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A combination of periodic Hartree—Fock theory, quasiharmonic lattice dynamics, and molecular
dynamics is used to study the behavior of Mg elevated temperatures and/or high pressures.
Particular attention is paid to the pressure-induced transition from the rutile to the fluorite structure
in view of earlier theoretical estimates of the transition pressure, which differ widely. It is shown
that previously reported potentials obtained by fitting to empirical data fail to reproduce
thermodynamic properties. To rectify this, a new set of consistent two-body potentials has been
derived fromab initio periodic Hartree—Fock calculations. Lattice dynamics calculations in the
quasiharmonic approximation based on these potentials has been used to study the two phases of
MgF, at highT andP. The resulting transition pressure and that obtaidieelctly from Hartree—

Fock calculations in the static limit are both30 GPa, which is close to the experimental value but
appreciably lower than a previous molecular dynamics value of over 130 GPa. The variation of
quantities such asof/JT)y which play a central role in the formulation of approximate equations

of state is also considered. ®997 American Institute of Physid50021-960807)51035-X

INTRODUCTION lations in the static limit aP=0. Estimates of the transition
pressure from static calculations usiRg~—(AE/AV)p_g

It is now widely accepted that computational techniquesgave P~ 25 GPa for both the Catti potential and electronic
provide an attractive approach for investigating the behaviostructure calculations. Extrapolation of the lattice dynamics
of solids at high pressure and temperature. This is an impofesults led to a value d®, in the range 30—-40 GPa. How-
tant aspect of condensed matter chemical physics in aregser, above~23 GPa, imaginary frequencies at certain
ranging from the modeling of explosives to geophysics. Ag-vectors were found for the rutile structure, indicating the
number of studies have been reported of the B1-B2 transiattice was unstable; no such instability was detected for the
tion in the alkali halides and alkaline-earth oxideSwith  flyorite structure at these pressures. The discrepancies be-
rather less attention paid to tetragonal and other noncubigyeen the results from lattice dynamics and from molecular
systems, which often represent a step forward in the study Qiynamics simulations were surprising, because previous
crystal complexity. In particular, the rutile—fluorite transition gjmy|ationd® of MgO and Li,O over a very wide range of
in MgF, has been studied by Nga and Onging molecular pressure andjor temperature indicated a remarkable degree of
dynamics techniques and an empirical Born—Mayer pOte”t'aégreement between the two approaches.
fitted by Cattiet <_':1I. to the lattice parameters and elas.tic.con- Further(unpublishegl calculations by the present authors
stants of the rutile pha§eAItho_ugh there was some indica- \yith the Catti potential, using finer grids of vectors in the
tion that this interionic potential might not lead to a stablegj;quin zones of the two phases than those previously
fluorite structure, the molecular dynamics resutiave the mployed® have revealed imaginary frequencies not only for

rutile phase as stable_ up to pressures O_f about 85 GPa,_f he rutile structure but also for the fluorite structure at all
lowed by an intermediate phase of ill-defined structure, Wltr%

the fluorite phase becoming established at about 135 GP res,sures.up o at Igast 5-0 GPa, thus anflrm|ng Nga and
ng’s earlier suggestiohThis not only prohibits lattice dy-

This is over four times the experimental valus about 30 . . L
GPa and approximately three times an earlier theoreticar|1am|cal calculations, but also implies that both structures are
unstable. The Catti potential does indeed predict a minimum

estimate’. In an attempt to clarify this situation, Allaet al” in the static energy with respect to changes of lattice param-
recalculated the transition pressure using both lattice staticgt ( lled “gy hani Ip tability f 9 th il pd
and quasiharmonic lattice dynamics based on the Catti poq er (so-called “mechanical” stability for the rutile an

tential, and also fronab initio periodic Hartree—Fock calcu- fluorite structures, but th_e instability now revealed with re-
spect to more general displacements renders the use of the

