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We present a classical interatomic force field for liquid Swihich has been parametrized using the
forces, stresses and energies extracted fubrmitio calculations. We show how inclusion of more
electronic effects in a phenomenological way and parametrization at the relevant conditions of
pressure and temperature allow the creation of more accurate force fields. We compare the results
of simulations with this force field both to experiment and to the resultabofnitio molecular
dynamics simulations and show how our procedure leads to comparisons which are greatly
improved with respect to the most widely used force fields for silica.2@?2 American Institute

of Physics. [DOI: 10.1063/1.151331]2

I. INTRODUCTION problem is particularly severe in silica, both in the solid and
in the liquid phases. Liquid silica is highly viscous and thus

Silica is ubiquitous in nature and is of enormous techno-atomic diffusion is very slow, requiring long simulation
logical importance. It also serves as a prototype material fotimes. A remarkable structural complexity characterizes the
many other network-forming materials. For this reason itssolid portion of the phase diagram, requiring large simulation
structural and dynamic properties have been extensivelgells. In both cases, sizes and timescales affordable afith
studied both experimentally and by means of simulation. initio methods do not allow a reliable estimate of quantities
However, many questions remain about its microscopigGuch as viscosity and compressibilitin the liquid and
bonding properties and their relationship to experimentallyfinite-temperature elastic constants, thermal conductivity and
observed macroscopic properties. In addition to this, the thelphase boundarig@n the solid, just to name a few.
modynamic behavior of silica under extreme conditions such  In empirical approaches the interatomic potential is
as those found deep in the Earth’s mantle is of interest tgiven as an explicit function of the atomic coordinates, the
geophysicists. Experimental techniques have not yet evolvegb-called force field. The representation of electronic effects
to the point where the properties of materials can be welln a simplified phenomenological way allows an increase in
constrained under such high temperatures and pressuresficiency relative toab initio methods of many orders of
Atomistic simulation would seem to be a natural solution formagnitude and this results in reduced finite-size effects and
studying silica and other minerals since, in principle at leastmuch greater precision in the calculation of thermodynamic
it allows full access to the microscopic mechanisms at workand dynamic averages. However this is at the expense of
and it is not constrained to any given pressure or temperatuigéonsiderable loss of accuracy in the description of the ions’
range. potential energy surface.

The development of accurate interatomic force fields is  The reliability of an empirical force field depends on two
crucial for simulation to be of use. In this paper we describekey elements. First, a force field must capture phenomeno-
the construction of a force field for silica and show how thelogically the electronic effects which are important for ionic
use of information fromab initio electronic structure calcu- motion. Such requirement can be met by tailoring its func-
lations is an important ingredient in the parametrization andional form so as to include the relevant phenomenology.

testing of any empirical potentials. However, even in the case of simple ionic systems, such as
We may divide atomistic approaches into two distinctSiO, and MgO, this represents a challeffgelhe long-range
categoriesab initio and empirical approaches. nature of interactions and the distortability of the oxide ions

