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IR spectroscopy of alkali halides at very high pressures: Calculation of equations of state
and of the response of bulk moduli to theB1-B2 phase transition

A. M. Hofmeister
Department of Earth and Planetary Science, Washington University, St. Louis, Missouri 63130

~Received 30 January 1997!

New infrared~IR! data on NaF, NaCl, KCl, KBr, and KI were obtained at pressures of up to 42 GPa. The
large (;20%) drops in vibrational frequencies of alkali halides upon transformation of theB1 phase toB2 are
due to the decrease in bond strength as ionic separation increases, and strongly suggest that the bulk modulus
KT generallydecreasesduring the transition, rather than increases, as commonly accepted. Bulk moduli and
equations of state forB1 phases are obtained from one initial volumeV0 and our vibrational frequenciesn i(P)
using a semiempirical model~previous IR data are used for Rb halides!. For substances with a cation radius
that is greater than 0.6 times the anion radius, initial valuesK0 are within 0.4 to 5% of ultrasonic determina-
tions: thus, this model is accurate for cases where quantum mechanical calculations falter. The converse holds
for relatively small cations. Curvature ofKT with pressure matches the previous determinations even ifK0 is
not precisely predicted, which allows determination not only ofK08 , but also ofK09 , which is generally poorly
constrained. Care must be taken in specifying the equation of state, as values for bothK08 andK09 are affected
by the format chosen. For theB2 phases,V(P) andKT(P) are constrained through similar calculations which
utilize the volume at the transition as the starting point. Our results are unaffected by shear stress, in contrast
to previous x-ray determinations forB2. After transformation at 32 GPa,KT of NaCl-B2 is 11964 GPa, 16
63% belowthat ofB1. KT(P) of B2 rises steadily~K8 is fairly large, 4.760.3! resulting in al curve. Results
derived for KCl, KBr, and KI are similar such thatK(P) of their B2 phases are better constrained than those
of B1 due to larger stability fields. For the Rb halides,KT is roughly constant across the phase change. The
compositional dependence of the changes in frequency,KT , andV for alkali halides are compatible with a
simple ball-and-spring model. The calculatedB2 phase volumes of the Na halide are infinite at 1 atm,
consistent with instability below 8 GPa, which suggests that theoretical calculations should avoid use of 1 atm
starting points for the high-pressureB2 phases.@S0163-1829~97!07134-8#
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INTRODUCTION

One of the simplest pressure-driven reconstructive ph
transitions is that converting the rock salt structure~the B1
phase! to the CsCl structure~theB2 phase! during which the
coordination changes from 6 to 8. Understanding this sys
is a precursor to modeling pressure driven phase transit
in complex solids. Several studies used quantum mecha
to model equations of state~EOS!; however, predictions of
bulk modulusKT err as much as 15 to 25%~see Refs. 1 and
2, and citations therein!. Data critically needed to test th
models, such as the change in bulk modulusKT across the
transition, are poorly constrained~Recioet al.1!, despite the
existence of numerous measurements of macroscopic p
erties of alkali halides, e.g., Refs. 3–11. For example, i
generally accepted that the bulk modulus increases acros
transition,12 and increases have been calculated~e.g., Ref. 2!
and inferred mainly fromV(P) data~e.g., Refs. 4–8!. Yet, a
decreasein KT at the transition was recently predicted the
retically for LiCl and NaCl,1 calculated semiempirically,13

and indicated by experimental measurements of the aco
modes of KBr and KI,9 and by high-accuracy piston-cylinde
measurements ofDK for the K halides and RbCl.10 The
controversy10 arises mainly becauseB2 volumes cannot be
measured at 1 atm: hence, the three parameter descripti
the B2 data (V0 ,K0 ,K08) derived from volume5–7 is fraught
with uncertainty~see discussion in Ref. 5!. Additional errors
560163-1829/97/56~10!/5835~21!/$10.00
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in V(P) are incurred through the use of solid-pressure tra
mitting media,14 which lead to overestimation of the bul
moduli.15 Acoustic data8 only yield compression velocities
vp , hence, calculation ofKs not only requires assumption o
V0 andK08 with the resultingKs being highly dependent on
the chosen equation of state,8 but also assumes proportiona
ity of shear velocity tovp . The latter assumption8 is coun-
terindicated by data on acoustic velocities.9 Ultrasonic deter-
mination of Ks for the B2 phases4 is also problematic: as
discussed by Shaw,4 the ultrasonic data are affected in a
indeterminate way by the change in length during transf
mation. Occurrence of hysteresis during the transition5,6,11

adds ambiguity to all these studies and high transforma
pressures for sodium halides compound the experimental
ficulties. Improvements in theoretical methodologies and
ditional experimental approaches are needed, as previo
discussed.1,16

Well-constrained measurements of phonon frequencien i
over a wide range in pressure not only provide a rigorous
for theoretical models, but moreover such data can be use
semiempirical models, e.g., Refs. 17–18, to give parame
such as the change inKT across the transition. Existing spe
tral data are limited to,3 GPa,9,19–22many of the measure
ments were made without gaskets19,20 and all lack internal
pressure calibration, hence, data across theB1-B2 transition
exist for RbBr, RbI, KBr, and KI, butn i(P) may not be
accurate.
5835 © 1997 The American Physical Society
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5836 56A. M. HOFMEISTER
This study presents far-IR measurements of NaCl to
GPa, of KBr and KI to 35 GPa, and of NaF and KCl to 2
GPa. The pressure dependence of the bulk modulusKT(P) is
derived from a modified Blackman/Brout model17–18for both
B1 andB2 phases. The motivation is~1! to constrainK09 ,
which is ill constrained by compression data as it is a th
derivative and small in magnitude, and ultrasonic expe
ments infrequently reach sufficiently high pressure to es
lish K9 accurately,~2! to quantify the change inKT across
the transition,~3! to determine EOS parameters for theB2
phases which do not require assuming a value forV0 or K8,
and~4! to calculate the mode Gru¨neisen parameters and the
derivatives~in a companion paper!. For moderately large cat
ions ~r c /r a.0.6 wherer is the ionic radius!, the accuracy
for the B1 phases is60.5 GPa or better if the zero poin
correction is considered, which compares favorably with
perimental limitations and is more accurate than recent
oretical results.1,2 Bulk moduli forB2 phases at the transitio
are calculated for RbBr and RbI from existing spectrosco
data19–22and for RbCl and NaF by interpolating frequencie
A new equation of state~EOS! is derived for theB2 phases
which neither requires 1 atm values as inputs nor is affec
by shear stress. Our results corroborate thedecreasein KT
across this transition observed by Boehler and Zha10 and
predicted for NaCl by Recioet al.1 A simple model proposed
for these materials accounts for the compositional dep
dence of the physical properties. Our calculated EOS po
to an infinite volume for theB2 phase of NaCl at 1 atm
suggesting that~1! models of theB2 phases of Na and L
halides should focus on properties at the transition pres
rather than at 1 atm, and~2! elasticity data forB2 phases
have not been properly extracted from compressibility m
surements.

EXPERIMENTAL

High-purity alkali halides~99.9%! were compressed a
room temperature with a Mao-Bell-type diamond cell23 in a
sandwich configuration: a thin film of sample was formed
the piston diamond, ruby film was sprinkled on the cylind
diamond and the gasket aperture of;300 mm was filled
with petroleum jelly~run Nos. 1 and 5! or high density poly-
ethylene. Run No. 4 utilized a 0.15 mm aperture and pe
leum jelly, and had a thick~severalmm! film of NaCl. The
film in run No. 1 was about 1mm thick; all others were
submicron thicknesses. Run No. 5 also contained a thin
of high purity KI. Run No. 6 contained films of NaF and KC
and used a 0.10 mm aperture. Run No. 7 contained KBr
the spinel phase of Mg2SiO4 and used a 0.11 mm apertur
Type-I diamonds with;0.33 carat weight and 0.6 mm d
ameter flat tips were used. Pressure was determined usin
ruby fluorescence technique using an automated scan
spectrometer.23 ~Subsequent revisions in the ruby scale p
tain only to pressures considerably larger than those m
sured here.! For run Nos. 4 and 5, more than 80 measu
ments of theR1 line in a grid across the surface were take
For run Nos. 1, 6, and 7, roughly 50 points were sampl
For run Nos. 2 and 3, about ten points were sampled. Av
age pressure is reported; uncertainty is determined from
tistics. For NaCl at 20 GPa, the pressure gradient across
cell was ,5 GPa, whereas at 40 GPa, the gradient w
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,10 GPa. For NaF, KCl and KBr, use of a small samp
chamber reduced the pressure gradient by at least half.

Spectra were acquired at 4 cm21 resolution in a purged
Nicolet 7199 Fourier-transform infrared~FTIR! spectrometer
equipped with a liquid-He-cooled Si bolometer and a 6mm
Mylar beam splitter, over frequencies of 70– 480 cm21.
Throughput was enhanced fourfold with a beam condense24

Spectra were collected during compression and decomp
sion except for run No. 4 which was terminated by a d
mond shattering. Typical run conditions were 2000–25
scans with a gain of 64–128 and a mirror velocity
;0.56 cm/s. Reference spectra were collected from
empty, ungasketted diamond-anvil cell~DAC!. Slight differ-
ences in humidity cause traces of the water-vapor rotatio
bands25 to be present as small, sharp peaks fro
100– 305 cm21. These peaks were not subtracted beca
they did not interfere with the intense, broad alkali hali
absorption bands.

The spectra are dominated by the intense transverse o
~TO! band ~Figs. 1 and 2!. The weaker longitudinal optic
~LO! mode is present due to the oblique incidence of
light traversing the DAC and to the fact that the films a
‘‘thick’’ and may be wedged.26 Thus the LO modes are no
well-constrained, but the most reliable data are included
completeness.

SPECTROSCOPIC RESULTS

Pressure dependence of the B1 IR modes inNaCl. The
thin-film spectrum at 1 atm has a strong peak at 164 cm21

which matches the TO position obtained from the reflecta
spectrum of single-crystal NaCl at ambient conditions, an
weak peak at 257 cm21 which is slightly offset from the LO
component at 264 cm21. Peak positions increase nonlinear
with pressure up to the reconstructive transformation nea
GPa ~Figs. 1 and 2!. The positive shift is in accord with
shortening of bond lengths as pressure increases, and its
tinual decrease with pressure is in accord with increas
resistance of the bonds to compression.

