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Observation of Two-Dimensional Plasmons and Electron-Ripplon Scattering
in a Sheet of Electrons on Liquid Helium
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(Received 12 November 1975)

The two-dimensional plasmon dispersion relation ~&' ——2~Me'k/m has been verified in the
classical one-component plasma formed by a sheet of electrons in image-potential —induced
surface states on liquid helium. For temperatures below 0.68 K the plasmon damping indi-
cates that the electron mobility is limited by electron-ripplon scattering.

We report an experimental study of plasmon
propagation and damping in the two-dimensional
(2D) classical plasma formed by a sheet of elec-
trons in image-potential-induced surface states
outside liquid helium. To our knowledge, this
is the first time its peculiar dispersion relation
has been verified. Furthermore, from the plas-
mon damping, we deduce the electron mobility
and find —for the first time -strong evidence that
at low temperatures the electrons are predomi-
nantly scattered by capillary waves (ripplons).

The prediction by Cole and Cohen' and by Shi-
kin' that electrons can be bound in surface states
outside certain bulk dielectrics such as He and
Ne stimulated experimental searches for such
states. Although the evidence for bound states
in some early experiments" was questioned, '
cyclotron resonance' showed that the electron
motion on liquid helium is 2D and the electrons
have the free-electron mass, while millimeter-
wave spectroscopy' has firmly established that
electrons are bound to a helium surface with an
energy of 8 K. Consequently, at 1 K and below
the electrons are predominantly in the ground
state within the image-potential well and are 1.o-
calized within = 100 A of the helium surface, but
they remain free to move parallel to the surface.
Sommer and Tanner' found that from 0.9 to 2.0 K
the electron mobility p, was limited by scattering
from atoms in the He vapor, and p, had reached
2x10' cm'/V sec at 0.9 K. In these experiments
the surface-state electrons behaved like a highly

mobile, classical, one-component, 2D plasma of
variable density.

The 2D plasmon dispersion relation was first
derived by Ritchie' and by Ferrell' who were
treating characteristic energy loss of electrons
in metal foils. Subsequently Stern" and Chaplik"
have discussed plasmons in the 2D Fermi gas
found in metal-oxide-semiconductor devices
while Fetter" and Platzman and Tzoar" have
considered the classical 2D electron gas which
is of interest to us. The dispersion relation ap-
plicable to our experiment is obtained in the
small-k llnllt (kD/(dp« 1) Rlld wltll slllRll damping
(~~T» 1): &u~'=2II¹'km, '(1+i/&u~l. ), where v is
the electron thermal velocity and 7 is a phenom-
enological r elaxation time.

We study the plasmon dispersion and damping
by exciting standing-wave resonances in the sur-
face-state electron plasma contained within a
rectangle parallelepiped cell approximately 1.9
x 1.2x0.18 cm' in size. The cell is assembled
from metal plates electrically isolated from one
another so that potentials can be applied to them.
The bottom plate consists of three sections, with
the center section forming a 50-0 strip line. The
strip line is connected at one end through a co-
axial line to a broad-band swept-frequency spec-
trometer' and has the other end terminated in a
matched load.

The experimental procedure consists of con-
densing enough helium in the apparatus to par-
tially fill the cell with liquid, applying appropri-
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ate potentials to the plates, and then depositing
electrons on the liquid surface by briefly heating
a filament mounted in a small hole in the top
plate. With the bottom (submerged) electrodes
biased at a positive potential of a few volts rela-
tive to the other electrodes, electrons can be
held for hours. In addition to a dc potential we

apply a small (-0.1 V) audio-frequency potential
(-5 kHz) to the top, sides, and ends of the cell.
This potential serves to modulate the areal den-
sity of the 2D electron gas by modulating the
area within which the electrons are confined.
We then employ a conventional phase-sensitive
detector at the modulation frequency as a second
detector following the rf detector. The resulting
signal is dA/dN, the derivative of the rf absorp-
tion with respect to electron density. This sig-
nal is displayed ver, sus frequency on an x-y re-
corder.

