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Commensurability-Dependent Transport of a Wigner Crystal in a Nanoconstriction
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We present the first transport measurements of a classical Wigner crystal through a constriction formed
by a split-gate electrode. The Wigner crystal is formed on the surface of superfluid helium confined in a
microchannel. At low temperatures, the current is periodically suppressed with increasing split-gate
voltage, resulting in peaklike transport features. We also present the results of molecular dynamics
simulations that reproduce this phenomenon. We demonstrate that, at the split-gate voltages for which the
current is suppressed, the electron lattice is arranged such that the stability of particle positions against
thermal fluctuations is enhanced. In these configurations, the suppression of transport due to interelectron

Coulomb forces becomes important.
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The transport of particles through constrictions is of
fundamental importance in many physical systems. For
noninteracting Fermi gases in quantum point-contacts,
electron conductance is quantized in units of G, = 2¢*/h
[1]. For systems in which interactions between particles
are significant, a rich variety of dynamical phenomena
such as jamming and pinning may be observed at bottle-
necks. Such processes are important at the microscopic
scale, in systems such as vortex matter in superconducting
films [2] and colloids in microchannels [3], as well as in
macroscopic systems such as granular hoppers [4] and
pedestrians negotiating doorways [5]. However, despite
occurring commonly in nature, the transport of interacting
particles through constrictions remains poorly understood.
Here we report novel transport dynamics observed in
a strongly correlated electron system, formed on the
ultraclean surface of liquid helium, passing through a
constriction. With the aid of numerical simulations, we
demonstrate that the electron transport depends on the
geometrical arrangement of particles close to the con-
striction. Remarkably, under certain circumstances, this
behavior leads to a reduction of current with increasing
constriction width. Although we are aware of no previous
demonstration of this effect, similar behavior should be
observable in many other strongly correlated classical
systems and may also be important in quantum wires
when the effects of Coulomb interaction are significant
[6]. As electrons on helium have been proposed as quan-
tum bits with long coherence times, the manipulation of
electron lattices may also be important for quantum infor-
mation processing [7-9].

Surface-state electrons (SSEs) on the surface of helium
form a unique example of a classical, rather than quantum,
two-dimensional electron system [10]. Below 2 K, elec-
trons occupy the ground state of motion perpendicular
to the surface, “floating” 11 nm above the liquid, but
are free to move in the parallel plane with a mobility of
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u~10% cm?/Vs at 1 K [11]. For typical electron den-
sities (n = 10°-10° cm™?), the system is nondegenerate
and, as the relative permittivity of the liquid helium is close
to unity (¢ = 1.054), the Coulomb interaction between
electrons is essentially unscreened. The system undergoes
a transition from a liquidlike state to a triangular lattice, the
Wigner crystal (WC), for ' = 130, where I = e?\/7n/
4meepkpT is the ratio of the Coulomb energy per electron
to the average kinetic energy [12]. Here, e is the elemen-
tary charge, g, the vacuum permittivity, 7' the temperature,
and kp the Boltzmann constant. This expression gives the
melting temperature T,, ~ 1 K for n = 2 X 10° cm™2.

We have previously studied the transport of SSEs in a
split-gate device in the electron liquid regime [13]. As the
constriction was opened, the conductance increased in a
stepwise manner. Each conductance step was attributed to
an increase in the number of electrons able to pass side-by-
side through the constriction, as confirmed by recent
numerical investigations [14]. Here, we investigate elec-
tron transport in a similar device at lower temperatures, at
which the electrons form a WC.

The sample used in this experiment, shown in Fig. 1(a),
was similar to those used in previous experiments [13],
which were fabricated on a silicon wafer by optical lithog-
raphy. Two gold layers of 100 nm thickness are separated
by a 1.7-um-thick insulating layer made of hard-baked
photoresist. The lower metal layer forms the split-gate
electrode of 2.6 um separation and the left and right
reservoir electrodes. The upper metal layer forms a guard
electrode shaped so as to define two arrays of microchan-
nels, which serve as electron reservoirs, separated by a
short channel of 10 wm width, at the center of which is the
split-gate electrode. The microchannel reservoirs, which
are not shown in Fig. 1(a), are geometrically identical to
those used previously [13]. The microchannels are filled by
the capillary action of superfluid “He. The dc potentials V,,
Vo, and Vg, are applied to the reservoir, split-gate and
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FIG. 1 (color online). (a) Scanning electron micrograph image
of the constriction between the two SSE reservoirs.
(b) Resistance of the electron system (R) against T for V, =
Vg = 1.2, 1.0 and 0.6 V. Arrows indicate the melting tempera-
ture of the Wigner solid calculated assuming a saturated electron
density, taking into account the experimentally observed offset
in V.

