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We have studied the freezing and melting of a number of cryogenic Auids (hydrogen, neon, oxygen,
and argon) confined in porous glasses (Vycor and a silica xerogel). ac heat-capacity measurements show

broadened latent-heat peaks associated with both freezing and melting at temperatures substantially
below the bulk melting temperatures. Thermal cycling shows pronounced hysteresis, with melting

occurring at a higher temperature than freezing. Also, the latent heat of freezing appears to be much
smaller than that of melting. The hysteresis in the argon-Vycor system was studied in detail using high-

resolution ultrasonic techniques which directly probe the shear modulus of the material in the pores.
We found that the onset of freezing is extremely sharp, despite the random pore geometry, and that
freezing continues over a range of temperatures. The freezing process is extremely irreversible, in the
sense that, once the solid appears, subsequent warming does not cause it to melt until a much higher
temperature. This is true even if only a small fraction of the Quid is initially frozen. The melting branch
of the hysteresis loop is more nearly reversible. In order to correctly measure the latent heat of freezing
in the presence of such hysteresis, a technique should be used in which cooling is performed monotoni-

cally, for example, thermal relaxation or differential scanning calorimetry.

INTRODUCTION

We report here the results of a combined heat-capacity
and ultrasonic study of the freezing and melting of simple
fluids confined in porous glasses. The heat-capacity mea-
surements were made on several Auids confined either in
Vycor glass or in a silica xerogel with similar pore sizes.
Relatively broad latent-heat peaks were observed both
during cooling (freezing) and during warming (melting).
Freezing temperatures were significantly below the bulk
values. Melting occurred at higher temperatures, but still
below the bulk melting points. Surprisingly, the areas
under the cooling heat-capacity peaks, usually interpret-
ed as latent heats associated with freezing, were consider-
ably smaller than those measured during melting, with no
indication of where the missing energy went. To clarify
this behavior, we made a detailed ultrasonic study of the
hysteresis between the freezing and melting of argon in
Vycor glass. We found that the onset of solidification in
the pores of Vycor remains extremely sharp, but that
freezing continues over a range of temperature. Further-

more, the freezing is highly irreversible. Any solid which
forms, even very small amounts, remains frozen until
warmed well above the temperature at which freezing be-
gan. Melting is complete at a well-defined temperature
roughly halfway between the onset of freezing and the
bulk melting temperature. In contrast to freezing, melt-
ing is nearly reversible. That is, when the solid is partial-
ly melted by warming, it appears to immediately refreeze
when the sample is recooled. Only when the solid has
completely melted does the original freezing behavior
reappear. Below, we present our results and discuss the
interpretation of the heat-capacity data in light of the
hysteresis between freezing and melting seen in the ul-
trasonic measurements.

When materials are confined within small pores, their
properties may be substantially modified. Phase transi-
tions in particular can be strongly a6'ected by the restric-
tion to finite size, by interactions with the pore surfaces,
and by the disorder introduced by the porous medium.
Recently, the superAuid transition, the liquid-vapor crit-
ical point and binary-Quid phase separation have all
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been intensively studied in various confining geometries.
Despite the random nature of the porous media used,
sharp, well-defined critical behavior is often observed, but
with transition temperatures, critical exponents, and time
dependence quite different from the corresponding bulk
systems.

First-order phase transitions have not been studied in
the same detail, but there have been a number of experi-
ments on the melting and freezing of confined Quids.
These include thermal expansion, heat-capacity, " ul-
trasonic, ' pressure, ' ' torsional-oscillator, ' NMR, '

light-scattering, ' and neutron-scattering' ' measure-
ments in a number of porous and granular media. The
results have several common features which appear to be
characteristic of first-order transitions in small pores.
The freezing and melting transitions are broadened and
occur at temperatures below the bulk melting point. This
depression of the transition temperatures is inversely pro-
portional to the pore size and is not simply supercooling,
since it occurs for melting as well as freezing. Also, there
is no indication of the time dependence which would be
expected if nucleation kinetics were important. Pro-
nounced hysteresis is observed, with melting occurring at
a higher temperature than freezing.

Several of the experiments ' ' "" also found latent
heats or volume changes considerably smaller than those
associated with bulk melting. This could reAect inherent-
ly smaller latent heats for melting in finite-size systems,
or it could mean that only part of the material in the
pores participates in freezing and melting, as might hap-
pen if, for example, there was an amorphous surface lay-
er. In one experiment, melting of hydrogen confined in
the pores of Vycor was accompanied by an entropy
change about half as large as bulk hydrogen. The au-
thors speculated that liquid hydrogen might remain even
at very low temperature and were able to fit their heat-
capacity data at lower temperatures by a rotonlike ex-
pression. Another experiment was similarly interpreted
as meaning that much of the helium in Vycor pores
remains liquid, even at the lowest temperatures and
highest pressures.

