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Nucleation and crystallization process of silicon using the Stillinger-Weber potential
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We study the homogeneous nucleation process in Stillinger-Weber silicon in the canonical ensemble. A clear
first-order transition from the liquid to crystal phase is observed thermodynamically with kinetic and structural
evidence of the transformation. At 0.3 the critical cluster size is about 175 atoms. The lifetime distribution
of clusters as a function of the maximum size they reach follows an inverse Gaussian distribution as was
predicted recently from the classical theory of nucleatioNT). However, while there is a qualitative agree-
ment with the CNT, the free-energy curve obtained from the simulations differs significantly from the theo-
retical predictions, suggesting that the low-density liquid phase found recently could play a role at the interface
between the crystallite and the surrounding liquid during the nucleation process.
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[. INTRODUCTION colleague¥ embedded a spherical crystal seed containing

The classical nucleation theofCNT) has been exten- 400-800 atoms in bulk liquid and analyzed the growth and
sively tested in systems with relatively simple two-body in_dlssolufuon of clusters. They found that the critical size for a
teractions such as colloids or globular proteirsThese crystallite to grow to macroscopic size was of 140 and 1400
molecules are large and move slowly, making it possible tgtoms at 60% and 85% of the melting temperat(Fg,).
follow the crystallization process experimentally using vari- Working with a similar method, Bording and Tatfdnserted
ous techniques of microscopy. Moreover, these systems cancrystallite in an amorphous matrix of 4096 germanium at-
also be represented accurately by theoretical models of ha@ms and estimated the critical cluster radius to be 1 nm
and soft spheres, which can crystallize on numerical timgaround 185 atomsat 60% T,
scales. It is therefore possible to characterize fully the micro- In this paper, we show that liquid silicon can crystallize in
scopic mechanisms responsible for nucleation in terms of ththe NVT ensemble on a time scale accessible by MD simu-
CNT, which works particular well for these systems. lation without going through the low-density liquid phase.

There has also been a number of studies going beyond th&/e also show that the nucleation process, while qualitatively
soft-sphere models. In particular, there has been considerabtensistent with CNT, differs quantitatively from it.
work devoted to the nucleation of Lennard-Jones motéls. The organization of the paper is as follows. We show the
Very little work has been done, however, on more complexbehavior of the thermodynamic, kinetic, and structural prop-
materials such as oriented liquids—water or tetrahedragrties during the phase transition in Sec. Il A. In Sec.
semiconductors, for example. Recently, Matsumett@l.'® 11l B 1, we analyze the nucleation and crystallization process
using considerable computing power, managed to follow on¢hrough the evolution of the cluster that will eventually crys-
occurrence of crystallization in a 300 ns run of a 512-tallize the whole system in relation to CNT. Then, in Sec.
molecule simulation of water in the canonical ensemble atll B 2, we compute and compare the free energy of clusters
230 K. Clearly more simulations are needed in water bubetween CNT and the simulation data. Finally, we look at the
also in simpler oriented liquids such as silicon, which showdifetime of small clusters in the supercooled liquid before
a similar phases diagram around melting as both liquidswucleation takes place in Sec. Il B 3.
show a temperature of density maximum and their density
falls off by ~10% from the disordered liquid to the tetrahe- II. METHODS
dral crystalline structure. As with water, there have been very '
few works studying nucleation in this technologically impor- ~ The molecular dynamical simulatioi®ID) for this work
tant materiaf! are performed in the canoniceMlVT) ensemble at the 0 K