Catti potential invalid, not only for calculations at nonzero
dpermanent address: Universidad de Buenos Aires, Facultad de Ciemi?émperature but even in the static limit itself

Exactas y Naturales, Departamento de'rioa Inorgaica, Analtica y The fail ' f the Catti potential it .t th

Quimica FEsica, Pabello 2, Ciudad Universitaria, 1428 Buenos Aires, Ar- € Tallure or the Lattl potential necessitates the genera-

gentina. tion of an alternative for high temperature studies, since elec-
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4338 Barrera et al.: lonic solids at high temperatures and pressures

tronic structure methods cannot easily be used directly othefABLE 1. The potential parameter set for MgBerived in this work. For

than in the static limit. Accordingly, in this paper we presentezCh f]a"w'se interactiow/(r)=A exp(r/p)—Cr™*, with a cut-off of 8 A.

a new set of potentials derived fromb initio periodic The charge on Mg is 1.6@8

Hartree—Fock calculatior$:*®* Our approach is similar to Interaction AleV oIA Clev A6

that used for LjO (Ref. 11), for which dynamically stable

structures up to the fast-ion transition temperature were ob-

tained. As beforé! these new potentials are entirely theoret-

ical, with no empirical input, and have been constructed by

sampling parts of théHartree—Fock energy hypersurface

that are relevant to high temperatures and pressures. Théttice statics and quasiharmonic lattice dynamics

appear to lead to dynamically staple rut?le and fluorite struc- To calculate free energies we have used the quasihar-

tures, and_ hence can be used to investigate the properties fonic approximation, and assumed the Helmholtz free en-

MgF at high pressures and temperatures. We use them a gy of a crystalA, at a temperaturel, can be written as

the greater computatlonal_ resources now available t_q us, flrﬂ;]e sum of static and vibrational contributions

to resolve the apparent discrepancy between transition pres-

sures obtained from lattice dynamics and molecular dynam- A= P gt Ayip, (1)

ics, and then to examine other temperature and pressure dgpare @

Eﬁ:gﬁg; ?gssglfrseemenseorr;;s?ritcazlllj.relsn vcgeaéglig:oaf:nfo?f’*.“b .the vibrational contribution given by the Born expres-
e X , ' Y7 sion:

the first time, a comparison of res%t(s obtained from analytic

derivatives of the dynamical matrix with those obtained _ 1

from numerical derivatives of the Helmholtz free enetdy, A"ib_% {zhwj(@) +KTIn[1=exp(—hw;(@)/k D]},

and show them to be identical. Further, we examine critically 2

the effect on the results of employing the zero static intern

stress approximatiofiZSISA),'® a widely used approxima-

tion in which the total free energy is minimized only With 404 from the dynamical matrix in the usual way, and so are

reSp,e“ to external .strairqlsattic_e par qmete_}swhile internal explicit functions of the crystallographic parameters, but not
strains are determined by minimizing simultaneously only f

h ) ibution. Finall ider briefly th . Jof the temperatureT. We sum over uniform grids of
t_ € St"?‘t'c contribution. Finally, we consi ier brie _V_t € V"?m‘""q-vectors%9 using successively finer grids until convergence
tion with T andP of some thermodynamic quantities of im-

