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Solidification and melting of mercury in a porous glass as studied by NMR
and acoustic techniques
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The melting and freezing phase transitions of mercury in a porous glass were studied by NMR and acoustic
techniques. The NMR measurements provided direct information on the total amount of liquid mercury versus
temperature. A depression of the phase transition temperatures and pronounced hysteresis between melting and
freezing were found. Acoustic measurements showed that the freezing process was irreversible while the
melting process consisted of reversible and irreversible temperature ranges. The use of longitudinal and trans-
verse acoustic waves made it possible to obtain information about the origin of reversible and irreversible
behavior upon melting. In particular, we found that the complete melting of confined mercury can be acous-
tically detected using only longitudinal and not transverse waves. The broadening of melting is explained by
the formation of a liquid layer on the mercury solid surface, and freezing was driven by the pore geometry with
no visible precursor effects.@S0163-1829~98!06033-0#
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I. INTRODUCTION

Phase transitions in materials confined within poro
glasses are the object of continuing interest. They differ s
nificantly from those in corresponding bulk samples and
pend on many factors such as pore size and geometry,
ting, interactions with the inner surface, and so on. Un
now, various phase transitions for different materials emb
ded in porous glasses have been observed experimen
Recently, the superfluid transition~Refs. 1–4, and reference
therein!, the superconducting phase transition,5–9 the phase
separation in liquids~Refs. 10–12, and references therei!,
phase transitions in liquid crystals~Refs. 13–16, and refer
ences therein!, the ferroelectric phase transition,17 solid-solid
phase transitions,8,18,19 the glass phase transition,20 the gas-
liquid phase transition,21 and the melting-freezing
transitions3,19,21–38 have been intensively studied. It wa
found that the interplay of short-range and long-range c
plings greatly influences the phase transitions in confi
geometries. Size and surface effects for particles in void
well as the common behavior of the ensemble of partic
which form a thoroughly interconnected network within t
porous matrix can dominate in particular cases. For exam
a lowering of the ferroelectric transition temperature17 can be
treated within the framework of a model for isolated ferr
electric nanoparticles.39 A smearing-out of the first orde
nematic-isotropic phase transition in liquid crystals with d
creasing pore dimensions13 is evidently controlled by the
pore geometry. However, the sharp superconducting ph
transition in porous glasses exhibits strong interconnect
PRB 580163-1829/98/58~9!/5329~7!/$15.00
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between the particles imbedded in the pores.7

Among different phase transitions, the melting and fre
ing phase transitions are of particular interest because
are purely first order and well studied for bulk samples. Va
ous experimental techniques were used for studying
melting and freezing processes in porous glasses inclu
calorimetric, x-ray, and acoustic techniques, electron micr
copy, neutron scattering, and NMR. However, most of
previous experiments have been performed for liq
helium,3,23,26,27,34water,36,37some organic liquids,19,22,25oxy-
gen, and some other simple liquids.24,28,35The investigations
revealed some common features for the melting-freez
phase transitions in restricted geometries such as a lowe
of the transition temperatures and pronounced hysteresis
tween melting and freezing. However, the values of tempe
ture shifts and temperature ranges of freezing and mel
varied significantly for particular materials, pore sizes, a
geometry. It should be noted that the nature of the hyster
as well as the physical reasons for observed broadenin
melting and freezing is still not clear in spite of numero
studies of the melting-freezing phase transitions in por
media.

Only a few papers are devoted to melting and freezing
confined metals.29–33,38For gallium in porous glasses and
an opal-like matrix it was found using NMR and acous
techniques that freezing occurred sharply when the distr
tion of pore sizes was narrow and was broadened when
distribution of pore sizes was wide, while melting wa
broadened for any pore size distribution.29–32 Both melting
5329 © 1998 The American Physical Society
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5330 PRB 58B. F. BORISOVet al.
and freezing occurred well below the bulk gallium meltin
point. For indium in a Vycor glass a lowering of temper
tures of specific heat peaks associated with melting
freezing was observed38 and heterogeneous nucleation w
suggested. Melting and freezing of mercury in a porous g
was studied using neutron scattering and calorimetric te
niques in Ref. 33. In addition to a reduction of the transiti
temperatures and hysteresis, a strong broadening of bot
melting and freezing processes was observed.