Depending on the cooling rate, previous numerical workcrystalline density, i.e., 2.32 g/énand in the isothermal-
has shown that supercooled liquid silicon transforms in dsobaric(NPT) ensemble at zero pressure. All simulations are
glassy?'3or amorphou¥-*°state. Recently, it was indicated done at 1250 K(75% T, in a cubic box containing 10 648
that this transition takes place just below a liquid-liquid atoms, with periodic-boundary conditions. This size is suffi-
transition®17 at zero pressure in the Stillinger-Weber sili- ciently large to avoid catastrophic crystal growth due to in-
con, the low-density liquidLDL), which is thermodynami- teractions between the images of the critical crystallite,
cally and structurally contiguous to the amorphous solidwhich is estimated to be around 200 atofsse below
crystallizes rapidlyaround 10 nsat 1050 K617whereas the We use the extended-system method of Andersen to con-
more common high-density liquiHDL) does not at any trol pressuré—22 and Hoover’s constraint method for the
temperature on a simulation time scale. In order to circumtemperaturé-2°> Newton's equations of motion are inte-
vent the difficulty to crystallizel-Si, Uttormark and grated with a fifth-order Gear predictor-corrector and a time
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fourfold coordinatedfiii ) its angular bond angles meet this
criterion: =2, (cos®; +1/3)2< 0.4 (where®; is the angle be-
tween nearest neighbors of a fourfold coordinated atdime
crystallites identified with this method are less compact than
those flagged with our topological order parameter. This is

P. BEAUCAGE AND N. MOUSSEAU PHYSICAL REVIEW Br1, 094102(2005
particularly true for small crystallite§ewer than 20 atoms
which tend to be open and stringy, like twisted polymers,

with Uttormark’s criteria. The two methods converge, how-

FIG. 1. (CO'OI’ online The three basic bUIIdIng blocks associ- ever, for |arger C|usterS, near and beyond the critical Size,
ated with the crystalline order parameter. The wurtzite basic blockyhere a clear definition of surface is less important.
(left) is a 12-atom cluster composed of two sixfold rings whereas

the diamond basic blockmiddle) is a 10-atom cluster with four

sixfold rings. Theg-tin basic block(right) is equal to a diamond lIl. RESULTS AND DISCUSSION
basic block where the tetrahedra are compressed in one direction
and elongated along the two other axes. A. Phase transition