Although most of the latent-heat measurements in-
vo1ved melting, a few also measured the latent heat of
freezing. ' ' As well as occurring at a lower tempera-
ture, the latent-heat peak due to freezing is much nar-
rower than that due to melting. More surprisingly, in
several of these experiments the latent heat of freezing is
smaller than the latent heat of melting, apparently violat-
ing energy conservation.

Some of these features can be understood in a simple
model of freezing which includes the effect of the inter-
face between liquid and solid. This surface has an associ-
ated free energy which, for example, is important in
determining how far a bulk Quid can be supercooled be-
fore solid nucleates. In bulk systems, once a critical nu-
cleus forms, it immediately expands until all the Auid is
frozen, since the gain in volume free energy more than
compensates for the cost in surface free energy. In a
porous medium, however, the situation is different. If the
solid phase does not "wet" the pore surface, then freezing
must begin in the center of a pore, but the solid nucleus

cannot be larger than a pore.
If a spherical pore of radius r freezes at a temperature

b T below the bulk transition temperature Tp, the surface
and volume contributions add to give a total free-energy
change

I~ATEG=4mr o. ——mr
3 UsTp

where o.
L& is the hquid-solid interfacial free energy, lz is

the latent heat of freezing, and U, is the solid's molar
volume. Freezing then occurs at the temperature where
this free-energy change first becomes negative. This
"geometric-freezing" model predicts the fluid will solidify
at an undercooling

3~Lsvs ToAT=
lFr

In the case of helium, where it is known that the solid
phase does not wet most surfaces and where the solid-
liquid interfacial energy has been directly measured, this
model gives semiquantitative agreement with the
freezing-point depression observed in the pores of
Vycor 127 13

In this model, the sharpness of the onset of freezing
and the width of the transition are reAections of the dis-
tribution of pore sizes in the medium. However, the
model itself does not offer any explanation of the hys-
teresis between freezing and melting; nor does it explain
why the latent heats and volume changes should be
different from the bulk values. It is possible to introduce
hysteresis in such models by considering interconnected
pores or pores with different shapes, but it is dificult to
relate these models to the complex and random
geometries of the porous media studied to date.

%'e have used both heat-capacity and ultrasonic mea-
surements to study the freezing and melting of simple
Auids in small pores. For the heat capacity, we made
measurements on hydrogen, neon, oxygen, and argon.
Two porous media were used, Vycor glass ' and a silica
xerogel. Vycor glass has been used in much of the previ-
ous work on freezing in porous media. It is made by a
spinodal decomposition and leaching process which re-
sults in a completely interconnected pore network with a
fairly narrow pore-size distribution. Its pores are small,
about 3.6 nm, and so the undercooling and hysteresis are
pronounced. The xerogel had comparable pore sizes, but
was formed by a sol-gel process and had a somewhat
different microstructure. Qualitatively similar freezing
and melting behavior was observed in all cases. In the
case of oxygen, the heat-capacity data showed latent-heat
peaks associated both with freezing and with the
structural phase transition which occurs at lower temper-
atures.

Although these measurements provide fundamental
thermodynamic information, they have limited sensitivi-
ty. Also, in the hysteretic region between freezing and
melting, we would like to have a technique which directly
probes the amount of solid present, in contrast to heat-
capacity measurements which can only infer the existence
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of solid from the latent heat when it melts or freezes.
Since any solid in the pores contributes directly to the
system's shear modulus, ultrasonic measurements can
provide a very sensitive probe of freezing and melting to
complement the specific-heat measurements. Previous
experiments' have shown Vycor to be an excellent sub-
strate for ultrasonic experiments, and in contrast to the
silica xerogel, samples were available with suitable di-
mensions. Accordingly, we have made a detailed ul-
trasonic study of the freezing and melting of argon in
Vycor.

EXPERIMENTAL DETAILS

The calorimetric measurements were made using an ac
technique because of the high precision and fast turn
around time the method offers. In this technique, a ther-
mometer and an electrical heater are mounted on a sam-
ple which is then coupled to a temperature bath via a
weak thermal link. When an oscillating (ac) heat input is
supplied, the sample temperature oscillates about an
average temperature determined by the heater power and
the thermal conductivity of the thermal link to the bath.
If the heat input's ac period is long compared to the
internal thermal time constant of the sample but short
compared to the time for the sample to come into equilib-
rium with the external bath, then the amplitude of the
sample's temperature oscillation is inversely proportional
to its heat capacity. For glasses such as Vycor and silica
xerogel, the necessary short internal relaxation times can
be achieved by making the samples in the form of thin
disks, as described below. In our experiments, the fre-
quency of the ac heat input was about 0.1 Hz, compared
to internal and external relaxation times of about 1 and
100 s, respectively.

