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Abstract

The magnetoconductivity of o{B) of nondegenerate two-dimensional electrons on superfluid helium was measured and calculated
below 1K in ficlds B up to 8 tesla. The results show that the internal electric fields from electron-electron interactions strongly
influence o(B) in the 2D electron fluid. This internal field strength is in good agreement with Monte Carlo simulations. The
magnetoconductivity increases at.the transition to the 2D solid phase.
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1. Introduction

Experimentally the simplest possible conductor
is a sheet of nondegenerate two-dimensional (2D)
electrons, density n, on the surface of superfluid
helium. They can have higher mobilities x4 than
any solid state conductor and are a prime example
of a strongly interacting system. The ratio of the
Coulomb energy to the kinetic energy, the plasma
parameter, I" = e(nn)'/2/4ne kT > 1, there is short-
range order in the electron system and, for I" > 127,
a 2D electron crystal forms. A fandamental ques-
tion is the extent to which these interactions influ-
ence the conductivity. It is now known that
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fluctuating internal electric fields, magnitude Eg,
control the diffusion of cyclotron orbits and hence
the magnetoresistivity p(B) [1] and magnetocon-
ductivity o(B) [2]. We present new measurements
of 6(B) below 1 K in the electron fluid (see Ref. [3]
for some previous work), and obtain values of E,,
in good agreement with Monte Carlo simulations.
The transition to the 2D solid is also observed.

2. Experimental

The magnetoconductivity was measured using a
4mm diameter Corbino disk (see Fig. 1) made
using optical lithography and the precision device
fabrication techniques of the Southampton
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Fig. 1. ne/uc versus B for n=0.51 (b), 1.21 (c), 1.60 (d) and
2.07 (¢) x10*2m~2? at 4kHz The solid lines show the many-
electron theory.

University Microelectronics Centre {27]. A central
electrode A was surrounded by a ring E which
separated the annular receiving electrode B into
three segments B1, B2 and B3, all enclosed by a
guard electrode G. Electrons were produced by
glow discharge and held on the helium surface
(typically 50 um above the electrodes) by DC
potentials. The gaps in the electrode pattern were
only 10 um so the electron sheet was very homo-
geneous. An AC voltage ¥, (typically 1-10 mV) at
a frequency f (=w/2n) between 2 and 70 kHz was
applied to electrode A and o(B) was obtained from
the phase of the AC current to electrode B. The
electron density was found from the —ve DC bias
voltage on electrode E needed to “cut-off” this
current.

3. Results and discussion
3.1. The Drude region

In low fields, B < 0.5 T, the data for o(B) follow
the simple Drude-like result, even for classically
strong fields with uB < 500,

a(0) and —— ~B?for uB>»1

ne
“B) = T By 4o (B)

(1)

where ¢(0) =neu. The mobility u was obtained
from the B? dependence of o~1(B) [4] in good
agreement with measurements at B=0 by
Mehrotra et al. [ 5]. The mobility is density depen-

dent because the vertical electric pressing field, and
the electron-ripplon coupling, increases with den-
sity. Fig. 1 shows measurements of ne/uc(B) versus
B for several densities, using the experimental
4 values. In the Drude region, the data all lie on
the line, ne/uc(B) = B? (line a).

Initially, these results seem to confirm a single-
particle approach to magnetoconductivity. In fact
they come about through electron—electron inter-
actions. First, the many-electron correlation time
is less than the relaxation time t from scattering
by “He vapour atoms and ripplons [6]. This
changes the averaging over the Boltzmann dis-
tribution and, for the energy-dependent ripplon
interaction, decreases the mobility, compared to
independent electrons, in satisfactory agreement
with experiment. The agreement of the experimen-
tal u values in zero and classically strong (ug>1)
fields implies that the relaxation rate is independent
of magnetic field, t7'(0)=1t"!(B) even where
Landau level quantisation (energy spacing fiw,,
w.=eB/m is the cyclotron frequency) might be
expected to change the density of states and the
scattering rate for quasi-elastic scattering. But the
fluctuating internal electric field E; produces an
energy uncertainty, eEgA; over an electronic ther-
mal wavelength Z; and, for kT> eEi; > fiw,,
smears out the Landau levels. This also holds for
eE(R, > fim, (R, =V2mkT/eB is the classical cyclo-
tron orbit radius), which corresponds to B < By,
an onset field for deviations from the Drude model
(typically 0.2 to 1 T). The Drude model is followed
because of the internal electric fields, and the many-
electron theory gives ne/us = B? for uB> 1, inde-
pendent of n, in this region.

