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Heat capacities of He® and He* monolayers adsorbed on “Grafoil” graphite substrates at low
temperatures are qualitatively different from previous results using other adsorbents. The present study
consists of a detailed survey of many samples conducted in two similar but independent calorimeters:
the fractional coverages ranged from 5 to 115% of a completed first layer and the temperature range
extended from 0.04 to above 10° K. Several distinct thermodynamic regimes are seen, some of which
correspond closely with well-known theoretical models as well as others that had not been predicted. At
moderate densities and temperatures the behavior resembles that of two-dimensional gases. Departures
from ideality are correlated with quantum-mechanical virial corrections for interacting molecules. In
this range of coverages the He* specific heats begin to rise at 7= 3°K, forming strong rounded peaks
near 1°K. Hea, on the other hand, shows a monotonic decrease with falling temperature until
T ~0.2°K, then (for a narrow range of coverages) reversing the trend to form rounded maxima near
100 m°K. At the lowest temperatures the He® appears to enter a two-dimensional (2D) Fermi-liquid
regime. At higher coverage both He® and He¢ undergo second-order phase transitions to regular arrays
in registry with the substrate. In the critical region that heat capacities have symmetric peaks of
logarithmic shape, with coefficients in close quantitative agreement with exact 2D Ising models.
Above critical density the ordering peaks disappear and 2D liquid and solid behavior is seen. He*
at high density and low T is Debye-like, with characteristic temperatures ©2p equal to @3p of hcp
solid He* of the same interatomic spacing. At higher T the 2D solid appears to transform to a 2D
fluid by a continuous process, and pronounced heat-capacity peaks associated with the transformation
are located at temperatures near the melting points of hcp He* having the same interatomic spacing.
At very low coverage the 2D gas character gives way to a regime resembling a low-density 2D solid.

I. INTRODUCTION

This paper is a full report of experimental stud-
ies which have been described in several recent
letters'—* and theses.®® The work is partof a
continuing program of research on adsorbed films
at the University of Washington, but the present
results are in sharp qualitative disagreement with
previous measurements on other substrates. We
believe that the new observations indicate that the
present adsorption systems are much closer ap-
proximations to the uniform ideal than has been
typical of work on helium films. In this introduc-~
tion we survey relevant portions of the history of
experimental and theoretical studies on physical
adsorption of helium and other gases, leading up
to the present study.

A. Previous Studies of Helium Monolayers

Previous measurements of the heat capacity of
adsorbed He films were made with substrates of
jeweller’s rouge,” porous Vycor glass,® N,-plated
Vycor,® and Ar-plated sintered copper.'® At den-
sities near full monolayer coverage these films
have heat capacities resembling two-dimensional
(2D) solids. The characteristic temperatures for
all of these films are in the range 20-30°K. This
consistency was taken as evidence that the mea-
surements referred to intrinsic properties of the

8

He films, i.e., that the substrates were simply
acting as uniform adsorbing planes. But an ex-
tensive study of He® and He* on Ar-plated Cul!
down to low coverages suggested that the sub-
strates were playing more active roles: Those ex-
periments showed that the 2D solidlike properties
persisted even at 0.1 monolayer and 4.2°K, al-
though it had been expected that at such low cov-
erages and high temperatures the film would re-
semble a 2D gas. The persistence of the “solid”
was judged to indicate clustering, with a large
latent heat of lateral evaporation. The lower limit
of lateral binding was estimated to be an order of
magnitude greater than theoretical estimates for
mobile 2D He®!? and He*.!'*''* A possible contribu-
tion to lateral binding due to substrate phonon
exchange'® was predicted to be comparable to the
bare atomic interaction, but still too small to
account for the results. A series of experiments'®
specifically designed to detect variations in film
properties caused by preplating with one or two
layers of Ne or Ar gave a null result: It was then
concluded that the nature of the immediate ad-
sorbing surface could not be the determining fac-
tor. Nevertheless, the need to invoke substrate
properties was emphasized by another series of
experiments!” in which the heat capacity of He*
was measured at still lower coverages and higher
temperatures than heretofore: The new limit for
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the apparent lateral heat of vaporization was at
least 60°K. This large value could only mean that
the substrates, rather than merely enhancing the
intrinsic He attractions, must be the prime actors
in the experimental systems. Recent measure-
ments by Daunt and co-workers, of the heat capac-
ities of helium on bare and rare-gas-plated Cu'®
are consistent with the above indications.'®

A possible mechanism for the substrate contri-
bution was proposed by Roy and Halsey,?° in terms
of adsorption heterogeneities. Nonuniformity in
adsorption is known to be characteristic of all
but a very few adsorbents.?' Vapor-pressure
isotherms and isosteres of typical adsorbent-
adsorbate systems indicate that the binding ener-
gies of adsorption have relatively wide variations.
It is conventionally assumed that these variations
take the form of random spatial distributions of
localized adsorption sites with differing binding
energies. Roy and Halsey proposed a different
model, suggesting that the heterogeneities of the
substrates in the helium studies were spatially
correlated, so that the binding energy would have
a relatively long-range variation along the surface.
Long-range variations would tend to force ad-
sorbed atoms into dense clusters on the more
strongly attractive regions. Such clusters might
have heat capacities similar to 2D solids due to
their high areal densities, but to distinguish them
from the ideal 2D model, Roy and Halsey proposed
that they be termed pseudo-Debye. The Roy and
Halsey theory does not treat all of the questions
arising from the several experiments, but it is
extremely appealing in that it answers the major
puzzle —the abnormal persistence of 2D solidlike
behavior to low densities and high temperatures—
by an argument based on the properties of real
adsorbents. The essential correctness of their
model seems to be borne out by the present ex-
periments, on the basis of two quite different sets
of evidence: (a) the several correspondences be-
tween the present films on graphite and plausible
theoretical models, and (b) the independent evi-
dence for the greater homogeneity of graphite
substrates. The main body of this paper has to do
with (a). Although (b) involves the published work
of other investigators, we give a brief outline of
those principal features which are relevant to the
present study.

B. Uniform and Heterogeneous Substrates

There is voluminous literature dealing with
physical adsorption.?® On the basis of the many
adsorbate-adsorbent combinations that have been
examined experimentally, one is forced to the
conclusion that heterogeneity is the rule: Regard-
less of the care in preparing any arbitrary sur-

face, it should be assumed to be nonuniform unless
proven otherwise. A second and equally important
conclusion, although inferred more from reasoning
than from direct evidence, is that uniformity can
be judged only within the context of specific physi-
cal properties: What may seem to be a uniform
system with regard to a certain type of measure-
ment may be quite heterogeneous to another.

A small number of substrates has been found to
be exceptionally uniform to physisorption. The
prototype of uniform substrates is graphitized
carbon black. Attention was drawn to this material
by the work of Polley, Schaeffer, and Smith,2?
who discovered that carbon black which had been
subjected to high-temperature heat treatment
displayed stepwise vapor-pressure isotherms in
argon adsorption. The stepwise isotherms were
taken as evidence of distinct layer formation,
approaching the ideal forms predicted by Fowler
and Guggenheim,?® Hill,?* and Halsey.?® Carbon
blacks which had been subjected to higher tem-
peratures yielded more distinct steps, and this
evidence of increasing homogeneity can be cor-
related with x-ray?® and electron-microscopy?’
indications of progressive graphitization, which
produces basal-plane structure on all of the ex-
posed surfaces of the particles.?” The purity of
crystal-plane exposure is essential, since the
binding energies and presumably other physical
properties of films on different facets of the same
crystal can be significantly different,?8—3%

A series of studies of argon and krypton adsorp-
tion on graphitized carbon black at liquid-N, tem-
perature was carried out by Singleton and Halsey.*
They found that the steps in the Kr isotherms are
significantly sharper: This is attributed to the Kr
being at a lower effective temperature, relative
to the adatom-substrate interaction, than argon.
Stepwise isotherms have only been obtained with
a relatively small number of carefully prepared
substrates. The stepped shape is qualitatively
different from the familiar sigmoid curve of the
Brunauer-Emmett-Teller (BET) isotherm.%? Al-
though the BET equation is derived from a simple
model, it is now realized that the model is quite
unphysical. The sigmoid shape is usually a re-
sult of the superposition of stepwise isotherms,
but will also occur in uniform systems at tem-
peratures which are comparable to, or larger
than, the differences in binding energy of the in-
dividual layers.

A material related to graphitized carbon black—
exfoliated graphite—has been found to give even
sharper steps in the vapor-pressure isotherms.
Exfoliation involves the formation of intercalation
complexes within layer-structured crystals and
subsequent heating which explodes the layers
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apart.®® The discovery of exfoliated graphite

as a particularly uniform substrate and its sub-
sequent use for vapor-pressure studies has been
described in a series of papers by Thomy and
Duval.?*'% They attribute the apparent superiority

of exfoliated graphite over graphitized carbon black

to the larger areas of the individual adsorption
surfaces, postulating that the small grain size
(~0.2 p) of graphitized carbon black produces some
capillary condensation. The reasons for the im-
provement are not certain, but the evidence is
convincing. Features in the vapor-pressure iso-
therms of methane, Ne, Ar, Kr, and Xe indicate
a succession of phase changes in the first mono-
layer. Thomy and Duval saw no evidence of such
structure in films on graphitized carbon black:
Its absence may be due to heterogeneity, although
temperature nonuniformity might be responsible.
A small variation of temperature and/or substrate
binding energy could completely obscure any evi-
dence of phase changes, while causing only a
slight degree of rounding of the stepwise iso-
therms. Thus, the graphitized carbon black ad-
sorbent might be quite homogeneous with respect
to layer formation, yet strongly heterogeneous
with respect to the properties of each individual
layer.

II. EXPERIMENTAL DESIGN

Concurrent with the accumulation of the evi-
dence described in Sec. I, it was decided to start
a new series of specific-heat measurements of
helium films using substrates of expanded graph-
ite. Before reaching the experimental state, a
suitable calorimeter cell had to be constructed
and characterized. This section describes the
two cells (A and B) and the cryostats in which
they were used, and adsorption isotherms taken
to determine their Ar, He®, and He* monolayer
capacities.

