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New Stability Limit of Electrons Trapped on the Surface of Liquid Helium
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We report the discovery of a density, n, and electric field, E~, dependent critical temperature for elec-
trons trapped on the surface of liquid helium for densities n) 1.2E~/2tte. Above this critical tempera-
ture a finite fraction of the electrons escape rapidly from the surface into the vacuum. The critical tem-
perature increases with decreasing density, for a given electric field.

PACS numbers: 73.20.Dx

Electrons, at a density n, trapped on the surface of
liquid helium constitute an almost ideal 2D system in
which the interactions are known and thought to be well
understood. Motion of electrons within the plane have
been studied extensively through measurements of mo-
bility, the plasma modes, and interactions with surface
excitations (ripplons). ' The strong electron-electron
correlation due to the Coulomb interaction is manifested
by a crystallization at sufficiently high densities and low
temperatures. The motion of electrons normal to the
plane is governed by the image potential in the helium
(dielectric constant e=l.05723), the external electric
field, E~, and the electron-electron interactions. E~ is
due to the applied potentials and the image charges in

the metallic cell walls and it is always directed so as to
force the electrons onto the helium surface. Electrons
close to the surface are governed by the image charge in
the helium and E~ so that the Hamiltonian becomes ap-
proximately that of a Stark-shifted one-dimensional hy-
drogen atom (only S states). The influence of the corre-
lations on thermally activated escape over the top of the
barrier is described with reasonable quantitative accura-
cy by a relatively simple theory. ' However, in Ref. 4
we have measured quantum tunneling rates that are too
rapid to be explained by that theory. These measure-
ments indicate the need for a more careful treatment of
electron-electron correlations.

In highly correlated systems the electron-electron in-
teractions become important for heights z =n ' above
the surface. For z))n ' the effect is that of an elec-
tric field, Eg =2zne, in a direction such as to force the
electrons toward the top plate. In this experiment
)Ec( & )E~ ( so that the surface layer of electrons is
"overcharged. " We report here the discovery of an addi-
tional and unanticipated manifestation of collective be-
havior in the system. As the temperature is increased,
with fixed electron density n, for n )2.5X10 cm, a
critical temperature, T„ is reached at which a finite frac-
tion of the charge suddenly escapes from the surface. T,

increases with decreasing n.
The experimental cell (Fig. 1) has two horizontal

parallel capacitor plates 2 cm in diameter, separated by
1 cm. The upper plate has a small hole through the
center. A pointed electrode located just above this hole
is charged to about —300 V to initiate a discharge. The
discharge is performed at a temperature of 0.98 K. Dur-
ing the discharge the magnitude of the (negative) poten-
tial of the upper plate, V~, is gradually increased so as to
force the electrons onto the surface of the helium. The
lower plate is held at dc ground potential.

The liquid-helium surface is located 0.44 cm above the
lower plate. A cylinder surrounding the plates, but insu-
lated from them, is held at a negative potential, V„, so as
to provide a radial field to prevent the electrons from
reaching the walls of the container. In this geometry the
charge forms a circular disk with a diameter that de-
pends on V~, V„and the total charge, Q. ' If the diam-
eter of the charge disk is close to that of the retaining
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FIG. 1. Cross-section diagram of the cylindrical sample con-
tainer. A is the upper capacitor plate, B is the lower plate, C is

the cylinder providing the radial confining field, and D is the
point of discharge for generating the free electrons.
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cylinder, the capacitance between the plates is substan-
tially reduced. As the diameter of the disk decreases, its
shielding effect decreases so that the capacitance be-
tween plates increases. Thus the capacitance can be
used as a measure of the disk diameter and consequently
of the total charge on the surface. Knowing the capaci-
tance, Vp V and the geometry, we can compute values
of the density n, and the electric field E~ on the elec-
trons, at the center of the charge pool, by numerical
methods. ' At the beginning of each experiment the
surface is fully charged so that 2rrne =E~.

