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We present measurements of the conduction of nondegenerate free electrons along a low-dimensional
channel at low temperatures, using surface-state electrons on liquid helium in novel microelectronic
devices. Above 1 K, the electrons form an ideal classical Drude conductor. Below 1 K, Coulomb in-
teractions produce electronic spatial order, leading to strong non-Ohmic effects and negative differential
conductivity. Evidence is presented for self-organized current filaments in the channel, created by a
nonequilibrium phase transition. Periodic conductance oscillations suggest an anisotropic spatial order
with lines of electrons along the channel edges.
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The conductivity and ground state of two-dimensional
(2D) electrons are strongly affected by electron-electron
interactions [1] in semiconductors (including organic semi-
conductors [2]) and in surface-state electrons on cryogenic
substrates [3]. Examples are the fractional quantum Hall
effect [2], the unexpected metal-insulator transition [4] in
Si and GaAs, and the crystallization of electrons on liq-
uid helium [3]. In the low-density limit, or in very high
magnetic fields, the theoretical ground state is the classical
2D Wigner crystal. In semiconductors, material defects
can produce carrier localization to give a statically pinned
crystal [5], or a Wigner glass, whereas a moving 2D crystal
on superfluid helium can be dynamically pinned [6] to the
surface vibrations, or ripplons. Pinning produces a charac-
teristic nonlinear conductivity [7]. We report new experi-
ments, dynamically probing a classical Wigner electron
solid that is laterally confined within a narrow microchan-
nel [8,9] on helium. Moving the crystal along the channel
generates a new, dynamically ordered, striped phase of cur-
rent filaments. As the driving field increases, a nonequilib-
rium phase transition occurs in which a central crystalline
region coexists with edge currents consisting of discrete,
and mobile, lines of electrons.

Surface-state electrons on liquid helium are attracted by
a weak positive image charge in the liquid and are held
by a vertical electric field Ez. Below 2 K, they are in the
lowest energy level for vertical motion, “floating” about
11 nm above the surface [3].

We have fabricated novel microelectronic devices to
create microchannels [9] 16 mm wide with a depth d �
1.6 mm (Fig. 1). These are placed above the free surface
of superfluid helium, filled by capillary rise, and are
charged with electrons by thermionic emission from a fila-
ment. Electrons above the metallic guard electrode drain
away through the thin van der Waals helium film. The
electrons are controlled by dc potentials on the underlying
source, drain, and gate electrodes, giving a three-terminal
device. An audio frequency (v�2p � 5 20 kHz) voltage
1 0031-9007�01�87(17)�176802(4)$15.00
Vd is applied to the source electrode and drives an ac
source-drain current I via capacitative coupling to the
electrons, Fig. 1(c) [10]. The magnitude of the capacita-
tive current jIj enables us to calculate the area of the
electron sheet and shows that the effective width of the

FIG. 1. The new microelectronic devices. (a) Schematic of an
electronic microchannel: two Au layers were evaporated on a
semi-insulating GaAs wafer, separated by 1.2 mm of hard-baked
resist, using e-beam lithography. The lower gold layer forms a
source, drain, or gate electrode, while the upper layer is a guard.
(b) Photograph of the device: the side channels increase the
capacitance of the source and drain electrodes. The dimensions
of the device are 428 mm 3 952 mm. (c) Circuit diagram: the
source, gate, and drain electrodes are capacitatively coupled to
the electrons (shaded areas).
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conducting channels is W � 10 mm. The average inter-
electron separation is typically �0.5 mm with N (�20)
electron spacings across the channel. A negative gate
voltage DVg cuts off the current by depleting the electron
density over the gate electrode, as in a field effect tran-
sistor. The maximum 2D electron concentration n m22

can be determined from the expression for a capacitance
n � ´´0DVg�ed.

The effective resistance per square, or resistivity, r�T�
of the 2D electron sheet in the channel is found from the
phase shift f and is plotted versus the temperature T in
Fig. 2. The resistance above 1 K is Ohmic, independent of
the excitation voltage and the electron drift velocity. Elec-
trons are scattered by 4He vapor atoms and the resistance
falls as the vapor pressure decreases, Fig. 2(a). The solid
line shows a theoretical fit [11] to the data. The electrons
form a classical conductor (i.e., not Fermi degenerate), as
originally proposed by Drude [12], but in two dimensions.