Ab initio approachés’ allow a very accurate description mean that forces are truly N-body in character and cannot be
of the energy surface on which the ions move but with thewell approximated as a sum of two-body and three-body
serious drawback that the size of the system and the timeontributions.
scale of the simulation which is affordable are snafpi- Particularly if one wants to model disordered phases, it
cally less than a few hundred atoms and less than a few important that the empirical model used is sufficiently gen-
picoseconds on a parallel supercomputéor a number of eral to includeN-body interactions. Rowleyet al® have
dynamic and thermodynamic quantities this can be problemshown, in the case of solid MgO, how careful inclusion of all
atic as finite-size errors may be larger than is desirable. Theéhe physical processes at work allows one to accurately re-
produce phonon spectra.
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Force fields may be parametrized either by fitting to experi-ordination. For example, for modelling the pressure induced
mental data, or by fitting tab initio calculations, or both. A  transition from fourfold coordinated quartz to sixfold coordi-
problem with many of the empirical force fields which have nated stishovite. A polarizable potential for silica has previ-
been used in the past is that they have been designed ausly been proposed by Wilsat al*® and shown to be im-
reproduce a particular propertye.g., experimental geom- portant for reproducing the infrared absorption spectrum of
etries orab initio energetics’) and then used in different the amorphous solid. For this model the parameters were
physical situations to predict different properties. In order toempirically chosen whereas here all parameters are found
be able to confidently transfer a potential from the physicafrom ab initio data. Other differences between the force field
situation in which it is parametrized to the situation in which of Ref. 13 and the one proposed here include differences in
it is to be used, one needs to be confident that the model e nonelectrostatic pairwise interaction terms and different
flexible enough in terms of its representation of the relevantnethods of evolving the dipole field.
electronic effects to extend between the two situations. For Here we concentrate on comparison with one of the most
example, changes in pressure may lead to fundament&bmmonly used potentials for silica and with the results of
changes in electronic structure. Unless the empirical modelb initio molecular dynamics simulations. The pair potentials
used can represent these changes in a phenomenologi€dl van Beest, Kramer, and van Sante(BKS)° and
way, a potential parametrized at a given pressure may losEsuneyukiet al. (TTAM)” have been extensively used in the
accuracy when it is applied at a different pressure. Similarlypast to model silica. We point out some limitations of the
a potential which is parametrized to reproduce the propertiegathematical form of these potentials and show how our
of cluster§” may suffer a loss of accuracy when it is applied polarizable potential improves significantly the description
to a bulk system. This may be due both to differences in th@f the various silica structures with respect to the BKS po-
local electronic structure of atoms between clusters and bullential. We restrict our comparison to the BKS parametriza-
systems and, particularly in ionic systems, the contributiorfion as this gives better crystal structures than TTAM and
of long-range electrostatic interactions to the forces experimost of the problems with these potentials is attributable to
enced by ion§.Recently it was shown that the reliability of their functional form which is identical.
an empirical force field can be increased dramatically by
restricting both the fitting procedure and the domain of ap-
o - . - - Il. FITTING EMPIRICAL POTENTIALS

p_Ilcat[ongof the force field itself to a well-defined physical TO AB INITIO DATA
situation:

The goal of the present work is to construct an improved  In this section we describe the empirical model that we
force field for silica at low pressure by attending to the twohave used for silica, the details of thb initio calculations to
key considerations outlined above. To improve the ability ofwhich we have fit the parameters of the classical potential
the potential to capture the important electronic effects weand the method used to generate these parameters from the
have taken account of the large polarizability of the oxygerab initio calculations.
ion. The parametrization is improv¥dy parametrizing this
model usingab initio data(forces, stresses, and energien
configurations generated at low pressures. We compare re- In atomistic simulations, the ionic limit is normally rep-
sults using this potential with one of the most commonlyresented by a pair potential consisting of point charge elec-
used pair potentials for silifaand with the results oAb  trostatic interactions, a short range exponential repulsion to
initio molecular dynamics simulations, and show that ourapproximate the overlap repulsion between rigid localized
strategy improves significantly the accuracy of current forceorbitals on nearby atoms and longer-range nonelectrostatic
fields for silica. attractive terms. For silica the commonly used form is the

