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Methods have been developed for depositing electrons on the surface of liquid helium,

either from the gas side or from the liquid side.

In a suitable applied electric field they

escape from the surface into the gas and the rate of escape has been measured. Electrons
inside the surface escape by a thermally activated process. Those outside the surface
escape much more rapidly by what appears to be a tunneling process. Analysis of the equi-
librium between bound and free electrons identifies important features of the binding which

have not previously been considered.

I. INTRODUCTION

The idea that an electron could form a surface
state outside some liquids was first proposed by
Cole and Cohen® for He, H,, D, and Ne and inde-
pendently by Shikin? for He. The conditions for
these surface states are that the liquid must have
a negative electron affinity to prevent the electron
from entering the liquid and that the dielectric
image force be large enough to produce a bound
state.

There is also a surface state for an electron
inside these liquids. Near the liquid surface an
electron is repelled by the image force. But if
an electric field is added of such polarity as to
move the electron toward the surface, it will give
a potential minimum just inside the liquid surface.

In this paper we shall describe measurements
of the lifetimes of electrons in surface states in-
side and outside liquid *He. A preliminary ac-
count of these measurements has been published. ?
The conclusion is that the two surface states are
different.

In an applied electric field the lifetime of the
electron on the surface depends on whether it is
inside or outside the surface and on the polarity
of the field. In the state outside the liquid, the
electron is stable indefinitely in a field so directed
as to move it from the vapor toward the liquid,
and will remain on the surface for hours. A field
of opposite polarity, drawing the electron away
into the gas, will remove it in a time of 10 to
10® sec depending on the magnitude of the field
and the temperature. An electron inside the
liquid will be pulled into the vapor by a field in a
time of some seconds, depending weakly on the
magnitude of the field and strongly on the tem-
perature. There is no experimental information
available for the lifetime of an electron inside the
surface against a field drawing it into the interior
of the liquid, but it is probably relatively short,
if any bound state exists.

In Sec. II we give a brief description of the ori-
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gin of these surface states. In Sec. III we describe
the equipment and measurement procedure.

Section IV gives the results, while Sec. V is a
discussion of these results and a comparison of the
the measured surface-state lifetimes with theoret-
ical estimates.

II. ORIGIN OF SURFACE STATES

A detailed discussion of electrons in the sur-
face states of liquid helium may be found in Refs.
1 and 2. Therefore, we shall give only a brief
outline.

A. Outside States

An electron outside liquid helium experiences
an attractive image or polarization force. If z is
the distance between the electron in the gas and
the liquid surface, then the image potential is
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where ¢ is the static dielectric constant of the
liquid and ¢, that of the gas. The quantity « is
the strength of the image charge. Because of the
short-range repulsive interaction between the
electron and helium, the electron must gain an
energy of about 1 eV to enter the liquid. % Thus
it is attracted by the image force, but remains
outside the liquid. Of course there is some wave
function tailing into the liquid, but for helium this
is minimal. The authors of Refs. 1 and 2 make
the assumption that V(z) given by Eq. (1) is the
only potential in the z direction and the further
assumption that the potentials in the x and y direc-
tions play the role of givingthe electron aneffective
mass. Thus the motion in the x, v plane is de-
scribed by a two-dimensional Bloch state and is
localized near the liquid surface. The potential
for the electron is shown in Fig. 1 with the as-
sumption that the liquid presents an infinite
barrier to the electron. The electron energy spec-
trum is
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FIG. 1. Sketch of the potential that an electron sees
near the surface of liquid helium. Potential energy V
is plotted vertically and the z coordinate is plotted
horizontally. E,is the conduction-band energy, E, the
energy of the image-potential ground state, (z) the aver-
age value of z in the ground state, and Ey the vacuum
level.

E= ﬁzK‘ﬁ/Zm o= oPme/ 2002, (2)

where K, and m, are the wave vector and effective
mass in the x, y plane, # is an integer, and m is the
free electron mass. The first term represents the
nearly free-electron spectrum for the x, y motion.
The second term is the energy of localization caused
by the image potential. This energy spectrum is
that of a hydrogen atom whose proton charge is ae.
For *He the ground hydrogenic state is about 0.0007
eV and the mean value of the z coordinate is about
70 A. We shall henceforth refer to this state as
the “outside” state.

