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Change in the bulk modulus at theB1-B2 phase transition
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Ab initio Hartree-Fock calculations for NaCl are used to derive the changes acro&ltB@ phase
transition in both the bulk modulus\K+) and the transverse infrared frequendyifo). AK+ is found to be
positive but very small, and vg negative and relatively large=20%). In contrast, using a relationship based
on lattice dynamics with rigid ions and short-range repulsion only between nearest neighbors, Hofmeister
[Phys. Rev. B66, 5835(1997)] has recently deduced from the observed drop-ig, itself in good agreement
with the Hartree-Fock calculations, that there should be a marked dréf; inWe have, therefore, also
calculatedAK+ and A vrg for NaCl using lattice dynamics, with a shell model that incorporates short-range
potentials between both first and second neighbors, obtaining good agreement with the Hartree-Fock calcula-
tions. This calls into question the use at high pressures of a semiempirical relation between infrared frequencies
andKy, based on a model which includes only nearest-neighbor short-range interactions. Similar calculations
for CaO give a much larger increase in the bulk modulus across the phase boundary, still accompanying a
dramatic drop invrg. [S0163-18209)13125-4

Considerable experimental and theoretical attention haphonon frequencies as well as to estimate thermal effects.
been paid to the pressure-induced phase transition from th&/e concentrate on NaCl and, for comparison, CaO, since, as
B1 (NaCl) to theB2 (CsC) structuret—3which serves as an noted by ourselves and othérd!® binary halides may not
important model for other structural phase transformationserve as good model systems for binary oxides.
such as those important in geophysics_ Recenﬂy, in the As E|SEWheré,2 ab initio periOdiC Hartree-Fock calcula-
course of extensive infrargdR) measurements on the alkali tions were carried out using therYSTAL 95 code;**® with
halides up to pressures of 42 GPa, Hofmefsteund that the ~ extended Gaussian basis sets appropriate for the solid state
principal IR frequencies dropped sharply when the phaséaken from previous work on Na@?.A posterioricorrelation
changed fromB1 to B2. She went on to suggest that thesecorrection$’ were based on the correlation-only density
results indicated that the bulk moduls would also drop ~ functional of Lee, Yang, and Pal?.For the B1 and B2
sharply at the transition, using a semiempirical relation beStructures the unit cell is described by a single lattice param-
tweenKy and the principal infrared frequencies. This rela-tera, so that the equilibrium structure at applied pressure
tion is based on a rigid-ion model with a repulsive short-Pg, can be found by minimizing the availabily G=F
range pair potential between nearest neighbors, and has beerP.,V directly with respect toa. All electronic structure
verified empirically to a good approximation at 1 atm. calculations are in the static limit in which the Helmholtz
Hofmeistef estimated that, for NaCIK; decreases by 16 free energy equalsbg,. The derivativesd®,/dV(=
+3% at theB1-B2 transition pressure of 32 GPa. —P) were evaluated numerically. At equilibriufd= P,

Although a decrease iK; has also been proposed by and the availability equals the Gibbs energy. At the thermo-
Heinz and Jeanlozthis result is most surprising. A change dynamic transition pressui,,,s, the Gibbs energies of the
of such magnitude is not in agreement with most previougswo phases are equal. The bulk modulus at any pressure
theoretical studies. For example, the Hartree-Fock studies = —d®,,/dV) was calculated fronV(d?® g,/dV?).

Apra et al® predict a small increase i at the transition, In the static limit the calculated Hartree-Fock thermody-
and similar results have been obtained in the linearizeshamic transition pressurf, for NaCl is 38 GPa. This is
augmented-plane-wave calculations of Feldnearal.” and  somewhat larger than the experimental values of 27 GPa
the local-density-approximation based calculations of(Ref. 19 and 32 GPdRef. 4, but the calculated transition
Bukowinski and Aidurf A previous simulation studyof  pressure drops to 27 GPa with the inclusionaoposteriori
NaCl, based on electron-gas pair potentfaind including  correlation corrections based on the Lee-Yang-Parr
vibrational effects via quasiharmonic lattice dynamics, confunctional® (see Table )l At P,, the Hartree-Fock bulk
cluded that the bulk moduli for the two phases are very simi-modulus increases from 164 to 165 GPa. When correlation
lar. corrections are included, this slight increase is enhanced

