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Out-of-equilibrium nucleation in the solidification of helium

T. A. Johnson and C. Elbaum
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We observed nucleation in a first-order phase transition in which a nonequilitmetastablesolid phase
nucleates and grows from overpressured superfidiel in preference to the equilibrium solid phase. After a
time varying from a fraction of a second to tens of minutes, the stable phase nucleates independently from the
liquid, and the nonequilibrium solid phase melts. We examined the possibility of accounting for these events
in terms of the known differences in the interfacial free energies between the superfluid and the two solid
phasegstable and metastablérhe experimental results are not consistent with this explanation, however, and
we discuss other possibilities.

PACS numbsd(s): 64.70.Dv

[. INTRODUCTION presented in Sec. IV and are discussed in light of classical
nucleation theory and results from other theoretical and com-
Nucleation in a first-order phase transition is the procesgutational investigations in Sec. V.
in which a finite, localized nucleus of a stable phase emerges
from a ph:_;tse rgndered unstable by changes in intensive ther- Il. BACKGROUND
modynamic variables, such as temperature or pressure. The
current theories of nucleation can be traced back to Gibbs, in In classical nucleation theory, the emerging new pliase
the last century, who proposed the idea of a “work of for- our experiments, the solids modeled as a sphere of radius
mation” required for the new, stable phase to form withinr, surrounded by the metastable initial ph&seour experi-
the unstable phase. It was Becker andriBg [1] in the  ments, the overpressured liquid he change in free energy
1930s who, following Gibbs’ idea, formulated what has be-due to the formation of this nucleus is the free energy re-
come known as classical nucleation theory. Briefly statedguired to create the interface between the two phases less the
while the bulk new phase nucleating from a metastdabie  free energy released from converting the bulk of the nucleus
dercooled or overpressured, for exampstate will have a to the stable phase. Expressing this free energy change as a
lower bulk free energy than the metastable phase, there is danction of the radius of the nucleus, one obtains
energy cost associated with creating the interface between
the two phases. This leads to the existence of an energy A1
barrier for the formation of the new phase. AF=4mr?o— ?rgﬁfv : 1)
While this model has served well to describe the vapor-

liquid transition, there are some difficulties in the application
of the theory to nucleation of the solid from the liquid. Be-
cause the densities of the solid and liquid are much close?
than the densities of the liquid and vapor, the nucleus tselP For nuclei with a radius smaller than some critical radius
becomes harder to identify and the interface less distinct, the r2 term dominates and the change in free ener
Surface energies for the liquid-solid interface are much moréc: - hang nergy
difficult to measure and are known only for a few Speci‘,jumcreases with size; thu; smf_:lller nucle|| will reduce their freg
cases. In addition, there are still questions about the kineticENergy Py reducing their radius—in the case of these experi-

of the liquid-solid nucleation process that make quantitativénents’ melting back to liquid. For nucleii with a radius larger

. -y . 3 -
predictions based on the classical nucleation theory less cef1an this critical radius, the” term dominates and the

tain. Furthermore, nucleation from a liquid to a solid is achange in free energy decrease; with size; Ia_rger nucleii de-
symmetry-breaking transition, unlike nucleation of the iso-Céase their free energy by growing. The maximum value of
tropic liquid from the isotropic vapor. the change in free energyF,.x, Which occurs at the criti-

Recently, a number of new techniques have been brougli@! radius, is an energy barrier to the formation of the new
to bear on the problem of nucleation of the solid. ComputaPh@se. The critical radius; in this model is
tional experiments, in which a model of a Lennard-Jones
type of fluid is supercooled to induce nucleation, have been 20
carried out by a number of research¢ps-5]. In addition, rC_Af ' )
density functional methods, treating the solid as an inhomo-
geneous fluid, have been applied to the probléar ex- S 4AF . has a value of
ample,[6]). In this paper we present experimental results on mex
nucleation of the solid phase from metastable ligtht. In 16 3
Sec. Il we briefly review classical nucleation theory and in AF e
Sec. lll we describe the experiment. Our observations are 3 Af,

whereo is the interfacial free energy anilf , is the differ-
nce between the specific bulk free energies of the two
hases.

