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PHASE CHANGE IN ADSORBED HELIUM AT LOW TEMPERATURE*
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Several recent reports indicate a growing
interest in the properties of adsorbed helium
at low temperatures. This interest is based
on the expected influence of restrictions of mo-
bility and dimensions on thermodynamic prop-
erties such as heat capacity, '~' adsorption iso-
therms, ' magnetic susceptibility, ' and nuclear
polarization. This Letter presents specific-
heat data for adsorbed helium in the tempera-
ture range from 0.25 to 4'K, at several-partial
monolayer coverages. We interpret the results
as indicating the existence of two surface phases.

Our calorimeter consists of a copper sponge
prepared by sintering 3p, copper powder into
a vacuum-tight copper container. Monolayer
capacities for nitrogen and argon were measured
by gas adsorption at 77'K and analyzed by the
method of Brunauer, Emmett, and Teller. '
The N, and Ar monolayer capacities, amount-
ing to approximately 12 cm' at standard tem-
perature and pressure (STP), indicate a calo-
rimeter surface area of about 50 m'. A quan-
tity of Ar equivalent to one monolayer was mixed
with each charge of helium sealed into the calo-
rimeter. The Ar was added in order to provide
a more uniform substrate for the adsorbed he-
lium, and it was hoped that the weaker argon-
helium interaction would make the helium more
mobile on this surface than on bare copper.
The Ar monolayer was formed before each ex-
periment by cooling the apparatus slowly through
the temperature range in which the Ar was ad-
sorbed. At these temperatures practically none
of the He was adsorbed on the copper, ' but the
adsorption of the He on the Ar surface was es-
sentially complete at liquid-helium tempera-
tures. The vapor pressure of a monolayer of
He on preadsorbed Ar at 4.2'K was measured
to be less than 10 Torr, so that no vaporiza-
tion correction to the heat capacities had to
be made. At 4.2'K the monolayer capacities
of He on preadsorbed Ar were 1.32 atoms He'
and 1.18 atoms He' per atom of adsorbed Ar.
We ascribe the difference to zero-point ener-
gy: A similar effect appears to have been ob-
served for adsorption on activated charcoal. '

The sealed calorimeter was connected to a
potassium-chrome-alum-salt capsule via a

Pb superconducting heat switch. The thermom-
eter was a 100-Q, —,'-W Speer resistor calibrated
against the He4 bath vapor pressure and the
magnetic susceptibility of the KCr alum salt.
The heat capacity of the adsorbed helium, which
amounted to 10 to 30 /p of the total, was obtained
by subtracting the heat capacity of the empty
calorimeter. Independent runs of the empty
calorimeter with and without Ar disclosed no
difference.

The specific-heat results are presented in
Fig. 1. Curves I and II for He' and He~ at es-
sentially the same density are fitted by

C/R (curve I, He') = (0.030 + 0.003)T',

C/R (curve II, He') = (0.038+ 0.003)T',

0.25'& T & 3'K.

These results may be interpreted in terms of
a two-dimensional Debye model, obeying the
theoretical expression for T «8,

C =28.8R(T/9) .

The experimental values for 8 are 31+ 1' for
He and 28+ 1' for He . The ratio of coefficients
of T.

' for the two isotopes should be the same
as the ratio of their masses, 0.75. The mea-
sured value is 0.79.

A T' dependence with a Debye temperature
of 28' has been found for a rnonolayer of He'
on Vycor glass for T between 0.5 and 2.5'K
in a recent study by Brewer, Symonds, and
Thomson. " Steele and Ross" found a molar
heat capacity of 2R~ 25/p for He' at monolayer
coverage on TiO, at 10'K. If 8 ~ 20', one would

expect C=1.7g at this temperature. Band"
has pointed out that the lowest coverage results
in Frederikse's early measurements" in a nar-
row temperature range near 2'K were consis-
tent with a. T' dependence and a Debye 8 ~18 .

We find that a relatively small change in sur-
face density of He4 produces a qualitative change
in the heat, capacity. A decrease in coverage
from 0.53 to 0.41 layer causes an increase of
more than a factor of two in the heat capacity
per atom at all temperatures. At this coverage
the temperature dependence is no longer as
T', but is more closely described by a term
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FIG. 1. Heat capacity of adsorbed helium. 0, curve I, 8.09 cm3 STP Hes, 0.57 layer. 6, curve II, 8.29 cm3
STP He4, 0.53 layer. +, curve III, 6.54 cm STP He4, 0.41 layer. , curve IV, 3.23 cm3 STP He4, 0.20 layer.
Estimated maximum uncertainties are shown by error bars at 2 and 3 . (b) has a more suitable scale for showing
curves I and II.

linear in T over the range 0.3 to 1.4 K. Above
1.4 K, the heat capacity goes through a broad
maximum; these features can be seen in curve III
of Fig. 1. A further decrease in density, to
0.20 layer, increases the heat capacity further,
but the maximum is lost: The data are shown
on curve IV. We believe that the differences
between curves I-II and III-IV imply that a first-
order phase change is taking place on the sur-
face. U curves III and IV represent equilibrium
between two coexisting phases, the heat capac-
ity would be composed of three primary terms,
one for each phase and one for the heat of trans-
formation from one phase to the other. The
maximum of curve III could arise from a com-
petition among these three terms. In Fig. 2

we present a hypothetical phase diagram for
such a situation, indicating the possible paths
for curves I and III. Crossing of the boundary
from a two-phase into a single-phase region
would be marked by a discontinuity in the heat
capacity, but no discontinuity has been seen,
perhaps because the experimental range did
not extend to high enough temperatures. It is
hoped that further experimental study will al-
low us to trace out a phase diagram.
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FIG. 2. Examples of a possible two-dimensional
phase diagram; molar area, A, versus temperature,

Inset is an adsorption insotherm at temperature ~0
(pressure versus coverage I = 1/A) corresponding to
the labeled isotherm at To on the larger figure; the ver-
tical rise spans the two-phase region from point a to
point b.
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In films of monolayer coverage or less, two-
dimensional first-order phase changes are ex-
pected. Vertical rises have been observed in
adsorption isotherms" (see isotherm in Fig. 2);
they are cited as evidence of phase transitions,
but no indication of such transitions has pre-
viously been found in heat-capacity measure-
ments" ~
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R. F. Wood

Solid State Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee
(Received 24 May 1965)

Based on experience gained from calculations
on the I" center, ' we recently suggested' that
lattice relaxation may play an important role
in the interpretation of absorption, emission,
and photoeonductivity experiments in pure ion-
ic crystals —especially the alkali halides. We

report briefly here the results of calculations
on exciton states in NaCl and KCl which we feel
give support to the validity of this suggestion.

The absorption spectra of many alkali-halide
crystals exhibit a sharp, intense peak (spin-
orbit splitting neglected) in the uv, followed
successively at higher energies by a step, or
shoulder, and a second intense, usually sharp,
peak. Since the photocurrent often shows a steep
rise in the region of the absorption spectra cor-
responding roughly to the shoulder, it is usual-

ly eoneluded that the shoulder must represent
the onset of band-to-band transitions. In that
case, the excited state responsible for the sec-
ond peak would appear to lie in the conduction
band, and there has been considerable specula-
tion as ta why the peak is as sharp and intense
as it is. We believe that our calculations show
that it is possible for photoeonductivity to oc-
cur without necessarily implying direct tran-
sitions to conduction band states. They also
indicate that, whereas the energy of the many-
electron excited state responsible for the sec-
ond absorption peak may lie in the band of en-
ergies of the many-electron conduction states
(polaron states), the single-particle function
describing the electron principally involved
in the transition is localized.
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