The behavior oK is crucial for many approximate mod- (Table ). At pressurest5 GPa from the respective transition
els and equations of state. Accordingly in this work we ex-pressures the difference in bulk modulus between the two
tend our earlier work'? on theB1-B2 phase transition to phasesB2—B1) remains positive; all the calculated values
investigate this discrepancy. We check i initio results  are collected together in Table I. Even if the observed tran-
by making simultaneous Hartree-Fock calculations of transsition pressure fronB1 to B2 was as much as 5 GPa above
verse IR frequencies as well as Kf, and we check the the thermodynamic transition pressure due to kinetic effects,
semiempirical relation used by Hofmeister by using a moreour Hartree-Fock and Hartree-Fotekorrelation calculations
fully developed lattice-dynamical model to calculéte and  do not support a decrease of 16%Kin at the phase change.
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TABLE |. Calculated thermodynamiB1-B2 transition pres- We have carried out pair-potential calculations for NaCl
sures and bulk moduli for NaCl at a range of pressures fromgt T=0 andT=300K. At T=0 we findP,=34.0 GPa, with
Hartree-Fock calculations and Hartree-Fock calculations including; very small increase in bulk modulus from 188 GB4 ) to
a posterioricorrelation corrections. 190 GPa B2). At 300 K, K, has dropped slightly to 33.3
GPa, and the bulk moduli of the phases are virtually identical

HE CO;‘;aJ;ioﬁ a_t 18_1 GPa. These values SL_lgg_e_st that the inclusion of the
vibrational terms does not significantly alte&vrK; at the
Bl B2 B1 B2 phase transition. At both temperatures, and for both phases,
P. (GPa 38.2 27.2 changing the pressure by5 GPa fromP, changesK; by
Kr (GPa (at P,+5 GPa) 181 181 164 168 =20 GPa with consequently no changeAK .
Kt (GPa (atPy) 164 165 142 146 The calculated decreases in the infrared vibrational fre-
Ky (GPa (at P,—5 GPa) 147 149 123 127 quencies during thB1-B2 transition are in good agreement

with experiment. The change in the bulk modulus deduced
from these frequencies using the semiempirical rel&ti®in

We have calculated phonon frequencies at Eh@oint much poorer agreement both with thb initio calculations
using the frozen-phonon approximation as described’md with the lattice-dynamical model. Hofmeiétetates that

previously?® Coulomb terms were summed using the Ewaldt1€S€ drops in vibrational frequencies are “due to the de-
summation; thus no macroscopic fields are generated and tif§éa@se in bond strength as ionic separation increases, and
I-point distortion corresponds to the transverse-offi®)  Strongly suggest that the bulk modulls; generally de-
mode. The calculated Hartree-Fock values, reported in Tablgreases during the transition.” This argument is incomplete,
ll, are somewhat higher than experiment, consistent witHargely due to the neglect of next-nearest-neighbor interac-
previous experience that molecular and periodic Hartreetions.
Fock calculations tend to overestimate vibrational At P, the volume of theB2 phase is smaller than that of
frequencie€? However, the variation in the TO frequency B1. However, althoughAV is negative, the nearest-neighbor
for theB1 phase with pressure is similar to that observed bydistance increases, from 2.48 to 2.66 A in our pair-potential
Hofmeister} and so is the negative change in this frequencycalculations, with a corresponding lowering of force con-
(=~—19%) from the B1 to theB2 phase aP;. For NaCl, stants for the nearest-neighbor interactions. In contrast, the
therefore, periodic Hartree-Fock calculations indicate thenext-nearest-neighbor distance decreases from 3.51 to 3.07 A
bulk modulus increases only slightly across tB&-B2  and the force constants for the next-nearest-neighbor interac-
phase transformation, but there are pronounced drops in thfyns are likely to increase. With no change in force con-
infrared phonon frequencies in agreement with Hofmeister'stants the change in the bulk modulus would simply reflect
measurements. the increased coordination number. The actual change re-
We estimate the vibrational contributions to the bulkflects the balance between these contributions.
moduli of the two phases by means of pair-potential calcu- The bulk modulus depends both on the nearest-neighbor
lations. We use lattice statics and quasiharmonic |atticeand next_nearest_neighbor interactions. In contrast, the
dynamics method$, and the set of two-body shell-model atomic displacements corresponding to @0 optic modes
potentials for NaCl are taken from Ref. 22. They includedo not change the next-nearest-neighbor distance. In a pair-
nearest-neighbor and next-nearest-neighbor short-range ipotential model, therefore, the change in infrared frequencies
teractions. The vibrational Contributicﬁq,ib to the Helmholtz from one phase to the other will indeed be go\/erned |arge|y

