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Out-of-equilibrium nucleation in the solidification of helium

T. A. Johnson and C. Elbaum
Department of Physics, Brown University, Providence, Rhode Island 02912

~Received 21 December 1999!

We observed nucleation in a first-order phase transition in which a nonequilibrium~metastable! solid phase
nucleates and grows from overpressured superfluid4He 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
phases~stable and metastable!. The experimental results are not consistent with this explanation, however, and
we discuss other possibilities.

PACS number~s!: 64.70.Dv
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I. INTRODUCTION

Nucleation in a first-order phase transition is the proc
in which a finite, localized nucleus of a stable phase emer
from a phase rendered unstable by changes in intensive
modynamic variables, such as temperature or pressure.
current theories of nucleation can be traced back to Gibbs
the last century, who proposed the idea of a ‘‘work of fo
mation’’ required for the new, stable phase to form with
the unstable phase. It was Becker and Do¨ring @1# in the
1930s who, following Gibbs’ idea, formulated what has b
come known as classical nucleation theory. Briefly stat
while the bulk new phase nucleating from a metastable~un-
dercooled or overpressured, for example! state will have a
lower bulk free energy than the metastable phase, there
energy cost associated with creating the interface betw
the two phases. This leads to the existence of an en
barrier for the formation of the new phase.

While this model has served well to describe the vap
liquid transition, there are some difficulties in the applicati
of the theory to nucleation of the solid from the liquid. B
cause the densities of the solid and liquid are much clo
than the densities of the liquid and vapor, the nucleus it
becomes harder to identify and the interface less disti
Surface energies for the liquid-solid interface are much m
difficult to measure and are known only for a few spec
cases. In addition, there are still questions about the kine
of the liquid-solid nucleation process that make quantitat
predictions based on the classical nucleation theory less
tain. Furthermore, nucleation from a liquid to a solid is
symmetry-breaking transition, unlike nucleation of the is
tropic liquid from the isotropic vapor.

Recently, a number of new techniques have been brou
to bear on the problem of nucleation of the solid. Compu
tional experiments, in which a model of a Lennard-Jon
type of fluid is supercooled to induce nucleation, have b
carried out by a number of researchers@2–5#. In addition,
density functional methods, treating the solid as an inhom
geneous fluid, have been applied to the problem~for ex-
ample,@6#!. In this paper we present experimental results
nucleation of the solid phase from metastable liquid4He. In
Sec. II we briefly review classical nucleation theory and
Sec. III we describe the experiment. Our observations
PRE 621063-651X/2000/62~1!/975~7!/$15.00
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presented in Sec. IV and are discussed in light of class
nucleation theory and results from other theoretical and co
putational investigations in Sec. V.

II. BACKGROUND

In classical nucleation theory, the emerging new phase~in
our experiments, the solid! is modeled as a sphere of radiu
r, surrounded by the metastable initial phase~in our experi-
ments, the overpressured liquid!. The change in free energ
due to the formation of this nucleus is the free energy
quired to create the interface between the two phases les
free energy released from converting the bulk of the nucl
to the stable phase. Expressing this free energy change
function of the radius of the nucleus, one obtains

DF54pr 2s2
4p

3
r 3D f v , ~1!

wheres is the interfacial free energy andD f v is the differ-
ence between the specific bulk free energies of the
phases.

For nuclei with a radius smaller than some critical rad
r c , the r 2 term dominates and the change in free ene
increases with size; thus smaller nucleii will reduce their fr
energy by reducing their radius—in the case of these exp
ments, melting back to liquid. For nucleii with a radius larg
than this critical radius, ther 3 term dominates and the
change in free energy decreases with size; larger nucleii
crease their free energy by growing. The maximum value
the change in free energy,DFmax, which occurs at the criti-
cal radius, is an energy barrier to the formation of the n
phase. The critical radiusr c in this model is

r c5
2s

D f v
, ~2!

andDFmax has a value of

DFmax5
16p

3

s3

D f v
2 . ~3!
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976 PRE 62T. A. JOHNSON AND C. ELBAUM
In order for the new phase to emerge and persist~to nucle-
ate!, it must overcome this energy barrier. When this proc
is thermally activated, the nucleation rateR has the form

R5R0 exp~2DFmax/kT!, ~4!

whereR0 is some prefactor.
For a liquid that is overpressured, the change in the s

cific bulk free energy between the liquid and the solid can
written, to first order, as

D f v5
DvDp

vs
, ~5!

where Dv is the difference in molar volume between th
liquid and the solid,Dp is the overpressure of the metastab
liquid, andvs is the molar volume of the solid.

