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Hydrogen in porous Vycor glaggore radiusR,=3.0 nm has been investigated with a torsional oscillator
technique at 7.5 K T< 22 K. H, molecules which are adsorbed in VycorTat T5 (T3, triple point of bulk
H,) leave the Vycor when decreasing the temperature to below a characteristicTyallg; T. depends on
the amount of H in the Vycor. This interpretation of the data is supported by simultaneous measurements of
the H, vapor pressure. A similar phenomenon is observed with a capacitor filled with Vycor into whiish H
condensed. We conclude that the free energy of solidnHhe Vycor is larger than that of bulk solid,H
Information on the free energy of Htonfined 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.

. INTRODUCTION transition of H, at around 9.6 K. We have already presented
some of the results discussed in this paper in a short com-

Liquid hydrogen below its bulk triple point;=13.8 K munication: It focused on the search for a possible superfluid
has attracted a lot of attention experimentally and theoretitransition of H in Vycor glass® Here we concentrate on the
cally, because of the hope of realization of a newfree energies of solid and liquid,Hn porous Vycor glass.
superfluid}® The superfluid transition temperature of, H  This paper is organized as follows. Section Il describes
should be of the order of 1 or a few kelvin considering thethe experimental details. In Sec. lll the data are presented
analogy of H to “He? The superfluid transition temperature and analyzed for different }fillings. In Sec. IV the proper-
(2.18 K) of *He is comparable tolzc=3.13 K (Bose- ties qf so_Iids an(_d the mechani.sm of thg depression of. their
Einstein condensation temperatuiBsc is obtained by treat- freéezing in restricted geometries are discussed. Section V
ing the system as an ideal Bose gas, which giligs=6.6 K~ Summarizes the results of this work.
for para-hydrogen g-H,).! However, bulkp-H, freezes at
13.8 K; therefore one must achieve a substantial depression
of the freezing temperature to obtain a superfluid transition. A. Vycor
The most widely employed technique to realizg id the

II. EXPERIMENTAL DETAILS

o ) oo Porous glass, for example Vycor 79%Us produced from
I|qU|q state afT<T; is conflmn_g it into a small space, s_uch a melt of 75% SiQ, 20% B,O5, and 5% NaO. Heat treat-

as micropores of porous glasseor zeolltes‘? Although this  ment jeads to a separation in a silicon-rich phase and a
technique is very common, the mechanism of the freezingoron-rich one. After removing the boron-rich phase, there
temperature depression is not yet cle&for example, the remains an interconnected solid skeleton of nearly pure
free energies of a solid and liquid in restricted geometries argjo,, with a rather homogeneous distribution of mass and
not well known and usually simply assumed to be the sam@ores®® The microscopical structure of the surface is rough,
as those of the bulk phases. In order to obtain information ofvhich leads to a wide variation of the attractive potential
the free energies of solid and liquid,Honfined in a re-  from the wall'*

stricted geometry, we have used a torsional oscillator Our Vycor sample for the torsional oscillator experiments
techniqué to measure the fHmass inside of porous Vycor is a cylinder of 6 mm height and diameter, cut from a plate
glasg® as a function of temperature and of an initia) fil- of Vycor (Corning 7930 with a diamond cutter. The sample
ing; the latter is determined by the chemical potential outsidéor the capacitive measurements is a disk of 8 mm diameter,
of the Vycor atT>Ts. Our experimental system is analo- which was cut from the same plate of Vycor, and polished to
gous to the setup which has been employed to study wetting.5 mm thickness. Both Vycor samples were separately
transitions of various combinations of adsorbates and sulrinsed fo 5 h in a 30% HO, solution at 100 °C, and then
strates, and which has provided information on the free enfor 1 h in boiling distilled water to remove $0,. Drying
ergies of adsorbed layet$We selected Vycor as a restricted the Vycor samples was done in two steps. First a slow pro-
geometry because a large amount of data has been accunuess in a desiccator filled with silica géb avoid damages of
lated for hydrogen and helium in Vycor. Tost al* reported  pores. After 2 days of gentle drying, we heated the Vycor
a “phase” diagram of H in Vycor glass which is quite samples to 200 °C and pumped away adsorbe® Ihol-
similar to that of*He in Viycor glass? In the case of'He, it ecules with a turbomolecular pump for 1 day. After the dry-
contains a superfluid phase. Brevetral> have measured the ing process, the Vycor samples were immediately installed
heat capacity of bl in porous Vycor glasstypical R,~3 into the cells, which were then sealed.

nm) at 4 K <T<15 K. They observed an anomalous behav- To determine the characteristics of the Vycor, we mea-
ior and interpreted it as a possible indication of a superfluidsured the N-adsorption isotherm at 77 K with the torsional
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oscillator cell(the mass of the Vycor is 0.2356.dJsing the 7.5 K. In order to reduce mechanical noise from the floor, the
Brunauer-Emmett-Teller(BET) equation for monolayer cryostat is sitting on a large mechanical low pass filter which
adsorption® and assuming a cylindrical shape of the poresconsists of a sand box as a heavy mass and a Styrofoam
with an uniform radiugR,,, we calculatedk,=3.0 nm which  cushion as a weak and lossy spring.
is in good agreement with the reported pore size for this type A variation of heating power causes an immediate change
of Vycor3 At T3, ny=1.85+0.05 mM of H, is necessary to in temperature and in resonance frequency; hence there is a
fill the Vycor (see Sec. Il A L With a molar volume of bulk good thermal contact between radiation shield, heater, ther-
liquid H, of 26 cn?/mol at T4, we obtained the open volume mometer, and torsional oscillator. After changing the tem-
of the poresV=0.048 cni, and a porosity of 0.2 The  perature, the empty oscillator reaches within 5 min a new
somewhat smaller value of the porosity compared to the reequilibrium in frequency and amplitude.
ported value of 0.3%0.03 (Ref. 13 may be caused by To fill the cell with H,, we use a stainless steel capillary
blocking of some pores by Stycast 2850FT which was used1.5 mm o.d., 0.78 mm i.d2 m length from the gas han-
to fix the Vycor in the torsional oscillator cell. dling system at room temperature to the torsional oscillator
at low temperature. It sits inside an evacuated tube to avoid
any contact to théHe bath. The used gas handling system is
composed of a standard volunwg, a pressure gaug@®.1l