guard electrodes, respectively. SSE are generated by a
tungsten filament above the sample. A small ac voltage
Vi, with the frequency f;, = 200 kHz is superimposed on
the right reservoir electrode to drive electrons between the
two reservoirs through the constriction. The peak ac cur-
rent / and the electron system resistance R are determined
by the phase-sensitive measurement of the ac voltage
induced on the left reservoir electrode according to a
lumped-RC circuit model [15].

For V, = 0 V, it is found that the surface of the helium
can only be charged when V,,, < —0.3 V. In our previous
devices, a similar effect was attributed to an offset in the
guard electrode potential that may have been due to surface
charging effects or contact, or patch, potential differences.
We therefore write the effective value of the guard elec-
trode potential as Vgu =Va t Vgu, where Vgu =03 V.
The maximum (saturated) electron density in the reservoirs
(n,) is then given by n, = ego(V, — Vy,)/ed. For all the
following results, V,, =0V and V3, = 0.3 V.

The electron density may also be estimated by measur-
ing the temperature dependence of R. For the electron
liquid, resistivity decreases with decreasing 7, while in
the WC regime the formation of a depression of the helium
surface beneath each localized electron leads to an increase
in resistivity with decreasing 7 [16]. In Fig. 1(b), we show
R against T for three V, values. In each case, V, = V.
Under this condition, the dependence of I on V is negli-
gible, indicating that the widely open constriction has a
small resistance, and R is determined mainly by the resist-
ance of the electron system in the reservoirs. For V, =
1.2 V, for which we expect n, = 3.1 X 10° cm~? and
T,, = 1.25 K, R increases as T decreases, indicating that
the electron system is already in the WC regime at
T=125K. For V,=10(0.6) V, we obtain n, =
2.4(1.0) X 10° cm ™2 and T,, = 1.10(0.72) K. These val-
ues for T, lie close to the minima in R associated with the
formation of the WC. These measurements confirm that the

electron system crystallizes at low temperatures and that
our estimate of the electron density in the reservoir micro-
channels is close to the true value.

The results of sweeping V,, for V. = 1.2 V at different
temperatures are shown in Fig. 2(a). Here, we show the
normalized current 1/1,,,, for Vy values between —0.5 and
—2.0V, where I, is the current measured for Vy =
—0.5 V. We note that [, decreases with decreasing tem-
perature; for T = 1.2(0.7) K, I, = 318(175) pA. This
trend is in agreement with the increasing resistance shown
in Fig. 1(b) for V.= 1.2 V. For T = 1.2 K, above the
split-gate voltage threshold of current flow (Vg@), the cur-
rent initially increases in a series of steps, as reported
previously [13]. The first two steps are clear, while the
third is only weakly visible. With decreasing 7', the steps
unexpectedly develop into an oscillatory structure, which
results in peaklike features, the first two of which are
clearly visible. The maximum temperature at which the
first peak can be resolved is 0.95 K. Assuming a saturated
electron density, this corresponds to I' = 164.

The separation between the current steps (or peaks at
low T) is AV, = 200 mV. Following our previous ana-
Iytical approach [13], the electrostatic potential on the
helium surface at the center of the constriction (V}) is
related to Vy by a constant 8. The change in V;, between
the steps is therefore AV), = BAV,. B may be estimated
by assuming that, for a saturated density, the current
threshold is reached when V), = V. By also assuming
the effect of V,, on V, to be negligible, we can write
BV, — Vg@) =V, = Vg AsV,— Vg{ =265V, B=0.34,
and AV, = 68 mV.

