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ELECTRONS AT HELIUM INTERFACES

P. LEIDERER

*

Fachbereich Physik, Johannes Gutenberg-Universitdt, D-6500 Mainz, FRG

Two-dimensional layers of charges trapped at the boundaries between the various helium phases
strongly interact with these interfaces at high electric fields. The coupling, which leads to an
electrohydrodynamic instability, provides new methods for studying helium properties.

1. INTRODUCTION

Electrons at the surface of liquid helium
provide a somewhat exotic, yet in many respects
ideal, model system for both theorists and ex-
perimentalists. Most thoroughly investigated
are electrons above liquid helium, which in the
direction perpendicular to the surface are
trapped in the potential well arising from the
image charges in the helium substrate, but
along the surface can move as free particles
- an example of an extremely clean two-dimen-
sional Coulomb system. Among the numerous ex-
periments on this system are studies of single
particle properties, such as the electronic
effective mass and mobility, but also of
collective phenomena like two-dimensional
plasmons. Recently particular attention has
been paid to the transition from an electron
gas to an electron solid, which occurs at high
charge densities and low temperature, where the
Coulomb interaction outweighs the thermal
energy of the electrons.

All these results have been described in
detail in a number of review articles (1). This
paper will concentrate on some effects arising
from the interaction between the layer of charg-
es and the liquid substrate. In addition to
electrons at the free liquid surface (i.e., the
liquid-vapor interface) also liquid-liquid and
liquid-solid interfaces of helium will be
considered, and also positive charges at these
interfaces will be discussed briefly.

2. TRAPPING OF CHARGES AT HELIUM INTERFACES

2.1. Negative charges.

If one wants to accumulate a charged 2 D
layer, the trapping time of the charges at the
respective interface must be long. For electrons
at the liquid-vapor interface this condition is
fulfilled: Since the energy of a bare electron
in liquid helium is about 1 eV higher than in
the gas (1), electrons pulled from the vapor
side onto the liquid by a suitable electric
field encounter an energy barrier a W huge
compared to the thermal energy at t K. They
therefore cannot enter the liquid - provided
they have not picked up too much energy in the

applied field - and can thus be stored pract-
ically indefinitely, forming a sheet which
floats about 100 8/ above the surface.

In order to charge the other interfaces
which are considered here electrons in liquid
or solid helium are required, and there the
situation becomes somewhat more subtle. An
electron, injected into one of the condensed
phases with sufficiently high energy, relaxes
rapidly into a new state where it resides in a
bubble (some 40 R in diameter at svp), thereby
decreasing its energy from 1 eV to 0.2 eV (2).
Also for these electron bubbles - or "negative
ions" - an energy barrier a W may exist at the
boundary between two different phases. An order
of magnitude estimate for A W can be obtained
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FIGURE 1
Schematic experimental set-up used to study
charge carriers at helium interfaces. The
bottom and top capacitor plates supply the
electric holding field; the guard ring G
prevents the charges from leaking to the walls.
The source S for the charge carriers my be a
field emission tip, corona discharge, heated
filament, tunnel cathode,or radioactive source.
For optical measurements of the interfacial
deformations the capacitor consists of glass
plates with a transparent conductive coating.
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. from the total energy W of a negative ion in
the various phases, which is essentially given

by
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Here the first rhs term represents the ground
state energy of an electron with mass me in a
potential well of width 2 R and depth V~1 eV
(given by the above mentioned energy difference
between an electron in vacuum and bulk helium),
the second term results from the surface energy
of the bubble ( ¢ is the surface tension of
helium), the third from the hydrostatic pres-
sure p, and the last one from the polarization
of the bulk phase with a dielectric constant e
Neglected are here corrections such as a possib-
le dependence of the surface tension on the
radius of curvature or anisotropy effects in
the crystalline phase. From a minimization of
the resulting bubble energy with respect to R
the equilibrium radius and the energy differ-
ence of the bubbles, aW, between the respective
coexisting phases can be determined (3). Examp-
les are: 4

- for the liquid-solid "He system the bubble

energy is expected to be higher in the
crystalline phase by an amount aW = 18 meV

at a temperature T = 1 K (4) 4

- for bubbles in a phase separated “He- He
mixture, a liquid-liquid system, the energy
in the lower, 4He rich phase at 0.3 K is
estimated to be20 meV higher than in the

upper phase (5).

