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We study pressure-induced glass-to-crystal transitions in the sodium system. We apply a4 aldgitio
molecular-dynamic§MD) method to study the transition. We use an isothermal-isobaric condition with an
orbital-free density functional. The system contains 128 atoms in a supercell. We simulate the system at
temperatures higher and lower than the glass-transition tempefigf=r&20 K. At 50 K the pressure enhances
the onset of crystallization from the glass. The system crystallizes at pressures greater than 2.75 GPa during
which the crystalline atoms appear after the complete annihilation of the icosahedral clusters. At 290 K the
system crystallizes at 18 GPa, during which the atoms appear before the annihilation of the clusters. The
application of 1 GPa at this temperature retards the crystallization which is consistent with experiments on
metallic glasses. Crystallization occurs after the clusters annihilate completely which is the same feature as the
transitions at 50 K. The existence of the clusters disturbs the crystallization at high pressures irrespective of
temperature. The icosahedral clusters are unstable and transform to other clusters at high pressures, although
the clusters are elastically stable and the hardest withth07 GPa at 0 K[Masaru |. Aoki and Kazuo
Tsumuraya, J. Chem. PhyK04, 6719(1996]. The MD methods with the empirical pair potential is found to
be insufficient to simulate the transition in this system.
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l. INTRODUCTION structure analys€s® and crystallization process&&910

There have existed various methbgi$or the local structure
Ab initio molecular-dynamic$AIMD ) methods have be- analyses in the random states simulated by the MD simula-
gun to be used extensively for studies of condensed systemiéons. Among them, the Voronoi polyhedron method has
since they can evaluate exact forces between atoms. THen one of the most powerful tools for analySeBinney*
methods have been applied to the electronic structure analy¥as first to applied this method to analyze the microscopic
ses of bulks, clusters, and surfaces. The methods have alg§uctures in the random system.
begun to be applied to studies of disordered systems such as MD simulations of single-component glasses have shown

amorphous silicon. There has been, however, no study of thifat their pair-distribution functioné>DF’s) give a split sec-
application of the methods to studies of metal glasses. In th8nd_ peal_< In the_ glass state. TS“m“Faya and Watanabe have
clarified its origin by use of Voronoi polyhedra analyis.

present study we apply the AIMD method o investigate theThe local PDF's around the icosahedral clusters gave the

Slr::ure-mduced glass-to-crystal transition of a SOdIurr%harpest second peak splitting, from which they concluded

. d . that the splitting was due to the second and third shells of the

Klement, W|Ilen§, and Duw avere the f|rst to create_ @ jcosahedral packing of the atoms in the glass states. The
metallic glass/Au-Si) through rapid quenching from the lig- ;- sahedral clusters have the highest packing fraciidme
uid. Since then the properties and the structures of th@eniral atoms of the clusters are energetically most stable in
glasses have been studied from both experimental and thegse glasd3 The clusters are elastically the hardest, which has
retical points of view. Glass formation in metallic systems bypeen clarified in a previous paper with the AIMD metH8d.
rapid quenching has been, however, experimentally sudondo and Tsumurayahave investigated the temperature
ceeded in only in two- or multiple-component alloy systems.dependence of the number of the icosahedral clusters on
The glassy state of the pure metal has been formed only byuench rates of liquids by use of an empirical MEMD)
vapor quenching.This is because glass formation in mon- method. They investigated the formation and annihilation
atomic systems requires ultrafast quenching rates which angrocesses in the supercoold liquid and clarified the number to
experimentally inaccessible. increase with decreasing cooling rate. YoneZahas stud-

