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Hydrogen in porous Vycor glass~pore radiusRp53.0 nm! has been investigated with a torsional oscillator
technique at 7.5 K<T< 22 K. H2 molecules which are adsorbed in Vycor atT.T3 (T3, triple point of bulk
H2) leave the Vycor when decreasing the temperature to below a characteristic valueTc<T3; Tc depends on
the amount of H2 in the Vycor. This interpretation of the data is supported by simultaneous measurements of
the H2 vapor pressure. A similar phenomenon is observed with a capacitor filled with Vycor into which H2 is
condensed. We conclude that the free energy of solid H2 in the Vycor is larger than that of bulk solid H2.
Information on the free energy of H2 confined in the Vycor is important to understand the depression of its
freezing temperature in restricted geometries. We also discuss the properties of solids and the depression of
their freezing temperature in restricted geometries.

I. INTRODUCTION

Liquid hydrogen below its bulk triple pointT3513.8 K
has attracted a lot of attention experimentally and theoreti-
cally, because of the hope of realization of a new
superfluid.1–6 The superfluid transition temperature of H2

should be of the order of 1 or a few kelvin considering the
analogy of H2 to

4He.2 The superfluid transition temperature
~2.18 K! of 4He is comparable toTBC53.13 K ~Bose-
Einstein condensation temperature!. TBC is obtained by treat-
ing the system as an ideal Bose gas, which givesTBC56.6 K
for para-hydrogen (p-H2).

1 However, bulkp-H2 freezes at
13.8 K; therefore one must achieve a substantial depression
of the freezing temperature to obtain a superfluid transition.
The most widely employed technique to realize H2 in the
liquid state atT,T3 is confining it into a small space, such
as micropores of porous glasses3–7or zeolites.8 Although this
technique is very common, the mechanism of the freezing
temperature depression is not yet clear.7,8 For example, the
free energies of a solid and liquid in restricted geometries are
not well known and usually simply assumed to be the same
as those of the bulk phases. In order to obtain information on
the free energies of solid and liquid H2 confined in a re-
stricted geometry, we have used a torsional oscillator
technique9 to measure the H2 mass inside of porous Vycor
glass10 as a function of temperature and of an initial H2 fill-
ing; the latter is determined by the chemical potential outside
of the Vycor atT.T3. Our experimental system is analo-
gous to the setup which has been employed to study wetting
transitions of various combinations of adsorbates and sub-
strates, and which has provided information on the free en-
ergies of adsorbed layers.11We selected Vycor as a restricted
geometry because a large amount of data has been accumu-
lated for hydrogen and helium in Vycor. Toriiet al.4 reported
a ‘‘phase’’ diagram of H2 in Vycor glass which is quite
similar to that of4He in Vycor glass.12 In the case of4He, it
contains a superfluid phase. Breweret al.5 have measured the
heat capacity of H2 in porous Vycor glass~typical Rp'3
nm! at 4 K,T,15 K. They observed an anomalous behav-
ior and interpreted it as a possible indication of a superfluid

transition of H2 at around 9.6 K. We have already presented
some of the results discussed in this paper in a short com-
munication: It focused on the search for a possible superfluid
transition of H2 in Vycor glass.

6 Here we concentrate on the
free energies of solid and liquid H2 in porous Vycor glass.

This paper is organized as follows. Section II describes
the experimental details. In Sec. III the data are presented
and analyzed for different H2 fillings. In Sec. IV the proper-
ties of solids and the mechanism of the depression of their
freezing in restricted geometries are discussed. Section V
summarizes the results of this work.

II. EXPERIMENTAL DETAILS

A. Vycor

Porous glass, for example Vycor 7930,10 is produced from
a melt of 75% SiO2, 20% B2O3, and 5% Na2O. Heat treat-
ment leads to a separation in a silicon-rich phase and a
boron-rich one. After removing the boron-rich phase, there
remains an interconnected solid skeleton of nearly pure
SiO2 with a rather homogeneous distribution of mass and
pores.13 The microscopical structure of the surface is rough,
which leads to a wide variation of the attractive potential
from the wall.14

Our Vycor sample for the torsional oscillator experiments
is a cylinder of 6 mm height and diameter, cut from a plate
of Vycor ~Corning 7930! with a diamond cutter. The sample
for the capacitive measurements is a disk of 8 mm diameter,
which was cut from the same plate of Vycor, and polished to
0.5 mm thickness. Both Vycor samples were separately
rinsed for 5 h in a 30% H2O2 solution at 100 °C, and then
for 1 h in boiling distilled water to remove H2O2. Drying
the Vycor samples was done in two steps. First a slow pro-
cess in a desiccator filled with silica gel~to avoid damages of
pores!. After 2 days of gentle drying, we heated the Vycor
samples to 200 °C and pumped away adsorbed H2O mol-
ecules with a turbomolecular pump for 1 day. After the dry-
ing process, the Vycor samples were immediately installed
into the cells, which were then sealed.

To determine the characteristics of the Vycor, we mea-
sured the N2-adsorption isotherm at 77 K with the torsional
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oscillator cell~the mass of the Vycor is 0.2356 g!. Using the
Brunauer-Emmett-Teller~BET! equation for monolayer
adsorption15 and assuming a cylindrical shape of the pores
with an uniform radiusRp , we calculatedRp53.0 nm which
is in good agreement with the reported pore size for this type
of Vycor.13 At T3 , n051.8560.05 mM of H2 is necessary to
fill the Vycor ~see Sec. III A 1!. With a molar volume of bulk
liquid H2 of 26 cm

3/mol atT3 , we obtained the open volume
of the pores,V50.048 cm3, and a porosity of 0.28.16 The
somewhat smaller value of the porosity compared to the re-
ported value of 0.3060.03 ~Ref. 13! may be caused by
blocking of some pores by Stycast 2850FT which was used
to fix the Vycor in the torsional oscillator cell.