The reason why in both cases the energy in the
lighter phase is reduced is related to the
smaller surface tension of the lower density
phases.

With the energy differences AW being large
compared to the thermal energy., as before, one
expects that also 2 D layers of electrons in
bubbles can be accumulated at the interface of
3He-4He mixtures and at the liquid-solid bound-
ary of 4He. This has been confirmed experiment -
ally by studying the trapping of negative ions
with an optical technique, where the slight
depression of the interface (6) due to the ion
pressure was recorded as a function of time. No
change of the ion density was observed on a time
scale of hours, indicating that indeed both
negative ions above the 3He-4He interface and
above the crystal surface of #He can be trapped
over long periods (3, 4).

2.2. Positive charges.

Positive lons in liquid He are supposed to
consist of a "snowball" of solid ~15 & in dia-
meter around the central positive charge, which
may be a (Hep)t (2). The energy of such ions
then is made up of the energy of the solid core
(which probably does not change as an ion passes
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through an interface) and the energy contribut-
ions from the interfacial tension between solid
and liquid and from the polarization of the
surrounding medium. Since the latter terms both
favor the high-density bottom phase, interfacial
energy barriers ought to exist in just the oppos-
ite direction compared to negative ions - name-
ly from the lower to the upper phase. It there-
fore should be possible to store positive ions
just underneath the various helium interfaces by
applying a suitable electric field which pulls
them towards the boundary from below. For the
liquid-gas and liquid-liquid interface this
prediction has been verified (1, 3).

Another energy contribution not mentioned
so far arises from the image potential of the
charges in the vicinity of an interface. Due to
the resulting local peak in the potential also
negative ions encounter an energy barrier
- although relatively small - when pulled
against, say, the liquid vapor interface from
below. Therefore, in addition to the examples
quoted here more combinations of 2 D charge
systems and He interfaces can be prepared and
have, in fact, been studied successfully (1).

3. INTERACTION BETWEEN THE ELECTRONS AND INTER-
FACIAL EXCITATIONS: THE EHD INSTABILITY

3.1. Softening of interfacial waves
The excitation spectrum of waves at an (un-
charged) liquid-gas or a liquid-liquid interface
is glven by
Pp - P 9 3 (2)
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where it is assumed that the depth of the liquid
Is large compared to 1/k, and that dissipation
is negligible. Here wy and k are the frequency
and wave vector of the excitation, g is the
acceleration due to gravity,p, and Py are the
densities of the upper and lower phase, and oj
is the interfacial tension.

When electrons are put onto the interface,
interfacial excitations interact with them via
electron-ripplon scattering, a process which,
for example, at low temperatures limits the mob-
ility of the free electrons above the liquid
surface (1). Vice versa, the electron layer also
affects the excitation spectrum of the ripplons
by reducing the restoring forces, which gives
rise to an additional (negative) term in the
dispersion relation (7, 8):
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Here E, and E, are the static fields below and
above the interface, and we have assumed that

the charge carrier mobility is high enough so
that the interface is always an equipotential.
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The effect of the charges at the interface
expected according to Eq. 3 is sketched in Fig.
2. The reduction of the ripplon frequency 1is
most pronounced at wave vectors around the 172
inverse capillary length 1/a:[(pl— pulg/ojl
the transition range from gravitational to
capillar§ 1nterfac1al waves. The data for a
charged 3He-%He interface (9) also plotted in
Fig. 2 show that the agreement with the predict-
ed behavior is quite satisfactory.
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FIGURE 2

Dispersion relation of rlﬁplons at the interface
of a phase separated 3He-"He mixture completely
charged with positive ions. The interface
becomes unstable at E;=875 Y/cm, _carresponding
to an ion density nc=4.8x108 cm=2. ® E/E.=0.12;
4 ,0.71; ®m _0.995. The dashed curves are calcul-
ated according to Eq. (3). The dispersion of the
uncharged interface is given by the solid line
(Ref. 10).

The softening of interfacial waves is
reminiscent of structural phase transitions,

where a soft mode signals that a system approach-

es some instability point. In fact, also for
charged helium interfaces an instability and a
transition to a state with a new symmetry is
observed,as discussed in the following para-
graph.