()
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In order for the new phase to emerge and pei$snucle- 40 .
ate), it must overcome this energy barrier. When this process Solid
is thermally activated, the nucleation rd@ehas the form
R=Ry eXp( — AF i/ KT), @ _®
£
whereR, is some prefactor. s hep
For a liquid that is overpressured, the change in the spe-@ 30T i
cific bulk free energy between the liquid and the solid can be §
written, to first order, as e
& 25 .
Af _AvAp 5 He-Il :
vopg © Liquid
20 1 1 1 B 1
where Av is the difference in molar volume between the 0.0 0.5 1.0 15 2.0
liquid and the solidAp is the overpressure of the metastable Temperature (K)

liquid, andvg is the molar volume of the solid.
FIG. 1. Schematic of théHe phase diagram near the melting
lIl. EXPERIMENT curve at temperatures below 2 K, showing the bcc and hcp solid
phases and the normal and superfluid liquid phases as a function of
In these investigations of nucleation, a sample of heliumemperature and pressure.
was condensed to liquid and cooled to temperatures between
~1.3 and~1.6 K. The pressure was then raised and the celthanical effect, the system was allowed to reequilibrate for a
monitored until nucleation of the solid was observed. few minutes before proceeding. Typical changes in tempera-
The “*He was confined in a cylindrical pressure cell, 10ture due to this change in pressure wer2 mK.) The pres-
mm in diameter and 3 mm in depth, bored through a block okure was then increased again, at rates typically around 4
oxygen-free, high-conductivityOFHC) copper. The faces x 10 2atm/s, until nucleation of the solid was observed. The
were sealed with sapphire windows to allow optical accessnewly formed solid was monitored before being meltby
Temperatures in the cell were measured with a calibratedropping the pressure roughly 5 gtto prepare to repeat the
germanium thermometer, mounted in the block of coppeexperiment.
with the cell. The temperature was sampled approximately
evely 4 s throughout the course of the experiments. Addi-
tional germanium and ruthenium oxide thermometers were
available as backup devices. A typical pressure and temperature recording for a single
The pressure was measured with a piezoelectric transiucleation event, the second trace,~a20 s is shown in
ducer, mounted, due to experimental constraints, outside theig. 2. The pressure in the cell was increased until solid was
cell, and at a different temperature from the cell. Since theobserved to nucleate in the cell, at which point there was a
liquid in the cell was superfluid, a pressure gradient resultedapid and distinct drop of the pressure to the melting curve.
between the cell and the pressure transducer caused by thre this example, the solid nucleated at an overpressure of
thermomechanical effect. This was compensated for by deroughly 0.075 atm(The subsequent drop in pressure, at the
termining differential pressures and calibrating against theime of roughly 355 s, is the point at which the solid was
known “He melting curve. melted back to prepare to repeat the experiménpically,
Optical data were taken using a black and white chargeence nucleated, the solid grew rapidly from the copper walls
coupled device camera, which generated a standard NTS@f the cell(only rarely from the sapphire windoywo a size
video signal30 frames per secondThis was displayed on a of a few millimeters. At temperatures above the loviele
monitor and could be recorded on a VCR or captured digitriple pointT+p, the bcc solid grew macroscopically smooth
tally by computer for subsequent frame-by-frame examinaand rounded. At temperatures beldwp, the hcp crystals
tion of the data. A high-speed digital camera, which couldgrew with nonequilibrium facets that began to erode away
operate at rates of up to 1000 frames per second, was alemce growth had stoppe(lhese facets were probably due to
available for investigating events that occurred at rates thgrowth anisotropies.
standard video camera could not resolve. In addition to events like this one, however, beldyw we
The temperatures and pressures of our experimentgcorded “double nucleation” events, in which two distinct,
bracket the lower triple point ofHe, where the superfluid consecutive nucleation events were observed with two dis-
phase, the bcc solid phase, and the hcp solid phase coexifict plateaus at two different liquid-solid coexistence pres-
(see the helium phase diagram, Fig. The lowest tempera- sures. An example of the pressure and temperature data for
tures of our experiments are just above the highest roughesuch an event is the first trace,-at00 s, shown in Fig. 2. In
ing transition for*He. this example, as in the last example, the pressure was in-
In a typical experiment, liquidHe in the cell at roughly 5 creased until nucleation occurred, at roughly 0.075 atm, at
atm below the melting curve was pressurized at roughly conwhich point the pressure dropped—but only by about 0.01
stant temperature to within 0.1 atm of the melting curve.atm; not to the equilibrium melting curve. After about 20 s
(Because this change in pressure leads to a chandg ,in another pressure drop, associated with the sudden emergence
and thus a change in the thermal load from the thermomesf a second solid and the melting of the first, was

