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Heat-capacity measurements on adsorbed *He are reported. The densities studied start slightly under
monolayer completion and go up to slightly above second-layer completion. The temperature range is 0.04
K < T < 4.2 K. After subtraction of calculated values of the contributions from the first layer (solid), and
desorption, we find that the second layer behaves as a two-dimensional interacting Fermi gas at all densities
for which a partial third layer is not present. The second-layer gas cannot be represented by the same
second virial coefficient used for the first layer. The absence of the substrate-induced ordering transition -
allows one to study the gas behavior over a larger range of densities than on the first layer. We find that the
shape, temperature, and density dependence of the very low temperature (~ 0.1 K) rounded anomaly in the
specific heat is different than on the first layer. With a very small amount of third layer present, the second

layer solidifies for temperatures below 0.98 K.

I. INTRODUCTION

Monolayer films of *He, *He, and *He-*He mix-
tures adsorbed on graphite show distinct phases
that to considerable accuracy can be described
by two-dimensional models.! These phases were
first surveyed®'® in calorimetric and vapor-pres-
sure studies, but NMR*™® and neutron-scatter-
ing®' 1% results on the same adsorbing substrate
have become available. These results have con-
firmed to a great extent the model-aided con-
clusions derived from the heat-capacity studies.
In particular, they have shown fluid behavior at
low densities or high temperatures, the existence
of the substrate registered phase, and solid be-
havior and melting at high densities.

Multilayer films of *He on the same substrate
have also been experimentally studied.'*™* These
studies have addressed two distinct problems:

(i) the behavior of the second adsorbed layer and
] (i) . multilayer films and the onset of bulk be-
havior. No complete study of multilayer 3He films
adsorbed on graphite has been made, although
indications of mobile behavior for the second
layer have been found in the NMR (Ref. 7) and
neutron-scattering studies.!® In this paper we
report a systematic heat-capacity study of 3He
adsorbed on Grafoil,'® for densities varying from
that of a completed monolayer up to that corres-
ponding to slightly more than a completed second
layer. In a following paper,® one of us (SVS)
describes measurements carried out with films
at densities corresponding to morethantwo layers.
A preliminary report of some of the results pre-
sented here was given previously.*’

II. EXPERIMENTAL

The techniques used for measuring the heat
capacity of helium films adsorbed on Grafoil have
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been discussed in detail in previous papers.? The
heat capacity of the empty calorimeter or calori-
meter plus adsorbed helium is obtained by sup-
plying a known heat pulse (AQ) and measuring the
change in the equilibrium temperature (AT). The
film heat capacity is the difference between the

heat capacities of the loaded and empty calorimeter.

The measurements were carried out using a
dilution refrigerator to cool the adsorption cell
to about 40 mK. The highest temperature where
temperature drifts were not excessive was about
4 K. The adsorption cell had an Evanohm heater,
a cerium-magnesium-nitrate (CMN) magnetic
thermometer for use below 1.5 K, and two carbon
resistance thermometers (see Fig. 1 of Ref. 2).
The adsorption cell was cell B of Ref. 2. Approxi-
mately 62.5 cm® STP of “He and 63.5 cm® STP of
3He are required for the critical “3” ordered
structure.

Samples were prepared in a gas handling system
consisting of a calibrated volume V and a Baratron
capacitance gauge. The amount of adsorbed gas
was determined, using the ideal-gas law, from the
temperature of the calibrated volume V and the
initial and final pressures (before and after ad-
sorption). The ®*He used in the study was 99.9%
pure as received.

Throughout this paper we will call » the ratio
of the total number of particles adsorbed .in the
cell to the area of the substrate as determined
by multiplying the number of “He atoms at critical
“3” coverage (see Sec. III A) by three times the
area of a graphite hexagon (5.236 A%). For cover-
ages below a monolayer, n is then the areal den-
sity. For coverages above a monolayer, »n is only
a convenient way of expressing the total number of
particles in the cell. The actual areal density of
the first and second layers will be called, re-
spectively, »n, and n,. :
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III. SECOND-LAYER STUDY