3.2. The formation of the dimple lattice

For an interface charged to saturation the
electric field in one of the phases is screened
completely by the interfacial electron or ion
density n, while in the other it is E = 4x ne.
As seen from Eq. 3 and Fig. 2, the frequency of
the soft ripplon mode at k = 1/a = k. goes to
zero when the charge density reaches a critical
value nce = [(pl pulg oi/b 121/4 at a cor-
responding critical electrlc fleld Ec. Forn
Jjust above n. w becomes imaginary at a wave
vector k = k., which implies that fluctuations
in the elongation of the interface with that

particular k-value will increase in time in-
stead of decay. As a result, a disruptive loss
of charge from the interface develops (11).

A qualitatively quite different feature of
the electrohydrodynamic (EHD) instability is
observed, when the surface is not charged to
saturation, but only to about 10 percent of n¢
or less (12). Although again interfacial waves
with k=kc become unstable as the electric field
is raised somewhat above a critical value Ec,
and consequently the interface ripples spontane-
ously with a characteristic wavelength x ¢=2n/k¢,
nonlinear contributions to the restoring force

restrict these deformations to a finite amplitude.

Thus a new equilibrium state in the charge
distribution develops, different from the homo-
geneous layer for fields below E¢.

Fig. 3 shows the symmetry of the charge
distribution in this state for the example of
electrons at the 4He free liquid surface. In
this photograph, taken by a Schlieren technique,
local minima of the deformed surface - which
coincide with maxima in the electron density -
appear bright. Obviously the electrons aggregate
in clusters, leading to dimples at the surface,
which form a regular lattice. Since this tri-
angular “"dimple crystal" has developed from the
soft ripplon mode, its lattice spacing is close

A
to c

FIGURE 3
Dimple crystal at the surface of He (T=3.5 K).
The distance D between adjacent dimple rows is
equal to the wavelength of the soft ripplon,
2 n/ke, 0.24 cm in this case (13).

The transition to the dimple state is re-
versible: By reducing the electric field the
homogeneous charge distribution and the flat
interface are retained. If the charge density
is lower than the above menticned limit of
~0.1 no, the system can repetitively be cycled
through the instability without losing charge.
An analysis of this transition shows that - in



terms of the language of phase transitions - it
is of weakly first order {14,15). Consequently
hysteresis effects in the dimple formation are
expected on varying the electric field E. which
here plays the role of an effective temperature.
Such effects have been observed indeed in a
range (1-E/Ec) of the order of 10-2 (12,16).
Furthermore, "in an experiment where the liguid
surface was carefully shielded from external
vibrations, a stripe phase has been found to
exist in a certain range close to E.. There the
parallel corrugations, which develop from the
soft ripplon mode, are stable and do not break
up into the wusual triangular array of dimples
(16) .

Another aspect of the dimple lattice follows
from a consideration of the charge distribution
in this state: As numerical calculations show

(13,17), the charge density is not just slightly-

modulated along the surface, but is large in a
region close to the dimple centres and zero
elsewhere. Since the potential barrier between
neighboring dimples is high, the amount of
charge in each dimple is fixed, and as a result
the interaction between the dimples is dominat-
ed by Coulomb repulsion with only a small
contribution from the deformation of the inter-
face. The dimple lattice can therefore be re-
garded as an example of a 2 D Coulomb crystal.
In fact, lattices like the one in Fig. 3 not
only display the triangular symmetry expected
for such a system, but also typical defects
like dislocations and grain boundaries (9,16).
The dynamical properties of this crystal have
not been investigated so far; it is to be ex-
pected, though, that because of the strong
coupling to the interfacial modes of the liquid
the excitations will differ considerably from
those of a bare Coulomb lattice.

The existence of multielectron dimples on
liquid surfaces does not depend on the formation
of a more or less regular array. If only few
electrons are present at the surface and the
electric field is chosen properly, dimples can
develop and are stable also as single, isolated
objects. Characteristic properties like the
width, depth, and eigenfreqguencies of such
individual dimples have been determined by
several authors (13,15,17,18,30). Typically, a
dimple containing 5x106 electrons is a few
tenths of a mm deep and has a width of the order

of the capillary length, which is in the mm range.