IV. OBSERVATIONS
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of successive nucleation events, all at the same temperature of

FIG. 2. Overpressurémeasured with respect to the hcp melting ~1.30 K. The upper trace is temperature, the lower trace is pres-
curve recorded during two consecutive nucleation events. Thesure. Again, the nucleation overpressure-i8.075 atm, the meta-
nucleation overpressure in both cases-i8.075 atm. In the event stable bcc solid—liquid coexistence is at an overpressure06
that occurred at 320 s, only the hcp solid was observed, and thatm. The peaks in the temperature trace are due to the change in
pressure dropped to the melting cur&@he subsequent drop in thermal loading from the thermomechanical effect when the pres-
pressure, at 355 s, was induced to melt the solid and prepare the cslire is changedat this temperature, roughly 3 mKrf@ 5 atm
for the next event.In the event that occurred at 100 s, the meta-change in pressureSome of the events show evidence of the meta-
stable bcc solid nucleated first, and the pressure in the cell droppestable solid, and some do n¢The first two events in the series are
to the metastable bcc-liquid coexistence pressure. After approxithose shown, at an expanded scale, in Fiy. 2.
mately 20 s, the hcp solid nucleated from the liquid, the bcc melted,
and the pressure dropped to the hcp melting curve. The temperatugeseries of consecutive nucleation events is shown in Fig. 3.
of these events is roughly 1.30 K. Note that some of the individual events in this series have the

appearance of the single nucleation event of Figthpugh

recorded, with the pressure this time dropping to the stablshown on a much compressed time sgaf¢hers, however,
melting curve(again, the third drop in the pressure traceexhibit the two distinct pressure drops and two distinct
occurs when the pressure was reduced to melt the solid arigjuid-solid coexistence pressurgslateaus in the trageof
prepare the cell for another everthe camera captured the Fig. 2.
emergence of a crystal of helium with the first pressure drop, An interesting feature of the data, which can be seen in
followed by the emergence of a second, independently nucle=ig. 3, is that the pressures at which nucleation occurs for the
ated crystal of helium and the melting of the initial crystal of stable hcp solid, in events in which only the stable solid is
helium coincident with the second pressure drop. The ini-observed, and for the metastable bcc solid, in double nucle-
tially nucleated crystal grew macroscopically smo@ypi-  ation events, is roughly the same. This is contrary to what
cal of bcc crystals nucleated abovgp) and the subse- might be expected from classical nucleation theory. If the
quently nucleated crystal grew with the nonequilibrium nucleation prefactofsee Eq(4)] is about the same for both
facets characteristic of hcfHe crystals grown below 1p. solid phases, then for both of them to have a nucleation rate
Growth of the second crystal and melting of the first allapproaching 1AF ., should be the same for both. Yet both
occur within a single frame of videgth of a second. In phases have different surface and bulk free energies, and a
order to resolve the event, the high-speed digital camera watifferent coexistence pressure. The possibility that all these
used. This revealed that growth of the new solid and meltinglifferences happen to balance out such that the pressure at
of the initial solid typically required~0.02 to~0.03 s. We  which nucleation occurs is approximately the same for both
were also able to determine that the stable solid was emergphases, across the temperature range of the experiments,
ing independently from the liquithlso growing from the cell seems remote.
wall), and not as a solid state transformation of the meta- If we examine the overpressures for roughly 1000 events
stable solid. The high-speed images also showed the nuclé which only the hcp solid was observed, where the over-
ation of the second solid prior to noticeable melting of thepressure is measured as the difference between the nucle-
first solid, establishing the sequence of events. Lifetimes oétion pressure and the equilibrium melting curve, we get Fig.
the initially nucleated, metastable solid the case of Fig. 2, 4. Despite the scatter in this plot there are some trends, and a
just under a minute longhave been observed to range from line generated by a least squares fit of the data is shown with
fractions of a second up to tens of minutes. The initiallythe plot. As expected for thermally activated nucleation, the
nucleated solid phase has been identified as the metastalsigerpressure increases with decreasing temperature,
bce solid, the subsequent nucleation as the stable hcp solidP/d Ty, is roughly —0.23+0.01 atm/K. The overpressure
Again, these double nucleation events were observed onlipr the bcc form in roughly 400 double nucleation events,
for temperatures belowp where hcp is the stable solid when measured with respect to the same equilibrium melting
phase; never abovErp where the bcc solid is stable. curve, looks similar, as shown in Fig. 5; the temperature