The torsional oscillator was machined from a single piecembar resolutiop a cold trap at liquid nitrogen temperature to
of BeCu. It consists of a cylindrical celb mm height and remove impurities, and a storage vessel of 99.999% pure
diametey, a torsion tubg5 mm long, 1.4 mm o.d. with a 0.7 H,. The amount of H admitted into the cell including the
mm hole to admit hydrogenand a cylindrical platforni24  room temperature dead volume of pressure gauge and filling
mm diameter and 20 mm height wita 2 mmhole for  capillary, we referred to as hereafter, is determined with a
filling).° It was ultrasonically cleaned and annealed for 3standard volumetric method. The thermomolecular correc-
hours at 320 °C to improve the mechanical propertiesn-  tion for the pressure measurement is of the order of 0.1 mbar
other torsion tubg12 mm long, 2.5 mm o.d., and 1.4 mm and can be neglected for pressures higher than 10 mbar.
i.d.) with ~100 Hz resonance frequency is connected to the The viscous penetration depthd is given by
large mass of the BeCu platform and works as a mechanical= /2 /pw,wheren, p, andw are the viscosity and den-
low pass filter to decouple the oscillator from the rest. Thesity of H,, as well as the angular frequency of the torsional
Vycor cylinder was fitted closely into the cell and fixed with oscillator. For liquid H at a frequencyf=2.7 kHz,
a small amount of Stycast 2850FT to the wall. We saw thes=5um is much larger thamR,. Therefore, normal liquid
Stycast penetrating slightly into the pores, which may lead tqas well as soliflH, is totally clamped to the Vycor glass in
a decrease of the open volume of the Vycor as mentioned ithe oscillator. Adsorption of Kin the Vycor increases the
Sec. Il A. The cell with the Vycor glass was sealed with amoment of inertia tdd= J,+ AJ and decreases the resonance
BeCu piece containing a central electrode using Stycastequencyf according tof = (2) ~1yD/J. SinceAJ/J, is

2850FT. To excite and detect the oscillation, we U-SG thlery Sma]LAf: fo_f isin good approximation proportiona]
brass electrodes of about 0.1 mm distance on each side of thg A J due to adsorbed 4

central electrode.

The oscillator is working in self-resonance mdd&he
signal from the pickup electrode is amplified, phase shifted, ) N . -
and fed back to a drive electrode. The oscillator is always in Using a capacitive technique, we performed additional ex-
resonance and its frequency is measured with a frequendjeriments with H in Vycor. The design of this second cry-
counter connected to a computer. The stability of the fre0stat is shown in Fig. 1.
quency with 1 min averaging time is about 0.1 mHz at a A disk of Vycor glass(0.5 mm thickness and 8 mm di-
resonance frequency df,=2706 Hz for the cell without ametey is fixed, after cleaning and drying, with a tiny
H, (empty cel) at low temperature. The frequendy is a ~amount of GE varnish at its perimeter inside an oxygen-free
function of temperature through the temperature dependence

B. Torsional oscillator

C. Capacitor

of the rigidity modulusD of the torsion tube according to PRGN D~
fo=(27) 1yD/J,, wherel, is the moment of inertia of the | liquid 4He
cell without H,. The quality factorQ of the oscillator is ;
determined by measuring the exponential decay of the oscil- Ao = $-E
lation after stopping the driv& is a function of temperature i
and pressure of Hin the cell:Q is 45 000 at room tempera- B J? F
ture and increases to xa8l0° at 7.5 K for the empty cell in
vacuum.fg is a smooth function of temperature without any c = G
anomalies. A X

The oscillator is hanging inside and screwed to the top D— § H
flange of a Cu radiation shield on which a heateretal

resistof and a calibrated Ge resistance thermometer are

mounted. The whole setup is mounted on the top flange of a FiG. 1. Capacitor setuptA) filling capillary, (B) heater,(C)
vacuum can with an intervening Teflon part. The radiationOFHC copper electrode$D) vacuum jacket(E) thermal link, (F)
shield is weakly coupled via a Cu strip to tHele bath. The  carbon thermometef() coaxial feedthroughs, ar(éh) disk of Vy-
lowest temperature of the radiation shield and oscillator isor 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 electrode§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 000 0 0 12 s 20
run by measuring the saturated vapor pressure jithe ' Condensed Hydrogen n- [mmole]
sample cell. Readings of the temperature and of the capaci- T
tance of the empty cellvithout H,) reach a new stable value _ )
within a few minutes after changing the heating power. The FIG- 2. Frequency differencaf as a function of the amount

temperature dependence of the empty cell capacitance shO\&SOf I—_|2 in_the oscillatorny is calculated with a volumetric method
the typical behavior of silici8 y taking into account the dead volume. Af=1.85 mmole,Af

The H, vapor pressure is measured at the room temperas—tarts to saturate: The Vycor is completely filled. The magnified

ture end of the filling capillary. To avoid any errors due to part shows that there is an offset, from which we conclude that
) . o . there is an inhomogeneous distribution of i the Vycor for small

the thermqmolecglar effect or bIock_lng of t.he filling line, we n;'s. The data are taken at different temperatures abbyeand

use a capillary with a rather large inner diamete8 mm. ¢ qitferent runs.

The filling capillary sits inside of an evacuated tube and is

equipped with a heating wire to ensure that noddndenses

in it.
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produce a higher moment of inertia than for a homogeneous
distribution. Such a nonhomogeneous distribution may be

The capacitance is measured with a commercial capaci- .\ o v the wide variation of the attractive potential of the
tance bridge? using the three-terminal method, a test volt- vycor wa)lll 14 P

age of 15 V, and a measurement frequency of 1 kHz. The After filling H, at constant temperature, the oscillator is

accuracy is about 10 pF atC=1.4 pF. connected only to the pressure gauge and not to the standard
volumeVg, the cold trap, or the storage vessel anymore. The
lll. RESULTS AND ANALYSIS oscillator is then cooled down step by step while monitoring
its frequency and amplitude as well as thepessure. After
each step of temperature change, typically from 1.0 to 0.1 K,
1. Condensation of H into the cell the pressure decreases exponentially and reaches a new
stable value aftel h at 20 K and 2 h at; in the case of a
Eah‘-filled cell. These time constants slightly increase for
?gher H fillings. The frequency follows the behavior of the

A. Torsional oscillator data

Hydrogen is admitted to the cell at a presspremaller
than its saturated vapor pressure at a given temperature

avo!ﬁ con:jtgnsat|oqb?f Emkﬁgthe to};stlt_)rr;t_tlj_be E.itﬂd filling empty cell within the first 5 min, and then it decreases expo-
capifiary. 1L 1S possibie 1o conoense, 3 With pres- nentially simultaneously to the pressure because of the con-

sures lower than the saturated vapor pressure because of t@&nsation of H from the dead volume into the Vycor. At

