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Liquefaction of second-layer He 6lms on graphite*
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We present the heat capacity of partial second-layer He films adsorbed on Grafoil'below 2 K.
The second-layer liquefaction temperature occurs near 0.75 K which is substantially less than the
1.3 K observed for monolayer liquefaction. This rescaling in T is thought to result from a vertical

spread in the wave functions and hence a reduced Van der Waals interaction between adsorbed
helium atoms. A consistent picture emerges when the total heat-capacity signals are modified by

compressible-monolayer and film-heterogeneity considerations. The resulting liquefaction phase
0

diagram clearly indicates a critical point near 0.025jA and some altered higher-coverage behavior.

I. INTRODUCTION

There is growing evidence that the specific-heat
peak observed is dilute monolayers of He adsorbed
on Grafoil" is caused by evaporation of a two-
dimensional (2D) liquid. 3 4 This liquid-gas transition
is first seen at a temperature of 1.25 K for an areal

0
density n =0.027 atoms/A. ' With increasing coverage
the peak broadens and shifts toward higher tempera-
tures, but cannot be followed past n —0.05 because
the film becomes a 2D solid epitaxial with the sub-
strate. A search for similar second-layer liquefaction
disclosed, surprisingly, a shift in the temperature of
the maximum to well below 1 K, the temperature lirn-

it of that study. ' The present paper is an extended
specific-heat investigation using the actual Grafoil cell
A of Refs. 1 and 5, but placed in a 'He cryostat capa-
ble of reaching 0.3 K. A preliminary report along with
that for the comparable 'He system has been pub-
lished previously.

Our experimental and data-reduction procedures are
outlined in Sec. II and III, respectively. The fully re-
duced data are presented in Sec. IV, where we also
give a discussion on results, interpretations, and possi-
ble future directions.

II. EXPERIMENTAL PROCEDURES, ADSORPTION

ISOTHERM, AND ERROR DISCUSSION

Details of cell-3 construction have already been
published' and will not be repeated here, other than
mentioning that it consisted of a oxygen-free high-
conductivity thin-walled copper cylinder filled with
Grafoil disks. The cell was protected with an atmo-
sphere of argon during shipment from Seattle and in-
stallation in the present 'He cryostat. It was attached
below the 'He pot by a 4-cm-long 1.3-cm-o. d. cylinder
of 0.13-mm-thick Mylar which allowed for good ther-
mal isolation while providing a low vibration support

for the cell. The 0.83-mm-i. d. stainless fill line to the
cell was isolated from the helium bath by a vacuum
jacket above the 1-K pot. A 0.76- mm-diam gold wire
was flattened, then wrapped around and varnished to
the cell. Contact with the 'He pot was made via a

bellows-type heat switch that was activated at 60 psi of
helium gas. The gas handling manifold was monitored
by a Baratron capacitive manometer with 1000- and
1-Torr heads. Volume calibration to 0,3% was made
by expansion of helium gas from a calibrated glass
bulb. Helium gas was admitted to the manifold from
the bath and metered into the calorimeter through a
small cold trap.

Temperatures were measured by a 56-0 Allen-

Bradley and a 100-0 Speer —-W carbon resistor1

mounted with copper-loaded Apiezon-%grease to
holes in the top of the cell. A standard wheatstone
bridge fed a phase-sensitive detector which was con-
structed in house. Thermometer resistances 8 were
converted to temperatures by fitting the calibration
data for 1/T with a seventh-order orthogonal polyno-
mial in 1n(A). The 380-0 Evanohm heater wire was