A striking change occurs below 1 K, as the effective
resistance unexpectedly rises, Fig. 2(b), and becomes
strongly non-Ohmic, increasing with the excitation volt-
age. It reaches a maximum close to the theoretical melt-
ing temperature of the Wigner crystal at Tm � 0.225 3

1026n1�2 corresponding to the maximum density. We
associate this nonlinearity with the transition from an
isotropic electron fluid at high temperatures to a spatially
ordered phase near Tm. The amplitude dependence of
the current I versus Vd at 0.52 K, below Tm, is shown
explicitly in Fig. 3(a). The capacitative component, Im�I�,
increases with drive, while the resistive component, Re�I�,
shows a distinctive nonlinear behavior. The in-plane elec-
tric field amplitude E in the central channel, and hence the
force F � 2eE felt by the electrons, is E � fVd�L �
Re�I�Vd�jIjL, where L is a characteristic length for the
device (395 mm). This field is shown in Fig. 3(b) versus
the electron drift velocity amplitude y �

p
2 jIj�neW .
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FIG. 2. Effective resistivity r�T � of the electron sheet. The
electrical resistance R � Kr (K is a geometrical constant) of
the device is measured from the phase shift f � Re�I��Im�I� ~
vCR, where C is the source-drain capacitance and Re�I� and
Im�I� are the resistive and capacitative components of the ac
source-drain current I . (a) r�T � above 0.8 K (�) for n � 5.1 3
1012 m22. The line shows theoretical calculations. (b) The ef-
fective r�T � below 0.8 K for electron velocity amplitudes of
16 (�), 31 (}), and 64 ��� m�s, for n � 3.5 3 1012 m22

(Tm � 0.42 K).
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This is the ac force-velocity characteristic F�y� for elec-
trons in the channel. Measurements at different frequen-
cies clearly show that the nonlinearity depends on the
electron current density, or electron velocity, and not on
the applied voltage.

The novel significant feature is that this field is almost
constant at E � Emax for y . 30 m�s. The force remains
the same as the velocity increases. The effective resistance
of the device R ~ E�Vd then decreases as V 21

d . A linear,
Ohmic region occurs only at velocities ,7 m�s [Fig. 3(b)
inset]. This velocity value indicates that surface vibrations,
or ripplons, on the helium are responsible for the nonlin-
earity. Measurements [6,7] of the magnetoconductivity
of the 2D electron solid on bulk helium show a sharp
increase in the resistive force as the drift velocity of the
crystal approaches a critical velocity y1. This is due to the
Bragg-Cerenkov radiation [13] of coherent ripplons, whose
wavelength equals the electron lattice spacing (i.e., the rip-
plon wave vector q � G1, the first reciprocal lattice vector
of the crystal). As the crystal drift velocity v approaches
the phase velocity of these ripplons, y1 � 4.03 3

1023n1�4 m�s, the drag force diverges as F�v� ~ 2v�
�1 2 y�y1�12b�G�, where b�G� � 0 at low temperatures
[13]. This force dynamically pins the moving Wigner
crystal at y # y1. The crystalline order produces nonlin-
ear conductivity via coherent ripplon scattering. For the
electron density in Fig. 3, y1 � 7.1 m�s, close to the end

FIG. 3. Nonlinear response. (a) The capacitative Im�I� and re-
sistive Re�I� components versus rms drive voltage at 0.52 K for
n � 9.8 3 1012 m22. (b) The in-plane electric field E�y� versus
the electron drift velocity amplitude y (field-velocity character-
istic). The inset shows the Ohmic region at low velocities with
a mobility of 3.0 m2�V s. The model diagrams show the current
filaments at points A, B, and C on the characteristic.
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FIG. 4. Oscillations in the electronic response. (a) The field-
velocity characteristic E�y� for electrode voltages of 1.8 (data
I), 1.2 (II), and 0.8 V (III), relative to the guard potential, for
n � 3.0 3 1012 m22. The lines are guides to the eye to show
the “switching” of the characteristic. (b) Molecular dynamics
simulations [22] show the trajectories of electrons in a channel
just above the melting temperature. The solid line shows a cal-
culated average electron density profile n� y� across the channel.

of the Ohmic region, indicating that the same mechanism
applies here.

The constant field at higher velocities follows directly
from this nonlinear interaction. Above some critical field
Emax, at y � y1, the ordered electrons decouple from the
ripplons and the drag force F�y� decreases, producing
negative differential conductivity [14]. For velocities up to
y1, the resistive force (� eE) increases. But for y . y1,
the system becomes unstable and current filaments can
form with different drift velocities. The average velocity
y � ay1 1 �1 2 a�y2, where a fraction a of the elec-
trons are dynamically pinned to the ripplons at a velocity
y1 and a fraction �1 2 a� are decoupled from the ripplons
and move at a velocity y2, all in a field Emax. For the de-
coupled electrons, with y ¿ y1, y � mE with a mobility
m � y2�Emax.

But the electron density varies across the channels, de-
creasing to zero at the edges [see Fig. 4(b)]. Hence both
y1 and Emax will tend to zero at the channel edges. We
present a simple model, with uniform central and edge fila-
ments, in which an edge current fraction �1 2 a0� can be
decoupled even for y , y1 and which has a mobility m
for all velocities.