On the other hand, melting and freezing of small se
rated metallic particles have been experimentally stud
most of the papers devoted to melting~Refs. 40 and 41, and
references therein!. In Ref. 40 a lowering of the melting tem
perature of small supported gold particles was observed t
roughly proportional to the inverse particle size. Recen
x-ray diffraction and electron microscopy experiments
lead and indium inclusions in aluminum have shown si
dependent superheating and supercooling.42–44 Although a
deep supercooling was also observed for bismuth inclus
in aluminum, melting occurred at or below the bismuth bu
melting point.45 In Ref. 46 an electron microscopy techniqu
was used for studying the solidification and melting of le
fine particles between two layers of SiOx . At melting a liq-
uid layer surrounding the solid core was found as a precu
effect while solidification occurred as a fast process with
visible precursor effects. A thermodynamic analysis as w
as a computer simulation also predict the appearance
liquid layer on the solid surface of metallic nanoparticles
melting.47–49 However, for minute particles one can expe
the coexistence of liquid and solid states in some tempera
interval.46,48,50

In the present paper we report results of NMR and aco
tic studies of the melting-freezing phase transition in m
cury contained in a porous glass. NMR is especially use
for such studies since it can provide direct data on
amount of gallium in the liquid and solid state.25,30–32,36,37

Acoustic methods give valuable information about chan
in the elastic moduli associated with melting and freezing
confined materials and about stresses and relaxation phe
ena in the whole sample.23,24,29 Note, that combining the
NMR and acoustic methods appeared to be fruitful for st
ies of melting and freezing of gallium in porous glasses.31

II. EXPERIMENTAL

The sample under study was prepared from a pha
separated soda borosilicate glass whose pore structure
produced by acid leaching.51 After acid leaching, an inter-
connected network of fine pores was formed with the av
age pore diameter of 7 nm as was determined by merc
intrusion porosimetry. The pore size distribution is fairly na
row with 80% of the pore diameters lying within 0.5 nm
the average size. The liquid mercury was introduced into
porous glass under high pressure up to 10 kbar using
same procedure as for mercury intrusion porosimetry. A
filling, when the pressure had been removed, the sample
stable and did not exhibit any substantial weight loss. T
mercury volume is about 9% of the total sample volume. T
filling factor is about 90% of the total pore volume.

NMR measurements were run using a pulse Bruker M
500 NMR spectrometer. The temperature dependence o
d
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199Hg NMR line in the porous glass has been studied in
temperature range 145–295 K covering the bulk merc
melting point @234.3 K ~Ref. 52!#. First the sample unde
study was cooled from room temperature down to about
K and then warmed up again to room temperature. Sim
temperature cycles were repeated several times. The ra
warming and cooling was very slow to prevent temperat
overshooting, which was in our measurements no more t
0.5 K. Prior to each measurement, the sample was kept
fixed temperature for about 5 min. The accuracy of tempe
ture control was better than 0.5 K. Furthermore, the sam
was held at several fixed temperatures for two hours to st
whether this would result in any changes in NMR signals.
detect the intensity of the mercury NMR signal, free indu
tion decays acquired after a single pulse were observed.