4 ee, Yang, and Parr functionéiRef. 18.

free energy is given by by the increased coordination number and the change in
1 nearest-neighbor force constant. The decrease in this force

F o= Thr (@) +KTInM1=exo —hv:(a)/kT constant provides a simple physical explanation for the ob-
vib E 2 vi(a) [ A—hw(@)/kT)] served marked decrease in the IR frequencies across the tran-

) sition, whereas the bulk modulus may increase or decrease.
where thev;(q) are the normal mode frequencies for wave The model also indicates that rait phonon frequencies will
vectorg andk is Boltzmann’s constant; the;(q) are thus  jecrease from thB1 to B2 phase, as is clear from Fig(al,
explicit functions of the crystallographic parameters but notyhich shows vibrational densities of states for NaCl at 300 K
of the t3emperatureT. We sum over uniform grids off  gerived by averaging over the entire Brillouin zone. Whereas
vec';orsz, using successively finer grids until convergence ise high-frequency optic modes decrease in frequency across
achieved. In the static limi ., is zero. GivenF, equations  the phase boundary, other modes may increase in frequency;
of state, transition pressures and bulk moduli are determineg |o\wer frequencies there is a marked shift to higher fre-
as in theab initio calculations. quencies. Similar variations are observed in both rigid-ion
and shell-model calculations. Finally our lattice-dynamics
calculations reveal imaginary frequencies for B2 struc-
ture of NaCl at pressures less than 2.5 GPa. This not only
prohibits lattice-dynamical calculations but also implies that

TABLE Il. Calculated Hartree-Fock transverse-optic mode fre-
quenciegTHz) at thel” point for NaCl.

- + )
Pressure Pt~ 5 GPa P Pit5GPa the B2 structure is unstable at these lower pressures, con-
B1 11.4 11.9 12.4 firming Hofmeister's suggestich.
B2 9.1 9.6 9.8 Our results thus call into question the use at high pres-

sures(as in Ref. 4 of a semiempirical relation based upon a
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(a) NaCl in CaO, which is a possible “invisible” component of the
. ' Earth’s lower mantlé* Using the extended basis set from
—— B1 Phase previous worlé® Hartree-Fock calculations and Hartree-Fock
7o B2Phase calculations including correlation corrections indicate an in-
crease irK of ~10 GPa aP;. A pair-potential shell model,
using the set of potentials from Ref. 26, also indicates a
comparable increase in bulk modulus at the phase transition,
both in the static limit and at 300 K. Vibrational contribu-
tions are small, as for NaCl. The marked increas& jnfor
CaO confirms suggestich$'®that the equations of state of
halides and of oxides need not follow the same behavior.
Indeed, as pointed out in Ref. 4, the alkali halides themselves
: L show a wide range of behavior. Despite the increase in bulk
5.0 10.0 15.0 . :
Frequency (THz) r’qodt_;lus atP.t, in CaO, as in NaCl, the t_ransverse and lon-
(b) CaO gitudinal optic modeslecreasemarkedly in frequency; the
TO mode decreases by20% from theB1 to theB2 phase
in our pair-potential model. The vibrational densities of
states for théB1 andB2 phases, calculated using this model
and shown in Fig. (b), show the same qualitative differ-
ences between the two phases as NaCl, and are consistent
with our simple force-constant argument.

In conclusion, for NaCl we have presented a rangelof
initio and lattice-dynamical calculations in which there is no
marked decrease in bulk modulus acrossBlieB2 transi-
tion accompanying the drop of the infrared active frequen-
cies. We have presented a simple physical model to explain
5 50 00 this in terms of next-nearest interactions. Our results call into

Frequency (THz) question the use at high pressures of a semiempirical relation
between the bulk modulus and the infrared frequencies based

FIG. 1. Shell model vibrational densities of states at 300 K andon a model which includes only nearest-neighbor short-range
the calculated thermodynamic transition pressure foBthendB2 interactions. Analogous calculations for CaO indicate a
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phases ofa) NaCl and(b) CaO. marked increase in the bulk modulus across the phase bound-
ary.

model that includes only nearest-neighbor short-range inter- .
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