isolated from its surroundings by superconducting
leads with a four-terminal hookup which allowed pre-
cise measurement of electrical. power at the ce11.
Heater times were measured with a HP5245L frequen-
cy counter and sealer which was activated by double-
throw mercury-wetted relays, These relays simultane-
ously switched the cell heat circuit to a 18-V dc sup-
ply. Before and after heating, resistance drifts were
fitted with straight lines and extrapolated to the center
of the heating interval. Raw data reduction was per-
formed on a HP65 calculator which provided immedi-
ate values of temperature T, heat-temperature incre-
ment AT, empty-calorimeter heat capacity Cs(T), and
total heat capacity C(T) Clr(T) was approximated.
with a straight line in ln(C) vs ln(T) and subtracted
from C. ' Data were taken below 2 K since a previ-
ous study with this cell' found that layer promotion
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Here A. is the thermal de Broglie wavelength and k is
Boltzmann's constant. The entire adsorbed system
(monolayer, multilayers, and vapor phase) is at the
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and desorption heat-capacity contributions" occur only
at higher temperatures. These corrections are negligi-
ble in the present analysis.

A 4.18-K 4He vapor-pressure isotherm taken in the
present cryostat is shown in Fig. l. It matches the
previous 4He isotherm of Ref. 1 in all respects except
for an offset of 3 cm' STP. After carefully rechecking
our calibrations, we can only conclude that there has
been a slight increase in the heterogeneous surface
arep. Helium atoms probably cluster in the vicinity of
these impurities before subsequent adsorbed helium
atoms begin plating the bare basal planes of graphite.
Thus, the monolayer completion is taken as 99.5 cm'
STP rather than the 96.5 cm' STP of Ref. 1. This is
augmented with the low-pressure data of Stewart,
Siegel, and Goodstein obtained with a residual-gas
analyzer. " Coverage normalization between the two
sets of data was accomplished by requiring a smooth
merger in the pressure range 10 '—10 ' Torr. Since
Stewart et al. had originally calibrated indirectly to the
ce11-A monolayer heat-capacity peaks the present shift
was only a few percent. Log~o(P) is plotted in Fig. l
to provide a linear scale (top) for the chemical poten-
tial p, which is related to the pressure P through the
ideal gas relation"

p, = kT ln(P 8/kT)

same chemical potential when in equilibrium, so ad-
sorbed gas N vs JM, is a more fundamental plot than
the traditional ¹s-Pisotherm which emphasizes the
vapor phase.

It should be noted that the calculated second-layer
specific heat is far more sensitive to measurement er-
rors and analysis assumptions than the partial mono-
layer. This is because the monolayer coverage Ni is
quite large and must be subtracted from the total cov-
erage N to obtain (in the present case) a small second
layer coverage N2 which is then divided into C to ob-
tain the specific heat. Owing to these uncertainties in
measurement, and also in our knowledge of micro-
crystallite size effects, first-second layer interactions,
inhomogeneities, and geometry of Grafoil, etc. , a pre-
cise treatment of the second-layer data is not possible
at this time. However, a consistent and therefore valu-
able picture of second-layer film behavior does emerge
from the various data-reduction possibilities.

III. RESULTS AND ANALYSIS

A. Iriert monolayer

The completed He monolayer film is a triangular-
packed 2D solid with a characteristic. Debye tempera-
ture of about 56 K. ' The heat-capacity contribution of
this highly compressed solid is quite small in relation
to the second-layer signals which we observed below 2

K. The region of completion of the first layer has
been investigated by heat-capacity' and NMR' tech-
niques. Both find a signal minimum at monolayer
completion. The raw data of this study were reduced
initially by assuming that the underlying monolayer
was inert arid incompressible, with the coverage fixed
at 99.5 cm STP, where the heat-capacity minimum

150

~ 140

~ 130
E

2.0

120

110

100

90
10 10 10 10 10 10 10'

PRESSURE ( Tai r )

I

10' 1.0'

FIG. 1. Pressure (lower scale) and chemical potential

(upper scale) plotted vs quantity of adsorbed gas N giving

isotherm at 4.18 K. ('7) Data from this run, (0) normalized

data of Stewart, Siegel, and Goodstein, (*) neutron-scattering

data, (+) our normalization of that data. Solid lines

represent our proposed chemical potential for the underlying

monolayer and total adsorption isotherm. Horizontal arrow

gives monolayer areal density. Vertical arrow refers to exarn-

ple in text.
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FIG. 2. Raw specific heat. A 99.5-cm -STP inert mono-