A representative trace is shown in Fig. 1. The
first three standing-wave resonances correspond-
ing to I, 3, and 5 nodes contained within the
width of the cell are prominent in the trace. By
reducing the holding voltage in increments, one
can obtain a series of traces at differing N's
from which the relation between standing-wave
frequency and N can be extracted. Figure 2 pre-
sents a log-log plot of resonance frequencies ver-
sus charging potential Vo for the most prominent
modes. " The solid lines, whose significance is

explained below, have a slope of 0.5. It is ap-
parent that the frequency of each mode is pro-
portional to N' ' as expected.

To calculate the expected plasmon standing-
wave frequencies, the "infinite medium" disper-
sion relation must be corrected for the finite
height of the cell. Physically, the images in the
top and bottom electrodes of a long-wavelength
plasmon tend to screen the Coulomb restoring
force and lower the plasmon frequency. Also,
allowing for simultaneous propagation of plas-
mons along the length L of the cell" as well as
across the width H of the cell we obtain (omit-
ting da.mping) the relation &d~'=2wNe'm, '

&& Ik, 'F(k, ) +k, 'F(k, )]'I', where F(k, ) = 2 sinhk; d
x sinhk;(k —d)/sinhk, h. Here d is the helium
depth, k is the cell height, k„=my/W, k, =Ipse/l. ,
and yn and n are integers. The resonance modes
are now identified by the two integers (m, n) very
much like wave-guide modes. The calculated
resonance frequencies with n =2, rn an odd inte-
ger, and d/k =0.375 are shown as solid lines in
Fig. 2." For gyes

~ 5 the geometrical correction
terms F(k, ) are nearly unity and the plasmon fre-
quency varies as k' '. This is the expected sig-
nature of the 2D plasmon. It is a direct conse-
quence of the fact that wavelike charge-density
perturbations in 2D interact like lines of charge
(X

' force law) while in 3D the interaction is be-
tween sheets of charge and the force is indepen-
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FIG. 1. Experimental trace of the derivative with re-
spect to electron density of rf absorption plotted versus
frequency. The resonances are due to plasmon stand-
ing-wave resonances whose calculated frequencies are
indicated by arrows.

FIG. 2. Comparison of calculated and observed stand-
ing-wave resonance frequencies versus charging poten-
tial Vp. The surface charge density is N = (8.6 x 10)Vp,
where N is in electronslcm2 if Vp is in volts. The
agreement in slope and position in this plot verifies
both the density and wave-vector dependence of the two-
dimensional plasmon dispersion relation.
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FIG. 3. Electron mobility versus temperature and
helium-vapor density. Below 0.68 K the mobility is
limited by ripplon scattering while at higher tempera-
tures vapor-atom scattering predominates. The line
from Brown and Grimes (Ref. 6) is a calculation for
vapor-atom scattering only. The Sommer and Tanner
data points are from Ref. 3.

dent of ~.
From the linewidths of the standing-wave reso-

nances we can deduce a phenomenological scat-
tering time which is directly proportional to the
electron mobility, p, , parallel to the helium sur-
face. The electron mobility is expected to be
governed by two scattering mechanisms: elec-
tron scattering by atoms in the helium vapor and
scattering by ripplons on the liquid-helium sur-
face. Gas-atom scattering is characterized by
an approximately exponential decrease of p, with
increasing temperature reflecting the increase
in gas-atom density. At sufficiently low temper-
ature the gas-atom scattering becomes negligible
and electron-ripplon scattering governs p.. Elec-
tron-ripplon scattering is expected to be charac-
terized by three phenomena: p, becomes temper-
ature independent"; p, decreases as the electric
field, E ~, pressing the electrons against the sur-
face increases' (the perpendicular force enhanc-
es the electron-ripplon interaction); and p. be-
comes an increasing function of the electric field
parallel to the surface for fields above a thresh-
old value. '" We have observed all three of
these phenomena for T &0.68 K.

