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Dynamics, Spin Fluctuations, and Bonding in Liquid Silicon
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We present a large-scale molecular dynamics simulation of liquid silicon close to the melting
We find that inclusion of spin has appreciable effects on the description of the bond breakin
forming processes. This improves the description of the structure, significantly modifies the dyn
and suggests a possible explanation of measured anomalies in properties just above the melting
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Tetravalently bonded semiconductors Si, Ge, and G
when melted form rather unusual metallic liquids. As o
posed to simple liquids they have a low coordination nu
ber (6–7) [1–3] which results from persistence in the m
of covalent bonding. Their diffusivity, when measured,
very high in spite of their covalent character. The sem
conductor to metal transition at the melting point is a
companied by a large increase (,10%) in density [4]. In
addition, Si in a range of,20 K above the melting point
exhibits further anomalies in the temperature depende
of density, viscosity, and surface tension [5].

These unusual properties, as well as the relevanc
these melts to the crystal growth processes, have attra
a lot of theoretical attention. However, the delicate b
ance between metallic and covalent behavior has pro
rather difficult to model with empirical potentials [6]. Fo
this reason more sophisticated approaches which ex
itly take into account the electronic properties have be
applied. These were the semiempirical tight-binding (T
molecular dynamics (MD) approach [7–9] and the fullyab
initio MD [10–12]. The empirical potentials yielded liq
uids microscopically different from those generatedab ini-
tio [10]. The TB approach gave substantially better resu
but, as we shall show, it is not devoid of problems. L
uid Si (,-Si) has been one of the first systems to whichab
initio MD has been applied [10]. Those first results we
confirmed by a series of otherab initio simulations [11,12]
which have employed different methodological varian
However, the basic limitations of the first study were n
overcome. These were as follows: (1) the neglect of s
effects, (2) the use of a small simulation cell (64 atom
and (3) the use of the local density approximation (LDA
Especially relevant is the neglect of spin effects. In fa
in ,-Si the dominant process is a continuous breaking
forming of covalent bonds in response to the atomic mot
[10]. LDA has well-known difficulties in describing bon
breaking in molecules [13]. Such a difficulty is clearly r
flected in the early simulations, which failed to descri
accurately the first coordination shell, that is, the reg
where chemical bonding takes place.

The purpose of this Letter is as follows: (1) to provide
accurate and reliable description of the structure, bond
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and properties of,-Si which goes well beyond the approx
imations hitherto attempted; (2) to check the accuracy
theab initio results at several levels of approximation su
as LDA [14], generalized gradient approximation (GGA
and spin-polarized GGA (SGGA) [15] which is believe
to give a better description of bond breaking and formi
processes; and (3) to provide a set ofab initiogenerated co-
ordinates for systems having sizes approaching those
tomarily used in classical simulations (,350 atoms) which
can be used to interpret and refine the experimental res
[16]. We indeed find that inclusion of the spin significant
modifies the attractive part of the interatomic potential a
hence has an appreciable effect on the bonding and p
erties of the liquid. Use of larger simulation cell and GG
has only a small effect.

The simulations have been performed using massiv
parallel computation [17]. We have chosen to simula
the thermodynamic state,20 K above the melting point
characterized byT ­ 1700 K, r ­ 2.59 gycm3 [5]. Plane-
wave pseudopotential techniques [18] in three different
proximations have been used: LDA, GGA, and SGG
Implementation of the gradient corrected functionals fo
lowed Ref. [19]. The Brillouin zone of the MD cell con
taining 343 atoms was sampled at theG point. The wave
functions were expanded in plane waves with a cutoff
10 Ry. The density functionals were minimized to a
accuracy of1 3 1025 eVyatom. The equations of mo
tion for the ionic degrees of freedom were discretiz
with a time step of,3 fsec. We have introduced a Nos
thermostat [20] with dynamical mass of1.3 3 106 a.u. on
the ionic degrees of freedom. The simulations consis
of two longer runs (,0.9 psec) using LDA and SGGA
which were preceded by an equilibration of 0.1 psec. W
also made, for checking purposes, a much shorter G
run (,0.15 psec). The picosecond MD observation tim
is justified because typical ionic relaxation times are
the order of 0.1 psec [10]. In preliminary runs we ha
performed two sets of calculations: one in which theSz

was 0 and one in whichSz was allowed to fluctuate.
Both runs gave essentially the same result. Hence we
lieve that a possible presence of multiple local minima a
sociated with different spin states is statistically irreleva
© 1996 The American Physical Society 2077
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FIG. 1 (color). Static structure factorSskd in LDA and SGGA
compared with experiment [3] (black dashed curve). The ins
from the top to the bottom show the comparison betwe
the LDA and experiment [3] for largek on expanded scale
comparison of the two x-ray scattering experiments (bla
Ref. [3], green Ref. [1]), and comparison between the SGG
and experiment [3] for largek on expanded scale, respectivel
Notice that the LDA curve is out of phase with respect to t
experiment in the large-k domain.