The TO mode is constrained by 36 data points which s

FIG. 1. Far-IR spectra of NaCl with theB1 structure at various
pressures. Spectra are labeled with pressures in GPa. This s
comprises the data from experiment No. 1 taken during decomp
sion. Solid dot: LO peak positions, F: interference fringes.
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the stability range ofB1 ~Table I!. Peak positions are liste
sequentially in order to differentiate decompression fr
compression runs. Although strong curvature ofnTO,B1 with
pressure is seen@Fig. 3~a!#, our initial slope of
15.4 cm21/GPa equals that previously obtained below 0.
GPa.21

The LO component could not be traced in all spectra d
to its weakness. Channel fringes are also present and sp
at roughly 80 cm21 ~Figs. 1 and 2!. This sinusoidal baseline
cannot be intrinsic to the sample because it is also seen in
reference spectra, as shown in Ref. 24. Positions of the
facts are unaffected by pressure, allowing LO peaks to
differentiated by their pressure dependence. LO modes
B1 most prominent for the thick films of series No. 1 a
No. 4, yielding 20 different data points~Table I!. The trend
of the LO mode forB1 with pressure is roughly parallel t
that of the TO mode@Fig. 3~a!#, although the LO-TO split-

FIG. 2. Far IR of NaCl and KI at various pressures~experiment
No. 5!. Spectra are offset for clarity and labeled with pressures
GPa. The baseline at the lowest frequencies measured is at a
0.2 absorbance units for each spectrum. Peaks due to ruby o
from 360 to 450 cm21 at ambient pressure and shift to
.425 cm21 by 35 GPa. The TO peaks are labeled according
chemistry and structure. The 32 GPa pressure is an estimate
datum was not included in the analysis.
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TABLE I. ~a! Vibrational data on NaCl in theB1 structure at
pressure~b! NaCl infrared series with partial conversions.~c! Infra-
red data on NaCl loaded with KI~series No. 5!. ~d! Infrared data on
NaF loaded with KCl~series No. 6!. ~e! KBr in the B2 phase~series
No. 7!.

Expt. No.
Pressure

GPa
nLO

cm21
nTO

cm21

~a!
1-B1 5.860.2 329 234

9.460.8 37065 262
17.561.5 39264 321

1061 350 274
8.160.8 263
5.360.5 328 240.3
4.260.4 308 217.1
1.860.2 282 190.8

2-B1 761 33865 245
10.561 288
17.562.5 33066
20.562.5 34066

3-B1 2.560.5 31065 207
6.561 241
1161 289
1662 319
1361.5 305
9.361 276
3.860.5 29565 22462
0.960.2 272 177

~b!

Expt. No.

B1 area B2 area

Pressure
GPa

nLO

cm21
nTO

cm21
Pressure

GPa
nLO

cm21
nTO

cm21

4-B11B2 2361 43365 35065
27.761.5 37565
27.661a 44665 37565 3461a 29761

3060.5a 44865 38265 36.561.0a 31062
32.260.2a 45062 39065 38.561.0a 42565 330610

4061 43265 35068
42.360.6 45065 36666

~c!

Pressure
GPa

NaCl

Phase
nLO

cm21
nTO

cm21 Phase
nLO

b

cm21
nTO

cm21

6.560.1 B1 238 B2 149.2
13.360.2 36065 294 185
19.060.3 413 332 211
22.960.4 354 224.4
27.260.8 374
28.560.5 mixture 239.3

3461 B2 301
35.660.6 32562 264
35.360.5 37565? 31862 256.4
29.860.4 mixture 241
20.660.4 B1 336 213
4.060.1 212 150 119
2.260.1 192.8 13765 103.4

0 257 164.7 B1 139 100.1
1.060.1 274 174.4 156 114
1.360.1 277 182.3 165 120
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5838 56A. M. HOFMEISTER
ting may decrease from 100 cm21 at ambient pressure t
60 cm21 at 32 GPa.

A high-order polynomial with pressure best describes
observed changes in frequencies upon compression~Table
II !. Other functions~exponentials and logarithms in volum
or pressure! fit the data less well. Mode Gru¨neisen param-
eters,g i 0

5KT0
(dn i /dP)0/n i0, calculated for theB1 phases

using ultrasonic data forKT0
,27–34 are roughly 2 for the TO

modes and 1 to 1.6 for the LO component.
Other peak parameters are also affected by pressure.

width and area increase and intensity decreases as pre
increases~Fig. 1!, such that the oscillator strength decreas
slightly with pressure. This may be intrinsic, as a weak
crease in oscillator strength is consistent with the obser
weak dependence of the LO-TO splitting on pressure@Fig.
3~a!#.

Pressure dependence of the B2 IR modes inNaCl. Peaks
for B2 phase are broad~Fig. 2!, possibly due to the large
pressure gradient found at high pressure. This reconstruc
transformation causes a significant drop in frequen

TABLE I. ~Continued!.

~d!

Pressure
GPa

NaF KCl

nLO

cm21
nTO

cm21 Phase
nLO

c

cm21
nTO

cm21

4.460.1 444 295.4 B2 236 16262
9.360.1 480 333 263 210

17.460.1 380.4 306 25862
22.860.2 412 ;330 277
20.860.2 404 316 271
11.160.2 346.7 275 222.7
4.960.1 295.4 241 172
1.860.1a 215 145
1.560.1 419 268.2
1.460.1a B1 159
0.460.1 417 253.3 224.4 149
1.760.1 426 270 248 163.9
2.360.1 425 273.5 169
2.760.1 173.6
2.860.1 431 277
3.160.1 B2 153

~e!

Pressure
GPa

nTO

cm21

11.6060.05 174
16.260.2 204
23.760.4 241
28.560.5 259
35.960.6 282

aThese pressures were determined by assuming that pressure
the center of the cell corresponded to theB2 phase and that the
presures near the edge corresponded to theB1 phase. The areas fo
B1 andB2 phases were assumed to be equal, for simplicity.

bMost LO modes of KI were obscured by the NaCl peaks.
cSome LO modes of KCl were obscured by the NaF peaks.
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;100 cm21 ~Table I; Figs. 2 and 3! due to the increase in
bond length required for an increase in the number of nea
neighbors, see discussion section.B2 modes change linearly
with pressure over the measured interval but with a stee
slope than that seen forB1 ~Table II!, and the LO-TO split-
ting appears to increase rather than decrease, in contra
the behavior ofB1. The linear dependence and increase
the LO-TO splitting are artifacts attributed to the narro
range of pressures attained forB2, to the lower accuracy in
P due to the increased pressure gradient, and to difficult
tracing the LO mode of theB2 phase. Probably, the LO
mode parallels the TO mode within this pressure range
suggested by the three highest pressure points for the
mode @Fig. 3~a!, Table II#, and as occurs for KCl~see be-
low!.

FIG. 3. Pressure dependence of alkali halide IR modes.~a! High
pressure data on NaCl and the B2 phases of KI and KBr. Sm
filled squares: TO modes of NaCl in the B1 phase; open squa
LO of NaCl with the B1 structure; filled triangles: TO of NaCl-B2
open triangles: LO of NaCl-B2; filled diamonds, TO of KI with th
B2 structure; open diamonds: LO of KI-B2; plus sign: KBr-B2. A
lines are least squares fits of polynomials or linear fits in pressur
the data~Table II!. ~b! Low pressure data on KI, KBr, and NaC
Square with cross: the TO mode of KI in the B1 structure; squ
with slash: LO of KI-B1; solid line: KBr-B1 data from Ref. 21.
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TABLE II. Polynomial representations of the pressure dependence of the IR modes of alkali halid
their Grüneisen parameters.

Mode n ~in cm21 with P in GPa! a g i 0
(B1) b

NaF B1TO 246.893110.902P20.1651P2 2.04
NaF B1LO 412.96817.080P 0.79

NaCl B1TO 164.676115.489P20.5350P210.01212P320.0001127P4 2.25
NaCl B1LO 263.5122112.1427P20.30196P210.0034031P3 c 1.10
NaCl B2TO 42.75617.6129P
NaCl B2LO 5.0543110.646P d

KCl B1TO 142.652113.415P20.7648P2 1.63
KCl B1LO 215.11119.55P 1.57
KCl B2TO 119.936111.397P20.198P2

KCl B2LO 205.21317.1282P20.0781P2

KBr B1TO 114.0115.9P f 2.01
KBr B1LO 165.0115.9P e 1.39
KBr B2TO 97.87617.624P20.0693P2

KBr B2LO 148.87617.624P20.0693P2 e

KI B1TO 100.3115.224P h 1.74
KI B1LO 138.6119.262P 1.60
KI B2TO 78.825111.613P20.3228P210.00393P3

KI B2LO 121.13111.613P20.3228P210.00393P3 e

RbCl B1TO 116116.3P f 2.18
RbCl B1LO 173116.3P e 1.47

RbBr B1TO 87.5116.3P f 2.42
RbBr B1LO 127116.3P e 1.67
RbBr B2TO 74121P f

RbBr B2LO 105121P e

RbI B1TO 75.5114.8P f 1.97
RbI B1LO 103.0114.8P e 1.44
RbI B2TO 70.014.0P g

RbI B2LO 97.514.0P e

aTransition pressures are 32 GPa for Na halides, 1.9 GPa for K halides, and 0.5 for Rb halides.
bCalculated using ultrasonic measurements forK0 ~Refs. 25–32!.
cInitial slope is poorly constrained: a linear fit to the first four data points gives 15.9 cm21/GPa.
dThis trend is defined by all four data points. Three data points fall on a trend of 166.5516.6833P: because
this results in the LO-TO splitting being nearly constant and slightly decreasing, as observed forB1, the
lowest pressure point is probably inaccurate, and the latter trend is used to determineg i 0

.
eLO-TO splitting is assumed const538 cm21 for KI B2; 40 cm21 for RbBr B1 or B2; and 51 cm21 for KBr
and 27.5 for RbI~see text!.

fData from Lowndes and Rastogi~Ref. 21!.
gData from Ferraroet al. ~Ref. 20!. The frequency at the transition is accurate, but the slope is uncertain~see
text!.

hThe initial slope was taken from the lower pressure data of Ref.~21! is 18.8.
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Pressure Dependence of the KI modes.Initial values of
100 and 139 cm21 for the IR modes of KI match those ob
tained from single-crystal reflection spectroscopy. The d
are consistent with linear dependence of frequency on p
sure for theB1 phase of KI@Fig. 3~b!#; however, our slope
of 15.2 cm21/GPa ~Table II! is considerable less than th
value of 18.8 previously determined at low pressure.20–22

Because the present slope is obtained from high pres
data @Fig. 3~b!# and because KCl-B1 shows curvature for
n(P) as shown below,dn/dP is inferred to decrease with
ta
s-

re

pressure and that the initial slope is best constrained by
vious low pressure data.21

IR frequencies of theB2 modes at the transition are su
stantially less (32 cm21) than those of theB1 phase, as pre
viously observed,20 in accord with the longer bonds inB2.
The pressure dependence of the TO mode for theB2 phase is
constrained by 11 spectra taken over 2 to 35 GPa@Table I,
Fig. 3~a!#. The LO mode was observed over a narrow ran
owing to interference with NaCl spectra, but it appears
parallel the behavior of the TO mode. The slope of the L
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5840 56A. M. HOFMEISTER
mode ~Table II! is indistinguishable from that determine
through impurity induced Raman spectra,9 but our values are
10 cm21 higher. The difference in peak position is probab
due to dispersion because the Raman measurement sa
the edge of the Brillouin zone, whereas IR spectrosco
samples the center.

Pressure dependence of the B2 IR modes in KBr. The
B1 phase for KBr was not observed. Previo
measurements19,21 indicate a steep~Table II! initial slope
@Fig. 3~b!#. The TO mode forB2 phase increases nonlinear
with pressure@Table I~e!, Fig. 3~a!# and is accurately repre
sented as a quadratic polynomial inP. The frequency at the
transition was not determined requiring that we use the p
vious measurement20 of 115 cm21. This data point is consis
tent with our higher pressure trend and is bracketed by
B2 modes of KCl and KI~Table III!. The drop in frequency
of 30 cm21 is close to decreases for KI and KCl. The L
mode was not detected. A slope of 7.1 cm21/GPa previously
observed from impurity-induced Raman spectra of the
mode9 is similar to the present slope for the TO mode.