The mobility is p. =ex/m, with (assuming a
Lorentzi m line shape) v= (2w3'I'I'») ', where
l"» is the linewidth measured between derivative
extrema. In Fig. 3 we have plotted g deduced
from linewidths versus both T and the density of
vapor atoms. Note that for T in the interval 0.48
to 0.68 K the vapor density changes by a factor

of 100 while p, remains constant as predicted for
ripplon scattering. The low-temperature limit-
ing p. of ~1.3x 107 cm'/V sec with E~=30 V/cm
is nearly two orders of magnitude larger than
the ripplon-dominated p. calculated by Cole. '
Above 0.68 K, p. decreases with increasing T, in-
dicating that gas-atom scattering is becoming
dominant.

For temperatures where ripplon scattering is
significant, p. decreases rapidly with increasing
F. ~ as shown by the data points at 0.52 K. Our
preliminary data at 0.52 K can be fitted by p(E~)
=C(EO+E ~)

' within the experimental error of
+ 5% using C = 9.3 x 10" V/sec and E, = 230 V/cm.
This form for p(E~) reduces at large E ~ to that
derived by Shikin' whose calculated value of C is
about twice the observed value.

In the region where ripplon scattering predom-
inates, dramatic nonlinear effects appear when
the component of the rf field parallel to the heli-
um surface exceeds a threshold of a few tens of
millivolts per centimeter. The observed nonlin-
ear increase in signal amplitude above threshold
clearly indicates that p. is an increasing function
of the rf electric field, thus confirming the non-
Ohmic behavior anticipated by Crandall" and
Shikin. '

In conclusion, we feel that the observed depen-
dences of the electron mobility on temperature,
of the plasmon standing-wave resonance line-
width on E ~, and of the resonance amplitude on
rf drive level provide compelling evidence that
electron-ripplon scattering predominates for T
~ 0.68 K. We hope that these measurements will
provide a stimulus for others to refine the calcu-
lations of the ripplon-limited electron mobility
in the weak external field regime.
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Zipfel, and N. Tzoar for stimulating discussions.
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dialogue on all aspects of this work, and we are
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The presence of trivalent Sm has been observed near the (100) surface of pure semi-
conducting SmS using electron-energy-loss spectroscopy with 100-eV electrons. This
surface phase transition is interpreted as due to differential contraction of the surface
cation lattice constant for NaC1-type (100) surfaces and helps to resolve reported differ-
ences in ultraviolet and x-ray photoemission experiments on SmS.

The nature of the wave function of Sm in both
the semiconducting ("black'*) and the high-pres-
sure ("golden" ) metallic phase has recently gen-
erated considerable interest. Above the semi-
conductor-metal phase transition at 6.5 kbar, or
in "golden" substituted alloys with a variety of
cations and anions, Sm in SmS is by now accepted
to be in an intermediate-valence or interconfig-
uration-fluctuation (ICF) state' with a time-av-
erage nonintegral number of 4f electrons (5.3).
In contrast, different conclusions have been
reached for semiconducting SmS. Upper limits
of - 10% and - 3% for the valence mixing in the
black phase have been obtained from inelastic
neutron scattering and x-ray photoemission
spectroscopy (XPS), ' respectively. Evidence
for a larger configurational mixing of at least
15% has been reported using ultraviolet photo-
emission spectroscopy (UPS) with synchrotron

radiation. ' All of these experiments have been
interpreted with the assumption that the bulk
electronic structure of rare-earth compounds
persists into the surface region. We show below
that this is not true for SmS(100) and that a sur-
face mixed-valence phase occurs even for un-
doped semiconducting SmS as a result of surface
lattice-constant relaxation which decreases the
Sm-Sm distance normal to the surface by -0.2-
0.4 A.

We report in this Letter results of the first
electron-energy-loss spectroscopy (ELS) of
pure, "black" SmS (100) cleavage surfaces. The
data strongly suggest that the clean, equilibrium
surface layer of semiconducting SmS contains
Sm ions with both valences, unlike the bulk phase
of SmS. Whether this coexistence of divalent and
trivalent Sm is related to a two-dimensional ICF
state is at present unclear. The mixed-valence