III. EXPERIMENT

In these investigations of nucleation, a sample of heli
was condensed to liquid and cooled to temperatures betw
;1.3 and;1.6 K. The pressure was then raised and the
monitored until nucleation of the solid was observed.

The 4He was confined in a cylindrical pressure cell,
mm in diameter and 3 mm in depth, bored through a block
oxygen-free, high-conductivity~OFHC! copper. The faces
were sealed with sapphire windows to allow optical acce

Temperatures in the cell were measured with a calibra
germanium thermometer, mounted in the block of cop
with the cell. The temperature was sampled approxima
every 4 s throughout the course of the experiments. Ad
tional germanium and ruthenium oxide thermometers w
available as backup devices.

The pressure was measured with a piezoelectric tra
ducer, mounted, due to experimental constraints, outside
cell, and at a different temperature from the cell. Since
liquid in the cell was superfluid, a pressure gradient resu
between the cell and the pressure transducer caused b
thermomechanical effect. This was compensated for by
termining differential pressures and calibrating against
known 4He melting curve.

Optical data were taken using a black and white char
coupled device camera, which generated a standard N
video signal~30 frames per second!. This was displayed on a
monitor and could be recorded on a VCR or captured d
tally by computer for subsequent frame-by-frame exami
tion of the data. A high-speed digital camera, which co
operate at rates of up to 1000 frames per second, was
available for investigating events that occurred at rates
standard video camera could not resolve.

The temperatures and pressures of our experim
bracket the lower triple point of4He, where the superfluid
phase, the bcc solid phase, and the hcp solid phase co
~see the helium phase diagram, Fig. 1!. The lowest tempera
tures of our experiments are just above the highest roug
ing transition for4He.

In a typical experiment, liquid4He in the cell at roughly 5
atm below the melting curve was pressurized at roughly c
stant temperature to within 0.1 atm of the melting cur
~Because this change in pressure leads to a change inTl ,
and thus a change in the thermal load from the thermo
s
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chanical effect, the system was allowed to reequilibrate fo
few minutes before proceeding. Typical changes in tempe
ture due to this change in pressure were;2 mK.! The pres-
sure was then increased again, at rates typically aroun
31023 atm/s, until nucleation of the solid was observed. T
newly formed solid was monitored before being melted~by
dropping the pressure roughly 5 atm! to prepare to repeat th
experiment.

IV. OBSERVATIONS

A typical pressure and temperature recording for a sin
nucleation event, the second trace, at;320 s is shown in
Fig. 2. The pressure in the cell was increased until solid w
observed to nucleate in the cell, at which point there wa
rapid and distinct drop of the pressure to the melting cur
In this example, the solid nucleated at an overpressure
roughly 0.075 atm.~The subsequent drop in pressure, at t
time of roughly 355 s, is the point at which the solid w
melted back to prepare to repeat the experiment.! Typically,
once nucleated, the solid grew rapidly from the copper wa
of the cell~only rarely from the sapphire windows! to a size
of a few millimeters. At temperatures above the lower4He
triple pointTTP, the bcc solid grew macroscopically smoo
and rounded. At temperatures belowTTP, the hcp crystals
grew with nonequilibrium facets that began to erode aw
once growth had stopped.~These facets were probably due
growth anisotropies.!

In addition to events like this one, however, belowTTP we
recorded ‘‘double nucleation’’ events, in which two distinc
consecutive nucleation events were observed with two
tinct plateaus at two different liquid-solid coexistence pre
sures. An example of the pressure and temperature dat
such an event is the first trace, at;100 s, shown in Fig. 2. In
this example, as in the last example, the pressure was
creased until nucleation occurred, at roughly 0.075 atm
which point the pressure dropped—but only by about 0
atm; not to the equilibrium melting curve. After about 20
another pressure drop, associated with the sudden emerg
of a second solid and the melting of the first, w

