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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
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New infrared(IR) data on NaF, NaCl, KCI, KBr, and KI were obtained at pressures of up to 42 GPa. The
large (~20%) drops in vibrational frequencies of alkali halides upon transformation d&thghase td2 are
due to the decrease in bond strength as ionic separation increases, and strongly suggest that the bulk modulus
Kt generallydecreasesluring the transition, rather than increases, as commonly accepted. Bulk moduli and
equations of state fd81 phases are obtained from one initial volukgand our vibrational frequencias(P)
using a semiempirical modéprevious IR data are used for Rb halifldSor substances with a cation radius
that is greater than 0.6 times the anion radius, initial vakigsre 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 &f; with pressure matches the previous determinations evi€g i§
not precisely predicted, which allows determination not onlK§f but also ofKg, which is generally poorly
constrained. Care must be taken in specifying the equation of state, as values fiy lzotti K] are affected
by the format chosen. For ti82 phasesyY(P) andK(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 f@&2. After transformation at 32 GP& of NaCl-B2 is 119+ 4 GPa, 16
+ 3% belowthat of B1. K;(P) of B2 rises steadilyK' is fairly large, 4.7 0.3) resulting in ax curve. Results
derived for KCI, KBr, and Kl are similar such th&t(P) of their B2 phases are better constrained than those
of B1 due to larger stability fields. For the Rb halid&s; is roughly constant across the phase change. The
compositional dependence of the changes in frequeligy,andV for alkali halides are compatible with a
simple ball-and-spring model. The calculatB@ 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-pressuB® phases[S0163-18207)07134-§

INTRODUCTION in V(P) are incurred through the use of solid-pressure trans-
mitting medial* which lead to overestimation of the bulk
One of the simplest pressure-driven reconstructive phaseoduli'® Acoustic dati only yield compression velocities
transitions is that converting the rock salt structtee B1 v, hence, calculation dfs not only requires assumption of
phase to the CsCl structuréthe B2 phaseduring which the v, and K| with the resultingKs being highly dependent on
coordination changes from 6 to 8. Understanding this systerthe chosen equation of stétbut also assumes proportional-
is a precursor to modeling pressure driven phase transitiorig/ of shear velocity taw,. The latter assumptiéris coun-
in complex solids. Several studies used quantum mechanigsrindicated by data on acoustic velocitfedltrasonic deter-
to model equations of stal&0S); however, predictions of mination of K for the B2 phasebis also problematic: as
bulk modulusK err as much as 15 to 25%ee Refs. 1 and discussed by Shafvthe ultrasonic data are affected in an
2, and citations therejn Data critically needed to test the indeterminate way by the change in length during transfor-
models, such as the change in bulk moduiysacross the mation. Occurrence of hysteresis during the transitidr
transition, are poorly constraing®ecioet al), despite the adds ambiguity to all these studies and high transformation
existence of numerous measurements of macroscopic propressures for sodium halides compound the experimental dif-
erties of alkali halides, e.g., Refs. 3—-11. For example, it idiculties. Improvements in theoretical methodologies and ad-
generally accepted that the bulk modulus increases across thitional experimental approaches are needed, as previously
transition!? and increases have been calculaied., Ref. 2 discussed:®
and inferred mainly fromV/(P) data(e.g., Refs. 4-B Yet, a Well-constrained measurements of phonon frequengies
decreaséan K+ at the transition was recently predicted theo-over a wide range in pressure not only provide a rigorous test
retically for LiCl and NaCFt calculated semiempirical?  for theoretical models, but moreover such data can be used in
and indicated by experimental measurements of the acoustsemiempirical models, e.g., Refs. 17-18, to give parameters
modes of KBr and KP and by high-accuracy piston-cylinder such as the change K across the transition. Existing spec-
measurements oAK for the K halides and RbCl® The  tral data are limited to< 3 GPa®*°*~?’many of the measure-
controversy® arises mainly becaus®2 volumes cannot be ments were made without gaskét® and all lack internal
measured at 1 atm: hence, the three parameter description pfessure calibration, hence, data acrosBtheB2 transition
the B2 data {/(,Ky,K() derived from volum&’is fraught  exist for RbBr, Rbl, KBr, and Kl, but;(P) may not be
with uncertainty(see discussion in Ref)5Additional errors  accurate.
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This study presents far-IR measurements of NaCl to 42 #0]
GPa, of KBr and Kl to 35 GPa, and of NaF and KCI to 23
GPa. The pressure dependence of the bulk mod{¢®) is
derived from a modified Blackman/Brout motfet8for both 30
B1 andB2 phases. The motivation id) to constrainKg,
which is ill constrained by compression data as it is a third
derivative and small in magnitude, and ultrasonic experi-
ments infrequently reach sufficiently high pressure to estab-
lish K" accurately,(2) to quantify the change iiK; across
the transition,(3) to determine EOS parameters for tB@
phases which do not require assuming a valué/fpor K’ ]
and(4) to calculate the mode Gneisen parameters and their 05 Ao ermmcers
derivatives(in a companion papgrFor moderately large cat-
ions (r./r,>0.6 wherer is the ionic radius the accuracy T e w0 w450
for the B1 phases is= 0.5 GPa or better if the zero point FREQUENCY (cm™)
correction is considered, which compares favorably with ex- _ _
perimental limitations and is more accurate than recent the- F!G- 1. Far-IR spectra of NaCl with thig1 structure at various
oretical result€2 Bulk moduli for B2 phases at the transition pressures. Spectra are Iabeleq with pressures in QPa. This series
are calculated for RbBr and Rbl from existing spectroscopic®TPrises the data from experiment No. 1 taken during decompres-
datd°-22and for RbCl and NaF by interpolating frequencies.S'on' Solid dot: LO peak positions, F: interference fringes.

A new equation of stat€EQOS is derived for theB2 phases

which neither requires 1 atm values as inputs nor is affected~10 GPa. For NaF, KCI and KBr, use of a small sample
by shear stress. Our results corroborate deereasein K; ~ chamber reduced the pressure gradient by at least half.
across this transition observed by Boehler and ‘Ztend Spectra were acquired at 4 Ciresolution in a purged
predicted for NaCl by Reciet aLl A Simp|e model proposed Nicolet 7199 Fourier-transform |nfrarQET|R) Spectrometer
for these materials accounts for the compositional depergquipped with a liquid-He-cooled Si bolometer and aré
dence of the physical properties. Our calculated EOS pointMylar beam splitter, over frequencies of 70-480¢Cm

to an infinite volume for theB2 phase of NaCl at 1 atm, Throughputwas enhanced fourfold with a beam condetfser.
suggesting thatl) models of theB2 phases of Na and Li Spectra were collected during compression and decompres-
halides should focus on properties at the transition pressu@on except for run No. 4 which was terminated by a dia-
rather than at 1 atm, an@) e|asticity data forB2 phases mond Shattering. Typ|CaI run conditions were 2000-2500