The silica gel samples came in the form of irregular
lumps approximately 5 mm in diameter. One of these
was sanded to a thickness of 1 mm with two parallel Hat
surfaces. It was then encapsulated with a thin (approxi-
mately 0.25 mm) layer of Stycast 2850 epoxy. A 0.25-
mm-i. d. copper-nickel capillary was potted into the epoxy
and served as a fill line as we11 as providing the weak
thermal link to the bath (a platform whose temperature
was regulated to within 5 mK). A film of germanium-
gold alloy (18 wt. %%uogold )wa sevaporate do n a thi nsap-
phire disk to serve as the thermometer. The Ge-Au ther-
mometer was calibrated against a silicon diode as weH as
the bulk triple-point signatures provided by the excess
bulk Auids in the fiHing capillary. The Vycor sample was
prepared in a similar manner. The sample was cut from a
—,-in. -diam rod using a diamond impregnated wire saw.
This disk was sanded to 0.23 mm in thickness before
coating with about 0.25 mm of Stycast 1266 epoxy. A
0.10-mm-i. d. copper-nickel capillary was used as the fill
line. The thermometer for this sample was an Allen-
Bradley carbon resistor.

The Vycor glass used in the calorimetric measurements
was cleaned by boiling in 30% H202 for 30 min followed
by boiling in distilled water for 30 min. It was then dried
in a chamber constantly Rushed with extra-dry grade ni-
trogen. When dry, Vycor has a porosity P of about 28%

and a specific surface area of about 100 m /g, corre-
sponding to an effective cylindrical pore radius of 3.6 nm.
Its pores have a rather narrow size distribution, with
96% of the pore diameters lying within +0.6 nm of the
average diameter. The xerogel sample had a porosity of
about 60% and, from a Brunnauer-Emmett-Teller
(B.E.T.) adsorption isotherm measurement, an eff'ective
cylindrical pore radius of about 5.1 nm. Mercury in-
trusion porosimetry indicated a pore-size distribution at
least as narrow as that of Vycor glass.

Before filling the porous glasses with a Quid, the heat
capacity of the empty cell (glass, epoxy, thermometer,
and heater) was measured. This addendum heat capacity
varied smoothly with temperature and could be fit to a
polynomial which was then subtracted from the heat
capacities measured in later runs. This addendum
correction was always less than about 30% of the total
heat capacity. To begin each measurement, the sample
cell was slightly overfiHed at a temperature about 2 K
above the bulk triple point. This ensured that the sample
pores remained completely fiHed for the entire tempera-
ture range studied. The heat capacity was then measured
with the calorimeter cooling down or warming up. The
temperature was varied by controlling the temperature of
the bath. After a change in the bath temperature, the
sample temperature stabilized in a couple of minutes and
the heat-capacity signal was monitored for 10 min until it
became steady. It was then averaged for about 20 min.
The procedure was rapid enough that a complete thermal
cycle typically took less than 24 h.

The Vycor used in the ultrasonic experiments was in
the form of a cyclindrical rod about 0.3 cm in diameter.
This was cut into pieces about 1 cm long whose ends were
polished Oat and paraHel. These samples were cleaned by
heating at 80 C in a 30% hydrogen peroxide solution for
1 h, followed by rinsing in methanol and distilled water
for several hours. After air drying, LiNbO& shear trans-
ducers with fundamental frequency 20 MHz were at-
tached to the ends using Tra-Bond BA2151 epoxy. The
samples were then sealed into a copper cell (volume about
10 cm ). The cell was attached by a fairly weak thermal
link (a brass rod) to the cold stage of a helium closed-
cycle refrigerator. A radiation shield at about 75 K mini-
mized thermal gradients in the apparatus. Once mount-
ed, the cell was Aushed with helium gas and evacuated for
several hours at room temperature. The cell was then
cooled to 87.5 K, and an argon adsorption isotherm was
obtained in situ. This gave a specific surface area of 96
m /g. Together with the measured porosity (P =29% ),
this gives an effective cylindrical pore radius r =3.9 nm,
somewhat larger than the neck radius of = 1.9 nm deter-
mined by mercury intrusion porosimetry on a sample
from the same batch. After the adsorption isotherm
showed that the sample was completely filled, enough ar-
gon was admitted to the cell to ensure that the pores
remained filled as the cell was cooled.

The temperature of the ultrasonic ceH was measured
using a calibrated carbon glass sensor and a digital resis-
tance bridge. This allowed the temperature to be con-
trolled to within 0.02 K in the temperature range of the
experiments. The ultrasonic velocity U and attenuation a
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were measured simultaneously at each temperature with
a resolution of hv/vo =10 and ha=0. 005 dB/cm, re-
spectively. After the temperature had stabilized at each
point, about 1S min were required to take data over the
complete frequency range (typically about six frequencies
from 8 to 22.5 MHz). As a result, cooling and warming
rates were slow, with several days required for each tern-
perature sweep.