In Fig. 1 we show the calculated and experimental sta
structure factorsSskd. In both approximations (LDA,
SGGA) the calculated results are in good agreement w
the new set of x-ray scattering data [3]. Comparis
of the two x-ray scattering data [1,3] reveals differenc
in the heights of the first two peaks and in the low
k edge of the first peak and gives an estimate of
experimental uncertainties. All in all our simulation
more in agreement with the most recent set of experime
data. However, also LDA and SGGA results exhib
differences. The form of the first peak and the shoulder
the high-k side of the first peak are different in the LDA
and SGGA. The LDA curve is also slightly out of phase
largerk. Small as they might look, these differences refle
appreciable modification of system bonding and dynam
Both descriptions yield an asymmetric first peak ofSskd
which is a prominent feature of the liquid but the should
on the first peak is much more pronounced in the SGG
description. This feature becomes the dominant peak
Sskd of the amorphous Si (a-Si) [21], which suggests
that it corresponds to the presence of tetrahedral or
in the system. Dephasing of the LDA curve at largek
translates into a shift of the first peak of the pair-correlati
functiongsrd to largerr. Both differences make the LDA
liquid less covalent than its SGGA counterpart. We ha
checked whether these differences stem from the s
or from the gradient corrections. A simulation with th
GGA functional (not shown) yielded structural properti
virtually identical to those of LDA; hence we conclude th
the observed differences are primarily due to the spin.

In real space comparison between theory and exp
ment is also very favorable. However, in Fig. 2 we f
cus only on the differences between thegsrd in LDA and
SGGA showing only the experimental first peak positio
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FIG. 2 (color). Pair-correlation functiongsrd in LDA and
SGGA. The vertical line gives the experimental position
the first peak ofgsrd.

of gsrd (RI
exp ­ 4.54 a.u.) [1,2,22]. In LDA the first

peak is shifted to largerr (RI
LDA ­ 4.7 a.u.) while SGGA

brings it closer to experiments (RI
SGGA ­ 4.6 a.u.). There

are also difference in other details. If we define th
coordination number by integrating thegsrd up to the first
minimum, we obtain 6.7 in LDA as opposed to the SGG
value of 6.2 and the value 6.4 from experiments [1,2,22

Useful structural information is contained in highe
order correlation functionsgn. It is typically at this level
that models based on empirical force models show th
limits [6,10]. The calculatedg3 is similar to the one ob-
tained in the earlierab initio simulation [10] with peaks
around 60± and 90±. We also measured the dihedra
angle distribution. This is a four-body correlation func
tion which could not be reliably determined in previou
ab initio simulations because of the small simulation c
then used. The resulting distribution shows small dihed
angles are suppressed and there are very broad maxim
,60±, 90±, and 180±, very much like the dihedral-angle
distribution in rapidly quenched models ofa-Si [23].

We now turn to the analysis of the valence electron
charge and spin densities. A qualitative insight may
obtained from Fig. 3. The total charge density is strong
inhomogeneous with covalent bonds between pairs
strongly bonded atoms. Moreover, covalently bond
triplets of atoms show a pronounced tendency towa
creation of tetrahedral order. Spin fluctuations localize
weak or dangling bonds and their appearance is precu
to bond breaking or forming. The average total spin
zero but there are large temporal fluctuations in the sp
These in turn correlate with fluctuations in the positio
and shape of the first peak of the instantaneousgsrd. This
explains the origin of the differences in the structure of t
liquid in the description with and without the spin.

In order to make these observations more quantitat
we explore different correlation functions that involv
charge and spin density. We will follow a techniqu
described in Ref. [10]; namely, we locate the positio
of the local maxima of the charge and spin density wit
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FIG. 3 (color). Snapshot of a low-spin configuration. Sup
imposed on the ball-stick model are isosurfaces correspon
to the total charge of covalent bonds (red), spin" (yellow), and
spin# density (blue). Superimposed zoom shows the lower
part of the unit cell. Numbers correspond to the lengths
a.u.) of the bonds. Note the spin fluctuation accompany
formation of a bond in the upper left part of the zoom.