have not been properly extracted from compressibility meascans with a gain of 64-128 and a mirror velocity of
surements. ~0.56 cm/s. Reference spectra were collected from an

empty, ungasketted diamond-anvil céllAC). Slight differ-
ences in humidity cause traces of the water-vapor rotational
EXPERIMENTAL band$® to be present as small, sharp peaks from
. . - w1
High-purity alkali halides(99.9% were compressed at 100-305 cm™. These peaks were not subtracted because

room temperature with a Mao-Bell-type diamond &ih a they diq not interfere with the intense, broad alkali halide
sandwich configuration: a thin film of sample was formed on2PSOrption bands. . . .
the piston diamond, ruby film was sprinkled on the cylinder _ The spectra are dominated by the intense transverse optic
diamond and the gasket aperture 0800 mm was filled (TO) band(Figs. 1 and 2 The weaker longitudinal optic
with petroleum jelly(run Nos. 1 and Bor high density poly- (_LO) mode is present due to the oblique |nC|denqe of the
ethylene. Run No. 4 utilized a 0.15 mm aperture and petrol/ght traversing the DAC and to the fact that the films are
leum jelly, and had a thickseveralum) film of NaCl. The thick” and may be wedged: Thus the LO modes are not
film in run No. 1 was about Jum thick; all others were well-constrained, but the most reliable data are included for
submicron thicknesses. Run No. 5 also contained a thin filnfompleteness.

of high purity KI. Run No. 6 contained films of NaF and KCI

and uged a 0.10 mm ap_erture. Run No. 7 contained KBr and SPECTROSCOPIC RESULTS

the spinel phase of M&iO, and used a 0.11 mm aperture.

Type-I diamonds with~0.33 carat weight and 0.6 mm di- Pressure dependence of the B1 IR modeBlaCl. The
ameter flat tips were used. Pressure was determined using then-film spectrum at 1 atm has a strong peak at 164%tm
ruby fluorescence technigue using an automated scannirvghich matches the TO position obtained from the reflectance
spectrometef® (Subsequent revisions in the ruby scale per-spectrum of single-crystal NaCl at ambient conditions, and a
tain only to pressures considerably larger than those meaveak peak at 257 cit which is slightly offset from the LO
sured heré.For run Nos. 4 and 5, more than 80 measure-component at 264 cit. Peak positions increase nonlinearly
ments of theR, line in a grid across the surface were taken.with pressure up to the reconstructive transformation near 32
For run Nos. 1, 6, and 7, roughly 50 points were sampledGPa (Figs. 1 and 2 The positive shift is in accord with
For run Nos. 2 and 3, about ten points were sampled. Avershortening of bond lengths as pressure increases, and its con-
age pressure is reported; uncertainty is determined from stdinual decrease with pressure is in accord with increasing
tistics. For NaCl at 20 GPa, the pressure gradient across thesistance of the bonds to compression.

cell was <5 GPa, whereas at 40 GPa, the gradient was The TO mode is constrained by 36 data points which span
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42 TABLE |. (a) Vibrational data on NaCl in th&1 structure at

+0] NaCl and Kl

3.8

pressureghb) NaCl infrared series with partial conversiof(s). Infra-
red data on NaCl loaded with Kkeries No. & (d) Infrared data on
NaF loaded with KClseries No. & (e) KBr in the B2 phasgseries

No. 7).
3.01
a1 ] Pressure Vio V10
Expt. No. GPa cm ! cmt
3.2
@
3.0 1-B1 5.8+0.2 329 234
. 35.6 9.4+0.8 370:5 262
17.5£15 3924 321
267 10+1 350 274
24 32 } 8.1+0.8 263
u B2 NaCl B1 5.3+0.5 328 240.3
> 22120.6 / 4.2+0.4 308 217.1
< ,,] / 1.8+0.2 282 190.8
o 2-B1 7+1 338+ 5 245
O ' Lo 1051 288
RS ‘ 17.5+2.5 330:6
< ] 4\\J BT 20525 340-6
’ / 3-B1 2.5+0.5 3105 207
6.5+1 241
11+1 289
16+2 319
13+1.5 305
9.3+1 276
3.8+0.5 2955 224+2
+
0.9x0.2 ®) 272 177
B1 area B2 area
00 150 "os0 | 350 450 Pressure v o vro Pressure v g V10
FREQUENCY (cm™) Expt. No. GPa ocm?! ecm?! GPa om?! cm!
4-B1+B2 23+1 433+t5 3505
FIG. 2. Far IR of NaCl and KI gt various pressu(experiment _ 27.7+1.5 375¢5
No. 5. Spectra are offset for clarity and Iapeled with pressures in 27.6-1% 446+5 375+5 34+12 297+1
GPa. The baseline at the lowest frequencies measured is at about 30+0 5 448+ 5 382+ 5 36.5-1.CF 310+2

0.2 absorbance units for each spectrum. Peaks due to ruby occur
from 360 to 450 cm? at ambient pressure and shift to

>425cm ! by 35 GPa. The TO peaks are labeled according to
chemistry and structure. The 32 GPa pressure is an estimate: this
datum was not included in the analysis.

32.2-0.2 450+2 390+5 38.5-1.0% 425+5 33010
40+1 432+5 350+8
42.3+0.6 450-5 366+6

(©

NacCl
. . . Pressure VLo V10 1o’ vro

the stability range oB1 (Table ). Peak positions are listed gpg Phase cm' com! Phase cm® cm!
sequentially in order to differentiate decompression from
compression runs. Although strong curvaturevgd g, with ~ 8-570-1 Bl 238 B2 149.2
pressure is seen[Fig. 3@], our initial slope of ig'oafg'g 330535 239342 128151
15.4 cm Y/GPa equals that previously obtained below 0.6222:920:4 354 2944
GPa™l 27.2+0.8 374