There have been a large number of potentials proposef@llowing Born—Mayer form?
for silica. Many of these, such as the three-body potential of aid; Ci
Vashishtaet al!* are intrinsically biased in favor of a tetra- Ujj :T+ Bjje “iifii— < (1)
hedral crystal structure and therefore are poor subjects for " 1
comparison since we aspire to creating a potential which isvhereU;; is the interaction energy between ionandj, rj;
suitable for disordered phases. Demiraipal}? have pro- =|ri—r;| is the distance between iohandj, g; is the charge
posed a many-body potential for silica which improves onof ion i which plays the role of a parameter ag, «;; , and
the prediction of the crystal structures with respect to pailC;; are constant parameters.
potentials. The many-body character of this potential is a There have been a number of parametrizations of this
charge equilibrium model which allows for local changes inpotential form for silica in the past®® Most recently, van
the ionicity. Although it is very likely that the degree of Beest, Kramer, and van SantéBKS)® have fit the param-
ionicity changes with pressure, there is no evidence to sugeters to reproduce the energetics of small hydrogen-
gest that this happens dynamically at a given pressure derminated silica clusters as well as the experimental struc-
temperature. The polarizability of the oxygen ion is well es-tural parameters and elastic constants of quartz. The resulting
tablished howevéf'*and it may be that inclusion of charge- potential has been extensively applied to study a large range
transfer mimics to a certain extent the effects of polarizationof dynamic and thermodynamic properties of silica in many
It is likely that inclusion of charge transfer is necessary fordifferent phases and under many different thermodynamic
transferability between polymorphs with different silicon co- conditions*®

A. Modeling ionic systems
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The use of the BKS potential as a realistic representatiomhere the interaction between an atom of tyed an atom
of silica assumes thdt) the electronic structure of silica is of typej is defined by the parametegs, q;, Dj;, v, rﬂ
well described as a system of small rigid spherically sym-and the distance between them. This form was chosen
metric ions which are undistorted by their environmeii);  over the Born—Mayer form as it proved to be more transfer-
there is no significant difference in the electronic structure ofable between different phases. The exponential part of this
the Si and O ions across the different phases, pressures apdtential was truncated at a radius of 18 a.u. The pair poten-
temperatures{iii) the electronic structure of ions in bulk tials of Egs.(1) and(2) both diverge for small bond lengths,
silica is well described by that in small clusters. and this may often be a problem at high temperatures and

Clearly, these assumptions have a limited range of validpressures. However, one of the benefits of our parametriza-
ity. It has been shown that even in the simplest oxides théion procedurgto be discussed in Sec. 1)Gs that it pro-
oxygen ion is highly deformabteand polarizabl& and that  vides us with parameters for which this problem is extremely
this can have a significant effect on the dynamic propertiestare, at least at the thermodynamic conditions discussed in
In addition, one may expect gradual changes in electronithis paper. Nevertheless, as a failsafe procedure, one may
structure with pressure which result in changes in the relativeeplace this potential with a quadratic form for distances
stabilities of the various polymorphs and, at 8 GPa, in<r., wherer. is just greater than the position of the maxi-
changes in silicon coordination from 4 to 6. Moreover, themum in the potential, provided that the two potentials are
long range electrostatic response of a bulk system is onlynatched in value and derivative @at.
marginally present in a small cluster. In addition to this pair potential we have included the

Here we show how more realistic potentials may be coneffects of dipole polarization of the oxygen ions. A single
structed for ionic systems if one goes beyond the approximgparametera, corresponding to the dipole polarizability, is
tions inherent in previous approaches. Major differences beassigned to the oxygen ion.
tween this approach and other standard approaches include: Following Maddenet al® we have allowed for the in-

(a) Following Wilson and Maddef?!” we use a more flex- duction of dipole moments both by electrostatic forces and
ible form for the potential which incorporates the effects ofthe short-range repulsive forces between anion and cation,
dipole polarization of the oxygen ions including the effectivewhere the short-range contribution to the dipole moments is
dipoles induced by the short-range forces between idns. given by

Since the force field is to be designed for use in bulk silica,

the ab initio calculations from which the force field is pa- pSR= az %f,,(r,,) (3)
rametrized are performed on a relatively large unit cell under oy un

periodic boundary conditions to minimize the finite size and

ij

surface effects which may be present in cluster caIcuIationsv.vhere
(c) We apply the potential to silica at low pressures and so fit 4 (brj; )k
the parameters tab initio calculations at low pressures. fij(rij) :CKZO Te‘brii (4)