stepAt=1.15 fs. Simulations are typically equilibrated over = Homogeneous nucleation is often difficult to obtain nu-
50 000At (58 p9 and data are accumulated over®™@  merically, especially in oriented solids such as Si and water,
(several ns Atomic interactions are represented by thewhich display a crystalline structure far from that of the lig-
Stillinger-Weber potentialSW), developed to reproduce ac- uid phase. It took months of computer time to simulate ho-
curately the crystalline and liquid state of%8i. mogeneous nucleation in TIP3P water. Studies using SW Si
Starting with a liquid well equilibrated at 2900 K, we failed to find traces of nucleation in a 5000-atom cell after a
generate nine independent trajectories in NVT conditions at-ns simulation®
2.32 g/cni and 75% of T, a degree of undercooling similar In view of these results, and because classical nucleation
to that used for a wide variety of materials both theory(CNT)??30predicts that nucleation and crystallization
experimentally’” and numerically. Of these nine trajectories, is obtained more rapidly for strong undercooling and larger
six crystallize within 10 ns and are numbered 1 to 6; thesystem size, we choose to simulate a larger cell, with more
fastest, simulation no. 1, crystallizes within 1.5 ns. than 10 atoms, simulated over 10 ns at 0T75
Following previous work on liquid Sit'” we use as an As shown in Fig. 2, this is sufficient to observe homoge-
order parameter the smallest three-dimensional closed-ringeous nucleation, from the pure liquid phase, in the NVT
structures that can be associated with a given crystalline laensemble. While the data presented in this figure are for
tice. These clusters, shown in Fig. 1, are the smallest elemegimulation no. 1, a run that crystallizes particularly quickly,
tary building blocks for wurtzite, diamond, angin struc-  the overall properties of the transition are identical to run no.
tures and are defined topologically: the wurtzite lattice is2 to 6. The top curve shows a brutal drop in the potential
associated with a 12-atom cluster composed of two sixfoldenergy of the system, from -3.75 to —3.95 eV/at, indicating
rings connected at three points while the diamond Afith  a clear thermodynamic transition after 1.5 ns of simulation.
can be described topologically by a single 10-atom clusteThe phase transition is also visible by following the change
with four sixfold rings back to back. To establish the connec-in pressure(bottom panél As the density is maintained at
tivity of these clusters, the first-neighbor cutoff is set tothe crystalline value, the pressure in the liquid phase is nega-
2.75 A, a value similar to that used in these high-qualitytive; it changes sign at the liquid-crystal transition since the
amorphous networks. This is somewhat shorter than the typeerystal density at 1250 K and 0 GPa is slightly lower than at
cally nearest-neighbor distance used in liquigghich is 0 K, and since the new structure contains grain boundaries.
about 3.0 A as it focuses on local crystalline order. The liquid to solid phase transition is clearly seen in the
These elementary clusters are present with a lovkinetics of the systen{middle panel in the supercooled
density in the liquid perysta~5—10 at. % as well as in high-  liquid, the diffusion is significant, with D=5.4
quality amorphous models prepared using the modifiedk 107 cn?/s; it drops suddenly at the transition to become
Wooten-Winer-Weaire bond-switching algorithnfipeysia  vanishingly small, a clear indication of a liquid to solid tran-
~1-5 at. 9%9.2® These blocks provide, therefore, a much sition.
more sensitive measure of crystallinity than the structure fac- Under the NVT conditions described in the Introduction,
tor or the radial distribution functiofRDF). the mean pressure of the supercooled liquid is -1.9 GPa. In a
Our criteria are different from those used in a previousprevious work!” we studied the transition from high-density
study of the nucleation of crystallites implanted into a SWliquid (HDL) to low-density liquid (LDL) in Stillinger-
liquid by Uttormark, Thompson, and ClantIn this case, Weber Si and showed that this transition does occur at
the description of a crystallite nucleus is defined uniquelyaround 1250 K and —2 GPa but moves to lower temperatures
based on a mixture of energetic, topo-logical, and geometrias the pressure is increased. The current simulations are
constraints. For an atom to be part of a crystallii¢,its  therefore slightly above the HDL to LDL transition, and we
three-body energy in SW potential of fourfold or fivefold seem to observe a pure liquid-crystalline transition: the lig-
coordinated atomgwithin a 3.35 A nearest-neighbor dis- uid before the transition has a RDF and a diffusion constant
tance must be lower than 0.4336 eV(ii) it must possess characteristic of the HDL and there is no trace of a LDL
four nearest neighbors and at least three of them are algghase during the crystallization process.
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FIG. 2. Evolution of the energftop), mean-square displacement ‘é 0.6
(middle), and pressurébottom) during the liquid-crystal phase tran- s
sition of Si with NVT conditions at 1250 K and 2.32 g/@nThese a i
results are for simulation no. 1, which crystallizes the fastest. While _'g 04 crystal —
the other simulations take longer to crystallize, their evolution is o) o wurtzite i
similar. diamond
Changes in the structural properties of this model as the 4
transition occurs are shown in the next two figures. At T T
t=0 ns, the RDFsee Fig. 3 is typical of that of a liquid, L L
with little structure beyond the broad second-neighbor peak. ]
The nature of the RDF is totally different after the transition, 250k o _|
with well-defined crystalline peaks up to 9 A and beyond. In = b 232 ° J
the liquid phase, the system contains very few crystalline g 40 _g% S0 _
building blocks andpys fluctuates between 5% and 10% 5P 8% o -
of all the atomg(see Fig. 4, top panglAfter the transition, 30 o qgg’o% -
more than 85% of the atoms belong to diamond and/or 2} o g il
wurtzite crystalline blocks, with a probability higher for dia- :5; 20 S _
mond structures except in trajectory no. 1. E L o° .
The coexistence of two crystalline structures is not sur- 104 go -
prising since, with a cutoff of 3.77 A, the SW potential can- - ‘5’ .
not differentiate between the diamond and wurtzite structures ob— 1 1 1
at zero temperature: these two structures start to differ only g 0.3 1 le 2 2.5 2
Time (ns)

at their third-neighbor shell, at 4.50 and 3.91 A, respectively.
It is therefore only the thermal vibrations, bringing the third-