Acoustic measurements were performed using the c
ventional pulse acoustic technique,53 which gave the relative
sound velocity valueDv/v with an accuracy of better tha
1025 and the relative attenuation coefficientDa with an ac-
curacy within 5%. Temperature dependences of velocity
attenuation for longitudinal and transverse waves were s
ied. The frequency of longitudinal waves was near 8.5 M
and that of transverse waves near 5.5 MHz. Repeated cy
of slow cooling and warming similar to those used in t
NMR studies were carried out for the sample cut from t
same bulk specimen as taken above. The same procedu
holding the sample at a constant temperature for many h
was applied as already described for the NMR. In additi
we measured acoustic velocity and attenuation during pa
cycling as will be described in Sec. III to reveal the tempe
ture regions of reversible and irreversible behavior at cool
and warming.

III. RESULTS

The results of the NMR studies for one of the temperat
cycles are presented in Fig. 1. It shows the temperature
pendence of the integral intensity of the NMR signal whi
is attributed to liquid mercury. The intensity was measur
relative to the integral intensity of the199Hg NMR line at
295 K. As seen from Fig. 1, the amount of liquid mercu
remains constant on cooling from room temperature to ab
190 K. A monotonous increasing of the integral intensity
this interval arises due to the normal temperature depend
of magnetic susceptibility. Below 190 K the amount of liqu
mercury starts decreasing and vanishes at about 165 K
beyond the melting temperature of the bulk mercury.
warming, hysteresis in the amount of liquid mercury ma
fests itself; the melting process becomes noticeable ab
215 K and ends at the bulk mercury melting temperatu
Holding the sample under study at any fixed temperature
more than 2 h has not led to noticeable changes in NM
intensity. The behavior, similar to that shown in Fig. 1, w
rather reproducible for other successive temperature cyc
It should be mentioned that we could not find any sign
from solid mercury confined within the porous glass in sp
of the fact that the199Hg spin is equal to1

2. It should be also
noted that when warming was fast enough~with a rate equal
to at least 2 K/min!, the melting region was shifted to highe
temperatures over the bulk mercury melting point.
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The results of acoustic studies for longitudinal and tra
verse waves during some of the full temperature cycles
presented in Figs. 2 and 3. As one can see from Figs. 2
3, the velocity of longitudinal and transverse ultrason
waves changes strongly during cooling in the tempera
range of about 190 to 165 K, corresponding approximatel
the range of decreasing the liquid mercury amount seen
NMR. On warming, there is pronounced hysteresis in b
ultrasound velocity and attenuation. The velocity hystere
loop reaches 1.5% of the velocity value at room tempera
for transverse waves and is slightly less for longitudin
waves. The pronounced hysteresis of sound attenuation
ning up to 7 dB/cm is observed in the same tempera
range. Velocity of longitudinal waves starts dropping dow
at about 195 K, then there is a range of almost linear
crease to 229 K and fast increase to about 234 K@Figure
2~a!#. Above the temperature of bulk mercury melting, t
longitudinal ultrasound velocity and attenuation curves as
ciated with cooling and warming are merged together.
contrast, the velocity of transverse waves only decreases
notonously in the range from about 195 to 230 K@Fig. 3~a!#.
Above 230 K the transverse ultrasound velocity curves
tained upon cooling and warming are merged similar to
attenuation curves@Fig. 3~b!#. Holding the sample unde
study at any fixed temperature for more than 15 h has not
to noticeable changes in either ultrasound velocity or atte
ation for longitudinal as well as for transverse waves. T
behavior of acoustical features similar to that shown in Fi
2 and 3 was rather reproducible for all other successive t
perature cycles. However, a shift of the longitudinal veloc
bend to higher temperatures similar to that of confined m
cury melting found by NMR and a slight broadening of t
bend were observed on fast warming.