In Fig. 2(b), we compare 1/I,,, for T = 1.2 and 0.7 K.
Over the course of the measurement, which takes several
hours, the current threshold is typically observed to drift by
a small amount. This drift does not depend on temperature
and is most probably due to the loss (gain) of a small
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FIG. 2 (color online). (a) I/I,,, against Vi for temperatures
between 0.7 and 1.2 K in 50 mK steps. Here V, = 1.2 V and
Vin = 2 mV,,. With increasing T, each data set is shifted
—50 mV horizontally and 0.08 vertically for clarity. Arrows
mark the steplike increases in current at 1.2 K. (b) Data for
T = 1.2 and 0.7 K with no vertical shift. The 1.2 K data are
shifted by —60 mV horizontally. The numbered arrows indicate
points at which the current is suppressed.
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number of electrons to (from) the thin helium film covering
the surface of the guard electrode [13]. Therefore, the data
obtained at 1.2 K is shifted by V_,, = —60 mV horizon-
tally to aid comparison. This change in Vgt‘ relative to V,
is |Veol/(V, — V&) ~2%. Because the corresponding
change in V,,, and thus n, is of the same magnitude, this
shift represents negligibly small changes in n and I'. The
plot reveals that the peaks appear to be formed by the
suppression of current at low temperatures at points be-
tween the stepwise increases in current. In numerical
simulations of our devices, Araki and Hayakawa have
confirmed that each current step corresponds to the addi-
tion of an electron “‘row’ across the constriction, and that
each step is smoothed due to temporal fluctuations in the
number of rows [14]. This number was most stable at
the center of each step plateau. In Fig. 2(b), this occurs
at the points labeled 1 and 2. We therefore conclude that the
current is suppressed when the number of electrons across
the constriction is close to 1 or 2.

In Fig. 3(a), we show the results of sweeping Vy be-
tween 0.5 and —1.5 V for decreasing V, at T = 0.7 K.
Here, Iy, is the current measured for Vg = 0.5 V. Vg@
increases in equal steps with each decrease in V,, indicat-
ing that for each V sweep, the helium surface is saturated
[13]. I,,.« increases with each decrease in V,, as expected
when the decreasing density of the WC leads to a decrease
in resistivity. For V, = 1.15(0.75) V, I,.« = 224(575) pA.
The lowest value of V, at which the first current peak is
visible is V, = 1.05 V, for which n, = 2.6 X 10° cm?2
and I' = 204. The reason for the discrepancy between
the I" values at which the peak is first observed is not clear,
although inaccuracy in the estimated value of n; may cause
such a disagreement. We also note that n; is the electron
density in the reservoirs, rather than at the constriction
which is more difficult to quantify. The additional struc-
tures at higher V,, in Fig. 3(a) are not understood but could
be related to the sudden increase in the effective width of
the constriction when electrons begin to flow above the
split gates.

1.5+

£1.04

15 -1.0 -05
v, ™)

FIG. 3 (color online). (a) I/I,,, against Vg for V. values
between 1.15 and 0.75 V, T = 0.7 K and V;, = 2 mV,. With
increasing V,, each data set is shifted 0.1 vertically. No horizon-
tal shift is added to the data. (b) / against Vy for Vi, =2 mV,,

and 5 mVpp, T=05KandV,=12V.

In Fig. 3(b), we show I against V,, for two Vj, values at
T =0.5K and V, = 1.2 K. The oscillatory structure re-
mains for Vi, =5 mV,,, for which the current at Vy
0 V is similar to I, for T = 1.2 K in Fig. 2(a). This
indicates that the appearance of the oscillations does not
depend intrinsically on the magnitude of /. However, we
note that the smoothing of these features is observed for
Vin = 10 mV,,,, which is comparable to AV,,. We attribute
this effect to the strong modulation of the electrostatic
potential energy of the electron system, and thus the elec-
tron density at the constriction, over each ac cycle.

We have also performed molecular dynamics simula-
tions of electrons at a constriction. The system of 192
electrons of charge —e, free electron mass m, and position

= (x,y) is confined to a channel-like domain with a
constriction at the center. The Hamiltonian is

S5 (@) i R

i>j

DeVeuR), (1)

2
Ve(R) = V&, tanh( )+ Vs ! )

(mlp)? 1+ (x/€ly)*

where V. is the confining potential. The shape of the
channel is determined by Vgu = —325 mV, the constants
& =1 and n = 1.6 and the length scale [, = 0.665 pm.
The constriction profile is controlled by V. The funda-
mental cell is |x| = 5/, and |y| = [, with a periodic bound-
ary condition in x. Electrons are distributed approximately
in |y| = 0.7, giving n ~ 3.1 X 10° cm 2.