B. Inside States

Not only can an electron be localized in the gas
outside of liquid helium, but there exists a state
inside the liquid, localized near the surface. Be-
cause of the short-range repulsion between an
electron and liquid helium, the ground state is an
electron in a bubble of about 20-A radius.® As
this charged bubble nears the liquid surface, there
is an image force of roughly the same magnitude,
but of opposite sign from that on an electron outside
the interface. If an electric field is applied so as
to force the electron bubble toward the surface,
the potential seen by the bubble is that shown in
Fig. 1. The electron is localized in this potential
minimum in the z direction but is free to move
parallel to the surface. We shall refer to this sur-
face state as the “inside” state. In both surface
states, the electron can escape from the surface
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into the gas region. It is the purpose of this paper
to describe measurements of the rate of escape of
electrons from these states into the gas.

III. EXPERIMENT: EQUIPMENT

The apparatus and circuit used are shown sche-
matically in Fig. 2. The measurement cell is a
cylindrical vessel about 10 cm high by 6 cm in
diameter having glass walls and metal ends. The
inner surface of the glass has a transparent con-
ductive coating connected electrically to the ends
of the container. There are two 3-cm-diam brass
plates mounted, one fixed and the other moveable
along the vertical axis. The upper plate, mounted
on a stainless-steel tube, moves vertically at 1
cps. The plate separation during a cycle varies
from 1.5 to 2.0 cm. The cell is immersed in a
glass liquid-helium Dewar. Helium gas is passed
through a cold trap at 77 °K and then condensed
into the cell until the liquid level is about 1 cm
above the bottom plate. The temperature of the
helium is changed by pumping on the liquid helium
in the glass Dewar, and the temperature is deter-
mined by measuring the helium vapor pressure.

The moveable upper plate is used to measure the
surface potential of the liquid when electrons are
present, as in the Kelvin method for determining
work functions.® This plate is connected to a
Keithley electrometer, which in turn is connected
to a recorder.

To deposit electrons on the surface of the liquid
from above, the bottom plate is biased at say +200
V with the upper plate near ground potential. The
potential that an electron sees near the liquid sur-
face is shown in Fig. 3(a). Several kilovolts, the
exact value depending on the gas pressure, are then
applied to the negative-corona discharge wire at
the upper right-hand side of the cell. Electrons
produced by the discharge are transported through
the gas as free electrons, since helium has no sta-
ble negative ions. They are drawn toward the lower
plate and stop at the liquid surface, where they are
confined by the electrostatic potential to lie in the
area vertically over the plate. The field caused
by the sheet of charge which builds up at the sur-
face decreases the field between the surface and

FIG. 2. Schematic of
apparatus and measuring
circuit: F, filament; P,
electronic pulser for apply-
ing negative pulses to bot-
tom plate; R, recorder
driven by electrometer
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FIG. 3. Sketch of the potential that an electron out-
side liquid helium sees during the different experimental
operations. Potential energy is plotted vertically and
the z coordinate horizontally. In (a) and () the bottom
plate is positive; for (c) it is negative. The dotted curve
in (b) is under the assumption that the electrons are
distributed as a sheet in the plane of the liquid. The
solid curve results when the electrons are localized in
the plane of the liquid. E, is the conduction band, Ey
the vacuum, and E, the increased binding due to the elec-
tric field in the gas region.

the upper plate and increases that between the sur-
face and the lower plate until the potential of the
surface reaches that of the upper plate. Any more
charge landing on the surface would make the sur-
face more negative than the upper plate. The re-
sulting field would draw electrons away from the
surface into the gas. Under these conditions, as
we will show, the electrons leave the surface in
100 psec or less and would not be present for the
subsequent operations in the experiment.