i hieved.
pprtance to_approximations used in geophysics and explo-s a(l::oftﬁg fluorite structure there is only one independent
sives modeling. parametera giving the size of the cubic unit cell. For the
rutile structuré® there are three parametessandc give the
dimensions of the tetragonal cell, but a further “internal”
parameter,u, is needed to determine the positions of the
TECHNIQUES fluoride ions. For such a crystal, it is simplest to treat the
internal strain as a thermodynamic variable on the same foot-
ing as macroscopic straift?1?Thus the equilibrium struc-
The all-electronab initio LCAO Hartree—Fock method tyre at applied pressure can be found by minimizing the
for periodic systems and its computational implementation ingjpbs energy £+ PV) simultaneously with respect @, c,
the CRYSTAL 92 code have been described in detailandu. To achieve this, we have used a standard conjugate
previously:*** The calculations reported here use extendedjradients techniqué For this it is necessary to calculate the
Gaussian basis sets for Mgierived previously by Catti strain derivatives of5, which are evaluated using analytic
et al® The numerical values of the tolerance parameters ingerivatives of the dynamical matrix in first-order perturba-
VOlVed in the eVaIUation Of the |nf|n|te bielectronic Coulomb tion theoryg4 Results Obtained in th|s Way are in exce"ent
and exchange series were identical to those in a recepigreement with derivatives obtained numerically using finite
study?® and chosen, as previously, to ensure high numericahcrements of 10° in the strains.
accuracy. A detailed account of the effect of these tolerances
has been given elsewhefreSince our study required the
comparison of energies for very different crystal configura-
tions and structures, very high accuracy was necessary, and To check the quasiharmonic approximation we have car-
so all bielectronic integrals were calculated explicitly. Theried out molecular dynamics simulations at constant pressure
reciprocal space integration utilized the Monkhorst—Packand temperature based on an extended system as described in
sampling schent& with a shrinking factor of 8(i.e., 144 Ref. 25. The same interionic potentials were used as for the
points in the irreducible part of the Brillouin zone for rutile, lattice dynamics calculations. The initial configuration for
and 29 for fluorite¢. The self-consistent-fieldSCH conver-  each phase was generated by arranging92 Mg and 384 F
gence criterion was taken to be changes in the total energy @bns in a box of sides %4.52, 4x4.52, and 6<3.09 A
less than 108 Hartree. (rutile); (i) 256 Mg and 512 F ions in a cubic box of side

MgZ*IF~ 5971.77 0.212 726 8.959 64
FIF 224 00.8 0.191 711 —24.8042

stat IS the potential energy of the static lattice and

a4Nhere thev;(q) are the normal mode frequencies for wave
vectorq andk is Boltzmann’s constant. The(q) are evalu-

Hartree—Fock calculations

Molecular dynamics
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FIG. 1. A comparison ofa) Mg—F (b) F—F potentials for Mgk The arrows

denote the closest Mg—F and F—F separations at 300 K.
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FIG. 2. Gibbs energgkJ mol™1) vs pressuréGPa for the rutile and fluorite
phases of Mgk calculated in the static limit using periodic Hartree—Fock
calculations and the basis set listed in Ref. 6.

the lattice parametear was varied from 2.5 to 3.7 in steps of
0.1 A, keepinga=a, andu=uy; (iii) last, u varied from
0.25 to 0.35 in steps of 0.01, keepiag-a, andc=cq. The
short-range interionic potentials fitted simultaneously to all
these energies were assumed to be of the Buckingham form,
giving total pair potentials

ZaZb/r +Vab(r) =ZaZb/r +Aab eXF(_ r/pab)
—Capr ~° ()

Here a and b refer to the ion type and is the interionic
distanceZy4, andZg were put equal to the Mulliken charges
of 1.808 and—0.904e, respectively, for the Hartree—Fock
optimized rutile phase @ =0. For simplicity, the Mg—Mg
interaction was assumed to be purely Coulombic. The re-

length 4x4.95 A (fluorite). Constant NVE runs of 10 ps Maining parameters were then obtained by fitfifig,- and
gave initial configurations. This configuration was used as’Fr Simultaneously with a cut-offfc8 A for both. The final

the starting point for equilibration runs of 10 ps, followed by Potential parameters are listed in Table I.

production runs of 10 ps at constant NPT for each pressure

It is instructive to compare our fitted potentials with

and temperature considered. The temperature and pressi@ne other recent sets in the literature. In Fig. 1 we plot the
were kept constant by using an extended system with theflon-Coulombic contributions to the Mg—F and F-F poten-

mostat and barostat relaxation times of 1 and 0.5 ps, respe

tials derived in this work and those developed by empirical

s 26 ; 7
tively. The reliability of the results was checked by selecteditting by Cormacket al,™ and by Kim and Chod! There
further runs with simulation times longer than 10 ps.