The LO component could not be traced in all spectra dueg s+0.5 mixture 239.3
to its weakness. Channel fringes are also present and space@4+1 B2 301
at roughly 80 cm? (Figs. 1 and 2 This sinusoidal baseline 35.6+0.6 325-2 264
cannot be intrinsic to the sample because it is also seen in th#.3+0.5 375:57 318:2 256.4
reference spectra, as shown in Ref. 24. Positions of the art?9.8+0.4 mixture 241
facts are unaffected by pressure, allowing LO peaks to bg0-6:0.4 B1 336 213
differentiated by their pressure dependence. LO modes for*-0+0.1 212 150 119
B1 most prominent for the thick films of series No. 1 and 22401 192.8 13Z5 1034
No. 4, yielding 20 different data point3able |). The trend 1.0+0.1 2?2 131'1 Bl 1?26 10101'1
of the LO mode forB1 with pressure is roughly parallel to 1:3;0:1 277 182:3 165 120

that of the TO mod¢Fig. 3@], although the LO-TO split-
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TABLE I. (Continued. 450
(d) 400 F 3
NaF KCI N 1
~ 350 -
Pressure Yo Y10 vo° V1o £ : ]
GPa cmt cmt Phase cm™ cm™?! < 300 C .
4.4+0.1 444 295.4 B2 236 1622 § | ]
9.3+0.1 480 333 263 210 % 250 —
17.4+0.1 380.4 306 2582 i 200 I _
22.8+0.2 412 ~330 277 r ]
20.8+0.2 404 316 271 150 ]
11.1+0.2 346.7 275 222.7 / ]
4.9+0.1 295.4 241 172 100 it
1.8+0.18 215 145 0 10 20 30 40
1.5+0.1 419 268.2 Pressure (GPa)
1.4+0.12 Bl 159
0.4x0.1 417 253.3 224.4 149 20
1.7+-0.1 426 270 248 163.9
2.3+0.1 425 273.5 169
2.7+0.1 173.6 =
2.8+0.1 431 277 e 200 |
3.1+0.1 B2 153 L
(e >
Pressure V10 % ' 1
GPa cmt 2 \ ]
o oo B2 LO A
11.60+0.05 174 @ 180 1 o an
16.2+0.2 204 o Pt
23.7+0.4 241 i K N :
28.5:0.5 250 Wt e o b ]
35.9£0.6 282 100 AT S TV TR A TP
0 1 2 3 4 5 6 7 8
&These pressures were determined by assuming that pressure from Pressure (GPa)

the center of the cell corresponded to B2 phase and that the
presures near the edge corresponded t@th@hase. The areas for ~ FIG. 3. Pressure dependence of alkali halide IR mo@gsdigh

B1 andB2 phases were assumed to be equa|’ for S|mp||c|ty pressure data on NaCl and the B2 phases of Kl and KBr. Small
bMost LO modes of Kl were obscured by the NaCl peaks. filled squares: TO modes of NaCl in the B1 phase; open squares:
°Some LO modes of KCI were obscured by the NaF peaks. LO of NaCl with the B1 structure; filled triangles: TO of NaCI-B2;

open triangles: LO of NaCl-B2; filled diamonds, TO of KI with the
B2 structure; open diamonds: LO of KI-B2; plus sign: KBr-B2. All
ting may decrease from 100 crh at ambient pressure to lines are least squares fits of polynomials or linear fits in pressure to
60 cm ! at 32 GPa. the data(Table Il). (b) Low pressure data on Kl, KBr, and NaCl.
A high-order polynomial with pressure best describes theSquare with cross: the TO mode of Kl in the B1 structure; square
observed changes in frequencies upon compresdiable  with slash: LO of KI-B1; solid line: KBr-B1 data from Ref. 21.
II). Other functiongexponentials and logarithms in volume

or pressurgfit the data less well. Mode Gneisen param- ~100 et (Table I; Figs. 2 and Bdue to the increase in

eters, yi, = Kry(dv; /dP)o/ vio, calculated for thd1l phases ,n jength required for an increase in the number of nearest
using ultrasonic data foKr ,?’~*are roughly 2 for the TO neighbors, see discussion secti@2 modes change linearly
modes and 1 to 1.6 for the LO component. with pressure over the measured interval but with a steeper

Other peak parameters are also affected by pressure. Peglope than that seen f&1 (Table Il), and the LO-TO split-
width and area increase and intensity decreases as presstirgy appears to increase rather than decrease, in contrast to
increasegFig. 1), such that the oscillator strength decreaseshe behavior ofB1. The linear dependence and increase in
slightly with pressure. This may be intrinsic, as a weak dethe LO-TO splitting are artifacts attributed to the narrow
crease in oscillator strength is consistent with the observethnge of pressures attained B2, to the lower accuracy in
weak dependence of the LO-TO splitting on presqliig. P due to the increased pressure gradient, and to difficulty in
3@]. tracing the LO mode of thé82 phase. Probably, the LO

Pressure dependence of the B2 IR modesac|. Peaks mode parallels the TO mode within this pressure range, as
for B2 phase are broa@Fig. 2), possibly due to the larger suggested by the three highest pressure points for the LO
pressure gradient found at high pressure. This reconstructiveode[Fig. 3(a), Table Il], and as occurs for KCsee be-
transformation causes a significant drop in frequencylow).
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TABLE II. Polynomial representations of the pressure dependence of the IR modes of alkali halides and
their Grineisen parameters.

Mode v (in cm™* with P in GPa @ ¥i,(B1)°
NaF B1TO 246.89310.90P — 0.165P?2 2.04
NaF B1LO 412.968- 7.08(P 0.79
NaCl B1TO 164.676-15.48% — 0.5350P%+ 0.01212P%—0.000112P* 2.25
NaCl B1LO 263.5122 12.142P —0.30196°2+ 0.003403P3 © 1.10
NaCl B2TO 42.756-7.612%P

NaCl B2LO 5.0543+10.646 ¢

KCl B1TO 142.652- 13.419 —0.76482 1.63
KCl B1LO 215.1119.55P 1.57
KCl B2TO 119.936-11.397P —0.198P2

KCl B2LO 205.2137.128P —0.078P2

KBr B1TO 114.06r15.9Pf 2.01
KBr B1LO 165.0+ 15.9P © 1.39
KBr B2TO 97.876- 7.624° —0.06932

KBr B2LO 148.876-7.624°7 — 0.0693P2 ©

KI B1TO 100.3+15.224 " 1.74
KI B1LO 138.6+19.26P 1.60
KI B2TO 78.825+ 11.61F — 0.32282+0.0039P3

KI B2LO 121.13+11.61P —0.32282+0.0039P3 ©

RbCI B1TO 116+ 16.3 F 2.18
RbCl B1LO 173+16.3P ¢ 1.47
RbBr B1TO 87.5+16.3P f 2.42
RbBr B1LO 127+16.3P ¢ 1.67
RbBr B2TO 74+21Pf

RbBr B2LO 105+ 21P ©

Rbl B1TO 755+ 14.8P 1.97
Rbl B1LO 103.0+14.8P © 1.44
Rbl B2TO 70.0+ 4.0P ¢

Rbl B2LO 97.5+4.0P ¢

&Transition pressures are 32 GPa for Na halides, 1.9 GPa for K halides, and 0.5 for Rb halides.

bCalculated using ultrasonic measurementskgr(Refs. 25—-32

®Initial slope is poorly constrained: a linear fit to the first four data points gives 15.9/GRa.

This trend is defined by all four data points. Three data points fall on a trend of 166.683%: because
this results in the LO-TO splitting being nearly constant and slightly decreasing, as obseni&t tie
lowest pressure point is probably inaccurate, and the latter trend is used to detergnine

®LO-TO splitting is assumed consB8 cmi * for KI B2; 40 cm ! for RbBrB1 orB2; and 51 cm? for KBr
and 27.5 for Rbl(see text

‘Data from Lowndes and RastotiRef. 21).