A. Substrates, Cells, and Cryostats

The substrate used in all the measurements is a
commercially available form of expanded graph-
ite, GTA grade Grafoil.*® This product is ap-

parently manufactured from natural Madagascar
graphite crystals by a mechanical process which
produces a marked increase in the total area of
basal-plane surfaces available for gas adsorption,
and then rolled into sheets of various densities
and thicknesses.?” We now believe that an earlier
description® of Grafoil as chemically exfoliated
pyrolytic graphite is incorrect. The Grafoil
sheets used in our studies have densities on the
order of one-half that of crystalline graphite.
Chemical analysis of a typical sample indicates
impurity levels of 10-ppm Si, 1-ppm Mn, 10-ppm
Fe, and 1-ppm Cu.®® The manufacturer’s quota-
tion of typical impurity levels is somewhat higher:
40-ppm Al, 30-ppm Mn, 20-ppm Fe, 80-ppm Si,
with a total ash residue of 0.1%. The impurities
are mainly in the form of inclusions which are
present in the initial crystals.” X-ray diffrac-
tion* indicates good alignment of the basal planes
parallel to the Grafoil sheet surface, with a mean
spread of about 7°. Interlayer spacing corresponds
closely to that of natural rather than pyrolytic
graphite. There is appreciable broadening of the
diffraction lines. If the broadening is attributed
to the finite thickness of crystalline laminae in
the sheet, their mean thickness is ~100 planes.
With this value and the measured density we es-
timate that the mean separation between laminae
normal to the planes is several hundred A.
Through the thickness of a 0.04-cm-thick Grafoil
sheet there are approximately 6000 basal-plane
surfaces exposed for adsorption. The estimate

of surface area based upon the line-broadening
measurement agrees closely with the value 20
m?/g obtained from adsorption. Optical microscopy
shows that the lateral dimensions of the optically
uniform regions are typically 3 1.*° Scanning
electron microscopy has not yielded any useful
information.

Graphite is a poor and anisotropic thermal con-
ductor at helium temperatures, and so the follow-
ing elaborate procedure was used to construct cell
A. Since cell A performed well in heat-capacity
measurements, an almost identical procedure
was followed in the construction of cell B, intended
for very-low-temperature measurements. Physi-

TABLE I. Physical characteristics of heat-capacity cells.

Grafoil sheet Density of Mass of copper Mass of Grafoil

thickness Grafoil container in cell Total mass of cell?
(cm) (g/cm?) ® ®
Cell A 0.040 0.74 13.3 10.9 28.16
Cell B 0.0254 1.1 17.5 11.3 -31.5

aThe difference between the sum of columns 3 and 4 and column 5 is due to the copper

powder and solder used in the cells.
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cal characteristics of both cells are given in
Table I.

Parallel lines about 1.3 mm apart and 0.2-0.3
mm deep were scribed with a scalpel on each sur-
face of the Grafoil sheet. For rigidity, lines on
one surface were perpendicular to those on the
other surface. The scribed sheets were then
heated in vacuum to 750-800°C for several hours,
and purged many times with pure helium gas.
Disks having a diameter of 3 in. (cell B) were
punched from the sheet, placed in a vacuum evap-
orator, and a 0.5-u-thick copper film was de-
posited on their surfaces.

A very thin-walled copper capsule was con-
structed to house the Grafoil disks. These were
lightly pressed into it, with a small amount of
cleaned fine-copper powder sprinkled between the
disks. By scaling previous measurements!! on
this same grade of copper powder, we estimate
that the effective adsorption area due to copper
in the present graphite cells amounted to approxi-
mately 0.8% of the total. A §-in. hole was drilled
through the center of the Grafoil disks of cell A,
while four X -in. holes were drilled in cell B.
These holes were intended for accelerating the
equilibrium times for adsorption of each experi-
mental gas sample, so that the film density would
be uniform throughout the calorimeter. A lid was
temporarily fitted to the capsule to prevent further
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exfoliation and the assembly heated in vacuum to
about 1000°C, left there several hours, then
flushed with helium gas. Cell A was cooled in
vacuum and then filled with Ar gas, while cell B
was cooled in a helium atmosphere. This heat
treatment sintered together the Grafoil disks, the
copper powder, and the copper container. The
lid was attached to the cell by silver soldering in
a vacuum furnace at 800°C. Cell A was again
allowed to cool in vacuum, then filled with Ar gas,
while cell B was soldered in H, atmosphere, then
cooled in He atmosphere. All succeeding manip-
ulations of both cells were done in a helium at-
mosphere. Physical characteristics of the cells
are listed in Table I.

Cell A was fitted with a E‘;-in.-o.d. stainless-
steel capillary tube, while cell B had a . -in.-o.d.
Cu-Ni tube and a 0.083-in.-0.d. copper tube soft
soldered to it. During heat-capacity measure-
ments both cells were connected to external gas-
handling systems via the capillary. The larger
tube of cell B was used for the isotherm work on
this cell. Cell A was mounted in an adiabatic
demagnetization cryostat for use above 0.4°K,
while cell B was installed in a dilution refrigerator.
The cell could be cooled to about 35 m°K by using
a superconducting heat switch, but its thermal
isolation was poor above 2°K, giving increased
point scatter. Diagrams for the two experimental
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FIG. 1. Experimental cell arrangements in system A (left) and system B (right).
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arrangements are shown in Fig. 1.

Heat-capacity measurements were done by the
conventional method of introducing a known amount
of heat and measuring the resulting change in tem-
perature. The temperature drift of the cell was
followed before and after the heat pulse, and the
measured drifts were extrapolated to the center
of the heating interval.

Heat was applied with an Evanohm wire electric
heater (cell A=424 Q, cell B=104 Q) glued to the
cell with GE 7031 varnish. Temperature and tem-
perature changes were measured for cell A with
Allen-Bradley 56-Q and Speer 100-£ carbon-
resistance thermometers which were attached to
the cell with a mixture of Apiezon N grease and
copper powder. They were calibrated against the
vapor pressure of liquid He*. Temperatures of
cell B were measured with a 56-Q Allen-Bradley
resistor above 0.9°K; at lower temperatures we
used the susceptibility of 5.6 mg of cerium mag-
nesium nitrate (CMN). Both were calibrated
against a Cryo Cal*! germanium resistor between
1.5 and 4.2°K. During heat-capacity measure-
ments the CMN was checked against the resistor
at the end of every set of measurements (usually
at least once a day). The susceptibility of the
CMN was measured using a superconducting mag-
netometer.*? This system provided adequate
sensitivity, but the occasional skipping of a flux
quantum made necessary the periodic calibration
check.

The heat-capacity data presented in Sec. III were
obtained in the following way. The heat capacity
of the “empty” calorimeter (without helium) was
measured over the entire temperature range (and
checked several times over the course of the
study). A polynomial was fitted to the measured
points, and the coefficients of the polynomial were
included in a computer program for reducing the
raw data.

1000 mm Hg
BARATRON
HEAD

422 cm3
STORAGE

DIFFUSION &
ROUGHING PUMPS

LIQUID-
NITROGEN
TRAP

LEYBOLD-HERAEUS
L GAUGE

TO
CRYOSTAT

FIG. 2. Schematic diagram of the system B gas-han-
dling system.

Then a gas sample was prepared. Figure 2
shows the gas-handling system used for cell B.

A similar system was used for cell A. With valve
“b” closed, gas from the storage tank was admit-
ted to the calibrated volume and its pressure was
measured with a Baratron capacitance gauge.*®
The temperature of the gas was recorded. Then
valve “a” was closed and valve “b” opened into
the cryostat.

Gas was introduced to the cell incrementally.
For large increments the temperature of the cell
increased dramatically, well above 10°K. For
small increments, as when slightly changing the
coverage to survey a specific film feature, we
intentionally warmed the cell to at least 7 or 8°K,
to assure uniform density. The cell was then left
for several hours, usually overnight. A Leybold
pressure gauge measured the room-temperature
residual pressure. For submonolayer coverages
this pressure was never more than a few microns
after the gas had been adsorbed. Since a mono-
layer is of the order of 100 cm?® STP of gas (see
Table II), the amount of gas left in the calibrated
volume was very small. The filling procedure for
capsule A differed in that the capsule was filled
and isolated at relatively high manifold pressure,
allowing a more rapid film equilibrium. Upon
warmup, the exhausted gas was measured as a
check against possible filling errors.

The heat capacity of sample plus calorimeter
was measured and the heat capacity of the film
was obtained by subtracting the interpolated back-
ground from the measured total.

Annealing of the samples above 4°K appears to
be important. Measurements of the lattice gas-
ordering peaks (see Sec. I C) of He* showed that
rapid cooling of a sample after the gas was intro-
duced to the cell resulted in truncated peaks, such
as might be due to a distribution of several possi-
ble configurations.

B. Adsorption Isotherms

The He® and He* monolayer capacities of both
cells were measured at 4.2°K and the Ar capaci-
ties at 77°K. Known amounts of gas were admitted
to the cells from a calibrated volume and the gas

TABLE II. Monolayer capacities (cm® STP).

Argon isotherm  Helium-4 isotherm  Helium-3 isotherm
at 77°K at 4.2°K

BET?2 Point B2  Point A Point B2 Point A Point B

Cell A 68" e 98 100 92 95
Cell B 83 81 113 116 109 111

2 For an explanation of the meaning of BET, point A, and point B,
see text.
b All volumes quoted are uncertain to +2 cm® STP.
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pressure was recorded after sufficient time had
elapsed for the cell to reach internal equilibrium.
Pressures were measured at room temperature
with a Baratron®® gauge. Thermomolecular pres-
sure corrections for both helium isotopes** were
made to the A data for pressures lower than 4
Torr, while corrections were made to B data
below 2 Torr.

Results are plotted in Figs. 3 and 4. Monolayer
capacities N,, computed from these curves using

different fiducial points®® are indicated in Table II.

The Ar isotherm follows the BET equation, hut
since no simple isotherm model fits the He data,
points A and B have been chosen in the following

way. Henry’s law?! predicts that for low pressures
and low coverages the amount of adsorbed gas will
be proportional to the gas pressure if the substrate
is uniform. In our case we believe that the small
linear region at low pressures near the vertical
axis is due to the Henry’s-law behavior at low cov-
erages of the second layer. Extrapolation of this
linear region to P =0 defines point A, while the
approximate point of departure of the low-pressure
experimental points from this line is point B. For
comparison, the He* monolayer capacity obtained
from heat-capacity measurements in cell A is
approximately 96.5 cm3, (See Sec. IIID2.)