3.3. The growth of the EHD instability

For electric fields distinctly higher than
Ec the restoring force due to the deformation
is no longer sufficient to hold the charge at
the interface. The resulting break-through can
be described, in its initial stage, by an ex-
tension of Eq. 3, which now in a certain band
of wave vectors yields unstable solutions. The

95

range of unstable modes is plotted in the stabil-.

ity diagram in Fig. 4 as a function of the

reduced electric field E/Ec:

- for E<Ec the system is stable for all
values of k

- at the instability threshold E = E. the
mode with k = k. becomes unstable

- for E>E; the unstable range, where a
perturbation grows instead of decays, covers
an increasing band of wave vectors.

stable

0

2 3 4 5
reduced electric field E/Ec

FIGURE 4
Stability diagram of a charged interface, as
calculated from Eq. 3. The dashed line indicates
the unstable wave vectors with the largest gain.
The data points represent experimental reaults
of kp (see below) for the hcp-superfluid “He
interface (4).

or—

In general, the "punch-through" process of
the charges leads to a severe perturbation of
the interface.The electrohydrodynamic deformat-
ions grow in amplitude, until charged bubbles
split off and move to the counter electrode.

For the liquid-gas interface this process, which
takes place within milliseconds, has been record-
ed with a high speed camera (11). Since the damp-
ing of surface waves in this case is small, the
perturbations add up and the whole interface
immediately is in chaotic motion. An interface
which allows to observe the development of the
EHD instability under better - controlled
conditions and in somewhat more detail is
provided by the boundary between liquid and

solid 4He. As shown by Andreev and Parshin (19)
and Keshishev et al. (20), at this interface
propagating melting - crystallization waves
exist whose excitation spectrum resembles that

of ripplons at a liquid surface (Eq. 2). The
attenuation of these waves depends strongly on
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temperature; above 1 K they are overdamped in
the critical wave vector range around the in-
verse capillary length (4). When such an inter-
face is charged with ions, the stability diagram
shown in Fig. 4 should also apply. As a technic-
al advantage, in this case the perturbing
influence of waves reflected from the container
walls, which usually obscure the growth of the
EHD instability, is suppressed because of the
strong damping, and the growth of the unstable
modes can easily be followed on a time scale of
seconds. A picture of such an interface "quench-
ed" into the unstable regime by a sudden in-
crease of the electric field is presented in
Fig. 5. Although the pattern is not nearly as
regular as the dimple lattice in Fig. 3, some
periodicity in the deformation of the crystal
surface can still be recognized. Apparently
among the wide band of competing unstable modes
at that field a certain, relatively small wave
vector range dominates the growth. The orient-
ation of the corrugations seen in Fig. 5 is
related to the anisotropy of the dhe crystal.
The higher the applied field the faster
this instability is found to develop. Simultan-
eously the wave vector kg characterizing the
spacing of the corrugations becomes larger and
less well-defined. For a comparison with the
stability diagram results for several electric
fields are plotted as circles in Fig. 4.

FIGURE 5
Snapshot of the instability pattern developing
at an hcp-superfluid *He interface at E/Ec=2.6.
The characteristic distance of the stripes is
distinctly smaller than the lattice spacing of
the dimple crystal at the critical field,
2 nfke = 6.3 mm (indicated by the scale bar).

The development of this instability resemb-
les closely, in certain respects, the phenomenon
of spinodal decomposition in two-component
liquids or alloys with a miscibility gap. When
such a system is quenched from the one-phase
state through the consolute critical point into
the unstable range, it starts to phase-separate
spontaneously. This process is characterized by
the instability of a whole range of wave vec-
tors, but as for the EHD instability a particul-
ar k-value grows most quickly and dominates the
decomposition, resulting in patterns similar to
Fig. 5. The charge-induced instability at helium
interfaces thus can be considered in the con-
text of a much wider class of critical phenomena,

4. SURFACE ELECTRONS AS A PROBE OF HELIUM
PROPERTIES

The phenomena described in the previous
sections can not only be treated as problems of
their own right, they also allow to gain in-
formation about the properties of the various
helium interfaces and the structure of the
charge carriers. Some examples for this applic-
ation of surface charges will be given below.