FIG. 1. Schematic of the4He phase diagram near the meltin
curve at temperatures below 2 K, showing the bcc and hcp s
phases and the normal and superfluid liquid phases as a functio
temperature and pressure.
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PRE 62 977OUT-OF-EQUILIBRIUM NUCLEATION IN THE . . .
recorded, with the pressure this time dropping to the sta
melting curve~again, the third drop in the pressure tra
occurs when the pressure was reduced to melt the solid
prepare the cell for another event!. The camera captured th
emergence of a crystal of helium with the first pressure dr
followed by the emergence of a second, independently nu
ated crystal of helium and the melting of the initial crystal
helium coincident with the second pressure drop. The
tially nucleated crystal grew macroscopically smooth~typi-
cal of bcc crystals nucleated aboveTTP) and the subse
quently nucleated crystal grew with the nonequilibriu
facets characteristic of hcp4He crystals grown belowTTP.
Growth of the second crystal and melting of the first
occur within a single frame of video,1

30th of a second. In
order to resolve the event, the high-speed digital camera
used. This revealed that growth of the new solid and melt
of the initial solid typically required;0.02 to;0.03 s. We
were also able to determine that the stable solid was em
ing independently from the liquid~also growing from the cell
wall!, and not as a solid state transformation of the me
stable solid. The high-speed images also showed the nu
ation of the second solid prior to noticeable melting of t
first solid, establishing the sequence of events. Lifetimes
the initially nucleated, metastable solid~in the case of Fig. 2,
just under a minute long! have been observed to range fro
fractions of a second up to tens of minutes. The initia
nucleated solid phase has been identified as the metas
bcc solid, the subsequent nucleation as the stable hcp s
Again, these double nucleation events were observed
for temperatures belowTTP where hcp is the stable soli
phase; never aboveTTP where the bcc solid is stable.

An example of the pressure and temperature recording

FIG. 2. Overpressure~measured with respect to the hcp meltin
curve! recorded during two consecutive nucleation events. T
nucleation overpressure in both cases is;0.075 atm. In the even
that occurred at 320 s, only the hcp solid was observed, and
pressure dropped to the melting curve.~The subsequent drop in
pressure, at 355 s, was induced to melt the solid and prepare th
for the next event.! In the event that occurred at 100 s, the me
stable bcc solid nucleated first, and the pressure in the cell drop
to the metastable bcc-liquid coexistence pressure. After appr
mately 20 s, the hcp solid nucleated from the liquid, the bcc mel
and the pressure dropped to the hcp melting curve. The temper
of these events is roughly 1.30 K.
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a series of consecutive nucleation events is shown in Fig
Note that some of the individual events in this series have
appearance of the single nucleation event of Fig. 2~though
shown on a much compressed time scale!; others, however,
exhibit the two distinct pressure drops and two distin
liquid-solid coexistence pressures~plateaus in the trace! of
Fig. 2.

An interesting feature of the data, which can be seen
Fig. 3, is that the pressures at which nucleation occurs for
stable hcp solid, in events in which only the stable solid
observed, and for the metastable bcc solid, in double nu
ation events, is roughly the same. This is contrary to w
might be expected from classical nucleation theory. If t
nucleation prefactor@see Eq.~4!# is about the same for both
solid phases, then for both of them to have a nucleation
approaching 1,DFmax should be the same for both. Yet bo
phases have different surface and bulk free energies, a
different coexistence pressure. The possibility that all th
differences happen to balance out such that the pressu
which nucleation occurs is approximately the same for b
phases, across the temperature range of the experim
seems remote.

