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Thermodynamic Measurement on the Melting of a Two-Dimensional Electron Solid
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Absolute specific-heat measurements are presented for the two-dimensional Coulomb solid phase and
an upper limit of 0.2kp per particle is established for the change in entropy on melting. The results sup-
port the dislocation-pair—unbinding model of Kosterlitz and Thouless.
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The solid-liquid phase transition in two dimensions has
proved to be a less simple problem than was once imag-
ined. Even the simplest example of particles in a uni-
form two-dimensional (2D) space with repulsive power-
law interaction is argued to show different melting be-
havior according to the relative energies of the defects
involved. The first and attractively simple idea proposed
by Kosterlitz and Thouless' was that such systems might
melt because of the basic instability of a solid to the de-
struction of rigidity which accompanies the thermo-
dynamic dissociation of dislocation pairs. But this insta-
bility only sets an upper bound to the temperature at
which a solid may exist. For example, Chui? pointed out
that it is possible for dislocations in the solid to group
themselves into grain boundaries, in which case the melt-
ing can occur at lower temperature and become of first
order. Density-wave theories® also suggest preempting
of the dislocation instability, again with the first-order
behavior of the thermodynamic potential.

Indeed 2D melting does not seem to have a single
universal behavior. For example, numerical experiments
on Lennard-Jones systems all give first-order melting*
whereas laboratory experiments show it to be continuous
in certain cases.> But one can argue that computations
are limited in time and size while experiments are com-
plicated by substrate structure. For power-law interac-
tions, most numerical work indicates first-order melting
while the laboratory experiments are more in favor of
continuous-order transitions. It is of interest then to take
a very “clean” experimental system and do a series of ex-
periments designed specifically for the understanding of
melting.

Electrons deposited on the vapor side of a liquid-
helium surface are not only the physically realized sys-
tem closest to the theoretical model, but they also are
relatively easy to probe. Perpendicular motion is frozen
into an isolated singlet quantum level while parallel (2D)
motion is classical in the sense that 7>> Tr and is unre-
stricted except by small random potentials due to helium
surface excitations which have time average zero. The
interaction potential, which is pure Coulomb 1/r up to a
screening length of several hundred interparticle spac-
ings, induces a liquid-solid transition as the temperature

is lowered.® Experiments have been done at melting’
which show that the shear modulus is within 10% of the
value required for stability of the solid phase to
dislocation-pair dissociation. If this is indeed the cause
of melting, the thermodynamic potential is expected to
have only an essential singularity (continuous transi-
tion). The present experiment is aimed at giving a direct
answer about the order of the transition by making a
thermodynamic measurement of the specific heat.

Specific heat of solid phase.— We seek the heat capa-
city of =108 electrons on a sea of =102? helium atoms.
It is quite evidently futile to make a global measurement.
But because the electrons are coupled to the helium ther-
mostat by scattering off the more massive capillary
waves of the liquid helium, they only lose a fraction of
their energy at each collision so that the thermal (ener-
gy) relaxation times 7..4e can be considerably longer
than internal electron-electron equilibrium times ... It
is then possible to define an electronic temperature T,
different from the bath temperature T,. Then if we heat
the electrons with a pulse of power P for a time
Te.e KAt K 1,.H4e, We can directly determine the specific
heat C by monitoring the electron temperature variation
AT,:

C=AQ/AT,=PAt/AT., 1)

without interference from the large helium reservoir.
Experimentally the electrons are confined on the
liquid-helium surface of a half-filled, circular, plane
parallel capacitor (radius R =11 mm, separation D =2
mm). The top electrode is held at a static potential
—|¥| and the cylindrical guard ring at —|W|
< — | V| with respect to the bottom electrode. Low
holding potentials |V | <4zngeD and low densities
no<2x%10% cm ™2 are used in order to increase the
thermal relaxation time 7..g.. Lying on the bottom elec-
trode, a 50-Q meander transmission line similar to that
used by Deville and co-workers’® creates a plane-wave
potential in the electron plane which can excite the
low-wave-vector longitudinal modes of the electron disk.
A broad-band radio-frequency spectrometer (1-500
MHz) detects the resonant excitation frequencies by the
loss in the power transmitted by the line. In the liquid
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phase these are the low-wave-vector longitudinal modes
(plasmons) of frequency

wp (k) =cpky, ,, )

where c,,,=[27moe'2D/(1+<.=)m]1/2 is the screened plas-
mon velocity, € the liquid-helium dielectric constant. In
the solid phase, the frequencies are modified to

ok) =lwl (k) +wd(T.)1'2 3)