4.1, Trapping time of charges.

The energy barriers AW at the interfaces
thus far have been assumed to be so large comp-
ared to the thermal energy of the charges that
the probability to pass the barrier was neglig-
ible, and the trapping time = at the interface
hence was arbitrarily long. This assumption
certainly does not hold near a critical point
where the two coexisting phases become ident-
ical and oW therefore has to vanish. A system
which has been studied in this respect is the
charged interface of 3He-%He mixtures in the
vicinity of the tricritical point at T4+=0.867 K
(3). As Ty is approached t drops sharpfy by
many orders of magnitude both for.negative
ions above and for positive ions below the
interface. The data suggest a dependence
te exp ( AW /KT)withthe energy barriers &AW,
and aW_ for the positive and negative ions,
respectively, varying roughly as AW =(Ty - T).
The experimental values for AW have been used
to test the existing snowball and bubble models
(Eg. 1). Although qualitative agreement is ob-
tained, the details of the data are not repro-
duced, which calls for more defined theories
for ions in 3He-#He mixtures.

A related problem is the trapping of
positive ions at the boundary between the liquid
and the solid phase. Due to polarization effects
the energy of the snowball ought to be lower in
the solid, so that one might expect these ions
to pass easily from the liquid side into the
crystal. On the other hand, the structure of a
snowball should differ significantly from that
of the high quality single crystals formed by
bulk solid He. This is supported by the obser-



vation that positive ions do not grow in size
even if the surrounding pressure is increased

up to the solidification of the bulk phase (21);
snowballs therefore do not act as nucleation
centres for crystalline He - an indication that
an additional interfacial energy between the dis-
ordered snowball and the bulk crystal exists.
The snowballs then might be prevented from
penetrating into the solid by an interfacial
potential barrier. However, experiments which

we have .performed show that the trapping times
of positive ions on solid He are very short; at
T=1.3 K we estimate an upper limit of several
seconds. The potential barrier imposed by the
boundary between disordered and ordered solid
He, if it exists, therefore must be smaller than
or at most of the order of several Kelvin.

4.2 The electrostatic pressure at E<E.

Because of the pressure which they exert on
the helium interfaces, electrons and positive
ions can be used as a delicate tool to deform
the interfaces in a controllable manner. Two
examples, where this technique has been applied,
are measurements of the crystal growth of #He
and the parametric excitation of surface waves:

i) When negative ions are pressed against the
surface of a helium crystal, the chemical
potential in the solid is increased, whereas

in the liguid it is unchanged. Consequently, a
thin crystal layer melts, until the electro-
static pressure Pgjis compensated by the
chemical potentia? difference due to gravity.
The pressures which are applied here are minute:
A depress}on 0.1 mm deep corresponds to Pg) =
1.8 x 107/ bar. As soon as the ion pressure is
released, the interface starts to relax back to
its original position. This can be measured,
for instance, by optical techniques like inter-
ferometry. It is found that for temperatures
above the roughening transition of the solid-
liquid interface (22) the relaxation closely
follows an exponential behavior, confirming that
for atomically rough surfaces no activation
energy is required for crystal growth, and that
therefore the growth velocity of the crystal is
proportional to the chemical potential differ-
ence between liquid and solid. The relaxation
time tp for this process is related to the

growth coefficient (m4K) of solid He by (24)

/p (4)

-1
TR :[ka}'g‘(Psol'p“q) sol
Some data for the growth coefficient deter-

mined in that way are plotted in Fig. 6, to-
gether with results obtained from the damping of
melting - crystallization waves (20) and the
transmission of sound through the interface (25).
The data are compatible with a dependence

{mqk}'1 «exp (- ar/kB T) (5)
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Inverse growth coefficient of solid 4He.I, bec;
A, A, hcp; O, ref. (20); ®,ref. (25).
For the low temperature data the phonon
contribution to the growth resistance has been
subtracted.

where 4 . is the roton energy. The crystallizat-
ion rate thus appears to be dominated by the
thermal excitations in the liquid phase. The
theories developed for the growth coefficient
(26,27) in their original form only account for
the temperature dependence in the ballistic
regime at low T, where the mean free path of
the excitations is large; arguments to extend
the validity so that in the whole temperature
range displayed in Fig. 6 the relation (5)
should hold have been presented by Castaing
(28).

b) Waves on charged helium surfaces are easily
excited when the pressure of the electrons is
periodically varied by slightly modulating the
external heolding field. As in other nonlinear
systems the driving amplitude seriously in-
fluences the generation of the surface modes.