If we examine the overpressures for roughly 1000 eve
in which only the hcp solid was observed, where the ov
pressure is measured as the difference between the n
ation pressure and the equilibrium melting curve, we get F
4. Despite the scatter in this plot there are some trends, a
line generated by a least squares fit of the data is shown
the plot. As expected for thermally activated nucleation,
overpressure increases with decreasing tempera
dP/dThcp is roughly 20.2360.01 atm/K. The overpressur
for the bcc form in roughly 400 double nucleation even
when measured with respect to the same equilibrium mel
curve, looks similar, as shown in Fig. 5; the temperatu
dependencedP/dTbcc* found from the least squares fit i
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FIG. 3. Pressure and temperature data recorded during a nu
of successive nucleation events, all at the same temperatur
;1.30 K. The upper trace is temperature, the lower trace is p
sure. Again, the nucleation overpressure is;0.075 atm, the meta-
stable bcc solid–liquid coexistence is at an overpressure of;0.06
atm. The peaks in the temperature trace are due to the chan
thermal loading from the thermomechanical effect when the p
sure is changed~at this temperature, roughly 3 mK for a 5 atm
change in pressure!. Some of the events show evidence of the me
stable solid, and some do not.~The first two events in the series ar
those shown, at an expanded scale, in Fig. 2.!
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978 PRE 62T. A. JOHNSON AND C. ELBAUM
roughly 20.2660.02 atm/K. In fact, the difference betwee
the fits of the two data sets is much less than the scatte
either dataset.~The fit for the bcc data falls roughly 0.01 atm
below the fit for the hcp data; however, it is not clear th
this difference is significant: the standard deviation in eit
data set is more than twice this value, and over the cours
a given sequence of events at one temperature, there
discernible, systematic difference between the nuclea
overpressure of the hcp-only events and the nucleation o
pressure of the double nucleation events!. However, when
we calculate the overpressure for the bcc solid with resp
to the natural choice of the metastable bcc coexistence c
and plot that as a function of temperature, the results
quite different, as can be seen in Fig. 6. Again, the data
shown with the least squares fit, which now has a mu
smaller, positive temperature dependence;dP/dTbcc50.04
60.02 atm/K. A nearly zero temperature dependence is c
acteristic of quantum nucleation, rather than thermally a
vated nucleation. Although quantum mechanical proper

FIG. 4. Nucleation overpressure~with respect to the equilibrium
melting curve!, as a function of temperature, for events in whi
only the hcp solid was observed. The solid line represents the
squares linear fit.

FIG. 5. Nucleation overpressure~with respect to the equilibrium
melting curve!, as a function of temperature, of the metastable
solid in double nucleation events. The solid line is the least squ
linear fit.
in

t
r
of
no
n
r-

ct
ve
re
re
h

r-
i-
s

play a significant role in the behavior of4He at the tempera-
tures of our experiments, other investigators have sugge
that, at these temperatures, nucleation of the solid proce
classically, that is, by thermal activation@7#.

V. DISCUSSION

To rule out the possibility that the nucleation of the me
stable bcc solid might proceed from seeds of unmelted s
retained in cracks or crevices, the pressure was redu
roughly 5 atm between events in our experiments. As ot
investigators have determined that a pressure drop of abo
atm is sufficient to ensure that there is no unmelted so
remaining in the cell to seed subsequent nucleation@8#, this
seems an adequate precaution. Furthermore, the solid in
cell immediately prior to a new nucleation event, and befo
the 5 atm drop in pressure to prepare the cell for a new ev
was in almost all cases the stable hcp phase. More sig
cant, perhaps, is the fact that nucleation of the metast
solid has been observed in the first nucleation event follo
ing the cooling of the cell from its rest temperature, appro
mately 10 K when the refrigerator is not running, and in t
first nucleation event following the cooling of the Dewar a
refrigerator from room temperature. Certainly in the lat
case, there is no possibility that solid helium of either the b
or hcp phase was preserved in the cell. We do not sus
any peculiarity of the sample cell as responsible either; wh
the basic geometry and materials of the cell design were
significantly changed over the course of these experime
three different sample cells have been used, and do
nucleation events have been observed in all three cells.
though some materials have been reported to lead to bar
free nucleation of stable or metastable phases in4He or 3He
~for example, carefully degassed Grafoil~which has a hex-
agonal structure! has been reported to lead to barrier-fr
nucleation of stable and metastable solid hcp4He @9#, and
MgO has been reported to lead to nucleation of barrier-f
bcc solid in 3He @10#!, there are no such reports for th
common materials used in our experimental cells.