layer with OD =56 K was merely subtracted from the total

signal. 0, W =106.4; 0, 110.5; 6, 113.0; +, 117.6; V, 125.0;
x, 135.7 cm STP. Dashed line is a monolayer liquefaction

peak near 38 cm STP (Ref. 1).
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versus coverage occurred for cell A (normalized from
96.5STPcc reported in Ref. 1). Figure 2 presents our
reduced heat-capacity data for the second-layer 4He

films using these assumptioris. The monolayer signal
for N~ =99.5 cm STP and OD =56 K was merely sub-
tracted from the data before dividing by (N —N~) k to
obtain C/N2k, where N~ and N2 are the number of
atoms in the first and second layers, N is the total
number of atoms, and k is Boltzmann's constant.

It is immediately'apparent from Fig. 2 that the
peaks for partial second-layer films have been
suppressed considerably in temperature from those
found for equivalent monolayer coverages (dashed line
in Fig. 2). (A discussion of 2D liquefaction and this
depression in T, will be .deferred until Sec. IV.) The
2-K specific heat for the various films is suggestive of
C/Nk =1 for a 2D ideal gas. But there is a substan-
tial variation with coverage, the specific heat dropping
markedly as the second layer builds. The behavior is
similar to that for the partial monolayer and it is
tempting to accept Fig. 2 as the fully reduced results.
But we know that some poor assumptions were made
in this analysis as discussed in Sec. III B.

helium. The extended monolayer chemical potential
isotherm gives the number of atoms in the first layer
N&. The number of second-layer atoms N2 for a given
total adsorption N can now be determined easily by
merely subtracting the extended monolayer chemical
potential isotherm from the total curve: N2 = N —N~.
Also, the heat-capacity contribution of the underlying

dynamic monolayer of N~ atoms can be readily deter-
mined from C/k =28.8(T/OD)2N~ for the coverages
whose heat capacities were shown in Fig. 1 ~ For ex-
ample, N =106.4 cm STP yields N~ of 101.8 cm' STP
and N2 of 4.6 as shown by the vertical double-headed
arrow in Fig. 1. The. Debye temperature is deter-
mined from the value of N~ and a previously pub-
lished plot of OD vs N. '

The full analysis was performed for other extrapola-
tions of the monolayer chemical potential curve. but
since they leave our qualitative analysis and subse-
quent phase diagram unchanged, they are not included
in Sec. IV. Although taking account of the dynamic
monolayer is a somewhat more complicated procedure
than merely subtracting the inert monolayer, it is far
more satisfying for use in a "consistent picture" of film
behavior.

B. Compressible monolayer.

Stewart et al. "observed a linear dependence of p,

with N below monolayer completion. From thermo-
dynamic arguments they obtained the variation of
spreading pressure and compressibility of the 2D solid
monolayer film with coverage. They concluded that
the monolayer is quite compressible and that this
compressibility is insensitive to temperature variations. '

There also exists experimental evidence for monolayer
compressibility under our second-layer system. The
temperature of the melting peak T continues to rise
as the monolayer completes and further layers are ad-
sorbed. ' Since OD is known to vary as T' ', the mono-
layer is active. "Carne~ro et al. ' have measured the
actual monolayer-close-pack interparticle spacings with
neutron scattering at 1.2 K where multilayer adsorp--
tion was present. They find that the monolayer does
indeed compress with overlayer adsorption. Their
calibration leads to monolayer areal densities compar-
able to ours (0.113/A', in Fig. I). We note that isoth-
erm determinations of monolayer completion are only
good to several percent. By changing the coverages of
the neutron points in a manner consistent with the
uncertainties we can provide a meaningful normaliza-
tion on the ¹s-p,isotherm of Fig. 1. We choose a
normalization such that the neutron-scattering points
lay aleng a smooth extension of the monolayer solid
curve" (+ in Fig. 1). In this picture, the 2D 'solid
"He compresses toward monolayer completion, contin-
ues compressing as second-layer atoms are added, but
tends to level out so that by the third layer and above
the monolayer compresses only slightly with added