FIG. 4. (Color online Proportion of atoms in elementary blocks

neighbor shell atoms inside the cutoff from time to time, that(top) and number of independent clustefisottom) during the
allow the potential to distinguish between these two crystaliquid-crystal phase transition of Si in NVT conditions at 1250 K
line structures. With long enough annealing, we expect thend 2.32 g/crh The proportion of atoms in diamond and/or wurtz-

wurtzite structures to disappear completely.

ite crystalline structure$< crysta) increases rapidly reaching a

For its part, the liquid phase is characterized by a lowvalue close to 1 after the transition. These results are for simulation
density of crystalline building blocks. Moreover, these crys-no. 1.
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TABLE |. Characteristic times of the crystalline precursor that ) ©00 e 500
gives rise to crystallization of the supercooled liquid. 2500 — ‘ F— | . .
Time (n9 2000
Simulations to to00 thuc ts00 torys
1 0.06 0.38 0.46 0.59 1.60 é 1500
2 0.64 0.75 0.84 1.02 2.75 ;:vs
3 3.14 3.30 3.32 3.62 4.85 e 1000
N
4 3.30 3.67 4.20 4.68 6.00 2y
5 5.14 5.35 5.32 5.76 8.00
6 7.79 7.98 7.98 8.27 9.75 300
200 2
0 " I
tallites tend to be small, counting fewer than 20 atoms, on 0 0.2 0.4 0.6 0.8 L
average. Before crystallization begins, the number of inde- Time (ns)

pendent nuclei oscillates between 40 and 50. As crystalliza-

tion occurs, however, the largest nucleus grows rapidly, ab- FIG. 5. Evolution of the crystalline precursor during the liquid-
sorbing the smaller crystallites and forming a single systemcrystal transition of Si in NVT conditions at 1250 K and
size cluster; the number of independent crystallites decreas@s32 g/cm. These results are taken from the first simulation. 1)
constantly during this procegFig. 4, bottom pangl to crystallize.