The experiments commence by our reducing V~, and
therefore E~. This means that the electron pool is over-
charged (2nne) E~) since the reduction in V~ reduces

E~ while also reducing the radius of the pool. In our ear-
lier experiments, for I V~ I sufficiently large, the radius
of the charge pool varied reversibly with V~ without any
loss of charge. For smaller I V~ I charge began to leave
the surface either by thermal activation at high tempera-
tures or by quantum tunneling at low temperatures.
Both thermal activation and tunneling occurred slowly
for small changes in I V~ I so that detailed measurements
of the rate as a function of temperature and V~ were
made.

By contrast, in the present experiments with n

~2.5x10 cm, until T is raised to a sharply defined
critical value the escape rate is less than (7x10
sec ')/electron. Then the rate increases by more than a
factor of 10' (to a rate too rapid to measure by our tech-
nique) over a temperature change less than 1 mK and a
finite fraction, approximately 1% of the total charge
leaves the surface. Subsequently, the temperature can
be increased further without loss of charge until the criti-
cal temperature corresponding to the new, lower charge
density is reached and another sudden loss of charge
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FIG. 2. The critical boundary for three values of the press-
ing field E~. E~ is held constant by our resetting V~ for each
new value of n. The value of V~ to be set was computed nu-

merically for each measured value of n. The solid curves are
fits of Eq. (1) to the data with values quoted in the text:
squares, E~ =204; circles, E~ =186; triangles, E~ =168 V/cm.

occurs. This can be repeated several times to trace out a
critical boundary as shown in Fig. 2. The amount of
charge that escapes on each burst depends on how far
the temperature overshoots the boundary and is difficult
to control. Therefore the charge increments shown in
the data of Fig. 2 are not uniform.

Since the independent variables for the system are n,
E~, and T, a two-dimensional plot is meaningful only if
one of the variables is constant. The data shown in Fig.
2 were obtained by our adjusting V~ for each new value
of n so that Ep was constant for each of the three sets of
data. We held E~ constant since it enters directly into
the potential binding the electrons to the helium surface.
The adjustments of V~ are small and represent the
correction for the changing image charge in the cell
walls as charge escapes from helium surface, The func-
tional form which best fits the data is

n -We '"'+n„
and the corresponding curves are shown as solid lines in

Fig. 2. The constants for the three fits are

A =2.77 x 10, E 6.9, n, 2.20x 10, Ep =167.5;

g =1.62x10, E=7.2, n, =2.51x10, Ez =186;

A =1.1px 10, E =7.4, n, =2.75x 10, Ep =204.

E is given in K, A and n, in cm, and E~ in V/cm. The
values of E and n, are determined by the fit to within
about 5% and 10%, respectively. The value of A for a
given value of E is determined to within about 5%.

Several potential causes of the instability have been
ruled out by the data:

(1) A previously observed stability limit at density
n=2x10 cm occurs at high pressing fields and is
preceded by the formation of "dimples" and then deep
troughs on the surface of the liquid. The electrons then
leave the surface by passing through the liquid. By
measuring the sign of the current pulse to the top plate
when T, is reached, we have determined that the elec-
trons in our experiment escape into the vacuum and
strike the upper plate. Consequently, the process that we
observe is unrelated to the other instability.

(2) A resonance of the electron layer could have been
excited by the ac field of the capacitance bridge. How-
ever, the phase boundary occurred at the same values of
T, and n with frequencies 300, 1000, and 3000 Hz.

(3) The escape rate in the thermally activated and
quantum tunneling regimes is strongly inAuenced by
electron-electron correlations in the plane of the sur-
face. ' Consequently, we anticipated that we would ob-
serve a change in the escape rate at the transition be-
tween liquid and solid phases of the electrons. The phase
boundary occurs when the ratio of potential to kinetic
energy is I =~'i e n'i /kaT=137+ 15 (Ref 2) so that.
n„i,d=2. 14x 10 T . This phase boundary would cross
the curves fitted to our data at n =7x 10 cm . Thus
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when A=(e —I)/4(@+I) =0.00695. e is the dielectric
constant of liquid helium. The Stark shift will increase
this energy separation. Measurements of the shift, for
fields comparable to ours but at densities 30 times small-

er, indicate that Earp=10. 5 K. Higher densities reduce
the Stark shift but the amount of the reduction depends
sensitively on the effect of the correlations for which no
theory has yet been worked out. It is possible that E~o is
reduced to =7 K for n=3x10 cm . The value of n„
for all three values of E~, are 1.20+ 0.04 times the fully
charged density. This means that the instability will not
occur for n & n, =I 2E~/2rre Rewri. ting Eq. .(1) in the
form

A =n exp( E/T) —n, exp( E/—T)—(3)

implies that the instability occurs when the density of
electrons in the first excited state, n exp( E/ T), —
exceeds 1.2 times the density in that state for the fully
charged system, n, exp( E/T), by a critical—density, A.
The factor of 1.2 is the excess density required for the

the instability that we observe has the wrong tempera-
ture dependence and occurs in the wrong range of T and
n to be explained by the crystallization.