Although the inclusion in the potential form of some of

the many-body interactions improves the transferability, itandr”-:ri—rj andb andc are parameters of the model.
should be recognized that no classical model can fully take The dipole moment on each ion must then be computed
account of the chemical changes which are possible undeind the charge—dipole and dipole—dipole interactions calcu-
different thermodynamic conditions. For this reason we sugtated using an Ewald summation scheme. The standard
gest that this potential only be used at very low pressures anflethod of evolving the dipole field is to use a fictitious La-
that under more extreme conditions, new parametrizationgrangian approach in which the dipoles are evolved in a
should be performed. manner analogous to the Car—Parrinello method for elec-
tronic structure calculation's:*® However, recent work has
pointed out that this method does not allow the fictitious
B. The force field degrees of freedom to take their minimum energy values on
. ) average as had previously been thought. It is not known how
Much work has been done to improve upon the simpl&gjeyant this problem is in the case of polarization but to

Born—Mayer form of the potential for ionic systems. FOr 5yqiq any possible biasing of the dynamics we have chosen a
MgO, which is one of the simplest oxides, there has been Bifferent approach in this work.

detailed analysis of the many-body contributions to the inte-
rionic forces® It has been shown that the dominant many-qac
body effects are due to the polarizability and the
compressibility/distortability of the oxygen ions. Here we  pl'=aE(r;;{p] "}j_in Ariti—in) 00 (5)

concentrate on the electrostatic effects which are the most ) .. .
important for determining structure. where the dipole moment on ianp; depends on the electric

We use a potential of Morse—Stretch form to describd©!d E(rg ?}t pg§|t||CJnri which in :curﬂ dhepenr(]js on theAp03|— o
the pairwise interactions between ions t!ons and the lipoie mqments ora ,t € .Ot_ \er 1ons. 4 t eac
time step the iteration is begun using initial electric field
U”:qiqj +D; [eill- i 11 oalw21-(r; /ff})]] stre'ngths{EO(rj)}Fl,N thCh have_been extrapolated from
o g ’ their values at the previous three time steps. The fact that the
(2 polarization scheme can never be perfectly converged leads

The dipoles on each ion are found self-consistently at
h time step by iterating to self-consistency the equation
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to a drift in the conservation of energy in a molecular dy- From these calculations, the potential is parametrized by
namics simulation, however, for the simulations of liquid minimizing the function
silica at 3100 K reported below the rate of drift of energy

iH= + +
was less than a totaf & K over a 100 ps run. We have used F{m}) =wAF T WASHWeAE ®
a time step to integrate the equations of motion of 0.723  with respect to the parametefr;} where
femtoseconds and for 576 atoms the CPU time required for \/ oy P
each calculation of all contributions to the energy, forces and 28 ZimaZdFa (b —Fail
stress was less than 8.0 seconds on a single 300 Mhz SGiI \/an SN S (F2 )2
origin MIPS R12000 processor. This time is significantly re- —12a(Faiy
duced at lower temperatures and for systems of higher sym- \/Enc SRS ({7] Saﬁl
metry where fewer iterations are required to converge the pAg— k=17ap : ,
dipole field. It may also be reduced in a variety of ways by 3B/n,
allowing for a larger drift in the conserved quantity which for . : | : :
these calculations was much smaller than is tolerable. For . \/Ekj((Uﬁ—Uf)—(UE'—U?'))Z