B. Torsional oscillator

The torsional oscillator was machined from a single piece
of BeCu. It consists of a cylindrical cell~6 mm height and
diameter!, a torsion tube~5 mm long, 1.4 mm o.d. with a 0.7
mm hole to admit hydrogen!, and a cylindrical platform~24
mm diameter and 20 mm height with a 2 mm hole for
filling !.9 It was ultrasonically cleaned and annealed for 3
hours at 320 °C to improve the mechanical properties.17 An-
other torsion tube~12 mm long, 2.5 mm o.d., and 1.4 mm
i.d.! with ;100 Hz resonance frequency is connected to the
large mass of the BeCu platform and works as a mechanical
low pass filter to decouple the oscillator from the rest. The
Vycor cylinder was fitted closely into the cell and fixed with
a small amount of Stycast 2850FT to the wall. We saw the
Stycast penetrating slightly into the pores, which may lead to
a decrease of the open volume of the Vycor as mentioned in
Sec. II A. The cell with the Vycor glass was sealed with a
BeCu piece containing a central electrode using Stycast
2850FT. To excite and detect the oscillation, we use two
brass electrodes of about 0.1 mm distance on each side of the
central electrode.

The oscillator is working in self-resonance mode.9 The
signal from the pickup electrode is amplified, phase shifted,
and fed back to a drive electrode. The oscillator is always in
resonance and its frequency is measured with a frequency
counter connected to a computer. The stability of the fre-
quency with 1 min averaging time is about 0.1 mHz at a
resonance frequency off 052706 Hz for the cell without
H2 ~empty cell! at low temperature. The frequencyf 0 is a
function of temperature through the temperature dependence
of the rigidity modulusD of the torsion tube according to
f 05(2p)21AD/J0, whereJ0 is the moment of inertia of the
cell without H2. The quality factorQ of the oscillator is
determined by measuring the exponential decay of the oscil-
lation after stopping the drive.Q is a function of temperature
and pressure of H2 in the cell:Q is 45 000 at room tempera-
ture and increases to 1.83106 at 7.5 K for the empty cell in
vacuum.f 0 is a smooth function of temperature without any
anomalies.

The oscillator is hanging inside and screwed to the top
flange of a Cu radiation shield on which a heater~metal
resistor! and a calibrated Ge resistance thermometer are
mounted. The whole setup is mounted on the top flange of a
vacuum can with an intervening Teflon part. The radiation
shield is weakly coupled via a Cu strip to the4He bath. The
lowest temperature of the radiation shield and oscillator is

7.5 K. In order to reduce mechanical noise from the floor, the
cryostat is sitting on a large mechanical low pass filter which
consists of a sand box as a heavy mass and a Styrofoam
cushion as a weak and lossy spring.

A variation of heating power causes an immediate change
in temperature and in resonance frequency; hence there is a
good thermal contact between radiation shield, heater, ther-
mometer, and torsional oscillator. After changing the tem-
perature, the empty oscillator reaches within 5 min a new
equilibrium in frequency and amplitude.

To fill the cell with H2 , we use a stainless steel capillary
~1.5 mm o.d., 0.78 mm i.d., 2 m length! from the gas han-
dling system at room temperature to the torsional oscillator
at low temperature. It sits inside an evacuated tube to avoid
any contact to the4He bath. The used gas handling system is
composed of a standard volumeVS , a pressure gauge~0.1
mbar resolution!, a cold trap at liquid nitrogen temperature to
remove impurities, and a storage vessel of 99.999% pure
H2. The amount of H2 admitted into the cell including the
room temperature dead volume of pressure gauge and filling
capillary, we referred to asn hereafter, is determined with a
standard volumetric method. The thermomolecular correc-
tion for the pressure measurement is of the order of 0.1 mbar
and can be neglected for pressures higher than 10 mbar.

The viscous penetration depthd is given by
d5A2 h/rv,whereh, r, andv are the viscosity and den-
sity of H2 , as well as the angular frequency of the torsional
oscillator. For liquid H2 at a frequency f52.7 kHz,
d55mm is much larger thanRp . Therefore, normal liquid
~as well as solid! H2 is totally clamped to the Vycor glass in
the oscillator. Adsorption of H2 in the Vycor increases the
moment of inertia toJ5J01DJ and decreases the resonance
frequencyf according tof5(2p)21AD/J. SinceDJ/J0 is
very small,D f5 f 02 f is in good approximation proportional
to DJ due to adsorbed H2.

C. Capacitor

Using a capacitive technique, we performed additional ex-
periments with H2 in Vycor. The design of this second cry-
ostat is shown in Fig. 1.

A disk of Vycor glass~0.5 mm thickness and 8 mm di-
ameter! is fixed, after cleaning and drying, with a tiny
amount of GE varnish at its perimeter inside an oxygen-free

FIG. 1. Capacitor setup:~A! filling capillary, ~B! heater,~C!
OFHC copper electrodes,~D! vacuum jacket,~E! thermal link,~F!
carbon thermometer,~G! coaxial feedthroughs, and~H! disk of Vy-
cor glass.
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high-conductivity ~OFHC! copper ring of the same thick-
ness. This setup is tightly screwed between two OFHC cop-
per electrodes~6 mm diameter! which are insulated with
sheets of thin paper from the outer shielding ring electrodes.
They are made of OFHC copper to avoid any temperature
gradients within the capacitor. The whole capacitor unit is
screwed to the top flange of the sample cell to enable good
thermal contact between the Vycor and the thermometer
which is glued outside on the top flange of the sample cell.

The temperature is controlled by a combination of a
metal-film resistor for heating and an Allen-Bradley carbon
resistor for measuring. The thermometer is calibrated in each
run by measuring the saturated vapor pressure of H2 in the
sample cell. Readings of the temperature and of the capaci-
tance of the empty cell~without H2) reach a new stable value
within a few minutes after changing the heating power. The
temperature dependence of the empty cell capacitance shows
the typical behavior of silica.18

The H2 vapor pressure is measured at the room tempera-
ture end of the filling capillary. To avoid any errors due to
the thermomolecular effect or blocking of the filling line, we
use a capillary with a rather large inner diameter~1.8 mm!.
The filling capillary sits inside of an evacuated tube and is
equipped with a heating wire to ensure that no H2 condenses
in it.