::;t{i?)%t_lve potential of the Vycor walls and of the capillary T<T,, thg amount of K in the c!ead vglgme is small qnd
condensation of Kinto the Vycor is negligible. After admit-

e e ST ng , we Usualy spend 5010 200  before reac
P 3 ) Y Assuming the ortho-para conversion rate of bulk, Hhe

hours for the system to reach a new equilibrium, presumabl ara concentration should be more than 80%, possibly even

because of the small pores of the Vycor and relatively larg 00%, if the ortho-para conversion rate is enhanced in the
volume Vg at room temperatureAf as a function of the Vycor’

amountn; of H, condensed into the torsional oscillator, de-
termined with a standard volumetric method, is shown in
Fig. 2. Note thain;#n (the total amount of Hin the sys-
tem) when the vapor pressure of,Hs not negligible. For The temperature dependence of the frequency of the os-
nt<ny=1.85 mmole Afecn;. Forny=ng,, Af is no longer cillator forn=0.2, 0.35, 0.6, and 0.66 mmols kh the setup
proportional tony, because kistarts to condense outside of is in principle the same as that of the empty cell except for
the Vycor. We determine the open volume of the Vycor fromoffsets depending on. Af(T) is shown in Fig. 8). The 0.6

the maximum amoum, of adsorbed Hin the Vycor. Close and 0.66 mmole measurements show a small increase of
inspection of the data fon;<0.2 mmole reveals a non- Af with decreasingl’ for T>T; due to the condensation of
negligible offset as shown in the inset of Fig. 2. This offset isH, from the dead volume into the Vycor.

beyond our measurement error and indicates a nonhomoge- The measured vapor pressure is much smaller than the
neous distribution of Kin the Vycor. We assume that for saturated vapor pressure of, Hh the whole temperature
these smallest fillings the Hmolecules occupy first the re- range. Figure @) shows this pressure normalized to the
gion near the perimeter of the Vycor cylinder, and thus theysaturated vapor pressupgyg(liq) of liquid p-H, (Ref. 20

2. Less than 0.66 mmole K
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FIG. 3. Data forn=0.2 (¢), 0.35 (), 0.6 (V), and 0.66
(O) mmole H, in Vycor. (a) Frequency differencAf as a function
of temperature. The slight increase of the frequency differenice
of the 0.6 and 0.66 mmole data between 21 K @gds caused by
condensation of kfrom the dead volumen;<n for these fillings

at temperatures abov&). At low temperatured\f is constant(b)  condensed into the Vycotb) H, vapor pressure normalized by the
H, vapor pressure normalized by the bulk liqyeH; vapor pres-  pylk liquid p-H, vapor pressur@/psygliq) as a function of tem-
surep/psyplliq) as a function of temperature. The solid and dashedyerature. The solid and dashed lines represent the vapor pressures

lines represent the vapor pressure of bulk solid and liquid,,  of bulk solid and liquidp-H,, respectively. Belowl, the pressure
respectively. At the lowest temperatures the measured pressure is @filows the vapor pressure of bulk solid,H

the order of the resolution of the manometer and thus not reliable.

FIG. 4. Data fom=0.7 (¢), 0.75 (V), 0.9 (@), 1.1 (O),and
1.2 (A) mmole H in Vycor. (a) Frequency differencéf as a
function of temperature. At a certain temperatilirgedepending on
n, Af starts to decrease: There is lesg Which contributes to the
moment of inertia of the torsional oscillator B& T, than originally

Forn=1.1 mmole,Af as a function of temperature, both
on a logarithmic scale, which is a measure of the chemicain cooling and warming, is plotted in Fig. 5. No hysteresis is
potential. Fom=0.2 mmole, the pressure is lower than the observed even close T, .
manometer resolution. No indication of a liquid-solid phase There is a marked difference in the oscillator response
transition of H in the Vycor can be seen. after changing the temperature above and belw At
T.<T<Tj, the oscillator reaches a new equilibrium condi-
tion within 5 min after changing the temperature like the
empty cell. BelowT, the frequency changes in two steps: a
fast responsdwithin 5 min as abovel, according to the

characteristic temperaturé;<Ts, which depends om, behavior off) followed by a very slow one. The responses
. . . 0 .
Af sharply decreases. This implies that belbwsome of the of pressure and frequency above and belavafter chang-

H, does not participate in the oscillation anymore. The,

amountof H i docs o ake par reaches up t 13 o7 ETSrAIE e Shown 17l G 12 e
n (seen=1.1 mmole data At T<T., Af(T) follows a q y g P

universal curve, which means that the amount gf tHat

3. Between 0.7 and 1.2 mmole H
For larger fillings,Af(T) is shown in Fig. 4a). Below a

takes part in the oscillation &<T, is independent of the g 1200 : : : -
original filling n. The normalized vapor pressure %

p/psyeliq) first slightly increases when decreasing the tem- .

perature because of condensation ¢fiikto the Vycor from j 10004 e} |
the dead volume as shown in Fighdt At a certain tempera- 9

ture, p reaches the vapor pressure of bulk solid[Bblid line % ° « o o

. . . o 1100

in Fig. 4b)]. This temperature corresponds very wellTto E o °

determined byAf. At T<T,,the abrupt change of measured > 8007 o . -
pressure follows the bulk solid-vapor press(gecept for the S o 1080

lowest temperatures presumably because of errors in the > N

pressure measuremgnErom these vapor pressure data we 2 600 120 124

conclude that bulk solid Hmust have been formed &t 8 12 16 20
somewhere in the setup. We interpret this information, to- Temperature T [K]
gether with the torsional oscillator data, as that é$capes

from the Vycor and forms bulk solid 8t<T_ outside of the FIG. 5. Frequency differenc&f(T) in cooling (O) and warm-
Vycor in the filling capillary. This implies that the chemical ing (®) for n=1.1 mmole H. The inset shows the data near
potential of K in Vycor is higher than that of bulk H T.=12.2 K. No hysteresis can be seen.
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FIG. 6. Response of the oscillator and vapor pressure to tem-
perature changes. The frequen@plid line), the pressurddotted 0.6
line), and the temperaturgdashed ling above and below
T.=12.6 K forn=1.2 mmole B are shown. The pressure always
changes exponentially, whereas the frequency response changes at
T. 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 timélat 12.6 K,
. : h . auses a small decrease ®f below Tj. (b) H, vapor pressure
we see already a very slight increase in frequency starting aj . - !