example, for 576 atoms of quartz at 300 K it was possible to ERp— 5
increase the time step to 1.446 fs and decrease the CPU time 2V =ui)
per step to approximately 5.4 seconds fpr a drift in the con- HereF ¢, is theath component of the force on atonas
served quantity of less than 0.4 K per picosecond. calculated with the classical potenUEI % | is the force com-
ponent as calculateab initio, S*” is the stress tensor com-
ponent as calculated with the classmal potential sgﬁ is
the stress tensor component as calculatiednitio, B is the
The parameters of the empirical force field were foundbulk modulus?* (U§ and UZ' are the potential energy of
as follows. In order to sample the largest number of uncorconfiguratiork as calculated classically amd initio, respec-
related configurations we choose to fix the conditions of thdively, n, are the number of atomic configurations for which
fitting procedure at 3000 K and zero pressure. At these corgb initio calculations have been performed. Once a param-
ditions silica is in the liquid phase. This ensures that a largeter set has been found, a new molecular dynamics trajectory
number of configurations with different bond geometry andis generated from which a new set of configurations are ex-
topology are included in the fit. Nonetheless, since the avertracted.Ab initio calculations are performed on these con-
age Si coordination at zero pressure is always close to foufigurations and a new parameter set obtained from these cal-
differences in electronic structure between configurations areulations. This process is repeated until the difference in the
expected to be smaller than those that would be obtained byalues ofl'({7;}) from successive minimizations converges
including high-pressure configuratiofesg., with sixfold co- to a small enough value.
ordinated Si. Therefore, the quality of the fit and, as a con-  Therefore each molecular dynamics trajectory generated
sequence, the reliability of the force field at similar condi-during the parametrization process is generated for liquid
tions (low pressurg are expected to be improved. silica at 3000 K and zero pressure. In order to create a new
Beginning with a suitable starting potenti@h this case set of configurations the previously created liquid is heated
we use the BKS potentigla molecular dynamics trajectory to a higher temperature-5000 K) where diffusion is more
is generated for the system of interest. From this trajectory &apid and allowed to equilibrate for about 20 picoseconds.
number of atomic configurationgypically 10—15 are cho-  Then the liquid is gradually cooled over a similar time frame
sen which are well separated from one another in time sucand allowed to equilibrate at approximately 3000 K for a
that correlation between configurations is minimizAb.ini-  further 20 ps. The configurations on whiab initio calcula-
tio calculations of total energies, forces, and stress are petions are performed are extracted from the continuations of
formed on these configurations. The calculations employethese equilibration trajectories and successive configurations
density functional theory(DFT)?° using the plane wave are typically separated in time by about 1 ps. The quantities
pseudopotential methdtwith a gradient corrected exchange Wy, Ws, andw, were chosen to reflect the amount of avail-
and correlation functiond? The differences in the forces for able data for each quantity, i.ev;>ws>w,. It was found
calculations using different approximate exchange and corre-
lation energy functionalge.g., local density approximation
and generalized gradient approximajiomre generally TABLE I. Force field parameter@tomic units.
slightly smaller, but of the same order as the differences in

C. Potential parametrization

initi ; _fi Yo Osi a b c
the forces between thab initio calculation and the best-fit _ &0 ) 70514 889378 202989 150435
empirical potential. All calculations were performed on peri-
odically repeated unit cells containing 24 Si@Qnits. We Do-o 9 Dsio - Dsi-si -
used norm-conserving pseudopotenfialsith s andp non- ~ 2:4748<10 1.903%10 —2.08460<10
locality for Si ands nonlocality fo.r O. The cutoff radii for all Yoo Yeio Yeisi
channels of the pseudopotentials were &agl@or O and  12.07092 11.152 30 10.455 17
2.04a; for Si. An energy cutoff in the expansion of the wave 0 o o
functions of 130 Rydberg was necessary in order to converge ;75 os 463710 e

the calculation of the stress.
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FIG. 1. Equation of state of liquid silica for the new potential compared to
experiment(Ref. 26, ab initio simulations(Ref. 27 and classical simula-
tions using the BKS potentidRef. 31). Time and size constraints and the
very high viscosity of liquid silica at low pressures mean thatahenitio 0 e e
system cannot diffuse enough to give meaningful averages of thermody- 0 5 10 15 20 25
namic properties. Different initial configurations account for the diffeent Pressure [GPa]

initio volumes at the same pressure.