An illustration of the effect of electrons on the
surface of the liquid helium is shown in Fig. 4.
Here the depression of the liquid surface caused by
the condenser force between the surface layer of
electrons and the bottom plate is shown as a cir-
cular indentation above the bottom plate. ’

Figure 5(a) shows a recorder tracing describing
the charging and discharging operations. The mov-
ing plate originally senses the voltage difference of
200 V applied between upper and lower plates. Af-
ter the electrons from the corona discharge have
landed, the recorder signal decreases, since the
surface potential is nearly equal to that of the mov-
ing plate. The corona discharge is now shut off for
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the remainder of the experiment. As long as the
positive voltage is maintained on the bottom plate,
the electrons remain on the surface. To measure
the rate of escape from the surface, a negative
voltage pulse is applied to the bottom plate so that
electrons are forced from the liquid into the gas.
The pulse is longer than the electron transit time
through the gas, but shorter than the time to re-
move all the electrons from the surface. The
transit time is determined by decreasing the pulse-
width until no electrons can be collected during a
pulse. These transit times are consistent with the
electron drift velocity measured in *He gas by
Levine and Sanders.® The potential that the electror
sees is shown in Fig. 3(c). In this case, the poten-
tial is composed of the image potential and the po-
tential due to the applied electric field.

Figure 5(a) shows the recorder tracing for the

HELIUM GAS

ELECTRONS

METAL PLATE
BIASED POSITIVELY

LIQUID HELIUM

(a)

(b)

FIG. 4. (a) Schematic side view of liquid-helium sur-
face, electrons on the surface, and metal plate below
the surface. (b) Photograph of depression on the surface
due to condenser force exerted by electrons.. The photo-
graph is taken from an angle about 10° above the hori-
zontal, The ciroular depression can be seen over the
plate; the plate below the surface can be seen through
the side wall of the Dewar. The plate is 1.0 mm below
the surface and has a diameter of 3.0 cm. The voltage
between the sheet of electrons and the plate is 200 V,
giving a field of 2000 V/cm. The temperature is 3.7 °K
and the depth of the depression is about 0.13 mm, in
agreement with our theoretical estimate (Ref. 7) for the
depth,
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FIG. 5. (a) Recorder tracing showing signal before
and after charging. The height of the dark recorder
tracing is proportional to the voltage variation at the
electrometer input as the plate moves up and down. Be-
fore charging, this indicates the flow of charge under
constant applied voltage as the plate spacing changes and
gives a relatively large signal. After charging, the
signal is much smaller, indicating that the potential of
the surface after the arrival of electrons is nearly equal
to that of the upper plate. After this, the applied voltage
is shorted to ground for 40 usec by means of a pulse.
The signal amplitude is greater after the pulse, indicat-
ing that some of the electrons have escaped from the
surface, changing the surface potential. Subsequent
pulses result in the escape of more electrons, providing
a quantitative measure of the lifetime of electrons on
the surface. (b) Inside electrons similar to (a) except
electrons are deposited from below by means of a heated
W filament immersed in the liquid. During charging the
recorder gain is reduced by a factor of 10 and then re-
stored to its original value at the end of the charging
period. The applied voltage (upper plate positive) is left
on at all times. The relatively slow escape of electrons
from the surface is indicated by the decreasing amplitude
of the signal with time.

discharge operation using 40-pusec pulses. After
the pulse, the bottom plate is again positive. The
amplitude of the recorder tracing indicates the
number of electrons which have left the surface.
In this manner, the amount of charge Aq leaving
the surface in a time interval A can be measured.
This operation is repeated until all the charge is
removed from the surface.

To put electrons on the surface from below, we
used thermionic emission from a 0.003-in. thori-

|on

ated-tungsten filament immersed in the liquid.
This is an effective electron source as shown by
Spangler and Hereford.® The filament is shown
schematically in Fig. 2. Voltage was again applied
between top and bottom plates, but this time the
top plate was positive so that the electrons were
drawn upward to the surface. Electrons collect

at the surface, and some are localized there until
the surface potential is equal to that of the negative
bottom plate. Then the filament current is shut
off and the voltage left on between the plates so
that there is a field drawing electrons into the gas.
As they escape, the change in surface potential is
indicated on a recorder tracing as shown in Fig.
5(b). We are able to obtain a continuous recorder
trace in this case, since the lifetime for these in-
side states is the order of seconds or longer.