. AR : normalized by the bulk liquigh-H, vapor pressur@/pgye(liq) as a
t~200 min. This indicates that the temperature is already very, . . !
close toT function of temperature. The solid and dashed lines represent the

c

vapor pressure of bulk solid and liquigtH,, respectively. The

change is an exponential decay. Its time constant increas%essure data also indicate the presence of a bulk phase for the
. 7t hestn. See text for more details.
from 100 min at 11 K to 500 min at 8 K. 9

8 10 12 14 16
Temperature T [K]

FIG. 7. Data form=1.5 (¢), 1.75 (A), and 1.92 ) mmole
» in Vycor. (a) Frequency differencaAf as a function of tempera-
ure. For the highegt, the influence of solid Kin the torsion rod

4. Between 1.5 and 1.92 mmole,H The values ofT;, the temperature where ,Hstarts to
- leave the Vycor, as a function of are presented in Fig. 9.
Ieal\:/(e)rs ttr;}zs?/ Iz;%ek;e?g::&gs’_rvr\]’g fa:sougﬁg tgzhszﬁg: tEg\tNH T. is determined by the balance between the chemical poten-
ever, is moreycom Iicatea as shov(\q/n in gi 7: No l'JniversaLial of H, in the Vycor and the chemical potential of bulk

' P ' 9. 7. olid H, outside of the Vycor. The more-Hs admitted, the

behavior bek_)WT.C is observed. Fon=1.5 mmole H, the -higher is the chemical potential of,Hn the Vycor, which is
same behavior in frequency and pressure as already dis-

cussed in the above section can be séeh. however, does in equilibrium condition to the K vapor outside of the Vy-
not follow the universal curve of the data shown in Figa)4 cor. The chemical potential of Hn the Vycor is still smaller

at T<T,. For n=1.80 mmole, we first see a small decreas than that of the bulk liquid, since it is reduced by the van der

o . aals potential from the Vycor wall and is a function of
81; sAofIi(?tl—-llz—Tn-lzc?]’e\fc\gggrlsrg)c;(r)]tc))?é)%;f fl: g?ni P¥ht(i1r2 g:l;igce distance. Consequently,. increases when increasimg T,
be only 1.75 mmole biin the Vycoh. At T,=12 K, Af is related to the adsorption isotherms of idolecules in the
sharply decreases and the slow frequency response starts:
H, begins to leave the Vycor. For=1.92 mmole (>ny), , , ,

we also see the influence of solid, Hh the torsion rod, -
indicated by a small decrease &f below T;. In addition, ¥ Bjé >
the measured pressure for this filling is identical to the vapor < 104 o % s
pressure of bulk liquidsolid) p-H, above (below) T,. At £ A
T.=12.5 K, H, starts again to leave the Vycor which leads E °
to a strong decrease df. The time constants to reach a = v
new equilibrium state after each cooling downTat T, are - 19 ¢ 7 3
the same as for smaller at the same temperatures. L @
5. Mass flow rate and T as a function of n %

The speed of escaping of,Hs a function of temperature o1 8 10 12

is shown in Fig. 8, where the time derivative biust after Temperature T [K]

the slow response started, normalized by the temperature

changeAT, (5f/5t)_AT71, is plotted. There is no depen-  gig. 8. Slope ¢f/at)AT * (the time derivative of just after
dence on n within our experimental accuracy. the slow response started, normalized by the temperature change
(8f18t)AT™1, which is proportional to the mass flow rate, AT) as a function of temperature for all fillings between 1.1 and
varies exponentially with temperature, which suggests a thert.92 mmole H in cooling (open symbolsand warming(solid sym-
mally activated type of motion of Hmolecules. bols).
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FIG. 9. Characteristic temperatufe (®) as a function ofn. FIG. 10. Frequency differenaef(T) for n=0.9 (x) mmole HD

x's represent the measured fillings<0.66 mmole to which no in Vycor. For comparisonA f(T) is also shown fon=1.5(¢) and
escaping of H has been observed down to the minimum tempera-1.1 (O) mmole H, in Vycor. The largerAf for HD for the same
ture of 7.5 K. The arrows are indicating the possible developement as for H, is due to its larger mass. We see that HD shows the

of T¢(n) down toT=0 K. It seems that about 0.4 mmole ot s  same behavior im\f like H, with a higherT. compared to an
“inert” or does not escape from the Vycor even at 0 K. equivalent filling of H .

Vycor. When the Vycor is almost filled with 4 capillary  tyre of the cell. We conclude that bulkHas formed in part
condensation occurs and make$§(T) and the temperature of the filling capillary closely above the cell.

dependence of the pressure as complicated as discussed inThe frequency behavior is completely different from all
Sec. lll A 4. Therefore, in this case the determinatioofs  the others discussed in Secs. Ill A 2—IIl A 6. When cooling
less accurate than for fIIIIngS with<<1.5 mmole. Some &T' from 14.3 Kto 134 K, we see a linear increaseAdf (See
(about 20% oh=1.85 mmole, the total amount of,Ho fill  Fig. 11), which can be caused by the ih the torsion rod in
the cel) seems to stay in the Vycor even =0 K. This  combination with a mass flow of Hinto the Vycor due to
amount of H may correspond to the strongly bound ldy-  the density increase of liquid Hn the Vycor when decreas-
er(s) observed in Raman scattering experiménts. ing the temperature. At 12.4 KT< 13.4 K,Af shows only
Our measurements indicate that the chemical potential 04 small increase. The time constants to reach a new equilib-
solid H, in Vycor is larger than that of bulk solid HOth-  rium state after changing the temperaturerat12.4 K are
erwise, H would solidify and stay in Vycor when lowering the same as for the empty cell. At=12.2 K, Af starts to
the temperature. increase sharply and reaches a new stable value below 10 K.
We identify this effect as solidification of Hn the Vycor in
6. 0.9 mmole HD this run withn=3.1 mmole. H has to solidify in the Vycor
In order to investigate the influence of different hydrogenP&cause escaping is impossible due to bulk solid outside of
isotopes, we repeated the experiment with HD. For a filling
n=0.9 mmole HD, we find essentially the same features as
for H, described in Sec. Ill A3. with a slightly higher