The boundary conditions on the disk perimeter quantize
the wave number k through J‘Z(k”,R)==O.8 For small
electron-ripplon coupling, the first ten modes are well
resolved. One of them is used to heat the electrons and
another to measure the electron temperature. The ther-
mometry is based on the electron-temperature depen-
dence of the wg term in (3) which results from the elec-
trons, localized in their own lattice, being pushed onto
the helium surface by the holding field and imprinting a
lattice of small dimples in which they vibrate at the fre-
quency wo.’ The dimple depth, and so wo, are direct
functions of the spatial extent of the electron fluctuations
(u?) averaged over the slow ripplon time scale. As
(u?)~T.,, the wo variations give a direct measure of the
electron temperature independent of the helium tempera-
ture.

A low-level rf source G| monitors one of these lowest
modes whose frequency is sensitive to 7, at a frequency
Jf1 corresponding to a point of greatest slope on the reso-
nance absorption line. The change in the transmitted
power is then proportional to the electron temperature
variation. As we can calibrate the thermometer against
the helium temperature under equilibrium conditions
where T, =T}, this signal is used to make an absolute
measurement of the electron temperature.
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FIG. 1. Average of =10° recordings of electron tempera-
ture (7.) induced by heating pulse (P) for a solid of density
n=1.02x108 cm ~2 at a helium temperature 75 =84.5 mK and
holding electric field 110 V cm ™.

The electrons are heated by our pulsing a second gen-
erator G, on resonance with another mode at frequency
f2=w,,/2x>f). Of this power Py<0.1 nW a small
fraction is absorbed by the electrons:

P=Ne?|E,,|%t/2m, 4)

where E, , is an effective electric field calculable from Py
and the geometry and 7=(Aw) ~'2 10 % s is given by
the linewidth Aw.

Figure 1 shows the time evolution of the electron tem-
perature during and after the pulse. For the entire range
of equilibrium temperatures T, explored, and for small
electron temperature deviations, an exponential relaxa-
tion is found with time constant 2x10 ™3> 7,4 > 10 3
s. By continuous heating we find an electron-bath
thermal conductivity K defined by P=K (T, —T}) con-
sistent with the exponential law:

C(dT./dt)=—KIT.(t) —T,l, C/K=1,.qe (5)

This relaxation time is long enough for internal equilibri-
um to be achieved.

Absolute specific-heat values in the solid phase are
given in Fig. 2. They are obtained through relation (1)
or (5). As a check, we increased the pressing field to
reduce t..ge by a factor of 2 and verified that the values
of C are unaltered. They compare well with a pure pho-
non heat capacity calculated from the zero-temperature
dispersion relations'® with the value c,(0) of the trans-
verse sound-velocity phonon renormalized to c¢(T)
=¢,(0)2(1 — yT/T,,), where y=0.3 has been measured
previously.” It is because of the low Debye temperature
Tp=0.935T,,(no/10® cm ~2) that the values are rather
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FIG. 2. Specific heat per electron in solid phase as a func-
tion of reduced temperature 7/7,. Experimental values are
compared with the phonon specific heat [solid line, ¢, =¢,(0);
dashed line, ¢,(T) =c,(0)(1 —0.3T/Tm)].
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close to the classical limit of 2kg and the low-
temperature limit ~ 72 is not attained. At 20% below
T no defect contribution is discernible; this is consistent
with a theoretical estimate of 0.1kg from the results of
Fisher, Halperin, and Morf.!!