9Data from Ferraret al. (Ref. 20. The frequency at the transition is accurate, but the slope is uncéstsn
text).

"The initial slope was taken from the lower pressure data of 4j.is 18.8.

Pressure Dependence of the KI modkstial values of  pressure and that the initial slope is best constrained by pre-
100 and 139 cm' for the IR modes of KI match those ob- vious low pressure dafa.
tained from single-crystal reflection spectroscopy. The data IR frequencies of th&2 modes at the transition are sub-
are consistent with linear dependence of frequency on prestantially less (32 cm') than those of th&1 phase, as pre-
sure for theB1 phase of KI[Fig. 3(b)]; however, our slope viously observed® in accord with the longer bonds iB2.
of 15.2 cm Y/GPa (Table Il) is considerable less than the The pressure dependence of the TO mode foBtAghase is
value of 18.8 previously determined at low pressiifé®> constrained by 11 spectra taken over 2 to 35 GRable |,
Because the present slope is obtained from high pressufég. 3@]. The LO mode was observed over a narrow range,
data[Fig. 3(b)] and because K1 shows curvature for owing to interference with NaCl spectra, but it appears to
v(P) as shown belowdv/dP is inferred to decrease with parallel the behavior of the TO mode. The slope of the LO
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mode (Table 1) is indistinguishable from that determined
through impurity induced Raman spectrayt our values are
10 cmi ! higher. The difference in peak position is probably
due to dispersion because the Raman measurement samples
the edge of the Brillouin zone, whereas IR spectroscopy
samples the center.
Pressure dependence of the B2 IR modes in KBre
B1 phase for KBr was not observed. Previous
measurement$?! indicate a steegTable Il) initial slope
[Fig. 3(b)]. The TO mode foB2 phase increases nonlinearly
with pressurd Table Ke), Fig. 3a)] and is accurately repre-
sented as a quadratic polynomialfn The frequency at the
transition was not determined requiring that we use the pre-
vious measuremefftof 115 cm'. This data point is consis-
tent with our higher pressure trend and is bracketed by the
B2 modes of KCI and Kl Table Ill). The drop in frequency
of 30 cm s close to decreases for KI and KCI. The LO
mode was not detected. A slope of 7.1 ¢iGPa previously
observed from impurity-induced Raman spectra of the LO
modé€ is similar to the present slope for the TO mode.
Pressure dependence of the B1 IR modes in Nale
thin-film spectrum at 0.4 GPa has a strong peak at 253'cm
which is slightly offset from the position of the transverse
optic (TO) at 244 cm* obtained from the reflectance spec-
trum of single-crystal NaF at ambient conditions, and a weak
peak at 417 cm! which matches the longitudinal optitO)
componen{Fig. 4). Peak positions increase nonlinearly with
pressure(Fig. 5. The TO mode is constrained by 12 data
points which span the stability range &f1 [Table Kd)].
Peak positions are listed sequentially. Although strong cur-
vature of g g; With pressure is se€ffFig. 5@)], our initial . .
slope of 10.9 cm¥GPa lies within the uncertainty of that 100 200 300 400 500
previously obtained below 0.62 GPhA quadratic polyno- FREQUENCY (cm™)
mial accurately describes the dependence of frequency on )
pressure(Table 1l), and gives a first order coefficient that  FIG- 4. Far-IR spectra of NaF and KCI at various pressures.
equals the initial slope. Other functioriexponentials and Spect.ra are offset for clarity and Iabeleq with pressures in GPa. The
logarithms fit the data less well. baseline occurs at the Iowest frequencies measured and is located at
The LO component could not be traced in all spectra®?0ut 0-2 absorbance units for each spectrum.
mainly due to its proximity to the upper cutoff of the mylar
beamsplitter. The LO data have sufficient scatter that a linear IR frequencies of the B2 modes at the transition are sub-
description of LO frequency vs pressure adequately destantially less (32 cmt) than those of the B1 phase, as pre-
scribes the data at low pressufdg. 4). For the purpose of viously observed? The pressure dependence of the TO
extrapolation, the LO-TO splitting is assumed to be indepenmode for the B2 phase is constrained by nine spectra taken
dent of pressure. over 2 to 23 GP4Table kd), Fig. 5a)]. The LO mode was
Pressure dependence of the KCI mod®sak positions of observed to decrease similarly with pressure over the same
149 and 224 cm' at 0.4 GPa for the IR modes of KCI are range.
slightly higher, as expected, from those obtained from Trends inAv for the B1-B2 transition For all halides,
single-crystal reflectance at 1 atm. Distinct curvature of frethe drop inv upon transformation is-20%, which is com-
quency with pressure is observed for the TO mode of Blparable to that calculated for the TO modes, but three times
phase[Fig. 5b)]. Our initial slope of 17 cfY/GPa is similar ~ larger than those calculated.g., Hemley and Gordénfor
to previous determinatiorfs:?? A quadratic polynomial ac- the LO modes. Frequencies fB2 phases of the K and Rb
curately describes the dependence of frequency on pressunglides measured immediately upon transition recover the 1
(Table 1), but its first order coefficient is much less than theatm values of their correspondingl phase(Table IlI).
initial slope. This difference indicates that a larger number ofThese observations allow prediction of both the LO and TO
very low pressure data points are needed to precisely corfrequencies of thé&2 phase compounds for which spectro-
strain dv/dP), and the polynomial fit near 1 atm, and ac- scopic measurements were not made. For examgig,of
counts for the slight discrepancy in slope for KBr betweenRbCl should be 1161 cm ! at 2 GPa, andv o will be
our data and previous measureménit¥he position of the 173+1cm !, whereas for NaF values of 3500 and 515
LO mode is poorly constrained due to interference with the= 15 cmi * are expected.
NaF TO mode. It is clear that the LO frequency increases, LO-TO Splitting Positions of the LO mode are not well
but the slope is uncertain. established, owing to the weak intensity. For most samples,
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sible, suggesting that polarizability could change weakly