C.- Inhomogeneities at Iow coverages

The resulting heat capacities were recalculated as
prescribed above and then plotted as C vs N2 at
several temperatures in Fig. 3. The curves are linear
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FIG. 3. Ratio of total heat capacity to k (units of cm STP)
plotted vs %2 as determined from Fig. 2. 0: 0.75 K; &&: 1.0
K; CI: 1.5 K; 5, 2.0 K. Inset: straight-line fit intercepts are
plotted vs T. The so'lid curve is a 2D Debye solid of OD
= 6.2 K.
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at low and intermediate coverages and thus can be ex-
trapolated to zero coverage. It is significant that the
curves do not pass through the origin. There still
remains a residual heat-capacity signal. This annoying
feature, which was also observed for low monolayer
coverages, ' "we attribute to film inhomogeneities.
The extra gas contributing to this problem is probably
contained in the isotherm renormalization discussed
previously. (Novaco" analyzed isotherm data in this
transition region' and concluded that a 3% Grafoil-
film heterogeneity exists. ) The character of the addi-
tional heat-capacity signal can be determined quite ac-
curately. The inset in Fig. 3 plots the heat-capacity in-

tercepts versus temperature. This curve is consistent
with a Debye heat capacity with OD of 6.2 K (the in-

homogeneity at'low monolayer coverage' fit a curve
with OD =5.5 K). We make this final subtraction
from the heat-capacity data of Fig. 2 and present our
completely reduced results in Figs. 4—9.

IV. PRESENTATION AND DISCUSSION OF FULLY
REDUCED DATA

Several improvements are apparent when comparing
the curves of Fig. 4 with those of Fig. 2. At high
temperatures all the films approach a common value.
There is no longer the sizable C/Wk dependence with
coverage which characterized the raw 2-K data. More
significantly, the lowest coverage at N~ =4.6 cm' STP,
which appeared in Fig. 2 to resemble some manner of
quantum gas for all T, now also exhibits a strong max-
imum near 0.7 K. The low-coverage monolayer peaks
(dashed line in Fig. 2 represents 38 cm' STP) are be-
lieved to be caused by liquefaction from the nonideal
quantum gas. ' One sees that the second-layer
peaks are similar in shape but are suppressed quite
substantially in temperature. Sander, Bretz, and Cole
have explained, this reduction in T as due to a vertical
spread in the atomic wave functions rising from a
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FIG, 4. Fully reduced specific-heat data. O, .N& =4.6; 0,7.8; 4, 10.7; +, 14.3;, 21.1; x, 31.3 cm STP. See Sec. IV.
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much lower heat of adsorption than the first layer. A
simple Gaussian wave function (and a more-realistic
choice by Novaco'3) led to a reduction in the effective
Lennard-Jones parameters, and from the law of
corresponding states to the suppressed peak tempera-
tures.

The merger of all the specific heats to about 0.75
near 2 K was a surprise. (Since N2 is only determined,
to +1 cm' STP there must actually be some spread
about this value. ) We do not understand the origin of
the depression of C/Nk below the ideal gas value.
Possibly, the, second-layer specific heat rises again at
higher T where layer promotion and desorption signals
are large. The approximate coverage 'ndependence
points to a particle-substrate interaction rather thari in-
terparticle eA'ects. Maybe the altered periodicity of the
2D solid helium substrate restricts the lateral motion
of second-layer atoms. Theoretical heat-capacity cal-
culations have already been made for helium adsorbed
on periodic surfaces which show high T, coverage in-
dependent depressions of specific heat. '4 Surface dim-
pling" or first-second —layer particle exchange" might
be operative and suppress the specific heat. In any
event, there appear to be some interesting theoretical
'possibilities contained in the data of Fig. 4.

