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We present a large-scale molecular dynamics simulation of liquid silicon close to the melting point.
We find that inclusion of spin has appreciable effects on the description of the bond breaking and
forming processes. This improves the description of the structure, significantly modifies the dynamics,
and suggests a possible explanation of measured anomalies in properties just above the melting point.

PACS numbers: 61.20.Ja, 61.25.—f, 71.22.+i

Tetravalently bonded semiconductors Si, Ge, and GaAand properties of-Si which goes well beyond the approx-
when melted form rather unusual metallic liquids. As op-imations hitherto attempted; (2) to check the accuracy of
posed to simple liquids they have a low coordination num+theab initio results at several levels of approximation such
ber (6—7) [1-3] which results from persistence in the melias LDA [14], generalized gradient approximation (GGA),
of covalent bonding. Their diffusivity, when measured, isand spin-polarized GGA (SGGA) [15] which is believed
very high in spite of their covalent character. The semito give a better description of bond breaking and forming
conductor to metal transition at the melting point is ac-processes; and (3) to provide a seabfinitio generated co-
companied by a large increase (0%) in density [4]. In  ordinates for systems having sizes approaching those cus-
addition, Si in a range of-20 K above the melting point tomarily used in classical simulations 850 atoms) which
exhibits further anomalies in the temperature dependenaean be used to interpret and refine the experimental results
of density, viscosity, and surface tension [5]. [16]. We indeed find that inclusion of the spin significantly

These unusual properties, as well as the relevance ahodifies the attractive part of the interatomic potential and
these melts to the crystal growth processes, have attracté@nce has an appreciable effect on the bonding and prop-
a lot of theoretical attention. However, the delicate bal-erties of the liquid. Use of larger simulation cell and GGA
ance between metallic and covalent behavior has provemas only a small effect.
rather difficult to model with empirical potentials [6]. For  The simulations have been performed using massively
this reason more sophisticated approaches which expligarallel computation [17]. We have chosen to simulate
itly take into account the electronic properties have beetthe thermodynamic state20 K above the melting point
applied. These were the semiempirical tight-binding (TB)characterized b§ = 1700 K, p =2.59 g/cm’ [5]. Plane-
molecular dynamics (MD) approach [7—9] and the faly =~ wave pseudopotential techniques [18] in three different ap-
initio MD [10—-12]. The empirical potentials yielded lig- proximations have been used: LDA, GGA, and SGGA.
uids microscopically different from those generaddxini-  Implementation of the gradient corrected functionals fol-
tio [10]. The TB approach gave substantially better resultéowed Ref. [19]. The Brillouin zone of the MD cell con-
but, as we shall show, it is not devoid of problems. Lig-taining 343 atoms was sampled at thepoint. The wave
uid Si (¢-Si) has been one of the first systems to whath  functions were expanded in plane waves with a cutoff of
initio MD has been applied [10]. Those first results werel0 Ry. The density functionals were minimized to an
confirmed by a series of othab initio simulations [11,12] accuracy ofl X 107 eV/atom. The equations of mo-
which have employed different methodological variantstion for the ionic degrees of freedom were discretized
However, the basic limitations of the first study were notwith a time step of~3 fsec. We have introduced a Nosé
overcome. These were as follows: (1) the neglect of spithermostat [20] with dynamical mass b8 X 10° a.u. on
effects, (2) the use of a small simulation cell (64 atoms)the ionic degrees of freedom. The simulations consisted
and (3) the use of the local density approximation (LDA).of two longer runs 0.9 psec) using LDA and SGGA
Especially relevant is the neglect of spin effects. In factwhich were preceded by an equilibration of 0.1 psec. We
in £-Si the dominant process is a continuous breaking andlso made, for checking purposes, a much shorter GGA
forming of covalent bonds in response to the atomic motiomun (~0.15 psec). The picosecond MD observation time
[10]. LDA has well-known difficulties in describing bond is justified because typical ionic relaxation times are of
breaking in molecules [13]. Such a difficulty is clearly re- the order of 0.1 psec [10]. In preliminary runs we have
flected in the early simulations, which failed to describeperformed two sets of calculations: one in which the
accurately the first coordination shell, that is, the regionwas 0 and one in whictf, was allowed to fluctuate.
where chemical bonding takes place. Both runs gave essentially the same result. Hence we be-