RESULTS

We begin by presenting the results of the calorimetric
measurements. Figure 1 shows the heat capacities of hy-
drogen and neon in the pores of the Vycor calorimeter.
The solid symbols are the data taken during cooling from
temperatures above the bulk triple points, and the open
symbols are the data during warming from the lowest
temperatures. The most obvious features are the large
heat-capacity peaks seen during warming. These
represent the latent heats associated with melting the hy-
drogen or neon in the pores. It is also striking how little
latent heat is observed during cooling (the freezing peak
near 10.7 K is barely visible in the hydrogen data of Fig.
1). Both the melting and freezing latent-heat peaks occur
below the bulk triple-point temperatures (13.8 K for Hz
24.6 K for Ne), with melting occurring at higher temper-
atures than freezing.

The results for oxygen and argon contained in the
pores of the xerogel calorimeter were qualitatively simi-
lar. Figure 2 shows the results for oxygen, which obvi-
ously undergoes two Arst-order transitions in the temper-
ature range studied. Upon cooling (solid symbols), it first
froze at about 47.5 K and then went through a solid-solid
phase transition at 36 K (the triple-point and y-/3 transi-
tion temperatures are 54.4 and 44 K in bulk oxygen).
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FIG. 2. Heat capacity for oxygen confined in the pores of a
silica xerogel. Data taken during cooling (solid circles) and dur-

ing warming (open circles). Points labeled 3 —F are discussed
in the text.

Both of these transitions in bulk 02 involve substantial la-
tent heats and volume changes, and their heat-capacity
signatures in Fig. 2 are comparable. The two transitions
show similar hysteretic behavior, with higher transition
temperatures and larger latent-heat peaks during warm-
ing (open symbols) than during cooling. Figure 3

presents the results for argon in the same xerogel. Unfor-
tunately, the limited sensitivity of the thermometer in
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FIG. 1. Heat capacity for hydrogen and neon confined in the
pores of Vycor glass. Solid circles are data taken during cool-
ing, and open circles are data taken during warming.

FIG. 3. Heat capacity for argon in xerogel pores. Data taken
during cooling (solid circles) and during warming (open circles).
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this temperature range results in considerable scatter in
the data. However, the behavior is qualitatively similar
to the other cases. A summary of the transition tempera-
tures determined from the heat-capacity peaks is given in
Table I.

To examine the freezing-melting hysteresis in more de-
tail, we now turn to the ultrasonic measurements on ar-
gon in Vycor. Since the ultrasonic wavelengths are much
larger than the Vycor pores, such a system behaves as a
single isotropic medium characterized by its total density

p and its shear modulus p. This is true even when the ar-
gon is liquid, since in pores as small as those of Vycor,
the fluid is dragged along with the solid matrix by its
viscosity. The total density is p=pvy„,+Pp~„where
pvy p is the density of the empty Vycor and pA, is the
density of the argon. When the argon in the pores is
liquid, the system's shear modulus is just that of empty
Vycor, pv„„,. Once the argon freezes, however, the
system's shear modulus increases to p=pvy +JLaakpA, .
The contribution of the solid argon to the shear modulus,
ApA„can be roughly estimated as

2
1 Pvycor

~pAr
Ps

pAr ~

where iM, and p~, are the shear moduli of solid (non-
porous) Vycor and of solid argon, respectively. Using the
values /=0. 29, ivy„,=7.5X10 Pa, p, =2.7X10' Pa,
and p~, =8 X 10 Pa, Eq. (3) predicts a modulus change
ApA, =1.5X10 Pa. Since the transverse sound velocity
is simply given by

1 /2
pvycor +~pAr

PVycor +PPAr
(4)

TABLE I. Temperatures of the heat-capacity peaks for vari-
ous fluids in porous glasses.

Transition

H2 solid-liquid
Ne solid-liquid
0& solid-liquid
02 solid-solid
Ar solid-liquid

Porous glass

Vycor
Vycor

xerogel
xerogel
xerogel

Cooling
peak
(K)

10.7
21.3
47.5
36.0
72.3

Warming
peak
(K)

11.9
22.7
49.1

40.5
74.8

Bulk
(K)

13.8
24.6
54.4
43.8
84.0

the expected signature of freezing in the pores is an in-
crease of roughly 10% in the transverse sound velocity,
providing a sensitive and direct way of monitoring the
freezing process.