IV. RESULTS

A. Outside States

Figure 6 shows the amount of charge remaining
as a function of time in a field of the polarity shown
in Fig. 3(c). The charge was placed on the helium
surface from the gas at 2.4 °K with an initial den-
sity of 1.25x10% cm™2, The data were obtained by
applying negative pulses to the bottom plate or by
simply connecting top and bottom plates together
(zero-voltage pulse). Each point gives the fraction
of the initial charge density remaining, and the ¢
axis shows the total integrated time that the pulses
have been applied. The circles are for the bottom
plate at - 50 V and the squares for the bottom plate
shorted to the top plate. The straight lines obey
the law q/qo=€™/". Here 7 is the surface life-
time. For the —50-V pulse the exponential decay
law is reasonably well obeyed. For the zero-volt-
age pulse this decay law is not obeyed. This re-
sult has a reasonable explanation when we recall
that the field that a surface electron experiences is

9/9
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FIG. 6. Normalized surface-charge density as a
function of time that the bottom plate is negative or
grounded. The circles are for the bottom plate at 50 V,
and the squares for the bottom plate at ground.
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FIG. 7. Product of rate constant £ for escape of elec-
trons from the outside states into the gas and the square
of the applied electric field E as a function of the recip-
rocal of the applied field.

composed of two parts: the applied field E, and the
field Eg caused by all the other surface electrons.
This latter field is given by Eg=2r0. Therefore,
as the charge on the surface decreases, so does
Es. For the data in Fig. 6, Eg=125 V/cm when
g=qoand E,=33 V/cm. Since we find that 7 in-
creases with decreasing E, the nonexponential de-
cay is understandable.

We find, however, that 7 increases with increas-
ing temperature. This is just opposite to the effect
one would expect for thermal activation over the
barrier [Fig. 3(c)]. Thus we might expect that
the electrons leave the surface by tunneling through
the barrier. To verify this idea, we construct the
plot in Fig. 7. Here & is the rate constant which
is the reciprocal of 7. An expression for tunneling
in the potential shown by Fig. 3(c) can be derived
and is of the form ko E-2¢~4/E, Therefore, we
plot In(2E?) vs 1/E in Fig. 7. Here E is the applied
field. The data are plotted for different tempera-
tures to show the temperature dependence of k.

B. Inside States

For the electrons placed on the surface from the
liquid, we found the same dependence of g on ¢ as
for the outside states. However, here 7 is much
larger than for the outside states and has a strong
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temperature dependence. The surface lifetime for
these inside states is plotted vs 1/7 in Fig. 8. The
applied field is 100 V/cm. The straight line
through the data points is the function 1/7= (1/7,)
xe®'T where 1/7,=10" and © = 27 °K.

V. DISCUSSION
A. Outside States

Before discussing the experimental data, it is
worthwhile to sketch some of the general proper-
ties to be expected of a system of electrons in the
outside surface states.

We shall analyze the equilibrium between free
and bound electrons, assuming the theoreticalls2
binding energy of 0.7 meV and that lateral motion
along the surface is that of a free particle. It
turns out that, with these assumptions, for our
experimental conditions, nearly all the electrons
would be free in the gas rather than bound to the
surface. It will be shown, on the other hand, how
the experimental results require that the electrons
be bound rather than free. This contradiction can
be most simply resolved by assuming that the lat-
eral motion along the surface is restricted rather
than that of a free particle.