MD simulations have successfully modeled glass formaied the crystallization process from a supercoold Lennard-
tion even for the pure metals. The advantage of the simulaJonegLJ) liquid by use of the EMD method, indicating that
tion is that we can simulate conditions which are difficult orthe glass formed with a lower quenching rate is more stable
impossible to attain in laboratories. The method also giveagainst crystallization than the glass formed with a higher
complete information about the positions and the velocitiegsate. This was attributed to the formation of the multishell
of all atoms in the systems, which makes microscopic analusters with icosahedral symmetry in the relaxed glass.
statistical analyses possible. MD simulations have been usefionezaw4 investigated the time developments of the num-
extensively for studies of glass transitioh§, their local  bers of the icosahedral clusters and the crystalline atoms dur-
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ing the crystallization process. The clusters coexisted wittsystent? The equation of motion is integrated by a modified
the crystalline atoms at the first stage of the crystallizatiorVerlet algorithm with time mesh 810 3 ps. The system
and then the number of the clusters decreased with time inas 128 atoms in cubic supercell of which the volume is

the crystallization process. _ _ fixed to 30 261.869 a.u. The temperature was controlled by a
There have been many experimental studies on thenodified momentum scaling methddWe heat the crystal-
pressure-induced glass-to-crystal transitions for Met&l jine state to 381 K, which is higher than the melting tem-

and covalerit “?!bonded glasses. The pressure enhanced thlgle

crystallization of the amorphous semiconductors of aréénic ystem is stepwise quenched by 40 K at every 100 steps
or germaniunt® at room temperature. The pressure retarde own to 21 K. The quench rate corresponds to 8.00
the crystallization of the metal glasses at higher temperatureg 4 13 ¢ g1 ' '
than the glass transition temperatufigsdue to the increased '
viscosity with pressur&>t®

In the present paper we have studied the pressure-induced
glass-to-crystal transition in the sodium system at tempera- ) ) o
tures lower and higher than the glass transition temperature We simulate the pressure-induced crystallization process
T, 6-813\we focus our attention to the effect of pressure onwith the isothermal-isobaric AIMD method with the OFDF.
the clusters in the glass and investigate whether or not thee use the Verlet's leapfrog algorithm to integrate the CP-
are stable under pressure. We use the isothermal-isobaitigpe coupled equations for both the atomic and electronic
AIMD method with an orbital free density functional systems with time mesh 50 a.u=(.2094x 10 3 ps). The
(OFDP). Pearson, Smargiassi, and Madtfdmave developed steepest deceiSD) method is used to optimize the volume.
an orderN method® to simulate large systems. Although We heat the glass to temperatures 50 and 290 K and hold at
there have been many experimental studies on the crystalline temperatures with a No$toover thermostat! The glass
zation of glassed;»**?>the effect of pressure is unknown. transition temperature of the present system has been found
We investigate the pressure effects by use of Voronoi polyto he 120 K for the same cooling rate by use of the empirical
hedron analysis. potential®®% The cutoff energy is set to 12.0 Ry and the

The AIMD method has been developed by Car anGhymper of fast-Fourier-transforme@FFT) meshes 32 768
Parrinelld® (CP), and it has become one of the powerful [=(2%°%]. We use the Topp-Hopfield local pseudo-

tools to explore both the dynamical and the statistical prop-
erties of the condensed systems. In the AIMD methqd W& orrelation energy functiondf. We obtain the initial charge
solve the coupled equations for ions and electrons in th%1

system for the trajectory to nearly trace the correct Born-.enSIty to be the superpos%on of the atomic charge Qensr

Oppenheimer potential surface. As the method is based oIS We hold the glass at 1 . GPa(lO atm) for 7.26 ps in

Kohn-Sham(KS) theory, the kinetic energy of the electrons order to relax.the atom positions and then compressed the

is evaluated by solving the KS equation, which requires Jlass states with hydrostatic pressures from 1 to 6 GPa for up

substantial computational time depending on the number o 29-0 ps at 50 K.

orbitals. If we evaluate the kinetic energy without solving the

equation, then the total energy of the electronic system can

be obtained in a short computational time. Pearsbal.

used a Perrot functiorfdl as the kinetic energy functional In order to characterize the electron density distribution

which depends only on the electron density. The functionahround individual atoms, we introduce the local average den-

is a corrected form of the Thomas—Fermi—von Weiksa sity pq (Ref. 14 around atony using

energy functional. This method has also been applied to

study the static and dynamic structure factors in sodium

liquid® and the geometrical analysis of metal clust®end _ Z

silicon surfaces® They calculated the lattice parameter, bulk Pa=q ()

modulus, vacancy formation energy, and phonon dispersion 9

curve in the sodium crystalline systéir! These were in

good agreement with the experimental values. The metho@here the electron chargg, in the sphereS, with radius

allows us to treat large systems such as disordered systemg, and(),, is the volume of the sphere. We chose the radius

layered structures, I_arge clusters, and so on. In the previous to be twice as large as the radius of the atomic sphere

paper we have applied the method to study the local elastiGyhich has the same volume as the corresponding Voronoi

ity of the atoms in the sodium glass syst&. __polyhedron. Expanding the densip(f) with the spherical

