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The magnetoconductivity o(B) of two-dimensional electrons on liquid helium was measured above
1 K, using high-precision Corbino electrodes. In low magnetic fields B, o(0)/o(B) = 1 + (uB)? as
in the Drude model, where u is the zero-field mobility due to scattering by “He vapor atoms, even
for uB > 1. At higher fields o(0)/o(B) becomes density dependent due to many-electron effects, in
excellent agreement with the theory of Dykman. Only at the highest fields, or the lowest densities, does
o(B) approach the theoretical single-particle magnetoconductivity.

PACS numbers: 73.20.Dx, 67.90.+z, 73.50.Jt

Electrons above the surface of superfluid helium form
a nearly ideal two-dimensional electron system (2DES).
At the electron densities, n < 2 X 10> m~2, which are
stable on bulk liquid, the electrons are nondegenerate
and are perhaps the best example of a classical 2D con-
ducting system [1]. The electrons are held in a vertical
potential well produced by the repulsion of the helium
surface and an applied vertical electric pressing field.
At low temperatures T they are in the quantum ground
state for vertical motion but are free to move horizon-
tally. The electrons are scattered by “He vapor atoms
above 1 K and by surface ripplon modes on the helium
at lower temperatures where the zero-field mobility u
can be as high as 10> m?/Vs. The matrix elements for
the scattering are well known [2] and give good agree-
ment with the experimental values for u(7) [3]. Vapor
atoms act as almost ideal point-scattering centers with
quasielastic scattering (due to the large mass ratio). The
application of a vertical magnetic field B to this sys-
tem is particularly interesting for uB > 1, the region
of classically strong magnetic fields. In the single-
electron approximation the energy spectrum becomes a
series of discrete quantized Landau levels, energy separa-
tion Aw., where w. = eB/m is the cyclotron frequency.
The extreme quantum limit, iw./kT = 1.344B/T > 1, in
which only the lowest Landau level is occupied, is easily
reached. However, the Coulomb interaction between
electrons gives a fluctuating many-electron electric field
which changes the discrete Landau levels into a continu-
ous spectrum and strongly influences the magnetotrans-
port in the quantum region. This was first recognized
by Dykman who gave theoretical expressions for ripplon
[4,5] and vapor atom scattering [6].

The Drude model for the magnetoconductivity o .(B)
of a classical 2DES assumes classical cyclotron orbits
[radius R, = (2mkT)'/2/eB] and a field-independent scat-
tering rate and gives
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ox(B)  o*(B)
where o9 = 0,,(0) = neu is the zero-field conductivity.
It is equivalent to the Einstein relation o, = ne’*L?/kTr
where L is the diffusion length (« orbit radius in high
fields) and 1/7 is the scattering rate. The formation of
Landau levels changes the energy density of states and
hence the scattering rate becomes field dependent. The
quantum cyclotron radius must also be used in quantiz-
ing magnetic fields. Both these effects are included in
the orbit migration theory in the self-consistent Born ap-
proximation (SCBA) for magnetoconductivity o [7] for
a nondegenerate 2DES [8,9] with o,; < 04y. An ex-
tension of this theory [10] to all values of o,/0y, was
used here. For uB > 1 this gives 1/07(B) « (uB)*? for
ho./kT < 1,and 1/0%(B) < B/?u>? for hw./kT > 1.
But the SCBA is a noninteracting independent particle
theory and, for all but the lowest electron densities, the
Dykman many-electron effect [4—6] changes the energies
of neighboring cyclotron orbits and reduces the diffusion
rate and o,,(B). These many-electron effects “restore”
the Drude formalism for fields B < B, which is density
dependent and typically lies between 0.3 and 1 T. Only
at much higher fields does the single-particle SCBA be-
come valid. The normalized conductivity o*(B) is density
dependent in the crossover region in contrast to both the
Drude and SCBA models. This, as well as the very fact
that the Drude model holds for uB > 1, is a key indica-
tor of many-electron effects. This Letter presents the first
experimental demonstration of this density dependence
in the magnetoconductivity of a nondegenerate 2DES.
Previous measurements in a magnetic field [3,8—12] will
be discussed below.

The conductivity of the 2DES on liquid helium was
measured using the Corbino geometry with circular elec-
trodes beneath the surface of the helium [3,13]. To
obtain the best possible electrode structure, we used opti-