3.2. Many-electron magnetoconductivity

A distinctive feature in Fig. 1 is that the conduc-
tivity saturates above the Drude region. Moreover,
the plots of ne/us(B) are then density and tem-
perature dependent. The energy uncertainty
eE.R, < #w, and the scattering rate t~'(B) are
enhanced by a density of states factor ~#w,/
eE.R, = B*/B3. Hence we find [7],

kT T2
=KnB} and B= [Z—h,] E (2)

ko (B)
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where K is a dimensionless factor, depending on
the scattering mechanism. For short range scatter-
ing, such as “He atoms, K = K, (fiw,/kT) reflects
the change in the cyclotron orbit radius, and hence
the diffusion length, from R, for fiw kT« 1, K, =
1, to the magnetic length, [=(#/eB)!? for
fiw./kT> 1, Kg=4(ho./kT) *?/z. For ripplons
K =K, depends on fiw /kT in the same way but
the interaction strength also changes with field as
the dominant scattering ripplon wavelength is pro-
portional to the cyclotron orbit radius. This extra
factor is numerically close to unity in these experi-
ments. Thus, for #fw,/kT=1.34B/T> 1, ne/us(B)
decreases with field as seen in Fig. 1 above 2 T. An
important conclusion is that, above the Drude
region, ¢~ !(B) is proportional to the internal
electric field E;.

3.3. The internal electric field

For a classical electron fluid with thermal fluc-
tuations, the mean-square internal electric field has
a nearly Gaussian distribution and can be written
as:

n*2kT
47e,

Ef=<E}>= F(I)=E3F(I), (3)
where E, sets the scale for the internal field
strength. The dimensionless function F(I') is plot-
ted in Fig. 2, from Monte Carlo computer simula-
tions [8], for 10 < I'<200. The variation of F is
surprisingly small, given that the structure changes
dramatically from a crystal to a liquid with short-
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Fig. 2. The many-electron field scaling function F(I') from
Monte Carlo calculations.

range correlations. In the harmonic crystal, I can
be calculated analytically as 8.91 (dashed line).

The magnetoconductivity was calculated using
the many-electron theory for fiw, > kT, using the
internal fields from Fig. 2, as shown in Fig. 1 for
several densities at 0.6 K. As B increases, the data
cross over from the many-electron low field theory
(equivalent to the Drude model, line a) to a density
dependent behaviour, Eq. (2) (lines b, ¢ d and e).

Conversely, the measured 6~ '(B), at B=2T,
was used to obtain experimental values of the
internal electric field E; as plotted in Fig. 3 versus
E, from Eq.(3). The points come from over
40 combinations of density and temperature
between 0.6 and 09 K. Within the errors the
measured field E;=vE, with v=3.1140.10 is in
close agreement with v = VF = 3.07 1 0.03 from the
Monte Carlo calculations for 20 < I' < 70.

3.4. The 2D electron solid

At lower temperatures, the 2D electron system
forms a classical solid below T, =0.225 x
10~%#'2 K. The zero-field mobility decreases at
the transition [5] but little is known about the
magnetotransport. Hysteresis in the highly non-
linear magnetoconductivity has been interpreted
as shear-induced melting [9] or the decoupling of

2000 T T T T T
o 0.9K %o
1500 - v 0.8 Q) _
o 0.7 o v
G o 0.6
& N
2 1000 |- A ]
<) & °
<o
500 | =
0 1 1 1 1 1
0 100 200 300 400 500 600
Eo (V/m)

Fig 3. The internal field E,, measured for a range of electron
densities at 0.6, 0.7, 0.8 and 0.9 K, versus the reference ficld E,.
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Fig. 4. (a) 1/o versus Bat 0.25and 0.1 K forn=0.8 x 102 m~2,
(b) 1/o versus T at 0.2 and 2 T for n=09 x 102 m™2,

the crystal from commensurate “dimples” in the
helium surface [10]. Fig. 4a shows ¢~ 1(B) in the
fluid at 0.25 K (good agreement with Egs. (1) and
(2)) and in the solid at 0.1 K for n=0.80 x
10'2m~2 (T, = 0.19 K), assuming that the phase
shifts are due to magnetoconductivity (ie. neglect-
ing Lorentz force coupling to shear modes in the
crystal). The many-electron ¢(B) is not expected
to change substantially at the transition from a
highly correlated fluid to a crystal for compara-
tively high fields where 2a'2#nl/mw, <« 1 [7,11].
This is seen in Fig. 4b where the change in 6~ (B,T)
in low fields corresponds to a change in mobility
[5], though the B? Drude region is no longer clear
experimentally at 0.1 K. However, at higher fields
the transition (at the same T,) is much less pro-
nounced. The many-electron theory must now be
extended to include the region where the electron

motion in the field created by the other electrons
is quantised, and the field E; is non-uniform over
the electron wavelength.
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