FIG. 2. Percentage afl-fold coordinated silicon atoms in liquid silica as a
function of pressure for the new potential comparedlanitio simulations

that the final fit was quite insensitive to the values chosen a&ef. 27 and the BKS potentialRef. 31.
long asw, was relatively small due to the fact that only one

energy may be extracted per configuration.
out of the many created would represent an empirical proce-

dure. Here we would like to create a potentdl initio. We
IIl. RESULTS

have created and tested only one parameter set for the polar-

In order to obtain a benchmark for the parametrization ofizable potential and we report the results of those tests here.

the new potential, we first tested the ability of the BKS po-It is clear that the rigid ion model is too simple to allow for
tential to fit theab initio data. The values oAF=0.51, an accurate description of silica at low pressure and for a
AS=0.057, andAE=0.82 that we obtain for the BKS po- temperature range encompassing both solid and liquid
tential in the liquid at 3000 K and zero pressure point to aphases, and it seems that more ingredients are required in the
rather poor accuracy of this potential, at least at our workingpotential model in order to improve its ability to reproduce
conditions for the fitting procedure. This is quite surprising if the ab initio forces.
one considers that the ability of the BKS potential to repro-  The results of the fit of the polarizable model described
duce some structural properties of the solid phases is godd the preceding section were very encouraging. The values
overall?® and confirms our suggestion that the simplest forceof AF, AS, and AE for the final parameter set were 0.16,
fields should be used with great caution at physical condi9.014, and 0.18, respectively, indicating a dramatic improve-
tions that differ from those where they have been paramment over BKS, but also over the bdsiptimal) potential
etrized or from those where they are known to provide accuwith the Born—Mayer form. The parameters are listed in
rate results. It is possible to substantially reduce these erroffable I. The fact that inclusion of polarization both improves
by minimizingI" with respect to the parameters of the Born—the ability of the potential to fit theab initio forces and
Mayer potential, i.e., by constructing the “optimal” Born— allows one to forego the empiricism of selecting a potential
Mayer potential for the liquid at 3000 K and zero pressurethat reproduces experiment out of more than one created,
However a large number of such minimizations were at-strongly suggests that polarization is a crucial ingredient in
tempted and although it was possible to reddéeandAS  the bonding of silica.
to values of about 0.3 and 0.015, respectively, the resulting In order to check the reliability of our improved poten-
potentials gave unrealistic values for the structural paramtial we compare its thermodynamic and structural properties
eters and densities of the low pressure solid polymorphs. Farith experiment® on the equation of state of liquid silica,
example, the equilibrium density of quartz at 300 K variedand with availableab initio dat&’ on the microscopic struc-
for such potentials between values as low as 0.3 gcamd  ture of the liquid. The equation of state of liquid silica at
as high as 4.5 g cii. A minority of these potentials worked 3100 K is compared with experiment and with other atomis-
reasonably well for quartz but they did not necessarily worktic simulations in Fig. 1. Volumes were obtained as averages
well for the other polymorphs and choosing these potentialslong constant-pressifemolecular dynamics runs of at
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. ”\,Aﬂ TABLE lIl. Cristobalite.
\’r‘ Experiment(Ref. 33 New potential BKS
‘\ a[A] 4.957 4.936 4.920
—— BKS \ c[A] 6.890 6.847 6.602
"‘\'4 \ p [glem ™3] 2.334 2.412 2.515
-=== New Potential ; ‘ \\ Si—-O-Si 146.8 144.0 143.9
= ab-initio

pressures, the large viscosity of liquid silica means that even
for our relatively large system siz&76 atom$ obtaining a
reliable statistical average of volume requires at least 50 pi-
coseconds. For thab initio system(72 atom$ a consider-
ably longer run would be required.