In classical nucleation theory, the nucleation barr

st

c
es

FIG. 6. Nucleation overpressure~with respect to the metastabl
solid–liquid coexistence pressure!, as a function of temperature, o
the metastable solid in double nucleation events. The solid lin
the least squares linear fit.
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PRE 62 979OUT-OF-EQUILIBRIUM NUCLEATION IN THE . . .
DFmax @see Eq.~3!# is a function of both the bulk free energ
of the solid with respect to the liquid and the interfac
energy of the solid with respect to the liquid. Although t
stable solid~hcp in our experiments! always has the lowe
bulk free energy, the two solids have different interfac
energies with respect to the superfluid, and this can lead
nucleation barrier that is lower for the metastable bcc so
than for the stable hcp solid. Interfacial free energies for b
solids at temperatures nearTTP, have been reported in@11#.
The extrapolated values for the metastable bcc solid,
tween 1.3 K andTTP, at least, are lower than the values f
the stable hcp solid. Assuming that the nucleation prefa
R0 @see Eq.~4!# is roughly the same for both the bcc and t
hcp solids, the relative nucleation probabilities can be de
mined by comparingDFmax of the two solids. At a tempera
ture of 1.40 K, for example,DFmax of the hcp andDFmax of
the bcc are equal at an overpressure of;0.14 atm with re-
spect to the hcp melting curve. The hcp solid has a hig
relative probability of nucleating at lower overpressures; t
bcc solid has a higherrelative probability of nucleating at
higher overpressures. Qualitatively, then, we would expec
find that events which led to the nucleation of the metasta
bcc solid occurred at higher overpressures than events w
led to the nucleation of the stable solid. The distribution
overpressures for the nucleation of either solid is broad,
both have roughly the same median value—suggesting
the phase which nucleates is not a function of the overp
sure, in contrast to the predictions of the classical nuclea
theory.

There are also significant quantitative inconsistencies
tween our results and those of classical nucleation the
Nucleation overpressures in our experiments are typic
about 0.1 atm. At a temperature of 1.4 K, the interfac
energys for the hcp solid is about 0.15 erg/cm2 and the ratio
of Dv/v is roughly 0.1. Thus, the classical model of nuc
ation gives a value for the nucleation energy barrier on
order of 106 K @see Eqs.~3!–~5!#. ~Similarly, we find from
the classical model that an overpressure of over 20 atm
required to lower the nucleation barrier sufficiently for nuc
ation to occur.! Such a large energy barrier leads to vanis
ingly small nucleation rates for any realistic value of t
preexponential factor@see Eq.~4!#.

Of course, the classical model of nucleation is predica
on homogeneous nucleation, while nucleation in our exp
ments is heterogeneous. Heterogeneous nucleation, n
ation on a substrate, has a lower energy barrier than ho
geneous nucleation. Consider a model of heterogene
nucleation in which a truncated sphere of the new ph
emerges on a flat, uniform substrate. The contact angle
tween the solid and the substrate is determined by the r
tive interfacial energies of the nucleus with respect to
liquid and with respect to the substrate. The total chang
free energy on the formation of a nucleus on a flat homo
neous substrate can be expressed as a function of this co
angle:

DF* 5g~u!DF, ~6!

where DF is the change in free energy for homogeneo
nucleation,u is the contact angle, and
l
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4 ~223 cosu1cos3 u!. ~7!

The nucleation barrier for this model of heterogeneo
nucleation is thus

DFmax* 5g~u!DFmax. ~8!

Contact angles for solid4He on a copper substrate~such
as our cell! have been determined experimentally for bo
phases@11#. The values for the two phases are simila
roughly between 140° and 160°, and are about the same
wide range of substrates. For these values of the con
angle, however, the nucleation barrierDFmax* differs from the
value of that for homogeneous nucleation by only a f
percent@g(u).95%—see Fig. 7#, where a reduction by or-
ders of magnitude is required to get an appreciable proba
ity of nucleation.

Some investigators have speculated on the possibility
other geometries might increase the change in free en
@12#, but for contact angles that are greater than 90°, th
changes will not be sufficient to reduce the predicted nuc
ation barrier to a value compatible with experimental obs
vations. Consider a simple model for heterogeneous nu
ation in which the nucleus forms in a conical pit of arbitra
angle at the apexf. The contact angle of the solid with th
substrate,u, remains the same. One obtains for the chang
free energy~as a function ofu andf!

DF†5q~u,f!DF ~9!

where

q~u,f!5
1

4 F223 sin~u1f!1sin3~u1f!

2cos3~u1f!
cosf

sinf G . ~10!