In this paper we depart from the conventional
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specification of film density as the fractional mono-
layer coverage N/N,, where N, is the number of
atoms in a “completed” first monolayer. The
location of N, from vapor-pressure isotherms is
imprecise and there is no standard convention
leading to a well-defined reference point or cri-
terion of completion. The density of a completed
first layer is not a fixed quantity, since it has a
small but perceptible temperature dependence. A
much more precise fiducial quantity for the He-
graphite system is the critical number N, of He*
atoms for the lattice-gas ordering transition at

T ~3°K. As described in Sec. IIIC the sensitivity
to N of the ordering-transition heat-capacity peaks
permits specification of N, to within 1%, and all
other coverages can be scaled to this value. Fur-
thermore, the identification of the structure of the
ordered He* film leads to a substrate area cali-
bration of comparable precision, thereby permit-
ting all films (including those of other adsorbates)
to be specified in terms of the areal density »
=N/A. With this method we find that the density
of a full He* monolayer at T=1°K (see Sec. IIID2)
is n,=0.115 A~2,

There have been three independent studies of He*
adsorption on Grafoil substrates. Daunt and
Lerner* and Stewart, Siegel, and Goodstein®®
obtained 4.2°K vapor-pressure isotherms closely
resembling ours in shape. Although they used
different methods for determining their adsorption
areas, both studies yielded estimates within a
few percent of ours. Elgin and Goodstein?” have
carried out some heat-capacity measurements of
He* on Grafoil, at submonolayer coverages and at
temperatures between 1 and 4°K. They have also
made extensive vapor-pressure measurements at
elevated temperatures, down to very low cov-
erages. (See Note added in proof.)

III. EXPERIMENTAL RESULTS

The specific-heat behavior indicates several
distinctive regimes, shown in the phase diagram
of Fig. 5. Several of these regimes have been
described briefly in previous communications®=*:
Here we present more complete descriptions of
the results and their analysis, including some
features not reported earlier. In most of the
subsequent graphs we show only representative
data points for purposes of economy and clarity of
presentation.*®

A. 2D Gases: Pseudoclassical Regime

1. General Features

The heat capacity of an ideal 2D classical gas
is C =Nk If we identify as 2D gases all regions

having temperature-independent heat capacities
and with values falling within about +10% limits of
NE, the gas regime is seen over a wide range of
densities. However, the ideal classical model
appears not to be applicable. As discussed in
Sec. IIIA 3 and in Note added in proof, it is now
understood that quantum-mechanical virial cor-
rections are quite important in the so-called
“classical-gas” regime of Fig. 5. Therefore,
although we consider that it is still useful to con-
tinue to label the films as “classical” wherever the
heat capacities are Boltzmann-like, it is more
correct to add “pseudo” to their name.

Except for very low and high coverages, all
films displayed 2D gas signatures for some portion
of the experimental temperature range.

The 2D classical-gas phase has not been ob-
served in previous heat-capacity studies on any
combinations of adsorbates and adsorbents. Its
absence can be ascribed to effects of strong heter-
ogeneity. The appearance of the gas phase in the
current studies is one of the strong pieces of
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FIG. 5. Phase diagram of helium monolayers on
graphite. Identification of several regimes is tentative
and subject to revision (see text and Notes added in
proof).
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evidence for uniformity of the Grafoil substrate.
Further implications and quantitative details are
described in Secs. IIIA2 and IITA 3.

2. Band Structure

Hagen, Novaco, and Milford* have calculated
the single-particle band structures and heat capac-
ities of He® and He* adsorbed on basal-plane ori-
ented graphite at low temperatures. Their results
predict that the surface mobility due to tunneling
between the substrate sites is extremely rapid, so
rapid that there should be little difference between
the heat capacities of noninteracting helium on
graphite and on a smooth surface. Thus, their
calculations and our data agree over wide portions
of the phase diagram. It should be noted, however,
that the agreement is in a sense one sided: If the
calculated bandwidths were greater there would
still be agreement, but appreciably narrower
bandwidths would not fit the data. Narrower widths
would produce modulated band-type heat capac-
ities*®~5! with low-temperature tunneling band
peaks. Since such modulation is not seen, the
experimental band structure must have a tunneling
bandwidth comparable to or larger than the energy
gap to the first excited band.

A general criterion for the existence of 2D gas
heat capacities in a noninteracting monolayer at
low T requires that the site dwell time 7 of an
adatom satisfies the condition 7<4/kT.*® There-
fore, the observation of a 2D gas regime indicates
that 7<10"!' s at 4°K. As discussed below, there
appear to be appreciable effects due to interac-
tions, but we believe that they are not so large
as to invalidate the mobility criterion, at least
at relatively low coverages and temperatures near
4°K. However, as we point out in Sec. IIIC3, a

description of mobility based on a noninteracting
model cannot be correct at moderate and high
densities, for there the mobility involves collective
motion and an interplay between adatom-substrate
and adatom-adatom effects. Indeed, it appears
that the measurements have not detected any re-
gime in the first monolayer range that strictly
corresponds to a noninteracting 2D gas, even at
the lowest densities investigated.

3. Adatom-Adatom Interactions

If we consider the films by analogy with ordinary
three-dimer ° nal (3D) gases then we should ex-
pect to obse_ . _ effects of adatom-adatom inter-
actions down to quite low coverages. Actually,
even at the lowest experimental coverages the
films correspond to quite high equivalent 3D gas
densities; e.g., at x =0.1 the mean interatomic
spacing is that of a gas at T=4°K and P =0.67 atm.
Consequently, the deviations from ideality ought to
be appreciable, and it might not be unreasonable
to expect significant corrections in heat capacity.

Usually when one considers the effects of inter-
actions the focus is on the equation of state rather
than on thermal properties. This is partly because
the specific heat is less sensitive; in fact in the
very-low-density classical regime the specific
heat is not affected by interactions, but remains
equal to the ideal gas value.’ The same result is
obtained for 2D gases in the low-density high-tem-
perature limit, where the equation of state can be
approximated by a 2D van der Waals equation anal-
ogous to the familiar imperfect gas law.5¥~% At
appreciable densities, however, the interactions
will affect thermal properties as well. If the den-
sity is not too great the corrections to the entropy
and heat capacity involve only the second virial co-

0.|° l l R ]
He, HARD DISK
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o pu—
Z-005 — FIG. 6. Deviations 6(C/Nk) of He®
(< specific heats from ideality compared
@0 with 2D imperfect gases (Refs. 56 and
-0.10 . 57) at T=~4°K.
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efficient B(T) and higher-order terms can be ne-
glected. The corrections, for both classical and
quantum 2D gases, are of the form

s S d (B
SNE = NE " 2HInex)=nst e <—3_> ’ @
£ _C _.__ 52 9B

B I T @

where B =(kT)™! and A =2(@mmkT) V2 is the thermal
de Broglie wavelength.

Virial coefficients appropriate to helium mono-
layers at the densities and temperatures of our
studies were not available until quite recently.
Tabulations of B(T) for classical 2D gases have
been published,®*'% but it has been noted® that the
classical approximation for 2D He is not appro-
priate below T =100°K. Very recently, Siddon
and Schick®®'>” made fully quantum-mechanical
calculations of B(T) for 2D He® and He*. Their
extensive study was stimulated by certain ques-
tions raised by these experiments, and as will be
discussed below, their theoretical results are, at
several points, in striking quantitative agreement
with the data.

The deviations of the specific heat from the
ideal-gas value should be linear in coverage
according to Eq. (2), provided that the tempera-
ture is high enough to avoid major effects due to
quantum degeneracy. The strong condition nA%<<1
could not be met by the experimental densities
and temperatures: At 4°K this would require
coverages ~1% or less. However, the onset of
large changes in the heat capacity of ideal 2D
gases begins only at much larger values, n¥~1.
It therefore seems that the experimental cover-
ages were sufficiently low to provide a semi-
quantitative test of the theory. In Fig. 6 we plot
the deviations of the He® specific heat from the
ideal-gas value versus density; also shown are
Siddon and Schick’s®” corrections for the 6-12
potential with He® gas parameters. Although
there is appreciable scatter and some systematic
differences between system-A and system-B data,
the measurements seem consistent with a virial
correction over the range n2\2<1 in moderate
agreement with the 6-12 potential. In contrast,
the quantum coefficient for hard disk potentials
disagrees qualitatively; it leads to positive cor-
rections in the specific heat. At lower densities
than n»~0.025 the experimental heat capacities
deviate markedly from 2D gas behavior; the very-
low-density regime is separately discussed in
Sec. III E.

Absolute entropies provide an additional basis
for comparison, since the entropy correction in
Eq. (1) depends on both the magnitude of B and its

first temperature derivative, whereas 6C mea-~
sures d?B/dB®. The experimental entropies were
obtained by integrating smooth curves drawn
through the heat-capacity data, with smooth mono-
tonic extrapolations to the origin below the ex-
perimental limit near 40 m°K. Since the experi-
mental values near 40 m°K are quite low and are
approximately linear in 7', the uncertainty in the
extrapolation is not likely to cause a large error
in S at 4°K. In Fig. 7 we present the entropy
deviations 6(S/Nk) from ideality for He® and He*
at 4°K. For He® we also included in the ideal-gas
entropy the nuclear spin term S gin =Nk In2; this
presumes that the spin entropy is essentially
removed at the lowest experimental temperatures
(or is accounted for by the extrapolation to T =0)
and that the spins are fully disordered at 4°K.
Supportive evidence for these assumptions is post-
poned to later sections.

The data in Fig. 7 exhibit less scatte= and better
linearity over a wider density range than Fig. 6,
a distinction that is probably due to the smoothing
effect of integration and the lower sensitivity of
the entropy to the temperature dependence of B.
We point out that although He* entropies follow the
density dependence of this virial correction, the
He* heat capacities do not: This distinction may
be due to the particularly high sensitivity of 6C
to the temperature dependence of B and some
residual influence of the low-temperature He*

I T i

o He'
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FIG. 7. Deviations 6(S/Nk) of He® and He! entropies
from ideality at low densities and T= 4 °K. The lines
are drawn merely to indicate linearity of the deviations.
Comparisons of the empirical and theoretical slopes are
given in Table III.
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anomalies (see Sec. ITII B 2) extending to 4°K.
Comparisons between the experimental slopes
6(S/NE) and 6(C/NE) and the theoretical values
for hard-disk and 6-12 potentials are given in
Table III. We see that the theoretical 6-12 cor-
rections are in moderately good agreement with
the measured heat-capacity deviations, whereas
the hard-disk model is in qualitative disagreement.
The entropy deviations also favor the 6-12 inter-
action, although the agreement is not good for He3.
In this sensitive comparison it is possible that an
appreciable part of the deviation is caused by the
manner in which the entropy is extrapolated below
T =40 m°K, but at least part of the deviation may
be due to real changes in the interatomic potential
arising from interactions with the substrate. Pre-
sumably, an empirical potential might be con-
structed which would be consistent with both sets
of data, but this has not been done. For more
recent developments, see Note added in proof.