An example of the pressure and temperature recording folependencel P/d Ty, found from the least squares fit is
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FIG. 4. Nucleation overpressufeith respect to the equilibrium FIG. 6. Nucleation overpressufeith respect to the metastable

melting curve, as a function of temperature, for events in which solid—liquid coexistence pressiyras a function of temperature, of
only the hcp solid was observed. The solid line represents the leatte metastable solid in double nucleation events. The solid line is
squares linear fit. the least squares linear fit.

roughly —0.26+0.02 atm/K. In fact, the difference between play a significant role in the behavior &fle at the tempera-
the fits of the two data sets is much less than the scatter ifures of our experiments, other investigators have suggested
either datase(The fit for the bcc data falls roughly 0.01 atm that, at these temperatures, nucleation of the solid proceeds
below the fit for the hcp data; however, it is not clear thatclassically, that is, by thermal activati].
this difference is significant: the standard deviation in either
data set is more than twice this value, and over the course of
a given sequence of events at one temperature, there is no
discernible, systematic difference between the nucleation To rule out the possibility that the nucleation of the meta-
overpressure of the hcp-only events and the nucleation ovestable bee solid might proceed from seeds of unmelted solid
pressure of the double nucleation eventsowever, when retained in cracks or crevices, the pressure was reduced
we calculate the overpressure for the bce solid with respegioughly 5 atm between events in our experiments. As other
to the natural choice of the metastable bcc coexistence Cunjavestigators have determined that a pressure drop of about 1
and plot that as a function of temperature, the results argtm is sufficient to ensure that there is no unmelted solid
quite different, as can be seen in Fig. 6. Again, the data argemaining in the cell to seed subsequent nucledi@nthis
shown with the least squares fit, which now has a muchseems an adequate precaution. Furthermore, the solid in the
smaller, positive temperature dependenceéP/dT,..=0.04  cell immediately prior to a new nucleation event, and before
*=0.02 atm/K. A nearly zero temperature dependence is chathe 5 atm drop in pressure to prepare the cell for a new event,
acteristic of quantum nucleation, rather than thermally actiwas in almost all cases the stable hcp phase. More signifi-
vated nucleation. Although quantum mechanical propertiesant, perhaps, is the fact that nucleation of the metastable
solid has been observed in the first nucleation event follow-
00— ——7—— 7 T T ) ing the cooling of the cell from its rest temperature, approxi-
mately 10 K when the refrigerator is not running, and in the
first nucleation event following the cooling of the Dewar and
refrigerator from room temperature. Certainly in the latter
case, there is no possibility that solid helium of either the bcc
or hcp phase was preserved in the cell. We do not suspect
] any peculiarity of the sample cell as responsible either; while
1 the basic geometry and materials of the cell design were not
significantly changed over the course of these experiments,
three different sample cells have been used, and double
nucleation events have been observed in all three cells. Al-
though some materials have been reported to lead to barrier-
L free nucleation of stable or metastable phase#ie or *He
1.34 1.38 1.42 1.46 (for example, carefully degassed Grafoibhich has a hex-
agonal structurehas been reported to lead to barrier-free
nucleation of stable and metastable solid Hefe [9], and
FIG. 5. Nucleation overpressufeith respect to the equilibrium MgO has been reported to lead to nucleation of barrier-free
melting curve, as a function of temperature, of the metastable beddcc solid in *He [10]), there are no such reports for the
solid in double nucleation events. The solid line is the least squareéommon materials used in our experimental cells.
linear fit. In classical nucleation theory, the nucleation barrier

