fl
surfaces located 500 nm from the QPC.

Reflection from electrostatically defined gates is pr
dominantly specular [11], allowing the circular mirror to
focus injected electrons back to the point contact. Hen
the device shown in Fig. 1 is a concentric open resona
If we move the reflector gate towards the QPC, the circ
lar symmetry of our cavity is lost, creating an open lemo
© 1997 The American Physical Society
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FIG. 1. SEM photo of the device including a measureme
circuit schematic. Only one reflector is depleted at a tim
By varying Vr , the reflector-QPC spacing in the 2DEG can
adjusted.

billiard [12]. Experimentally this can be accomplishe
by increasing the magnitude of the negative bias app
to the reflector gate. Doing so extends the boundary
the depleted 2DEG regions towards the QPC. A sim
technique was used in earlier electron interferometry
periments [13]. Even though our resonator has rather s
stantial gaps in its boundary, it is still possible to achie
long dwell times for electrons within it. The geometry
such that most of the injected electrons are trapped i
“phase space bottle,” since the classical modes of our
onator are stable and remain confined, except for the h
at the point contact. If the point contact is sufficient
narrow, escape from the cavity through simple classi
backscattering is strongly suppressed, allowing sharp c
ductance resonances to be observed as we tune the di
sions of the cavity.

Holding the QPC at a fixed negative bias, the cond
tance of the device is measured as the voltageVr applied
to one of the reflector gates is ramped. A voltage-bia
lock-in technique (10 mV excitation, 11 Hz) is used to
measure the device conductance. The samples are co
in a dilution refrigerator, and unless noted otherwis
all measurements are made at a sample temperatur
100 mK. Figures 2(a)–2(c) display the device condu
tance as a function of reflector biasVr with the point
contact potentialVpc held at three successively lower con
ductance values in the tunneling regime. BetweenVr ­ 0
and Vr ­ 0.35 V , the electron gas beneath the reflec
gate has yet to be fully depleted. Following depletion
Vr > 20.35 V , strong enhancement peaks in the dev
conductance are observed as the result of coherent
onant tunneling into the open resonator. Figure 2(d)
a curve obtained from the device with the flat plung
The oscillations immediately following depletion for th
flat plunger are not as simple or strong as for the curv
resonator, because focusing by the curved mirror is m
forgiving to disorder [14].

It is interesting to note that the conductance throu
the QPC sometimesincreaseswhen the concentric mirror
is introduced. We have approached this problem in
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FIG. 2. As Vpc is held at three successively more negativ
values (a)–(c), conductance peaks associated with cohe
resonant tunneling are evident at certain reflector bias voltag
In (c) we clearly see that the average device conductance
being reduced by increasing the bias on the reflector ga
Curve in (d) obtained from device with flat plunger gate.

spirit of the Landauer-Büttiker scattering theory [15]. T
this end, we treat the QPC as an absorptive point scatte
embedded in a line which is otherwise completely refle
tive. In the lowest partial wave expansion, including ave
aging over incoming states and summing over both spi
we find that the maximum conductance, corresponding
flux loss on the incident side is2e2yh, independent of the
size of the QPCin the small QPC limit [16]. In agreemen
with this scattering theory, the experimental conductan
is enhanced at resonances in Figs. 2(b) and 2(c), and
proaches, but never exceeds,2e2yh.

Figure 2(c) clearly illustrates that the average condu
tance of devices in the tunneling regime decreases mo
tonically as a more negative bias is applied to the reflect
This is a “cross talk” effect. In the tunneling regime, th
conductance of the QPC is very sensitive to nearby pot
tials, and the reflector gate is close enough that the ne
tive reflector bias pinches down the QPC. It is possib
to remove this effect by normalizing the data to a smoo
background conductanceG0sVr d obtained by repeating the
trace at a temperature of 4.2 K where the quantum int
ference phenomena are suppressed. In Fig. 3(a), we re
the data from Fig. 2(c) using this normalization procedu

In order to understand which cavity modes are respo
sible for the observed conductance resonances, we
formed numerical calculations of the conductance, as w
as of the wave functions inside the cavity, using a wave
4807
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FIG. 3. (a) Experimental conductance trace of Fig. 2(c), n
malized to remove cross-talk effect. (b) Normalized condu
tance of our cavity calculated with20 mm (upper) and35 mm
(lower) dephasing lengths; offset for clarity.

based boundary wall method [17]. Wavelets allow us
use a fine resolution when it is necessary, such as w
computing the multiple scattering between the tips of t
QPC, and a coarser resolution when computing the in
action of two well separated segments of the cavity wa
Because the derivative of the two-dimensional free sp
Green’s function is a known analytic function, both th
wave function and its derivative can be computed w
the boundary wall method, and the probability current
readily calculated. The conductance is found by integr
ing the normal component of the current across a theor
cal “detector” placed in the QPC.