Pressure dependence of the B1 IR modes in NaF. The
thin-film spectrum at 0.4 GPa has a strong peak at 253 c21

which is slightly offset from the position of the transver
optic ~TO! at 244 cm21 obtained from the reflectance spe
trum of single-crystal NaF at ambient conditions, and a we
peak at 417 cm21 which matches the longitudinal optic~LO!
component~Fig. 4!. Peak positions increase nonlinearly wi
pressure~Fig. 5!. The TO mode is constrained by 12 da
points which span the stability range ofB1 @Table I~d!#.
Peak positions are listed sequentially. Although strong c
vature ofnTO,B1 with pressure is seen@Fig. 5~a!#, our initial
slope of 10.9 cm21/GPa lies within the uncertainty of tha
previously obtained below 0.62 GPa.21 A quadratic polyno-
mial accurately describes the dependence of frequency
pressure~Table II!, and gives a first order coefficient tha
equals the initial slope. Other functions~exponentials and
logarithms! fit the data less well.

The LO component could not be traced in all spec
mainly due to its proximity to the upper cutoff of the myla
beamsplitter. The LO data have sufficient scatter that a lin
description of LO frequency vs pressure adequately
scribes the data at low pressure~Fig. 4!. For the purpose of
extrapolation, the LO-TO splitting is assumed to be indep
dent of pressure.

Pressure dependence of the KCl modes. Peak positions of
149 and 224 cm21 at 0.4 GPa for the IR modes of KCl ar
slightly higher, as expected, from those obtained fr
single-crystal reflectance at 1 atm. Distinct curvature of f
quency with pressure is observed for the TO mode of
phase@Fig. 5~b!#. Our initial slope of 17 cm21/GPa is similar
to previous determinations.21–22 A quadratic polynomial ac-
curately describes the dependence of frequency on pres
~Table II!, but its first order coefficient is much less than t
initial slope. This difference indicates that a larger numbe
very low pressure data points are needed to precisely
strain (dv/dP)0 and the polynomial fit near 1 atm, and a
counts for the slight discrepancy in slope for KBr betwe
our data and previous measurements.21 The position of the
LO mode is poorly constrained due to interference with
NaF TO mode. It is clear that the LO frequency increas
but the slope is uncertain.
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IR frequencies of the B2 modes at the transition are s
stantially less (32 cm21) than those of the B1 phase, as pr
viously observed.19 The pressure dependence of the T
mode for the B2 phase is constrained by nine spectra ta
over 2 to 23 GPa@Table I~d!, Fig. 5~a!#. The LO mode was
observed to decrease similarly with pressure over the s
range.

Trends inDn for the B1–B2 transition. For all halides,
the drop inn upon transformation is;20%, which is com-
parable to that calculated for the TO modes, but three tim
larger than those calculated~e.g., Hemley and Gordon2! for
the LO modes. Frequencies forB2 phases of the K and Rb
halides measured immediately upon transition recover th
atm values of their correspondingB1 phase~Table III!.
These observations allow prediction of both the LO and
frequencies of theB2 phase compounds for which spectr
scopic measurements were not made. For example,nTO of
RbCl should be 11661 cm21 at 2 GPa, andnLO will be
17361 cm21, whereas for NaF values of 350610 and 515
615 cm21 are expected.

LO-TO Splitting. Positions of the LO mode are not we
established, owing to the weak intensity. For most samp

FIG. 4. Far-IR spectra of NaF and KCl at various pressur
Spectra are offset for clarity and labeled with pressures in GPa.
baseline occurs at the lowest frequencies measured and is loca
about 0.2 absorbance units for each spectrum.
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the trend of the LO mode with pressure parallels that of
TO mode, within experimental uncertainty. For NaCl,
weak dependence of the LO-TO splitting on pressure is p

FIG. 5. Pressure dependence of IR modes.~a! High pressure
data on NaF and theB2 phases of KBr and KCl. Small filled dia
monds: TO mode of NaF in theB1 phase; open diamonds: LO o
NaCl with theB1 structure; filled triangles: TO of KCl-B2; open
triangles: LO of KCl-B2; small filled squares: TO of KCl-B1; open
squares, LO of KCl-B1; plus sign: TO of KBr with theB2 struc-
ture; short thick line: data on the TO mode of KBr-B1 from Ref.
21. All lines are least squares fits of quadratic polynomials or lin
fits in pressure to the data~Table III!. ~b! Low pressure expande
view.

TABLE III. Initial and transformation frequencies.

Substance
B1TO

at 1 atm
B1TO

at the transition
B2TO

at the transition

NaCl 164 391 297a

KCl 142 165 142a 145b

KBr 113 144 115b

KI 100 129 100a 105d

RbBr 88 96 86c

RhI 75 83 72d

aThis work.
bData from Postmuset al. ~Ref. 19!.
cFrom Lowndes and Rastogi~Ref. 21!.
dData from Ferraroet al. ~Ref. 20!.
e

s-

sible, suggesting that polarizability could change wea
with pressure. For the other samples, polarizability appe
to negligibly affected by pressure, in agreement with pre
ous determinations of peak width at low pressures.19–22 Ac-
curately establishing the apparently weak effect of press
on polarizability requires further measurements of either
absorptions at oblique angles or of the reflectance at p
sure.

THEORY: RELATIONSHIP OF BULK MODULI
TO VIBRATIONAL SPECTRA

Blackman17 and Brout17 derived a semiempirical model t
predict bulk modulusKT52V(dP/dV)T for diatomic solids
from vibrational and structural data. The assumptions are~1!
electrostatic attractive forces,~2! pair-wise central repulsive
forces that are limited to nearest-neighbors, and~3! rigid
ions. The 1 atm relation has previously been shown to ag
surprisingly well with experiment35 though zero point ener
gies and thermal corrections were not considered. Th
articles15–16,35discuss the validity and the physical basis f
the calculation of elastic properties as strain derivatives o
static crystal potential.

No additional assumptions are needed to include the
fect of pressure on cubic phases.18 The complete relation for
diatomic solids at pressure is

KT~P!5
4P

3
1

4p2mQ2/3

9C2V1/3 (
i 51

3

n i
2~k!2TVS ]@aKT#

]V D
T

1
h

2

KT

V S ]KT

]P
11D(

i 51

3 S ]n i

]P D
T

1
h

2

KT
2

V (
i 51

3 S ]2n i

]P2 D
T

, ~1!

wherem is reduced mass,V is the molar volume,Q is the
number of Bravais cells in the crystallographic cell,C is a
geometrical constant relating lattice parameter to interato
distance~52 for B1; or 52/) for B2!, a is thermal ex-
pansivity, h is Planck’s constant,P is pressure, andT is
temperature. The third term is the thermal correction and
fourth and fifth terms comprise the zero point correction36

Correction terms are needed because room temperature
ues are used forV andn i . BecauseKvib , the first and second
terms in Eq.~1!, is roughly 90% ofKT ~Table IV, Refs.
37–52!, the change of the correction terms with pressu
should negligibly effectKT . The independence of the sum
Kcor of all four correction terms from pressure was verifi
for NaCl. Figure 6 shows that the experimental bulk modu
is offset by a constant fromKT calculated only from the first
two terms in Eq.~1!. Thus, the correction terms are obtain
iteratively from Eq. ~1! using only 1 atm values and th
vibrational contribution as a trial values forKT anddK/dP.

From thermodynamic identities, the thermal correcti
term is

2TVS ]@aKT#

]V D
T

5TS ]KT

]T D
P

1TaKTS ]KT

]P D
T

5aKT~K82dT!, ~2!

r



5842 56A. M. HOFMEISTER
TABLE IV. Vibrational, finite temperature, and zero point contributions toKT at 1 atm.

Substance
a

1/106 K Ref.
dKT /dT
GPa/K Ref.

Kelastic

GPa Ref.

Uncorrected
vibrational

contribution
Kvib

GPa

Finite
temperature
correction

Optic zero
point correctionb Acoustic

zone boundary
correction

h/2V(K811)
Sgacnac

T dK/dT TaKTK8 (hKT/2V)
(K811)
S dn/dP

hKT
2/2V

S d2n/dP2

LiF 97.83 37 20.0316 67.2 41 51.43 210.3 9.79 8.12 6.36
NaF 97.61 37 20.0229 41, 42c 46.2 27 43.04 26.82 6.99 3.24 20.28 1.94
NaCl 116.9 38 20.0125 28, 43c 23.56 30 20.00 23.7 4.22 1.35 20.33 0.76
NaBr 134.5 37 20.0142 51 19.30 51 15.58 24.23 4.10 1.10 0.42
NaI 137.7 37 20.0099 49 15.01 49 10.99 22.95 3.32 0.73 0.27
KCl 105.0 37 20.0117 45 17.32 31 16.88 23.48 2.93 0.80 20.07 0.35
KBr 110.0 37 20.0105 45, 46 14.42 32 13.95 23.13 2.56 0.60 0 0.23~0.23! a

KI 117.9 37 20.0082 47 11.49 33 10.90 22.44 2.11 0.39 0 0.15~0.18! a

RbCl 114.4 39, 48 20.010 39, 48 15.58 34 14.20 22.98 2.91 0.67 0 0.26
RbBr 116.7 37 20.0097 39, 42 13.02 34 12.35 22.89 2.46 0.49 0 0.15
RbI 116.5 37 20.0077 39, 49 10.05 34 10.00 22.29 1.93 0.28 0 0.13
CsCl 139.5 37 20.0147 50 16.68 50, 52 15.4 24.38 3.94 0.56 0 0.41
CsBr 138.06 37 20.0126 50 14.41 50, 52 13.7 23.75 3.23 0.46 0 0.28
CsI 138.29 37 20.0099 50 11.63 50, 52 10.6 22.95 2.64 0.26 0 0.20

aComputed usingdn/dP of acoustic modes measured by Ganguly and Nicol.9

bCalculated using Table I or data in Refs. 18–22.
cAn average of the literature values is reported.
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wheredT is the Anderson-Gru¨neisen parameter.53 The ther-
mal correction term is near zero, as evaluated in three w
First, for alkali halides,K8 occupies a narrow range of 5 t
5.6 GPa, whereasdT ranges from 5 to 7~and varies as much
for each substance!, and the productaKT is mostly 0.003
with LiF attaining a maximum of 0.006 GPa/K~see compi-
lation of Ref. 54!. Thus, the minimum for the thermal co
rection term from the representation on the right-hand sid
Eq. ~2! is thus 20.007 GPa and the maximum
10.003 GPa. Not only is this term zero on average,
within experimental uncertainties, this term is zero for ea
of the alkali halides. Second, the middle representation
Eq. ~2! involves more direct measurements, but this can
be calculated accurately, regardless of whether spectrosc
or elasticity data are used, becausedK/dT is uncertain. From
ultrasonic and length change measurements, experime
determinations fordKT /dT at room temperature for NaC
range from20.0095 to 20.0158 GPa/K.28,43 This uncer-
tainty contributes60.8 GPa to the thermal correction fo
NaCl. The other alkali halides have uncertainties of610 to
20% for dKT /dT. The uncertainties of the quantities in th
other thermal termTaKTK8 are much smaller: the larges
contribution stems from experimental uncertainties inK8 of
roughly 610%. Within the experimental uncertainties, t
sum of the two finite temperature termsTaKTK8
1T(dK/dT)p is zero~sums in Table IV range from10.5 to
20.5 GPa, averaging20.25 GPa!. Third, the productaK is
commonly approximated as a constant in geophysical ap
cations. All of the above suggest that the thermal correc
can be neglected.