There follow several figures which probe the various
aspects of our liquefaction-regime data along with an
instructive phase diagram. To explore the low--T -.

features of the heat capacity, we plot log~p(C/N2k) vs
1/T in Fig. 5. The linearity, although not over an ex-
tensive range in 1/T, does indicate an exponential
heat-capacity behavior. These curves are also con-
sistent with C/N2k =2/T'exp( —B/T), so the precise
exponential function cannot be determined. The ac-
tivation energy for evaporation from the 2D liquid as
determined from the slope of Fig. 5 is approximately
0.8 K at 4.6 cm' STP. As coverage increases, so does
the activation energy which reaches 1.5 K at 14.3 cm'

STP. This is consistent with the liquefaction peaks at
0.75 K.

We analyze the high-. T behavior in Fig. 6. The now
standard approach for analysis of specific heats at tem-
peratures above liquefaction is to plot (C/Nk 1)/—n
vs T, where n is the areal density of the film. This
essentially divides out the n dependence of the second
virial term in the gas expansion for C/Nk. If higher
virial coefficients are negligible then a universal plot
should result where (C/Nk —1)/n for all the cover-
ages versus temperature will coincide. In Fig. 6 we
have subtracted out the experimental high- T specific
heat of 0.75 rather than 1.0 for an ideal 2D gas. One
can see universal behavior above about 1.6 K. Error
bars for ~1 cm' STP are sufficiently large to account
for the divergence of the data at lower T. For com-
parison, we include the calculation of Siddon and
Schick'0 for the specific heat of a quantum virial gas in
2D (solid line in Fig. 6). We conclude that the previ-
ously discussed reduction in Lennard-Jones parame-
ters for the second layer has suppressed the universal
curve to somewhat lower temperatures than for the
monolayer films, which agreed with the Siddon-Schick
calculation above 2 K. It should be noted that Van
Sciver' assumed a single universal curve for second-
layer 'He films and determined the N1 which gave the
best agreement for all curves at 1 K.

The temperature and coverage variations of the
heat-capacity peaks were carefully investigated by tak-
ing data in the peak regions for several additional cov-
erages. These are presented in Fig. 7 using an ex-
panded temperature scale, 0.5 ~ T «1.0K. The new
data were reduced in the manner described in Secs.
III B and III C and used in the final plots. Again, un-
certainties in %2 have led to small random variation in

the heights of the specific-heat peaks.
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FIG. 7. Specific-heat data for several coverages in the vi-
cinity of the 0.75-K peaks. Symbols as in Fig. 4 and+,
N2 =12.2; g, 16.5; k, 19.8; 4, 26.0 cm STP.

The trends of peak height and 2-K total entropy
(the fits of Fig. 5 were used for integration) with cov-
erage are given in Fig. 8. For all curves, we observe a
linear region for low and moderate N2. A linear re-
gion is expected for the extensive variables C, S in a
two-phase system (quasi-2D liquid and gas), and a
peak sharpening (see Fig. 4) is consistent with MI ap-
proach toward the system's critical point. The entro-
pies and peak heights begin to saturate above %2 ~ 14
cm' STP and are accompanied by a rapid peak
broadening (see Fig. 4) and a dramatic increase of T,

50

Finally a pose diagram e c~etmctei in Fii, 'Qji.

The ten'~atorei at ~k &aximeeA for each coverage
are plotted versus N2. Vertical. error bars represent
temperature uncertainties iri determining these peak
maxima from Fig. 7. Horizontal error bars originate
iri the determination of N2 from the isotherm of Fig.
1. Clearly, the phase diagram possesses a curvature.
However, we observe that the 4.6-cm'-STP point oc-
curs at a higher temperature than one would expect
from a natural extrapolation of this curvature to 0 K
as Nq 0 (solid curve). This can be understood qual-
itatively as due to regions of slightly greater adsorption
energy which encourages liquid puddling. These pud-
dles would bc at a higher density than supposed, thus
raising the liquefaction temperature. The phase boun-
dary appears to possess a temperature inflection near
20 cm' STP and 0.75 K. Near this coverage the
specific-heat peaks begin to broaden and increase
dramatically in temperature. It seems that by 20 cm'
STP the 2D liquid puddles have grown suEciently to
cover most of the available surface. At higher cover-
ages evaporatiqri from the Liquid causes a sizable in-
crease in the spreading prcssure of the 2D vapor,
thereby smearing out and increasing the temperature
of the transition. Maximum peak height is at about
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16 cm' STP and probably critical coverage is. in the vi-

cinity of 20—25 cm' STP. For. comparison we note
that Campbell and Schick" have calculated semiclassi-
cally the binding energy and density of 2D He. They
estimate that the film should remain self-bound at an
energy of —0.61 K per particle and at a density of