RESULTS

Potentials

The approach we have used to deriymir) potentials

are large differences between the various potentials, particu-
larly at the nearest neighbor Mg—F@.0 A) and F—F dis-
tances €2.5A). In particular, the Mg—F potential due to
Cormacket al?® is more repulsive than the others and their
F—F potential less so. The Coulombic contributions to the
potentials are also very different; Ref. 26 assumes full ion-
icity while Ref. 27 assigns a charge of only 1&60 Mg.

directly from Hartree—Fock energies differs somewhat from

that employed previouslty for Li,O; all the potential param-
eters were fitted simultaneously to the energies of a set O-F
different configurations instead of displacing each sublattice

ransition pressure

We now present results for a range of properties which

relative to the other and fitting each potential in turn. Ener-are traditionally difficult to calculate accurately. We start

gies were calculated solely for the rutile phase, as folldis:

with the static equilibrium structure of MgFat high pres-

the lattice parametex was varied from 4.1 to 5.1 in steps of sure. Figure 2 shows the variation & with P for both

0.1 A, keepingc and the internal degree of freedamcon-
stant at their equilibrium values Bt=0, ¢y andug; (ii) next,

phases in this limitin which G=H =&+ PV), calculated
directly using thecrYSTAL 92 code'® For the fluorite phase,
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the electronic energyb,; was determined for a range of -2000 . , , ,
volumes and the corresponding pressure  from 2050 | /_
—(ddg,/dV), evaluated numerically. For the rutile phase, rutile —

for a given volume, the structure was found by minimizing -2100 - fluorite ---- .

the electronic energy with respect to the ratio of the lattice 2150
parameters andc and to the internal coordinate and the 29200
pressure determined as for the fluorite phase. In the static
limit the Hartree—Fock transition pressure is found to be 30 —~ -2250
GPa, in good agreement with the experimental valde. -2300
corresponding periodic Hartree—Fock study of the B1-B2

kJ/mol

G

transition in NaCl by Apreet al2 suggests that the inclusion -2350 ]
of electron correlation effects, at least applaegdosteriori is -2400 —
unlikely to change this value by more than a few percent. In 2450 L 1 L i
contrast, the transition pressure estimated from zero pressur 0 5 10 15 20 25
data, i.e., fromP;~—(AE/AV)p_q, is only 23 GPa, too P/ GPa

low by ~25%.

To estimate the temperature dependence of the transitidfC: 3- Gibbs energyk mol™®) at 300 K vs pressuréGPg for the rutile

h d latti d . in th ih and fluorite phases of Mg alculated using lattice statics and dynamics and

pres;ure, We_ aYe use a. Ice dynamics In the quasihajs, potential derived in this work listed in Table I. A grid of 8#points was
monic approximation. For this purpose we can use our neWsed.
two-body potentials because, unlike those of Gattil,, they
give no imaginary frequencies for either crystal structure di ¢ q ) 4in Fi
over the relevant range of geometrical configurations. WitHPorted In rl}?e S: iG and 27, rrt]aspectl\f/fét){otte |n“ F'g'hll'
these potentials we obtain a transition pressure in the statﬁ!“ow'r?glt atin this respect they perform as well as the new
limit of ~12 GPa, of the same order of magnitude but conPOtem'lf' hole. th | ¢ all th lculati
siderably lower than the 30 GPa given by the direct compari- | 2Ken as a whole, the results of all these calculations
son of Hartree—Fock energies for the two structures. Theuggest a tran§|t|on to the fluorite structures in the range
two-body potentials are, of course, unable to reproduce exlo_30 GPa, which is over 100 GPa less than that suggested

actly the Hartree—Fock energies, and the transition pressu%_y Nga and Ong.Thus we.fmd no evidence from any of the
is sensitive to small changes in the energy becalGere- ifferent types of calculations presented here that the ther-
mains small over a large range of pressures modynamic transition pressure, at any temperature, between