The capacitanceC is measured with a commercial capaci-
tance bridge,19 using the three-terminal method, a test volt-
age of 15 V, and a measurement frequency of 1 kHz. The
accuracy is about 1026 pF atC51.4 pF.

III. RESULTS AND ANALYSIS

A. Torsional oscillator data

1. Condensation of H2 into the cell

Hydrogen is admitted to the cell at a pressurep smaller
than its saturated vapor pressure at a given temperature to
avoid condensation of bulk H2 in the torsion tube and filling
capillary. It is possible to condense H2 at T.T3 with pres-
sures lower than the saturated vapor pressure because of the
attractive potential of the Vycor walls and of the capillary
action.

During filling the cell with H2 in small steps at constant
temperatureT.T3 , D f increases. It takes always several
hours for the system to reach a new equilibrium, presumably
because of the small pores of the Vycor and relatively large
volume VS at room temperature.D f as a function of the
amountnT of H2 condensed into the torsional oscillator, de-
termined with a standard volumetric method, is shown in
Fig. 2. Note thatnTÞn ~the total amount of H2 in the sys-
tem! when the vapor pressure of H2 is not negligible. For
nT,n051.85 mmole,D f}nT. For nT>n0 , D f is no longer
proportional tonT , because H2 starts to condense outside of
the Vycor. We determine the open volume of the Vycor from
the maximum amountn0 of adsorbed H2 in the Vycor. Close
inspection of the data fornT,0.2 mmole reveals a non-
negligible offset as shown in the inset of Fig. 2. This offset is
beyond our measurement error and indicates a nonhomoge-
neous distribution of H2 in the Vycor. We assume that for
these smallest fillings the H2 molecules occupy first the re-
gion near the perimeter of the Vycor cylinder, and thus they

produce a higher moment of inertia than for a homogeneous
distribution. Such a nonhomogeneous distribution may be
caused by the wide variation of the attractive potential of the
Vycor wall.14

After filling H2 at constant temperature, the oscillator is
connected only to the pressure gauge and not to the standard
volumeVS , the cold trap, or the storage vessel anymore. The
oscillator is then cooled down step by step while monitoring
its frequency and amplitude as well as the H2 pressure. After
each step of temperature change, typically from 1.0 to 0.1 K,
the pressure decreases exponentially and reaches a new
stable value after 1 h at 20 K and 2 h atT3 in the case of a
half-filled cell. These time constants slightly increase for
higher H2 fillings. The frequency follows the behavior of the
empty cell within the first 5 min, and then it decreases expo-
nentially simultaneously to the pressure because of the con-
densation of H2 from the dead volume into the Vycor. At
T,T3 , the amount of H2 in the dead volume is small and
condensation of H2 into the Vycor is negligible. After admit-
ting H2 we usually spend 50 to 200 h before reachingT3.
Assuming the ortho-para conversion rate of bulk H2 , the
para concentration should be more than 80%, possibly even
100%, if the ortho-para conversion rate is enhanced in the
Vycor.

2. Less than 0.66 mmole H2

The temperature dependence of the frequency of the os-
cillator for n50.2, 0.35, 0.6, and 0.66 mmole H2 in the setup
is in principle the same as that of the empty cell except for
offsets depending onn. D f (T) is shown in Fig. 3~a!. The 0.6
and 0.66 mmole measurements show a small increase of
D f with decreasingT for T.T3 due to the condensation of
H2 from the dead volume into the Vycor.

The measured vapor pressure is much smaller than the
saturated vapor pressure of H2 in the whole temperature
range. Figure 3~b! shows this pressure normalized to the
saturated vapor pressurepSVP~liq! of liquid p-H2 ~Ref. 20!

FIG. 2. Frequency differenceD f as a function of the amount
nT of H2 in the oscillator.nT is calculated with a volumetric method
by taking into account the dead volume. AtnT51.85 mmole,D f
starts to saturate: The Vycor is completely filled. The magnified
part shows that there is an offset, from which we conclude that
there is an inhomogeneous distribution of H2 in the Vycor for small
nT’s. The data are taken at different temperatures aboveT3 and
from different runs.
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on a logarithmic scale, which is a measure of the chemical
potential. Forn<0.2 mmole, the pressure is lower than the
manometer resolution. No indication of a liquid-solid phase
transition of H2 in the Vycor can be seen.

3. Between 0.7 and 1.2 mmole H2

For larger fillings,D f (T) is shown in Fig. 4~a!. Below a
characteristic temperatureTc,T3 , which depends onn,
D f sharply decreases. This implies that belowTc some of the
H2 does not participate in the oscillation anymore. The
amount of H2 which does not take part reaches up to 1/3 of
n ~seen51.1 mmole data!. At T,Tc , D f (T) follows a
universal curve, which means that the amount of H2 that
takes part in the oscillation atT,Tc is independent of the
original filling n. The normalized vapor pressure
p/pSVP~liq! first slightly increases when decreasing the tem-
perature because of condensation of H2 into the Vycor from
the dead volume as shown in Fig. 4~b!. At a certain tempera-
ture,p reaches the vapor pressure of bulk solid H2 @solid line
in Fig. 4~b!#. This temperature corresponds very well toTc
determined byD f . At T,Tc ,the abrupt change of measured
pressure follows the bulk solid-vapor pressure~except for the
lowest temperatures presumably because of errors in the
pressure measurement!. From these vapor pressure data we
conclude that bulk solid H2 must have been formed atTc
somewhere in the setup. We interpret this information, to-
gether with the torsional oscillator data, as that H2 escapes
from the Vycor and forms bulk solid atT,Tc outside of the
Vycor in the filling capillary. This implies that the chemical
potential of H2 in Vycor is higher than that of bulk H2.