B. Characterization not as the first time when the cluster reaches the critical size,
but the first time it reaches it for good. For example, while at
thue Crystalline precursors are composed in average of 160
It is possible to characterize more finely the crystallizationatoms, they have often reached a size of 200 atoms or more
by following the crystalline precursor as it takes over thebefore. This fine characterization af, is probably not
simulation cell. This is achieved by following the evolution needed, however. Looking at Table t},. appears closely
of all crystallites by steps of 1.15 ps. During this short timecorrelated witht,qo the point in time where the crystallite
some crystallites appear, other vanish, while the rest mighteaches a maximum size of 200 atoms for the first time. The
evolve significantly; a set of rules must therefore be estabrumber of clusters reaching a 200-atom size or more and
lished to identify uniquely and reversibly each aggregédie. then dissolving into the liquid is extremely small. Thus, the
At least three atoms must remain together over one timeritical cluster size should be around 175 atoms for Si at
interval for a cluster to survive; a failing test indicates that1250 K, in agreement with the estimate of Uttormatkal '8
the aggregate has dissolvé®) When two or more crystal- Fromt,,. the crystallizatiorper seproceeds rapidly into
lites merge together, the one with the highest number of sum steady growth regime which lasts about 2 ns. The crystal-
viving atoms is considered the progenitor, the other ondization time,t.y is defined as the moment when the size of
ceases to exist3) If, on the other hand, a cluster splits into the largest cluster stops growing.
multiple parts, the new aggregate containing the highest For all simulations, it is possible to trace back the critical
number of original atoms becomes the progeny and the othaluster to its appearance as a small aggregate of about 20
clusters are considered newborn. Using this analysis, we caatoms, at,. By selection, this cluster should live longer than
then follow the evolution of the crystalline precursor by trac-most other undercritical crystallites. As shown in Fig. 5, the
ing back its ancestors. size of this cluster typically oscillates for a long time, aggre-
In order to compare between the six runs that crystallizegating and losing atoms until it reaches a critical sizg,at
we separate the time evolution into four periods. The instanand then starts growing for good.
of birth of the crystalline precursor is definedtgg$see Table Surprisingly, while the cluster size oscillates, its compo-
I). From this time, it may take several hundreds of picosecsition changes considerably. Throughout the incubation re-
onds(about 200—-900 pdfor this embryo to reach a critical gime, the crystalline precursor changes its composition sig-
size, at timet,,. The nucleation time,, is defined as the nificantly: very few atoms of the original cluster remain part
point in time where the size of the aggregate starts growingf it until the nucleation phase starts. In half the simulations,
steadily, as seen in Fig. 5. At this point, the system leaves thiewer than 50% of the original atoms are part of the cluster
incubation regime to enter the steady stade of nucleation arfdr 90% of the time interval betweetg andt,,. (see Table
crystallization as such takes place. II). Even in the steady-growth regime, startingtat, the
CNT predicts that a cluster of overcritical size shouldcrystallite continues to exchange atoms with the liquid. For
grow continuously whereas undercritical size crystallitesmost of the runs, less than half the 160 or so atoms present at
tend to dissolve, in both cases, to lower their free energyt,,.remain in the clusters for 90% of the time in this interval
Statistical fluctuations can foil those predictions around theuntil t5oq as the growth takes place, a significant fraction of
critical size, however, and move from undercritical to over-the atoms move back and forth between the crystallite and
critical size and vice versa. This explains why we defipg  the surroundings. These results are in line with a previous

1. Stability of crystallites
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TABLE II. Proportion of atoms participating in the crystalline precursor permanently and 90% of the time
during the incubation and steady-state regime of nucleation, starting from atoms that belong originally to the
crystallite at timety until t,,. in the incubation phase and froty,. until tsog in steady state. The interval
between each configuration snapshot is 1.15 ps.

Persistance of atoms in part of the crystalline precursor

Fromtg to thye From tc to tso
Simulations Permanent 90% of the time Permanent 90% of the time
1 18% 82% 52% 81%
2 4% 64% 43% 7%
3 38% 79% 18% 57%
4 0% 40% 18% 51%
5 0% 46% 13% 40%
6 0% 20% 29% 49%

study on growth and dissolution of implanted LJ crystallitesnew phase is balanced by the cost to produce an interface
with a critical size similar to that of our systefrwhich  between the old and new phases,

shows that the probability of dissolution, while decreasing

rapidly with cluster size, above the critical size is still non- AF(n) = AFgn + an®®, )

negligible for clusters 50% bigger than critical size. Al- where AF.=FE.—F, i .
. . s=Fs—F, is the Helmholtz free-energy difference
though we follow a cluster that will not dissolve totally, the between solid and liquid states in NVT conditions=Ay

considerable atomic exchange is a reflection of this tendencw . 21/3 :
) i : o ; ith v the surface tensio®=(36w/ for spherical crys-
While the critical aggregate’s composition changes rapldly'%?"iteé and p, the densint‘; <(3f thepsgolid phgse. Whilg the

its position remains almost fixed in space, its center of mas elmholtz free-energy differencAF,, is relatively easy to

hardly moving except by aggregation. The crystalline precur-_ "~ . ; T S
sor is therefore not a static crystalline seed slowly growin obtain, the evaluation of the surface tension is much trickier

throughout the nucleation process; there is a constant e?(o_ecause small crystallites are far from spherical and fluctuate

change of matter with the surrounding liquid even for pOSt'(r:noonsSt:desrart:gil;gﬁgﬁpengﬁ Seglt\)/r?g tf}lzedvce::zziilgtlessizzecome
critical sizes(see Fig. 6. y sp y y :