To separate the temperature regions of reversible an
reversible behavior of the sample under study upon coo
and warming we performed measurements of longitud
ultrasound velocity and attenuation during partial tempe
ture cycles. Some of the results are presented in Figs. 4
The data obtained have shown that upon cooling the rev

FIG. 1. IntensityI of the 199Hg NMR signal against temperatur
on cooling~solid circles! and on warming~open circles!.
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ible behavior remains until 190 K where velocity starts i
creasing. Figure 4 shows alterations in velocity during t
consecutive cycles, cooling down to 208 K and then war
ing up to 245 K and cooling down to 197 K and then warm
ing up to 245 K. One can see from Fig. 4 that such par
cycling does not lead to any hysteretic behavior. Increas
velocity in the range between 190–165 K is irreversible. O
can see in Fig. 5 that after cooling down to 182 K and su
sequently warming up to room temperature the velocity h
teresis loop is within the hysteresis loop for the full tempe
ture cycle. The curves corresponding to partial and f
cycles are merged in the range where velocity increa
quickly upon warming. On cooling down below 165 K th
velocity hysteresis loop no longer depended on the minim
temperature. Upon warming the behavior of the velocity
mains reversible until 229 K, this temperature correspond
the velocity minimum. When warming from low tempera
tures up to any temperature below 229 K and then coo
down again, the velocity curve reproduces that obtained d
ing warming. To confirm the reversible behavior of th
sample under study in this temperature range we perform

FIG. 2. Longitudinal ultrasound velocityDv/v ~a! and attenua-
tion coefficientDa ~b! against temperature on cooling~solid circles!
and on warming~open circles!.
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5332 PRB 58B. F. BORISOVet al.
measurements of sound velocity and attenuation for tra
verse waves also upon partial cycling below 229 K af
cooling to low temperatures. Both the velocity and atten
tion curves obtained during cooling and warming coincid
within the limits of experimental accuracy. Alterations
velocity between 229 and 234 K are again irreversible as
be seen in Fig. 6. Note that the partial hysteresis loop
within the full one similar to that shown in Fig. 5. Above th
temperature of bulk mercury melting where the curves c
responding to cooling and warming are merged, the velo
behavior again becomes reversible. When cooling do
from temperatures above 234 K, the velocity curves rep
duce that obtained at cooling from room temperature
should be noted that the behavior of ultrasound attenua
for partial temperature cycles corresponds entirely to tha
velocity. An example is shown in Fig. 4.

IV. DISCUSSION

From the thermodynamic point of view, melting in low
dimensional systems is mainly influenced by a large rela

FIG. 3. Transverse ultrasound velocityDv/v ~a! and attenuation
coefficientDa ~b! against temperature on cooling~solid circles! and
on warming~open circles!.
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number of surface atoms~that is, by a large surface to vol
ume ratio! and by surface curvature. Since pores form a r
dom interconnected network in porous glasses, the geom
of confined materials is rather complicated. Thus, in m
studies of melting and freezing within porous glasses
model of spherical separated particles or cylinders is used
treating experimental results. Simple theories predict sh
of melting and freezing to low temperatures. Assuming
spherical form of particles within pores, the melting tempe
ture depressionDTm is given by the Gibbs-Thompso
equation40,54

DTm54gv0Tb /Ld, ~1!

FIG. 4. Longitudinal ultrasound velocityDv/v ~left axis! and
attenuation coefficientDa ~right axis! against temperature take
during partial cycling. First cooling: solid circles, first warming
open circles, second cooling: solid squares, second warming: o
squares.

FIG. 5. Longitudinal ultrasound velocityDv/v against tempera-
ture on cooling~solid circles! and on warming~open circles!. Solid
line shows the hysteresis loop for a full temperature cycle.
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PRB 58 5333SOLIDIFICATION AND MELTING OF MERCURY IN A . . .
whered is the nanoparticle diameter,g is the surface tension
of the solid,L is the latent heat of fusion,Tb is the bulk
melting temperature, andv0 is the molar volume of the solid
SinceDTm is related to particle dimensions, the distributio
of particle sizes should result in broadening the proces
melting. Such an idea was used in some studies to determ
small particle and pore size distribution from meltin
processes.25,55

Freezing is normally treated as a result of supercooli
This explains the hysteresis between freezing and melt
Then the freezing process should be mainly controlled
nucleation kinetics and not by the pore geometry. On
other hand, the geometric-freezing model has been discu
for porous media.24,28 According to this model, freezing in
confined nanoparticles is considered similarly to differe
structural phase transformations.56 Then it is controlled by
pore geometries and the depression of freezing pointTf is
given by the following equation:

DTf56av0Tb /Ld, ~2!

wherea is the surface energy at the liquid-solid interfac
However, the geometric-freezing model could not provide
appropriate explanation for the hysteresis.