In Fig. 3(b) we plot the conductance of our resona
calculated as a function of the separation between
point contact and the reflector [18]. In order to facilita
comparison with the experimental data in Fig. 3(a), w
present the results of our calculations in normalized for
The largest amplitude conductance peaks in Fig. 3(b)
periodic with spacing equal tolFy2. These conductance
peaks are associated with the simplest stable mode
our resonator, analogous to those of a one-dimensio
interferometer; the wave functions of these modes h
their maxima along the central axis of the resonator, a
there are no angular nodes. Comparing the experime
and theoretical conductance traces in Fig. 3, we
excellent agreement in that both are dominated by th
lFy2 periodic oscillations. In order to align the calculate
and experimental conductances, one need only ass
4808
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a linear relationshipsdLydVr ­ 160 nmyVd between the
applied gate voltageVr and the distanceL moved by the
mirror; such a linear relationship is consistent with th
nearly constant gate/electron gas capacitance calcul
and observed for similar systems [19].

The coherence time of an electron in a classica
closed orbit within the resonator is finite. The resu
ing damping has been introduced into the calcula
conductance traces of Fig. 3(b) by continuing the fr
space Green’s function into the complex energy pla
by an amount equal to2p divided by the coherence
length lf ­ yFtf. The upper and lower traces in tha
figure correspond to coherence lengths oflf ­ 20 mm
and lf ­ 35 mm, respectively. In addition to the domi
nant lFy2 periodic oscillations, smaller amplitude con
ductance peaks are also evident in Fig. 3(b). The
result from more complex stable modes supported
our resonator. As in the lemon billiard [12,17], thes
modes possess higher order angular structure, in wh
the electronic wave function has an even number
angular nodes. Each of these modes produces c
ductance oscillations with a different period, produ
ing the peak splitting evident in the conductance trac
shown in Fig. 3(b). Though not pictured in Fig. 3(b), i
the absence of damping our calculated conductance
hibits extremely sharp Fano resonances, where all of
modes of the resonator appear as distinct conducta
peaks. Shortening the phase coherence length sm
these closely spaced resonances together, producing b
peaks with fine structure from the remnants of the in
vidual modes. As shown in Fig. 3(a), we observe simi
reproducible fine structure in our experimental measu
ments. This structure suggests that our coherent reso
tunneling measurement is sensitive to these comp
stable modes, but that the damping present in our exp
mental system prevents us from clearly resolving the
from the dominantlFy2 periodic modes of our device.

A number of factors contribute to damping in our res
nator. When the quantum point contact is sufficien
wide, our experimental conductance resonances are br
ened by backscattering through the point contact. We
in Figs. 2(a) and 2(b) that the half-width of the first fiv
conductance peaks following depletion drops from 32
26 mV as we constrict the width of the point contac
Eventually, however, we reach a point where further co
striction of the QPC has almost no effect on these ha
widths, indicating that experimental limitations inhere
to gated 2DEG devices rather than backscattering thro
the QPC are now the dominant source of broadening
the resonator. Examples of such limitations include el
tic impurity scattering in the 2DEG, nonspecular bounda
scattering, and distortions in the shape of the bound
potential as it is translated from the surface gate to
2DEG. In a closed cavity, one would not expect the d
order introduced by elastic scattering to broaden the c
ductance resonances. However, we have an open ca
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FIG. 4. The amplitude of the resonance peaks decays
the temperature is increased from 100 to 500 mK. Also no
that the fine structure present in the curves disappears w
increasing temperature. Curves offset for clarity.

in which long electron dwell times are only possible whe
electrons are trapped inside. Elastic scattering events
facilitate escape from the device, effectively broadeni
the experimental resonances.

An intrinsic source of damping is the finite electroni
phase coherence length. At low temperature, dephasin
dominated by inelastic electron-electron scattering. Fo
zero-dimensional cavity such as ours, we know of no c
culation for the inelastic scattering timetf, but experimen-
tal measurements performed with quantum dots in 2DE
very similar to our own showtf to be approximately
150 ps at 100 mK [20,21]. When multiplied by the Ferm
velocity 2.5 3 105 mys, these measurements correspo
to a ballistic dephasing length of35 mm. Experimentally,
it is possible to shorten the phase coherence time by
creasing the temperature. In Fig. 4, we show conducta
traces repeated at 100, 200, and 500 mK. According to
experiments of Clarkeet al. [20] lf at 200 mK is greater
than20 mm, and is still about10 mm at 500 mK. Hence,
the decrease in amplitude of our conductance resonance
the temperature is raised from 100 to 500 mK is eviden
that some electrons experience a dozen or more reflect
within the device before escaping, despite the action of i
purity scattering. The presence of such stable orbits in o
open resonator is further evidence that we have been a
to focus ballistic electron trajectories via reflection from
electrostatic boundaries. Such focusing techniques m
be a useful tool for those interested in “electron optic
[22]. We also see in Fig. 4 that the fine structure presen
our conductance traces is attenuated as the temperatu
raised. This behavior is consistent with our earlier spec
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lation that this fine structure is due to coherent resona
tunneling into the stable resonant modes with higher ord
angular structure; as the phase coherence length decrea
our calculations show that any signatures of such mod
are washed out, leaving only broad, periodic conductan
oscillations like those observed in the 500 mK trace.
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