1 2p Compational detalsofthe smuatons sre descbeHarmanics, we obtan the chargs iniegrating the densiy
. N ystall P () within the spheres, instead of the atomic sphere. The

under pressures and results of the Voronoi polyhedron anal)f)— q

sis. In Sec. IV, we discuss why pressure enhances the cr sg_ensnypq can be a measure of the local atomic bonding

tallization through the equations of states of the system Seﬁg?:?st?foast%rglIigdather;ggtrg'?ha;eghgzog]sségr?ﬁ itit;t)i;]mcto
Finally, conclusions are given in Sec. V. P : . PP ; ges « 9
the atomic bonding. We normalize the densify so as to

Il. COMPUTATIONAL DETAILS satisfy

rature by 10 K, and hold at the temperature for 30 ps. The

B. Compression of glass

otentiaf® for the atoms and the Ceperley-Alder exchange-

C. Local average density analysis

A. Glass formation

We obtain the initial positions of the atoms in the glass by —
N, % Pq=p; 2

use of the EMD method with a pair potential for the sodium
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FIG. 1. Variation of the volume of the supercell under pressures
as a function of time. The origin of the time is taken at the start of 6 | . |
the application of pressures to the system. The arrows indicate tr ' 1
times corresponding to the drastic volume decrements. (b)
5 - -
whereN is the number of atoms in the supercell ani$ the c
; . )
average density of the whole system. The normalized densit B
pq can be a measure of the density variations at differen = 4 7
volumes of the system. =
c
S 3r .
IIl. RESULTS 3
A. Pressure-induced glass-to-crystal transition "CZJ 2 r .
©
Figure 1 shows the variation of the volumes at 50 K undel —
pressures as a function of time. The average volume of th 6_“ {1k A
system at 102 GPa, which is just before the application of
the pressures, has been 35 549.419 a.u. The volume has r: H l \l/ \I/
idly decreased when we apply the pressures to the syster - L s ' :
The volumes have stabilized into their equilibrium values 0 5 10 15
within 6X 10 2 ps (=50 steps), which is too short in time .
to be visible in Fig. 1. The drastic decrements of volumes Distance (a.u.)

appear at above 2.75 GPa, although no decrement appears at
lower pressures than this critical pressure. The amounts of FIG. 2. Change of the PDF of the sodium system from°1®
the decrements decrease with increasing pressure, and the>Pa.(8 The PDF in the glassy state under £0GPa and the
ratios of the amounts to the volume are about 0.005. TherBDF before the crystallization under 4 GRa) the PDF after crys-
exist volume fluctuations with time before the decrementst@/lization under 4 GPa. The arrows correspond to the atom posi-
The times needed for the decrements decrease with increa2"s for the perfect bee crystal under 4 GPa.
ing pressure, and the extent of the fluctuation decreases with
increasing pressure. The origin of the fluctuations will be
clarified later by use of the Voronoi polyhedron analysis. subpeak of the second peak is formed by the second shell of
Figure 2 shows the change of the PDF’s when we havéhe cluster, which consists of 20 atoms, and the outer sub-
applied the pressures to the system. Figu@ 28hows the peak is formed by the third shell of the cluster, which con-
PDF at 10 2 GPa which is just before the application of the sists of 12 atoms. Figure(@ shows that the peak positions
pressure and that at 4 GPa which is immediately after thabf the PDF shift into shorter distances with the increase of
The PDF at 10° GPa indicates the system to be a relaxedpressure from 10° to 4 GPa. Figure @) is the PDF ob-
glass state from the second peak splitting into two peaks. Thiained from the atom positions just after the volume decre-
splitting is characteristic evidence of single-componentment appeared in Fig. 1. The positions of PDF peaks coin-
glasse$.We found that the local PDF around the center at-cide with those of the perfect bce crystal at the same pressure
oms of the icosahedral clusters had the sharpest second pe&kich indicates the transition from the glass state into the
splitting of the PDF! We gave a model for 2 The inner  crystalline structure. The volume decrements are attributed
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FIG. 3. Variations of the MSD, the numbBk.. of icosahedral FIG. 4. Variations of the MSD, the numbbi;. of icosahedral