Figure 7 compares the free energy for these two methods:
2. Free energy from the equilibrium proba_bility[Eq. (2)] and from CNT
) ) . ) predictions[Eq. (3)]. Following standard practice, the sur-

_ Itis forma!ly_stralghtforward to compare the s_lmulatlons face energy parameter is fitted in order to obtain the best
with the predictions of CNT on the thermodynamics of crys-54reement with the first method. The Helmholtz free-energy
tal growth. The free-energy curve of crystallites can be obyjitference between the crystalline and liquid phases is com-
tained from the simulations by plotting the equilibrium prob- puted as follows.
gbil@tylPﬁq(n) to find a crystallite of sizen in the metastable The Gibbs free-energy differenceG,, between solid and
liquid.™ . o liquid states in NPT conditions at zero pressure is given by
~ We computeP{(n) in the supercooled liquid, accumulat- the difference in chemical potentialu between the two
ing data until the largest cluster reaches 500 atoms, feweihases. This quantity was computed by Broughton af@ Li
than 5% of the total number of atoms but over the criticaland was found to be —7.69710°2 eV/at. However, we need
size (See Table )l, and over all runs. This diStrib-Ution |Sd|- the Helmholtz free_energy diﬁerenabl:sl at fixed density,
rectly connected to the free energyF(n) associated with \yhich we can obtain by thermodynamic integration from the

these clusters, zero-pressure results. Starting with the relation for the inter-
~ AF(n) nal pressurédF/dV)yr=—P, we use a thermodynamic inte-
Peg(n) o exp< T ) (1) gration for each phasg- ands-Si),
° Fa \Z
F:—h’l — | +C, (2) F1 Vi
8 En N() The free-energy difference between our system at zero

pressure and at fixed density is computed by a Gaussian in-

whereN(n) is the number of clusters of sizepresent in the ) L
éegratlon with five values,

liquid, kgT is the Boltzmann constant times temperature, an
C is a constant. Vs,

The CNT offers another way to compute the free energy. f
In a simple relation, the energy gain in the formation of a

5

P(V)dV= (%)E WP(V), (5)

A i=1

094102-5



P. BEAUCAGE AND N. MOUSSEAU PHYSICAL REVIEW Br1, 094102(2009

FIG. 6. Evolution of nucle-
ation and crystallization during
the liquid-crystal phase transition
of SW Si at 1250K and
2.32 g/cmi. The configurations
show atoms that belong only to
crystalline structures at 0, 0.58,
0.86, 1.15, 1.44, and 1.73 ns, re-
spectively, for simulation no. 1.

V,-V,; V,+V; After integrating, we find a free-energy difference per
Vi= it ; (6)  atom between the fixed density=2.32 g/cni) and zero-
pressure systeft,for liquid and solid state,

where x; are the values for the Gaussian integration with AF,=9.588x 10 eV/at., 7)
their relative weightv;. The initial volume, at zero pressure,

for the liquid is V,,=18827.9 B (2.467 g/cm) and the 5

solid, V; ;=20 277.6 & (2.29 g/cni); the final volume is AF,=5.573x 107 eViat. ®)
V,=20023.4 R. Each point in the integral is simulated in This gives a free-energy difference between the liquid and
NVT conditions at 1250 K for the liquid and solid. We sgjid phase at 2.32 g/chand 1250 K of