For n51.1 mmole,D f as a function of temperature, both
in cooling and warming, is plotted in Fig. 5. No hysteresis is
observed even close toTc .

There is a marked difference in the oscillator response
after changing the temperature above and belowTc . At
Tc,T,T3 , the oscillator reaches a new equilibrium condi-
tion within 5 min after changing the temperature like the
empty cell. BelowTc , the frequency changes in two steps: a
fast response~within 5 min as aboveTc according to the
behavior off 0) followed by a very slow one. The responses
of pressure and frequency above and belowTc after chang-
ing the temperature are shown in Fig. 6 forn51.2 mmole.
The frequency behavior starting 5 min after the temperature

FIG. 3. Data forn50.2 (L), 0.35 (n), 0.6 (,), and 0.66
(h) mmole H2 in Vycor. ~a! Frequency differenceD f as a function
of temperature. The slight increase of the frequency differenceD f
of the 0.6 and 0.66 mmole data between 21 K andT3 is caused by
condensation of H2 from the dead volume (nT,n for these fillings
at temperatures aboveT3). At low temperaturesD f is constant.~b!
H2 vapor pressure normalized by the bulk liquidp-H2 vapor pres-
surep/pSVP~liq! as a function of temperature. The solid and dashed
lines represent the vapor pressure of bulk solid and liquidp-H2 ,
respectively. At the lowest temperatures the measured pressure is of
the order of the resolution of the manometer and thus not reliable.

FIG. 4. Data forn50.7 (L), 0.75 (,), 0.9 (h), 1.1 (s),and
1.2 (n) mmole H2 in Vycor. ~a! Frequency differenceD f as a
function of temperature. At a certain temperatureTc depending on
n, D f starts to decrease: There is less H2 which contributes to the
moment of inertia of the torsional oscillator atT,Tc than originally
condensed into the Vycor.~b! H2 vapor pressure normalized by the
bulk liquid p-H2 vapor pressurep/pSVP~liq! as a function of tem-
perature. The solid and dashed lines represent the vapor pressures
of bulk solid and liquidp-H2 , respectively. BelowTc , the pressure
follows the vapor pressure of bulk solid H2 .

FIG. 5. Frequency differenceD f (T) in cooling (s) and warm-
ing (d) for n51.1 mmole H2. The inset shows the data near
Tc512.2 K. No hysteresis can be seen.
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change is an exponential decay. Its time constant increases
from 100 min at 11 K to 500 min at 8 K.

4. Between 1.5 and 1.92 mmole H2

For these larger fillings, we also see the effect that H2
leaves the Vycor belowTc. The frequency behavior, how-
ever, is more complicated, as shown in Fig. 7: No universal
behavior belowTc is observed. Forn51.5 mmole H2 , the
same behavior in frequency and pressure as already dis-
cussed in the above section can be seen.D f , however, does
not follow the universal curve of the data shown in Fig. 4~a!
at T,Tc. For n51.80 mmole, we first see a small decrease
of D f at T,T3 , which is probably caused by the influence
of solid H2 in the torsion rod~note that fromD f there should
be only 1.75 mmole H2 in the Vycor!. At Tc512 K, Df
sharply decreases and the slow frequency response starts:
H2 begins to leave the Vycor. Forn51.92 mmole (n.n0),
we also see the influence of solid H2 in the torsion rod,
indicated by a small decrease ofD f below T3. In addition,
the measured pressure for this filling is identical to the vapor
pressure of bulk liquid~solid! p-H2 above~below! T3. At
Tc512.5 K, H2 starts again to leave the Vycor which leads
to a strong decrease ofD f . The time constants to reach a
new equilibrium state after each cooling down atT,Tc are
the same as for smallern at the same temperatures.

5. Mass flow rate and Tc as a function of n

The speed of escaping of H2 as a function of temperature
is shown in Fig. 8, where the time derivative off just after
the slow response started, normalized by the temperature
changeDT, (d f /dt)DT21, is plotted. There is no depen-
dence on n within our experimental accuracy.
(d f /dt)DT21, which is proportional to the mass flow rate,
varies exponentially with temperature, which suggests a ther-
mally activated type of motion of H2 molecules.

The values ofTc , the temperature where H2 starts to
leave the Vycor, as a function ofn are presented in Fig. 9.
Tc is determined by the balance between the chemical poten-
tial of H2 in the Vycor and the chemical potential of bulk
solid H2 outside of the Vycor. The more H2 is admitted, the
higher is the chemical potential of H2 in the Vycor, which is
in equilibrium condition to the H2 vapor outside of the Vy-
cor. The chemical potential of H2 in the Vycor is still smaller
than that of the bulk liquid, since it is reduced by the van der
Waals potential from the Vycor wall and is a function of
distance. Consequently,Tc increases when increasingn: Tc
is related to the adsorption isotherms of H2 molecules in the

FIG. 6. Response of the oscillator and vapor pressure to tem-
perature changes. The frequency~solid line!, the pressure~dotted
line!, and the temperature~dashed line! above and below
Tc512.6 K for n51.2 mmole H2 are shown. The pressure always
changes exponentially, whereas the frequency response changes at
Tc from an empty cell-like behavior to a response in two steps: an
empty cell-like behavior followed by a slow exponential response
with a time constant of about 50 min. During the time atT512.6 K,
we see already a very slight increase in frequency starting at
t'200 min. This indicates that the temperature is already very
close toTc.

FIG. 7. Data forn51.5 (L), 1.75 (n), and 1.92 (h) mmole
H2 in Vycor. ~a! Frequency differenceD f as a function of tempera-
ture. For the highestn, the influence of solid H2 in the torsion rod
causes a small decrease ofD f below T3. ~b! H2 vapor pressure
normalized by the bulk liquidp-H2 vapor pressurep/pSVP~liq! as a
function of temperature. The solid and dashed lines represent the
vapor pressure of bulk solid and liquidp-H2 , respectively. The
pressure data also indicate the presence of a bulk phase for the
highestn. See text for more details.

