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Observation of Cyclotron Resonance in Surface-Bound Electrons on Liquid Helium
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(Received 23 August 1972)

We have observed cyclotron resonance from electrons in two-dimensional states out-
side liquid helium. Their resonant frequency depends only on the perpendicular compo-
nent of the applied magnetic field, and their observed mobility is that expected for elec-
trons scattered parallel to the liquid surface in only two dimensions.

In a recent Letter, Ostermeier and Schwarz!
have presented data questioning the existence of
image-potential-induced surface states for elec-
trons outside of liquid helium, These states had
been predicted for dielectrics generally by Cole
and Cohen.? They are caused by the potential
well formed by the attractive image potential out-
side a dielectric surface, and the repulsive bar-
rier to electron penetration at the surface. For
liquid helium, they are calculated to have a bind-
ing energy of 0.68 meV and a spatial extent out-
side the liquid surface of approximately 100 A,
Observation of these states was reported by Som-
mer and Tanner® and Williams, Crandall, and
Willis (WCW).? Sommer and Tanner measured
the mobility of electrons trapped in surface states
by observing the phase shift between drive and
response voltages on electrodes just under the
charged liquid surface. They observed a mobility
a factor of 4 or 5 smaller than that observed for
electrons in gaseous helium at the same temper-
ature. WCW observed the lifetimes of electrons
on the surface by removing their holding field for
a few microseconds and then measuring the charge
remaining on the surface. They observed a tem-
perature-independent lifetime for electrons out-
side the surface of approximately 100 usec. Os-
termeier and Schwarz, with a single apparatus,
attempted to repeat both of the above measure-
ments. They used a time-of-flight method to
measure electron mobilities parallel to the sur-
face. By merely observing the reduction in the
charge reaching their collector after they had re-
moved their holding field for a short time, they
could also repeat the lifetime measurements of
WCW. They found no evidence for a different
mobility for the surface-state electrons from
those in the gas, and set an upper limit of a few
microseconds on the lifetimes of such surface
states. In view of this experimental disagree-
ment we wish to report preliminary measure-
ments of cyclotron resonance (CR) from electrons
trapped on a liquid-helium surface. To summa-

rize our results, we demonstrate the existence
of electrons in two-dimensional (2D) states and
observe mobilities comparable to those measured
by Sommer and Tanner. We also calculate a 2D
mobility and find reasonable agreement with our
measurements and those of Sommer and Tanner.

Our experimental apparatus consists of a mi-
crowave spectrometer with its cavity mounted in
a can partially filled with liquid helium and which
is immersed in a pumped helium bath. The cavity
is a right circular cylinder 1.2 ¢cm in diameter
and 0.75 cm in height split at the midplane where
a Mylar sheet full of small holes is inserted to
damp sloshing of the liquid helium. The cavity
resonates at 23,5 GHz in the TE,,, mode with the
microwave electric field parallel to the liquid
surface which is adjusted to lie in the upper half.
By applying a voltage between the halves of the
cavity, electrons can either be attracted to or
repelled from the liquid surface, A sharp point
can be inserted into either the side of the upper
half of the cavity or the wave guide just above
the cavity and is used to initiate a glow discharge
which serves as an electron source above the
liquid surface. A magnetic field up to 17 kOe pro-
duced by a superconducting Helmholtz pair can
be applied vertically or tilted up to 28° to the ver-
tical.

After trapping electrons on the surface by ma-
nipulating the holding electric field (this proce-
dure will be discussed below), the glow is turned
off and not turned on again until we wish to re-
charge the surface. A typical example of the pow-
er absorbed in the cavity as a function of magnet-
ic field is presented in Fig. 1 for two different
orientations of the field with a holding voltage of
250 V. (The lines in the figure are power broad-
ened.) The amplitude of the signal® corresponds
to a charge density of 3 X10° to 10° electrons/cm?2,
As can be seen, the peak in the resonance curve
is shifted toward higher fields when the field is
rotated away from the vertical. Figure 2 isa
plot of the ratios of the fields at shifted peaks to
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FIG. 1. Typical examples of cyclotron-resonance ab-
sorption lines for surface-state electrons on liquid heli-
um in tilted and untilted fields.

the field at the unshifted peak versus sect. The
straight line is the expected behavior for an elec-
tron confined to move only in the plane of the sur-
face.® We feel that this is compelling evidence
for the two-dimensional character of these states.