clusters, and the number bk, of crystalline atoms as a function clusters, and the numbet.,,; of crystalline atoms as a function of
of time at 50 K. The open circles correspond to the numjg, of ~ time at 290 K. The open circles correspond to the nunigy; of

icosahedral clusters and the triangles the numgg; of crystalline  icosahedral clusters and the triangles the nurhgg, of crystalline
atoms. atoms.(a) 10 % GPa, (b) 1 GPa.

to the crystallization of the system from the glass state to th@.5 GPa, the MSD increases with time over the range of the
bce crystalline phase. Other simulations at pressures abowmulation. The slope of the increment of the MSD is small,
2.75 GPa have shown the same PDF changes as this. and there have existed several numbers of the clusters over
the whole range of the simulation. No crystallization occurs
within the range of the simulation time. This is also the case
for the glasses at pressures less than 2.5 GPa.

We analyze the microscopic structures in the systems by At 2.75 GPa, the MSD increases with time, increases rap-
use of the Voronoi polyhedra. In the analysis, a local con4dly during the annihilation process of the clusters, and be-
figuration around an atom is described by a signature&omes constant after the annihilation. The time ranges of the
(n3,n4,N5, ... ,N,,...), where n, is the number of disappearance of the clusters in Fig. 3 correspond to those of
a-edged faces of the polyhedron. The existence of icosahdhe volume fluctuations in Fig. 1. The crystalline atoms begin
dral clusters with(0,0,12,0 signature has been confirmed to to appear long after the annihilation of the clusters during
be one of the characteristic features in single-componenwhich the MSD increases rapidly, showing the crystalliza-
glasse$:®” We analyze the variation of the numbers of thetion of the system. It takes 8 ps from the complete annihila-
clusters with time. The effects of the thermal vibrations ontion at 13 ps to the complete crystallization at 21 ps, during
the atomic positions has been eliminated by averaging thehich the electronic total energy of the system has decreased
atomic positions with time. by 8.9x10 3 Ry per 128 atoms. There have been no icosa-

The number of the clusters has been 9 at the last stage bEdral clusters or crystalline atoms during the constant MSD
102 GPa. No multishell cluster with an icosahedral symme-region. The simulations at other pressures indicate that the
try has existed in the system. The numbers have decreasedpessure enhances the crystallization process and the time
7 at 1 GPa and to 5 at 2 GPa. The numbers have beamanges with the constant MSD’s decrease with increasing
constant over 29 ps at pressures below 2 GPa. There haypeessure.
been two types of the clusters among them: the clusters The numbers of the crystalline atoms after the crystalliza-
formed by the applied pressures and the clusters survivingon have been 47 at 2.75 GPa, 39 at 3 GPa, 17 at 4 GPa, 8
even under the pressures. The fractions of the numbers of tteg 5 GPa, and 5 at 6 GPa. The numbers decrease with in-
newly formed clusters to the total numbers of the clustersreasing pressure. Although the number is maximum at 2.75
have been 0.14 at 1 GPa, 0.40 at 2 GPa, and 1.0 at pressuf@PRa, the fraction of the number to the total number of atoms
between 2.5 and 4 GPa. The fractions increase with increass only 0.367 because of the insufficient relaxation.
ing pressure in this range. The numbers, however, have been We have simulated the pressure-induced glass-to-crystal
zero for pressures above 5 GPa. transition at a higher temperature than the glass transition

Figure 3 shows the mean-square displaceni®t8D) of  temperature 120 K, although so far we have simulated at a
the atoms as a function of time and the time development ofower temperature than the temperature. First, we have simu-
the numbers of both the clusters and crystalline atoms. Thiated the transition at 290 K at 18 GPa. Figure @) shows
crystalline atoms hav€0,6,0,§ signature since the system the time developments of the numbers of the clusters and the
crystallizes into bcc structure. In the case of the simulation atrystalline atoms and the MSD of the atoms. The number of