T.=13 K as shown in Fig. 10, which is caused by the higher 2040 1 -
triple-point temperature of HDEH°=16.6 K. The character- °° © e 7Sy

istic relaxation time for the oscillator to reach a new equilib- 0 %

rium frequency after changing the temperature belgwis 20009 o °. I

about 350 min at 11 K which is larger than that of ,H

presumably because of the larger mass of the HD molecule. 1960 L
The same frequency behavior of the HD measurement as

observed for H also excludes the possibility of a superfluid Coe,

transition (Bose-Einstein condensatipas an interpretation 1920 %OOQQ% -

of our observations in the case of Hsince the HD molecule : : : : : :

is a fermion. 8 10 12 14
Temperature T [K]

Frequency Difference Af [mHz]

7. 3.1 mmole B
L . . . FIG. 11. Frequency differencef (T) in cooling (O) and warm-
Most of the former liquid-solid phase transition experi- j,q (@) for n=3.1 mmole H in the setup. For this “overfilling,”

ments were performed when there was bulk solid outside ofome H solidifies in the torsion tube and blocks it. As a result,
the Vycor®"?~** We also studied this case far=3.1  H,cannot leave the Vycor &, and has eventually to solidify in the
mmole (W~1.7ny). The pressure after filling is higher than pores. The change inf is caused by a mass flow into the Vycor at
that of bulk H, at the temperature of the cell. It correspondsthe solidification of H in the pores. For details see text. Note that
to a temperature that is about 0.4 K higher than the temperahere 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
H, leaves the Vycor.

Even if we assume that only 80% of the kh the Vycor
transforms from liquid to solid according to the Raman scat-
tering experimenrt as well as to our observation, the ob-
served frequency change of 0.10 Har increase of the
amount of H in the Vycor of 0.1 mmolgat solidification is
smaller than expected for solidification of the same amount
of bulk liquid H,, which should be 0.15 mmole. We con-
clude therefore that the molar volume change at the solidifi-
cation of H in the Vycor is smaller than that of bulk,HA
similar observation was reported f6He in Vycor/

Capacitance C [pF]
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When warming up from the lowest temperature, a hyster- 6
esis can be seen in this run. The freezineelting tempera-
ture T;=11.2 K (T,,=12.2 K) is in good agreement to val-
ues in the literaturé>2°

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

Temperature T [K]

FIG. 12. Temperature dependence of the capacit&{dg for
the empty cell and with different Hfillings in it. The empty cell
behaviorCy,.,, ((1) and one measurement with the pores being full
up to a temperature of 20 Kbulk H, coexists in the cell outside of
the Vycon Cuycor-+H, (O) are shown. The inset shows the compli-
cation atT ~ T for the full pore measuremefid) because of triple-

Ind dentl h f d with itor il dpoint wetting in the gap between the Vycor and the electrodes.
ndependently, we have confirmed with a capacitor fille CWCOHHZ(T) is hysteric and not reproducible in this temperature

yvltthyc(;)r that Fb m?]lecwes once adsorbed in Vycor leave region.V'’s (cooling and @’s (warming show the data when the
it when decreasing the temperature. capillary condensation into the gap between the Vycor and the elec-

The Capa(_:itf':lnce of the c_eII shown in Fig. 1 without H trodes is avoided by reducing the amount of id the cell. A’s
does not exhibit any anomalies at 6KT< 20 K but shows  gshoy the data when only 13% of the volume of the Viycor pores is

a linear temperature dependetfcas can be seen in Fig. 12 filled with H,. See text for more details.
). o

First, we measured the adsorption isotherms at |n order to avoid the complication due to triple-point wet-
T>T5(14.0 K and 18.5 I see Fig. 13. Unlike in usual ting outside of the Vycor, we conduct the experiment as
adsorption isotherm measurements, the amount of adsorbegl|ows: (1) The Vycor is filled with H at T=14.0 K. The
H, is determined fromAC=Cyycor+t,~ Cvycor- The 0b-  filling process is shown in Fig. 132) We wait for 2 weeks.
tained isotherms are quite similar to those reported in Ref(3) H, is removed untilp/pgyp(lig)=0.62 atT=14.6 K is
14: it seems thaA C is almost proportional to the amount of obtained.(4) The temperature sweep is started. The total
H, between the electrod&The difference between the two cooling and warming time together is 11 h. The results are
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 : ' ' : ' §

A 29N

B. Capacitor data

. . 0.08
bulk instead of the normalized vapor presstfraVve, how-
ever, prefer the reduced pressure representation since it a

shows clearly two steps of capillary condensation: into the
Vycor pores aip/psyp(lig) =0.8 and into the gap between
the Vycor and the electrodes ptpsyp(lig) =1. The capaci-
tance changd& C associated with K, which is needed to fill
the Vycor, is about 0.073 pF.

At the saturated vapor pressure of bulk,HC(T) shows
atT>T; the same temperature dependence as the empty cell,
as shown in Fig. 12@®). (H, is filled at 18.5 K and the
filling process is shown in Fig. 18This is expected because
the temperature dependence of the dielectric constant of bulk
H, is small atT<20 K2” At T<T5, however,C(T) shows
a complicated behavior because of triple-point wetfihf

0.06 1 b F

0.04+

AC [pF]

0.02

0.004

d4 Ob
P/ Pgyp (1)