The need for acoustic data is eliminated by taking
sums in Eq.~1! at zone center in the Brillouin zone. At zon
s:

of

t
h
f
t

pic

tal

li-
n

e

center, the pressure derivatives of the acoustic modes m
contribute to the zero point correction~ZPC! terms; however,
recasting the relevant term as

ZPC ~acoustic!5
h

2V S ]KT

]P
11D (

j 51

3

g jn j ,

where

g j5
K

n j

]n j

]P
~3!

indicates that this contribution is zero at zone center beca
the acoustic mode Gru¨neisen parametersg j are finite and
small.54 At the zone boundary, the contribution of the acou
tic modes is a maximum, but even this quantity is genera
small ~Table IV!.

The slightly negative value that is plausible for the the
mal correction is apparently offset by the small positive co
tribution that may be possible for the acoustic zero po
correction. Thus, the optical zero point correction term dom
natesKcor and the bulk modulus is obtained18 by modifying
Eq. ~1! to use only the largest~optical! zero point correction
term:

KT~P!5
4P

3
1

4p2mQ2/3

9C2V1/3 (
i 51

3

n i
2~k!1

h

2

KT

V S ]KT

]P
11D

3(
i 51

6 S ]n i

]P D
T

1
h

2

KT
2

V (
i 51

3 S ]2n i

]P2 D
T

. ~4!

KZPC the third and fourth terms in Eq.~4!, is calculated at 1
atm as discussed above. The second order pressure deriv
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of the frequencies determined for a few of the alkali halid
show that the magnitude of the fourth term in Eq.~4! is small
and generally similar to the sum of the uncertainties~which
are mainly derived from uncertainties inK8!.

The strong dependence of bulk modulus on spectrosc
data ~as n2! but weak dependence on volume~as V1/3! or

FIG. 6. Equations of state of NaCl.~a! Bulk modulus of NaCl as
a function of pressure. Dotted line: compressional data forKT(P)
of B1 phases represented by the universal EOS~Tables IV and V!;
solid line: Kvib(P)1KZPC calculated forB1 using Eqs.~3! and ~4!
iteratively; open diamonds:Kvib(P) calculated forB1 using Eq.~3!
but omitting KZPC; open circles:KT(P) calculated by settingK
5Kvib(1 atm)1KZPC1X equal to the ultrasonic value at 1 atm
solid line with open squares:KT(P) of B2 obtained from a modi-
fied Murnaghan EOS~Tables IV and V! usingKx5Kvib1KZPC and
K8 calculated at the transition pointx532 GPa and forVx

516.5 cm3/mol ~Refs. 5, 6, and 11!; dot-dashed and short-dashe
lines: KT derived from linear fits to compression measurements
V(P) for theB2 phase of NaCl. The asterisk marks the upper lim
of the spectroscopic measurements.~b! Pressure-volume data fo
NaCl. Dot-dashed line, experimentalV(P) for B1 represented by
the universal EOS~Tables IV and V!; solid squares: data onB2
from Ref. 5; open squares, data onB2 from Ref. 6; solid line,B2
volume calculated iteratively fromKvib1KZPC through Eqs.~3! and
~4! by usingV516.5 cm3/mol at 32 GPa as the ‘‘starting point’
@this volume lies in a cluster of data points~Refs. 5, 6, and 11! as
indicated#; light long-dashed line:V(P) of B2 obtained from a
modified Murnaghan EOS~Tables IV and V! using K5Kvib

1KZPC andK8 calculated at the transition point. Square with pl
sign, hydrostatic data onB2 by Zhang and Boehler~Ref. 65!. The
asterisk marks the upper limit of the spectroscopic measureme
s

ic

bond length, allowsKT(P) to be calculated independently o
the equation of state through iteration.@Note: KT is actually
high order in volume, but in Eqs.~1! or ~4! most of the
volume dependence ofKT is contained in the vibrationa
frequencies.# Only the variablen(P) and one volume at one
pressure are needed. Obviously, forB1 phases,V0 is used. A
spectroscopic trial function forKT(P) is obtained by substi-
tuting only n i(P) and one volume for one specific pressu
into the first and second terms of Eq.~4!; the pressure inde
pendent correction termKcor discussed above is added
Kvib(P) and this result is integrated using

V~P!5V0 expH 2E
0

P dp

Kvib~P!1KZPC
J ~5!

to give V(P), which is then substituted into Eq.~4! with
n i(P) to redetermineKvib(P); these steps are repeated un
iteration no longer changesV(P) or KT(P)5Kvib(P)
1KZPC. Convergence is rapid, usually 3 or 4 iterations a
sufficient. This method is advantageous in that precise de
mination of the initial derivative of frequency with pressu
are not necessary, an EOS need not be chosen, and
d2K/dP2 is a variable rather than being specified by t
particular EOS ~Table V, Refs. 55–57, and reference
therein!.

For the purpose of comparison with existing ultrason
and compression data, the results of the numerical iterat
K(P) were fit to various EOS~Table V!. Although the equa-
tions of state developed by Holzapfel57 are preferred becaus
these extrapolate accurately to high pressure, his form
tions were not used for the following reasons:~1! Even the
lowest order of these EOS’s do not yield tractable forms
K(P), ~2! the forms are not conducive to examining theB2
phases~V0 is needed!, ~3! the ranges in pressure of mostB1
phases are limited due to the phase transformation and
K08 is the highest order derivative needed to describe
data,58 and~4! given the experimental uncertainties, even t
relatively large range of pressure for theB1 phases of the
sodium halides is not sufficient to allow distinction betwe
the various EOS’s. Fits to commonly used formulations su
as the universal and Birch-Murnaghan EOS~Table V!, were
not satisfactory. Therefore, a polynomial representation
K(P) calculated from spectroscopy is used for comparis
~Table VI!. This approach not only gave the best fit, but
commonly used in ultrasonic studies, e.g., Refs. 31–34,
givesK ~andV by integration! that can be extrapolated be
yond the range of measurements, in contrast to polynom
fits to V(P) which extrapolate poorly, e.g., Ref. 3.

The above method is amenable to theB2 phases, for
which 1 atm values are unknown~and may be indeterminate
see discussion!. KT is calculated from theB2 volume at tran-
sition and from the vibrational frequencies. For theB2
phases,KZPC is constrained at the transition pressure, and
uncertainty is obtained from correlations ofKZPC for the B1
phases with physical parameters.

An alternate method was needed for phases for wh
d2n/dP2 was not resolved in the IR measurements. For th
cases,K(P) is correctly predicted near the starting pressu
but at larger pressures,K(P) is overestimated from Eq.~1!
or ~4! becaused2n/dP2 is always negative, not zero. There
fore, we useKx andKx8 at the starting pressurex in a Mur-

n
t

s.
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TABLE V. Equations of state.

Name Reference Formulation

Universal Vinetet al. ~Ref. 55!
P53KT0SV0

V D2/3F12S V

V0
D 1/3GexpH32 ~K0821!F12S V

V0
D1/3G J ,

KT~P!5KT0S V0

V D 2/3F21H 3

2
K082

1

2J S V

V0
D 1/3

2H 3

2
K082

3

2J
3S V

V0
D 2/3

expH32 ~K0821!F12S V

V0
D1/3G J ,

K0K0952
1

4
~K08!22

1

2
K081

19

36
.

Murnaghan Birch~Ref. 56!
V5V0F11

Ka8P

K0
G21/K08

,

KT(P)5K01K08P.
Birch-
Murnaghan

Birch ~Ref. 56!
P5

3

2
K0FSV0

V D2/3

21G S V0

V D 5/3H 11
3

4
~K0824!F S V0

V D 2/3

21G J ,

KT~p!5K0S V0

V D 5/3H 11
1

2
~3K0825!F S V0

V D 2/3

21G
1

1

8
~27K082108!F S V0

V D 2/3

21G2J ,

K0K0952~K08!217K082
143

9
.

Modified Murnaghan Birch~Ref. 56!; see text
V5VXF11

KX8 ~P2X!

KX
G21/KX8

,

KT(P)5KX1K08(P2X).
HO2 Holzapfel~Ref. 57!

P53K0SV0

V D5/3F12S V

V0
D 1/3GexpH32 ~K0813!F12S V

V0
D1/3G J .

Polynomial This work KT(P)5K01K08P1K09P2.
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naghan equation of state~Table V! for B1 phases of KI and
Rb halides and theB2 phases of NaCl, RbBr, and RbI. Th
approach is reasonable because;95% of the magnitude o
Kx8 arises from terms involvingdn/dP as seen by differen
tiating Eq.~1! and by calculatingKx8 with and without higher
order pressure derivatives of the frequencies. For case o
B1 phases withx50, the contribution from terms involving
dn/dP is even higher.

The calculations are compared with the best available d
~see compilation of Sumino and Anderson54!. Recent ultra-
sonic data, if available, were sought as this method is hig
accurate. For some cases, discrepancies occur and it i
clear which study is the more reliable. For these instan
average values are used in the comparison and both r
ences are cited.

CALCULATIONS

KT at 1 atm: Vibrational contribution. As expected,Kvib
~Table IV! is always less than the ultrasonic determinatio
of KT ~Refs. 27–34, 41, 49–52!. The absolute difference
correlates roughly with the type of cation:Kelastic-Kvib511
64 GPa for Li; 53.560.5 for Na; 50.560.2 for K;
50.6560.6 for Rb; and51.010.3 for the Cs halides~ex-
cluding KF and RbF, which differ because their cations
he

ta

ly
not
s

er-

s

e

larger than their anion; see below!. Correlations of the abso
lute difference with several physical properties, e.g., pola
ability, bond length, and cation mass were sought using d
in Refs. 54 and 59, but were found to be weak, such t
separate trends exist for each of the different cations. H
ever, the fractional difference is related to the ratio of t
ionic radii r c /r a @Fig. 7~a!#, such that a minimum occur
nearr c /r a50.8. The fractional difference similarly depend
on (r c1r a)/bond length. In both representations, theB1 and
B2 structures behave similarly. For the majority of th
phases,Kvib is 9462% of KT . The Li halides are poorly
described by the theory, whereas the closest correspond
is found for the potassium halides. The relationship of F
7~a! can be rationalized in terms of packing in the structu
For example, rigid anions ofB1 phases touch ifr c
,0.41r a , thus, for the Li halides the vibrational modes a
essentially rattling of small balls in a cage, instead of brea
ing so that the vibrations only moderately contribute toKT .
For relatively small cations~Li and Na, except for NaF!, the
interactions and properties of the anions dominate the c
pressibility. Nearly equal size ions~NaF and the K, Rb, and
Cs series excluding F! contribute subequally during com
pression of the solid, allowing accurate description of bu
modulus from the vibrational energies. The minimum~where
the shift from ‘‘small’’ cations to subequal ionic size t
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TABLE VI. Comparison of measured to calculated bulk moduli of alkali halides in theB1 structure~the last digits are61 unless
indicated differently!.