Monte Carlo random walks on the three-dimensional m
on which these quantities are represented. We then
these extrema as additional particles and calculate
distribution functions weighting each contribution by th
local maximum value. The results for charge-charge, i
spin", spin"-spin", and spin"-spin# density correlations are
plotted in Fig. 4. The first prominent peak of the charg
charge correlation at,1 a.u. corresponds to broken bon
which are characterized by double maxima. This featur
more pronounced in LDA with the weight shifted to larg
r , which indicates that the LDA interatomic potential
longer ranged and makes the lifetime of the stretched
broken bonds longer in LDA. The ion-spin correlatio
peaked at,1 a.u. shows the dangling-bond character
the spin fluctuations; the like-spin correlation has a we
maximum,4 a.u. indicating a slight tendency to like-sp
clustering. The strong peak in the spin"-spin# correlation at
,2.5 a.u. corresponds to spin", # localized on two different
bonds of the same atom. In Fig. 5 we give the distribut
of the values of the local charge and spin density maxim
Most of the maxima correspond to bonds significan
weaker than in the crystal. An important feature is t
shift of the total SGGA charge density distribution to larg
values compared to LDA. This again indicates that
bond is more easily broken in the SGGA, thus on aver
reducing the lifetime of the broken bonds characterized
weaker charge-density maxima.

We have studied the single-particle motion and m
sured the diffusion coefficientD. To the best of our knowl-
edge the experimental value ofD is not yet known. Thus
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FIG. 4 (color). Characterization of bonding by pair
correlation functions: (a) charge-charge; (b) ion-spin; red, blu
green, orange, and yellow curves correspond to atoms hav
0, 1, 2, 3, and 4 covalent bonds, respectively; (c) like-sp
(blue); spin up–spin down (red) correlation.

in Table I we can compare only with the results of oth
calculations. The theoretical estimates vary by a fac
of ,4.5 and the value ofD increases with the accuracy
of the calculation. The SGGA calculation [Fig. 6(a)
gives the highest value ofD because introduction of spin
facilitates breaking of the bonds, thus lowering the barr
to diffusion. The fact that the barriers are slightly highe
in LDA is also reflected in the position of the first pea
of gsrd. In LDA some of the particles which would have
had enough kinetic energy to climb the SGGA barrier a
instead bounced back by the higher LDA barriers addi
weight to thegsrd in the high-r side of the peak. The
velocity-velocity autocorrelation functionZstd ~ k $ys0d ?

FIG. 5 (color). Distribution of charge and spin density max
ima: (a) total charge; (b) spin" (spin#). The arrow indicates the
value of the charge density maxima in the crystal.
2079
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TABLE I. Computed self-diffusion coefficient D, in
1024 cm2ys, in the SW, TB, ab initio LDA, and SGGA
models: (a) Ref. [6], (b) Ref. [7], (c) Ref. [8], (d) Ref. [9], (e
Ref. [11], (f) Ref. [10], and (g) present work.

SW TB LDA SGGA

D 0.7a 1.1b 1.9e 3.1g

1.3c 2.3f

1.7d 2.4g

$ystdl in Fig. 6(b) exhibits an unusual feature; namely,
does not cross the positive axis as it would in simp
dense liquid as a result of the caging effect of the fi
coordination shell [24]. Caging effects are very visib
instead in TB [7,8] which leads to too low a value ofD.
The lifetime of the first coordination shell is very short (,
0.1 psec) and the long-time behavior is dominated by pa
of atoms that move together and exert small oscillatio
There are small but detectable differences between the
sets of calculations. These are again consistent with
spin-induced strengthening of the covalent bond.

In conclusion, we have presented large-scale fi
principles MD simulations of,-Si close to the melting
point. The main result of the study is that spin has an
preciable effect on the description of the attractive part
the interatomic potential. This leads to a modification
the description of weak bonds and hence of the struct
bonding, and properties of,-Si. It is tempting to try to
explain the anomalous density increase above the mel
point as well as the anomalies in the other properties

FIG. 6 (color). Dynamical properties: (a) mean-square d
placement, (b) velocity autocorrelation function, and (c) t
corresponding power spectrum. The inset in (b) shows
tails of Zstd on an expanded scale.
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in terms of existence of a “covalent network” induced b
increased spin fluctuations close to the melting point.
situations such as that of,-Si where experiments are dif
ficult and subject to significant uncertainties it is importa
to perform calculations with accuracy that can rival th
experimental one. In these cases inclusion of spin fl
tuations is indispensable to reach the required precisio
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