The prime reasonfor doing this study was to look
at how the different substrate [solid two-dimen-
sional (2-D) *He instead of graphite] affected the
behavior of the monolayer (actually second-layer)
film. A large drop in the 2-D condensation tem-
perature of second-layer *He as compared to the
first-layer was found by Bretz and Polanco.™
An apparent increase in the condensation tem-~
perature has been found on “He films adsorbed on
argon-plated Grafoil,'®'!® and a decrease with a
substrate of Ne-plated Grafoil.?° Although *He
is not believed to condense in two dimensions,?!
there is a rounded anomaly in the heat capacity
at 7=~0.1 K whose origin (and consequently sub-
strate dependence) is unknown. We precede the
presentation of our results by a brief review of
the monolayer-*He results.

A. Submonolayer review

The complete phase diagram for the first atomic
layer of *He is shown in Fig. 1. Three regions are
clearly distinguishable. Below about 2 =0.06 ;\-2,
the film is seen to behave as a 2-D gas. The
specific heat per atom is close to 2 (Boltzmann’s
constant) at temperatures above 2 K, and drops
off monotonically toward zero at lower tempera-
ture. Near 0.1 K a shoulder in the heat capacity’
is seen which is believed to be due to *He-*He
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FIG. 1. Density vs temperature at which anomalies in
the heat capacity occur for both first-layer (@) and sec-
ond-layer (O) *He films. Identification of phases cor-
respond to the first-layer measurements.

interactions. A theoretical description by Siddon
and Schick® treats the film as a gas of interacting
helium atoms which are constrained to move in
two dimensions. Deviations from ideality are con-
sidered in terms of the quantum virial expansion.
If the expansion can be truncated after quadratic
terms, the heat capacity will have the form

2 d°B
C~Nk<l—n3 a5 ), (6]
where B is the second virial coefficient, 8= l/kT,
and N is the total number of adsorbed atoms.
Comparison between the data and the theory when
B is calculated using the Lennard-Jones or the
Beck® potentials to describe He-He interactions
has shown rather good agreement for temperatures
above 0.5 K.

At intermediate densities, the specific-heat
signal changes drastically with a small increase

* in density. A sharp peak near 3 K is seen at the

density for which there is one helium atom for
every three graphite adsorption sites.?:?* The
transition identifies the critical coverage for the
helium atoms to form a regular array commen-
surate with the substrate (called xﬁ% in previous
heat capacity studies,? or V3 xV3 in diffraction
work).

From =0.078 A™2 to layer completion the film
has properties attributable to a 2-D solid. Two
features in the experimental heat-capacity identify
this phase: (i) melting peaks that correlate well
in temperature with the melting temperatures of
bulk *He for similar interatomic spacings, and (ii)
low temperature T2 dependence of the heat capacity
which give Debye temperatures similar to those
obtained in three dimensions. Measurements of
relaxation times with pulsed NMR have found es-
sentially the same melting line,® while neutron
scattering measurements have shown the solid
to have a triangular lattice structure incommen-
surate with the substrate.!®

In a narrow density range before the start of
the 2-D solid, a new phase that resembles the
V3 x V3 critical region has been observed.?s Ap-
parent critical coverage and densities are #n,
=0.,074 A™% and T.=1.23 K. The exact nature of
this phase is still not known, but it has been sug-
gested®® that it could be due to a coexistence of the
V3 and solid phases.

- B. Second-layer study - general

As the first monolayer is completed, deviations
are observed from the low temperature T2 behavior
characteristic of a 2-D solid, Fig. 2. The in-
crease in the specific heat is due to a fraction of
the atoms of the film being on the second layer
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FIG. 2. Total measured heat capacity of various films
adsorbed on our calorimeter through monolayer com-
pletion.