We now focus on the microscopic structure of liquid
silica. Since there is very little experimental data available
for liquid silica we concentrate mainly on comparison with
FIG. 3. Oxygen centered angle distribution in liquid silica for the new the results ofab initio molecular dynamics simulations. Fig-
potential compqred tab initio simulations(Ref. 27 and simulations with ure 3 shows a Comparison of the Si”con_oxygen_s”icon
the BKS potential. angle distributions in the liquid. It has been pointed'dthat
by counteracting the repulsion between silicon atoms, the
inclusion of dipole effects can shift the oxygen centered
angle distribution towards lower angles. This is clearly seen

gg%nwcheglrz g?fputz:glnng Slzsvs:zvesr'aA:aéovv\y:rrngs; Sirlljfjilon in this comparison between the results of the BKS simula-
g Sions and theab initio and polarizable potential simulations.

runs of more than 100 ps. The temperature in the simulatio he very close correspondence betweenahénitio distri-

YgsvserS?:rztagrt:Ll)r/elst[%Zr t;[:waens?;é cf);:r;it?s)(tgi;:gijr:;szgs N ution and the polarizable potential distribution justifies both
P ur description of the electrostatics in terms of dipoles and

%C(;ZI:LIJTaTES/Ea?rZieci;terHtgvigv?re gthefgaErZsiﬁ?elzna\;\?ele hV:\Ee e inclusion of short-range induced dipoles which contribute
o ’ ! Y ignificantl h ipole moment on h ion an
verified that thermal expansion of the liquid is small ery significantly to the dipole moment on each ion and

(~10 5 K1, consistent with experimental estim@®snd which are therefore strongly linked to the distribution of

that taking account of it would in fact bring the zero pressureangles' The peak at around 90 degrees in the polarizable and

. . . ab initio angle distributions is due to the presence of micro-
results into even better agreement with experiment. Th g P

overall agreement with exoeriment is rather aood. and defi_copic configurations consisting of rings containing two sili-
9 P good, con and two oxygen atoms. These do not appear in the BKS

nitely better than any atomistic model proposed so far. Th%istribution, indicating that they are energetically unfavour-

BKS model underestimates systematically the volume byable with this potential

1m0 . o
e o e  rommeeas® _ Fiufe 3 shows he proporions 0Hld coordated
9. 2 P b b silicon atoms as a function of pressure compared to the re-

with experiment even better than thb initio results. This is . : . ; . .
not surprising. because althouah e initio results are. b sults of Car—Parrinello simulatioffsand simulations using
P 9. 9 'Y the BKS potentiaf! Our results are in much better qualita-

definition, better than those of the empirical model for aV%5ive agreement with thab initio calculations than the clas-

given atomic configuration, the number of configurations, 4ical BKS calculations despite the fact that simulations are

well as the size and time scale of the simulation that Wasperformed at high pressures where the parameter set may

U.SEd o extract the equation of state f.°T 'the emp|r!cal potenE)ecome increasingly inaccurate. This implies that the inclu-
tial are much larger than those of thb initio runs. It is also

2 i . . sion of realistic physics into the potential improves its trans-
the case thai_ab |n|t_|o simulations tend to either sys@ematl- ferability as well as its accuracy. Our results indicate that the
cally overestimatdin the case of GGAor systematically

. . h I f the liquid i I high
underestimatdin the case of LDA the volumé® and that, tetrahedral structure of the liquid is more stable at higher
) : . ._pressures than is predicted by the BKS potential. Since dif-
probably fortuitously, our potential predicts volumes that lie
approximately midway between the two. Particularly at low
TABLE IV. Coesite.

60 70 80 90 100 110 120 130 140 150 160 170 180
Si-O-Si angle [degrees]

least 50 ps following 20 ps of equilibration and with simu-

TABLE Il. Quartz. Experiment(Ref. 39 New potential BKS
Experiment(Ref. 32 New potential BKS a[A] 7.136 7.165 7.138
b [A] 7.174 7.162 7.271
a[A] 4.916 4.925 4.941 c[A] 12.369 12.377 12.493
c[A] 5.405 5.386 5.449 B 120.34 120.31 120.76
p [glem 3] 2.646 2.665 2.598 p[glem 3] 2.921 2.933 2.864
Si—O-Si 143.7 445 148.1 Si—O-Si 143.6 144.0 150.5
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