500 i '/0 I al with pressure. For the other samples, polarizability appears
450 - OW’V 3 to negligibly affected by pressure, in agreement with previ-
~ 400 ok NaF JEEE ous determinations of peak width at low pressudred? Ac-
£ . B1 o 1 curately establishing the apparently weak effect of pressure
< 350 o B/“ v A— on polarizability requires further measurements of either IR
g 300 [ e PSRN absorptions at oblique angles or of the reflectance at pres-
§ / AKA A sure.
3250%/2 ,AA"’ /B,z," ) i
i 200t& A 4 e kmr A THEORY: RELATIONSHIP OF BULK MODULI
1 551_,.{‘, B B2TO | TO VIBRATIONAL SPECTRA
>0 A ] Blackmart” and Brout’ derived a semiempirical model to
100 ol predict bulk modulu = —V(dP/dV) for diatomic solids
0 4 8 12 18 20 24 - :
Pressure (GPa) from vibrational and structural data. The assumptiong&re
electrostatic attractive force€?) pair-wise central repulsive
300 T T T forces that are limited to nearest-neighbors, &8 rigid
- NaF — b ions. The 1 atm relation has previously been shown to agree
[ BITO_ et surprisingly well with experimert though zero point ener-
<250 N gies and thermal corrections were not considered. These
g / P articles®~163%discuss the validity and the physical basis for
: : N 777 O RU ke ] the _calculation of el_astic properties as strain derivatives of a
2200 \ B2 4 static crystal potential.
£ L B1 / | No additional assumptions are needed to include the ef-
g, i \L L ™ fect of pressure on cubic phasé@sThe complete relation for
w150 PR o - diatomic solids at pressure is
[_okBr e Ker 4P 4m2uQ¥3 2 aaK
100 (B..ll.rno. 1 :+:‘. ' Lt IBIZITIOI KT( P): ?_l_ TIL;V_QU? e VF(k)-TV( [ﬁVT])
0 1 2 3 4 5 =1 T
Pressure (GPa) 3
h KT ﬁKT 2 &Vi
FIG. 5. Pressure dependence of IR modes.High pressure " 2V ( aP 1)i1 (&P)T
data on NaF and thB2 phases of KBr and KCI. Small filled dia-
monds: TO mode of NaF in thB1 phase; open diamonds: LO of h K% (92yi
NaCl with theB1 structure; filled triangles: TO of KaB2; open + 2V Z (W) ) N
triangles: LO of KCIB2; small filled squares: TO of KOB1; open =1 T

squares, LO of KCB1; plus sign: TO of KBr with theB2 struc- where u is reduced mass/ is the molar volumeQ is the

tzulre';ajkll_ort thiCkl””e; data on ]f_kt‘e TfO mgd‘i_ of KlB'l' frc_m|1 Ref|: number of Bravais cells in the crystallographic céll,is a
- AlLINES are least squares Nits of quadralic polynomials or Ineargeometrical constant relating lattice parameter to interatomic
fits in pressure to the dai@able Il1). (b) Low pressure expanded

. distance(=2 for B1; or =2/V3 for B2), « is thermal ex-
view. L . , - .
pansivity, h is Planck’s constantP is pressure, and is

. temperature. The third term is the thermal correction and the
the trend of the _LO mOd‘? with pressure parallels that of thefourth and fifth terms comprise the zero point correcti®n.
TO IanOde’ \g'thm e;<phe ”Tgr‘% ur1|pe_rtamty. For NaQI, @ Correction terms are needed because room temperature val-
weak dependence of the LO-TO splitting on pressure Is poSjeg are ysed fov and v; . Becaus&,;,, the first and second
terms in Eq.(1), is roughly 90% ofKt (Table IV, Refs.
37-52, the change of the correction terms with pressure
should negligibly effecK;. The independence of the sum

TABLE lll. Initial and transformation frequencies.

B1TO B1TO B2TO Ko Of all four correction terms from pressure was verified
1 h iti h iti cor . .

Substance  at 1 atm atthe transition _ atthe transition for NaCl. Figure 6 shows that the experimental bulk modulus
Nacl 164 391 297 is offset by a constant froid calculated only from the first
KCl 142 165 142 145° two terms in Eq(1). Thus, the correction terms are obtained
KBr 113 144 118 iteratively from Eqg.(1) using only 1 atm values and the
Kl 100 129 100* 1059 vibrational contribution as a trial values f&; anddK/dP.
RbBr 38 96 86 From thermodynamic identities, the thermal correction
Rhl 75 83 72 term is
&This work.

bData from Postmust al. (Ref. 19.
°From Lowndes and Rasto¢Ref. 21).
YData from Ferraret al. (Ref. 20.

07[01K-|—] ﬁKT é’KT
—TV( N )T—T(ﬁ P+Ta’KT W §

=aK(K'=67), @
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TABLE IV. Vibrational, finite temperature, and zero point contributiondtpat 1 atm.

Finite
temperature Optic zero .
Uncorrected correction point correctior? Acoustic
vibrational zone boundary
contribution T dK/dT TaK;K’ (hK/2V) hK:2/2V correction
a dK;/dT K alastic Kyib (K'+1) = d?»/dP? h/2V(K’'+1)
Substancel/1® K Ref. GPa/K Ref. GPa Ref. GPa 3 dv/dP S YadVac
LiF 97.83 37 —0.0316 67.2 41 51.43 —10.3 9.79 8.12 6.36
NaF 97.61 37 —0.0229 41,42 46.2 27 43.04 —6.82 6.99 3.24 —0.28 1.94
NaCl 1169 38 —0.0125 28,43 23.56 30 20.00 —-3.7 4.22 1.35 —-0.33 0.76
NaBr 1345 37 —0.0142 51 19.30 51 1558 —4.23 4.10 1.10 0.42
Nal 137.7 37  —0.0099 49 15.01 49 1099 -—-2.95 3.32 0.73 0.27
KCI 105.0 37 —0.0117 45 17.32 31 16.88 —3.48 2.93 0.80 —-0.07 0.35
KBr 110.0 37 —0.0105 45,46 14.42 32 1395 —-3.13 2.56 0.60 0 0.28.23 @
Kl 1179 37 —0.0082 47 11.49 33 1090 -—2.44 2.11 0.39 0 0.16.18 @
RbCl 114.4 39,48 —0.010 39,48 1558 34 1420 —2.98 291 0.67 0 0.26
RbBr 116.7 37 —0.0097 39,42 13.02 34 1235 —2.89 2.46 0.49 0 0.15
Rbl 116.5 37 —0.0077 39,49 10.05 34 10.00 —-2.29 1.93 0.28 0 0.13
CsCl 1395 37 —0.0147 50 16.68 50, 52 15.4 —4.38 3.94 0.56 0 0.41
CsBr 138.06 37 —0.0126 50 14.41 50, 52 137 -3.75 3.23 0.46 0 0.28
Csl 138.29 37 —0.0099 50 11.63 50, 52 106 —2.95 2.64 0.26 0 0.20

3Computed usinglv/dP of acoustic modes measured by Ganguly and Nicol.
bCalculated using Table | or data in Refs. 18—22.
°An average of the literature values is reported.

where 87 is the Anderson-Gmeisen parametéf. The ther-  center, the pressure derivatives of the acoustic modes might
mal correction term is near zero, as evaluated in three waysontribute to the zero point correcti¢fiPC) terms; however,
First, for alkali halidesK’ occupies a narrow range of 5 to recasting the relevant term as