where they again start having large mobility and
giving gas-type heat capacities. Before monolayer
completion (z=0.092 and 0.102 A?) the Debye tem-
peratures of the 2-D solid increase rapidly with
density (see also Fig. 7 of Ref. 25). On the other
hand, the runs at» =0.108 and 0.110 A2 appear
almost insensitive to coverage. We believe this
is due to the high compressibility of the first-
layer solid. As more atoms are added, some go
to the first layer increasing its density (and its
Debye temperature). The signal for the under-
lying first layer in Fig. 2 would then be a straight
line of smaller slope than the ones shown. The
more helium one adds to the second layer, the
smaller the contribution becomes from the first
layer. The total contribution to the heat capacity
from the second layer atoms in run »=0.1100 A-?
is then larger than the contribution for the n
=0.1083 A~2 run. We have not pursued looking
at first-layer completion in more detail to see if
there is an abrupt change from the purely 2-D
solid regime to the 2-D solid-plus-mobile-atoms
behavior as seems to be indicated by the NMR
results.”"® Later in this section we show that
another calorimetric study indicates that mono-
layer completion occurs over arangeof coverages.
Our second-layer measurements have been done
at » =20.110, 0.129, 0.136, 0.147, 0.157, 0.167,
0.171, 0.178, and 0.186 A2, for 0.04<T<4.2 K.
An example of the raw data over the full tempera-
ture range for an intermediate density » =0.147 A2
is shown in Fig. 3. For comparison, the smooth
line representing the heat capacity of then
=0.108 A2 run is also shown. If we assume that
the smooth line approximately corresponds to the
heat capacity of the first layer in the »=0.147 A2
film, then the total signal has two gross features.
Below 1.5 K it is a relatively flat monotonic func-
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FIG. 3. Total measured heat capacity of one two-layer
film (n=0.1466 A~2), Solid line is the heat capacity of a
film at monolayer completion.

tion of temperature that drops off toward zero at
the lowest temperatures. Above 1.5 K, there is
a steep rise. This rise occurs at the same T at
which we observed an increase in the equilibrium
three-dimensional (3-D) pressure in the cell.

We have developed a model for the various con-
tributions to the signal shown in Fig. 3 and to the
heat capacity of the other densities that we mea-
sured, except the higher ones. A relatively flat
heat capacity that drops almost linearly to zero
at lower temperatures is indicative of a gas-type
behavior. A fast rise in the heat capacity coupled
with an increase .in the vapor pressure indicates
desorption of the film. Our model assumes that
the total measured heat capacity is the sum of five
independent contributions: the calorimeter, a
solid first layer, a 2-D interacting Fermi gas, a
3-D vapor, and film desorption. The calorimeter
contribution is constant throughout the measure-
ment, was measured in an independent run, and
has already been subtracted out in Fig. 3. To
calculate the other contributions we need to know
at every temperature the amount of 3He in the 3-D
vapor phase (N,) and in the film (N;), and then
divide the amount adsorbed into a first (V,) and a
second (N,) layer (N, +N,=N,). Vapor pressure
measurements were taken in conjunction with the
heat-capacity measurements at some selected
temperatures. From the dead volumes in our
system (8.33 cm?® inside the calorimeter cell,
0.27 cm® at 4.2 K, and 27 em® at 300 K) we cal-
culated N,. Furthermore, we divided N, into
N,=N,;,+N,, where N, is the vapor inside the
calorimeter, while N,, is the vapor in the rest
of the system. Knowing the total amount of gas
put into the system (N) the amount in the film is
N;=N=N,,.

The separation of N, into N, and N, required a
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more detailed analysis due to the compressibility
of the first layer. Our own heat-capacity mea-
surements extend to 4 K. Elgin, Goodstein, and
Greif?” have measured the heat capacity and vapor
pressure of monolayer and multilayer films of *He
at selected temperatures between 2.41 and 19.6 K
to construct a complete set of thermodynamic data
as was done previously® for “‘He. The temperature
interval between their data points is approximately
0.3 K at the lower temperatures and larger at
higher temperatures. Their data are tabulated

as a function of N;. It is easy to use the 3 ordering
transition in a monolayer to correlate their data
with ours. When this is done, the melting peaks
observed by Hering et al.?® and those measured

by Elgin et al. fall on a continuous line, Fig. 4(a)
within the error in the determination of Tpeax .