0.8

FIG. 13. Adsorption isotherm of Hin Vycor measured by the

The H, capillary condensed into the gap between the Vycorkcapacitor shown in Fig. JAC=Cyycor+n,~ Cvycor @S a function of
and the electrodes dewetsTat T;. An example of this de-  the normalized vapor pressupépsys(liq) at T=14.0 K (@) and at
wetting can be seen in the inset of Fig. 12. It shows hysterT=18.5K (A). Two steps of capillary condensation into the Vycor
esis, and its temperature is not reproducible and depends @ares[at p/psy(liq) =0.8] and into the space between the Vycor
the temperature sweep time. and the electrodest p/psyp(liq) =1] can be seen.
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shown in Fig. 12 { for cooling and® for warming. Since  the case of'He in Vycor glass, the required overpressure, by
the pressure in the cell is the saturated vapor pressure onissumingyr=40 as in the case of alumina powder, would be
below 13.2 K, the capillary condensation into the gap be-about 20 bars which is in good agreement with experimental
tween the Vycor and the electrodes can be avoided becausdservationé? However, his argument seems to be not very
of the triple-point wetting phenomena. At=11 K the ca- physical. In order to define grain boundaries in the pore,
pacitance starts to decrease with a slope larger than that tfere must be at least one layer of molecules on both sides of
the empty cell. This indicates thatHtarts to leave the Vy- them and the volume of those layefg;g2 a, must be much
cor at this temperature, which is in good agreement with théess than V. In the case of alumina powder,
torsional oscillator experiment. Agg2 alV=a2aA/V~0.5, which seems to be too large. In
At T>T; the capacitance for this filling decreases verythe case of Vycor, it gives the nonphysical value of 4.
rapidly becausep/psyp(lig) becomes much smaller than 1 Another possible mechanism to increase the free energy
due to the increase of the saturated vapor pressure and thaka solid in restricted geometries is an elastic energy of the
H, leaves the Vycor. The fact that the capacitance is stilkolid on the substrate which is extensively discussed in the
larger than the empty cell value t>17 K can be explained context of wetting transition® The solid which grows on a
with the strongly bound K layers on the Vycor surface as substrate is strongly strained if the lattice constants or the
discussed in Sec. Ill A 5. This interpretation is supported bysymmetry of the solid and the substrate do not match each
a measurement with only about 13% of the total volume ofother. A solid on an atomically rough surface like the surface
the pores filled with H: The data are almost parallel to those of Vycor pores must be strongly strained, too. The possible
of the empty cell as shown in Fig. 12\(. It implies that size of the elastic energy is estimated in the following way.
below 20 K the first H layer(s) adsorbed on the Vycor sur- The molar volumes of solid Hare 23.15 and 22 cffmol at
face stays in the pores regardless of temperature. This agaihand 112 bars, respectively. If the deformation is elastic
agrees well with the results from the torsional oscillator ex-from 23.15 to 22 crifmol, the elastic energy should be of the
periment(Sec. Il A 2. order of AV-Ap~13 J/mol which corresponds to k5 per
Note that all our capacitive measurements were done aftenolecule. Note thaf, —fg~1kg at T;— T=1 K,? which
more than 1 week waiting time in order to make sure thatshould be compared to some other energies, for example to

most of the ortho-KHis converted tgp-H,. the above-mentioned elastic energy, in order to discyss H
the liquid state belowl ;. Since this volume change requires
IV. DISCUSSION only a 1.7% change of the lattice constant, such a deforma-

tion may be possible under the influence of the substrate.
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. B. Amorphous layers on rough surfaces in restricted
geometries
A. Excess free energy of solid hydrogen in Vycor There is accumulating evidence that amorphous solid lay-

We concluded in Sec. Ill that the free energy of solid€'S generally grow on rough surfaces of restricted geom-
hydrogen in Vycor glass is larger than that of bulk solid €tries, such as Vycttand metallic sinters. _
H,. In this section we will discuss the origin of this excess _ First we consider the case when the restricted geometry is
free energy. filled with a liquid. Broad vibrational and rotational Raman

Dash has proposed a mechanism to increase the free effattering spectra of Hn Vycor glass were reported in Ref.
ergy of solids in restricted geometries compared to the bulikl, which were attributed to strongly bound layers on the
solid?2 According to his argument, a solid which grows from Vycor wall. Golov and Pobell pointed out that amorphous
a rough surface must be a polycrystal with many grainhehum Iaye_rs grow on surfaces of Vycor as _shpwn by their
boundaries which increase its energy. The grain boundarf)€at capacity dat®. They also recognized a similar compo-
energy per unit area iE_~0.05ua whereu anda are the nent in the heat capacity ofHe adsorbed on sintered

o3l o : ot i 3
shear modulus and the lattice constant, respectively. Aftef!lVer~ Spin-lattice relaxation time$, of liquid “He con-

Dash(also Ref. 8, the free energy difference between liquid M€d 3i” spaces between fluorocarbon sphiéres porous
and solid with grain boundaries in pores is glass® (similar to Vycor glass were found to be propor-
tional to the Larmor frequency, which indicates the wide

5FLS:AGBE—_V”S(fL_fS)v (4.1) range of distribution of e>_<change interactiops amotiie
atoms. All these observations can be explained by the hy-
whereAgg, V, ng, f|, andfg are the total area of the grain pothesis of amorphous solid layers on the substrates. The
boundaries, the pore volume, the number density of bulkamorphous layers which coexist with a liquid in the center of
solid, and the chemical potential of bulk liquid and of bulk the pores are at most two atqier molecule diameters thick
solid, respectively. He assumed that the thermodynamicalince they are caused by the attractive potential of the sub-
properties of a liquid and solid in restricted geometries arestrate.
the same as those of the bulk phases. In addition, he intro- Now we consider the case where the restricted geometries
duced a parameter which represents the surface roughnessare filled with a solid. According to Raman scattering
to obtainAgg=aA, whereA is the total surface area of the experiment£! the amorphous layers which coexist with a
pores. The required overpressure to solidifge in packed liquid and which are responsible for the broad, temperature-
alumina powder of 50 nm average particle size was found tindependent background in the spectra do not change their
be about 2.5 bars which gives=40 for V/A=50 nm?? In property when the Kin the Vycor solidifies at low tempera-
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tures. In the center of the pores, a “crystalline” solid existscan be expected, takinff —fs~d6Tp /| s/Tm, Where/

at low enough temperatures as shown by neutron scatterirgnd T, are the latent heat per molecule and the melting
experiments;3® although its crystal structure is not known temperature, respectively.

yet. There must be a transition region between the “inert”  Another explanation of the depression of the freezing
amorphous, strongly bound layer near the substrate and themperature in restricted geometries is as follows. A free
“crystalline” solid in the center of the pores. Because of theenergy balance between liquid and solid phases is considered
temperature independence of the properties of the amorphoirscluding their surface energies with the substrate,

layer on the substrate and because of the bulklike behavior of

the central part, it must be this transition region which is oF s=(Aos+Vnsfs)—[Ao +Vn f +V(ns—n)fs],
responsible for the observed “anomalies” of hydrogen and (4.4

helium in restricted geometries. These “anomalies” are th%/vherea o, , andn, are the sum of the energies of the
Sy L» L

following. SOI.(OI et_al. founrgl4broad neutron scattering spec- amorphous and transition regions which were introduced in
tra of D, confined in Vycor.” Adamset al. reported that the ec. IV B, the energy of the amorphous layer, and the num-
molar volume change at the liquid-solid phase transition oﬁ ' ; - : '