A more complicated analysis includes a liquid layer s
rounding the solid core of a small isolated metallic particle49

Some models consider only thermodynamic equilibrium
tween the molten layer and the solid core at melting.46,49,55In
others the nucleation rate from the solid or surface me
state is also taken into account~see Ref. 48, and reference
therein!. According to recent theoretical studies the liqu
layer should be formed at melting as well as at freezing48

For small enough particles, a difference between the mel
and freezing temperatures arises then due to different he
of energy barriers for the solid-to-liquid and liquid-to-sol
transitions. This implies that the hysteresis loop should
pend on the rate of changing temperature. When the ba

FIG. 6. Longitudinal ultrasound velocityDv/v against tempera-
ture taken on cooling from room temperature~solid circles!, warm-
ing up to 231.5 K~open circles!, and on subsequent cooling~solid
diamonds! and warming~open diamonds!. The solid lines provide a
guide for the eye.
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becomes very low for minute particles, the difference b
tween melting and freezing should disappear.

For confined liquids which wet the inner surface of p
rous glasses, using the approximation of spherical parti
to treat experimental results does not seem to be quite
sonable. In fact, because of wetting, the interconnection
tween liquids confined in adjacent pores is not destro
even in the case of partial filling and such common pheno
ena might exist as propagating the freezing front along
pore network. However, for mercury which does not wet t
glass surface the incomplete pore filling should break do
the confined liquid into separated particles. In this case
model of spherical particles seems to be more suitable.

Let us discuss now the results obtained for confined m
cury upon freezing and melting. At cooling the NMR an
acoustic measurements for longitudinal and transverse w
yield the same result; the freezing occurs within a tempe
ture range of about 25 K starting at about 190 K and end
at about 165 K~Figs. 1–3!. The large temperature interval o
freezing implies that this process is smeared. Freezing is
reversible in the total range. In contrast, the three meth
give different results upon warming the sample. The slo
of the velocity curves start increasing near 195 K for tra
verse as well as for longitudinal waves~Figs. 2 and 3!. How-
ever, the velocity curves for transverse waves obtained u
cooling and warming merge near the upper limit of reve
ible behavior of longitudinal waves, while the velocity o
longitudinal waves changes markedly and irreversibly in
range 229 to 234 K. According to NMR, the main amount
mercury melts in the range from 215 K to the melting po
of bulk mercury.

To explain all the results obtained, it is necessary to n
that transverse and longitudinal ultrasonic waves are se
tive to the structural transformations differently in th
sample under study. The elastic modulus for longitudi
waves is combined with the elastic modulus of the glass
that of mercury independently of whether mercury is in so
or liquid state. However, the shear elastic modulus of
sample is combined with those of glass and mercury o
when mercury is solid and is just equal to the modulus of
empty glass when mercury is liquid~or there is no mechani
cal contact between a solid core in pores and the glass m
because of a liquid skin on the core surface!. Taking into
account this difference between longitudinal and transve
waves, the results obtained can be treated as follows. Fr
ing of confined mercury occurs without appearance of a
uid layer on the mercury surface in a temperature ra
which is much narrower than that of melting. The irreve
ible behavior upon freezing means that when some amo
of mercury solidifies at any intermediate temperature poin
remains solid until warmed up to a rather high temperat
near the bulk mercury melting point~Fig. 5! with a hysteresis
of about 40 K. This might imply that some number of ind
pendent mercury particles became completely solid at so
fixed temperature. In any case, the broadening of freez
together with the time independence of the amount of liq
mercury at fixed temperatures on cooling speaks agains
crystallization front to be formed within the pore netwo
due to homogeneous nucleation. But these facts and pa
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5334 PRB 58B. F. BORISOVet al.
hysteresis loops agree with the suggestion that freezin
driven by heterogeneous nucleation independently in dif
ent parts of the sample.