B. 2D Gases: Low-Temperature Regime
1. He?

Both isotopes at low coverages have specific
heats near k/atom in the range 2°K<7<4.2°K, but
stronger departures appear at lower temperature,
near the regions where the degeneracy parameter
nA?=1. Therefore it might be expected that the
specific heats could be approximated by theoretical
curves for 2D quantum gases.%® The heat capacity
of an ideal 2D Fermi gas has a temperature de-
pendence qualitatively similar to the 3D gas; as T
decreases the heat capacity drops monotonically
below the classical value, becoming linear in T
when nA2>>1. The He?® films at moderately low
coverage and temperatures above 1°K are quite
similar to 2D Fermi gases; examples of three
such films are shown in Fig. 8. In an early inter-
pretation' we fitted ideal 2D Fermi gas curves to
each sample, treating the areal density » and the
Fermi temperature 7,(0) as fitting parameters,

TABLE III, Virial corrections at 4 °K.

n"16(S/Nk)2  n~16(C/Nk)
He® Experimental -14.7 -3.0
Calc., hard disk? —17.53 +3.67
Calc., 6-12¢ -7.36 -2.25
He! Experimental -10.4
Calc., hard diskP -16.56
Calc., 6-12¢ - 8.12

2Measurements obtained with system B only.

bQuantum virial coefficients (Ref. 57) for hard disks
of diameter 0=2.56 A.

¢Quantum virial coefficients (Ref. 57) for 6-12 poten-
tial with parameters e/ =10.22 °K, o=2.56 A.

|oo

where
T, (0) =% %n/mk. @)

The fitted ideal gas curves are also shown in Fig.
8. In spite of the close correspondence, the fitting
parameters are appreciably different from those
calculated from the measured N and the appro-
priate 7;(0) from Eq. (3). We now believe that the
proper explanation is in terms of interactions, as
indicated by the very close fit obtained by Siddon
and Schick®® to the data above T'=1°K. Neverthe-
less, the 2D ideal Fermi gas model is a conve-
nient framework for description, and therefore we
list the empirical fitting parameters in Table IV.
At temperatures below about 1°K the 2D Fermi
gas model becomes increasingly inadequate to
describe the data. At moderately low coverages
the measured heat capacity lies above the theo-
retical curve fitted to the high-temperature re-
gion. The data points form a pronounced “shoul-
der” in the region 0.1°K<7<0.3°K and then tend
toward a linear dependence on 7 at the lowest
temperatures. At somewhat higher coverages the
shoulder develops into a broad but definite maxi-
mum located below 0.1°K. The maximum is most
pronounced for density »=0.045 A~2; at higher
densities the heat capacity becomes depressed
toward very small values. These features are
shown in Fig. 9, which displays only the low-tem-
perature region below 7 =0.5°K.

The similarity of the low-temperature behavior
of the specific heat of the adsorbed film with that
of bulk He? is remarkable, as can be seen in Fig.
10, which shows that the specific heat of liquid
He? goes through a broad shoulder before entering
the Fermi liquid regime.®® The specific heat of
the solid does not show this shoulder or any anom-
aly to as low a temperature as has been mea-
sured,®® although it will presumably have some

T T T T
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[ ] peey +++
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FIG. 8. Specific heats of low-density He? films with
fitted theoretical curves of ideal two-dimensional Fermi
gases. The parameters of the fitted curves are listed in
Table IV.
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kind of anomaly when spin ordering occurs at a
few millidegrees.® 2

Using the analogy with bulk properties to define
film regimes, we call the region of very-low-
temperature (almost) linear specific heat a 2D
Fermi liquid. The 3D Fermi liquid regime is
characterized by an effective mass m} ~3m, ; it
is obtained by comparing the (almost) linear spe-
cific heat with that of an ideal 3D Fermi gas,
using the mass as an adjustable parameter. If we
treat our data in equivalent fashion and compute
an effective mass from the asymptotic linear de-
pendence of the n=0.028 A2 density film, com-
paring to the 2D ideal gas specific heat we obtain
m¥=~(1.7£0.2)m,. Our results in this region are
comparable to those obtained by Guo, Edwards,
Sarwinski, and Tough®® in their study of the sur-
face tension of dilute solutions of He® in He*. In
their study it was deduced that at low temperatures
the liquid surface was covered by monolayer films
of He®. The entropy of the He® layers could be
deduced from the measured surface tension, using
Andreev’s theory.** The two sets of entropy values
agree at the lowest equivalent densities, but di-
verge at higher density. Perhaps the divergence
is due to the difference in substrates; indeed, in
view of the differences in substrates and techniques
it seems remarkable that the results do agree at
any densities and temperatures. Since liquid He*
presents a disordered but very uniform substrate,
the agreement adds to the evidence that graphite
is a very uniform substrate and that at low enough
coverages the effect of substrate structure in the
2D properties is very small.

The nature of the low-temperature anomaly of
bulk liquid He® shown in Fig. 10 is unknown. No
microscopic theory exists for bulk He® in the
corresponding region. Several years ago Gold-
stein®® correlated specific heat and susceptibility
measurements, and concluded that the specific-
heat shoulder is due to nuclear-spin ordering in
the liquid.®® Although no susceptibility measure-
ments are yet available for our films, entropy
comparisons between He® and He* seem to indicate
that some degree of spin ordering occurs in the
experimental range. The assumption that the He®
spins are ordered at the lowest temperatures was
already made in Sec. IIIA 3, in the evaluation of
the entropy correction due to nonideality. It is
natural to suspect that the ordering takes place
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FIG. 10. Specific heats of monolayer and bulk liquid
He’.
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in the neighborhood of the low-temperature anom-
alies, since He* does not show this behavior. If
this is the case, then the entropy difference S;-S,
should show the evolution of the 1n2 spin term in
the neighborhood of the anomalies (see Fig. 11).
The development of a In2 entropy difference near
T=0.1°K would seem to confirm the conjecture,
but it cannot be taken as proof. An alternative
interpretation is that the low-temperature anom-
alies are due primarily to interactions and that
the entropy difference is only accidentally equal
to In2. The calculated virial coefficients incline
one to this view. (See Note added in proof.)

The absolute entropy values are predicated on the

assumption that no major specific-heat anomalies
occur below the experimental region, for these
would be omitted by the extrapolation procedure.
Such an omission appears to occur for higher-
density films, near the densities of the lattice-gas
ordering regime. For further discussion of this
regime, see Sec. IIIC.

2. He!

As x increases and/or T decreases the He®
films begin to show appreciable departures from
classical gas behavior, but in contrast the He*
specific heats begin to deviate by increasing above
k, rising to form rounded peaks near 7=1°K with
varying heights up to nearly twice the classical
ideal value. At lower temperatures the specific
heats decrease approximately linearly with 7,
and at the lowest temperatures change to a higher
power, approximately quadratic. These features
are illustrated in Fig. 12. Results obtained with

2 ]
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FIG. 11. Calculated entropies for equal density
¢2=0.028 A~2) He® and He! films. The entropy differ-
ence between the two isotopes develops to approximately

In2 after the He® low-temperature specific-heat anomaly.

| oo

the two experimental systems are not identical

in this portion of the phase diagram. Systems A
and B both showed He* peaks in this region, but
the peak heights of the early B data* are appre-
ciably lower than later B runs and all of the A
runs. The discrepancies are particularly signifi-
cant in view of the very close quantitative agree-
ment between all A and B data at other coverages,
particularly in the region of the 3°K ordering
transition (see Sec. III). It is likely that the dis-
agreement is due to incomplete equilibrium, for
we found that the originally weak He* anomalies
in system B were made stronger by prolonged
annealing at relatively high temperatures.

The He* results do not resemble the 2D Bose
gas, which, except for mass- and nuclear-spin
factors, has the same temperature dependence as
the 2D Fermi gas.%® Yet the fact that the He*
signals rise at just about the same density and
temperature at which the He® results fall below
is a compelling indication that in bo#% isotopes the
departures must involve statistical effects. The
qualitative differences between He* films and the
ideal 2D Bose gas are therefore probably due to
the unrealistic simplifications of the noninteracting
model. In the following paragraphs we compare
the He® results with predictions of several theo-
retical models of Bose films.

It is well known that although there is no long-
range momentum order in 2D Bose fluids above
T=0,% the restriction to finite geometry allows
ordering to occur at some finite temperature
T,.%8=" It seems unlikely that the experimental
anomalies can be caused by size effects, i.e., if
the film is composed of noninteracting domains
which are so small as to cause the peaks near
1°K. The existence of a finite ground-state occu-
pation at a finite accumulation temperature T,
does not imply that the ordering will be accom-
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FIG. 12. Specific heat vs temperature for He! samples
in the 2D gas regime.
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panied by any marked changes in the heat capacity.
Indeed, the specific heat of an ideal 2D Bose gas
remains relatively unaffected by size restriction
down to quite small dimensions. Calculations for
mass-4 bosons at liquid-He* density on a 270-A
square plane show that C(T) is similar to the
infinite 2D gas.” An anomaly due to size restric-
tion probably does not appear until dimensions are
a few 3, when the single-particle energy-level
spacing becomes comparable to #7.7° The effective
dimensions of the domains in our films appear to
be at least several hundred A (see Sec. I C).

In slab geometries of finite thickness the ideal
Bose gas exhibits a heat-capacity anomaly.™:"2'"®
The anomalies are pronounced and occur at tem-
peratures above that of the corresponding 3D
transition. These results do not seem applicable
to monolayers. In addition to the extreme sim-
plicity of the model, the theory requires that the
thickness be a few A or more for 7, to be as high
as 1°K, whereas in the He-graphite system the
higher surface-normal excitations are virtually
unoccupied at liquid-helium temperatures,*® and
thus the effective thickness of the films is virtually
zero.

Several possible explanations of the He* specific-
heat anomalies have appeared since our experi-
mental results were first reported. Campbell,
Dash, and Schick™ suggested that they are asso-
ciated with film-density changes in weak lateral
fields due to long-range gradients in the substrate
binding energy. They showed that the ideal Bose
gas develops pronounced heat-capacity peaks in
quite small fields and they obtained a reasonable
fit to the data by assuming a variation of about
0.6% in the substrate binding energy.