Fig. 4(a) shows that as the first layer is completed
the melting peak temperature increases linearly
with coverage up to n,~0.104 A~2. Above n,
~0.120 the peak temperature increases only
slightly with temperature. We have assumed that
the straight line drawn through the 7;<0.104 A-2
peak temperatures can be extrapolated to higher
densities to represent the actual first-layer density
for that melting temperature. The straight line is
used to calculate n, (and N,) from a given value

of n; (or Ny). Our n=0.147 run is at a coverage
slightly larger than the one of the highest peak in
Elgin, Goodstein, and Greif’s data, but a smooth
straight line was drawn through their last three
points. The procedure is illustrated in Fig. 4(a).
As N, gets depleted at higher temperatures due to
desorption, n, decreases and so do », and n,.
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FIG. 4. Various parameters used in the calculation of
first- and second-layer coverages and heat capacities as
a function of #;, (a) First-layer melting temperature
(from Refs. 25 and 27). (b) First-layer heat-capacity
coefficient A (Eq. 2). (c) Isosteric heat at 77=3.3 K.

W. VAN SCIVER AND O. E. VILCHES 18

With the calculated values of N, N;, and N,,
the various contributions to the heat capacity were
calculated in the following way.

(i) First layer: Hering ef al. noted that the
heat capacity of the first-layer solid could be well
represented by C =3.6(T%/T,) mJ/K?® for coverages
between 0.078 and 0.087 A™2 (Fig. 10 of Ref. 24).
We have found (again by combining our own data
with those of Ref. 27) that for higher coverages,
deviations occur with the coefficient decreasing
with coverage in an approximate linear fashion,
Fig. 4(b). We have represented the first-layer
contribution to the heat capacity by

C,=A(T?/T,) @)

and for the calculation have taken A from the
straight line of Fig. 4(b) and T, from Fig. 4(a).

(ii) Second layer: This contribution is not
known, in fact being the object our of measure-
ment. Since for these lower densities its con-
tribution appears to be that of a 2-D gas, we ap-
proximated its value by Siddon and Schick’s?!:?2
calculated heat capacity for a 2-D He interacting
gas

d’B
C, =N,k (1 - n,p° d—B—z—) s

where the values of B?(#2B/dB?) were taken from

_ Table III of Ref. 22, )

(iii) Vapor: The 3-D vapor was assumed to be
an ideal gas, so C,=3N k. Only N,, was used
since although desorption occurs into the entire
system, only N, atoms are heated during the
short time it takes to obtain a heat-capacity point.

(iv) Desorption: At higher temperatures, part
of the heat goes into evaporating the adsorbed
film. The heat-capacity contribution from this
process is given by!

e _1)(3Ne 3
co=r(f -1)(55)., ®
where g is the isosteric heat of adsorption, and
the change in the number of particles is taken
along the film vapor equilibrium line. The iso-

steric heat can be calculated from extensive vapor-
pressure measurements as

_ 4 2f O1lnP .
qst‘kT< 9T INs, 47 )

where P is the 3-D pressure.

An approximate value can be obtained from our
small number of vapor-pressure measureme nts.
Since P=~Pe %st/*T aplotof InP vs 1/T, corrected
to constant coverage, will yield q,,/k. The values
we obtained at 3.3 K are plotted in Fig. 4(c). Our
experimental system is such that at somewhat
lower temperatures (and low pressures, p<1
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Torr) thermomolecular corrections are very
large, while at higher temperatures there is a
considerable depletion of the number of atoms on
the adsorbed film. Our estimate gives qy4/k =30.5
+1 K at 3.3 K for n=0.147. The true isosteric
heat is a function of temperature and density. The
temperature dependence is approximately as g,
=U,+3kT, where U, is the binding energy at
T=0 K. This variation will introduce a maximum
5% error in Cp in the temperature range in which
Cp is important. In view of the large error bar in
our g value, this dependence was ignored in the
calculation of Cp. The quantity (AN,/AT)., was
obtained from our vapor-pressure measurement.

The data, all the contributions, and the sum of
all the contributions are plotted in Fig. 5 for n
=0.147 A%, The agreement between calculation
and experiment is very good between 1.4 and 3.4
K, and not too good above or below these tem-
peratures. We believe a smaller temperature-
interval set of vapor-pressure measurements would
correct the high-temperature discrepancy. The
general tendency to “bend down” because of layer
depletion is duplicated, but the absolute value is
not right. On the low-temperature end, it is
obvious that the virial expansion of Siddon and
Schick is not adequate to describe the second-layer
film. Furthermore, using the actual first-layer
data® for similar density brings the calculated
value closer to the experimental measurement,
but not quite in agreement either.