equilibrate our 1000-atom system for 58 ps and then com-

pute the mean pressure during 345 ps of simulation time. AF, = AG,(P=0) + AF,- AF, 9
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FIG. 7. Free energgdivided bykgT) of crystallites as a function FIG. 8. Free energgdivided bykgT) of crystallites as a function
of their size in the NVT ensemble. The simulation data are com-of their size in NPT condition€NPT) compared to NVT conditions
puted from the equilibrium probability of presence for clusters with (NVT). The simulation data are computed from the equilibrium
the basic blocks analysi&l) or the criteria of Uttormarlet al. (Ref. probability of presence for clusters with the basic blocks analysis.
18) (+). The CNT curve computed with th&F value from ther-  The CNT curve computed with th&Gg, of Broughton et Li(fit A)
modynamic integration is indicated as fit A. A better fit is given by is closer to the free-energy data originating frégy(n). However, a
fit B. Details are discussed in the text. better fit(fit B) requires a value five times lower.

AF=-8.158X% 1072 eV/at. (10) 3. Lifetime of crystallites

Beyond the free-energy curve, we also analyze the dy-
o namics of the crystallites present in the supercooled liquid.
The constant-volume correction is therefore only 6% of the The Jifetime probability of crystallites can be derived by
zero-pressure result of Broughton and Li. following the kinetic approach of Zeldovidi.This approach
As can be seen in Fig. 7, however, the CNT curve doegyedicts that the evolution of the clusters can be described by
not match the free-energy data coming fr&g(n) in simu- 3 diffusion equation of the form
lations. In order to find a better fit, the free-energy difference
AF between the solid and liquid state should be nine times AG(n)
lower than the value computed with the thermodynamic in- ac(n,t) 9 ac(n,t) . ksT

-7 B
tegration. X an D(n) o P cint ||, (1)

We can verify the impact due to the choice of the order
parameter on the free-energy curve by reanalyzing the datyherec(n,t) is the concentration of crystallites of sireat
using the criteria of Uttormarkt al18 The resulting curve is timet, D(n) is the diffusion, andkgT is the Boltzmann factor
also plotted in Fig. 7 and shows an even flatter curve, awajimes the temperature.
from CNT results. We also repeated the simulation at 1250 K Van Kampe#® resolved the differential equation for small
in the NPT ensemble at zero pressure and over 10 ns. In thi#mes by assuming the diffusion to be constant. Further ap-
situation, the trajectories do not crystallize—the largest crysproximating the potential as linear with respect to the clus-
tallite reaches about 100 atoms, well below the estimateter’s size, van Beijeréfl succeeded in finding a solution for
critical size. The free-energy distribution obtained from thelonger times. This latter equation, which gives the distribu-
cluster size distribution, while more curved than that for thetion function for first arrival at sizey, for crystallites starting
NVT conditions, is still far from the CNT prediction@Gy, ~ from size no, is a well-known resut that confirms van
is about five times too loy(see Fig. 8. Kampen short-term behavior and contains an additional fric-

The discrepancy between the two approaches clearly irtion terme " which becomes important for longer times,
dicates that the classical nucleation theory does not fully N -n ,
capture the nucleation process in SW Si. We identify two P(n,n;,t) = ,f—oae'(”f"”o) /4Dtg{AG(ny)-AG(n V2kgTgmrot,
possible sources of the discrepandy.As was demonstrated V47Dt
by Sastry and Angell recenthf;'” SW Si undergoes a high- (12)
density to low-density liquid-liquid phase transition. The
low-density phase could be stabilized at higher temperaturé/nere
by the presence of a crystallite. In this case, it would be D([AG(nf)‘AG(no)]>2

necessary to take into account two interfaces instead of one Vo= T
in the CNT equationg2) The CNT fails because the critical B

nucleus is too small breaking the approximation of sphericalhis probability distribution is formally known as an inverse
crystallites. At this moment, we could not verify or disprove Gaussian distributiofior inverse normal, Wald It was first
either of these possibilities. derived independently by Schroding®and SmoluchowsKT

(13
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simulation n=30" 0 Although some approximations have been made to obtain

o theory: n=30 —— the lifetime probabilities of clusters by the inverse Gaussian
08 I & simulation: n=10 © | distribution and from the simulations data, the results are
theory: n=10 - conclusive for crystallites reaching relatively small size.