V. DISCUSSION
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AF .. [see Eq(3)] is a function of both the bulk free energy 10— '
of the solid with respect to the liquid and the interfacial -
energy of the solid with respect to the liquid. Although the 0.8 0%
stable solid(hcp in our experimenjsalways has the lower
bulk free energy, the two solids have different interfacial
energies with respect to the superfluid, and this can lead to a 06T 0s
nucleation barrier that is lower for the metastable bcc solid & I
than for the stable hcp solid. Interfacial free energies for both @ 0.4}
solids at temperatures neéfp, have been reported i1].

The extrapolated values for the metastable bcc solid, be-
tween 1.3 K andl'1p, at least, are lower than the values for
the stable hcp solid. Assuming that the nucleation prefactor
R, [see Eq(4)] is roughly the same for both the bcc and the 0.0
hcp solids, the relative nucleation probabilities can be deter-
mined by comparing\F .« Of the two solids. At a tempera-

ture of 1.40 K, for exampleA Fna, of the hcp andA F pay of FIG. 7. A graph ofg(#6), the correction term for heterogeneous

the bcc are equal at an overpressure~@.14 atm with re-  nycleation, as a function of the contact angleetween the nucleus
spect to the hcp melting curve. The hcp solid has a highesnd the substrate.

relative probability of nucleating at lower overpressures; the

bcc solid has a higherelative probability of nucleating at 9(8)=1(2—3 cosh+cos 6). )

higher overpressures. Qualitatively, then, we would expect to

find that events which led to the nucleation of the metastablq'he nucleation barrier for this model of heterogeneous

bcc solid occurred at higher overpressures than events whighcleation is thus

led to the nucleation of the stable solid. The distribution of

overpressures for the nucleation of either solid is broad, and AFF = 9(0)AF pax. (8)

both have roughly the same median value—suggesting that

the phase which nucleates is not a function of the overpres- Contact angles for solidHe on a copper substratsuch

sure, in contrast to the predictions of the classical nucleatiogas our cell have been determined experimentally for both

theory. phases[11]. The values for the two phases are similar,
There are also significant quantitative inconsistencies beroughly between 140° and 160°, and are about the same for a

tween our results and those of classical nucleation theoryyide range of substrates. For these values of the contact

Nucleation overpressures in our experiments are typicallyngle, however, the nucleation barrief* . differs from the

about 0.1 atm. At a temperature Of 1.4 K, the interfacialva|ue of that for homogeneous nucleation by on|y a few

energyo for the hep solid is about 0.15 erg/érand the ratio percent[g(§) >95%—see Fig. J where a reduction by or-

of Av/uv is roughly 0.1. Thus, the classical model of nucle-gers of magnitude is required to get an appreciable probabil-

ation gives a value for the nucleation energy barrier on thety of nucleation.