5.6 GPa, whereas; ranges from 5 to Tand varies as much 3

for each substangeand the productrK is mostly 0.003 ‘9_KT+1)E .
with LiF attaining a maximum of 0.006 GPa/tsee compi- P =1 Yivi
lation of Ref. 54. Thus, the minimum for the thermal cor-

rection term from the representation on the right-hand side O\fvhere

Eq. (2) is thus —0.007 GPa and the maximum is K v,

+0.003 GPa. Not only is this term zero on average, but Yi=, P

within experimental uncertainties, this term is zero for each !

of the alkali halides. Second, the middle representation ofndicates that this contribution is zero at zone center because
Eq. (2) involves more direct measurements, but this cannothe acoustic mode Gneisen parametery; are finite and

be calculated accurately, regardless of whether spectroscopignall>* At the zone boundary, the contribution of the acous-
or elasticity data are used, becadd¢/d T is uncertain. From tic modes is a maximum, but even this quantity is generally
ultrasonic and length change measurements, experimentgmall (Table 1V).

determinations fordK;/dT at room temperature for NaCl ~ The slightly negative value that is plausible for the ther-
range from —0.0095 to —0.0158 GPa/k®43 This uncer- mal correction is apparently offset by the small positive con-
tainty contributes+0.8 GPa to the thermal correction for tribution that may be possible for the acoustic zero point
NaCl. The other alkali halides have uncertaintiestdf0 to  correction. Thus, the optical zero point correction term domi-
20% fordK;/dT. The uncertainties of the quantities in the NatesK, and the bulk modulus is obtainécby modifying
other thermal terniTaKK' are much smaller: the largest Ed. (1) to use only the largesbptica) zero point correction
contribution stems from experimental uncertaintieinof ~ term:
roughly =10%. Within the experimental uncertainties, the

sum of the two finite temperature term§aK{K’

h
ZPC (acoustig= v

()

4P 472uQ 3 hKT(aKT )

+T(dK/dT), is zero(sums in Table IV range from 0.5 to Kr(P)= 3+ geays = VAT
—0.5 GPa, averaging 0.25 GPa Third, the producK is 5 . 3

commonly approximated as a constant in geophysical appli- D v, h Kt v, 4
cations. All of the above suggest that the thermal correction <~ \aPp T+ 2V &\ aP2 ; 4

can be neglected.
The need for acoustic data is eliminated by taking theKpc the third and fourth terms in E4), is calculated at 1
sums in Eq(1) at zone center in the Brillouin zone. At zone atm as discussed above. The second order pressure derivative
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250 prrr bond length, allow¥|(P) to be calculated independently of
the equation of state through iteratidiNote: K+ is actually
200 high order in volume, but in Eqgl) or (4) most of the
volume dependence df; is contained in the vibrational
= frequencied.Only the variablev(P) and one volume at one
% 150 pressure are needed. Obviously, B phasesy, is used. A
- spectroscopic trial function fak+(P) is obtained by substi-
{100 tuting only »;(P) and one volume for one specific pressure
into the first and second terms of Eg); the pressure inde-
pendent correction terrkK.,, discussed above is added to
50 K,in(P) and this result is integrated using
olind oot o _ _J’P dp
"0 Eigend G e N =

RS AR ES RN RARAE RRARE to give V(P), which is then substituted into E¢4) with
19F Bt NaCl b 3 v;(P) to redetermineK,,(P); these steps are repeated until
S iteration no longer change®/(P) or K(P)=K,p(P)

= 18F% < Tidinz ang Jeanloz . +Kzpc. Convergence is rapid, usually 3 or 4 iterations are
£ L\ o4l ] sufficient. This method is advantageous in that precise deter-
”g 17 = ] mination of the initial derivative of frequency with pressure
> t Sa:o[%égrson; age notzn.ecessary, an EOS need not be choggn, and thus
E 16 [starting - d K{dP is a variable rather than being specified by the
E f \L ] {:)hartplélar EOS (Table V, Refs. 55-57, and references
15F B2 ] erein.
EZha"[?na,?g,??eh'e'BQ . ] For the purpose of comparison with existing ultrasonic
14 F calcs: QE and compression data, the results of the numerical iterations

*

ST T IV K(P) were fit to various EO%Table V). Although the equa-
20 SOPreigures(%.Pa()so 70 tions of state developed by Holzapfeare preferred because
these extrapolate accurately to high pressure, his formula-
FIG. 6. Equations of state of Na@h) Bulk modulus of NaCl as  tions were not used for the following reasoii} Even the
a function of pressure. Dotted line: compressional dateKfe(P) lowest order of these EOS’s do not yield tractable forms for
of B1 phases represented by the universal EDsbles IV and ;  K(P), (2) the forms are not conducive to examining B2
solid line: K,;,(P) + K zpc calculated forB1 using Eqs(3) and(4) phasegV, is needey (3) the ranges in pressure of mdt
iteratively; open diamonds<,,(P) calculated foiB1 using Eq.(3) phases are limited due to the phase transformation and thus
but omitting K,pc; open circles:K(P) calculated by settindK K¢ is the highest order derivative needed to describe the
=K,ip(1 atm)+Kzpct X equal to the ultrasonic value at 1 atm; data>® and(4) given the experimental uncertainties, even the
solid line with open square&+(P) of B2 obtained from a modi-  relatively large range of pressure for tBd phases of the
fied Murnaghan EO%Tables IV and V usingK,=Kip+Kzpcand  sodium halides is not sufficient to allow distinction between
K’ calculated at the transition point=32GPa and forVy  the various EOS's. Fits to commonly used formulations such
=16.5 cni/mol (Refs. 5, 6, and 1)1 dot-dashed and short-dashed as the universal and Birch-Murnaghan EQ®ble V), were
lines: Ky derived from linear fits to compression measurements or, o satisfactory. Therefore, a polynomial representation for
V(P) for theB2 phase of NaCl. The asterisk marks the upper IimitK(P) calculated from spectroscopy is used for comparison
of the spectroscopic measuremerits. Pressure-volume data for (Table V). This approach not only gave the best fit, but is
NaCl. pot-dashed line, experiment‘a(P)_for B1 represented by commonly. used in ultrasonic studies, e.g., Refs. 31,—34, 52,
the universal EOSTables IV and V; solid squares: data oB2 givesK (andV by integration that can be extrapolated be-

from Ref. 5; open squares, data B& from Ref. 6; solid lineB2 d th f . | ial
volume calculated iteratively fro{,;,+ Kzpc through Eqs(3) and yond the range of measurements, in contrast to polynomia