FIG. 8. Slope (d f /dt)DT21 ~the time derivative off just after
the slow response started, normalized by the temperature change
DT) as a function of temperature for all fillings between 1.1 and
1.92 mmole H2 in cooling~open symbols! and warming~solid sym-
bols!.
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Vycor. When the Vycor is almost filled with H2 , capillary
condensation occurs and makesD f (T) and the temperature
dependence of the pressure as complicated as discussed in
Sec. III A 4. Therefore, in this case the determination ofTc is
less accurate than for fillings withn<1.5 mmole. Some H2
~about 20% ofn051.85 mmole, the total amount of H2 to fill
the cell! seems to stay in the Vycor even atT50 K. This
amount of H2 may correspond to the strongly bound H2 lay-
er~s! observed in Raman scattering experiments.21

Our measurements indicate that the chemical potential of
solid H2 in Vycor is larger than that of bulk solid H2. Oth-
erwise, H2 would solidify and stay in Vycor when lowering
the temperature.

6. 0.9 mmole HD

In order to investigate the influence of different hydrogen
isotopes, we repeated the experiment with HD. For a filling
n50.9 mmole HD, we find essentially the same features as
for H2 described in Sec. III A 3. with a slightly higher
Tc513 K as shown in Fig. 10, which is caused by the higher
triple-point temperature of HD:T3

HD516.6 K. The character-
istic relaxation time for the oscillator to reach a new equilib-
rium frequency after changing the temperature belowTc is
about 350 min at 11 K which is larger than that of H2 ,
presumably because of the larger mass of the HD molecule.

The same frequency behavior of the HD measurement as
observed for H2 also excludes the possibility of a superfluid
transition ~Bose-Einstein condensation! as an interpretation
of our observations in the case of H2 , since the HD molecule
is a fermion.

7. 3.1 mmole H2

Most of the former liquid-solid phase transition experi-
ments were performed when there was bulk solid outside of
the Vycor.5,7,22–24 We also studied this case forn53.1
mmole (n'1.7n0). The pressure after filling is higher than
that of bulk H2 at the temperature of the cell. It corresponds
to a temperature that is about 0.4 K higher than the tempera-

ture of the cell. We conclude that bulk H2 has formed in part
of the filling capillary closely above the cell.

The frequency behavior is completely different from all
the others discussed in Secs. III A 2–III A 6. When cooling
from 14.3 K to 13.4 K, we see a linear increase ofD f ~see
Fig. 11!, which can be caused by the H2 in the torsion rod in
combination with a mass flow of H2 into the Vycor due to
the density increase of liquid H2 in the Vycor when decreas-
ing the temperature. At 12.4 K,T, 13.4 K,D f shows only
a small increase. The time constants to reach a new equilib-
rium state after changing the temperature atT.12.4 K are
the same as for the empty cell. AtT512.2 K, D f starts to
increase sharply and reaches a new stable value below 10 K.
We identify this effect as solidification of H2 in the Vycor in
this run withn53.1 mmole. H2 has to solidify in the Vycor
because escaping is impossible due to bulk solid outside of

FIG. 9. Characteristic temperatureTc ~d! as a function ofn.
3’s represent the measured fillingsn<0.66 mmole to which no
escaping of H2 has been observed down to the minimum tempera-
ture of 7.5 K. The arrows are indicating the possible developement
of Tc~n! down toT50 K. It seems that about 0.4 mmole of H2 is
‘‘inert’’ or does not escape from the Vycor even at 0 K.

FIG. 10. Frequency differenceD f (T) for n50.9 ~* ! mmole HD
in Vycor. For comparison,D f (T) is also shown forn51.5 ~L! and
1.1 ~s! mmole H2 in Vycor. The largerD f for HD for the same
n as for H2 is due to its larger mass. We see that HD shows the
same behavior inD f like H2 with a higherTc compared to an
equivalent filling of H2 .

FIG. 11. Frequency differenceD f (T) in cooling (s) and warm-
ing (d) for n53.1 mmole H2 in the setup. For this ‘‘overfilling,’’
some H2 solidifies in the torsion tube and blocks it. As a result,
H2 cannot leave the Vycor atTc and has eventually to solidify in the
pores. The change inD f is caused by a mass flow into the Vycor at
the solidification of H2 in the pores. For details see text. Note that
there is a hysteresis in solidification and melting.
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the Vycor blocking the torsion rod. The time response of the
frequency after changing the temperature in this temperature
range also indicates a mass flow into the Vycor, with values
of the time constant of the same order as for the case when
H2 leaves the Vycor.

Even if we assume that only 80% of the H2 in the Vycor
transforms from liquid to solid according to the Raman scat-
tering experiment21 as well as to our observation, the ob-
served frequency change of 0.10 Hz~or increase of the
amount of H2 in the Vycor of 0.1 mmole! at solidification is
smaller than expected for solidification of the same amount
of bulk liquid H2 , which should be 0.15 mmole. We con-
clude therefore that the molar volume change at the solidifi-
cation of H2 in the Vycor is smaller than that of bulk H2. A
similar observation was reported for4He in Vycor.7

When warming up from the lowest temperature, a hyster-
esis can be seen in this run. The freezing~melting! tempera-
tureTf.11.2 K (Tm.12.2 K! is in good agreement to val-
ues in the literature.4,5,25

A discussion on the solidification process of H2 in Vycor
can be found in Sec. IV.

B. Capacitor data

Independently, we have confirmed with a capacitor filled
with Vycor that H2 molecules once adsorbed in Vycor leave
it when decreasing the temperature.

The capacitance of the cell shown in Fig. 1 without H2
does not exhibit any anomalies at 6 K,T, 20 K but shows
a linear temperature dependence18 as can be seen in Fig. 12
(h).