Substance
V0

cm3/mol

Ultrasonic studya

Compressionb

K08

Spectroscopic EOSc

KT0

GPa
K08 K09

GPa21
Range
GPa

Ref. K0

GPa
K08 K09

GPa21
Range of
Validity

GPa

NaF 14.975 46.20 5.2 0 0–0.75 27 4.64 46.0e 4.59 20.0339(2) 0–40
NaCl 26.985 23.8d 5.10d 20.37d 0–32d 28,29 4.82 20.0f 4.45 20.0215(2) 0–40

23.56 5.11~3! 20.0034(14) 0–1 30 21.0e 4.45 20.0221(2) 0–40
[23.56g 4.45 20.0224(2) 0–40

KCl 37.529 17.32 5.41 0 0–0.33 31 4.93 17.60~8! e 4.94 20.088 0–6
[17.3g 4.99 20.076 0–5

KBr 43.272 14.42 5.42 0 0–0.5 32 5.33 14.55~6! e 5.22 20.098(2) 0–7
KI 53.109 11.49 5.23~7! 20.53(15) 0–0.3 33 5.58 11.29~4! e 4.84 0h 0–5
RbCl 43.614 15.58~2! 5.48~7! 20.58(21) 0–0.45 34 5.29 14.80~5! e 4.94 0h 0–1

[15.58g 4.92 0h 0–1
RbBr 49.232 13.02~2! 5.43~7! 20.75(25) 0–0.37 34 5.57 12.84e 5.53 0h 0–1
RbI 60.12 10.05 5.52~7! 20.37(27) 0–0.30 34 5.76 10.28~3! e 5.08 0h 0–1

aK and its pressure derivatives were derived from polynomial or linear fits to ultrasonic data and do not includeV(P), except for NaCl.
bCompression data~Ref. 69! to 40 Gpa were fit to Holzapfel’s~Ref. 57! EOS ~H11! usingK0 constrained by ultrasonic data.
cPolynomial fits were derived usingV0 and the spectroscopic data iteratively via Eqs.~4! and ~5!; see text.
dCompression, ultrasonic and length-change data were fit to a universal EOS~see text and Table V!. K9 is fixed by the format of the EOS
eK05Kvib1KZPC.
fK05Kvib .
gK0 is constrained to match the ultrasonic result to test whetherK08 andK09 values are robust.
hK9 was set to 0 and a Murnaghan EOS~Table V! was used because curvature of frequency with pressure was not observed, and
slopes are reported forK08 .
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‘‘large’’ cations occurs! exists at largerr c /r a for the B2
structure because the rigid anions ofB2 phases touch at
larger radius rationr c,0.73r a . The increase of the discrep
ancy at highr c /r a ~RbF and KF! occurs because of increase
interactions between the relatively large cations.

The relationship of Fig. 7~a! and the dependence o
Kvib-Kelasticon the cation are consistent with the depende
of a number of physical properties of alkali halides on
lated relative ionic sizes60 and the strong effect the cation ha
on physical properties such as transition pressure. These
relations will be used to constrain the correction term for
B2 phases.

Correction terms. The zero point correction term i
roughly equal to, but generally smaller than, the discrepa
betweenKvib andKelastic. Table IV gives details for the sub
set of alkali halides with IR measurements at pressure.
discrepancies are largest for Na and Li, but apparently a
related to the size of anion@Fig. 7~b!#. The relationship of
Kvib1KZPC to Kelastic is best described in terms of packin
and differs little from the relationship ofKvib with Kelastic.
An additional correction term is needed. The polarizability
apparently not the source of the discrepancy because the
pendence of difference between predicted and measured
modulus on polarizability@Fig. 7~c!# is less regular than the
geometrical relationships@Figs. 7~a! and 7~b!#. The geo-
metrical correlations, in particular the increased discrepa
for small cations, suggest that the assumed form for re
sive potentials is the shortcoming of the theory~see discus-
sion section!.

Equations of state for the B1 phases. The pressure deriva
e
-

or-
e

y

e
o

de-
ulk

y
l-

tives of the bulk modulus are calculated with two metho
First, only the vibrational and zero point correction term
@Eq. ~4!# are used in order to establish the accuracy of
calculation based solely on vibrational measurements. S
ond, the 1 atm bulk moduli of NaCl, KCl, and RbCl ar
modified to match experiment in order to determine the
curacy with whichK8 and K9 are predicted from spectros
copy. For relative large cations~NaF, KBr, KI, RbBr, and
RbI!, the second method was not used becauseK0 is accu-
rately (60.23 GPa) predicted fromKvib1KZPC. Existing
data for equations of state are determined mostly at low p
sures (,0.5 GPa). Only for NaCl, are the determinatio
well constrained at high pressures by various techniques
by hydrostatic methods. Most compression measurem
are nonhydrostatic.

NaF with B1 structure. The iterative calculation usesV0
from Table IV, nTO(P) from Table II, and assumes that th
d2nLO /dP2 is about half the size of the equivalent term f
nTO. ~Doubling this derivative or setting it to zero has litt
effect on the results: the uncertainty reported for the cal
lation is derived from the latitude in described the LO mod!
The results of Eqs.~4! and~5! are compatible with all exist-
ing data@Table VI, Fig. 8~a!#, within experimental uncertain
ties.

The spectroscopic determination of volume is compati
with existing compression measurements over the entire
bility range ofB1 @up to 32 GPa, Fig. 8~a!#, even though the
spectroscopic measurements end at 22 GPa. Compre
data of Vayida and Kennedy3 is represented by a polynomia
which is valid only at low pressure~their data points were
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FIG. 7. Relationships of calculated and experimental b
modulus with physical properties.~a! Dependence of the fractiona
difference between the vibrational contribution to bulk modu
Kvib and the elastic measurementKelastic on the ionic radius ratio.
Symbols indicate the various cations. The trend for theB2 structure
~Cs halides! is shifted to slightly higherr c /r a . A strong correlation
of anion properties with bulk modulus is indicated by the ste
trends for Na~squares! and Li ~slashed squares! halides.~b! Depen-
dence of the fractional difference between the vibrational and z
point contributions (Kvib1KZPC) and the ultrasonic measuremen
Kelastic on the ratio of the sum of the ionic radii to the bond leng
~c! Dependence of the fractional difference between the vibratio
and zero point contributions (Kvib1KZPC) and the ultrasonic mea
surementsKelastic on the polarizability. Polarizability values are a
l5644 Å ~Ref. 59!. Correlations exist for each of the differen
cations.
not reported!: at low pressures, their polynomial and th
present spectroscopic determination agree.

The calculated value ofKT(0) matches ultrasonic mea
surements at 1 atm:27 no correction terms other than the ze
point contribution are need for this substance, consistent w
the subequal size of the anion and cation. The calcula
bulk modulus@Fig. 8~a!# curves significantly with pressur
and is well described by a second order polynomial~Table
VI !. Our value fordK/dP of 4.17~Table VI! is significantly
less than that of 5.2 obtained in ultrasonic studies27 but the
curves are nearly indistinguishable at low pressures o
which the elastic data were obtained@Fig. 8~a!#. Thus, the
main difference is the present observation of curvature inKT
with pressure. Fitting the spectroscopic data to a unive
EOS givesK0542.85 GPa andK0854.635; alternatively, if
K0 is constrained to be 46 GPa, then the universal EOS g
K0854.18 @shown as a dashed line in Fig. 8~a!#. A similarly
low value of 4.34 forK8 was also obtained taking the insta
taneous derivative. Fitting Sato-Sorenson’s5 data to fit a uni-
versal EOS is also consistent with a lowK8 value. The above
analysis suggests thatK8 reported by ultrasonic studies is to
large. Possibly, nonzero values ofK09 may hinder accurate
determination ofK08 from ultrasonic data collected over
narrow pressure range.

NaCl-B1. The compression and ultrasonic data sets
NaCl-B1 are the most extensive and most accurate. A U
versal EOS~Table IV! is used to compute volume@labeled
‘‘expt.’’ in Fig. 6 ~b!# and bulk modulus@Fig. 6~a!# for com-
parison with spectroscopic calculations. This description
volume ~Table VI! is a slight improvement to the alread
excellent fit shown by Vinetet al.55 and closely represent
the available data.61 The compressional description of bu
modulus compares well with recent ultrasonic results, exc
for K9 ~Table VI! which is fixed by the format of the EOS
~Table V!.

If the vibrational contribution alone is used~the zero point
correction is ignored! with frequencies that are represent
as polynomials in pressure~Table II! and with the 1 atm
volume as the starting point, the resulting curve lies 15
below experimental determination ofK over all pressures
@Fig. 6~a!#. Use of the vibrationalandzero point terms resul
in a curve that lies 10% below experiment. If an additiona
atm correction term is used such that the calculatedK0
matches the experimental determination of 23.56 GPa fr
recent ultrasonic data,30 then the resulting curves forK(P)
and V(P) are indistinguishable from those derived fro
compression measurements. Clearly, the effect of pres
on the zero point correction term and other correction ter
is negligible. Thus, the curvature of the bulk modulus w
pressure~K8 andK9! can be obtained from vibrational spe
troscopy, even if the match withK0 is poor.

For NaCl, the spectroscopic calculations are well rep
sented by a quadratic fit~Table VI!. The derivatives are neg
ligibly affected by using various correction factors. Avera
values are 4.4560.01 forK08 and20.02260.001 GPa21 for
K08 . The cubic fit is marginally better, giving similar value
K0854.59, K09520.035 GPa, andK0-50.00025 GPa22. If
the spectroscopic calculation forV(P) is fit to a universal
EOS withK0 defined as 23.56 GPa, then the derivatives
K0855.00(1) andK09520.349(1), which are close to those
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FIG. 8. Bulk modulus and volume as a function of pressure. The vertical arrow indicates the pressure at whichB1 transforms toB2. The
following symbols are common to most parts. Solid line:B1 volume calculated from spectroscopy; dashed line:B1 volume polynomial fit
from Ref. 3; dot-dashed line:B1 volume calculated from ultrasonic parameters~Table IV and VI!; solid line with filled diamonds:B1 KT

calculated from spectroscopy; dot-dashed line with filled triangles:B1 bulk modulus from ultrasonic parameters; solid line with square
plus sign:B2 volume calculated from spectroscopy; dashed line with open triangles:B2 volume polynomial fit from Ref. 3; solid line with
open squares:B2 KT calculated from spectroscopy~Table VII!. The asterisk marks the upper limit of the spectroscopic measurement~a!
NaF. Small circles with error bars:B1 volume Ref. 5. The spectroscopic calculation forK(P) is shown as filled diamonds, and the univers
EOS fit to the calculation is shown as the short dashed line.~b! KCl. Crosses with error bars areV(P) data fromB2 from Campbell and
Heinz ~Ref. 7!. Short dashed line: Murnaghan EOS calculated withK0 andK08 from spectroscopy, butK0950. ~c! KBr. ~d! KI. ~e! RbCl. ~f!
RbBr. ~g! RbI. For ~e!, ~f!, and~g!, the polynomial fits toV(P) by Ref. 3 are shown as filled squares.
x
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derived from the compression data. However, this appro
mation~not shown! does not fit the calculatedKT(P) nearly
as well. This misfit and the ultrasonic determination30 indi-
cate that format of the universal EOS yields results in
large a magnitude forK09 ~the Birch-Murnaghan EOS als
requires a large magnitude forK09!. Consistent with the in-
terdependence ofK8 andK9 ~Table V!, the initial values for
i-

o

K08 derived from the universal or Birch-Murnaghan EOS a
also large.