(4) by usingV=16.5 cni/mol at 32 GPa as the “starting point” fItS 10 V(P) which extrapolate poorly, e.g., Ref. 3.
[this volume lies in a cluster of data poinf&efs. 5, 6, and 1las The above method is amenable to tB& phases, for
indicated; light long-dashed lineV(P) of B2 obtained from a Which 1 atm values are unknowand may be indeterminate,
modified Murnaghan EOSTables IV and V using K=K,;,  See discussignKy is calculated from th&2 volume at tran-
+Kzpc andK' calculated at the transition point. Square with plus Sition and from the vibrational frequencies. For tB2
sign, hydrostatic data 0B2 by Zhang and BoehlgiRef. 65. The  phasesKpc is constrained at the transition pressure, and its
asterisk marks the upper limit of the spectroscopic measurementsuncertainty is obtained from correlations K§pc for the B1
phases with physical parameters.

of the frequencies determined for a few of the alkali halides An alternate method was needed for phases for which
show that the magnitude of the fourth term in E4).is small ~ d?»/dP? was not resolved in the IR measurements. For these
and generally similar to the sum of the uncertainti@gich ~ casesK(P) is correctly predicted near the starting pressure,
are mainly derived from uncertainties K'). but at larger pressurek(P) is overestimated from Ed1)

The strong dependence of bulk modulus on spectroscopier (4) becausal?v/dP? is always negative, not zero. There-
data (as »?) but weak dependence on volunias V3 or  fore, we useK, andK| at the starting pressusein a Mur-
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TABLE V. Equations of state.

Name Reference Formulation
Universal Vinetet al. (Ref. 55 (VAL VAR 3 [ v\
PZ“%(V) P‘(v—o) exp[é“o‘”_l‘(vo) ”
VO 2/3] 3 1 \V; 1/3 3 3
SERME 2*(5'(0‘5](70) ‘{EKW]
\Vj 2/3 3 \Vj 1/3
X|—]| expz=(Ki—D|1-|— ,
Vo) p[z( 0 ){ (Vo ]
KoK§= L K{)? 1K’+19
oo~ Z( o) E 0 3_6
Murnaghan Birch(Ref. 56 K'Pl~ Ko
a
V=V,| 1+ Ke ,
K+(P)=Kq+K{P.
Birch- Birch (Ref. 56 3 ALE VAEE 3 AES
Murnaghan P=5Kqg (v) -1 (V) 1+ 7 (Ko—4) (V) -1 ]
VO 5/3 o 2/3
KT(p)=KO(V) 1+§(3K()—5)[(v) —1}
+1(27K’—108) b 2/3—1 i
8 0 Vv ’
143
KoKh=—(K{)2+ 7K — 5
Modified Murnaghan BircRef. 56; see text vevls K4(P—X) — 1K},
=Vyx +K—X s
KT(P)=KX+K6(P—X).
HO2 Holzapfel(Ref. 57 V¥ VAR 3 V|13
P:3Ko(v) 1*(\/—0) exp[z (K0+3) 1*(v0) “
Polynomial This work K1(P)=Ko+K{P+KpP2,

naghan equation of staf@able V) for B1 phases of Kl and larger than their anion; see belpvCorrelations of the abso-
Rb halides and thB2 phases of NaCl, RbBr, and Rbl. This lute difference with several physical properties, e.g., polariz-
approach is reasonable becaus85% of the magnitude of ability, bond length, and cation mass were sought using data
K, arises from terms involvinglv/dP as seen by differen- in Refs. 54 and 59, but were found to be weak, such that
tiating Eq.(1) and by calculatind,, with and without higher separate trends exist for each of the different cations. How-
order pressure derivatives of the frequencies. For case of thever, the fractional difference is related to the ratio of the
B1 phases withx=0, the contribution from terms involving ionic radii r./r, [Fig. 7(@], such that a minimum occurs
dv/dP is even higher. nearr./r ,=0.8. The fractional difference similarly depends

The calculations are compared with the best available datgn (r.+r,)/bond length. In both representations, Bie and
(see compilation of Sumino and Anderstn Recent ultra- B2 structures behave similarly. For the majority of the
sonic data, if available, were spught as.thls method is .h'_gh|¥)hases,Kvib is 94+2% of Ky. The Li halides are poorly
accurate. For some cases, discrepancies occur and it is N@dscribed by the theory, whereas the closest correspondence
clear which study is the more reliable. For these instanceg found for the potassium halides. The relationship of Fig.
average values are used in the comparison and both refeftg) can be rationalized in terms of packing in the structure.
ences are cited. For example, rigid anions o1 phases touch ifr,

<0.41r,, thus, for the Li halides the vibrational modes are
CALCULATIONS fassentially rattlin.g of .small balls in a cage, inste_ad of breath-
ing so that the vibrations only moderately contributeKtp.

K+ at 1 atm Vibrational contribution As expectedK;, For relatively small cationfli and Na, except for NaF- the
(Table IV) is always less than the ultrasonic determinationsinteractions and properties of the anions dominate the com-
of K; (Refs. 27-34, 41, 49-52The absolute difference pressibility. Nearly equal size ion(®aF and the K, Rb, and
correlates roughly with the type of catioK.sicKyib=11  Cs series excluding )Fcontribute subequally during com-
+4 GPa for Li; =3.5+0.5 for Na; =0.5-0.2 for K; pression of the solid, allowing accurate description of bulk
=0.65+0.6 for Rb; and=1.0+0.3 for the Cs halidesex- = modulus from the vibrational energies. The minim@ahere
cluding KF and RbF, which differ because their cations arehe shift from “small” cations to subequal ionic size to
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TABLE VI. Comparison of measured to calculated bulk moduli of alkali halides inBhestructure(the last digits are+1 unless
indicated differently.

Ultrasonic study* Spectroscopic EO%
Kr, Ky K3 Range Ref. Ko Ky K3 Range of
Vo GPa GPal GPa Compressiof! GPa GpPal Validity
Substance cm/mol K¢ GPa
NaF 14975 46.20 5.2 0 0-0.75 27 4.64 45.0 4.59 —0.0339(2) 0-40
NaCl 26985 238 5109 -0.37¢ 0-32¢ 28,29 4.82 20.6 4.45 —0.0215(2) 0-40
23.56 5.113) —0.0034(14) 0-1 30 219 445 —-0.0221(2) 0-40
=23.569 445 —0.0224(2) 0-40
KCI 37529 17.32 541 0 0-0.33 31 4.93 178HCF 4.94 —0.088 0-6
=17.39 499 -0.076 0-5
KBr 43.272 14.42 5.42 0 0-0.5 32 5.33 1465° 5.22 —0.098(2) 0-7
KI 53.109 11.49 52F) —0.53(15) 0-0.3 33 5.58 11.29¢ 484 O" 0-5
RbCI 43.614 155@) 5.487) —0.58(21) 0-0.45 34 5.29 14.8)¢ 494 0 0-1
=1558% 492 O" 0-1
RbBr 49.232 13.02) 5.437) —0.75(25) 0-0.37 34 5.57 12.84 553 0" 0-1
Rbl 60.12 10.05 5.52) -0.37(27) 0-0.30 34 5.76 10.08¢ 5.08 oh 0-1

& and its pressure derivatives were derived from polynomial or linear fits to ultrasonic data and do not i@ dexcept for NaCl.
®Compression datéRef. 69 to 40 Gpa were fit to Holzapfel'tRef. 57 EOS (H11) usingK, constrained by ultrasonic data.