Latent heat of melting.— As the thermometer variable
vanishes at melting, we modified the experiment by cou-
pling the electron sample under test, of density n, and
melting temperature 7,,, to a second sample of higher
density n, which remains solid (T, > T,;) and whose
nonvanishing local-mode frequency w¢?’ (T, ) affords us a
thermometer. The latter can be regarded as the calori-
meter and the former as the sample. If thermal equilib-
rium between calorimeter and sample is reached well be-
fore equilibrium with the helium bath (K ;5> K| ge,
K He; see Fig. 3), then by heating the calorimeter and
recording its temperature T, (=T) we can deduce the
total specific heat C=C;+ C,. The existence of a latent
heat at melting L, =7,AS, should be revealed by a
plateau at 7, =T, in the time evolution of the common
electronic temperature T, for some time during the heat-
ing pulse and during the subsequent relaxation. If P is
the absorbed power, these plateaus would have widths

Aty =L\/IP—K, 4T —T)], 6)
At — =L1/Ke.Hc(Tm1_T), (7)

respectively, upon heating and upon subsequent relaxa-
tion to the helium bath. K, g =K|.He +K:.He is the to-
tal electron-helium thermal conductivity.

To realize the two-density configuration, the top elec-
trode is divided into a small disk of radius Ry =6.3 mm
and a ring R; <r < R;=R kept respectively at poten-
tials — ¥, and —V,. Two concentric regions of density
ny and n,, respectively, on the same helium surface are
obtained such that ny—n, =" —V;)/2reD. This rela-
tion, as well as the existence of two distinct triangular
lattices at low temperature (T <K T, < Trn2), has been
checked at high densities by the detection of resonances
near the ripplon frequencies corresponding to the re-
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FIG. 3. Thermal schematic for experiments near melting.
The calorimeter by which heating and temperature measure-
ment are effected is well in the solid phase at melting of the
sample. Thermal contact is assured by a common boundary
(1D Kapitza resistance).
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ciprocal-lattice wave numbers for both crystals. At the
low densities required for the present experiment,
plasmon resonances are excited and detected as before.
Most of the plasmon modes extend over the two regions
and the frequencies become

ww=(wﬁw+av‘”w(§l)2+ﬁv,ﬂwé”2)1/2, (8)

(1) (2)
0 0

where wg' ' and wg”’ are the local modes of the low- and
high-density regions; wp,,, is now a function of n, and
n,, while @ and B are (calculable) weights reflecting the
different wave amplitudes in the two portions.

The calorimeter is heated by a pulse on resonance with
a mode whose amplitude is well localized over the ring.
Its temperature is measured by the monitoring of a
second mode well localized in this region whose frequen-
cy variation is sensitive to 7, but not to 7. To check
that thermal equilibrium between calorimeter and sam-
ple is achieved, we have also measured 7| by the fre-
quency variation of a mode distributed over both regions
and sensitive to both 7y and T,. The agreement for the
temperature range near and below T,,; is rather good:
T,=T,(*§,). Also, when the helium temperature 7 is
set below T, and the calorimeter is continuously heat-
ed, melting of the test sample is signaled by the vanish-
ing of wé” at a temperature 7, =T,,.

The time evolution of the electronic temperature is
shown in Fig. 4: The electrons are heated from equilibri-
um with the helium substrate at 7=135.5+0.3 mK to
a temperature 7T.(max) =160 mK and subsequently
allowed to relax. The melting temperature T,
=149.5%1 mK is thus crossed on both heating and
cooling. There is no evidence of a plateau or of a change
in slope at melting. We can set upper bounds

AS <0.2kg; [C(T,Y)—C(T,7)1/C(T,,) <0.09 (9)

T.(mK) T T T T T T T T T
160 T ST o

155 |- N |
—_— T,,,'

WS- e
© 02k

140[ | 1 1 ] 1 1 I

20 40 60 80 us

FIG. 4. Calorimeter (and sample) temperature during heat-
ing by a 6.1-pW pulse. A latent heat of 0.2kg7T»1 would give
rise to a plateau whose width is shown by the bar at Tp,1. The
sample density is n; =0.44x10® cm ~2 and the calorimeter den-

sity n;=1.0x10% cm ~2.
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per electron, based on a minimum detectable plateau
width of 8 us estimated from the signal-to-noise ratio.

The difference between a first- and higher-order tran-
sition is in practice a quantitative question of setting a
limit on the discontinuity of the entropy or its deriva-
tives. We feel that to establish an upper limit which is
lower than the entropy jumps (==0.3kp) usually found in
numerical simulations,*!? is a reasonable criterion, and
from there we conclude that melting of the 2D 1/r sys-
tem is not first order.

Work is continuing to refine the results for C(T) near
T, to an accuracy comparable with the low-temperature
values and to extend the measurements further into the
liquid phase to see if there is a peak associated with free
dislocations.
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