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The dispersion law for longitudinal oscillations in a system of localized surface electrons is derived. It is
shown that the helium-surface deformation accompanying the electron localization has a noticeable effect
on the form of the spectrum and leads to the appearance of a threshold frequency.

PACS numbers: 73.20.H

Collective excitations of a Wigner crystal made up
of electrons localized on a flat helium surface were
investigated by Crandall, ' It turned out then that in
the indicated system there are longitudinal oscillations
with a spectrum w(g) given by
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w and g are the frequency and the wave number of the
oscillations, m and e are the mass and charge of the
electron, #n, is the average density of the surface elec-
trons (usually n, =10°~10'"" cm™); The system has also
two transverse oscillation modes that have an acoustic
character at the long-wave limit,

Actually, however, the liquid—vapor boundary does
not remain flat if it carries surface electrons that are
pressed towards the surface from the gas phase by
the strong electric field E,; instead, the surface be-
comes self-consistently deformed under each of the
electrons localized on the surface. 27 The relief of this
deformation has large inertia, and in the problem of
the spectrum of the electronic oscillations it can be
assumed to be static. As a result, the electrons that
oscillate about their equilibrium positions are influ-
enced not only by the self-consistent Coulomb forces,
but also deformation forces that tend to return each
electron to the center of the deformation potential well.
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In this article we calculate the influence of the defor-
mation forces on the oscillation spectrum of the elec-
trons in helium. The hydrodynamic approximation
used below allows us to assess the character of this
influence only on the longitudinal mode of the oscilla-
tions (1).

The initial system of equation, in the adiabatic ap-
proximation, !’
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consists of the equation of motion for one electron, the
continuity equation, and the Poisson equation. Here
£(x, t) is the amplitude of the oscillations of an individ-
ual electron about the equilibrium position and along
the interface, w, is the natural frequency of the elec-
tron as it moves in the deformation well, 12! E, is the
intensity of the clamping electric field, ¢ is the coef-
ficient of surface tension on the vapor-liquid interface,
n(x, ) is the alternating increment of the surface den-
sity of the electron, the x axis is directed along the
helium surface, and the z axis is normal fo it. The
Poisson equation, in which §(z) is a delta function, is
three-dimensional and is solved with boundary condi-
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tions in terms of z; these conditions correspond to the
damping of the electric field with increasing distance
from the charge surface. Such boundary conditions do
not take into account the existence of a metallic sub-

strate, which must be present in the problem of surface

electrons, but is located at a macroscopically large
depth away from the charged surface. Consequently,
the wave solution of the system (2), which is obtained
below, has in terms of the wave numbers ¢ an upper
bound ¢ << nY? and a lower bound ¢g>d ™.

Assuming

E=&,et(1X=08  Eoyg, s ffz)eilex m0t)

and solving the system (2), we obtain the dispersion
law of the longitudinal oscillations of the ensemble
of the surface electrons
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Compared with (1), a threshold frequency w, has ap-
peared here,

Turning on a magnetic field of intensity H in a direc-
tion normal to the surface of the helium alters the dis-
persion law of the longitudinal oscillations in the fol-
lowing manner:

(w? —wg—wé)(wz-w;) =(w;w)z ,

el (4)
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where c is the speed of light.

It is meaningful to note that the action of homoge-
neous fields, namely an alternating electric field par-
allel to the helium surface, or a constant magnetic
field normal to this surface, on the system of surface
electron is not very sensitive to the concentration of
the surface electrons, since a homogeneous field does
not change the relative position of the electrons, and
consequently does not change their mutual potential
energy. As a result, for example, an alternating elec-
tric field along the helium surface, E,(f) = Eqe'“! causes
harmonic oscillations £(7) of the electrons about the
positions of their equilibrium, without exciting oscilla-
tions of the electron density

s(t) = ﬂt—)& .
m(wl~w?) (

wl

)
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An analogous situation is observed for the frequency
wy under conditions of cyclotron resonance

1 1
wH=[;+;(w;)2}l/ztEw;. (6)

The shift of this frequency, in comparison with the
value wy for one electron, is possible only to the ex-
tent that w,# 0, The onset of deformation forces that
lead to the onset of the frequency w,becomes sufficiently
probable under conditions when the total energy gain

W, due to the self-consistent bending of the surface

‘under each of the electrons begins to exceed noticeably

the temperaturet®]

Vo>>T, W, =

_l_ﬁa,a nQ, 0 = 229 551, (7)
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The inequality (7) depends logarithmically on »,, and
this determines the manner in which ng influences the
frequencies w, and wy,

The hitherto reported experimental measurements
of the cyclotron frequency'™’! were made under the fol-
lowing conditions: H~10* Qe, T=1.2°K, n, =10 to
10° cm™, E, =4men, =6x(0. 1 to 1) cgs esu, and =0, 36
erg/cm?.  As a result we have wj ~10" sec™, W,
~108-10'° sec™!, and W, =(102-10"")° <« T. Thus, the
inequality (7) is essentially not satisfied, and therefore
the frequency w,, which is comparable in order of mag-
nitude with %, is in fact not formed, since the defor-
mation localization of the electrons at these tempera-
tures is of low likelihood. As a result, the cyclotron
frequency w, should have a value that coincides with

Y, as is indeed observed in experiment,

The author is grateful to L. P. Gor’kov for a dis-
cussion of the results,

UThe effective mass M of the deformation “pit” as it moves
along the surface is of the order of M~ 103my,q. 21 The adi-
abaticity parameter is therefore € =m/M ~1078<« 1.
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