According to the original discussions of Cole and
Cohen! and Shikin, 2 the electrons on the surface
move as free particles in the x and y directions
parallel to the surface. Motion in the z direction
includes both bound and continuum states. In the
bound states the motion is restricted to the hydro-
genic orbit, localized near the surface for the
ground state, but extending more and more into the
gas for higher quantum numbers. Above the ioniza-
tion limit (0.7 meV above the ground state), the
motion in the z direction, like that in the x and y
directions, is that of a free particle with the entire
gas volume available to it. In general, entropy
considerations favor free states and energy con-
siderations favor bound states. In what follows,

| | 1
0.4 0.6 0.8
(K)!
4
T

FIG. 8. Rate constant for the escape of inside elec-
trons from the surface as a function of reciprocal tem-
perature. Applied voltage 110 V.
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we analyze the equilibrium between free and bound

electrons and show that, with only the above assump-

tions, 12 the majority would be free, rather than
bound, at all temperatures above 1 °K. Our obser-
vations, on the other hand, indicate that they are
indeed localized at the surface. We shall discuss
the new features of the problem that resolve these
differences.

Because the electron density is low, Boltzmann
statistics can be used. Motion in the x and y di-
rections is identical for free and bound electrons,
so it is sufficient to analyze motion along the z di-
rection alone. In such a system'® the number N,
of electrons in any quantum state ¢ of energy E; is
related to the total number of electrons N and the
partition function @ by the expression

N;/N=(1/Q) e F/*7 (3)

@ may be decomposed into a sum @, over the bound
states and a sum @, over the continuum states:
Q@=@, +Q,. The energy zero is chosen to be that of
an electron at rest in the gas, far from the surface.
@ is then the familiar translational partition func-
tion for one-dimensional motion in a container of
length L plus a sum over the hydrogenic bound

states. Thus we have
_[2amkT\Y?2 2 -E >
Q—( 2 ) L+"§ eXP(n'z_o‘kT . (4)

Here E, is the hydrogenic ground-state energy
and

E,=— a?me*/27%2 = -0.7 meV . (5)
0

The summation in (4) is divergent and raises an
interesting question which has been discussed for
the analogous case of the partition function of the
hydrogen atom.!! The apparent paradox is resolved
on considering that, if g, is the radius of the ground-
state hydrogenic orbit, the orbital radius of the
state with quantum number 7 is ag®. Any finite
container precludes states of very high quantum
number. For physical consistency, the summation
must be cut off when the length L of the container

is equal to the orbital radius. Thus we have

L=qagl,, - (6)

Since aq is 70 A and L is of order 1 em, #,,,~1200.
At 2°K we have @,~1230, @,=2%10° and N,/N~10"*
Thus the majority of the surface states would be
jonized at this temperature and the electrons dis-
tributed throughout the available gas volume. Even
at 1 °K, only 10% of the electrons would be in the
lowest bound state, and it would require a substan-
tially lower temperature for complete occupation
of the bound states. According to this model, then,
the electrons would have been distributed through-
out the gas at the temperatures of our experiments,
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rather than localized on the surface.

The observation of the surface depression shown
in Fig. 4 indicates, however, that they are, indeed,
close to the surface. The steady force exerted on
the liquid by the electrons can be understood as
the result of either of two possible situations. The
first and simplest is that they are in “direct con-
tact” with the liquid in the usual macroscopic sense
of the word. This means that they are so close to
the surface that they interact with it continuously
through short-range repulsive forces. This hap-
pens when they remain at an average distance q,
from the surface which is as close as they can
get. Alternatively, they might be free in the gas,
confined to a region near the surface of thickness ¢
by the electrostatic potentials in the actual experi-
ment, including the field from the positively
charged plate and the space-charge field due to the
electrons themselves. In this case, not being in
“direct contact” with the liquid in the above sense,
they could exert a force on it only by the integrated
effect of successive collisions, as a gas exerts a
force onthe walls of its container. For the photo-
graph of Fig. 4 there were 10° electrons/cm? of
surface, and the level of the liquid was depressed
approximately 1x10% cm, corresponding to a pres-
sure of about 1 dyn/cm? If the electrons were
free in the gas, but confined by electrostatic po-
tentials to remain within a layer of thickness ¢ ad-
jacent to the surface, then the number v of elec-
trons/cm® would be 10%/¢. The pressure p ex-
erted by them is given by the ideal-gas equation:

p=vkT=10%T/t . (7)

We then ask what value of £ is required to make
the electron density such that the pressure exerted
by it is 1 dyn/cm?. For the temperature of 3.7 °K,
used for the experiment of Fig. 4, the required
value of 7 is 50 A. This is of the same order of
magnitude as @,. Again we arrive at the conclusion
that the electrons must be localized at the surface.
In addition to this argument, we have observed a
lifetime which is determined by the interaction of
the electron with the surface, again implying that
it is on the surface. To reconcile these experi-
mental observations with our above conclusion
that the image-force model alone does not predict
localization on the surface at these temperatures,
we must consider other features of the experi-
mental system.