Because of the high-impedance capacitative coupling,
the applied voltage Vd acts as a current source, with y ~

Vd. On this model, y increases linearly up to y1 [point
A in Fig. 3(b)]. The field, and the edge current velocity,
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then increase further while keeping the central pinned re-
gion at y1, up to the field Emax and an edge velocity y2

(point B). For higher average velocities y, the filament ve-
locities remain constant, but a now decreases, as the edge
filaments grow at the expense of the center (point C). The
edge (fast) and central (slow) current filaments coexist in
the same electric field Emax. The critical average electron
velocity, ycrit, at which Emax is first reached, depends on
the value a0 in the low velocity limit:

ycrit � y1 1 �1 2 a0� �y2 2 y1� . (1)

Hence ycrit . y1, as observed [ycrit � 31 m�s in
Fig. 3(b)], if a0 , 1. The edges, with lower electron
density, and edge currents play an important role, as they
do in other low-dimensional conductors such as GaAs
heterostructures.

The constant field Emax is the signature of a nonequi-
librium phase transition [14,15], in which two current fila-
ment states coexist. It is analogous to the constant pressure
region on the P-V isotherms of a gas-liquid mixture, with
the van der Waals equation being equivalent to the E�y�
characteristic.

The magnitude of Emax is related to the coherent Bragg
enhancement of the ripplon scattering by the ordered elec-
trons. According to Rubo [16] and Vinen [17], the maxi-
mum force per electron on the Wigner crystal, expressed as
an electric field, can be written as eEmax � ne2E2

z j�2t,
where t is the surface tension of the helium and j is an ef-
fective correlation length of the 2D electrons. The gradual
decrease of the nonlinearity above Tm shows that this cor-
relation length decreases in a continuous transition as the
temperature rises, in the strongly correlated electron fluid
(or Wigner liquid), confirming previous conclusions from
the magnetoconductivity [18] in this region. We find ex-
perimentally that Emax increases with the pressing field Ez

[see Fig. 4(a)], confirming the role of the ripplons. Bragg
scattering produces a strong force, compared to the normal
ripplon scattering in the electron crystal and electron fluid
[19]. The maximum power dissipation in our experiments
is typically ,10 pW. We estimate that the temperature rise
due to Joule heating of the electrons is less than 5 mK at
0.5 K for 10 pW dissipation.

Other nonlinear effects [20] would produce forces that
decrease with increasing drift velocity. Nonlinear effects
are not observed in dielectric channels containing a single
line of electrons on helium [21].

We also find evidence for a further ordered state within
the edge currents themselves. Periodic oscillations in the
maximum field Emax at electronic velocities yosc . ycrit

are shown in Fig. 3(b) and more clearly in Fig. 4(a). These
oscillations are equally spaced in electron velocity with a
periodicity Dyosc, and are shown for several values of the
dc electrode potentials (and hence the pressing field Ez)
in Fig. 4(a). They are most pronounced just above the
theoretical melting temperature Tm.
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Molecular dynamics computer simulations by Bajaj and
Mehrotra [22] provide a natural explanation. They showed
that classical electrons in a microchannel exhibit aniso-
tropic spatial order above Tm, with the electrons forming
mobile discrete lines along the channel as in Fig. 4(b). In
the present context, as the electron velocity increases, the
edge region would increase by discrete lines of electrons,
giving rise to periodic oscillations in the conductance and
E�y�, with a period Dyosc. Using the model above, we
put a � �1 2 Nedge��N , where Nedge is the number of
edge electron lines. The critical average velocity, Eq. (1),
becomes ycrit � �1 2 Nedge�N�y1 1 �Nedge�N�y2. If a

decreases in discrete increments by Da � 21�N , a series
of critical velocities will occur with a spacing Dyosc �
�y2 2 y1��N � �mEmax 2 y1��N .

The data in Fig. 4(a) (data set I) gives y1 � 7.1, y2 �
310 m�s, N � 18 with an initial value of a0 � 0.84. As
the average electron velocity is increased, the E�y� curve
“switches” between discrete characteristics, as suggested
by the lines in Fig. 4(a), whenever the driving field reaches
the critical value Emax [23]. Note that Dyosc ~ Emax
for the three data sets, giving a mobility of �8 m2�V s.
At lower temperatures, down to 0.06 K ø Tm, irregular
jumps in resistance are observed, as often found in current
filaments or field domains in semiconductors [14] when
the domain structure changes.

These experiments show that the dynamics of an elec-
tronic microchannel of nondegenerate electrons reveal a
wide range of new phenomena at low temperatures, due
to strong Coulomb interactions. We have demonstrated
the use of gated electronic devices using microchannels of
electrons on helium. Electrons in similar structures could
form quantum bits or qubits in a putative quantum com-
puter [24].
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