Figure 5 is then useful in determining that we
have approximately the right values for C, and
C,, that C, is not important in analyzing the low-
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FIG. 6. Second-layer specific heat vs temperature for
temperatures above 0.3 K (see text).

temperature data, and that the second layer of
*He behaves as a 2-D interacting Fermi gas.

C. Second layer below 1.5 K

The second-layer data for densities up to #n,
=0.0670 extracted in the form described in Sec.
II is shown in Figs. 6 and 7. Figure 6 shows the
data above 0.3 K, while Fig. 7 shows the data
below 0.3 K. Both sets were taken in separate
runs. For the high-temperature measurements
the calorimeter cell was thermally cooled by the
supporting nylon tube, while for the low-tempera--
ture measurements a superconducting heat switch
was added. The heat switch introduced uncertain-
ties in the measurements above 0.4 K due to fast
thermal relaxation times, especially at the lower
densities. We tried to duplicate aswell aspossible
the coverages of the two sets of data, but for
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FIG. 7. Second-layer specific heat vs temperature for
temperatures below 0.3 K (see text).
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some of them, small differences resulted.

On first inspection, it is quite clear that the
second layer behaves qualitatively in the same
way as the first layer (see, for example, Fig. 9
of Ref. 2). The specific heat shows the interacting
Fermi gas behavior down to 7~0.4 K, and then
has a shoulder around 0.1 K. This shoulder is
somewhat different from the one on the first layer.
While on the first layer it disappears with in-
creasing coverage at a constant temperature of
about 0.07 K, here it gets more pronounced and
moves rapidly to lower temperatures. The last
full peak we measured occurs at 7=0.07 K. The
location of these peaks as a function of tempera-
ture is shown in Fig. 1. There might be one more
sharp peak at 7~0.04 K and n, ~0.077 A™? (see
Sec. IIID).

We have compared the data above 0.3 K to the
calculated specific heat for an interacting Fermi
gas and to the first-layer data. Results are shown
in Fig. 8 where we have plotted (C,/N,k —1)n;* vs
T. Since the expression on the left-hand side is
independent of coverage?® [see Eq. (1)], all data
should follow a universal curve. From Fig. 8 it
is apparent that although the data follow approxi-
mately a unique curve for a range of densities
comparable to.that for which a universal curve is
followed on the first layer, the second-layer data
do not follow the same universal curve described
by the theory or the first-layer data. For com-
parison of the type of deviation expected at lower
densities, we included in the figure a line ob-
tained from data of Hering®® at n, =0.0220 A72,
These low-density deviations, perhaps unexpected
since the virial expansion should be more accurate
at low density, are due to the effect of inhomo-
geneities in the substrate that are not “plated out”
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FIG. 8. Comparison of second-layer low-density mea-
surement to similar measurements on the first layer
and to theory (Ref. 22).

by adding one layer of solid *He.

The overall deviation at higher densities must
be due to the different substrates, and to possible
Z-wise motion of the 3He atoms on the second
layer. This type of motion has been studied for
“He on a two-layer film.*?®:3° The net effect is
a reduction of the attraction between *He atoms
that results in a lowering of the condensation tem-
perature of the 2-D film. For *He presumably
there is no condensation, even on the first layer,
but a reduction of the interaction between *He
atoms would tend to make it a more ideal gas,
with C,/N,k closer to 1. No theoretical calcula-
tions of this effect have been made for *He.

We note that the region of gas-like behavior is
much larger on the second layer than on the first
due to the absence of the % registry transition.
The highest coverage shown in Fig. 7 would have
corresponded to a coverage higher than the order-
ing transition on the first layer.