(4) Waves on the surface of the liquid helium could
change the electric field so as to reduce the barrier for
escape temporarily and allow escape by thermal activa-
tion. An accelerometer was attached to the apparatus to
monitor the ambient vibration level. Although Auctua-
tions in the level were observed, they did not lead to
measurable changes in escape rates or to measurable
changes of the stability boundary of Fig. 2. Thus we
conclude that waves on the surface are not the cause of
the instability.

The escape rates that we used when measuring the
thermal activation and tunneling processes ranged be-
tween 10 and 10 electrons per second. The rate at the
critical temperature in this work was too rapid to mea-
sure by our technique ( & 10 / sec) for n & 3 x 10s cm
and T & 0.7 K. On the other hand, at the high tempera-
ture and low density end of the measurements, the es-
cape rate at the instability boundary becomes slow

enough to be observable, eventually obscuring the de-
scribed critical phenomenon. However, the rates in the
region shown in Fig. 2 are still too rapid for quantitative
measurement by the present technique and much too
rapid to result from the thermal activation process ob-
served in our previous experiment.

The functional form of the curves fitted to the data
suggests that the phenomenon is dependent on the small
density (=—10 cm ) of electrons in the thermally ex-
cited hydrogenic states. The energy difference between
the first excited state and the ground state for an elec-
tron in the hydrogen potential is

rr, =- z((z) ) (
—(z)oo). (4)

If both electrons are in the ground state, then the corre-
sponding cross section is much smaller. The scattering
time is approximately

' =nrr(2m '(V) ' =10' to 10"sec (5)

This is very rapid compared to typical measuring times,
plasma frequencies, and other characteristic times in the
experiment. When there is more than one hole generat-
ed in each collision their number will increase until the
new density stabilizes the system. Thus we argue that
the instability could be due to a chain reaction which re-
sults from collisions between ground-state and excited-
state electrons. The specific manner in which the process
occurs and the reason for the sharply defined boundary is
not yet clear.

We would like to thank Professor M. Azbel for many
informative and stimulating discussions.

'See review articles: C. C. Grimes, Surf. Sci. 73, 379
(1978); Arnold J. Dahm and W. F. Vinen, Phys. Today 40,
No. 2, 43 (1987).

repulsive field of the charge pool to reduce the barrier
height, as computed in Ref. 3, to the point where it is

equal to (V) =e (rrn) '~ . The parameters E and A, de-

pend only on E~.
The process by which excited-state electrons play a

role could be as follows. The expectation value for the
position normal to the surface of an electron in this state
for E~ =0 is

(z) =4(z) = 4( —' ) ti /Ame'=456 k
The compression of the wave function by E~ is estimated
in Ref. 8 for lower fields and will be less than a factor of
2 for our fields.

At all values of T and E~ there is a small "back-
ground" rate at which electrons disappear from the sur-
face. (The rate is consistent with cosmic-ray creation of
ion-electron pairs in the liquid. However, the process be-
ing described would be independent of the mechanism
for initiating the escape of the first electron. ) As soon as
an electron disappears from the surface, surrounding
electrons rush into the hole left in the 2D gas. In the
process the potential energy (V) at near-neighbor dis-
tance (47 K & (V) & 59 K for our densities) is converted
to kinetic energy. This implies that collisions between a
pair of electrons which are able to convert the energy of
in-plane motion to energy in the z direction will result in
the ejection of an additional electron from the surface,
with the assumption that the barrier height is less than
(V). If one of the electrons is in the ground state and the
other in the first excited state, the cross section for such
a collision is relatively large. It is given approximately
by
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