An example is given in Fig. 7, which shows
resonance modes on charged liquid 4He in a
cylindrical sample cell, as seen from above.The
frequency of the sinusoidal driving field was
w4 = 300 s=1, and the surface was illuminated
stroboscopically at a freguency wyigy,. On in-
creasing the amplitude period doubling is observ-
ed, and finally a transition to chaotic motion
occurs. The detailed "route to chaos" in this
system, which Is characterized by coupled
?ipplon—plasmon modes, is presently investigated
29]

4.3. Parameters of the dimple lattice
The formation of the dimple lattice varies
strongly near a critical point, where two rele-
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4 FIGURE 7
Surface modes on liquid 'He charged with electrons.

driving field increased; c) same field as in b),

comparison of the patterns b) and c) shows the effect of period doubling. |

vant material parameters, oj and 4p, vanish.
This is illustrated in Fig. 8 for 3He-%He mix-
tures in the vicinity of the tricritical point
at T+ = 0.867 K.

he interfacial tension and the difference
in the densities of the coexisting phases can be
written in terms of Ec; and k. as

1200r . ®

1 b
0 00 200 300
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FIGURE 8
Critical field E. and spacing of the dimple
lattice, D = 2 /k.
mixture near the tT"iCT"lthc’;ll point.

, in a phase separated 3He-%he

w__, low driving field; D) w,:.50.,
but atmgn 111um1%gt10n frequency wyjey= acfgl.i“ i
2
6 = E. / 8 kC (6}
Ap = ch / 8ng

Thus alone from & measurement of the parameters
characterizing the dimple lattice the absolute

values of oj and Ap can be determined. Results

obtained for 3He-%He mixtures from Fig. 8 are in
good accord with the known critical behavior of
o ; and ap (10). Similarly, measurements at the
liquid-solid and liquid-vapor interfaces (24,12]
have yielded interfacial tensions which confim
the results of earlier experiments (23).

4.4, Electrons on helium films

The EHD instability limits the electron ?
density on tulk liguid helium to n<2.5x10%m"
Higher densities - which are of considerable
interest in the context of the transition from
a classical Coulomb to a degenerate Fermi systes
- are accessible on helium films supported by a
solid substrate, because there the liquid sur-
face is additionally stabilized by van der Waals
forces. For a typical saturated film thickness
d = 400 8 the EHD instability is expected to
occur % a critical electron density Ne =
2 x 10 ~¢, the exact value depending some-
what on the substrate parameters (1,31). An
even higher density should be stable on thinner
films, given by the relation (31)

n, = 1/d (7)

because the van der Waals-interaction grows
rapidly as d is decreased.

Experimental results on charged helium films
are rather sparse, partly because the measure-
ments are hampered by a very low electronic




mobility, which has been ascribed to the form-
ation of one-electron dimples or "polarons"
(32,33). Experiments on the predicted ripplon
softening as a precursor of the EHD instability
have not yet been reported. What was found,
hmﬁver,were stable electron densities up to
10! cm~2 on helium films above insulating
substrates, and possibly somewhat less (5x1010cm“3
- ghove metals (34-36). These values were pearly
independent of the initial thickness of the
uncharged film, in apparent contradiction to the
relation (7). The reason is that in the existing
theories d has been treated as an independent
variable, which can be chosen arbitrarily,
whereas under usual experimental conditions the
thickness of a saturated film is strongly relat-
ed to the electron density and drops drastically
on charging because of the electronic pressure.
At high densities d is mainly determined by the
equilibrium between electric and van de Waals
forces, with only a minor contribution from
gravity. The thickness of these highly charged
saturated films at n~10'1 cm=2 is about 100 R,
as measured by ellipsometry (36). Which mechanism
eventually limits the electron density - an EHD
instability, or competing processes like tunnel-
ing of the electrons through the film - requires
further study.
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