0
0.035 A '. Assuming the same area for monolayer
and second-layer adsorption, this density translates to
a coverage of 29 cm' STP for the present system (ar-
row in Fig. 8) which is reasonably close to the estimat-
ed critical coverage. Exact agreement is not expected
since theirs is a zero-T calculation and the second-
layer atoms possess reduced Lennard-Jones parame-
ters.

The previously reported second-layer data for cell 3
is above 1 K and showed little peak structure. ' But at
3.01 and 3.09 layers peaks were seen at 1.5 and 2.5 K
which were of uncertain origin. We recalculated N2
from our Fig. 1 and found that these points fall on an
extension of our phase diagram (5, Fig. 9 inset) and
are similar in shape to the 31.3-cm'-STP broad peak.
The anomalous region, then, appears to extend to
quite substantial second-layer coverages. The sharp
third-layer peaks of that study are also included in the
extended phase diagram (x). They are similar in

shape to the monolayer melting peaks' and thus were
interpreted as second-layer solidification. The mono-
layer melting line is given by the dotted line in Fig. 9
inset. Our discussion of monolayer compression can
be used for the second-layer completion region and
third-layer adsorption. The second layer is consider-
ably less dense at layer completion (as determined by
a Frankel-Halsey-Hill isotherm') than is the mono-
layer and so one would expect a substantial compres-
sion when the third layer is added. This in turn would
lead to an error in third layer coverage determination.
We feel that a more accurate placement of the second
layer melting line would be toward a merger with the
monolayer melting line. Considering that the second-
to-first-layer area ratio is unknown and might be as lit-
tle as 0.9 due to wedge-shaped chambers, etc, we
conclude that the second layer probably solidifies as
further layers are added. As one extends this melting
line to lower coverages, it appears it intersect our low
coverage phase diagram just at the anomalous region
near 25 cm' STP! For this reason we have dotted in a
(unresolved) triple point where the 2D gas, solid, and

liquid phases appear to merge.
We feel that the phase diagram belo~ N2 of 8 cm'

STP and in the region 22 —30 cm' STP 'are unresolved
due to the inherent small crystallite sizes and uncer-
tain geometry and hetergeneity content of Grafoil.
These problems with Grafoil were underscored recent-
ly by a heat-capacity study on a different graphite sub-
strate, UCAR-ZYX. ' One of us (M.B.) demonstrated
that Grafoil substrate problems limited resolution near
the critical region for the —, ordering transition of
monolayer helium films. ZYX promises to bypass siz-
able substrate modification for other film regimes as
well. We are presently reinvestigating these un-
resolved regions on the second-layer phase diagram .

using this new substrate.
Finally, the positions of possible —, and —, ordered

solids are indicated by the arrows in the inset of Fig.
9, Since the neutron-scattering results for the helium
monolayer' find a triangular array, the second-layer
wells should form an open hexagonal net leading to an
ordered phase at N, jN~ = —,. One can see that no data

1

are available between 35 and 59 cm' STP so the pres-
ence of ordering has not yet been tested.

V. SUMMARY
I

We have investigated the heat capacity. of partial
second-layer 'He films adsorbed on Grafoil in the
temperature range 0.35—2.0 K. The analysis was not
nearly as straightforward as that for the monolayer in-
vestigations but we were led to a consistent picture of
second-layer liquid behavior. We feel that the success
of the present picture in itself is further evidence for
monolayer compression and that it correctly outlines
the shape of the 2D phase diagram. This in turn pro-
vides evidence for the existence of a critical point near
20—25 cm' STP and an altered high-coverage phase
which might be better resolved in the future using
more uniform substrates than Grafoil.
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