When the value of the contact angle is greater than 9
this function has a minimum with respect to the angle of
pit—see Fig. 8. For the reported values of the contact an
for solid helium on a copper substrate, this minimum leads

FIG. 7. A graph ofg(u), the correction term for heterogeneou
nucleation, as a function of the contact angleu between the nucleus
and the substrate.
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980 PRE 62T. A. JOHNSON AND C. ELBAUM
no more than;30% decrease in the nucleation barr
DFmax; again, not nearly enough to be consistent with
observations.

The similarity of the nucleationpressurerecorded for
events in which only the hcp solid was observed and
those events in which we recorded double nucleation s
gests that either the nucleation process for the metastable
solid is substantially different from that of the stable h
solid, or the critical nucleus in both types of events may
the same.

When we measure the bcc nucleation overpressure
respect to the bcc metastable coexistence pressure the
perature dependence is distinctly different from that see
events in which only hcp is observed. As seen in Fig. 6,
best linear fit of the data has very little temperature dep
dence compared to the results from the hcp data~Fig. 4!. A
temperature independent nucleation overpressure is ch
teristic of quantum mechanical nucleation. Such an expla
tion for the bcc nucleation would have to include an acco
of why the hcp nucleation, over the same temperature ra
has the temperature dependence one would expect fro
thermally activated process, and would also mean that
bcc nucleationoverpressurewas such as to cause the b
nucleationpressureto coincide with the hcp nucleationpres-
sure across the temperature interval investigated—wh
seems unlikely.

On the other hand, the nucleation pressure for both ph
would be the same if it were the case that the critical nu
for both phases were the same.

It is possible that the events in which only a single pr
sure plateau at the hcp melting pressure is recorded
actually have had the metastable bcc phase with a lifet
that is too brief to record less than 1 s. We have modeled
distribution of lifetimes of the metastable liquid in the pre
ence of the bcc solid~at the melting pressure of the met
stable bcc solid! as an exponential decay process, and e
mated the number of events we expect to find at times of
than 1 s. The number of events in which metastable bcc
not observed, however, far exceeds the number of events
were determined from these calculations.

Another possibility is that the critical nucleus in bo
cases is the same, but that sometime after nucleation,
before reaching macroscopic size, the nucleus transfo

FIG. 8. A plot ofq(u,f), the correction term for heterogeneou
nucleation in a pit, as a function off, the angle of the pit, for values
of the contact angleu between 30° and 165°, at 15° intervals.
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into either the hcp or the bcc phase. Recent developmen
computer simulations of the liquid-solid phase transition, a
in numerical results from density functional approaches
the same, have suggested the possibility that, for liquids w
a Lennard-Jones type potential, the interface of a nucleu
solid may have considerable bcc-like ordering, even wh
the stable phase is a close-packed phase~fcc in the works
cited!.

In the late 1970s, molecular dynamics simulations of s
tems of particles in a Lennard-Jones potential were car
out by Mandell, McTague, and Rahman@2#. They found that
nucleation in simulations with 500 particles resulted in t
formation of a nucleus with a bcc-like structure. The numb
of particles in their simulation was small, however, and it
likely that the boundary conditions or other size depend
factors strongly influenced the development of the nucle
Much later, Swope and Andersen@3# performed molecular
dynamics simulations on much larger systems, up
106 atoms. Their simulations seemed to suggest t
;104 atoms were sufficient to overcome system size dep
dencies in nucleation simulations. While they observed
formation of fcc, hcp, and bcc precritical crystallites, th
solid that formed in their simulations was fcc, and the f
solid did not emerge from bcc precritical nuclei. Howeve
their simulation required extremely large supercoolings,
nucleation to occur within a reasonable amount of time. I
possible that the magnitude of the supercooling reduced
nucleation barriers for all phases to such an extent that
preference for a bcc-like phase was insignificant. In an
tempt to examine the nucleation process in a Lennard-Jo
system with smaller supercooling, van Duijneveldt and Fr
kel @4# pioneered the use of ‘‘umbrella sampling’’ in Mont
Carlo simulations of nucleation. This technique was e
ploited by ten Wolde, Ruiz-Montero, and Frenkel@13# on a
system of 104 particles with;20% supercooling; they found
evidence of a lower nucleation barrier for metastable b
nucleation and of a bcc-like structure of the interface of
nucleus.