KCl-B1. The bulk modulus for KCl-B1 was calculated
iteratively fromV0 andn i(P) given in Table II by assuming
that the LO and TO modes are parallel. Over the narr
pressure range of 6 GPa, approximating the curvature
the position of the LO mode has little effect. The result fro
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Eq. ~4! at low pressure@Fig. 8~b!, Table VI# is similar to the
Murnaghan EOS derived using ultrasonic data.31 The differ-
ence ~maximum of 4% at 2 GPa! is due to the curvature
observed through spectroscopy. The calculation is valid o
the B1 stability range and can be extended to about 6 G
Constraining the initial value to equal the ultrasonic res
changes the pressure derivatives only slightly~Table VI!.

Volumes derived from spectroscopy, ultrason
measurements,31 and compression studies3 are in excellent
agreement~,0.27% difference! over the stability range o
B1 @Fig. 8~b!#. Clearly, integrating to obtain volume serve
as a smoothing routine.

KBr-B1. The bulk modulus forB1 was calculated itera
tively from V0 ~Table V! andn i(P) in Table II by assuming
that the LO and TO modes are parallel and that the curva
of both modes is the same as that of the TO modes of K
The approximation@Fig. 8~c!, Table V# lies close to that
derived from a Murnaghan EOS using ultrasonic values. T
maximum difference is 3% at 2 GPa. Volumes derived fro
spectroscopy, ultrasonic measurements32 and compression
studies3 are in excellent agreement~,0.5% difference! over
the stability range ofB1 @Fig. 8~c!#.

KI -B1. The bulk modulus forB1 calculated iteratively
from n i(P) in Table II and fromV0 lies close to that derived
from a Murnaghan EOS using ultrasonic values@Fig. 8~d!#.
The maximum difference is 8% from 0 to 6 GPa. The sp
troscopicKT for B1 has a positive second derivative~Table
VI ! and behaves poorly at high pressure because a li
relation for frequency was used~the expected negative se
ond derivative for frequency was indicated by comparison
our measurements to previous data, but could not be
equately constrained!. Despite these problems, volumes d
rived from spectroscopy, ultrasonic measurements,33 and
compression studies3 are in excellent agreement~,1% dif-
ference! over the stability range ofB1 @Fig. 8~d!#. Use of the
initial spectroscopic determination of 4.84 forK08 in a uni-
versal or Murnaghan EOS~not shown! results in a better fit
to V(P) and is a good match to the ultrasonic data at l
pressure.

RbCl-B1. Spectroscopic data are only available for t
B1 phase.21 The bulk modulus forB1 calculated iteratively
from this data and by assuming that the LO-TO splitting
constant, lies 0.6 GPa below that derived from a Murnag
EOS using ultrasonic values34 over the stability range@Fig.
8~e!#. Requiring the spectroscopic calculation to match
ultrasonic derivation ofK0 has little effect on the slopeK08 ,
but improves the fit with volume to better than 0.2%~not
shown!. The value forK08 of 4.92 from spectroscopy may b
lower than the ultrasonic determination of 5.5 because th
data were fit to a quadratic with a large negativeK09 value,
but the difference could also result from the external press
calibration used in the spectroscopic measurements.21 The
very largeK09 value from ultrasonic data is not consiste
with d2n/dP2 being close to zero.

RbBr-B1. The TO mode of theB1 phase linearly in-
creases with pressure.21 The bulk modulus forB1 calculated
iteratively from this data and by assuming that the LO-T
splitting is constant~Table VI!, lies close to that derived
from ultrasonic values34 for KT andK08 @Fig. 8~f!#. The maxi-
mum difference is 1.4% over the stability range ofB1. Cal-
er
a.
lt

re
l.

e

-

ar

f
d-
-

n

e

se

re

culated volume is in excellent agreement with experim
@Fig. 8~f!#.

RbI-B1. Calculations of theB1 volume andKT from
previous spectroscopic data21 are in good agreement with
experiment@Fig. 8~f! and Table VI#.

Equations of state for high-pressure B2 phases. In gen-
eral, previous determinations of theB2 phases, whether by
compression or ultrasonic techniques, are less accurate
those of theB1 phases, largely due to the increased non
drostaticity at high pressures and to the hysteresis of
transition. Our aim is thus to calculate theB2 properties as
accurately as possible, using the comparison withB1 phases
as a guideline. For the iterative calculations, the volume
the transitionVx is used as the starting point, because
amount of shear stress should be negligible immediately
ter B2 is formed due to loss of volume upon recrystalliz
tion. KZPC is also calculated at the transition pressure@Eq.
~4!#. For the K and Rb halides which transform at low pre
sures, this quantity is small and differs little fromKZPC, at 1
atm. For NaCl, the high transition pressure may result
KZPC differing from the 1 atm value, and an additional co
rection factor may be needed as was the case forB1. These
possibilities are considered and a detailed analysis is g
for NaCl.

Problems with previous data on KT and V(P) for
NaCl-B2. Compression data with which to compare our r
sults are problematic. The recent static compression d
sets5–6 for the B2 phase of NaCl are compatible, differin
only below 30 GPa~Fig. 6! whereB2 is metastable. The sol
measurement below 30 GPa of Heinz and Jeanloz6 lies on
the V(P) curve for B1 ~within experimental uncertainty!.
Because high pressure diffractions are only collected ov
small solid angle so that few lines are observed, a revers
to B1 may have been overlooked. In contra
Sato-Sorensen’s5 V(P) data forB2 below 30 GPa could no
have been misidentified because each of these experim
contains diffraction lines from both phases in each exp
ment. However, theB2 diffractions could have originated in
the high pressure area of the cell, so that the reported ave
pressure is not necessarily appropriate. Moreover, parti
transformed samples have been shown to give structura
rameters which are not always accurate.62

It is significant that virtually allV(P) data forB2 at pres-
sures above 40 GPa lie within the uncertainty of theB1
curve @Fig. 6~b!#. The strong shear stress present at h
pressure in such nonhydrostatic experiments can prod
overly large lattice parameters and anomalously high de
minations of bulk moduli.15 Moreover, none of the accepte
equations of state~e.g., the universal EOS or finite strain!
adequately describes theV(P) data forB2. The best descrip-
tion is a straight line:

VB2518.75220.06919P, ~6!

excluding the suspect datum at 25 GPa, or

VB2518.95320.07288P, ~7!

if all data are included. The linear appearance ofV(P), see
Fig. 6~b!, and sometimes ‘‘reverse curvatures’’ have be
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TABLE VII. Spectroscopic determination of bulk moduli of alkali halides with theB2 structure.

Substance Transition
GPa

Vx
a

cm3/mol
KZPC(x)

GPa
Kx5Kvib1KZPC

GPa
K0

GPa
K08 K09

GPa21
V0

cm3/mol
EOS Range

GPa

NaF 30 10.0b ;6 146~5! c

NaCl 32 16.5d 5.7 119~4! g indeterminant 4.7~7! [0 h indeterminant Modified
Murnaghan

20–50e

KCl 1.9 30.323f 0.25 24.45 17.28 4.38 20.0283(4) 33.248 Polynomial 0–3
KBr 1.9 34.782f 0.45 19.87 11.16~9! 4.33 20.0060(2) 39.034 Polynomial 0–4
KI 1.9 42.858f 0.5 17.24 9.87~11! 4.450~14! 20.016 49.585 Polynomial 0–35
RbCl 0.5 35.483f est. 0.7 19.3c

RbBr 0.45 40.703f 0.8 15.36 11.48 7.53 [0 h 42.13 Modified
Murnaghan

0–1

RbI 0.5 50.09f 0.1 12.43 11.05 2.77 [0 h 52.271 Modified
Murnaghan

0–1

aDerived from compressional measurements of volume at the transition point as pressure was increased.
bFrom Sato-Sorensen~Ref. 5!.
cDerived from trends in frequency across the transition.
dFrom Refs. 5, 6, and 11.
eV of NaCl in theB2 phase can be approximated at 4.4% less thanV(B1) at pressures above 40 GPa.
fData from Vaidya and Kennedy~Ref. 3!.
gSee text for discussion.
hFor constantdn/dP, K08 is assumed constant and is determined at the transition pressure.
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observed for various samples under shear stress~see com-
parisons of hydrostatic and nonhydrostatic data in Refs.
and 63!.

Derivation ofKT from existing compression data forB2
is thus problematic. However, at the midpoint of the data~50
GPa!, the linear fit could give a correct bulk modulus, if th
compressibility data at the endpoints of the nonhydrost
measurements lie on the trueV(P) curve, as has previousl
been observed.15,63

Calculation of the bulk modulus ofNaCl-B2 at the tran-
sition. Vx of 16.5 cm3/mol at 32 GPa is indicated by sever
studies.5–6,11,64Substituting frequency as a function of pre
sure~Table II! and this particular volume into Eqs.~4! and
~5! and iterating givesKT as 118.6 GPa at 32 GPa. Th
difficulty in accurately determining the LO mode contribut
an uncertainty of61.5 GPa.KZPC of 5.7 GPa~Table VII!
may be overestimated because the calculation is done a
GPa instead of 1 atm. For comparison,KZPC of theB1 phase
at 1 atm is 1 GPa, but an additional correction of 2.6 GP
needed~see above sections!. Considering these problems, th
bulk modulus ofB2 could range from 113 to 124 GPa.
decrease inKT across the transition is clearly indicated b
cause the drop of 23 GPa is at least four times the uncer
ties in the calculation. The decrease across the trans
clearly stems from the large drop in the IR frequencies a
can be visualized as the release of tension in the interato
‘‘springs’’ ~see discussion section!.

Pressure dependence of the bulk modulus and volume
B2. At the 32 GPa transition, the spectroscopic calculat
yields K8 of 4.760.7 for B2. BecauseK8 cannot be deter-
mined without knowledge ofd2n/dP2, we assumeK8 is a
constant. The resultant linear extrapolation of the spec
scopic results forKT(P) and use of a modified Murnagha
equation~Table V! for V ~Fig. 6! constitute upper limits for
KT and forV(P) becaused2K/dP2 must be negative just a
d2n/dP2 is negative. For NaCl, the bulk modulus follows
5

ic

32

is

in-
on
d
ic

for
n

o-

l curve@Fig. 6~a!#: KT rises from 1 atm to a local maximum
at the stability limit ofB1, drops upon transformation toB2,
and then rises with pressure, passing theB1 values at about
40 GPa. At 50 GPa, the calculatedB2 bulk modulus inter-
sects the bulk moduli determined by linear fits to the co
pression data.5–6 KT obtained from the linear fits to compres
sional data near the midpoint agrees with our results beca
the linear representation represents a tangent to theK(P)
curve. Thus, the spectroscopic determination is compat
with the trends in theV(P) data, within the respective un
certainties.