First, we measured the adsorption isotherms at
T.T3~14.0 K and 18.5 K!; see Fig. 13. Unlike in usual
adsorption isotherm measurements, the amount of adsorbed
H2 is determined fromDC5CVycor1H2

2CVycor . The ob-
tained isotherms are quite similar to those reported in Ref.
14: it seems thatDC is almost proportional to the amount of
H2 between the electrodes.

26 The difference between the two
measurements at different temperatures becomes smaller
when the data are plotted as a function of the difference in
the chemical potential between the adsorbed state and the
bulk instead of the normalized vapor pressure.14 We, how-
ever, prefer the reduced pressure representation since it
shows clearly two steps of capillary condensation: into the
Vycor pores atp/pSVP~liq! .0.8 and into the gap between
the Vycor and the electrodes atp/pSVP~liq! .1. The capaci-
tance changeDC associated with H2 , which is needed to fill
the Vycor, is about 0.073 pF.

At the saturated vapor pressure of bulk H2 , C(T) shows
atT.T3 the same temperature dependence as the empty cell,
as shown in Fig. 12 (s). ~H2 is filled at 18.5 K and the
filling process is shown in Fig. 13.! This is expected because
the temperature dependence of the dielectric constant of bulk
H2 is small atT,20 K.27 At T<T3 , however,C(T) shows
a complicated behavior because of triple-point wetting.11,28

The H2 capillary condensed into the gap between the Vycor
and the electrodes dewets atT,T3. An example of this de-
wetting can be seen in the inset of Fig. 12. It shows hyster-
esis, and its temperature is not reproducible and depends on
the temperature sweep time.

In order to avoid the complication due to triple-point wet-
ting outside of the Vycor, we conduct the experiment as
follows: ~1! The Vycor is filled with H2 at T514.0 K. The
filling process is shown in Fig. 13.~2! We wait for 2 weeks.
~3! H2 is removed untilp/pSVP~liq!50.62 atT514.6 K is
obtained.~4! The temperature sweep is started. The total
cooling and warming time together is 11 h. The results are

FIG. 12. Temperature dependence of the capacitanceC(T) for
the empty cell and with different H2 fillings in it. The empty cell
behaviorCVycor (h) and one measurement with the pores being full
up to a temperature of 20 K~bulk H2 coexists in the cell outside of
the Vycor! CVycor1H2

(s) are shown. The inset shows the compli-
cation atT'T3 for the full pore measurement~s! because of triple-
point wetting in the gap between the Vycor and the electrodes.
CVycor1H2

(T) is hysteric and not reproducible in this temperature
region., ’s ~cooling! andd ’s ~warming! show the data when the
capillary condensation into the gap between the Vycor and the elec-
trodes is avoided by reducing the amount of H2 in the cell.n ’s
show the data when only 13% of the volume of the Vycor pores is
filled with H2. See text for more details.

FIG. 13. Adsorption isotherm of H2 in Vycor measured by the
capacitor shown in Fig. 1:DC5CVycor1H2

2CVycor as a function of
the normalized vapor pressurep/pSVP~liq! atT514.0 K (d) and at
T518.5 K (n). Two steps of capillary condensation into the Vycor
pores@at p/pSVP~liq! .0.8# and into the space between the Vycor
and the electrodes@at p/pSVP~liq! .1# can be seen.
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shown in Fig. 12 (, for cooling andd for warming!. Since
the pressure in the cell is the saturated vapor pressure only
below 13.2 K, the capillary condensation into the gap be-
tween the Vycor and the electrodes can be avoided because
of the triple-point wetting phenomena. AtT'11 K the ca-
pacitance starts to decrease with a slope larger than that of
the empty cell. This indicates that H2 starts to leave the Vy-
cor at this temperature, which is in good agreement with the
torsional oscillator experiment.

At T.T3 the capacitance for this filling decreases very
rapidly becausep/pSVP~liq! becomes much smaller than 1
due to the increase of the saturated vapor pressure and thus
H2 leaves the Vycor. The fact that the capacitance is still
larger than the empty cell value atT.17 K can be explained
with the strongly bound H2 layers on the Vycor surface as
discussed in Sec. III A 5. This interpretation is supported by
a measurement with only about 13% of the total volume of
the pores filled with H2: The data are almost parallel to those
of the empty cell as shown in Fig. 12 (n). It implies that
below 20 K the first H2 layer~s! adsorbed on the Vycor sur-
face stays in the pores regardless of temperature. This again
agrees well with the results from the torsional oscillator ex-
periment~Sec. III A 2!.

Note that all our capacitive measurements were done after
more than 1 week waiting time in order to make sure that
most of the ortho-H2 is converted top-H2 .

IV. DISCUSSION

In this section, we will discuss more details about solidi-
fication in restricted geometries, which have not yet been
discussed extensively and might be partly speculative.

A. Excess free energy of solid hydrogen in Vycor

We concluded in Sec. III that the free energy of solid
hydrogen in Vycor glass is larger than that of bulk solid
H2. In this section we will discuss the origin of this excess
free energy.

Dash has proposed a mechanism to increase the free en-
ergy of solids in restricted geometries compared to the bulk
solid.22 According to his argument, a solid which grows from
a rough surface must be a polycrystal with many grain
boundaries which increase its energy. The grain boundary
energy per unit area isĒ'0.05ma, wherem anda are the
shear modulus and the lattice constant, respectively. After
Dash~also Ref. 8!, the free energy difference between liquid
and solid with grain boundaries in pores is

dFLS5AGBĒ2VnS~ f L2 f S!, ~4.1!

whereAGB, V, nS , f L , and f S are the total area of the grain
boundaries, the pore volume, the number density of bulk
solid, and the chemical potential of bulk liquid and of bulk
solid, respectively. He assumed that the thermodynamical
properties of a liquid and solid in restricted geometries are
the same as those of the bulk phases. In addition, he intro-
duced a parametera which represents the surface roughness
to obtainAGB.aA, whereA is the total surface area of the
pores. The required overpressure to solidify4He in packed
alumina powder of 50 nm average particle size was found to
be about 2.5 bars which givesa.40 for V/A.50 nm.22 In

the case of4He in Vycor glass, the required overpressure, by
assuminga.40 as in the case of alumina powder, would be
about 20 bars which is in good agreement with experimental
observations.22 However, his argument seems to be not very
physical. In order to define grain boundaries in the pore,
there must be at least one layer of molecules on both sides of
them and the volume of those layers,AGB2 a, must be much
less than V. In the case of alumina powder,
AGB2 a/V.a2 aA/V;0.5, which seems to be too large. In
the case of Vycor, it gives the nonphysical value of 4.

