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4 MULTZELECTRON DIMPLES ON THE SURFACE OF L I Q U I D  HE 
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We have investigated the self-trapping of electrons in macroscopic dimples on the sur- 
face of liquid 4 ~ e .  The existence of individual multielectron dimples is demonstrated. 

I. INTKODUCTIOA 

The Coulomb system formed by electrons on the 
surface of liquid helium has been studied ex- 
tensively for about a decade/l/. In most of the 
experiments the liquid surface only was to serve 
as a nearly ideal flat substrate to confine the 
motion of the electrons to two dimensions; the 
coupling between the charges and the excitations 
of the surface generally could be neglected, ex- 
cept for the influence of the electron-ripplon 
scattering on the mobility of the electrons. 

In some recent experiments, however, like the 
investigation of the microscopic two-dimensional 
electron crystalJZ/ and the softening of ripp- 
lonsJ3J the interaction between the Coulomb 
system and the Piquid surface is quite essenti- 
al. The coupling increases as  the applied elec- 
tric field pulling the electrons towards the 
surface is raised, until finally, as a result of 
an electrohydrodynamic instability of the sur- 
face, the homogeneous charge distribution breaks 
up at a critical field Ec and a periodic array 
of macrosco ic dimples, each containing a large P number 1-10 ) of electrons, appears at the sur- 
face. Investigations of the properties of this 
dimple crystal close to the transition, i.e. 
for fields (E-E,)/E,<<l, have already been pub- 
lished/&/. Here we present results for dimples 
at fields well above E,, and in particular deal 
with individual multielectron dimples. 

11. THEORETICAL 

The instability of a charged liquid helium sur- 
face in high electric fields has first been 
considered by Gorkov and Chesnikova/5/, and in 
more detail by Ikezi/b/, who for ESE, obtained 
periodic deformations by including nonlinear 
terms in the equation of motion of the charged 
surf ace. 

Extending these theories to fields distinctly 
larger than E,, where the surface deformations 
become large, would require to take into account 
terms of still higher order. We have here chosen 
a different approach, considering the stability 
of a single macroscopic dimple. Both the deform- 
ation of the surface and the charge distribution 
in the dimple were determined by means of a 
self-consistent numerical caPculationJ7/. 
Starting from some fixed initial configuration 
of electrons, no(r), and an external field E the 
local depression z(r) of the liquid surface was 

obtained by minimizing the total energy of the 
dimple, which consists of contributions from 
gravity, surface tension, and elecrrastatic 
energy: 

1 1 J2 
Wtot= f z [ p g z + O (  l+zl2) + ( ( t+ l  )4nno(r)eE- 

Here p is the density of the liquid (the density 
of the vapor is neglected), g is the acceler- 
ation of %ravity, 0 the surface tension and E 

the dielectric constant. From the surface defor- 
mation found in this way a new electron confi- 
guration nl (r) was determined - using the con- 
dition of constant electrostatic potential with- 
in the charge distribution and keeping the total 
charge of the dimple Q=ern(r)2nsdr fixed - and 
then the procedure was repeated. 

The stability of such a localized charge distri- 
bution on the surface of liquid helium depends 
on the applied electric field and the number of 
electrons in the dimple: 

i) at high fields and large Q the charges become 
more concentrated at the center of the dimple in 
each iteration step, and the dimple depth in- 
creases indefinitely, leading to a hreak-through 
of the charges as expected. 

Fig. 1: Calculated electron density n(r) and 
surface profile z ( r )  of a dimple containing 
5x10~ electrons in an electric field E=3400 V/cm 
The helium temperature is 2.5 K the correspond- 
ing critical field E ~ = ( I  6n2gpo)I/4 is 
2600 Y/cm/4/. 
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ii) at low fields the charges spread out more 
and more, indicating the formation of a homo- 
geneously distributed layer of electrons at the 
surface. 

iii) for an intermediate range of fields above 
E, a stable configuration can be obtained after 
several iterations if the charge in the dimple 
is belowa limit Q,(E).An example for the surface 
profile and charge aensity of such an isolated 
dimple is given in Fig. 1. (Note that n(r) in 
the center of the dimple is larger than the 
maximum attainable electron density of a homo- 
geneously charged surface ,  which is 
%, = 2.1x10~/cm~ at that temperature/4/.) 

As Fig.1 shows dimples can exist as isolated en- 
tities, wirh the electrons being completely con- 
fined to the center of the dimple. Since due to 
this self-trapping of the electrons the charge 
in each dimple is fixed, the interaction berveen 
individual dimples i s  dominated by Coulomb re- 
pulsion. An arrangement of such "deep" dimples 
at the surface of liquid helium can therefore be 
considered as a macroscapic two-dimensional 
Coulomb system; in contrast, for the "shallow" 
dimple lattice close to E,, as  calculated by 
IkeziJbl, the electron density at the surface 
nowhere vanishes, but is only modulated and 
might thus be regarded as a charge density wave. 

111. EXPERIMENTS 

The exi~tence of individual dimples was con- 
firmed by measurements in a sample cell consist- 
ing of two horizontal capacitor plates (spacing 
1.5 cm) and a cylindrical wall (diameter 8 cm). 
The lower capacitor plate was a gold mirror, the 
upper was a glass plate covered with a trans- 
parent conducrive caating which allowed to ob- 
serve the helium surface from above. Starting 
with an uncharged 4 ~ e  surface and an applied 
electric field E,E,, a pulse of electrons was 
generated by momentarily heating a small fila- 
ment located close to the circumference of the 
cell. The emitted electrons were pulled against 
the surface and rhen formed a dimple with a 
charge Q being determined by the emission of the 
source. 

Fig. 2: Configurations of 2, 8 and 20 dimples 
{appearing as dark spots) in an external 
potential of cylindrical synnnetry. 

Fig. 3: Interferograrn of a 
macroscopic dimple ('~7x106 
electrons, E-2700 V/cm, 
T-2.7 K). The fringe pattern 
is asyuunetric because the t w o  
interfenmeter plates were 
slightly tilted. Consecutive 
fringes correspond to a dif- 
ference in surface height of - 1 1  urn, the total dimple depth 

1 nrm therefore is 80f10 urn. 

Since the negatively charged wall of the sample 
cell gives rise to a cylindrically symmetric 
potential, the dimple after being generated 
drifts to t h e  potential minimum at the center of 
the cell. As more dimples are added they arrange 
themselves leading to configurations illustrated 
in Fig.2. Upon increasing the number of constit- 
uents further a hexagonal lattice develops 
gradually which is also observed when the dimple 
state is produced from a homogeneous charge 
distribution by raising the electric field be- 
yond the instability threshold/4J. 

The deformations of the liquid surface near a 
dimple can be meaaured with high resolution, as 
is obvious in Fig.3, which shows an interference 
pattern of a dimple obtained by the superposit- 
ion of light reflected from the top and bottom 
capacitor plate. Although in this case for the 
number of electrons in the dimple only a rough 
estimate of about 7x10~ exists, a more accurate 
determination of Q should allow a sensitive 
check of the calculations for the dimple state 
outlined above. 
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