D. Completion of second layer

The 2-D gas signals discussed in Sec. IIIC end
at about 1, ~0.074 A™2, Figure 9 shows two
coverages closely spaced in density, n,=0.0725
and n,=0,0754 A2, These second-layer densities
have been obtained by assuming the first layer to
be a solid of density »,=0.1110 A-2. While the
lower-coverage film shows a heat capacity follow-
ing the trend of Fig. 5, the higher-density film
shows a peak at-7=~0.98 K, similar in shape to
those observed at slightly higher temperature and
density when the first-layer solid melts. In fact,
within the uncertainties of coverage inherent in
this second-layer study, the n,=0.0754 A2 peak
appears to lie on an extension of the melting line
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FIG. 9. Specific heat vs temperature at second-layer
completion.



of the first-layer solid (see Fig. 1). First-layer
melting is not observed at this low density; in-
stead a partially registered phase, or a coexisting
solid-% ordered phase is seen. Below the peak
the heat capacity drops rapidly, but lacks the
characteristic T2 dependence of a 2-D Debye
solid. A minimum in the signal is noticeable at
0.15 K, followed by a rise with a maximum at
about 0.04 K, just the limit of our temperature
range. While this maximum could be due to the
same phenomena observed at lower densities, we
believe it is due to something occurring on the
third layer.’® So our conclusion is that the second
layer will solidify just at second-layer completion
or when a very small amount of *He is present

on the third layer. This second-layer solid is
rather compressible, so addition of more *He not
only gives more third-layer signal, but also in-
creases the second-layer density and its melting
temperature. For a density that would correspond
to n,=0.0845 A%, T, has shifted to 1.07 K,
representing an actual increase of the true »n, of
approximately 0.0015 A2, These data are plotted
as Fig. 1 of Ref. 16. How melting is affected by
the addition of more ®*He and the actual evolution
of the multilayer signal are also discussed in
Ref. 16. :

An estimate of the excess signal above two
layers, and by subtraction an estimate of second-
layer density, can be obtained by using (2) on the
second layer. At low densities and for the first
layer, A =3.6 mJ/K® (Ref. 25). Using the same
coefficient for the second layer and 7,=0.98 K,
we can generate an effective second-layer heat
capacity as shown in Fig. 10. The excess signal
(except for the low-temperature peak) is almost
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FIG. 10. Low-temperatuire heat capacity vs tempera-
ture at second-layer completion. Solid line is calculated
second-layer heat capacity for a 2-D solid with melting
temperature 7, = 0.98 K using Eq. (2).
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parallel to the second-layer solid line, signaling
a temperature-independent contribution. For a
2-D ideal gas, C=Nk. Assuming the excess sig-
nal to be that of an ideal gas, n, ~0,0008 A2
leaving the second-layer density at 0.0746 and
the total density at » ~0.186 A~2 for second-layer
completion. This value is in reasonable agree-
ment with the value of 0.181 A~ we deduced from
Elgin ef al. isotherm data.?’

IV. CONCLUSION

The second layer of adsorbed *He on Grafoil
shows the behavior of an interacting 2-D Fermi
gas essentially at all densities above those affected
by inhomogeneities in the adsorbing substrate.
The behavior is different from that of the first-
adsorbed layer due to the different substrate,
motion perpendicular to the substrate, and the
absence of the 3 ordering transition. We had to
model the first layer as a 2-D solid, and sub-
tracted that contribution from the total data to
obtain the second-layer signal. Our model is not
accurate, but small differences in the density of
the first layer will not alter substantially the
absolute magnitude of the second-layer contribu-
tion, since the first-layer portion is only a small
part of the total signal at temperatures below 1 K.
The absence of the 3 transition allows one to follow
the low-temperature (7T ~0.1 K) rounded peak of
the heat capacity to higher densities and lower
temperatures. Although this “line” of second-
layer peaks resembles the high-density part of a
liquid-vapor coexistence curve (see Fig. 1),
theoretical estimates of the 2-D 3He binding en-
ergy predict a not-self-bound liquid at 7=0. Our
data, at present, cannot determine the nature of
the very low-temperature phase of adsorbed *He.
No critical point has been found, but inhomogenei-
ties play a very important role for densities up to
at least a quarter of a monolayer, the region
where the critical point should be if our peaks are
part of a coexistence curve. We believe that the
second layer becomes solid at or slightly above
the density for which a third layer begins to
form.
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