Another possible mechanism to increase the free energy
of a solid in restricted geometries is an elastic energy of the
solid on the substrate which is extensively discussed in the
context of wetting transitions.29 The solid which grows on a
substrate is strongly strained if the lattice constants or the
symmetry of the solid and the substrate do not match each
other. A solid on an atomically rough surface like the surface
of Vycor pores must be strongly strained, too. The possible
size of the elastic energy is estimated in the following way.
The molar volumes of solid H2 are 23.15 and 22 cm

3/mol at
0 and 112 bars, respectively. If the deformation is elastic
from 23.15 to 22 cm3/mol, the elastic energy should be of the
order ofDV•Dp;13 J/mol which corresponds to 1.5kB per
molecule. Note thatf L2 f S'1kB at T32T51 K,2 which
should be compared to some other energies, for example to
the above-mentioned elastic energy, in order to discuss H2 in
the liquid state belowT3. Since this volume change requires
only a 1.7% change of the lattice constant, such a deforma-
tion may be possible under the influence of the substrate.

B. Amorphous layers on rough surfaces in restricted
geometries

There is accumulating evidence that amorphous solid lay-
ers generally grow on rough surfaces of restricted geom-
etries, such as Vycor14 and metallic sinters.

First we consider the case when the restricted geometry is
filled with a liquid. Broad vibrational and rotational Raman
scattering spectra of H2 in Vycor glass were reported in Ref.
21, which were attributed to strongly bound layers on the
Vycor wall. Golov and Pobell pointed out that amorphous
helium layers grow on surfaces of Vycor as shown by their
heat capacity data.30 They also recognized a similar compo-
nent in the heat capacity of3He adsorbed on sintered
silver.31 Spin-lattice relaxation timesT1 of liquid

3He con-
fined in spaces between fluorocarbon spheres32 or porous
glass33 ~similar to Vycor glass! were found to be propor-
tional to the Larmor frequency, which indicates the wide
range of distribution of exchange interactions among3He
atoms. All these observations can be explained by the hy-
pothesis of amorphous solid layers on the substrates. The
amorphous layers which coexist with a liquid in the center of
the pores are at most two atom~or molecule! diameters thick
since they are caused by the attractive potential of the sub-
strate.

Now we consider the case where the restricted geometries
are filled with a solid. According to Raman scattering
experiments,21 the amorphous layers which coexist with a
liquid and which are responsible for the broad, temperature-
independent background in the spectra do not change their
property when the H2 in the Vycor solidifies at low tempera-
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tures. In the center of the pores, a ‘‘crystalline’’ solid exists
at low enough temperatures as shown by neutron scattering
experiments,34,35 although its crystal structure is not known
yet. There must be a transition region between the ‘‘inert’’
amorphous, strongly bound layer near the substrate and the
‘‘crystalline’’ solid in the center of the pores. Because of the
temperature independence of the properties of the amorphous
layer on the substrate and because of the bulklike behavior of
the central part, it must be this transition region which is
responsible for the observed ‘‘anomalies’’ of hydrogen and
helium in restricted geometries. These ‘‘anomalies’’ are the
following. Sokolet al. found broad neutron scattering spec-
tra of D2 confined in Vycor.

34 Adamset al. reported that the
molar volume change at the liquid-solid phase transition of
4He in Vycor is smaller than that of bulk4He.7 We also
recognize this fact for H2 in Vycor; see Sec. III A 7.

The thickness of the transition region is estimated to be of
the order of 1 nm from the broad neutron scattering spectra
observed for D2 in Vycor ~typical size of 3 nm!,34 while the
existence of this transition region in silver sinter~typical size
of 70 nm! has not been recognized until very recently.36 This
estimated thickness of the transition region is also consistent
with the size of the dislocation core,37 which is also a mea-
sure of the elastic healing length of solid hydrogen from a
strong disturbance. We note that 1 nm for the elastic healing
length is quite large and is caused by the small shear modu-
lus of a quantum solid such as hydrogen or helium. In the
case of classical crystals, the thickness of the transition re-
gion is expected to be smaller because of their strong shear
modulus. This is demonstrated by the sharp neutron scatter-
ing spectra of the classical solid O2 in Vycor in Ref. 34.

We believe that the transition region introduced in this
section is strained and increases the free energy of a solid in
restricted geometry, as discussed in Sec. IV A. It is then
responsible for the escaping of H2 out of the Vycor at
T,Tc , as discussed in Secs. III A 3 and III A 4. The part of
H2 remaining in the Vycor atT50 K corresponds in this
model to the amorphous layers immediately adjacent to the
rough Vycor surface.

C. Depression of freezing temperature in restricted geometries

We consider the case when the restricted geometries con-
taining liquid are closed by a bulk solid. A widely accepted
explanation of the depression of the freezing temperature in
restricted geometries is as follows.7,8 The free energy differ-
encedF(R) between a liquid and solid depends on the radius
R of a nucleating solid droplet,

dF~R!54pR2sLS2~4/3!pR3nS~ f L2 f S!, ~4.2!

wheresLS is the surface energy between a liquid and solid.
dF(R) has a maximum atR052sLS /@nS( f L2 f S)#. Once a
thermal fluctuation forms a solid nucleus larger thanR0 , the
solid grows without limit. However, a restricted geometry
with characteristic sizeLc limits the size of a solid nucleus to
R,Lc/2. Therefore,dF(Lc/2),0 is necessary for solidifica-
tion, and thus a freezing temperature depression by

dTD'
3sLSTm

nS l LSLc/2
~4.3!

can be expected, takingf L2 f S'dTD l LS /Tm, where l LS
and Tm are the latent heat per molecule and the melting
temperature, respectively.