=1+ (uB), (1)
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cal lithography and the precision device fabrication tech-
niques of the Southampton University Microelectronics
Centre [14]. The geometry of the Corbino disk, with six
coplanar electrodes on polished fused quartz, is shown in
Fig. 1. A central (or drive) electrode A was surrounded
by a ring electrode E which also separated the annular re-
ceiving electrode B into three segments B1, B2, and B3.
Around these was a planar guard electrode G. Two metal-
lic gold layers were deposited, insulated by an intervening
SiO, layer. The electrodes were all in the upper metal
layer. Electrical contact to the inner electrodes was made
along strips in the lower metal layer which ran under the
guard G and electrode E. These made contact to the up-
per metal electrodes through paths etched in the SiO, di-
electric layer. Finally, 25 pm gold wires were bonded to
pads on the outside of the 5 mm X 5 mm quartz chip.
The Corbino disk was placed in an experimental cell
filled with ultrapure “He [15). Electrons were produced
by glow discharge and held in place by dc potentials on
electrodes A, B, and E (dc ground), the guard electrode
G(—ve) and a top plate (—ve) 1.6 mm above the helium
surface. The diameter of the electron sheet was 4 mm.
An ac voltage V; (typically 10 mV) at a frequency f(=
w /27) between 2 and 70 kHz was applied to electrode A
and the ac current, I, to the electrodes B was measured.
Electrode E was kept at ac ground. The gap between
neighboring electrodes was only 10 um and so we were
able to set the depth d of the helium above the electrodes
to be 60 um or less (an order of magnitude lower than
any previous Corbino experiment) while maintaining a
uniform electron density. This gave many significant
advantages. The helium surface was leveled to better
than 1 um by balancing the ac currents between the
central electrode and the three segments of electrode B,
as the cryostat was tilted. The fractional change in these
three signals on tilting also enabled the depth of the
helium to be determined. For d = 60 um the electron
density was very uniform and the width of the edge layer
was only 3% of the radius. Finally the electron density
(crucial for these experiments) was accurately determined
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BY(T)
1/0(B) vs B for n =149 X 10? m=2 (O) at T =
1.3 K for B < 0.5 T. The lines show the Drude model (line a)

FIG. 1.

and the single-particle theory (line b).
electrode geometry.]

[Inset: the Corbino

by increasing a —wve dc bias voltage on electrode E
until the ac current between electrodes A and B cut off
sharply. The density n was calculated from this cutoff
voltage using a simple capacitance formula (allowing for
the displaced electrons).

For a perfectly conducting electron sheet the phase of
the capacitively coupled current [ is 7 /2 with respect to
Vo. The phase shift ¢(B) away from 7 /2 was measured
as a function of B = 8 T for a range of electron densities,
for temperatures 0.9 =T =< 1.3 K. The data cover a
wide range of uB = 300 and extend into the extreme
quantum limit with Aiw./kT = 10. For small phase shifts,
¢ = 0.3 rad, the conductivity is given by
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where A is a constant. For larger phase shifts the current
amplitude and phase followed the theoretical response
function for the 2D transmission line formed by the
electrons and the underlying electrodes [13]. The high
degree of circular symmetry in these precision electrodes
meant that edge magnetoplasmons (EMP) [16] were not
generated.

Figure 1 shows the measured conductivity for n =
149 X 102 m~2 at 1.3 K in the low field range, B <
0.5 T, plotted as 1/o versus B%. All the low-field data
followed the Drude result, Eq. (1), which enabled the mo-
bility to be determined as 23, 45, 100, and 200 m?/V's
at 1.30, 1.15, 1.00, and 0.90 K, close to previous mea-
surements and the zero-field theoretical values [2,3]. The
expected phase shifts at B = 0 were well below the ex-
perimental resolution at these frequencies. Iye [3] used
this method, and Eq. (1), in his pioneering measurements
of w(T) from 0.5 to 2 K. His measurements were all
at low field and he did not report any density depen-
dence. More recently, Kovdrya et al. [12] also reported
1/0(B) « B? and a weak density dependence of o*(B)
above 1.5 K in low fields. At 1.3 K, Fig. 1, uB =1 at
0.04 T (0.002 T? on the B? axis plotted). Hence uB > 1
for all the data presented here. In this region, the single-
particle SCBA theory [8,10] predicts 1/0 « (uB)*? as
shown in Fig. 1. Both the field dependence and magni-
tude disagree with the experimental data. No scaling of
w or other parameters can produce a satisfactory fit. The
strong conclusion from this and previous work is that the
Drude model holds, even for uB > 1, in low fields.

In slightly higher fields the situation changes dramati-
cally as shown in Fig. 2(a) where o(0)/o(B) is plotted
versus B? for fields up to 2 T at 1.3 K for n = 2.78,
1.49, 1.04, and 0.67 X 102 m~2. The lines a and b
show the Drude and SCBA results, which are independent
of density on this plot. The experimental results are
clear. The data initially follow the Drude model but
deviate above some field which increases with the electron
density. This density dependence indicates that many
electron effects are important in this field range.
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FIG. 2. (a) 0(0)/o(B) vs B? for n = 2.78 (<), 1.49 (O), 1.04
(V), and 0.67 (O) X 10? m2at T =13K for B=2T; (b)
the many electron theory 1/0; for the same densities (lines
d-g). The other lines show the Drude model (a), the single-
electron theory 1/o; (b), and the quantum-corrected Drude
model (¢).