The mobilities of these electrons at various gas
densities were obtained from our observed un-
broadened” CR linewidths® and are presented in
Fig. 3 along with the mobilities measured by Som-
mer and Tanner.® Also presented in Fig. 3 are
two theoretical mobilities, one due to the scatter-
ing of electrons from helium atoms in the gas,
the other due to the same scattering process, but
with the electrons confined to move along the lig-
uid surface without change of their perpendicular
eigenstate,!® The expressions for the mobilities
in the two cases are

Uyp=(€/mhon)[ f:q)“(z) dz]™t,

Usp=4e/no(2mmk T)?,

where 7 is the density of helium atoms, o the
cross section,™ ¢(z) the perpendicular wave func-
tion, and the other symbols have their usual
meanings. To obtain numerical results the wave
function ¢(z) was taken to be 2a %2z exp(- z/a),
where a="78 A, This corresponds to assuming an
infinite barrier at the liquid surface with an im-
age potential of —e?[(e - 1)/4(€ +1)]z ™! outside the
helium, We emphasize that there are no free pa-
rameters in this calculation. We feel the agree-
ment between our measurements and this simple
theory to be quite good and another strong piece
of evidence for the 2D character of these states.
We now describe the procedure used to charge
the liquid surface. Initially, we expected to be
able to charge the surface merely by applying a
positive voltage to the bottom half of the cavity
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FIG. 2, Relative peak shift versus secf, where 0 is
the angle of tilt of the magnetic field, The error bars
are +0.5° horizontally and represent maximum uncer-
tainty vertically. Data points are from several runs
and temperatures ranging from 1.55 to 1.2°K. The
straight line is the expected behavior for an electron in
a purely 2D state.

while the glow was on., However, by monitoring
the microwave power absorbed in the cavity, we
found that in the steady state when the glow was
on it was not possible to keep the surface charged.
If a positive voltage was suddenly (in a fraction
of a second) applied to the bottom half of the cavi-
ty, electrons would appear on the liquid surface
and then slowly decay away with a time constant
roughly proportional to the inverse of the dis-
charge current.’? If the discharge was turned off
while electrons were still on the surface, the de-
cay stopped and the electrons could be held for
periods of hours with no loss. At present, we
have no explanation for this effect, It may be re-
lated to the presence of positive ions, recombina-
tion photons, or just heat from the glow, or it
may be due to charging of the helium films pre-
sent on the walls of the cavity, We can observe
this latter effect by first reducing the holding
field (after the glow is off) and then increasing it
again, This causes the number of electrons on

~ the surface first to decrease and then, when the

field is raised again, to increase to or near its
original value. The released electrons cannot be
in the gas above the surface as they would appear
as an unshifted cyclotron line in a tilted field
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FIG. 3. Electron mobility versus helium gas density.

Circles, this work; crosses, Sommer and Tanner (Ref,
3); solid line, 2D theory; dashed line, 3D theory.

which we do not observe. Presumably, therefore,
they are on the films covering the walls of the
cavity where they cannot be influenced by the mi-
crowave electric fields.

These obviously complex charging effects are
one possible explanation for the disagreements
between the previously reported experiments., If
helium films in unexpected parts of an apparatus
can be charged with mobile electrons, then it is
difficult if not impossible to predict the actual
electric fields present for a given set of external-
ly applied voltages.

In our own experiment this uncertainty leads us
to point out that we nay be observing electric-
field-induced surface states rather than those
induced by the image potential. Several observa-
tions, however, cause us to believe this is not
the case. First, since the number of electrons
decreases as we decrease the holding potential,
it seems reasonable to agssume that the surface
is fully charged and thus cancels the electric
field above it. In this case there would be no
electric field far from the surface and, although
the exact potential near the surface is difficult to

calculate, a rough estimate indicates the binding
energy is charged by less than 20% for the holding
fields used in our experiment, Thus, the image
potential dominates in determining the properties
of the state. This is supported by the fact that

we observe no change in the position or shape of
the shifted CR line (aside from a decrease in in-
tensity) when we reduce the holding field by a
factor of 10, Finally, there is the numerical
agreement between our mobility measurements
and the 2D scattering calculation with no adjust-
able parameters.'® We feel that the above argu-
ments, taken together, are reasonably persuasive,
and therefore feel that the best way to explain

our data is in terms of image-potential-induced
surface states,

In summary, we feel we have demonstrated con-
clusively the existence of electrons in 2D states
outside of liquid helium, Although it is not pos-
sible to conclude definitely that these are image-
potential-induced states rather than electric-
field-induced states, we believe the former to be
the most reasonable assumption. In any case,
many of the most physically interesting proper-
ties of these electrons, such as the fact that here
one has a 2D electron system with a density vari-
able over many orders of magnitude, or that they
may be used as a probe of the liquid-helium sur-
face, independent of the nature of the binding po-
tential.