The electric field from the positive plate below
the surface of the liquid is sufficient to localize
the electrons on the surface of the liquid under one
condition. This condition is that, with respect to
motion in the xy plane, they behave as localized
charges and not as delocalized Bloch waves. This
is contrary to the assumption of the image-force
model. 2 For discrete electron charges on the
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surface, the positive field from the plate is not
canceled completely by the electrons at the plane
of the surface, but extends into the gas, out to dis-
tances of order g, the lateral distance between
electrons.? To discuss this more clearly, we
review the steps during charging and discharging
of the surface and examine the field in the gas near
the surface at each step, with reference to Fig. 3.
In Fig. 3(a) the field is shown before charging and
during the early stages of charging. As electrons
from the discharge arrive at the surface, the field
in the gas far from the surface is reduced and
finally goes to zero. If the electrons behave as
discrete charges, localized in the xy plane, they
cannot cancel the field from the positive plate at
distances closer to the surface than ¢. In our ex-
periments, a is typically 10~* cm and the field from
the positive plate around 100 V/cm. This field ex-
tends into the gas, as shown in Fig. 3(b), for a
distance of 10™* cm, giving a potential barrier E,
of about 10-2 eV. This is 14 times as large as the
barrier due to the image force alone and is suffi-
cient to keep all the electrons in bound states at
the highest temperature of our experiments. More-
over, they are concentrated in the lowest bound
state up to 4 °’K. Localization in the x and y direc-
tions seems to be a necessary and sufficient condi-
tion for localization in the z direction over our ex-
perimental temperature range. This finding is con-
sistent with the model of electron crystallization
on the surface which has been proposed earlier. '3
Lateral Coulomb repulsion can give a two-dimen-
sional array of electrons situated at the points of

a hexagonal lattice. In order to abandon,the idea
that the electrons are localized in the xy plane,

we would have to assume that the binding force is
much greater than the theoretical estimates. There
is no evident reason to expect a large error in this
quantity. Moreover, strong binding of the electron
to the surface would reduce the tunneling probabil-
ity to insignificant values.

With this background we can discuss the mea-
surements of the surface-state lifetime. The elec-
trons leave the surface for the gas during the time
that a pulse is applied of polarity such that the
plate in the liquid is negative with respect to the
surface.. The corresponding potential near the
surface is shown in Fig. 3(c). To leave the sur-
face, the electron can either be thermally excited
over the barrier or can tunnel through it. For
thermal excitation, the rate constant should in-
crease strongly with increasing temperature. The
data, however, show the opposite behavior. There
is a decrease of the rate constant with temperature
for any given value of the applied field. We con-
clude, therefore, that tunneling is the more likely
escape mechanism.

It is straightforward to calculate the tunneling
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probability for the simple image-force model in
analogy with calculations that have been made for
field ionization of the hydrogen atom.!* The re-
sult for the tunneling probability W as a function of
the field F is

_ (18m et (—-2171201365
W-( Py )exp 3 °F ) (8)

Comparing this expression with the data in Fig. 7,
we find that the theoretical expression gives a rate
constant several orders of magnitude larger than
that observed and contains no temperature depen-
dence, though one was observed. We see no ob-
vious modification that would improve agreement
with experiment. It appears that a satisfactory
theory will have to take account of the detailed
interactions between electrons and the surface
and possibly of the interactions among electrons.
This is consistent with our findings above on the
localization of electrons. It has been shown? that
an electrons deforms the liquid surface locally
and this is probably important.