Use of a modified Murnaghan equation presents a pr
lem at low pressure, because negative values are obtaine
KT below 7 GPa. Other EOS~such as higher-order finite
strain or the universal formulation! yield similarly odd be-
haviors, as implied by their mathematical forms. Furth
more, the expected curvature of frequency with press
would yield even more negative values ofKT at low P from
Eqs. ~4! and ~5!. These unexpected features forKT(P) are
attributed to the combination of theB1-B2 transition occur-
ring at very high pressures and to the instability ofB2 at low
pressures~discussed further below!.

The uncertainty in the slopednLO /dP ~Table II! negligi-
bly affects V(P). Above 45 GPa, the volume should d
crease at a faster rate than calculated~Fig. 6! becauseK8 is
not constant, but decreases with pressure. A reasonable
mate is that theB2 curve above 45 GPa parallels the pr
jectedB1 volume curve, although theB2 volume could de-
crease more rapidly than theB1 volume as is calculated fo
the potassium halides~see below!.

Hydrostatic measurements of the volume for theB2
phase65 are consistent with our calculation@Fig. 6~b!#. More-
over, the steeply trending data points near 32 GPa and
isolated datum on the metastableB2 phase of Ref. 6 near 24
GPa lie on our curve, although the latter may be a coin
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dence as this point also lies on theB1 curve. Our calculation
does not support the low pressure measurements
Sato-Sorensen,5 nor does it correspond withV(P) data
above 40 GPa of either Sato-Sorensen5 or of Heinz and
Jeanloz6 ~which lie on theB1 curve, and are thus suspec!.
Shear stress is implied14,15 to affect the previous measure
ments in that diffractions collected from the DAC involv
100 to 1000 contiguous unit cells in order to produce x ra
sufficiently intense for detection and that large pressure
dients exist over this distance at the high pressures attai
In contrast, IR vibrations originate in nearest-neighbor int
actions ~otherwise glasses would not have spectra! so that
shear stress minimally affects IR spectra~see Ref. 66, and
citations therein!. Shear is also reduced in our experimen
due to the proximity to the volume reducing transition. Pro
lems in theV(P) measurements begin at pressures bey
our range.

KCl-B2. ForB2, we usen(P) of Table II in Eqs.~4! and
~5! and constrain volume to match Vaidya and Kennedy3

measurement of 34.964 cm3/mol at 1.8 GPa. The nonhydro
static measurements of volume of Campbell and Heinz7 are
similar. Volumes forB2 derived from spectroscopy@Fig.
8~b!, Table VII# lie within the uncertainty of compression u
the limit of the spectroscopic data~20 GPa!.

BecauseV0 is unknown for theB2 phase, fitting the com
pressibility data to an equation of state yields a large va
tion in possible values forK0 andK08 . Campbell and Heinz7

obtain V0531.84 cm3/mol and K0528.7 GPa by assuming
K854. The data are equally compatible withV0
533.52 cm3/mol and K0514.9 GPa withK854 and con-
stant, and thus, the compressibility data are compatible w
parameters derived from the spectroscopic calculations.

Acoustic measurements have been made of theP velocity
of KCl in the B2 phase at nonhydrostatic pressures.8 Obtain-
ing the bulk modulus from this data requires estimation
the shear velocity. Acoustic measurements of KBr and
~Ref. 9! show that theS andP velocities respond differently
to the transition, so that assumptions of proportionality,
used in Ref. 8, are suspect. More importantly, the extrac
of KT from VP requires use of an EOS and is sensitive to
assumed values forV0 and K08 . Given these problems
Campell and Heinz8 do not report a bulk modulus for KCl
and thus their results cannot be compared to ours.

KBr-B2. For B2, we usenTO(P) of Table II and assume
that the LO and TO modes are parallel. The volume at
transition~Table VII! determined from compression data w
used as a constraint. The assumption of parallel slopes
tributes a small error: for example, assuming that the LO-
splitting decreases to nothing at 35 GPa only decreasesKT
by 5%. A decrease in the LO-TO splitting similar to that
KCl would affectKT by less than 1%, and the resulting u
certainty in volume is inconsequential. Volumes forB2 de-
rived from spectroscopy@Fig. 8~c!, Table VII# and compres-
sion measurements are similar, differing by a maximum
2.5% at the limit of the compression measurements~4.5
GPa!, but vary considerably in slope@Fig. 8~d!#. The differ-
ence can be attributed to the narrow range of pressure m
surements for the compressional studies and to use of a
order polynomial to model the data.

KI-B2. For B2, we usenTO(P) of Table II and assume
that the parallel slopes observed from 2 to 5 GPa for the
of
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and TO modes@Fig. 3~a!# continue to higher pressures. Th
assumption of parallel slopes contributes little error as d
cussed above. Volumes forB2 derived from spectroscop
@Fig. 8~d!, Table VII# and compression measurements a
close. The relationship is as described for KBr, above.

RbBr-B2. For B2, we usenTO(P) of Table II and assume
that the LO-TO splitting is constant and equal to theB1
value. Volumes forB2 derived from spectroscopy@Fig. 8~f!,
Table VII# and compression measurements3 agree moder-
ately well, differing by a maximum of 2.5% at the limit o
the compression measurements~4.5 GPa!. K8 for B2 ~Table
VII ! is uncertain because the slopedn/dP was determined
over a narrow interval of 0.12 GPa at the limit of th
measurements.21

RbI-B2 Spectroscopic data forB2 of Ref. 19 were used
but these may not be an accurate representation of the
lution with pressure because an ungasketted diamond-a
cell was used. The low slope of theB2 mode constrains the
value attained after transition, allowing accurate calculat
of KT near the transition~Table VII!, but the values ofK0
andK8 are suspect.

NaF-B2 and RbCl-B2. Becausen(P) data are not avail-
able, bulk moduli at the transitions~Table VII! were calcu-
lated from the predicted frequency drops. ForKZPC, dn/dP
with half of the value of that for theB1 phase was used, a
appears to be the general rule~Table II!. The uncertainty in
the bulk modulus for NaF is large because calculation
KZPC at high pressure is uncertain. Fitting recent compr
sional determinations ofV(P) for RbCl-B2 to a Murnaghan
EOS givesK0517.9(10) GPa andK0855.23(29), assuming
that V0 is 31.45 cm3/mol ~Ref. 8!. These parameters giv
20.5 GPa as the bulk modulus at the transition, which
within the uncertainty of our calculation. TheV0 , K0 , and
K08 parameters are highly interdependent, so thatK and K8
derived from compression data are more uncertain than
viously stated.7–8

DISCUSSION AND CONCLUSIONS

Accuracy of the model: KT at 1 atm for B1 phases. The
calculated values forK05Kvib1KZPC are fairly precise, with
uncertainties mainly arising from the correction term. T
calculation~Tables IV and VI! is accurate within 0.5 GPa
~0.4 to 5%! for all substances with a cation radius grea
than 0.6 times their anion’s radius. For NaCl withr c /r a
50.56, the theory errs moderately (62 GPa510%), and for
relatively smaller cations, the discrepancy increases. Th
for K, Rb, and Cs halides, the semiempirical calculation
more accurate than recent quantum mechanical~QM! ap-
proaches which generally err by 10 to 25%~Refs. 1, 2!,
whereas for Na halides, the accuracies are comparable,
for Li halides QM approaches are more accurate.

Pressure derivatives for the B1 phases. The EOS for the
alkali halides determined from spectroscopy is represen
by a polynomial in pressure~Table VI!, which is then inte-
grated to obtainV(P). K(P) is a rapidly converging series
because terms of orderP2 and higher are small and becau
the signs of polynomial coefficients ofn(P) are alternately
positive and negative. A polynomial representation is giv
for KT(P) because this involves the least interdependenc
K8 and K9. The polynomial result can be extrapolated
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almost twice the pressure limit of the experiment, sugges
the reasonableness of the representation. Also, the exist
of good fits ofK as a quadratic inP for all the substances
examined suggests thatK- is very close to zero.

The slopesK8 andK9 are related todn/dp andd2n/dP2,
respectively, and are negligibly affected by the uncertainty
predictingK0 . The uncertainties~Table VI! are derived from
the fits to the spectroscopic calculation. Additional unc
tainty could arise inK08 due to the range of pressure and t
number of data points involved in computingn(P). Possi-
bly, total errors could be as much as 1% for NaCl, 2%
NaF, 5% for KCl and KBr, and 10% for the others. Th
spectroscopic determination ofK8 for Rb halides is very un-
certain as the pressures were obtained from external cal
tions. The second derivativeK9 is readily obtained if curva-
ture of frequency with pressure is observed. The accurac
K09 is roughly 5% for NaCl and 10% for the others.

Calculation ofKT(P) andV(P) from only V0 andn i(P)
appears to be accurate for the low pressureB1 polymorphs
from comparison with ultrasonic and compression data. T
ultrasonic measurements forK9 bracket our results~Table
VI !. For NaCl, which has the best constrained spectrosc
and elastic measurements, use of the same EOS give
same values forK8 andK9 from spectroscopy and from ul
trasonic, compression and length-change data~Table VI!.
Thus, the difference between the spectroscopic calculat
and ultrasonic or compressibility measurements is parti
due to the choices in representing EOS data~Table IV, Refs.
55–57!. For the other alkali halides, the determinations w
made over such narrow ranges of pressure that the curva
K9 is poorly controlled. The large values (;20.3/GPa) of
K9 from earlier ultrasonic studies are probably not correc
that recent studies30 give much smaller values o
20.003/GPa.

CalculatedK8 values are consistently 0.5 GPa smal
than those derived from ultrasonic measurements, whe
the most recent compression data69 yield small K08 values,
comparible to the present results. The difference for NaC
due the choice of an equation of state as the Bir
Murnaghan and universal EOS requireK09 to have a large
magnitude, which forcesK08 to be larger to compensate
Similarly, ultrasonic determinations ofK08 could be too large
whenuK09u is large~Table VI!. Although ultrasonic precision
for K is generally 1%~Jacksonet al.67!, K08 may not be as
accurate as stated: comparison of various data sets for N
~Ref. 68! suggests a 5 to 10%uncertainty inK08 derived from
ultrasonic studies. For example, highly regarded studies
Chabildas and Ruoff29 and Spetzleret al.28 give K08 of 5.7
and 5.3, respectively. The various determinations ofK08 are
equal, within this larger uncertainty.

The spectroscopic calculations suggest a compositio
dependence such thatK8 is near 4.5 for Na halides, 4.9 for K
halides, and 5.2 for Rb halides. Similarly, forK09 , Na halides
appear to have smaller magnitudes than K halides.