We would like to thank J. A, Appelbaum, E, I,
Blount, and P. A, Wolff for a number of helpful
discussions and G. Adams for technical assis-
tance.
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SSince the radial distribution of charge is unknown,
its effects on the cavity can only be roughly estimated
by using a uniform charge distribution,

We should mention at this point that we have observed
CR in electrons outside helium films on a dielectric
substrate where the field could be rotated to much
larger angles. In this case, the shift in peak position
is also proportional to secf out to the highest fields we
can apply, corresponding to an angle of 70°,

"Microwave heating of the electrons still caused slight
power broadening of the resonance line even at the low-
est power input (~ 10”% W) consistent with reasonable
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signal-to-noise ratio, The unbroadened linewidths were
obtained by extrapolating the observed power depen-
dence to zero power input. This never caused a change
of more than 20% from the last measured value. The
extrapolation was assumed to double the measured un-
certainties in linewidth,

®If the collision frequency v is not independent of ve-
locity, converting cyclotron-resonance linewidths to
mobilities requires numerical integration [see F. Feh-
senfeld, J. Chem. Phys. 39, 1653 (1963)]. In 2D, v is
independent of v; in 3D v=nov. We find pyp=e7/m and
H3p=0.9eT/m, where 7=2Q/w, w being the experimen-
tal frequency, and @ has its usual meaning. The 2D
relation was used to convert our data.

SW. T. Sommer (private communication) estimates
that, in addition to 25% random error, there may have
been systematic errors of comparable magnitude in
his experiment.

0This calculation has been done previously by Cole
(Ref. 2); however, we find our p,yp to be a factor of 4
lower than his, using the same wave functions and elec-
tron-helium interaction (chosen to give the measured
value of 0). See also R. S. Crandall, Phys. Lett. 374,
389 (1971). T

Uy=4,9%10"1¢ ¢cm?, B. Bederson and L. J. Kieffer,
Rev, Mod. Phys. 43, 601 (1971).

2The same behavior was observed whether the dis-
charge point was inside the cavity or in the wave guide
although the decay rates were slower with the point in
the wave guide. When the point was inside the cavity,
the time constant was a few seconds at a discharge cur-
rent of a few microamperes.

3Since p,p depends on [@?dz, it is sensitive only to
the spatial extent of ¢. A confining electric field of
50 V/cm would give approximately the same value for
the integral as does the image potential,

Temperature Dependence of the Electrical Resistance for Isobutyric Acid—Water
near the Critical Point

Arnold Stein and Guy F. Allen
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(Received 23 August 1972)

The electrical resistance of two sealed samples of critical mixtures of isobutyric acid—
water have been measured in the reduced temperature ranges le=T-7,)/T,] 6.7x107"

<€<3.2%x107% and 3.3x10""<e<$.6x1072,

Data analyses indicate that the temperature de-

rivative of the resistance is strongly divergent as € =~ 0.

Friedlander,' in his pioneering work, recog-
nized a possible connection between the electri-
cal resistance and the anomalously high shear
viscosity for the electrolyte isobutyric acid-wa-
ter in the critical region. He concluded qualita-
tively that the resistance was much less affected
by critical behavior than was the viscosity. Re-
cently, anomalies in the temperature derivative
of the electrical resistance have been observed
for ferromagnets near their Curie temperatures,®®
antiferromagnets near their Néel points,* and B
brass near the order-disorder transition.’> In
these materials the charge-carrying species are
electrons which are scattered by local magnetic
fluctuations that become very large near the sec-
ond-order phase transition. de Gennes and Frie-
del® and Fisher and Langer’ have presented the-
ories to describe this phenomenon. The Fisher-
Langer result that 9p/8T ~(T - T,)"*, where a
is the exponent describing the weak specific-
heat divergence, seems to be verified for the
ferromagnet nickel.? In isobutyric acid-water
the charge-carrying species are ions of opposite
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sign, and the fluctuations near the critical mix-
ing temperature are in the concentration or den-
sity. So far there are no theoretical predictions
concerning the temperature dependence of the
electrical resistance or its temperature deriva-
tive for a binary liquid mixture in the neighbor-
hood of the critical point.

In this Letter we report on an experimental in-
vestigation of the electrical resistance and its
temperature derivative for critical mixtures of
isobutyric acid-water as the critical tempera-
ture is approached from the one phase (high-
temperature) region.

The isobutyric acid and water used in this study
were the same as those described in our earlier
report® on the viscosity of this system. The crit-
ical composition was 38.0% isobutyric acid by
weight, and the critical temperatures were 26.238
and 26.233°C for the two different samples used.®

The conductance cells were of a modified Jones-
Bollinger'® design. The resistances of the cells
were measured with a Jones!! ac bridge utiliz-
ing a lock-in amplifier as a signal generator and