Widom and Sokoloff’ reinterpreted the lateral-
field model as indicating remnant Bose condensa-
tion and pointed out some implications for the
spreading -pressure and vapor-pressure iso-
therms. Their predictions were tested by Elgin
and Goodstein®” through measurements of vapor
pressure and heat capacity of He* on Grafoil. The
results were found to be at variance with the pre-
dictions of the model.

Novaco™ proposed that the He* peaks could be
evidence for lateral evaporation of a two-dimen-
sional liquid ground state, together with a smear-
ing effect due to weak substrate inhomogeneities.
Model calculations resulted in strong anomalies
located near 7=1°K. The absence of peaks in
He? films was attributed to a much weaker or
nonexistent binding of the lighter isotope.

Siddon and Schick®®:57 find that the second virial
coefficients B(T) of 2D He* with 6-12 interactions
lead to pronounced increases in the heat capacity
as the temperature is reduced toward T =1°K.

Their theoretical results are in close quantitative
agreement with the measurements over the entire
temperature range above the peaks. Their theo-
retical curves continue to rise at lower tempera-
tures, however. This region of disagreement with
the experiments is ascribed to the importance of
higher-order terms in the virial expansion. A
strong argument for the applicability of the Siddon-
Schick calculation is the comparable success of
their results in fitting the He® data with virial
coefficients appropriate to that isotope. It there-
fore appears that the low-coverage regime can be
understood in terms of uniform 2D systems, with
no necessity for invoking substrate heterogeneity.
However, before one can accept the virial correc-
tion as a complete explanation, additional experi-
mental facts need to be mentioned. (Also see Note
added in proof.)

A small disagreement remains between A and B
data, even after careful annealing and remeasure-
ment. The disagreement appears to be significant
in view of the generally better correspondence
between systems A and B, especially in the region
of the ordering peak at x, =3 (see Sec. IIIC).

An additional qualification emerges from our
failure to observe He* anomalies at coverages
slightly greater than one completed layer, where
the second-layer densities are comparable to the
partial first-layer films. (However, see Note
added in proof.) A strict interpretation of the He*
peaks as due to ordinary pair potentials between
adatoms on an inert smooth substrate would sug-
gest that the second layer should behave similarly,
since the underlying first layer preserves its 2D
solid character (see Sec. IIID). Thus, it seems
possible that there is some substrate contribution
to the physics of the film; this may be of the later-
al-field type, or perhaps via mediation of the
adatom-adatom interactions.'®"®

C. Lattice Gases

1. Observations

In the density range 0.05 A~2%5,20.07 A2 the
films undergo second-order phase transitions to

TABLE IV, Heé® films compared with ideal 2D Fermi
gases.

Sample density T 5 (0)carc ® T p(O)gytea
n A2 °K °K
0.0154 0,783 3.6
0.0273 1.39 3.4
0.0415 2.11 4.8

2Computed from Eq. (3) with atomic mass m; and
measured density.
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FIG. 13. Critical regions of lattice-gas ordering
transitions of several samples of He!. Densities n A-?
are A,0.0607; O,0.0631; @,0.06366=n,; +,0.0641;
X,0.0647; (0,0.0656.

ordered lattice-gas arrays. Our identifications
of these regimes are based upon certain corre-
spondences between the experimental heat capac-
ities and theoretical models. We also note ob-
servations of ordering in other adsorption sys-
tems, and we cite very recent results from a
study of nuclear-magnetic resonance of He® films
which supports our identification. In this section
we first present the experimental evidence, then
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FIG. 14, Peak height vs gas quantity near critical or-
dering density, for cell B.
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FIG. 15. Peak temperature vs gas quantity near
critical ordering density, for cell B.

the measurements are compared with existing
theory, and we discuss new questions raised by
the experiments.

The gross features of the ordering regimes
involve the emergence of strong and sharp heat-
capacity peaks in both isotopes within relatively
narrow ranges of temperature and coverage. Peak
heights are extremely sensitive to coverage; peak
temperature somewhat less so. In Fig. 13 we
show the peak regions of He* films at coverages
near n=0.07 A-2, We find very similar behavior
in He®. The variations of peak height and tem-

2
T (°K)

FIG. 16. Specific heat of He at critical density n,.
Data obtained with system A.
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FIG. 17. Specific heat of He® at critical coverage. Data
obtained with system B. Densities » A?scaled from
n, (He?) are @,0.0643; +,0.633. Since the 0.0643-A"2
sample was only measured near T, , we show a compos-
ite with a nearly critical density sample at higher and
lower temperatures.

perature with coverage are illustrated in Figs.
14 and 15.

The full curves for He® and He* at critical den-
sity n, are shown in Figs. 16 and 17. The sharp-
ness of the peaks provided extremely sensitive
gauges of reproducibility, yet we were able to
repeat these results in different runs in the same
or different calorimeters. Furthermore, similar
peaks were obtained for He* in a third Grafoil
cell in a completely independent calorimeter .8°

The peak regions of the critical coverage samples
can be described by power-law temperature de-

T I
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FIG. 18. Logarithmic dependence of the specific heat
of He at ¥, = 1/3 in the critical region.

pendences of the form

CCCItl-a, tE(T-Tc)/ch (4)

with empirical exponents 0 <a<0.3 depending on
the extent of the critical region over which the
data were fitted. For «=0 the power law reduces
to logarithmic form

C/Nkg=-Aln|t|+B, (5)

and in Fig. 18 we show the data for a critical-
coverage He* film on a logarithmic scale. Equa-
tion (5) is obeyed over slightly more than one
decade in f on both sides of 7,, extending out to
|t]=~0.1. We evaluated the empirical coefficients
for high- and low-temperature branches separately
for both isotopes, and the results are listed in
Table V.

It is noteworthy that the critical quantities n,,

TABLE V. Critical parameters of lattice-gas ordering transitions of He monolayers on
graphite and of exact theoretical models. [Quantities A and B refer to Eq. (5) in text.]

System %, A(T>T,) AT <T,) B(T>T,) B(T<T,)
He! 3 0.527+0,001 0.521+0.004 -0.982 -0.801
He® 3 0.431+ 0,002 0.427+0.004 -0.785 -0.637
Quadratic 2 3 0.4945 0.4945
Triangularb 1 0.4991 0.4991
Honeycomb 2 3 0.4781 0.4781

2 Attractive and repulsive nearest-neighbor interactions.
b Attractive interactions only; no transition for repulsive interactions.
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T, for the two isotopes are approximately, but not
precisely, the same. We were particularly troubled
by the implications of an isotopic difference inn,,
and we carried out a special series of experiments
on both He® and He* in system B in order to elimi-
nate systematic errors. As a result of this series
the difference, amounting to an excess of about
1.5% for He?, is very well documented. In this
series we also compared critical temperatures
for both He® and He*: Here, too, a slight isotopic
effect was confirmed. The significance of these
isotopic differences is discussed in Sec. IIIC 2.

Outside of the critical region the two branches
become quite distinctive. On the high-temperature
side the specific heat of both isotopes approaches
k near T=4°K. At low temperatures the signals
decrease rapidly; they can be described approxi-
mately by an exponential dependence of the activa-
tion type, with an activation energy ~2°K (see
Sec. IIIC 3). It can also be described by an empir-
ical law of the form C x¢°T over a rather wide
range, 0.5°K<T7<2.5°K. This relation is curious,
and we do not know its significance.

At densities above and below %, the peaks dimin-
ish in height and shift to lower temperature. The
behavior at n>n, is quite different than n<n,.
Above critical density (only He* has been examined
at coverages much above n,) the peaks become
steadily smaller and broader, disappearing entirely
by n~1.17Tn,. Below critical coverage we find
peaks of some sort persisting down to #=0.Tn,. In
addition we found two distinct classes of peaks near
n=3n,. These peaks appeared on different runs,
the higher-temperature peaks occurring on earlier
runs of both cells, whereas there had been no
evident differences in the manner of preparation
for the runs or in taking of data. The two classes
differ in peak shape. Examples of both classes
are shown in Fig. 19. It must be emphasized that
because of these differences we studied this re-
gion of coverages particularly carefully in both
systems. The phase diagram in Fig. 5 shows both
lines of peaks, although the existence of these
phases is not well established and further experi-
mentation is necessary to elucidate whether the
different peaks are due to cell changes occurring
within a year’s period or to the two configurations
discussed in Sec. IIIC 2.

2. Interpretations

As mentioned earlier, we believe that the sharp
3°K peaks are due to second-order phase transi-
tions to ordered monolayer structures in registry
with the substrate. First we discuss the direct
evidence for registered monolayers obtained by
low-energy-electron diffraction (LEED). Several
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FIG. 19. Examples of the two types of anomalies seen
in He* films at x,~%.

such phases have been identified in LEED studies
of physisorption. Of particular relevance to our
present study is the investigation by Lander and
Morrison®! of structures of films adsorbed on
basal planes of graphite. Among those structures
are two that we believe are particularly relevant
to films of He on graphite. In Fig. 20 are illus-
trated a triangular array with atomic spacing
twice that of the graphite hexagons, observed in
Cs monolayers, and a triangular v3 R 30° array
seen in Xe films. We also show a rectangular

V3 x2 arrangement. Although Lander and Morrison
did not report such a structure in their LEED
work, we believe that it may occur in He films at
appropriate coverages. The LEED results for Xe
are particularly interesting. The ordered v3 R
30° state was seen at nearly completed monolayer
densities and liquid-nitrogen temperatures; as T
increased, the diffraction pattern became fainter
and finally disappeared above about 90°K. Above
this temperature the diffraction corresponded to
an amorphous “liquid.” Lander and Morrison
suggested that the change from the ordered to the
disordered state is a second-order phase transi-
tion.

We believe that the sharp peaks in He monolayers
at n=~0.06 A~2 do indicate second-order phase
transitions to ordered arrays having the same
structure as the v3 R 30° phase seen in the LEED
study of Xe films. The He-film densities agree
with the density of the V3 R 30° arrangement to
within the uncertainty of our measurements of
adsorbent areas. The relative densities can be
expressed in terms of the fraction x,, defined by

x,=N(adatoms)/N,(sites),

where N (sites) refers to the number of hexagonal
adsorption sites on the graphite substrate. The
triangular v3 R 30° arrangement corresponds to
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x,=3. Now we compare the x, values for He® and
He* at critical coverage x,, calculated according
to the crystallographic parameters of graphite®?
and the substrate areas determined by argon
adsorption isotherms (see Sec. II): these values
are

system A: x,(He*)=0.35,
system B: x,(He*)=0.310, x,(He®)=0.315.