Another explanation of the depression of the freezing
temperature in restricted geometries is as follows. A free
energy balance between liquid and solid phases is considered
including their surface energies with the substrate,

dFLS5~AsS1VnSf S!2@AsL1VnLf L1V~nS2nL! f S#,
~4.4!

wheresS , sL , andnL are the sum of the energies of the
amorphous and transition regions which were introduced in
Sec. IV B, the energy of the amorphous layer, and the num-
ber density of the liquid, respectively~see also Ref. 4!.
(AsS1VnSf S) is the free energy of solid after the phase
transition, while @AsL1VnLf L1V(nS2nL) f S# is the free
energy before.V(nS2nL) f S is included in order to take into
account mass transport from outside to inside the restricted
geometries at the solidification, according to our observation
in Sec. III A 7. Note that these surface energies include the
energy associated with the attractive potential from the sur-
face. The volumes of the amorphous layer and the transition
region are ignored here. AssumingdFLS50 at solidification
and f L2 f S'dTD l LS /Tm , one can get the freezing tem-
perature depressiondTD ,

dTD'
A

V

~sS2sL!Tm
nL l LS

. ~4.5!

If we assume that a ‘‘pore’’ is a slab of heightLc , Eq. ~4.5!
differs by about factor of 3 from Eq.~4.3! ~assuming
nL.nS andsS2sL.sLS), which comes from the difference
in the shape of the solid. If the mass in the restricted geom-
etry is conserved at solidification,V(nS2nL) f S is not neces-
sary in Eq. ~4.4!, and thus Eq.~4.5! should be modified
slightly.

The proportionalitydTD}A/V was confirmed for the de-
pression of the freezing point of alcohols in a well-defined
single pore.38 In this experiment, the single ‘‘pore’’ was a
slab formed by two mica surfaces whose separation was con-
trolled to a precision of 0.1 nm with a surface force appara-
tus. This proportionality alone does not exclude the widely
accepted model@Eq. ~4.3!#. However, the obtained surface
tension between a liquid and solid suggests that this model is
not relevant. The surface tension between liquid and solid
t-BuOH calculated from Eq.~4.5! is about 14 mN/m which
is reasonable when compared to that between a liquid and
vapor of 19.6 mN/m.38 If we take Eq.~4.3!, we obtain about
4 mN/m, which seems to be too small.

A model, which may be considered as a modified invasion
model, was introduced to explain the freezing process ob-
served by heat capacity measurements of H2 in Vycor.4 In
this model, the pores are divided into three classes:~1!
Nucleation pores where a solid can form by overcoming the
energy barrier between liquid and solid phases.~2! Propaga-
tor pores where the solid phase is thermodynamically stable
but an energy barrier prevents solidification. In Vycor the
number of the propagator pores is expected to be much
greater than that of the nucleation pores.~3! Stable pores
where the liquid phase is thermodynamically stable. These
types of pores are distributed randomly in the Vycor. When
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the temperature decreases, the number of the nucleation and
of the propagator pores will increase. At some temperature,
the propagator and nucleation pores are dense enough to per-
colate and solidification suddenly occurs in a large number
of pores. At lower temperatures, a further increase of the
numbers of propagator and nucleation pores gives a more
gradual spread of the solid in the Vycor. In this model, the
depression of the freezing temperature is determined by Eq.
~4.5! not by Eq.~4.3!.

In the case of helium or hydrogen in Vycor or other po-
rous glass systems, the proportionalitydTD}A/Vwas also
confirmed for large pores although there is some ambiguity
because of the distribution of pore sizes in each sample.7,23

However, there are clear deviations from this proportionality
for pore sizes less than about 5 nm radius.7,8 This deviation
can naturally be understood when the thicknesses of the
amorphous layer and of the transition region are taken into
account. In this case,V in Eqs. ~4.4! and ~4.5! should be
replaced withV2At where t is the total thickness of the
amorphous layer and transition region.

In the case thatV/A is less than the thickness of the tran-
sition region~of the order of 1 nm!, all solids in the pores at
low temperatures must be highly disordered. Then, we ex-
pect a glass-freezing-like solidification process instead of a
sharp liquid-solid phase transition. The lack of a sharp phase
transition for H2 in Vycor samples of typical size of 1 nm in
Ref. 4 may be understood as a glass transition. According to
our understanding described here, it is mysterious that rather
sharp liquid-solid phase transitions were observed for H2 in
zeolite in Ref. 8.

V. SUMMARY

We have investigated hydrogen in porous Vycor glass
with a torsional oscillator as well as a capacitive technique.
We find that below a characteristic temperature which de-
pends on the H2 filling, H2 starts to leave the Vycor instead
of solidifying in the Vycor pores. Therefore, we conclude
that the chemical potential of a solid H2 in Vycor is larger
than that of bulk solid H2 . A small fraction of about 20% of
the total amount of H2 , which is necessary to totally fill the
Vycor, seems to build a strongly bound amorphous layer on
the substrate. We expect this layer to stay in the Vycor at
temperatures even down to 0 K. Under different experimen-
tal conditions we forced the H2 to solidify in the pores,
which took place at a temperature which is lower than the
bulk freezing temperature. This observed depression of the
freezing temperature is in good agreement with former ex-
periments by other groups. We find that the properties of
solid hydrogen in Vycor glass are quite different from those
of bulk hydrogen. According to this knowledge, we discuss
general features of freezing in restricted geometries.
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