The purpose of this Letter is as follows: (1) to provide anlieve that a possible presence of multiple local minima as-
accurate and reliable description of the structure, bondingsociated with different spin states is statistically irrelevant.
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FIG. 1 (color). Static structure factsi(k) in LDA and SGGA 5 » (color). Pair-correlation functio(r) in LDA and

compared with experiment [3] (black dashed curve). The insetg A~ The vertical line gives the experimental position of
from the top to the bottom show the comparison betweeny o i st peak ofe(r).

the LDA and experiment [3] for largé on expanded scale,
comparison of the two x-ray scattering experiments (black
S xperment 3] for frge on expanded scale, respectvely: O &) Rew = 454 au.) [12,22].  In LDA the firs
X | X 1Vi . : . .
Notice E[)hat the IED]A curvg is out (?f phase With,resp%ct to t}/]epe_ak IS shifted to Iarger_(R{DA = 4.7 a.u.) while SGGA
experiment in the largé-domain. brings it closer to experiment®{sga = 4.6 a.u.). There
are also difference in other details. If we define the
coordination number by integrating tlgér) up to the first

In Fig. 1 we show the calculated and experimental statieninimum, we obtain 6.7 in LDA as opposed to the SGGA
structure factorsS(k). In both approximations (LDA, value of 6.2 and the value 6.4 from experiments [1,2,22].
SGGA) the calculated results are in good agreement with Useful structural information is contained in higher-
the new set of x-ray scattering data [3]. Comparisororder correlation functiong,,. It is typically at this level
of the two x-ray scattering data [1,3] reveals differenceghat models based on empirical force models show their
in the heights of the first two peaks and in the low-limits [6,10]. The calculate@s is similar to the one ob-
k edge of the first peak and gives an estimate of théained in the earlieab initio simulation [10] with peaks
experimental uncertainties. All in all our simulation is around 60 and 90. We also measured the dihedral-
more in agreement with the most recent set of experimentangle distribution. This is a four-body correlation func-
data. However, also LDA and SGGA results exhibittion which could not be reliably determined in previous
differences. The form of the first peak and the shoulder omb initio simulations because of the small simulation cell
the high% side of the first peak are different in the LDA then used. The resulting distribution shows small dihedral
and SGGA. The LDA curve is also slightly out of phase atangles are suppressed and there are very broad maxima at
largerk. Small as they might look, these differences reflect~60°, 90°, and 180, very much like the dihedral-angle
appreciable modification of system bonding and dynamicddistribution in rapidly quenched models @fSi [23].
Both descriptions yield an asymmetric first peaksSgk) We now turn to the analysis of the valence electronic
which is a prominent feature of the liquid but the shouldercharge and spin densities. A qualitative insight may be
on the first peak is much more pronounced in the SGGAobtained from Fig. 3. The total charge density is strongly
description. This feature becomes the dominant peak imhomogeneous with covalent bonds between pairs of
S(k) of the amorphous SiafSi) [21], which suggests strongly bonded atoms. Moreover, covalently bonded
that it corresponds to the presence of tetrahedral orddriplets of atoms show a pronounced tendency towards
in the system. Dephasing of the LDA curve at lafige creation of tetrahedral order. Spin fluctuations localize on
translates into a shift of the first peak of the pair-correlationrweak or dangling bonds and their appearance is precursor
functiong(r) to largerr. Both differences make the LDA to bond breaking or forming. The average total spin is
liquid less covalent than its SGGA counterpart. We havezero but there are large temporal fluctuations in the spin.
checked whether these differences stem from the spilihese in turn correlate with fluctuations in the position
or from the gradient corrections. A simulation with the and shape of the first peak of the instantanegus$. This
GGA functional (not shown) yielded structural propertiesexplains the origin of the differences in the structure of the
virtually identical to those of LDA; hence we conclude thatliquid in the description with and without the spin.
the observed differences are primarily due to the spin. In order to make these observations more quantitative