The relative values are uncertain to about 10%
due largely to the estimated uncertainty in the
effective molecular area of argon, which is de-
rived from the density of solid argon.?* In addi-
tion, the measurement of adsorption area of Sys-
tem A was less carefully made: The difference
in techniques can account for much of the varia-
tion. We therefore find that the densities of the
films possessing the logarithmic heat-capacity
peaks are consistent with x,=3. With this identi-
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FIG. 20. Three possible ordered epitaxial structures
of monolayers adsorbed on basal-plane graphite. The
two structures on top have relative density x, =%, the
lower structure has x,=§. Atomic sizes correspond to
the He diameter 0=2.56 A.

fication and the area 5.2361 A? of a primitive
hexagon on the basal plane of graphite,®? the criti-
cal density n, is calculated to be 0.06366 A~2, All
other sample densities are computed by scaling the
volumetric quantities relative to the critical quan-
tities for He* in each cell.

The identification of the logarithmic peaks as due
to lattice-gas ordering indicates that the low-
temperature phase must be a regular array of
atoms localized on substrate sites. In sharp con-
trast, however, the heat capacity at T=4°K cor-
responds_to a 2D mobile gas. Thus, at this stage
one is led to an interpretation of the peaks as due
to a transition in both the spatial order and the
mobility. These indications are buttressed by
entropy comparisons, as follows: If the atoms
are completely localized in sites, the He* entropy
should fall to very small values in the experimental
range, whereas the He® entropy should retain a
spin contribution down to some very low tempera-
ture of nuclear-dipole interaction. Thus, since
the spin entropy of He® is constant over the ex-
perimental range, there should be little distinction
between the experimental entropy differences of
the two isotopes in the ordered phase. This is
indeed what is found: In Fig. 21 we see that the
values for He® and He* around x, =3 are nearly the
same, distinct from the behavior at lower cover-
ages. Figure 21 also includes data of Elgin and
Goodstein,®® who obtained entropy values for He* on
Grafoil by combined vapor-pressure and heat-
capacity measurements. Their 4°K values are in
excellent agreement with ours.

Direct evidence of localization has recently been
obtained by Rollefson,® using NMR techniques.
This study was conducted on He® films on graph-
itized carbon black: As noted earlier, this materi-
al has purely basal-plane adsorption surfaces and
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FIG. 21. Calculated entropies at T=4 °K for several
coverages, obtained from our smoothed measured
specific heats. W, He’; ® He!. Solid line He! from Elgin
and Goodstein, Ref. 83 of text.
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shows adsorption isotherms similar to exfoliated
graphite. Rollefson observed changes in line-
width versus coverage and temperature which
correlate closely with the mobility changes de-
duced from our heat capacities. At a coverage
corresponding to the x, =3 transition the linewidth
between 3 and 4°K was approximately constant,
but began to increase at lower T. The width tended
toward a constant low-temperature value which is
consistent with the dipolar broadening of He® fixed
at distances corresponding to the x, =3 lattice.

At slightly higher and lower coverages there was
little or no increase in the linewidth at low 7.

The reductions in linewidth are interpreted as
motional narrowing due to atomic mobility; thus
the low-temperature state of the critical coverage
film is localized, whereas at higher temperatures
it is mobile, and for coverages higher and lower
than critical the films remain mobile at all tem-
peratures investigated. Additional evidence for
localization is discussed in Sec. IIIC 3.

Now we consider the two classes of heat-capacity
peaks that occur at somewhat lower densities than
n.. Using the same calibration of area as before,
these densities correspond to an atom-to-site
ratio x, ~ 1, It is appealing to speculate that the
two classes of peaks at n = %nc correspond to the
two different structures possible at x,=3. They
are relatively easily transformed from one into
the other (by shifting alternate rows of atoms),
which might account for the unpredictable appear-
ance of either class of specific-heat peaks in any
particular run. A further point is that the rela-
tively low density of these arrays would permit
considerably higher mobility than at x,=§. This
is consistent with the fact that the heat capacities
at x, =% do not fall quickly at 7'< Tpeax, but rather
retain considerable gaslike character at lower
temperatures.

3. Comparisons with Theory

There are strong similarities between the tran-
sitions in the experimental films and certain theo-
retical models. Fowler® studied a classical mono-
layer of atoms localized on a regular array of
adsorption sites, and showed that in the Bragg-
Williams approximation the system can undergo a
first-order phase transition to a dense ordered
array. Peierls,®® in an improved (Bethe-Peierls)
approximation, obtained a similar result. Several
subsequent authors studied the model and pointed
out its similarities to a two-dimensional spin-3
Ising system. Onsager®’ gave the exact and com-
plete solution for rectangular arrays with nearest-
neighbor interactions. Exact solutions now exist
for triangular, honeycomb, and Kagomé lattices
with attractive (ferromagnetic) and repulsive

| oo

(antiferromagnetic) nearest-neighbor interac-
tions.?8—% The exact solutions show that the tran-
sition is second order. In the critical region the
heat capacity has a logarithmic temperature de-
pendence, having the form of Eq. (5). The theo-
retical coefficients A, which are listed in Table
1V, are similar in the different lattices. All of
the solutions refer to the case of zero external
magnetic field, which corresponds in the lattice-
gas model to a relative coverage Natoms/N sites =5.%*
There is no transition for triangular and Kagomé
arrays with repulsive interactions: In these cases
there is no ordered arrangement at coverage 3.
However, an ordered arrangement is possible for
a triangular array with repulsive interactions at
coverage 5. Campbell and Schick®® studied the
properties of a classical triangular lattice gas
having strong nearest-neighbor repulsions and
weak second-neighbor attractions, using the
Bethe-Peierls approximation. They found ordering
in the vicinity of one-third coverage, and no or-
dered state at one-half. The ordering transitions
were found to be first order, which is a typical
artifact of the Bethe-Peierls approximation; how-
ever, it could also be caused by the assumed
attractions (see comments below).

The experimental coefficients A for both iso-
topes at temperatures above and below 7, are
compared with the theoretical values in Table V.

It should be noted that the correspondence between
the Ising model and the lattice gas involves

Nains = Nsites®'; thus the experimental coefficients
in Table V correspond to values of A for N, =3Ng,.
The quantitative agreement was unexpected: It
seems remarkable in view of the differences be-
tween the models and the physical systems. The
critical coverage in the films is 3. Higher-density
ordered phases are apparently ruled out by the
large repulsive energy of He atoms on nearest-
neighbor sites. The interactions between second-
neighbor and more distant localized He atoms are
attractive, for if the atoms are localized the
interaction is due only to the potential energy,

and unless the interaction between the atoms on the
surface is markedly different from the gas, the
long-range potential is attractive. But if the He

is not localized the zero-point energy due to He-
He collisions must also be taken into account. The
zero-point energy in bulk liquid He is so large
that it nearly cancels the attractions: The net
binding in liquid He is much lower than that due to
the potentials alone. It is clear that one cannot
treat the He atoms on graphite as localized by the
graphite site potential alone. This is obvious from
the gaslike character of the heat capacities at low-
er coverage. Furthermore, the heat capacity of the
films at critical coverage shows gaslike character
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near 4°K: Instead of falling monotonically to zero
at temperatures above 7, the signals tend to the
value k/atom. Also, if at critical density 3 the
interactions were attractive, as they would be if
zero-point energy were unimportant, the array
would have a finite binding. This would cause
condensation into x, =3 clusters at lower densi-
ties; whereas we have not observed such a first-
order phase transition. Thus, the atoms are not
localized as in the usual theoretical model.

Summing up the indications concerning the
nature of transition, we conclude that the actual
transition involves a fundamental change in the
mobility as well as in the spatiai distribution.

The mobility evident at 4°K in these relatively
high-density films has to be understood as a col-
lective property of the interacting film on a
structured surface, and not as single-particle
mobilities of a conventional band model. The
transition in mobility seems analogous to the Mott
transition®® between insulating and conducting
states of electrons in metals, but of course the
nature of the forces and the physical parameters
is entirely different.

The fact that the temperature dependence of C
at temperatures well below 7, tends toward an
activation-energy form is qualitatively consistent
with localized lattice-gas models. The theoretical
asymptotic low-T expression® is

(o )

For quadratic and triangular arrays, a, =a,~3.3.
Fitting Eq. (6) to the He* x, =3 data in the low-T
range we obtain empirical parameters

a,=0.138 £0.004, a,=0.763 +0.004

for 0.538°K< 7<0.681°K. There were only six
data points in this region: At higher 7 the heat
capacity deviates monotonically above the analytic
law, and at lower T the heat capacity is too small
for reliable measurements. Thus, the experimen-
tal range for Eq. (6) was extremely narrow and
the data are scanty. Nevertheless, we feel that
the discrepancy between experimental and theo-
retical parameters in this region is important
because it contrasts so sharply with the close
agreement near 7.

The theory of the Ising model contains an in-
teresting prediction as to the heat capacity of
finite systems. Onsager®” showed that in a “one-
way infinite” quadratic array of nX« spins, the
specific-heat peak is rounded, and that the loga-
rithmic term in Eq. (5) has the limiting value

Cmax/NE ~ A’ In(n), (7)

where A’ has the same value as the coefficient

A in Eq. (15). Ferdinand and Fisher®* studied
nXm arrays: They found that the peak heights
tend to the Onsager limit for large n, m and are
not strongly dependent on the ratio n/m. These
predictions seem relevant to the current experi-
ments in view of the quantitative agreement be-
tween the experimental and theoretical coefficients
A. Thus, if we assume that A’ is as insensitive
to lattice structure as is A, then Eq. (7) can pro-
vide a gauge of the effective sizes of the experi-
mental films. In the actual films it would be most
unlikely for the entire sample to act as one ther-
modynamic entity. Optical microscopy indicates
uniformity over dimensions ~3 p, but important
irregularities invisible to the optical microscope
could easily break up the surface into smaller
uniform regions: Thus 3 p is probably an upper
limit to the effective size of the film “domains.”
That seems borne out by the numerical result:
according to Eq. (7) with the experimental A’ and
n corresponding to 3 4, Cmax/Nk=~14, The experi-
mental maxima are less than half of this value,
the highest measurement being 6.4 for He* in
system A. The discrepancy can be due to the fact
that the actual domains are much smaller than the
optically uniform regions: They would have to be
about 100 times smaller. But it is likely that at
least part of the discrepancy is due to slight non-
uniformity within each domain; this would also
cause rounding of the peaks.”® The present state
of the theory and of our inadequate characteriza-
tion of the films prevent us from going any further.