We now compare these measurements with the many-
electron theory given by Dykman et al. [6]. The basic
ideas can be simply understood in terms of cyclotron orbit
diffusion [17]. The diffusion rate for elastic scattering
depends on the spread of energies of neighboring orbits
(the larger the spread, the smaller the diffusion rate). In
the single-particle SCBA this is the Landau level collision
width /i/7. But for a fluctuating many-electron field of
magnitude £ =~ 0.84(kTn%?/gy)'/? [4-6], there are two
other characteristic energy spreads: quantum uncertainty
of the kinetic energy e£Ar (Ar is the thermal wavelength)
and the energy variation across a cyclotron orbit, radius R,
AE = eZR. For e£Ar > hw, the diffusion is essentially
the same as in the Drude formalism; only for e£Ar <
hw, and AE < Kw., do the Landau levels influence the
magnetoconductivity. This condition is equivalent to B >
By = 1.66 X 107°n3/8T1/2, where B is the onset field
for magnetoresistance. At high densities, such that B <
By, o*(B) will deviate from the classical Drude model,
Eq. (1), because of quantum corrections to the diffusion
length [in the quantum limit this becomes the magnetic
length | = (fi/eB)!/?] and electron velocity. Then p*(B)
and o*(B) depend on Aw./kT but are independent of n.
The first term in the expansion of p*(B) is then [6]

. 5 (hw, 2

p'"—_1+96(kT) )
and 0y, = pu/(p% + pZ,) where p,, = B/ne [10]. This
high-density limit, or quantum-corrected Drude model, in
which the scattering is field independent but allowance is
made for the quantum cyclotron radius, is shown in Fig. 2
(line ¢) and at 1.3 K deviates from the classical Drude
model above 1 T.

At lower densities, the many-electron theory gives a
density dependent factor for the normalized magnetoresis-
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tivity which for iw./kT < 1 (but uB > 1 as throughout)
is given by [6]

= D [+ 4ms*(Bo/B)') . @)

s=—x

The density dependence of o*(B) comes from B, which
is 0.88, 0.69, 0.61, and 0.51 T for the densities plotted
in Fig. 2(a). In the limit of very low density the mag-
netotransport will be given by the noninteracting SCBA
result of p; and o (line b in the figures). The combined
theoretical resistivity, p,, allowing for both many-electron
effects and collisions can be estimated from

e s)
P Pm P}
which was derived from the Einstein diffusion equation,
allowing for the self-consistent nature of the SCBA, in
which the scattering rate is proportional to fiw./T", where
I' is the energy uncertainty of each Landau level [18].
Note that this is not the combination of two different
scattering mechanisms but the effect of the density of
states on the scattering by vapor atoms. The normalized
magnetoconductivity o; is plotted in Fig. 2(b) (lines d
to g) for the same densities as in Fig. 2(a) and shows
very satisfactory agreement with the data, especially as
there are no adjustable parameters in the calculations. The
density dependence of 1/0*(B) is clearly reproduced.
Measurements up to 8 T are shown in Fig. 3. In this
range, the density dependence of 1/0(B) becomes less
and the data approach the single-particle SCBA result as
the field increases. At higher fields the energy spread AE
due to the many-electron fields decreases and becomes
smaller than the collision width of the Landau levels.
However, it can still be significant and p;, and o, have
been calculated in the quantum limit, Aew./kT > 1, from
(5.6]

pr = 0.15(w./w,) (hw./kT)*?, (6)

where w, = (e2n*/?/2eom)'/? is the characteristic plasma
frequency of the 2DES. The theoretical magnetoconduc-

FIG. 3. 0(0)/o(B) vs B for n =2.34 (Od) and 0.74 (O) X
102 m=2, T = 1.3 K for B < 8 T. The lines show the Drude
model (a), the single-electron theory 1/o; (b), and the many-
electron conductivity 1/o7 (c) and (d).
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tivity o in this range is shown in Fig. 3 and again shows
excellent agreement with the data. Only at higher fields,
higher temperatures (low zero-field mobilities), and lower
electron densities [9—11], does the single-electron SCBA
theory alone give an adequate account of the magnetocon-
ductivity in this system.

In conclusion, we have presented new measurements
of the magnetoconductivity of a nondegenerate 2DES us-
ing high-precision Corbino electrodes. We have demon-
strated, for the first time, the density dependence in the
normalized conductivity o*(B) due to the influence of
many-electron electric fields on the quantized Landau lev-
els and the diffusion of cyclotron orbits. Calculations us-
ing the many electron theory of Dykman et al. [6] show
excellent agreement with the data. It should be stressed
that these many-electron effects arise from the long-range
Coulomb interactions between electrons and not from the
overlap of electron wave functions. These new results
help in understanding the electronic transport in a non-
degenerate 2D system where the Coulomb energy of the
electron-electron interaction is larger than the thermal
energy.
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