Equation of state and stability of the B2 phases. The spec-
troscopic calculations agree well withB2 compression data
for V(P) at moderate pressures where the IR data were
lected. At increasingly higher pressures, the difference
tween V(P) from compression measurements and vib
tional calculations increases. The NaCl compression data
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suspect because theB2 volumes fall on the extension o
V(P) for B1. It is also possible that shear stress in nonh
drostatic environment for the KCl compression experim
could have affected the crystallographic results, but to
lesser extent that NaCl, because the pressures were low

The uncertainties inKT of 64 or 5 GPa for the Na halide
and of60.5 GPa for K and Rb halides were estimated fro
the discrepancies between calculated and measuredKT for
the B1 phases. For theB2 phases, ultrasonic data do n
exist for comparison. Accurate determination ofKT from
V(P) data for B2 phases is difficult for several reason
First, and most importantly, theV(P) data forB2 begin at
high pressure, so that the EOS must extractV0 as well asK0

and K08 from V(P). The addition of the third paramete
makes determination of all three coefficients most uncert
if not indeterminate, particularly because theV(P) data
show little or no curvature~Figs. 6 and 8!. Second, slight
errors inV lead to large variations inKT . Third, K8 of B2
phases is assumed to equal 4, which is lower than that of
B1 phases, suggesting thatKT is probably overestimated fo
the B2 phases. Fourth, use of the Murnaghan equa
~Table V! to analyzeV(P) data which begin above ambien
pressure underestimatesV0 , which results in an overestima
tion of K0 . In particular, bulk moduli for NaCl with theB2
structure derived from previous compressibili
measurements5,6 are unsupported by our data, nor is it e
pected that such experiments with large shear stress w
give correctKT , as discussed previously.14,15,62,63

The calculated bulk modulus of NaCl in theB2 structure
at 1 atm projects to zero~Fig. 9! based on the linear respons
of frequency to pressure, and could become negative at 1
asd2n i /dP2 is negative when measurable for alkali halid
and virtually all other solids measured. Using a Murnagh
EOS to extrapolate the spectroscopic calculation below
pressure range of our measurements yieldsKT50 and infi-
nite volume at 10 GPa. Such nonphysical behavior forKT
indicates that theB2 structure is unstable below;10 GPa.
This lower limit is not particularly sensitive to the input pa
rameters, as similar values are attained for a wide rang
K8 of 5 to 7 in the Murnaghan equation. Between;10 and
21 GPa, where theB1 andB2 volumes are equal, theB2

FIG. 9. Volume and bulk modulus for NaCl. Light lines: vo
ume; heavy lines:KT ; solid line: the Murnaghan EOS based on t
spectroscopic calculation forB2; dot-dashed lines: experimenta
values forB1.
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TABLE VIII. Percentage changea in properties across theB12B2 transition.

Compound DnTO
a DnLO

a DV a
DKT

Spectroscopy
DKT

Compression
DKT

Ultrasonics
DKT

Theory
DKT

Semiempirical
DK8 a

This work

NaF 21863 d 21363 d 28 e,i 28 6 4 h,i 25 m

NaCl 227 216 24.1e,f 216 6 3 f,h 296 2 l 218 m 15610 h,i

KCl 216 213 212 g 27.56 3 h,i 26.86 2.2 j 113613 l 12 m 211610 h,i

KBr 220 215 211 g 217 6 5 h,i 27.46 0.5 j 0 m 217610 h,i

KI 222 22062 210 g 219 6 5 f,h,i 26.86 1.9 j 22 m 28610 h,i

RbCl 27 d 25 d 216 g 16 68 f,h,d 27 62 j 117 k 126626 l 122 m

RbBr 210 28 b 214 g 20.36 3 f,h 122 k 118 m 138 f,h,c

RbI 213 27 b 213 g 22 6 4 f,h 125 k 114 m 250 f,h,c

aD5(B22B1)/B1. The last digit is uncertain by61 or as indicated.
bDerived assuming the LO-TO splitting is constant.
cThese values are estimates.
dFrequencies were estimated from the trends~see Table III!.
eVolume for B2 from Sato-Sorensen~Ref. 5!.
fB1 properties from EOS data in Table VI.
gVolume data from Vaidya and Kennedy~Ref. 3!.
hB2 properties from the spectroscopic EOS in Table VII.
iB1 properties are from the spectroscopic EOS in Table VI.
jBoehler and Zha~Ref. 10!.
kReport by Shaw~Ref. 4!. The uncertainties depend on the change in length during transformation, which is unknown.
lThe quantum mechanical calculation is from Recioet al. ~Ref. 1!. The uncertainty was estimated from the difference of theB1 bulk
modulus from experiment. It may be larger because theB2 properties were calculated assuming finite 1 atm values.

mFigure 5 in Jeanloz~Ref. 13! was used in conjuction with recent values ofDV andK08 for B1 ~Table VI!. The uncertainties are large, an
depend on the accuracy ofK08 , and are roughly66 to 610; for example, Jeanloz~Ref. 13! estimatedDK as212% for NaCl using 1982
data.
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phase may be metastable. More likely,B2 metastability is
limited to P.21 GPa, consistent with observations.5,6,11,64

In contrast to results for NaCl, ‘‘normal’’ behavior ofV
andKT with pressure is observed for theB2 phases of K and
Rb halides. This difference is clearly due to their low tran
formation pressures of 2 and 0.5 GPa, respectively. He
properties of theB2 phases of potassium or rubidium halid
could be modeled by a commonly used EOS.V(P) curves
for the B2 phase of NaCl cannot be correctly modeled
existing equations of state, as those that include terms foK9
also require positive, finite bulk modulus. The Murnagh
EOS, which assumes thatK8 is constant, can be used, b
this extrapolates poorly to very high pressures.

Changes in physical properties across the B1-B2 trans-
formation: The sign ofDK. Calculations based on IR mea
surements of alkali halides indicate thatKT generally de-
creases substantially across theB1-B2 transformation
~Tables VI–VIII!. For NaF and RbCl,KT for B2 at the tran-
sition was calculated using the trends in frequency. NaF
haves similarly to NaCl. The value for RbCl~Table VIII! is
similar to those derived for RbBr and RbI, however, the b
modulus for this compound was found to slightly increa
across the transition~Fig. 10! and the decreases inKT at the
transition for RbBr and RbI are much smaller than those
the other alkali halides~Tables VI and VII!, lying close to
zero ~Table VIII!.

The general decrease inKT is corroborated by direct mea
surements~using a piston-cylinder apparatus! of KBr, KI,
KCl, and RbCl.10 Moreover, a strong decrease of;35% has
been observed for the transverse acoustic frequencies~ac-
-
e,

e-

e

f

FIG. 10. Changes in physical properties across theB1-B2 tran-
sition as a function of radius ratio. Diamonds: Na halides; triang
K halides; squares: Rb halides; dashed lines with filled symb
differences inKT calculated from IR measurements; solid line wi
open symbols: measured differences in volumes; dotted line w
open symbols and crosses: measured differences in the TO
quency; heavy arrow: theoretical limit of stability for six coordin
tion of unequal sized spheres. Sources of the data are given in T
VIII. Error bars are indicated for the change in bulk moduli for th
Rb halides. Error bars are smaller for the Na and K halides.
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companied with little or no change in the longitudinal acou
tic modes! during transformation of KBr and KI through
impurity-induced Raman spectroscopy, which is also con
tent with KT decreasing across the transition.9 Recent QM
calculations1 support a decrease for NaCl, as do semiem
ical relations of the change inK with K8 values forB1 and
with the change in volume.13 These types of calculations ar
not accurate for large cations.1

Our results are not compatible with previous ultraso
measurements of Rb halides~Shaw4! which show large in-
creases inKs of 15–23%. Ultrasonic determination ofKs for
the B2 phases is problematic for several reasons. Forem
as discussed by Shaw,4 the ultrasonic data are affected in a
indeterminate way by the change in length during trans
mation. In addition, the accuracy of ultrasonic measureme
is not sufficient to resolve the smalll curve shown in Figs.
8~e!–8~g! owing to the sluggishness of the transition duri
compression, to hysteresis, and to the uncertainties in
pressure determination associated with anisotropic expan
of the salt.

K8 also changes across the transformation~Table VIII!.
TheK8 data for the K halides is well constrained for theB1
phases from compression and spectroscopic calculat
~Table VI! and forB2 from spectroscopy~Table VII!, sug-
gesting decrease of roughly 10%, upon transformation toB2.

A simple model for changes in frequency, volume, a
bulk modulus across the transition. A ball and spring model
of the solid corroborates our result thatKT decreases acros
the B1-B2 transformation. The bond strength of an ion
solid will depend roughly on interatomic distance. Becau
transformation toB2 increases the bond length, the bo
strength will decrease, hence the springs are weaker an
frequency drops, as discussed previously.70 Because there
are six springs forB1, but eight forB2, the bulk modulus
will decrease upon transformation for large decrease in b
strength, but could increase if the decrease in strengt
offset by the larger number of springs. Thus, for Na and
halides, with large drops inn ~Table III!, KT will decrease,
but for the Rb halides with small drops inn, the change in
KT is near zero. This differs considerably from Jeanlo
conclusion13 that DK depends onDV and that negativeDK
requiresuDVu,10%.

The compositional dependence of the differences
physical properties between theB1 andB2 phases~Dn, DV,
DKT , andDK8! are compatible with this simple model. Fo
each kind of cation,DKT or Dn i becomes more positive th
ionic radius ratio increases~Fig. 10! because relatively large
cations~e.g., RbBr! push the anions apart in theB1 lattice,
yielding bond lengths forB1 that are close to those occurrin
in B2, whereas the relatively small cations~e.g., NaCl! fit in
the voids formed by the anions in either structure, yield
much different bond lengths inB1 andB2. In contrast,DV
-
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becomes more negative as the cation/anion ratio incre
because the transformation removes the ‘‘pore spa
present in theB1 structure due to the bigger cations forcin
the anions further apart. The size and magnitude ofDK8
~Table VIII! should roughly parallel that forDK which is
observed for the potassium halides. For the Rb halides
NaCl, the experimental determinations ofK8 for their B2
phases are uncertain.

Limitations and applicability of the semiempirical mode.
The semiempirical model originated by Blackman17 and
Brout17 for calculating elastic parameters from vibration
spectra works reasonably well18,35 because vibrational spec
tra essentially originate through interactions between nea
neighbors. Two of the assumptions are justified by the d
Central potentials are acceptable for such cubic structu
because these scale during compression, and rigid ions
reasonable because the LO-TO splitting is roughly un
fected by pressure~Figs. 1–5! and because the polarizabilit
is not related to the discrepancy between experiment
calculation~Fig. 7!. The description of repulsive potentia
as nearest-neighbor interactions appears to be the short
ing of the model. This assumption is reasonable only for
subequal sized ions, resulting in accurate calculation forK0 ,
K08 , and K09 for this class of alkali halides. For the sma
cations, repulsion between the second nearest-neighbo
ions is not accounted for by the theory, unless the interac
is purely electrostatic. This is probably not the case, lead
to decreasing accuracy inK0 as the cation radius decrease
Very large cations would also be a problem for the mod
but only two compounds~RbF and KF! are affected and this
is only to a minor extent because the difference in ionic si
is small. The summations used in deriving Eqs.~1! or ~4!
could be recast to include a repulsive term between the
ond nearest neighbors only if that potential is proportiona
the first nearest-neighbor interaction.

The spectroscopic calculation is complementary to qu
tum mechanical approaches. First, the semiempirical ca
lation provides information onK8 and K9 which are not
generally calculated in QM approaches. Second, the pre
method is amenable to large cations for which QM~Refs. 1,
2! falters, and vice versa.
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