Finally, we consider the small isotopic differ-
ences of the critical paramters: T,(He®) is higher
than 7 (He*) by about 80 m°K, and N (He®) is 1.5%
greater than N (He*). The temperature shift has
been considered recently by Siddon and Schick.®®
The isotopic dependence cannot be accounted for
by differences in the potential energies of the He-
He or He-graphite interaction. Therefore, the
strictly classical localized theories are inadequate.
Using a pseudospin formalism to introduce quan-
tum effects, Schick and Siddon showed that the
shift can be accounted for by a slight difference
in the net He-He interactions of the two isotopes
probably arising from the mass dependence of
the probability distributions of the atoms in each
site.

The isotopic dependence of N,, although small,
is significant, and cannot be accounted for in
simple lattice-gas models. The He?® excess is far
greater than the amount of additional He® in the
vapor phase, and the difference is opposite to
what might be attributed to a small fraction of
strong binding sites. We believe that it is due to
a finite occupation of the second layer. He® has a
lower binding energy to the substrate and a lower
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FIG. 22. Specific heat of the 2D liquid at » =0.075 A~2.

maximum density in the first layer. Therefore,
the occupation of the second layer of He® at the
critical point is greater than of He*: The higher
value of T, for the He® is an additional factor tend-
ing to increase its second-layer Boltzmann factor.
Also, the localized array at critical coverage pro-
vides deeper sites for second-layer adsorption
than exist on a completed first layer. These
considerations imply that the second-layer occu-
pation of He* is probably not negligible, but smaller
than that of He®. Thus the critical coverage of
neither isotope can be taken as an exact measure
of the adsorption area, but it is probably within
1% for He*. Therefore, although the critical
quantity of He* provides a precise area and density
calibration, it remains subject to a small uncer-

tainty in absolute value.

|

D. He* at High Densities

1. 2D Fluid Phase at n>n,

All evidence of the ordering peak in He* disap-
pears when the density is increased above n=0.07
A2 (a detailed study of high-density He® was not
made; however, such a study is now in progress®’).
At 2=0.080 A~ the heat capacity is a smooth
monotonic function over the explored range 0.73-
4.2°K, as shown in Fig. 22. Its temperature de-
pendence at T >1°K can be written as a power
series in T, with terms to third order. Near 4°K
the specific heat is nearly constant at C/Nk~0.8.
We believe that this phase corresponds to a 2D
fluid or dense gas. At these densities there can
be no simple registry with the graphite lattice,
and although the amplitudes of the atomic wave
functions must be greater over the centers of the
graphite hexagons, the particles cannot be local-
ized on the sites. The misregistry should permit
considerable mobility at low tempertures. Owinrm
to the high density this mobility involves the co-
ordinated motions of neighboring molecules, as
in ordinary three-dimensional liquids. The inter-
actions between the molecules are also responsi-
ble for the fact that the heat capacity does not
approach the ideal-gas value at the higher tem-
peratures. The difference between the experi-
mental entropy at 4°K and the ideal-gas value is
consistent with the trend of the virial corrections
at lower coverages.
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2. 2D Solids

As coverage is increased still further the heat
capacities develop quadratic temperature depen-
dences at low 7', indicative of 2D solid behavior:
even the sample at n=0.075 A~2, which is believed
to be fluid at higher temperatures, has an appre-
ciable T? region below 1°K.

The low-temperature 72 regions were analyzed
in terms of a 2D Debye model. We assumed har-
monic transverse and longitudinal branches with
no dispersion and a sharp cutoff of the density of
states at a frequency w .. =#0/% such that the
total number of normal modes is equal to 2N.
Empirical values of the characteristic tempera-
tures © were obtained by comparisons with numer-
ical calculations of the 2D Debye integral. The
empirical 6’s were found to be nearly independent
of temperature up to 7/6 ~0.07, consistent with
the range of validity of the low-temperature asymp-
totic formula

C/NEk=28.8(T/0). (8)

At higher temperatures deviations from Eq. (8) can
be expected due to the different speeds of sound of
the two branches even if the simple phase-space
density of states remained correct. In Fig. 23 we
show the empirical ©(7) for each sample. For the
two highest densities the range of constant © is
more restricted. At the highest coverage © is not
constant over any interval. Its trend is consistent
with effects of thermal excitation from the first
to the second layer, which will be discussed later.
Table VI lists the experimental values of
©(T =1°K) for the several samples. The monotonic
trend of © with density is similar to the behavior
of bulk solid helium. The correspondence is put

TABLE VI, 2D Debye ©’s and “melting” peak temper-
atures of He! monolayers.

Densityn, A~ Qat T =1°K, T, in °K
in °K,

0.0823 17.6 1.93
0.0873 2.65
0.0927 26.7 3.12
0.0942 29.8 3.65
0.0967 33.0 4,11
0.0991 37.6 4.7
0.1037 42.2 5.7
0.1079 417.8 6.8
0.1134 53.9

0.1150 56.1 7.36
0.13273 7.86

2 Greater than completed monolayer density, but the
peak for the solid-fluid transformation of the first layer
is still present. The slight increase in T, above that for
7 =0.1150 A~? is attributed to a small density increase
due to compression by the second layer,
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on a more quantitative basis in Fig. 24, where we
show the film values together with Ahlers’s®® mea-
surements of 3D Debye characteristic tempera-
tures of hcp He? on a common scale. The equiva-
lent molecular area of the hep solid is taken as
(molecular volume)* 3. Although particular
models® 1% of 2D and 3D solid He exhibit similar
@’s this degree of correspondence is unexpected.

(See Note added in proof.)

Since the film and bulk solid ©’s coincide over
the common range their Griineisen parameters are
also the same. Defining the 2D parameter v,
in analogy with y,p by

_ aln(e,p) _ 91n@4p)
0= (e YT o) ©)

one obtains from the equality of ©’s at equivalent
densities

720=%73D . (10)

Stewart, Siegel, and Goodstein®® obtained a re-
sult consistent with Eq. (10) from a detailed study
of vapor pressure of He* adsorbed on Grafoil.
They used general thermodynamic relations to
deduce chemical potentials and static compressi-
bilities of the films, and using a 2D Debye model
they deduced values for the longitudinal and trans-
verse velocities of sound in the film. Their values
for density n=0.108 A2 are ¢, =945 m/s and c,
=420 m/s, indicating that the transverse modes in
the film are the principal contributors to the heat
capacity at low 7.

The extreme sensitivity of heat capacity to cov-
erage in the neighborhood of monolayer completion
affords a sharper indication of completion than the
conventional measurement by vapor pressure.
Heat capacities can be measured at temperatures
far below the range in which the vapor pressure is

80 T T T
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FIG. 24. Debye temperatures of He! monolayers (@)
and hep He! (+) on a common molecular-area scale.
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(Table II) together with scaling from the x, =3
75 values for He* in the two cells range from 0.115 to
< 0.119 A-2, A theoretical estimate by Campbell,
3 Milford, Novaco, and Schick!® is in close agree-
2 ment with these values: Their calculated results
G50 are 0.1125 A-2<p, <0.1185 A2 for a realistic
5 range of repulsive-core atomic diameters. The
T energy-level difference between the first and
E second layers is extremely sensitive to sample
g 25 quantity near first-layer completion: At comple-
% tion the energy levels must coincide. If we attri-
bute the temperature dependence of © for the
o T | 1 highest coverage sample to second-layer excita-
80 sA ,agLE QUANTITY lg?cm, S [} tion and analyze the results by a single-particle
model the empirical energy-level difference be-
FIG. 25. Heat-capacity isotherms C vs N near mono- tween the two layers is found to be (€, - €,)/k
layer completion. The points of monolayer completion =~11°K; the second layer occupation at 7=1°K is
are arbitrarily designated as the minima of the smooth then N, =~1.7X 10" N. Second-layer occupations at
curves. lower coverages are much smaller.

detectable and therefore the thermal rounding of 3. “Melting” Anomalies

the steps in the isotherms can be reduced. Such At temperatures above the T2 regions the heat
a series of heat-capacity isotherms is shown in capacities rise more steeply and develop pro-
Fig. 25. We estimate from the isotherm at 7=1°K nounced maxima. As coverage is increased the
that full coverage of the firsot monolayer corre- anomalies progressively strengthen and shift to
sponds to density n, =0.115 A2, The values ob- higher T, developing into spectacular peaks lo-
tained from 4.2°K vapor-pressure isotherms cated above T ="7°K with heights greater than the

8

J [ I T 1 l l l
T— —
3 k

6— ]
Cd 5 _
; FIG. 26. High-density He! “melting”

anomalies. Monolayer densities n A2
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x, =3 ordering peak (see Fig. 26). We believe
that the high-density high-temperature peaks are
associated with solid-fluid transformations.

Other mechanisms were considered, including
lattice ordering, superfluidity, lateral condensa-
tion, and interlayer transitions. These alterna-
tives were ruled out, for reasons outlined as
follows. Lattice-gas ordering would imply ex~
ponential low-T specific heats in contrast to the
observed T2 dependences. Peak heights would be
maximized at x, values corresponding to simple
fractions, whereas x, ranges from 0.42 to 0.58
(after desorption corrections), with no reversal
of trend at x,=3. Furthermore, there are com-
parable peaks at similar densities in He* films
on Xe-plated graphite, where the symmetry and
spacing of sites are different.’®* Superfluidity was
discarded after finding a strong high-temperature
peak in a high-density He® film. Lateral condensa-
tion would require a very large lateral binding
energy, much higher than theoretical estimates,
and would imply phase coexistence at lower cov-
erages and temperatures: this would be evidenced
by a linear dependence on N at fixed T, dc/dN
= f(T),** contrary to the observations. Interlayer
transitions are essentially single-particle pro-
cesses, but the sharp peaks indicate collective
behavior.

Quantitative comparison with melting tempera-
tures of solid helium yields the strongest indica-
tion that the film peaks are associated with solid-
liquid transformations. This is illustrated in
Fig. 27, which presents the peak temperatures and
the melting temperatures of hcp He*® on a com-
mon-density scale. The correspondence between
film and bulk is not as close as in the case of the
©’s, but is striking nevertheless. The two sets of
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FIG. 27. Temperatures of the specific-heat anomalies
in He! monolayers (®) and melting temperatures of
hep He  (+) on a common molecular-area scale.

data are nearly parallel, film values lying at
10-15% higher areas. The shift to lower density
is consistent with the idea of steric hindrance of
atoms constrained to a plane.