“He in Vycor is smaller than that of bulkHe.” We also er density of the liquid, respectivelisee also Ref. 4

ize this fact f iV : S III.A7 (AostVngfg) is the free energy of solid after the phase
recognize this fact for kiin Vycor; see Sec. lll A 7. ransition, while[Ao_+Vn_ f +V(ng—n.)fg] is the free
The thickness of the transition region is estimated to be o nergy beforeV(ns—n,)fs is included in order to take into
H S L/'S

thbe orde(; ]?f 1 nm \f/rom thte l_)ro?d_ neutfrgn scg‘ttemg t?]|Oectr3ccount mass transport from outside to inside the restricted
observed for I3 in yc.o.r(yplcfa Siz€ 0 nn)1 whiie the geometries at the solidification, according to our observation
existence of this transition region in S|Iyer sm(typl%al SIZ€ " in Sec. Il A 7. Note that these surface energies include the
of 7.0 nm ha? not been recogmz_e_d until Vvery rece ﬁ)T.hls_ energy associated with the attractive potential from the sur-
estimated thickness of the transition region is also consisten -« “The volumes of the amorphous layer and the transition

with the size of the dislocation CO?é‘Wh'C.h Is also a mea- region are ignored here. Assumiidf s=0 at solidification

sure of the elastic healing length of solid hydrogen from a df —femS5Tm /1 o/T t the f ing t

strong disturbance. We note that 1 nm for the elastic healing o't~ 's™¢"p 7Ls/Tm, ONE CAN GEL the freezing tem-
) erature depressiofil ,

length is quite large and is caused by the small shear modu-
lus of a quantum solid such as hydrogen or helium. In the A (os—a)T
case of classical crystals, the thickness of the transition re- 6Tp~— —m (4.5
gion is expected to be smaller because of their strong shear Voon /s
modulus. This is demonstrated by the sharp neutron scatteffye assume that a “pore” is a slab of height, Eq.(4.5)
ing spectra of the classical solid,0n Vycor in Ref. 34. differs by about factor of 3 from Eq(4.3 (assuming

We believe that the transition region introduced in thisn,_znsandos— o, =0os), which comes from the difference
section is strained and increases the free energy of a solid i the shape of the solid. If the mass in the restricted geom-
restrlcteq geometry, as dlscussed in Sec. IVA. It is therlatry is conserved at solidificatioN(ns—n, ) fs is not neces-
responsible for the escaping of,Hbut of the Vycor at sary in Eq.(4.4), and thus Eq.4.5 should be modified
T<T,., as discussed in Secs. Il A3 and Ill A 4. The part of slightly.
H, remaining in the Vycor af=0 K corresponds in this  The proportionalitysTp=A/V was confirmed for the de-
model to the amorphous layers immediately adjacent to thgression of the freezing point of alcohols in a well-defined
rough Vycor surface. single pore® In this experiment, the single “pore” was a

slab formed by two mica surfaces whose separation was con-

C. Depression of freezing temperature in restricted geometries trolled to a precision of 0.1 nm with a surface force appara-

We consider the case when the restricted geometries cortHS' This proportionality alone does not exclude the widely
taining liquid are closed by a bulk solid. A widely accepted accepted modeEq. (4.3]. However, the obtained surface

explanation of the depression of the freezing temperature i;[]ensmn between a liquid and solid suggests that this model is

restricted geometries is as follok& The free energy differ- not relevant. The surface tensiqn between liquid anq solid

encesF (R) between a liquid and SC.)|id depends on the radius;[_BUOH calculated from Eq4.9) is about 14 mN/m Whl.Ch

R of a nucleating solid droplet is reasonable when compared to that between a liquid and
9 piet, vapor of 19.6 mN/nt 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 gfitHVycor? In
this model, the pores are divided into three clasg@s:
Nucleation pores where a solid can form by overcoming the
energy barrier between liquid and solid phag@s 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 por€3) Stable pores

- 301sTm 43 where the liquid phase is thermodynamically stable. These
P ng /L2 ' types of pores are distributed randomly in the Vycor. When

SF(R)=47R%0 s— (413 wR3ng(f —fg), (4.2

where o g is the surface energy between a liquid and solid.
SF(R) has a maximum aRy=20 s/[ng(f. —fg)]. Once a
thermal fluctuation forms a solid nucleus larger tiigy) the
solid grows without limit. However, a restricted geometry
with characteristic sizé . limits the size of a solid nucleus to
R<L./2. Therefore 5F(L./2)<0 is necessary for solidifica-
tion, and thus a freezing temperature depression by
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the temperature decreases, the number of the nucleation and V. SUMMARY
of the propagator pores will increase. At some temperature, . . .
the propagator and nucleation pores are dense enough to per- have investigated hydrogen in porous Vycor glass

colate and solidification suddenly occurs in a large numbe(VX/';h f?ngorti'gtnﬁgﬁ)s\;'lftgﬁa?zg::rlilsﬁi ?eﬁ]ap;g:mee tfv(;]?:r']qggi
of pores. At lower temperatures, a further increase of the b

numbers of propagator and rucieaton pres gues  mo€1C5 0 e B, s startstoeaue (e cor heteal
gradual spread of the solid in the Vycor. In this model, the fying Y P ' '

; . : - hat the chemical potential of a solid,Hh Vycor is larger
depression of the freezing temperature is determined by E ) 2
(4.5) not by Eq.(4.3). han that of bulk solid K. A small fraction of about 20% of

In the case of helium or hydrogen in Vycor or other po-i?e total amou?t gf lf_'d Wh'tCh |s|nebcess§ry to tort]ally fl'" the
rous glass systems, the proportionaldyxA/Vwas also hycor,bseteTs \c/’v uid a strt(;]rjgly ou? a}[mor_p t(%usvayer or:
confirmed for large pores although there is some ambiguit € substrate. We expect this layer 1o stay in the vycor a

because of the distribution of pore sizes in each sarffle. emperatures even down to 0 K. Under different experimen-

However, there are clear deviations from this proportionalitytal conditions we forced the Hto solidify in the pores,

for pore sizes less than about 5 nm radifighis deviation which took place at a temperature which is lower than the

can naturally be understood when the thicknesses of thfu”( freezing temperature. This observed depression of the

amorphous layer and of the transition region are taken int reezing temperature is in good agreement with fo”””.ef ex:
account. In this casey in Egs. (4.4) and (4.5 should be periments by other groups. We find that the properties of

replaced withV— At wheret is the total thickness of the solid hydrogen in Vycor glass are quite different from those
amorphous layer and transition region of bulk hydrogen. According to this knowledge, we discuss

In the case thaV¥/A is less than the thickness of the tran- general features of freezing in restricted geometries.
sition region(of the order of 1 nny 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 We wish to thank M. Chan, A. Golov, N. Masuhara, P.
sharp liquid-solid phase transition. The lack of a sharp phaskeiderer, J. Reppy, and K. Shirahama for discussions. This
transition for H, in Vycor samples of typical size of 1 nm in work is supported by the Deutsche Forschungsgemeinschaft
Ref. 4 may be understood as a glass transition. According tthrough Graduiertenkolleg Po 88/13, by the German-Israel
our understanding described here, it is mysterious that rathéfoundation for Scientific Research and Development
sharp liquid-solid phase transitions were observed fpirH through Grant No. 1-295-0.90.07/93, and by the European
zeolite in Ref. 8. Community through project No. ERBCHGECT920002.