B. Inside States

The rate constant for the escape of electrons
from the inside states into the gas indicates a
thermally activated process with an activation
energy U/k of 27 °K. This agrees with measure-
ments of the activation energy for current flow
across the surface'®® and appears to be explained!”
by a barrier due to the superposition of applied
field and image field.

VI. SUMMARY

An experimental method has been developed to
study the properties of electrons on the surface
of liquid helium. The properties are very differ-
ent depending on whether the electrons are de-
posited on the surface from above (outside state)
or are brought to the surface from inside the
liquid (inside states). In both cases, lifetimes
were measured for the escape of electrons from
the surface into the gas in an applied electric field.
A simple thermodynamic analysis indicates that,
at temperatures above 1 °K, the discrete nature of
the electron charge is essential for its binding to
the surface. This appears to be important also
for an understanding of the kinetics of its escape
from the surface.
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Surface modes in a homogeneous system with a sharp boundary are discussed using the col-

lisionless Boltzmann equation for the Wigner distribution function.

In a one-component sys-

tem of fermions interacting via a Yukawa potential, we show that there is an acoustic surface

mode.
zero-sound mode.

In the limit of long wavelengths, it becomes indistinguishable from the analogous bulk
For a system of electrons and ions, we find a low-frequency in-phase
surface mode, in addition to a high-frequency out-of-phase optical surface mode.

For long

wavelengths, the low-frequency mode is phononlike with a speed identical to that given by the

Bohm-Staver expression.

1. INTRODUCTION

In recent years there has been considerable in-
terest in the properties of collective modes which
are localized at surfaces. Since the surface of a
real physical system is usually diffuse, a detailed
investigation of surface collective modes involves
the determination of the dynamic response of an in-
homogeneous many-body system. In view of the
complexity of this problem, it is useful to consider
a model where surface diffuseness is neglected and
the inhomogeneous system is represented by a col-
lection of fermions confined to a half-space by an
infinite potential barrier. This model is character-
ized by the static Wigner distribution function

fO(B, ﬁ): f(ep) 6(2) ’

where f(€,) is the Fermi distribution function and
©(z) is the step function. The great advantage of
such a model (which will be referred to as the semi-
classical half-space model) is that the condition for
a surface collective mode can be formulated in
terms of bulk properties.

In the case of a bounded electron gas, the condi-

.1

tion for a surface mode which one obtains using the
semiclassical half-space model is!~3

—1=2k..j dk, 1 1

21 kEikE (K @) (1.2)
where k = (Ry, k) is a three-dimensional vector with
components (k,, 2,) parallel and normal to the plane
surface, and €(k, w) is the bulk dielectric function.
Equation (1. 2) gives the dispersion relation of sur-
face plasmons for the model system. Unfortunate-
ly, it appears that surface-plasmon dispersion is
sensitive to the surface diffuseness.? As a result,
the dispersion resulting from the 2 dependence of
€5(k, w) in (1. 2) cannot by itself be considered sig-
nificant.

In this paper we consider acoustic (or phonon-
like) modes in one- and two-component systems us-
ing the semiclassical half-space model. We expect
this model to provide an adequate description in the
limit of long wavelengths since, in this case, the
modes involve density fluctuations which extend far
into the bulk. In Sec. II, we give a derivation of
the analogous condition to (1. 2) for a system of par-
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FIG. 4. (a) Schematic side view of liquid-helium sur-
face, electrons on the surface, and metal plate below
the surface. (b) Photograph of depression on the surface
due to condenser force exerted by electrons, The photo-
graph is taken from an angle about 10° above the hori-
zontal, The ciroular depression can be seen over the
plate; the plate below the surface can be seen through
the side wall of the Dewar. The plate is 1.0 mm below
the surface and has a diameter of 3.0 cm. The voltage
between the sheet of electrons and the plate is 200 v,
giving a field of 2000 V/em. The temperature is 3.7 °K
and the depth of the depression is about 0.13 mm, in
agreement with our theoretical estimate (Ref. 7) for the
depth,