order of 16K [see Eqs(3)-(5)]. (Similarly, we find from Some investigators have speculated on the possibility that

the classical model that an overpressure of over 20 atm |§ther geometries m|ght increase the Change in free energy

required to |0Wer the nUC|eati0n barrier SuffiCiently for nUCIe-[lZJ, but for contact ang'es that are greater than 90", these

ation to occup. Such a large energy barrier leads to vanish-changes will not be sufficient to reduce the predicted nucle-

ingly small nucleation rates for any realistic value of theation barrier to a value compatible with experimental obser-

preexponential factdrsee Eq.(4)]. vations. Consider a simple model for heterogeneous nucle-
Of course, the classical model of nucleation is predicatedtion in which the nucleus forms in a conical pit of arbitrary

on homogeneous nucleation, while nucleation in our experiangle at the apex. The contact angle of the solid with the

ments is heterogeneous. Heterogeneous nucleation, nuclégpstrateg, remains the same. One obtains for the change in
ation on a substrate, has a lower energy barrier than hom@ree energy(as a function ofd and ¢)

geneous nucleation. Consider a model of heterogeneous

nucleation in which a truncated sphere of the new phase AFTzq(g,¢)AF (9)
emerges on a flat, uniform substrate. The contact angle be-

tween the solid and the substrate is determined by the relavhere

tive interfacial energies of the nucleus with respect to the

140

0.2

] L L Il L 1 1 2 2 1

0 30 60 90 120 150 180

contact angle, 6 (degrees)

liquid and with respect to the substrate. The total change in 1 ) )
free energy on the formation of a nucleus on a flat homoge- q(0.¢)=7|2-3sin0+$) +sir(6+ ¢)
neous substrate can be expressed as a function of this contact
angle: COS¢
cos(0+ o) sing | (10
AF*=g(0)AF, (6)

When the value of the contact angle is greater than 90°,

this function has a minimum with respect to the angle of the

where AF is the change in free energy for homogeneouspit—see Fig. 8. For the reported values of the contact angle
nucleation,d is the contact angle, and for solid helium on a copper substrate, this minimum leads to
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into either the hcp or the bcec phase. Recent developments in
computer simulations of the liquid-solid phase transition, and
in numerical results from density functional approaches to
the same, have suggested the possibility that, for liquids with
a Lennard-Jones type potential, the interface of a nucleus of
solid may have considerable bcc-like ordering, even when
the stable phase is a close-packed phése in the works
cited).

In the late 1970s, molecular dynamics simulations of sys-
tems of particles in a Lennard-Jones potential were carried
out by Mandell, McTague, and Rahmg®). They found that
o 15 30 45 60 75 90 nucleation in simulations with 500 particles resulted in the
formation of a nucleus with a bcc-like structure. The number
of particles in their simulation was small, however, and it is

FIG. 8. A plot ofq(6, $), the correction term for heterogeneous likely that the boundary conditions or other size dependent
nucleation in a pit, as a function ¢, the angle of the pit, for values factors strongly influenced the development of the nucleus.
of the contact angl® between 30° and 165°, at 15° intervals. Much later, Swope and Anders¢8] performed molecular

dynamics simulations on much larger systems, up to
no more than~30% decrease in the nucleation barrier 10° atoms. Their simulations seemed to suggest that
AF ax; @gain, not nearly enough to be consistent with the~10* atoms were sufficient to overcome system size depen-
observations. dencies in nucleation simulations. While they observed the

The similarity of the nucleatiorpressurerecorded for formation of fcc, hcp, and bcc precritical crystallites, the
events in which only the hcp solid was observed and forsolid that formed in their simulations was fcc, and the fcc
those events in which we recorded double nucleation sugsolid did not emerge from bcc precritical nuclei. However,
gests that either the nucleation process for the metastable btiweir simulation required extremely large supercoolings, for
solid is substantially different from that of the stable hcpnucleation to occur within a reasonable amount of time. It is
solid, or the critical nucleus in both types of events may bepossible that the magnitude of the supercooling reduced the
the same. nucleation barriers for all phases to such an extent that any