B. Voronoi polyhedron analysis
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crystalline atoms begins to increase at 11 ps and the systen 10
crystallizes. The number of the clusters decreases with time, <,
with fluctuation. The annihilation process of the clusters has @&
overlapped with the formation process of the crystalline at- =
oms, although their existence has not overlapped during the &
simulations at 50 K, which has been shown in Fig. 3. The w
coexistence is due to the higher temperature and the lower

pressure of the simulation than the conditions in Fig. 3. The

average volume of the system has been 37 794.833 a.u

5

0

There is sufficient volume in space for the crystalline atoms _ —445 - 1 5

to coexist with the clusters at 16 GPa. The same effect of > =

the pressure on the crystallization was also observed in theg -450 - 71 O DE:

LJ system at around atmospheric pressfres. ‘2’6 -
Secondly, we have simulated the transition at a higher uy —455 - 41— 5 u]§

pressure at 1 GPa. Figurébd shows the time developments -

of the MSD and the numbers of clusters and crystalline at- —460 - 1-10

oms. We compare the results of this figure with those in Fig.

4(a). This pressure retards the onset of crystallization by 6 ps  —465 1115

compared with that at I¢ GPa. This is attributed to the 15 20 25 3.0 35 40

increased viscosity at the increased pressure. This pressur Volume (10%a.uf)

effect is in agreement with the experiments of the metal e

glasses™*® FIG. 5. Equation of states for the glass and the bcc crystal. The

open squares are the energies of the glass system and the plus marks
of the bcc crystal obtained by the AIMD method. The explanation

In the previous paper we clarified the volume stability of for the ppen circlfss is givgn in the text. The solid symbols are thg
the Voronoi polyhedrated K for the abundant signatures in "eSPective energies obtained by the EMD method. The open tri-
the sodium glass. The stability was evaluated by the Volumgngles are the differences of the_ energies between the two phases
changes of the polyhedra with pressures, in the range der the AIMD method and the solid triangles for the EMD method.
which the signatures of each atom were conserved: The mag-
nitudes of the pressures were confined within an elastic re-
gion of +0.07 GPa at 0 K. The volume stability increased positions, the volume of the system, and the electron density
with decreasing volume of Voronoi polyhedron. The localin the glass system at 0 Pa by use of the SD method. Next,
average dens;it);;s_q around the atoms increased with decreas-we optimized the volumes and electron densities &t 1, 2,
ing volume of Voronoi polyhedron. Thus the volume stabil- 3, and 4 GPa fixing the scaled coordinates of the atoms. The
ity was proportional to the local average densily. This  fraction of the convergence of the total energies has been
was explained by the free-electron theory in which the bulkl0 ' In Fig. 5 we show the total energies per atom at 0 K
modulusB is represented bﬁ%?_s”’.% The clusters were of the glass system as a function of volume per atom. We
the highest local average densjty. The clusters had the also show in the figure the total energies for the bce crystal
highest volume stability among the signatures. In the presergystem as plus marks which have been obtained by the same
study the clusters, however, have annihilated under pressurgsocedures as for the glass. The corresponding volumes de-
higher than 2.75 GPa at 50 K and under 1 GPa at 290 Kcrease as shown in the figure, the decrements of which cor-
This and the previous studies indicate that the clusters amespond to the volume decrements shown in Fig. 1. In order
unstable under the high-pressure region, although they ate evaluate the energy differencaE,,, between the sys-
stable under elastic compression. tems, we have recalculated the energies of the crystal system

The present simulation has shown that the clusters coexisising the corresponding volumes of the glass system. The
with crystalline atoms at low pressures of F0GPa. Thisis energy difference corresponds to the driving energy for the
because the crystalline nuclei seem to propagate into therystallization from the glass to the crystal systems. The en-
glassy region, since there exists sufficient space in the sy®rgy is also shown in Fig. 5. The energy increases with de-
tem at low pressure. At higher pressures, however, crystakreasing volume, i.e., with increasing pressure. This is a rea-
line atoms with(0,6,0,8 signatures have appeared after theson for the enhancement of the crystallization with pressure.
complete annihilation of the clusters. This is because there The equation of states and the driving energies obtained
exists a strong repulsive correlation between the clusters artay the EMD method are also shown in Fig. 5. The energy is
crystalline atoms in the compressed system, since the clustaegative in a large volume region, has a maximum at volume
has no translational symmetry and there exists insufficien24.2 a.u., at 2 GPa, and begins to decrease with decreasing
space in the system. volume. The time for the crystallization in the EMD method