Figure 3 shows the total Gibbs free energy as a functiorlihe rutile and quori'Fe phases TOf MNQF'S much in excess of
of pressurgGPa for the rutile and fluorite phases of MgF € apparent experimental valusf ~30 GPa. It might well
at 300 K, calculated using quasiharmonic lattice dynamic?e that the molecular dynamics result arises from an activa-
with the new potential. The model still give®,~12 GPa: tion barrier to the transition, similar to that observed in the

the vibrational effects o, which can be calculated either Bl_,BZ trans_itioq for the alkali hglidé‘sCaIcuIatio.n.s inves-
directly, or from dP/dT=AS/AV, are negligible tigating the kinetics and mechanism of the transition are cur-
(|dP,/dT|<0.001 GPa K1). Furthermore, the inclusion of rently in progress.

a shell model for F, with an associated polarizability of
1.07 A3, also made little difference t®,. The value ofP,
~12 GPa may be compared with those =8 and ~20 We now consider in more detail selected thermodynamic
GPa obtained using the empirical sets of pair potentials reproperties of the two phases, considering first the lattice pa-

Thermal expansion

TABLE II. Hartree—Fock optimized geometries for the rutile and fluorite phases of,Mbtined using the basis set tabulated in Reli 8efers to the

internal degree of freedom, such that in the asymmetric unit there is a fluorine ionugd) (fractional coordinates The experimental geometry at 300 K

is also givenRef. 35. For the rutile phase we also give the values predicted at 300 K and zero pressure by quasiharmonic lattice dynamics and the potentials
obtained in this work. For details of the ZSISA and CISPA approximations see the text.

Lattice Lattice Lattice Molecular
Experiment dynamics dynamicst- dynamics+ dynamics
Parameter Hartree—Fock (300 K) (300 K) ZSISA (300 K) CISPA (300 K) (300 K)
Rutile
a/A 4.637 4.628 4.615 4.615 4.615 4.611
clA 3.087 3.045 3.135 3.136 3.135 3.131
u 0.3032 0.3030 0.305 0.306 0.306
Fluorite
alA 4.931 4.940

J. Chem. Phys., Vol. 107, No. 11, 15 September 1997



47
4.69
4.68
4.67
4.66
4.65
4.64
4.63
4.62
4.61

a/A

3.25

3.2

3.15

c/A

3.1

3.05

0.3075

0.307

0.3065

]

0.306

0.3055

()

FIG. 4. Calculated variation od, ¢, andu with temperature for the rutile

phase of Mgk

rameters and thermal expansion of the rutile phase of MgF
at zero pressure. It is well-known that the Hartree—Fock
method generally overestimates lattice paraméfetsand
for MgF, the Hartree—Fock lattice parametersand c are
slightly larger than experimefit(Table 1l). Figures 4a) and
4(b) show the same is true of the values predicted using the
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FIG. 5. Calculated and experimental thermal expansion of the rutile phase
of MgF,.

a andc, calculated from both lattice dynamig¢sD) and
molecular dynamicgMD), is very close to experimerfs
shown in Figs. 4a) and 4b)], surprisingly even at tempera-
tures quite close to the melting poiit520 K). At low tem-
peratures the MD values fa andc are lower than the LD
values because only the latter takes account of quantum ef-
fects (zero-point vibration which expand the lattice by a
small amount; but the effect of zero-point energy is much
less important for Mgk (estimated dilations aT =0 are
5a=0.017 andsc=0.014 A) than for the lighter LiO con-
sidered previously! At high temperatures the MD results
serve as a check of the validity of the quasiharmonic ap-
proximation. The LD results show a characteristic diver-
gence of slope from the MD results for=1300 K, indicat-

ing that this approximation is beginning to break down.