Figure 4 shows the transverse sound velocity (solid
symbols, left axis) and attenuation (open symbols, right
axis) at a frequency of 14 MHz during the cooling of
argon-filled Vycor glass. Nothing happens at the bulk
freezing point ( Tb = 84 K), but a sudden increase in both
the sound speed and attenuation at Tf =75.55 K signals
the onset of freezing in the pores. The slight decrease in
the sound velocity as the temperature is lowered from 87
K to the freezing point Tf is simply a density effect due
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FIG. 4. Velocity (solid symbols, left axis) and attenuation
(open symbols, right axis) of 14-MHz transverse ultrasonic
waves in argon-filled Vycor glass. Data taken during cooling.
Onset of freezing in the pores is marked by Tf, bulk freezing
point is marked by Tb.

to thermal contraction of the liquid argon in the pores.
When the sample is cooled below Tf, the velocity contin-
ues to increase down to at least 25 K. The total change,
nearly 8%, is comparable to that expected when the ar-
gon freezes completely. It would thus appear that freez-
ing occurs over a temperature range much wider than the
heat-capacity results would indicate, with some liquid
remaining at temperatures as low as 25 K. However, for
the case of helium freezing in Vycor, ' a similar gradual
increase in the sound velocity has been explained in terms
of thermally activated motion of vacancies which relaxes
the stresses in the solid helium. We believe that this also
occurs in argon and that the fluid is completely frozen
within a few degrees of Tf.

During the passage of a transverse sound wave, pores
are distorted and local stresses are set up in the argon.
When the argon is liquid, viscous flow within each pore
relaxes these stresses very rapidly. Within a small pore,
the stress is relaxed in a time of order g/K, where g is
the liquid s viscosity and K is its bulk modulus. For ar-
gon (g=2. 7X10 Pas and Ir: =1.0X10 Pa), this time
is less than 10 ' s, a small fraction of the ultrasonic
period, and so the liquid makes a negligible contribution
to the shear modulus. When the argon is frozen, viscous
flow is no longer possible and stresses within a pore relax
much more slowly. The most important stress relaxation
mechanism in small crystals near their melting point is
via "Nabarro-Herring creep. "' ' This involves the
diffusion of thermally activated vacancies along the stress
gradient. In pores as small as those of Vycor, vacancies
can diffuse from one side of a pore to the other very
quickly. The time constant for relaxation of stress in a
crystal of size I is given by
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where a is a shape-dependent numerical factor (a = 16
for spherical grains), V is the atomic volume
(V=4X10 m ), and IM~, is the shear modulus. The
self-diffusion coeKcient of solid argon, D, has the usual
form
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where, for bulk argon, Do =0.035 m /s and E„the ac-
tivation energy for vacancy diffusion, is about 2000 K.

Since in our system the stresses occur on a length scale
of the pore size, we use L =3.9 nm and find that, at the
bulk melting temperature, stresses within a pore would
relax via vacancy diffusion in a time ~=8 X 10 ' s. This
is less than the period of the ultrasonic waves so that,
near melting, solid argon will behave more like a highly
viscous liquid. The full contribution ApA, will not be ob-
served until the relaxation time becomes much longer
than the sound period. If the angular frequency of the
sound wave is co, then the crossover (where the solid
argon's contribution to the system modulus is one-half of
its limiting low-temperature value) occurs at cor = l. At a
sound frequency of 14 MHz, using the bulk parameters
above, this occurs at a temperature about 15 K below
bulk freezing. Of course, when argon is confined in pores
as small as those of Vycor, properties such as vacancy
diffusion rates may be somewhat different from bulk
values. In any case, we expect that the sound velocity
will begin to increase as soon as some of the argon
freezes, but that the full modulus contribution of the
solid argon will only be observed at temperatures well
below the freezing point.

The velocity change in a relaxation process is always
accompanied by dissipation, with the maximum attenua-
tion occurring when co~=1. The ultrasonic attenuation
shown in Fig. 4 has a large peak at about 55 K. If this is
the crossover temperature where co~=1, then half of the
total sound-velocity increase should have occurred. Fig-
ure 4 shows this to be the case, confirming that we are
observing the effects of a thermally activated stress-
relaxation process. In addition, ultrasonic measurements
made over a limited frequency range (8—22 MHz)
showed the expected relaxation behavior, with the veloci-
ty increase and attenuation peak shifting to higher tem-
perature as the sound frequency was increased.

Since both the ultrasonic velocity and the attenuation
are sensitive to the presence of solid argon in the pores of
Vycor, we have used them to study the freezing and melt-
ing behavior in some detail. Figure 5 shows the velocity
and attenuation near the freezing transition on an ex-
panded scale. Note how sharp the onset of freezing is; its
rounding is at most 0.05 K, most of which is due to the
stability of the temperature controller (the temperature
fluctuated about 0.02 K). The onset temperature appears
to be intrinsic in the sense that it does not depend on the
cooling rate. The sample can be cooled to within 0.1 K
of the transition and held there for many hours without
any freezing occurring. If, on the other hand, it is cooled

0 o o

0.2—

0.0—
~ ~

~ ~

0

70 72 74 76

Temperature (K)

80

FIG. 5. Sound velocity (solid symbols, left axis) and attenua-
tion (open symbols, right axis) in argon-filled Vycor close to the
onset of freezing.