If melting in the films were a first-order phase
change, the heat capacities would be discontinuous
at the boundaries of the two-phase regions, due to
the abrupt appearance and disappearance of the
transfer term T (Syq, — Sso. )X (dN/dT),. On the
contrary, the shapes of the anomalies, shown in
Fig. 26, indicate that the solid-fluid transforma-
tion in the films is a continuous process. Con-
tinuous solid-liquid transformations in monolayers
seem consistent with general theories'®?'1%% of the
influence of dimensionality on crystalline order,
which predict that long-range order cannot exist
at finite temperatures in 2D systems. However,
these theories do not prescribe a definite connec-
tion between the range of crystalline order and
thermal effects due to melting. Dash and Bretz'®
have attempted to provide such a connection. They
explored a number of 2D solid models and showed
how the experimental anomalies might be directly
related to the density of transverse-vibrational
states. Their phenomenological theory leads to a
possible explanation for the strong sharpening of
the peaks at higher densities: It could be caused
by the approach to a monolayer structure in partial
registry with the substrate lattice. This registry
would not have to be complete. As Ying has shown
for classical arrays,'® there can be “commensu-
rate” structures of high order corresponding to
rather large repeat distances. For any partially
registered structures a film can have long-range
order at finite T and therefore can melt by a first-
order process. Indeed, a mechanism such as this
has been invoked to explain the first-order melting
of Ne monolayers on graphite.!%®

E. Very Low Densities

As density is decreased below n=20.025 A2 the
heat capacities progressively change character
from the gaslike behavior seen at higher densities
and can no longer be understood in terms of weakly
interacting models. The low-density region was
explored primarily with He®, but a single sample
of low-density He® suggests that significant changes
also occur in the lighter isotope. A more detailed
study of low-density He® is now in progress.®*

The observations are as follows. In the range
0.027 A=2>5,>0.0036 A~2 the high-temperature
(T ~4°K) specific heat increases monotonically
with decreasing coverage from about & to twice
this value, as can be seen in Table VII. ‘The recent
measurements by Elgin and Goodstein®® are con-
sistent with our results in that they also find large
increases of specific heat above k at low cover-
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ages. At the lowest density measured there ap-
pears to be a reversal of trend. For this sample
the coverage amounted to 1.6% of a completed
monolayer and the film contribution was only about
20% of the empty calorimeter, but the measured
change in C/Nk from the next-higher-density film
is well beyond the experimental scatter. For all
but the lowest-density sample the specific heats
have a sigmoid temperature dependence, with a
moderately constant region near T=4°K, a steep-
est descent near 2°K, and decreasing slope at
lower temperature. At the lowest density the
region of steepest descent is at about 3.5°K and
there is no definite tendency to level out at 4°K.

It is conceivable that at the lowest coverage we
are observing effects of substrate heterogeneity.
Grafoil must contain a finite fraction of graphite
edge planes, whose binding energy is calculated?®®
to be appreciably greater than basal-plane binding.
Adsorption is preferential for strong-binding re-
gions. If these consist of localizing sites or large
long-range heterogeneities the low-temperature
heat capacity will tend to lower values.

The characteristics at densities above the lowest
are quite different and therefore cannot be ex~
plained simply on the basis of heterogeneity.
(However, see Note added in proof.) Additional
evidence for uniformity is seen in the behavior of
the second atomic layer, i.e., films consisting
of a low-density second layer on top of a com-
pleted first layer. As discussed in Sec. IIID,
in such samples the first layer continues to act
as a high-density 2D solid with a characteristic
temperature © ~56°K; therefore, the first-layer
specific heat is quite low and does not obscure
the contribution of a relatively small number of
atoms in the second layer. In Sec. IIID 3 we noted
that a sample of He* at coverage x=1.15 was
qualitatively different from one at x =0.15, in
that no peak near 7'=1°K was seen. We have
also compared a sample at x =1.05 with one at
x=0.05. In this case the second-layer contribu-
tion agrees with the low-density first layer. These

TABLE VII. Specific heat at T = 4 °K of very-low-
density films,

Isotope Density n A2 C/Nk

He! 0.0273 0.934
0.0164 1.05
0.0158 1.05
0.0122 1,18
0.006 24 1.74
0.003 64 2.14
0.001 80 1.5 +0.1

He? 0.0415 0.862
0.0154 1,03

results are illustrated in Fig. 28.

The sigmoid temperature dependences and the
nearly constant values C =2 Nk at high tempera-~
tures suggest 2D solid behavior, although a solid
phase at such densities would seem impossible.
Nevertheless, the similarity is striking: in Fig.
28 we show a theoretical 2D Debye specific heat
fitted to the data, with characteristic temperature
©=5.5°K. The agreement leads us to call these
films low-density solids and to so designate them
in the phase diagram, but the name represents
a convenience more than a conviction. It is of
course pos: e that the adsorbed helium might
interact by uuvel long-range forces due to sub-
strate mediation and that these forces could cause
the formation of a low-density solid phase. At the
present time, however, this is only a speculation.

Note added in proof. Several experimental and
theoretical results have come to our attention
since the manuscript was submitted, and we feel
that the following developments, as noted below,
are particularly relevant to portions of this paper.

Siddon and Schick have extended their work on
the quantum-mechanical virial coefficients of 2D
gases.’®%” Assuming a Lennard-Jones 6-12 inter-
action with the usual parameters for the 3D gas,
ie., €/k=10.22°K, 0=2.56 A, they find for 2D
He* that the calculated B(T) provides close quan-
titative agreement with the specific heats of low-
coverage films down to temperatures comparable
to the specific-heat anomalies (somewhat below
2°K). We therefore believe that the high-tempera-
ture precursors of the He* anomalies are mainly

x
=z
N
()

0 | L | L
T (°K)

FIG. 28. Specific heat of He? at very low density. @,
fractional coverage x =0.05; density #»=0.00624. O,
fractional coverage x=1.05, i.e., second-layer coverage
%4 =0.05, after subtracting heat capacity of completed
first layer. Solid line, 2D Debye theory, with ©=5.5 K.
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due to interactions and that lateral fields due to
inhomogeneities of the substrate do not play im-
portant roles in this n, T range. The anomalies
themselves appear to involve higher-order terms
in a virial expansion. It is possible that the peaks
are indicating some sort of lateral condensation
to 2D liquid clusters, as Novaco’™ has suggested.

For He? Siddon and Schick find that the calculated
B(T) provides quantitative agreement with the
specific heats down to about 0.5°K. An examina-
tion of the He® data, involving several different
experimental samples at closely spaced cover-
ages, shows that there is no significant contribu-
tion from higher-order virial coefficients down to
this temperature even at relatively high densities,
approaching those at which the lattice-gas ordering
regime appears. From 0.5°K down to 0.2°K where
the He® anomalies are found, contributions from
higher-order virial terms begin to appear. How-
ever qualitative agreement with results calculated
from B(T) alone remains. Therefore we now
abandon the spin-ordering hypothesis for the He®
anomalies, and instead take it that they are caused
by interactions.

Elgin and Goodstein?"*1°" have combined their
heat-capacity and vapor-pressure measurements
to produce a highly detailed table of thermodynam-
ic properties of He* on Grafoil. Their results
are consistent with ours to within the accuracy of
both sets of measurements. Elgin and Goodstein
offer substantially different interpretations with
respect to two regions of the phase diagram. They
find that the isosteric heat of adsorption rises at
very low coverages, indicating that a small frac-
tion of the substrate area has appreciably greater
binding energy, and they propose that this hetero-
geneity is responsible for the changes we observe
in the heat capacity of He* as coverage is reduced
below x ~0.1 (see Sec. IIIE). In our discussion
of that regime we mention heterogeneity as a
possible cause and note that a degree of hetero-
geneity must be present due to a certain fraction
of the area being composed of edge planes. Elgin
and Goodstein have now obtained fairly convincing
evidence of heterogeneity, although whether it is
due to edge planes or, as they suggest, to wedge-
shaped crevices where basal-plane surfaces join,
cannot be determined from these measurements.
They have also constructed a plausible model
which allows them to calculate the heat capacity
of films adsorbed on surfaces characterized by
the measured variations in the heat of adsorption.
The heterogeneities are assumed to be “homostat-
tic,”!%® j e., in the form of small homogeneous
regions, distributed according to the empirical
binding energy-area function. They take as a
basis for the film characteristics a 2D van der

Waals equation of state fitted to the high-tempera-
ture virial coefficients.’” This model has no ad-
justable parameters, yet it yields calculated heat
capacities in good quantitative agreement with the
“low-density solid” results, at temperatures
above 2°K. We feel that the direct evidence of
heterogeneity from vapor pressure measurements
and the success of this computational model are
quite persuasive, even though a number of ques-
tions still need to be answered.

Elgin and Goodstein*”''°" have proposed an orig-
inal explanation of the strong sharpening of the
melting anomalies at high densities: that the
enhancement is due to promotion of some atoms
to a second layer as a result of a significant in-
crease in the two-dimensional pressure upon
melting. Combining our data on melting anomalies
at lower coverages with their thermodynamic
functions, they obtain extremely close fits to the
shapes and heights of the enhanced peaks at high
coverage. This calculation has a firmer and more
quantitative basis than our speculation that the
enhancement indicates the approach to registered
phase at higher density.

The correspondence between the 2D solid phase
of the film and bulk solid He* has been examined
in much greater detail by Stewart.!® He analyzed
theoretical isotropic 2D and 3D elastic models
including effects of initial stress due, in the 3D
case, to external pressure P and, in films, to
nonzero 2D spreading pressure ¢. Stewart finds
that the finite stress model works well for solid
hep He®, yielding close agreement between Debye
temperatures calculated from compressibility
data and those determined from heat capacities.
However, a consistent application of the same
reasoning to 2D solid He, using compressibilities
generated from the tables of Elgin and Good -
stein,*”'1%" does not yield comparable agreement
with our values of the 2D Debye temperatures
obtained from the film heat capacities. Thus, the
virtual identity between the 2D and 3D Debye tem-
peratures appearing in Fig. 24 seems to be acci-
dental. There is a strong correspondence between
the characteristic temperatures of films and bulk
at equal values of the mean interatomic spacing,
but in a more detailed comparison the similarity
is not as close as we believed at first.

It now appears that the low coverage He* anom-
alies have not disappeared at equivalent second
layer densities.''® Rather, the peaks are sup-
pressed a factor of 2 or 3 in temperature below
the monolayer values. Although the physical mech-
anism for this suppression is not presently under-
stood, we feel that these observations are con-
sistent with the Siddon-Schick virial gas calcula-
tions.
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