In addition to the various efforts at computer simulatio
there have been advances in the theoretical methods us
address the nucleation process. In their 1978 paper, A
ander and McTague@14# presented an argument, based
Landau’s theory of phase transitions@15#, that the bcc solid
should be uniquely favored in nucleation from an isotrop
liquid for reasons of symmetry. Obviously not all solid
crystallize from the liquid as bcc, but their work suggests
relationship between the liquid and the bcc solid that is c
sistent with the observations of a bcc-like interface of t
nucleus seen in the simulations of ten Wolde, Ruiz-Monte
and Frenkel.

Finally, density functional methods have been applied
the problem of nucleation. For example, Shen and Oxto
@6# explored the structure of a nucleus forming from
Lennard-Jones fluid with density functional technique
Their results also show an interfacial layer of the nucleus t
has a bcc-like structure, consistent with the computer sim
lations and with the results of Alexander and McTagu
Thus, a picture emerges of a symmetry-breaking proces
the transition from an isotropic, simple liquid to a crystallin
solid, in which the formation of a bcc structure is favore
regardless of the ultimate, stable solid structure.
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In our experiments, the initially emerging nuclei may
‘‘all interface,’’ and, like the nuclei modeled by ten Wolde
Ruiz-Montero, and Frenkel, may have a bcc-like structu
Although the stable phase in the models discussed was
the results strongly suggest that the emergence of the
like nucleus is due to symmetry properties and energy ba
ers of the bcc phase with respect to the liquid, and not
stable solid. Beyond a certain size, the core of the nuc
will transform into the stable or metastable phase, but
either case, the initial nucleation barrier would be determin
by the cost of creating the ‘‘all-interface’’ critical nucleus. I
our case, an ‘‘all-interface’’ bcc-like solid may have an e
hanced probability of becoming a metastable bcc solid
stead of a stable hcp solid.

We have noted that we did not observe metastable nu
ation at pressures aboveTTP ~nucleation of metastable hc
where bcc is the stable solid!. In a previous study of solidi-
fication in 4He, Jung and Franck@16# investigated the nucle
ation of the solid from the liquid at much higher temper
tures and pressures, near the fcc-hcp-He~I! triple point. They
did not observe the nucleation of any metastable phases.
is consistent with a model in which the metastable bcc ph
arises from the postulated bcc-like interface. Because the
phase is unstable at those temperatures and pressures, a
roscopic bcc phase cannot form from the ‘‘all interface
nucleus; because the interface is bcc-like, it does not lea
the formation of metastable hcp or fcc phases.

We have also explored the lifetime of the metastable
perfluid at the metastable bcc coexistence pressurePm~bcc!
for several temperatures. While the characteristic lifetime
the metastable bcc-superfluid system within the tempera
range of our experiments and atPm~bcc! is between;80 and
;400 s, depending on the temperature, the lifetime of
superfluid atPm~bcc! when no metastable bcc solid has be
nucleated is very large—no nucleation was seen for wai
y

m
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times in excess of 2 h. Thus, the lifetime of the bc
superfluid system may be determined by the presence
nonequilibrium population of nuclei, generated at the nuc
ation pressure of the metastable bcc solid.~We note that the
lifetime of the supercooled liquid gets longer as the tempe
ture gets higher; this is because of the temperature de
dence of the bcc metastable coexistence pressure; the
pressure of the liquid gets smaller with increasi
temperature—it is not an indication that nucleation in the
events is not thermally activated.!

VI. SUMMARY

We have observed the frequent occurrence of nuclea
and growth of metastable bcc solid from superfluid4He, at
temperatures below the lower triple point~1.46 K! where the
hcp is the stable phase. This bcc solid persists for tim
ranging from a fraction of a second to tens of minutes, bef
hcp solid independently nucleates and grows, and the
solid melts. In other events, we observe only the growth
the hcp solid. Nucleation pressures for the two events are
same, and we have speculated on mechanisms that m
lead to such behavior. Specifically, we note that our res
are consistent with the picture of nucleation as a symme
breaking process in which the bcc structure is uniquely
vored in transitions from an isotropic, simple liquid, and wi
numerical and computational models of nucleation that
veal the emerging nucleus as bcc-like or having a bcc-
interfacial layer.
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