Melting in the temperature range 195 to 229 K is reve
ible according to acoustic measurements. It can be expla
by the formation of a liquid layer on the surface of confin
mercury. At lower temperatures the layers surrounding s
cores are thin and maybe not continuous because of irreg
pore shape. Thus, they do not prevent completely mecha
contacts between the glass matrix and mercury cores. W
warming, these layers become thicker and step by step s
pores are excluded from the contribution to the effect
shear elastic modulus. Until about 215 K the layers are
thin that they are not registered by NMR, the amount
liquid mercury is smaller than 1% of the total mercu
amount. Unfortunately, this interpretation is only qualitativ
The quantitative interpretation requires solving the intric
problem of sound propagation through a system of cur
liquid and solid irregular layers. This does not allow us
make unambiguous estimates for the liquid skin thickn
from acoustic data. At about 229 K the irreversible melt
of solid mercury cores begins, the total range of irrevers
melting is much narrower than the temperature interva
the liquid skin existence. The overall behavior of confin
mercury at melting is in good agreement with that of sm
separated lead particles.46 Thus, the melting and freezin
processes in confined mercury are very asymmetric. A c
asymmetry in melting and freezing was also recently
served for gallium embedded in porous glasses and an o
like matrix29–32 and for fine lead particles between SiOx
layers.46 This makes it possible to speculate that melting a
freezing of confined metals as well as of small metallic p
ticles should be theoretically examined separately.

The above treatment can also be used to explain
broadening of melting and freezing of mercury obtained
Ref. 33. However, the hysteresis between freezing and m
ing was noticeably narrower in Ref. 33 than in the pres
paper; the confined mercury was reported in Ref. 33 to
completely melted at 224 K. The difference might ha
arisen because of different pore geometries. In addition,
temperature of 224 K corresponded in Ref. 33 to the pea
the heat capacity temperature dependence which canno
incide with the off-set of melting for smeared phase tran
tions.
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It was noted in Sec. III that, upon a fast enough warmi
the range of melting was shifted to high temperatures ab
the bulk mercury melting point. Since it is known that th
bulk mercury melting point increases with increasin
pressure,52 the increase in temperature for confined mercu
on fast warming can be understood as a result of inter
pressure which arises because of the difference in ther
expansion for the glass matrix and mercury. The inter
pressure corresponding to the observed shift of about 3 K of
the mercury melting point can be estimated using results
bulk mercury52 as 0.7 kbar. This estimate is below the com
pressive strength of quartz glass.56

In conclusion, melting and freezing of mercury confine
in a porous glass were studied using NMR and acoustic te
niques. The NMR measurements provided direct informat
on the total amount of liquid mercury versus temperature
depression of the phase transition temperatures and
nounced hysteresis between melting and freezing w
found. A clear asymmetry in freezing and melting was o
tained. Acoustic measurements showed that the freezing
cess was irreversible while the melting process consisted
reversible and irreversible temperature ranges. The use
longitudinal and transverse acoustic waves made it poss
to obtain information about the origin of reversible and irr
versible behavior upon melting. In particular, it was show
that complete melting of confined mercury can be acou
cally detected using only longitudinal and not transver
waves, as was made in most previous studies of melting
confined liquids. Comparison of the NMR and acoustic r
sults allowed us to suggest that a liquid layer was formed
the confined mercury surface upon the reversible melting
the irreversibility range corresponded to the melting of t
solid mercury cores.
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