Since small clusters developed themselves in a confined
range of size, we believe that the free-energy difference can
be approximated by a linear relation to the crystallite size
and the diffusion kept constant.

06 |

Lifetime distribution

IV. CONCLUSIONS

There has been a lot of interest recently regarding the
nature of the liquid-solid transition in oriented liquid such
Time (ps) as water and tetrahedral semiconductors. In many systems,

FIG. 9. Lifetime distribution of clusters reaching a maximum it appears that there exists a high-density to low-density lig-
size of 10 and 30 atoms. Comparison between the inverse Gaussitiid transition often leading to a glassy or amorphous
distribution (theory and the simulations dat@imulation with an phase'®17-38Here, we reported results on a study of nucle-
uncertainty of +0.58 ps. ation in liquid Si above the HDL to LDL transition.

We find that homogeneous nucleation takes place on a

to describe Brownian motion in systems with a drift velocity, ime scale of about 10 ns in a large enough system at con-
Hence, the development of a crystallite can be represented SNt volume. Using a topological order parameter, it is pos-

a random walk in a field of forcAF through different size sible to follow the evolution of the crystallites through the
classes where small clusters have a strong tendency to disystallization process. Based on this analysis, we estimate
solve into the liquid(a drift to n,—0) and supercritical € critical size to be around 175 atoms, within the limits of

nanocrystals tend to growth to macroscopic sige— ). previous estimation of Uttormarlet al. Surprisingly, the

Since we do not have all the information on the free energ ritical cluster, the one that will eventually crystallize the

of crystallitesAG(n) (see Sec. Il B 2and the diffusion con- i hole S)/tstegr(r)1(,) can survive ?t un?e{crittictal size f(ir a:j_llong
stant, it is not possible to use directly E2) to compare the ime (up to ps or mojebefore it starts to grow steadily.

lifetime behavior of clusters in the supercooled liquid duringAItht(l)u%L] the_clusf}erts c;a.nte.r otfhmass doeilnot ’]]‘t%"e IS|g|;1|f|-
nucleation. However, we can circumvent the difficulty by cantly, there Is a fluctuation In the composition oTthe cluster,

writing the inverse Gaussian distribution under a parametriéle atoms move from the liquid to the crystallite and vice

form whereA represents the mean and/B is the variance, \S{ie;rsa, even once the crystallite has reached an overcritical

_ B B(t-A)\2 A comparison of the simulation results with the classical
P(t) = J2mte PS5\ A ) | 14 hucleation theory indicates that the general behavior of the
nucleation process is in agreement with CNT. For example,

— (L= no)ksT we find that the lifetime distribution of clusters reaching a

= , (15  specific maximum size follows the inverse Gaussian distri-
D[AG(L) ~ AG(no)] bution predicted recentfi# supporting the description of the
cluster growth as a random walk in the presence of a force
53 _—2L- no)( kT )3 field associated with the free energy. However, the details of
B D? AG(L) - AG(ng) /) the nucleation free energy differ significantly from the theo-
o ) retical predictions. While the specific origin of this discrep-
We compute the mean lifetime and variance for crystal-(,jmCy remains open, we suggest that it could be caused by the

lites reaching the same maximum size in order to determing asence of a low-density liquid at the interface between the
the theoretical distribution and compare with the |'fet'mecrystal and the normal liquid or by the small size of the

probabilities from numerical simulations. Because large clusg itical nucleus. More studies are required to fully address
ters are not encountered frequently, the amount of data coly;q problem.

lected over all MD simulations remains small for the lilfe-

time of cluster near the critical size. In Fig. 9, the lifetime

distributions determined by Ed? and the simulations data ACKNOWLEDGMENTS
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