Now let us clarify why the pressure has enhanced thdénas been the shortest at 2 GPa, at 50 K corresponding to the
crystallization in the simulation. In order to evaluate the en-maximum driving energy of it. The existence of the negative
ergy difference between the crystal and glass systems, wdriving energy and the maximum indicates that the EMD
have obtained the equations of states of their systems. Usingethod is inadequate to simulate the pressure-induced glass-
the optimized atom positions for the glass in the supercell ato-crystal transition in the present system. Thus empirical
50 K under 102 GPa, we have further optimized the atomic potentials are insufficient to simulate the transition under

IV. DISCUSSION
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FIG. 6. Distribution of p,—p. The open circles indicate the FIG. 7. Distribution of the three componentg,, F,, and
distribution for 102 GPa, which is fitted to a Gaussian function F,) of the atomic forces. The open circles represent the distribution
with a solid line for visual guidance. The open triangles indicate thefor 102 GPa, the triangles for 2 GPa, and the crosses for 4 GPa.
distribution for 2 GPa and the crosses for 4 GPa together with theilThey are fitted to Gaussian functions for visual guidance.
Gaussian fitting curves.

have simulated the transition at temperatures higher and

high pressures. This is because the potentials neglect thewer than the glass transition temperatilige= 120 K of the
pressure effect on Friedel oscillations which play an imporsystem.
tant role in metallic bonding since the pressure changes the At a temperature 50 K lower thah,, the pressure has
electron densities of the compressed systems. enhanced the crystallization at pressures greater than 2.75

The increase of the driving energy for crystallization with GPa, during which the icosahedral clusters annihilate and
pressure is closely related to the change of the electron detthen crystalline atoms appears: The crystalline atoms have
sity distribution in the system. Here we discuss the change ddippeared after the complete disappearance of the clusters. At
the local average densities and the atomic forces under prea-temperature 290 K higher thdy, the system has crystal-
sures &0 K in order to remove the thermal vibration. Figure lized at a low pressure of 18 GPa, during which the time
6 shows the distributions of the deviatipg—p in the glass  region of the existence of the clusters has overlapped with
systems at 0, 2, and 4 GPa. The local average depgibas  that of the appearance of the crystalline atoms. The applica-
been given in Eq(1). The general average densityhas tion of the pressure with 1 GPa at this temperature has re-
increased from 3.63610 >a.u. at 0 GPa to 4.495 tarded the crystallization of the system which is in agreement
%1073 a.u. at 2 GPa and to 5.180L0 % a.u. at 4 GPa. The with experiments on metal glass€s° The crystalline atoms
distributions have been fitted to Gaussian functions. A perhave appeared after the complete annihilation of the clusters,
fect crystalline system gives &function for the distribution  which is consistent with the simulation under the pressures at
function. Figure 6 shows that the width of the distributions50 K. The existence of the clusters has disturbed the forma-
becomes broad with increasing pressure. This is due to thigon of the crystalline atoms at high pressures irrespective of
charge transfers among atoms under pressures, which itemperature. The present simulation has predicted the clus-
crease the forces among the atoms. The forces enhance tta#s to be unstable at high pressures, although our earlier
crystallization. work! clarified the clusters to be elastically the most hardest

In order to confirm this, we show the distribution of the and stable at withint 0.07 GPa at 0 K. However, much re-
magnitude of the forces under 0, 2, and 4 GPa in Fig. 7. Thenains to be studied for a comprehensive understanding of
magnitude of the forces is within 10 a.u. at 0 Pa. The why the clusters are unstable at high pressures above 1 GPa.
distributions of the forces become broad with increasing
pressures. This is the same feature as the densities in Fig. 6. ACKNOWLEDGMENTS
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V. CONCLUSIONS
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