0.1 K below the onset temperature, the sound velocity
and attenuation increase immediately and then stabilize,
indicating that freezing occurs within seconds. Also, the
amount which freezes depends only on the temperature;
waiting for hours at a fixed temperature below the onset
temperature does not result in any further changes.

After cooling the sample well below the freezing point,
we made measurements while warming. Figures 6 and 7
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FIG. 7. Sound attenuation coresponding to the sound veloci-
ty of Fig. 6.

show velocity and attenuation data from a typical
thermal cycle. Below about 72 K, the warming and cool-
ing data are very similar. At higher temperatures, how-
ever, the warming curves are quite different and only re-
join the cooling curves at a temperature T =80 K,
which we identify as the completion of melting in the
pores. If a sample which has been warmed above T is
then cooled again, the entire freezing-melting hysteresis
loop can be accurately reproduced. One interesting
feature of Fig. 6 is the region between Tf and T where
the sound velocity during warming dips below that dur-
ing cooling. This is surprising, since this is the region
where during warming there is some solid present to in-
crease the shear modulus, but only liquid during cooling.
Therefore, the total density must be larger during warm-
ing. This can only occur if there is mass transport from
the bulk argon outside the sample as the Quid in the pores
freezes and contracts. During the initial stages of freez-
ing, this can occur easily via Quid Bow through the pores
to the surface. However, even later, when the paths to
the surface are blocked by frozen argon, vacancy
diffusion through the solid is rapid enough to provide the
necessary mass transport. '

We next made a number of measurements where cool-
ing was stopped at different temperatures below the onset
of freezing to see what happens when only part of the ar-
gon is initially frozen. The results are shown in Figs. 8
and 9. We began each cycle above the bulk freezing tem-
perature to ensure that there was no solid argon present.
We then cooled to some temperature below Tf (75.55 K),
stopped, and warmed the sample until all the argon had
melted. This procedure was then repeated, each time
stopping at a temperature closer to Tf. The paths in Fig.
8 labeled a f correspond to cy—cles in which the lowest
temperatures were 68, 75.0, 75.3, 75.4, 75.45 and 75.52
K, respectively. The first curve a is essentially the same
as the curves obtained when the sample was cooled to the

FIG. 8. Velocity of 22-MHz transverse sound in argon-filled
Vycor. The curves labeled a f are hyste—resis loops with
minimum temperatures successively closer to the onset of freez-
ing at Tf =75.55 K. The minimum temperatures are 68 K (a),
75.0 K (b), 75.3 K (c), 75.4 K (d), 75.45 K (e), and 75.52 K (f).
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FIG. 9. Attenuation data corresponding to the sound veloci-
ties of Fig. 8.

lowest temperatures (below 25 K) and, we believe, corre-
sponds to the case where all the argon is frozen at the
lowest temperature. The smaller changes in velocity and
attenuation in the other curves correspond to smaller
fractions of solid argon at the minimum temperatures. In
curve f, for example, the velocity increase due to freezing
is only a few percent of that when all the argon is frozen
(curve a). No matter how close to the onset of freezing
we stopped cooling, the velocity during warming fol-



5748 MOLZ, WONG, CHAN, AND BEAMISH 48

lowed a path quite different from that during cooling.
From the slopes of the cooling and warming curves near
the minimum temperature, it is clear that when the
Vycor is rewarmed, for example, up to TI, very little of
the frozen argon remelts. In fact, none of the warming
curves rejoin the cooling curve until the temperature
reaches T . This implies that freezing in the argon-
Vycor system is highly irreversible; no matter how little
of the argon in the pores is initially frozen, it must be
warmed all the way to T before melting is complete.

We also looked at the warming branch of the hysteresis
loop. Figure 10 shows the attenuation when the system
was cooled from an initial temperature (A) where all the
argon was liquid, past the onset of freezing (B), to a tem-
perature (C =75.4 K), where a fraction of the argon was
frozen. We then warmed the sample to a higher tempera-
ture (D =77.0 K), stopped, and then recooled. Upon
cooling from point D, the sound attenuation (and veloci-
ty) approximately retraced their warming path back to
the minimum temperature reached in the initial cool-
down (point E). When the sample was further cooled
below E, the velocity immediately began to increase more
rapidly, along the path it would have followed had we
continued cooling from C to I' without the detour to D
and back. These results indicate that any argon which
melted during warming from C to D refroze nearly rever-
sibly upon subsequent cooling to E. Also, the argon ini-
tially frozen at C is stable in the sense that no more will
freeze unless the temperature is reduced below C. Since
the warming (melting) branch of the hysteresis loop ap-
pears to be more nearly reversible than the cooling (freez-
ing) branch, we looked at it in more detail. Figure 10