A small dc bias of V; = 0.217 mV is applied to drive the
charges in the positive x direction. The effect of elastic
scattering by helium atoms and ripplons is simulated
by multiplying the factor exp(—Ar/7) to the x component
of the average velocity after each step of integration
At, keeping the velocity relative to the average velocity
unchanged. The mean free time 7=9ps (u =
1.5 X 10* cm?/V's) is chosen to obtain the open current
I},.« = 230 pA which is of the same order of magnitude as
that obtained in the experiment. Since our system is a
straight channel when the constriction is removed, w
much smaller than 10® cm?/V s gives I,,,,, comparable to
the experiment. The temperature is controlled by scaling
the kinetic energy relative to the average velocity. The
system conductance is calculated as G, = I,/V, at differ-
ent temperatures and Vj values. Further details will be
presented elsewhere [17].

In Fig. 4(a), we show G as a function of V, for different
I" values. In all three cases, the conductance becomes zero
below V‘gft ~ —120 mV. Above this threshold, oscillations
in G, are visible for I"' = 98 and are more pronounced for
I' = 131. The oscillation period is AVg =~ 20 mV, which
is similar in magnitude to the experimental value of AV,,.
In Fig. 4(b), we show superposed images of particles for
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FIG. 4 (color online). Results of molecular dynamics simula-
tions. (a) Conductance G, against Vy, for different I' values. Data
for I' =98 and 66 are shifted by 1 and 2 X (MQ)~!, respec-
tively. (b) Superposed images for I' = 131 and different Vj
values. Vy values are shown on each plot. The unit of length
is [y.

I' = 131 and several different V; values obtained at a fixed
time interval over the same duration.

At Vi = —107 mV, where we observe a strong sup-
pression of conductance, images of electrons around the
constriction form a symmetric latticelike configuration
with one electron at the center, surrounded by four elec-
trons. When Vg, approaches —117 mV, the images become
more blurred and, in particular, the fluctuation in the
position of the central electron increases in x. Around
Vg = —117 mV, the central electron’s fluctuation reaches
a maximum corresponding to the peak in G,. At Vg =
—120 mV, this electron begins to be localized to the left of
the constriction and we observe almost no passage of
electrons through the constriction. Similarly, the peak in
G, around Vg = —97 mV coincides with an increase
in particle motion and the suppression around Vg =
—91 mV corresponds to localized and distinct particle
positions. In this case, two electron rows are almost fully
formed at the constriction without the central electron.

For V; = 0, we obtain images (not shown) qualitatively
similar to those for V, = 0.217 mV in Fig. 4(b). Since the
energy associated with the latter is still of the same order of
magnitude as the thermal energy k37 ~ 0.08 meV, we find
it reasonable that the thermal fluctuations in particle posi-
tions are closely related to the conductance of the system,
in accordance with the fluctuation-dissipation theorem for
linear response [18].

The simulations have revealed that, when the geometry
determined by Vj; allows a commensurate, highly ordered
and symmetric configuration, the positions of electrons
around the constriction become stable against thermal
fluctuations and the conductance is suppressed. This in-
creased stability may be regarded as an effective increase
in I' for the particles close to the constriction. A similar
modulation of I' as a function of confinement width
has been observed in numerical simulations of classical

charges in a straight quasi-one-dimensional potential [19].
Related studies have shown that at low temperatures
(large I') the WC should become pinned in saddle-point
potentials similar to ours [20]. We therefore interpret
the current suppression as signifying the onset of pinning
at the constriction when the lattice configuration promotes
the stability of the WC.

We note that the I' values at which the oscillations
appear in the experiment and simulation are different.
Because I' is defined for the bulk electron system away
from the constriction, this discrepancy is most likely due to
differences in the constriction geometry in the two sys-
tems, which influences the interelectron separation and so
interaction strength. However, the observation of current
oscillations in both the experiment and the simulation
indicates that they are a fundamental phenomenon and so
should be observable in other systems of strongly corre-
lated particles passing through bottlenecks.

In conclusion, we have performed the first investigation
of the transport of a classical Wigner crystal on liquid
helium through a constriction. Comparison with numerical
simulations reveals that an oscillation of the electron cur-
rent, which appears as the constriction is opened, occurs
due to changes in the arrangement of the electron lattice
within the confining potential. As electrons on helium are a
model many-body system, our results are applicable to the
transport of many other strongly correlated systems in
confined geometries.
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