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Nonlinear Transport of the Wigner Solid on Superfluid *He in a Channel Geometry
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Nonlinear transport of electron crystal floating on superfluid *He is investigated in channels 8 and
15 wm in width, where the electron velocity and driving electric field are uniform. At a high excitation,
we observe a jump in the velocity caused by the decoupling of the electrons from the underlying surface
deformation. The obtained driving field at the jump indicates that the decoupling occurs from the
dynamically deepened surface deformation as a result of the Bragg-Cherenkov scattering of surface
waves. Our results also account for the unusual nonlinear transport reported by Glasson et al. [Phys. Rev.
Lett. 87, 176802 (2001)] considering the electrode geometry.
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Two-dimensional electrons floating on the surface of
superfluid “He form the best model system for strongly
interacting electrons [1,2]. This system also provides a
unique opportunity for investigating concerted effects be-
tween electrons and a soft interface. A number of distinct
phenomena associated with the interaction with a free
surface of liquid “He have been observed, in particular,
in an electron crystal or the so-called Wigner solid (WS)
phase, where electrons are self-trapped in commensurate
surface deformation called the dimple lattice (DL).

The WS moves as a whole keeping the hexagonal lattice
under a driving force parallel to the surface. An electron
radiates surface waves (ripplons) when traveling faster
than the ripplon phase velocity, as in the case of the
Cherenkov radiation, and the ripplons emitted by different
electrons interfere constructively if the wave number of the
ripplons equals the reciprocal-lattice vector of the WS (the
Bragg condition). This resonant Bragg-Cherenkov (BC)
emission of ripplons gives rise to the limitation of the
electron velocity, which was first observed by Kristensen
et al. [3] and analyzed by Dykman and Rubo [4]. Another
intriguing nonlinear phenomenon, a sharp rise in mobility
at a much higher excitation, was found by Shirahama and
Kono [5,6]. The rise was attributed to the decoupling of the
WS from the DL, and the observed features were qualita-
tively understood by the decoupling from an undeformable
rigid DL. Later, Vinen proposed, using a simple hydro-
dynamic model, that the decoupling occurs from the DL
that deepens due to the BC scattering, and this bridges the
two above-mentioned phenomena [7].

Although Vinen’s model provides the qualitative picture
of the decoupling mechanism from the BC state, its quan-
titative understanding is still poor because of the following
difficulties in the experiments associated with the Corbino
geometry, which has thus far been used for the studies of
nonlinear transport. There, a large electron velocity distri-
bution smears the nonlinear features. Moreover, the mag-
netic field, which is usually applied in Corbino experi-
ments, makes the interpretation complicated owing to the
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presence of the shear elasticity in the WS phase [8,9]. For
quantitative discussion of the decoupling mechanism, a
study on a uniform electron velocity distribution in zero
magnetic field is required.

In this Letter, we report the nonlinear transport of elec-
trons confined in a channel under zero magnetic field.
Owing to the uniform distributions of the electron velocity
and the driving electric field along the channel, we can
make quantitative arguments about the two important is-
sues. First, we discuss the decoupling mechanism. The
driving field required for the decoupling directly suggests
that the decoupling occurs from the dynamically deepened
DL as a result of the BC scattering. Next, we argue the
unusual nonlinear transport reported by Glasson et al. [10].
We show that the unusual behavior they observed arises
owing to the geometry they used.

Transport properties are investigated for electrons con-
fined in channels 8 and 15 wm in width W using the device
shown in Fig. 1(a). It is a double-layered structure with top
and bottom electrodes made of an Al film separated by an
insulating SiO, layer [Fig. 1(b)]. The bottom electrode
consists of source, gate, and drain electrodes adjacent to
each other with 100 nm gaps, which are positively biased
with Vg, Vi, and Vp, respectively. The top electrode, called
the guard electrode, has a pattern of the array of channels
connected to each other, as shown in Fig. 1(a). The SiO,
layer within the channels is removed to form the vertical
groove, and it is filled with capillary-condensed liquid “He.
Electrons are charged on the liquid surface and confined
into the channels by a negative voltage applied to the guard
electrode V-

The electrons located in the center channel form the
quasi-one-dimensional conduction path (896 wm in length
L for the 8 um-wide channel). At both ends, the channel is
connected to electron reservoirs, which are composed of
the arrays of channels seen in the left and right parts of the
device [Fig. 1(a)]. Thus, this system is schematically
viewed as Fig. 1(c). Electrons in the reservoirs capacitively
couple to the corresponding source or drain electrode. An
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FIG. 1 (color online). (a) Device for the resistance measure-
ment of the 8§ um-wide channel. (b) Schematic vertical cross
section. The device is located 0.5 mm above the level of bulk
liquid “He, and the channel is filled with the capillary-condensed
liquid. (c) Schematic model of the system. (d) Lumped-constant
circuit model. R is the resistance of the electrons in the center
channel. Cy (Cp) represents the capacitance between the elec-
trons and the source (drain), and C (C},) is that between the
electrons and the guard.