The variation with temperature of the volumetric thermal
expansion coefficienB (= (dV/dT)p/V) is shown in Fig. 5,
where LD results obtained using various two-body potentials
are compared. Using the potential derived in this work,
agreement between experim@nand quasiharmonic lattice

5
4
¢ ,
g 37
=
s o2
Q.
1_
0 | 1 1 1 1 1 1

0 200 400 600 800 100012001400
T/K

new potential obtained_ by fittir_1g to the Ha_rtree—Fock eNergig. 6. K (MPa K %) vs T(K) for the rutile phase of MgFat zero pres-
gies. However, the variation with of the lattice parameters sure.
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FIG. 7. BK-(MPaK™) vs P(GPa) for the rutile and fluorite phases of FIG. 8. Calculated variation of the thermal expansion coefficigmith
MgF, at 500 K. pressure for the rutile and fluorite phases of M@F500 K.

dynamics is excellent. The rapid increase in the expansiofReratures(Fig. 4¢. Nevertheless these changes are very
coefficient forT=1300 K predicted by the lattice dynamics small. For the temperature variation of the lattice parameters
again reflects the failure of the quasiharmonic approximatior® andc, and hence thermodynamic properties, CISPA hap-
at these high temperatures. Figure 5 also shows that theens, for Mgk, to give values closer to those from the com-
newly derived potentials perform better here than those fronplete minimization than ZSISA itself. This is because the
Refs. 26 and 27. fully minimized u goes through a maximum over the range
Last, in this section we comment on a common approxi-of temperatures considered and hence varies very little, so
mation used in lattice dynamics at elevated temperaturedhat a constant value as assumed by CISPA turns out to be a
namely, the zero static internal stress approximatiordood approximation.
(ZSISA).*® In determinations of equilibrium structures above
0 K, this approximation can reduce the computational efforApproximate models

considerably. The free energy at each temperature is mini- \ve conclude our study by examining the temperature

mized with respect to external strains only, simultaneously,nq nressure dependence of some quantities of importance to
d_etermmlng the mt.ernal strains by minimizing thgtic lat- approximations used, for instance, in geophysics. For ex-
tice energy, requiring ample, it is often assumed that the partial derivative
IG IG D it (dP/dT)y, which is equal tg3K+, the product of8 and the

Ja =(%) :(T) =0, isothermal bulk moduluK+, is effectively independent of

au ac at and above the debye temperat@xg.e., that the “thermal
instead of minimizing the total free ener@/with respectto pressure” varies linearly withT. The agreement of our
both externaland internal strains. Although this may give an model with experiment both fo8 (Fig. 5 and for the bulk
incorrect internal strain, it gives to first order the correctmodulus at 300 K(107.5 compared with the measufed
external strain at each temperature. An even cheaper ap06.2 GPaencourages its use at temperatures and pressures
proximation is CISPA(constant internal strain parameter ap- where experimental data are not available. Accordingly, Fig.
proximation), which fixes the internal strains at those calcu-6 shows thatgK; for the rutile phase of Mgfrises only
lated in the static limit; with our choice af as internal strain  slowly with temperature fof =@, as calculated for the B1
coordinate, CISPA thus requires that the fractional coordiand B2 oxides and halides considered previotély.

nates of the basis atoms do not vary with temperature. It is also often assumed thgK; is independent of vol-