When we measure the bcc nucleation overpressure witpreference for a bcc-like phase was insignificant. In an at-
respect to the bcc metastable coexistence pressure the tetampt to examine the nucleation process in a Lennard-Jones
perature dependence is distinctly different from that seen isystem with smaller supercooling, van Duijneveldt and Fren-
events in which only hcp is observed. As seen in Fig. 6, theékel [4] pioneered the use of “umbrella sampling” in Monte
best linear fit of the data has very little temperature depen€arlo simulations of nucleation. This technique was ex-
dence compared to the results from the hcp dgig. 4). A ploited by ten Wolde, Ruiz-Montero, and Frenk&B] on a
temperature independent nucleation overpressure is charagystem of 10 particles with~20% supercooling; they found
teristic of quantum mechanical nucleation. Such an explaneevidence of a lower nucleation barrier for metastable bcc
tion for the bce nucleation would have to include an accounnucleation and of a bcc-like structure of the interface of the
of why the hcp nucleation, over the same temperature rangaucleus.
has the temperature dependence one would expect from a In addition to the various efforts at computer simulation,
thermally activated process, and would also mean that ththere have been advances in the theoretical methods used to
bcc nucleationoverpressurewas such as to cause the bcc address the nucleation process. In their 1978 paper, Alex-
nucleationpressureto coincide with the hcp nucleatiggres-  ander and McTagugl4] presented an argument, based on
sure across the temperature interval investigated—whichLandau’s theory of phase transitiofkb], that the bcc solid
seems unlikely. should be uniquely favored in nucleation from an isotropic

On the other hand, the nucleation pressure for both phasdiguid for reasons of symmetry. Obviously not all solids
would be the same if it were the case that the critical nuclecrystallize from the liquid as bcc, but their work suggests a
for both phases were the same. relationship between the liquid and the bcc solid that is con-

It is possible that the events in which only a single pres=sistent with the observations of a bcc-like interface of the
sure plateau at the hcp melting pressure is recorded mayucleus seen in the simulations of ten Wolde, Ruiz-Montero,
actually have had the metastable bcc phase with a lifetimand Frenkel.
that is too brief to record less than 1 s. We have modeled the Finally, density functional methods have been applied to
distribution of lifetimes of the metastable liquid in the pres-the problem of nucleation. For example, Shen and Oxtoby
ence of the bcc solidat the melting pressure of the meta- [6] explored the structure of a nucleus forming from a
stable bcc soligas an exponential decay process, and estitennard-Jones fluid with density functional techniques.
mated the number of events we expect to find at times of lesgheir results also show an interfacial layer of the nucleus that
than 1 s. The number of events in which metastable bcc wasas a bcc-like structure, consistent with the computer simu-
not observed, however, far exceeds the number of events thiitions and with the results of Alexander and McTague.
were determined from these calculations. Thus, a picture emerges of a symmetry-breaking process in

Another possibility is that the critical nucleus in both the transition from an isotropic, simple liquid to a crystalline
cases is the same, but that sometime after nucleation, arslid, in which the formation of a bcc structure is favored,
before reaching macroscopic size, the nucleus transformggardless of the ultimate, stable solid structure.

q (8,9)

angle of the pit, ¢ (degrees)
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In our experiments, the initially emerging nuclei may betimes in excess of 2 h. Thus, the lifetime of the bcc-
“all interface,” and, like the nuclei modeled by ten Wolde, superfluid system may be determined by the presence of a
Ruiz-Montero, and Frenkel, may have a bcc-like structurenonequilibrium population of nuclei, generated at the nucle-
Although the stable phase in the models discussed was fcafion pressure of the metastable bcc salife note that the
the results strongly suggest that the emergence of the bctifetime of the supercooled liquid gets longer as the tempera-
like nucleus is due to symmetry properties and energy barriture gets higher; this is because of the temperature depen-
ers of the bcc phase with respect to the liquid, and not thelence of the bcc metastable coexistence pressure; the over-
stable solid. Beyond a certain size, the core of the nucleupressure of the liquid gets smaller with increasing
will transform into the stable or metastable phase, but intemperature—it is not an indication that nucleation in these
either case, the initial nucleation barrier would be determineavents is not thermally activated.
by the cost of creating the “all-interface” critical nucleus. In

our case, an “gll_-interface” bpc-like solid may have an en- V1. SUMMARY
hanced probability of becoming a metastable bcc solid in-
stead of a stable hcp solid. We have observed the frequent occurrence of nucleation