ac voltage V;, applied to the source induces the current / in
the center channel, and the induced current is detected by
the drain. The velocity of electron v in the center channel is
deduced from v = I/(enW), where e is the elementary
charge and n is the electron density. Because of the long
center channel, this system can be modeled as the lumped-
constant circuit shown in Fig. 1(d). The resistance R of the
center channel is obtained by analyzing the detected cur-
rent with this circuit, and the electric field £} along the
channel is deduced from Ej; = RI/L. Data presented here
were obtained for Vyuq = —0.10V and Vg =V, =

= +0.25 V with V;, of 100 kHz. The electron density
n is determined by the cutoff of the current when V; is
negatively biased with respect to Vs [10,11]. The electrons
experience the holding field normal to the surface E| =
en/[eo(1 + g)], where g is the vacuum permittivity and &
is the relative permittivity of liquid *He. We performed the
study for the 8 and 15 wm-wide channels and found es-
sentially the same nonlinear behavior for both. In this
Letter, we discuss only the results obtained for the
8 wm-wide channel.

The advantage of the long channel geometry is the
uniform distributions of v and Ej. It was confirmed by
simulating the distribution of current in a linear regime by
taking into account the pattern of the reservoir channels
[12]. The simulation for the 8 wm-wide channel shows that
v and E)| are uniform within 5% along the center channel.
It also indicates that the resistance obtained by assuming

the lumped-constant circuit [Fig. 1(d)] is only 1.04 times
larger than the actual resistance, proving the validity of this
circuit analysis.

Figure 2 shows R as a function of temperature 7" for the
8 um-wide channel. In the electron gaseous phase at high
temperatures, R decreases with lowering 7, and closely
follows the theory in which the mobility is limited by
scattering with helium vapor atoms and ripplons [13], if
the theoretical R is multiplied by a factor of 1.15. This
factor is slightly larger than the value due to the above-
mentioned simulation (1.04), but it indicates that the ab-
solute value of R is accurate within about 10%. With a
further decrease in temperature, the WS transition occurs at
the temperature T2° when the plasma parameter becomes
around 130 [1]. Below 72P, a strong excitation dependence
of R is observed. Particularly for Vi, = 8.0 mV, ., R
drastically increases due to the BC scattering, as discussed
below.

Figures 3(a)-3(c) show the excitation dependences of R,
v, and E); in the WS phase. The linear transport region is
not seen even at small V;,. R drastically increases with V;,,
followed by a sharp drop at V. At V;, < VI, v exhibits a
clear plateau, as seen in the inset of Flg. 3(b). The plateau
extends to a higher V;, at a lower 7. The slight tilt of the
plateau is due to the systematic error in the current mea-
surements at such a high resistance. At VI, v jumps to a
much higher value, accompanied by a sharp drop in R. The
transition is sharp at low temperatures, while it is smeared
near T2P.

The velocity at the plateaus is close to the ripplon phase
velocity v, = w(Gy)/|G{| = 6.9 m/s at the first
reciprocal-lattice vector G; [dashed line in the inset of
Fig. 3(b)], where w(q) is the angular frequency of the
ripplon with a wave vector q. This fact proves that the
BC scattering occurs in the plateau region [3,4]. Many
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FIG. 2 (color online). Temperature dependence of R of the
8 wm-wide channel for V;, = 1.4, 4.0, 8.0, and 14.0 mV,,,;. The
arrow indicates the melting temperature of the WS (the plasma
parameter is 130). The solid line indicates the resistance calcu-
lated from the theoretical mobility [13] for E; = 6.5 X
10* V/m, multiplied by a factor of 1.15.
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FIG. 3 (color online). V;, dependences of (a) R, (b) v, and
(c) Ej in the WS phase. Arrows in (a) and (c) indicate Vf,‘} and
Ehh, respectively. The inset of (b) is the expanded view of the
low-velocity region. The dashed line indicates v;.

ripplons are emitted by different electrons, and these rip-
plons with a wave vector Gy interfere constructively. The
emission rate increases divergently as v approaches v,
setting the upper limit on v. This process makes the dimple
deeper resonantly, resulting in the strong increase of the
frictional force acting on the DL [9], and thus the observed
increase in Ej.

At Vy,, the BC state finally breaks into the high-velocity
state due to the strong driving field Ehh [Fig. 3(c)]. This is
caused by the collective decoupling of the electrons from
the underlying DL. The DL disappears and the decoupled
WS moves as a whole with a velocity much higher than v,
[14].

Figure 4 shows the threshold field Ehh as a function of 7.
Ehh continuously decreases with increasing 7" and smoothly
vanishes at T2P. This smooth decrease is not due to the
confinement but a common feature of the electrons on
liquid “He because a very similar 7 dependence was ob-
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FIG. 4 (color online). Temperature dependence of E. Solid

line and dashed line represent Efh, for n =571 X 10> and

7.43 X 10" m~2, respectively (see text). Arrows indicate T2°.

served in the threshold driving force (the Lorentz force) on
bulk “He, that is, the threshold voltage [5,6] and the
threshold magnetic field [14].