20

also shows the attenuation for two warming-cooling cy-
cles starting from 74 K (point F). First, we warmed to 76
K (G), stopped, and recooled to F T. hen we repeated the
process, this time stopping at 78 K (H) before cooling
back to F. We see that warming and cooling along this
melting branch of the hysteresis loop is nearly reversible
in this temperature range. However, if we warm above
T, then the original hysteresis loop should be repro-
duced, since we believe that T represents the com-
pletion of melting in the pores. In Fig. 11 we show the
results of several cycles in which we warmed from 74 K
(F) to a temperature near T before cooling back to
point F. Warming from F gave the same curve (labeled
a) each time, but the curves corresponding to cooling
differed. The curves labeled b, c, and d correspond to
recooling after stopping at temperatures of 79.5 K (I),
79.75 K ( J), and 81 K (K). We see that the hysteresis in-
creases fairly abruptly when the maximum temperature is
close to T

Although we did not study the hysteretic behavior of
the heat capacity in as much detail, it was consistent with
the ultrasonic data. For example, in the oxygen-xerogel
system of Fig. 2, if the sample was cooled slowly from
point 3 above the bulk triple point to the onset of the
freezing (point B), the heat capacity was reversible. In
other words, if the cooling was stopped somewhere in the
temperature range 2 —B and subsequently warmed up,
the heat capacity during warming would retrace the cool-
ing data. However, if the minimum temperature was
below point B, hysteresis set in. For example, the open
circles correspond to warming from about 23 K. We
found that if the minimum temperature was anywhere
below the maximum of the freezing peak (point C), then
the heat capacity during subsequent warming followed
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FIG. 10. Sound attenuation in argon-filled Vycor. Cooling
began at 2 and continued to C. The sample was next warmed
to D, cooled back to E, and then to F. The sample was then cy-
cled back and forth along the warming branch of the hysteresis
loop. (F to G and back, then F to H and back, finally to I).
Solid symbols are data taken during cooling, open symbols tak-
en during warming.

Temperature (K)

FIG. 11. Sound attenuation in argon-filled Vycor. The sam-

ple was initially cooled to F along the lower curve then warmed
along curve a (open circles) to successively higher temperatures
of 79.5 K (point I, cooling curve b), 79.75 K (point J, cooling
curve c), and 81 K (point K, cooling curve d).
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the same path (e.g., that shown as open circles). Howev-
er, if the cooling was stopped somewhere between point B
and C and then warmed, the heat capacity would follow a
path intermediate between the cooling and warming
branches shown in Fig. 2. Similar behavior was observed
during warming. If the warming was stopped between
points D and E and cooled back down, the heat capacity
would follow the warm-up branch reversibly. Once the
temperature was warmed above point E, the hysteresis
would set in again. If the system was warmed above
point F, cooling down would reproduce the original cool-
ing results (solid circles), while stopping between points E
and F gave cooling heat capacities intermediate between
the two branches. Points B and F in Fig. 2 are thus the
analogs of the points marked T& and T in the ultrasonic
data.

DISCUSSION

The latent heat associated with a phase transition is
usually calculated as the area under a heat-capacity curve
after subtracting the background temperature depen-
dence well away from the transition. Our data of Figs.
1 —3 then appear to imply latent heats which are much
smaller for freezing than for melting. However, in the
presence of hysteresis, heat-capacity measurements must
be interpreted very carefully. As pointed out by Tell and
Maris, techniques such as adiabatic heat-pulse
calorimetry actually measure the temperature rise due to
an input of heat, even when the sample is being cooled be-
tween data points. From our ultrasonic measurements, it
is clear that such a measurement would miss much of the
latent heat associated with freezing, since the freezing
would occur when the temperature was initially reduced
and little of the new solid would melt during the small
temperature rise associated with the heat-pulse input. In
principle, the adiabatic heat-pulse technique should still
give the correct latent heat during melting, although in
the presence of hysteresis it may be important to avoid
overshoots when the temperature is changed. The ac
calorimetric technique used in our measurements suffers
from essentially the same problems, since it measures
only the latent heat associated with material which melts
and freezes reversibly during the small temperature oscil-
lation. From our ultrasonic studies of the hysteresis, we
expect this to be fairly accurate on most of the warming
branch, except near the completion of melting. During
cooling, on the other hand, very little of the newly
formed solid melts during the small temperature oscilla-
tion, and so most of the latent heat of freezing will be
missed, as observed in Figs. 1 —3. Thus our heat-capacity
curves give an underestimate of the latent heats, particu-
larly during freezing, so that energy conservation is not
threatened.