We have noted that we did not observe metastable nucleand growth of metastable bcc solid from superflfite, at
ation at pressures aboviep (nucleation of metastable hcp temperatures below the lower triple poiit46 K) where the
where bcc is the stable sojidn a previous study of solidi- hcp is the stable phase. This bcc solid persists for times
fication in *He, Jung and FrandKkL6] investigated the nucle- ranging from a fraction of a second to tens of minutes, before
ation of the solid from the liquid at much higher tempera-hcp solid independently nucleates and grows, and the bcc
tures and pressures, near the fcc-hcghHeiple point. They  solid melts. In other events, we observe only the growth of
did not observe the nucleation of any metastable phases. Thike hcp solid. Nucleation pressures for the two events are the
is consistent with a model in which the metastable bcc phassame, and we have speculated on mechanisms that might
arises from the postulated bcc-like interface. Because the bdead to such behavior. Specifically, we note that our results
phase is unstable at those temperatures and pressures, a ma@ consistent with the picture of nucleation as a symmetry-
roscopic bcc phase cannot form from the “all interface” breaking process in which the bcc structure is uniquely fa-
nucleus; because the interface is bcc-like, it does not lead teored in transitions from an isotropic, simple liquid, and with
the formation of metastable hcp or fcc phases. numerical and computational models of nucleation that re-

We have also explored the lifetime of the metastable suveal the emerging nucleus as bcc-like or having a bcc-like
perfluid at the metastable bcc coexistence presBu®co interfacial layer.
for several temperatures. While the characteristic lifetime of
the metastable bc_c—superflwd system_ within the temperature ACKNOWLEDGMENT
range of our experiments andRt,(bco) is between-80 and
~400 s, depending on the temperature, the lifetime of the This research was supported by the NASA Microgravity
superfluid atP,,(bcc when no metastable bcce solid has beenScience and Applications Division under Grant No. NAG3-
nucleated is very large—no nucleation was seen for waiting.929.

[1] R. Becker and W. Didng, Ann. Phys.(Leipzig) 24, 719 41, L.285(1980.
(1935. [10] Y. Eckstein, J. Landau, S. G. Lipson, and Z. Olami, Phys. Rev.
[2] M. J. Mandell, J. P. McTague, and A. Rahman, J. Chem. Phys.  Lett. 45, 1805(1980.
66, 3070(1977). [11] F. Gallet, P. E. Wolf, and S. Balibar, Phys. Rev. Lég, 2253
[3] W. C. Swope and H. C. Andersen, Phys. Rev4B 7042 (1984).
(1990. ) [12] J. P. Ruutu, P. J. Hakonen, J. S. Peijtiia V. Babkin, J. P.
[4] J. S. van Duijneveldt and D. Frenkel, J. Chem. P9 4655 Saranisi, and E. B. Sonin, Phys. Rev. Leff7, 2514(1996.
(1992. _ [13] P. R. ten Wolde, M. J. Ruiz-Montero, and D. Frenkel, Phys.
[5] P. R. ten Wolde, M. J. Ruiz-Montero, and D. Frenkel, J. Chem. Rev. Lett.75, 2714(1995.
Phys.104, 9932(1996. [14] S. Alexander and J. McTague, Phys. Rev. L41.702(1978.

[6] Y. C. Shen and D. W. Oxtoby, Phys. Rev. Lefi7, 3585
(1996.

[7] V. L. Tsymbalenko, J. Low Temp. Phy88, 55 (1992.

[8] J. Landau and W. F. Saam, Phys. Rev. L88.23 (1977.

[9] S. Balibar, B. Castaing, and C. Laroche, J. Plilysance Lett.

[15] L. D. Landau, inThe Collected Papers of L. D. Landaedited
by D. ter Haar(Gordon and Breach/Pergamon, New York,
1965, p. 193.

[16] J. Jung and J. P. Franck, Philos. Mag54, L15 (1986.