In real space comparison between theory and experive explore different correlation functions that involve
ment is also very favorable. However, in Fig. 2 we fo-charge and spin density. We will follow a technique
cus only on the differences between thie) in LDA and  described in Ref. [10]; namely, we locate the positions
SGGA showing only the experimental first peak position of the local maxima of the charge and spin density with
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FIG. 3 (color). Snapshot of a low-spin configuration. Super-FIG. 4 (color). ~Characterization of bonding by pair-
imposed on the ball-stick model are isosurfaces correspondingo”elat'on functions: (a) charge-charge; (b) ion-spin; red, blue,
to the total charge of covalent bonds (red), $igiyellow), and ~ dreen, orange, and yellow curves correspond to atoms having
spin density (blue). Superimposed zoom shows the lower lef@: 1, 2, 3, and 4 covalent bonds, respectively; (c) like-spin
part of the unit cell. Numbers correspond to the lengths (in(Plue); spin up—spin down (red) correlation.
a.u.) of the bonds. Note the spin fluctuation accompanying
formation of a bond in the upper left part of the zoom. in Table | we can compare only with the results of other
calculations. The theoretical estimates vary by a factor
of ~4.5 and the value oD increases with the accuracy
Monte Carlo random walks on the three-dimensional meshf the calculation. The SGGA calculation [Fig. 6(a)]
on which these quantities are represented. We then treglves the highest value @ because introduction of spin
these extrema as additional particles and calculate thgcilitates breaking of the bonds, thus lowering the barrier
distribution functions weighting each contribution by theto diffusion. The fact that the barriers are slightly higher
local maximum value. The results for charge-charge, ionin LDA is also reflected in the position of the first peak
spinf, spiri-spirf, and spif-spin density correlations are of g(r). In LDA some of the particles which would have
plotted in Fig. 4. The first prominent peak of the charge-had enough kinetic energy to climb the SGGA barrier are
charge correlation at 1 a.u. corresponds to broken bondsinstead bounced back by the higher LDA barriers adding
which are characterized by double maxima. This feature igveight to theg(r) in the high+ side of the peak. The
more pronounced in LDA with the weight shifted to larger velocity-velocity autocorrelation functio(z) « (v(0) -
r, which indicates that the LDA interatomic potential is
longer ranged and makes the lifetime of the stretched or
broken bonds longer in LDA. The ion-spin correlation LDA
peaked at-1 a.u. shows the dangling-bond character of spin+GGA
the spin fluctuations; the like-spin correlation has a weal |
maximum~4 a.u. indicating a slight tendency to like-spin |
clustering. The strong peak in the spapin correlation at
~2.5 a.u. corresponds to spiny localized on two different
bonds of the same atom. In Fig. 5 we give the distributior
of the values of the local charge and spin density maxime|  Spin-up
Most of the maxima correspond to bonds significantly| $Pin-down
weaker than in the crystal. An important feature is the
shift of the total SGGA charge density distribution to larger
values compared to LDA. This again indicates that the
bond is more easily broken in the SGGA, thus on averag
reducing the lifetime of the broken bonds characterized b
weaker charge-density maxima.
We have_ stu_dled thg _Slngle-partlcle motion and meéar g, 5 (color). Distribution of charge and spin density max-
sured the diffusion coefficied. To the best of our knowl- ima: (a) total charge; (b) spirispinl). The arrow indicates the
edge the experimental value bfis not yet known. Thus value of the charge density maxima in the crystal.
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TABLE |I. Computed self-diffusion coefficient D, in in terms of existence of a “covalent network” induced by
10~* cn?’/s, in the SW, TB,abinitio LDA, and SGGA increased spin fluctuations close to the melting point. In
ggfe[fi](‘?%)%eg% [[61]’0](ba)m|§1e(f' )[7];e(§()enr‘t’ef- [ﬁ]’ (d) Ref. [9], (€) sjtuations such as that 6£Si where experiments are dif-

- d - d 9P work. ficult and subject to significant uncertainties it is important

SW TB LDA SGGA  to perform calculations with accuracy that can rival the

D 0.72 1.1° 1.9¢ 3.19 experimental one. In these cases inclusion of spin fluc-
1.3¢ 2.3 tuations is indispensable to reach the required precision.

1.7 2.49 The calculations were performed on the JRCAT su-

percomputer system. 1.S. thanks Dr. S. Kimura and his
“Metamelt” project for suggesting this project and for
his constant interest and encouragement. This work was
artly supported by New Energy and Industrial Technol-
gy Development Organization (NEDO).
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