Shirahama and Kono considered that the decoupling
occurs when the driving force ( — eE) in our case) exceeds
the maximum restoring force produced by the combination
of the shape of the DL and eE| [5]. They assumed, for
simplicity, that the shape of the dimple is the same as the
stationary one, which does not change during the decou-
pling process (rigid dimple model), and succeeded in ex-
plaining the dependence of their threshold voltage on some
parameters. The threshold field Eglgid calculated in this

rigid dimple model is shown in Fig. 4. For the calculation,
we use the fact that the shape of the DL in the stationary
state is determined by the balance of the surface tension
and the pressure from the electrons [15]. E}}fgid decreases
with increasing 7" because of the shallowing of the dimple
due to the thermal displacement of the electrons and jumps
to zero at T2P as a result of the sudden disappearance of the
DL [16]. The calculated E® . is several times smaller than

rigid
the observed Ehh

The BC scattering, however, occurs before the decou-
pling, and thus, the WS should decouple from the DL that
deepens due to the BC scattering. The decoupling includ-
ing the deformation of the DL was discussed by Vinen with
a simple hydrodynamic model [7]. He showed that, in the
liquid with no damping, the depth should diverge as v
approaches vy, and therefore, the WS never decouples. In
practice, damping such as the natural damping of ripplons
exists in the liquid, which limits the dimple depth. The
dimple depth and therefore the maximum restoring force
produced by the deepened DL are inversely proportional to
the damping parameter within the hydrodynamic calcula-
tion [7,17]. The observed enhancement of Ej over Eff,;; in
Fig. 4 strongly suggests that the decoupling actually occurs
from the deepened DL. However, the increase in the depth

is only on the order of E|!/Ef,, and it is much smaller
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FIG. 5 (color online). (a) Device similar to that employed by
Glasson et al. [10]. The center channel is 160 um long and
15 pm wide. (b) v as a function of V;, obtained with this device.
The dashed line indicates v;. Inset: E} as a function of v
obtained by assuming the lumped-constant circuit [Fig. 1(d)]
(see text).

than that expected from the extremely small natural damp-
ing of ripplons [18]. The damping also arises from the
escape of the ripplons from the BC scattering area to out-
side. This may limit the dimple depth, but it cannot explain
the gradual decrease in Ehh as T approaches T2P. Because

E|f' continuously vanishes at 77", the property of the WS

seems to be involved in the decoupling mechanism.

Now, we compare our results with those reported by
Glasson et al. for the 16 um-wide channel [10]. They
observed an oscillation of Ej as a function of v and
attributed it to the dynamical ordering of the electrons
into parallel filaments. However, our results (Fig. 3) are
quite different from theirs despite the similar device used.
The difference between both experiments is that their
device has a much shorter center channel and a different
pattern of the reservoir channels. To clarify the origin of
this discrepancy, we also fabricated a similar pattern of
channels as they employed [Fig. 5(a)]. v in the center
channel obtained for this device is shown in Fig. 5(b).
Note that v is deduced directly from [/ without the
lumped-constant circuit analysis. v exhibits a stairlike
increase with V;,, and this behavior is explained in terms
of the BC scattering and decoupling transition as follows.
The first plateau corresponds to the BC scattering-limited
velocity in the center channel, as indicated by the dashed
line in Fig. 5(b). With increasing V;,, the decoupling occurs
in the center channel, followed by the BC scattering at the
two innermost reservoir channels, resulting in the second
plateau. Such successive BC scattering and decoupling in
the reservoir channels cause the stairlike increase of v. If
we calculate R, or namely Ej, by assuming the lumped-
constant circuit shown in Fig. 1(d) though the analysis with
this circuit is not justified for the short center channel, we
obtain an oscillating behavior in E| as a function of v [inset
of Fig. 5(b)], which is similar to that reported by Glasson
et al. Thus, the oscillating behavior is not intrinsic but
artificial.

In summary, we investigate the nonlinear transport of the
WS in channels 8 and 15 pum in width. Owing to the
uniform distributions of v and Ej, we observe the BC
scattering-limited velocity and the decoupling transition
more clearly than any other experiments. Our results natu-
rally explain the unusual nonlinearity reported by Glasson
et al. by considering the geometry. Apart from this, the
observed enhancement of Ehh over Ei‘i’gid directly indicates

that the dimple depth dynamically increases due to the BC
scattering and that the decoupling occurs from the deep-
ened DL. However, the magnitude of Ehh and its tempera-

ture dependence are not explained yet. Because the
difficulties associated with the magnetic field and the in-
homogeneity of v and Ej are removed, the obtained Ehh

should be unambiguously explained.
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