ACKNOWLEDGMENTS

*Present address: Low Temperature Laboratory, Helsinki Univer- Crowell, F. W. van Keuls, and J. D. Reppy, Phys. Rev. LZdt.

sity of Technology, Otakaari 3A FIN 02150, Espoo, Finland. 1106(1995.
V. L. Ginzburg and A. A. Sobyanin, Sov. Phys. JETP L4&8§, 13p, Levitz, G. Ehret, S. K. Sinha, and J. M. Drake, J. Chem. Phys.
242 (1972. u 95, 6151(1991).
2H. J. Maris, G. M. Seidel, and T. E. Huber, J. Low Temp. Phys.  1- E. Huberand C. A. Huber, J. Low Temp. Ph§8, 315(1990;
T. E. Huber, D. Scardino, and H. L. Tsou, Phys. Rev5B
51, 471(1983. 11372(1995
3 .
M. Bretz and A. L. Thomson, Phys. Rev. B}, 467 (198J). 15
43, L. Tell and H. J. Maris, Phys. Rev. B8, 5122(1983; R. H. Séglzfgggr’ P.H. Emmett, and E. Teller, J. Am. Chem. §0c.

Torii, H. J. Maris, and G. M. Seideibid. 41, 7167 (1990.

5 ) ) 18If we take into account the higher density of the layers near the
D. F. Brewer, J. C. N. Rajendra, and A. L. Thomson, Physica B

substrate, the porosity would be smaller than 0.28.

. 194-196, 687 (1994. 17R. C. Richardson and E. N. SmitExperimental Techniques in

Y. Kondo, M. Schindler, and F. Pobell, J. Low Temp. Ph1, Condensed Matter Physics at Low Temperatut@sidison-
195 (1995. _ Wesley, Redwood City, CA, 1988

'E. D. Adams, Y. H. Tang, K. Uhlig, and F. E. Haas, J. Low 18R p. McCammon and R. N. Work, Rev. Sci. Instrué6, 1169
Temp. Phys66, 85(1987; D. N. Bittner and E. D. Adamsbid. (1965; W. W. Scott and R. K. MacCrone, Phys. Rev1R3515
97, 519(1994. (1970.

8N. S. Sullivan, M. Rall, and J. P. Brison, J. Low Temp. PI8&. 19Model AH2500A from Andeen-Hagerling, Inc., Cleveland, OH,
383(1999; N. S. Sullivan and M. Rallibid. 101, 367 (1995. USA.

%J. E. Berthold, D. J. Bishop, and J. D. Reppy, Phys. Rev. Beft.  2°At T<T, we extrapolate the equation fpgy(liq) given in Na-
348 (1977; C. Lie-Zhao, D. F. Brewer, C. Girit, E. N. Smith, tional Bureau of Standards Research Paper RP #932948.
and J. D. Reppy, Phys. Rev. 8, 106 (1985:; R. N. Kleiman,  ?1J. de Kinder, A. Bouwen, and D. Schoemaker, Phys. Le203,
G. K. Kaminsky, J. D. Reppy, R. Pindak, and D. J. Bishop, Rev. 251 (1995.

Sci. Instrum.56, 2088(1985. 22). G. Dash, Phys. Rev. B5, 508(1982.

POyycor Glass 7930, Corning Glass Works, Houghton Park, Corn?3M. Shimoda, T. Mizusaki, M. Hiroi, A. Hirai, and K. Eguchi, J.
ing, NY 14831. Low Temp. Phys64, 285 (1986.

1A, D. Migone, A. Hofmann, J. G. Dash, and O. E. Vilches, Phys.?4J. R. Beamish, N. Mulders, A. Hikata, and C. Elbaum, Phys. Rev.
Rev. B 37, 5440(1988; L. Bruschi, G. Torzo, and M. H. W. B 44, 9314(199)).
Chan, Europhys. Lett, 541(1988. 25E. Molz, A. P. Y. Wong, M. H. W. Chan, and J. R. Beamish,

2R, H. Tait and J. D. Reppy, Phys. Rev.2B, 997 (1979; P. A. Phys. Rev. B48, 5741(1993.



53 HYDROGEN IN POROUS VYCOR GLASS 11461

26AC may not be perfectly proportional to the amount of be-  32A. Schuhl, S. Maegawa, M. W. Meisel, and M. Chapellier, Phys.

cause of the influence of the Vycor wall. Rev. B36, 6811(1987).

273. H. Constable, C. F. Clark, and J. R. Gaines, J. Low Temp®Y. Kondo, Y. Kodama, Y. Hirayoshi, T. Mizusaki, A. Hirai, and
Phys.21, 599 (1975. K. Eguchi, Phys. Lett. A123 417 (1987; Y. Kondo, T. Mi-
28p_ Leiderer and U. Albrecht, J. Low Temp. Phg8, 229(1992. zusaki, A. Hirai, Y. Hirayoshi, and K. Eguchi, J. Low Temp.

29D, A. Huse, Phys. Rev. B9, 6985(1992; F. T. Gittes and M. Phys.75, 289(1989.
Schick, ibid. 30, 209 (1992. 34p_E. Sokol, W. J. Ma, K. W. Herwig, W. M. Snow, Y. Wang, J.
30A. Golov and F. Pobell, J. Low Temp. Phyk01, 373(1995. Koplik, and J. R. Banavar, Appl. Phys. Le@l, 777 (1992.

3IA heat capacity ofHe films on silver sinter below 6 mK which %°P. E. Sokol, R. T. Azuah, M. R. Gibbs, and S. M. Bennington
was sensitive to neither coverage nor temperature was observed (unpublishedl
in D. S. Greywall and P. A. Busch, Phys. Rev. L&, 1860  °A. Golov (private communication
(1988. Golov and Pobell pointed out that this heat capacity®’S. E. Kal'noi and M. A. Strzhemechnyi, Sov. J. Low Temp. Phys.
could be understood by assuming an amorphous layer near the 11, 440(1985.
substrateRef. 30. 384, K. Christenson, Phys. Rev. Left4, 4675(1995.