The only way to ensure that no latent heat is missed is
to cool or heat monotonically, as is done in differential
scanning calorimetry. In fact, the heat-capacity measure-
ments of Torii, and Maris and Seidel used a thermal-
relaxation method in which the sample (hydrogen in
Vycor) was cooled monotonically. In contrast to our re-
sults shown in Fig. 1, they did observe a substantial heat-

capacity peak associated with freezing, corresponding to
a latent heat approximately equal to that of bulk hydro-
gen.

Despite the problems hysteresis causes when an ac
technique is used to measure the heat capacity, the data
of Figs. 1 —3 clearly illustrate the depression of the freez-
ing and melting transition temperatures in small pores.
The temperatures of the heat-capacity peaks given in
Table I agree quite well with those measured by other
workers. ' ' ' It is interesting to note here that the frac-
tional shifts in freezing temperatures (b, T /To ) are rough-

ly the same (about 13%) for neon in Vycor as for oxygen
and argon in the xerogel. However, the hydrogen in
Vycor had a much larger fractional shift of around 22%.
Such a high susceptibility to geometric cooling may help
in the search for superAuidity in supercooled molecular
hydrogen.

The fact that the onset of freezing at T& does not de-

pend on the cooling rate indicates that freezing is con-
trolled by the pore geometry and not by nucleation kinet-
ics. It appears that, by halting the cooling at a tempera-
ture close to T&, it is possible to have a stable state in
which an arbitrarily small fraction of argon is frozen. If
supercooling were occurring, one would expect freezing,
once initiated, to continue until a finite fraction was solid.
This may be prevented by the pore geometry, since small
necks between pores would stop the solid-liquid interface
from propagating from one pore to another, so that each
pore freezes independently.

Despite the sharpness of the onset, both the width of
the latent-heat peaks and the hysteresis loops in the ul-
trasonic data (Figs. 8 and 9) indicate that freezing
proceeds over a range of temperatures. Since in the
geometric-freezing model the depression of the freezing
point is inversely proportional to the pore size, Adams
et al. ' have described such freezing measurements as
providing a "spectrometer of pore size. " The very sharp
onset of freezing seen in the ultrasonic data (e.g. , Fig. 5)
would then indicate that the pore size distribution in
Vycor has a very sharp cutoff at some maximum. This is
quite plausible given the manufacturing process in which
a spinodal decomposition is halted at some stage and then
one phase is leached. It is also consistent with evidence
from mercury intrusion porosimetry.

This interpretation of the freezing results does not pro-
vide an obvious explanation for the hysteresis when the
solid in the pores is melted. One possible explanation is
that the pores are more like cylinders than spheres. The
solid may still nucleate as a sphere, in accordance with
Eqs. (1) and (2), but it could then expand along the pore,
forming a cylindrical frozen region. Since a long cylinder
has a smaller surface-to-volume ratio than a sphere of the
same radius, it will be more thermodynamically stable
and so melt at a higher temperature. This simple model
would predict the depression of the melting temperature
to be two-thirds as large as the freezing-point depression,
in rough agreement with our observations. Another pos-
sibility involves the narrow necks between pores. Even if
neighboring pores freeze independently, further cooling
will cause the frozen region to extend further into the
necks between pores until they touch. When separate
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solid regions join, some surface area will be eliminated,
along with its associated free energy, again stabilizing the
solid to higher temperatures. Finally, it has been suggest-
ed' ' that there may be a highly dislocated or amor-
phous layer on the pore surfaces which rearranges once
the Quid in a pore freezes, lowering the interfacial free en-
ergy which was responsible for the depression of freezing.
In all of these pictures, if there is a distribution of pore
sizes, the largest will be the Grst to freeze and the last to
melt, and so the behavior shown in Figs. 8 and 9 is not
surprising.

It is difficult to decide between such qualitative ex-
planations of the hysteresis. Certainly, neutron scatter-
ing from oxygen and deuterium in Vycor' shows
significant amorphous components, larger for deuterium
than for oxygen, which may be related to the relatively
large undercooling possible with hydrogen. These mea-
surements also show crystalline peaks whose widths indi-
cate crystallite sizes in the frozen state which are on the
order of 40—70 nm, considerably larger than the pore
sizes in Vycor. This would appear to suggest that, once

formed, a solid region can propagate through necks to
several neighboring pores. However, even if adjacent
pores froze initially with different crystallographic orien-
tations, the rapid vacancy motion evident in the ultrason-
ic measurements would allow rapid annealing which
could reorient crystallites over substantial regions. To
really determine the origin of the hysteresis, we plan to
make freezing and melting measurements in materials
with different and better defined pore geometries.
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