For MgF, the use of either of these two approximationsume at high pressures, although AndefSdras pointed out
makes little difference to any of the properties calculated irthat for some solids it decreases with pressure. For the two
this paper, as is clear from the values listed in Table Il ancphases of Mgk, Fig. 7 shows a small decreasegiK; with
the relevant curves in Figs. 4 and 5. For example, a fulincreasing pressure. This effect is similar to that noted for
minimization gives values of 4.614 97, 3.13503, andMgO over a similar compression rantf&Vore dramatically,
0.305 69 A fora, ¢, andu, respectively, for the rutile phase BKy is more than doubled at the transition from the rutile to
at 300 K; the corresponding results from ZSISA are 4.614 94he fluorite phase. These results call into question the uncriti-
A, 313576 A, and 0.30599 and CISPA 4.614 99 A, cal use of common assumptions used in formulating approxi-
3.134 77 A, and 0.305 60. CISPA assumeis not a func- mate equations of state. We note also that at the phase tran-
tion of temperature; ZSISA predicts an increaseuinwith sition the bulk modulus of the fluorite phage 165 GPa at
temperature, while a full minimization indicates an increases00 K) is larger than that of the rutile phase 152 GPa at
at low temperatures followed by a decrease at higher ten00 K), consistent with our earlier work on the B1-B2 tran-

c,u
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sition, but contrary to the suggestion by Heinz and Jedhloz peratures, particularly bearing in mind that molecular dy-

of a marked decrease K at such a phase transition. namics simulations can be orders of magnitude more expen-
Another quantity widely used in geophysical approxima-sive. Reasons for the utility of lattice dynamics are that the

tions is the isothermal Anderson—G®risen function,oy, results are often simpler to interpret than those from molecu-

given by lar dynamics simulations and that high precision is readily

S2=— (910 K114 In V)p=— (3 In 814 In V)r. achieved; that quasiharmonic lattice dynamics is pa_rticu!arly
useful at low temperatures where molecular dynamics simu-
We find that for the rutile phase over its entire pressurdations fail below the classical region; that, as observed
range,B is approximately proportional tg* at 300 K, where  previously'° lattice dynamics can also be remarkably robust
t~7, thus givingdt a constant value of 7. In contrast, for the at elevated temperatures; and that it provides an extremely
fluorite phases decreases with pressure from5.7 at the  sensitive test for interatomic potentials, such as those used
transition to~4.7 at 80 GPa, still higher than the value of originally by Nga and Ong,in a way that would be very
8r~3 deduced by Anderséhfrom seismic data for the difficult for molecular dynamics.
lower mantle, but in agreement with the observation of O. L. To sum up, this study has led to a consistent picture of
Anderson thatdt decreases at high pressures. For comparithe rutile—fluorite transition pressure in MgRhe ab initio
son, the corresponding theoretfcahd experimentdf value  calculations and lattice dynamics predict a thermodynamic
for MgO ist~6. For MgF; the calculated value g8 is larger  transition under pressure between the rutile and fluorite
in the fluorite phase than in the rutile phase. At 500, phases within the range 12—30 GPa, which is consistent with
increases by over a factor of 2 at the phase transition. Corthe reported experimental vafuleut much lower than a pre-
sequently, because of the phase change, there is no markgidus molecular dynamics estimate of over 130 GPa. Fur-
decrease of3 with pressure for Mgk (Fig. 8 (cf. MgO,  thermore, the change in transition pressure with temperature
where there is no phase transition over the range of pressur@s predicted to be very small indeed. We have also derived
considered heje The implications of large values @ for  thermal expansion coefficients in good agreement with ex-
minerals have been discussed, for example, by Chopelas apeériment, and derived other thermodynamic quantities such
Boehler®* as (@P/dT)y which are crucial to approximate equations of
state. In conclusion, we believe that the simple approach to
the treatment of ionic solids at elevated temperatures and
pressures presented here has proved sufficiently robust to
In this paper we have presented a range of computelyistify its wider use, and in particular its extension to more
thermodynamic properties of Mgfbased on four distinct complex systems.
procedures, namely, lattice statics, lattice dynamics, molecu-
lar dynamics, ancb initio electronic structure calculations. AckNOWLEDGMENTS
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