‘Polynomial fits were derived using, and the spectroscopic data iteratively via E@$.and (5); see text.

dCompression, ultrasonic and length-change data were fit to a universalE®%ext and Table WK” is fixed by the format of the EOS.
feKoz Kyipt+ Kzpc-

Ko=Kuyip -

9K, is constrained to match the ultrasonic result to test wheijeand K§ values are robust.

"K” was set to 0 and a Murnaghan E@Bable V) was used because curvature of frequency with pressure was not observed, and initial
slopes are reported fdf) .

“large” cations occur$ exists at largem./r, for the B2  tives of the bulk modulus are calculated with two methods.
structure because the rigid anions B2 phases touch at a First, only the vibrational and zero point correction terms
larger radius ratiom<0.73,. The increase of the discrep- [Eq. (4)] are used in order to establish the accuracy of the
ancy at highr ./r, (RbF and KF occurs because of increased calculation based solely on vibrational measurements. Sec-
interactions between the relatively large cations. ond, the 1 atm bulk moduli of NaCl, KCI, and RbCI are
The relationship of Fig. (& and the dependence of modified to match experiment in order to determine the ac-
K.ib-KenasicON the cation are consistent with the dependenceuracy with whichK’ andK” are predicted from spectros-
of a number of physical properties of alkali halides on re-copy. For relative large cationdNaF, KBr, Kl, RbBr, and
lated relative ionic siz&8 and the strong effect the cation has Rbl), the second method was not used becadGgés accu-
on physical properties such as transition pressure. These caately (+0.23 GPa) predicted fronK,;,+Kzpc. EXxisting
relations will be used to constrain the correction term for thedata for equations of state are determined mostly at low pres-
B2 phases. sures 0.5 GPa). Only for NaCl, are the determinations
Correction terms The zero point correction term is well constrained at high pressures by various techniques and
roughly equal to, but generally smaller than, the discrepanchy hydrostatic methods. Most compression measurements
betweerK ;, andKq.sic. Table IV gives details for the sub- are nonhydrostatic.
set of alkali halides with IR measurements at pressure. The NaF with B1 structureThe iterative calculation usas,
discrepancies are largest for Na and Li, but apparently alséom Table IV, v1o(P) from Table Il, and assumes that the
related to the size of aniofFig. 7(b)]. The relationship of d?» o/dP? is about half the size of the equivalent term for
KyibT Kzpc 10 Kgpasiic IS best described in terms of packing, v1o. (Doubling this derivative or setting it to zero has little
and differs little from the relationship df;, with Kgastic: effect on the results: the uncertainty reported for the calcu-
An additional correction term is needed. The polarizability islation is derived from the latitude in described the LO mode.
apparently not the source of the discrepancy because the dehe results of Eqs4) and(5) are compatible with all exist-
pendence of difference between predicted and measured buithg data] Table VI, Fig. 8a)], within experimental uncertain-
modulus on polarizabilityFig. 7(c)] is less regular than the ties.
geometrical relationship§Figs. 7a) and 7b)]. The geo- The spectroscopic determination of volume is compatible
metrical correlations, in particular the increased discrepancyith existing compression measurements over the entire sta-
for small cations, suggest that the assumed form for repulbility range ofB1 [up to 32 GPa, Fig. @], even though the
sive potentials is the shortcoming of the theésge discus- spectroscopic measurements end at 22 GPa. Compression
sion section data of Vayida and Kennedys represented by a polynomial
Equations of state for the B1 phas@$e pressure deriva- which is valid only at low pressuréheir data points were
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Y- AT I PR AR S not reportegt at low pressures, their polynomial and the

16 at present spectroscopic determination agree.

. r The calculated value oK;(0) matches ultrasonic mea-

1 S\U [ surements at 1 atf:no correction terms other than the zero

- L point contribution are need for this substance, consistent with

. r the subequal size of the anion and cation. The calculated
r bulk modulus[Fig. 8@)] curves significantly with pressure

. ab b and is well described by a second order polynon(iiable

vibrational)/Kelastlc
©
. t
[m]
T

-K
o
[\]

I
o
T

é . Na®l vl VI). Our value fordK/dP of 4.17 (Table V) is significantly
X 0.17 s Vo Ce y less than that of 5.2 obtained in ultrasonic stutliéait the
] O\NFEV'/\EE//HE/ 4K curves are nearly indistinguishable at low pressures over
T which the elastic data were obtainféig. 8@a)]. Thus, the
04 06 038 1 1.2 main difference is the present observation of curvatuné€in
Radius of Cation/Radius of Anion with pressure. Fitting the spectroscopic data to a universal
005t bbbl EOS givesK,=42.85 GPa anK,=4.635; alternatively, if
2 1 5 bt Ko is constrained to be 46 GPa, then the universal EOS gives
x% 0.29 S . K(=4.18[shown as a dashed line in Fig(aBl. A similarly
-~ ] \ C low value of 4.34 folK’ was also obtained taking the instan-
A§ 0.159 » Na - taneous derivative. Fitting Sato-Sorensdmata to fit a uni-
L 3 - g Li r versal EOS is also consistent with a l&iV value. The above
& 0.17 0. - analysis suggests thiét reported by ultrasonic studies is too
§ ] o - large. Possibly, nonzero values kf, may hinder accurate
¥ 0057 K o mos F determination ofK, from ultrasonic data collected over a
z o—: * - RN a F narrow pressure range.
x’ ] RbY & - : NaCl-B1 The compression and ultrasonic data sets for
s NaClB1 are the most extensive and most accurate. A Uni-
0.4 0.5 0.6 0.7 0.8 versal EOS(Table 1V) is used to compute volumidabeled
(r, +r)/Bond Length “expt.” in Fig. 6(b)] and bulk modulu$Fig. 6(a)] for com-
parison with spectroscopic calculations. This description of
B volume (Table VI) is a slight improvement to the already
7] o Ct excellent fit shown by Vineet al>® and closely represents
x® 0.2 E the available dat& The compressional description of bulk
g ] Na - L modulus compares well with recent ultrasonic results, except
l 0'15_: Li uf E for K” (Table VI) which is fixed by the format of the EOS
2 o4 © g// - (Table V). L . .
g 1 / Cs [ If the vibrational contribution alone is us¢the zero point
!‘é 0'05_3 v B\E/“_ correction is ignoredwith frequencies that are represented
"o ] , ™ . as polynomials in pressur@able I) and with the 1 atm
S od o v o volume as the starting point, the resulting curve lies 15%
X 1 K o ~* Rb VE below experimental determination &f over all pressures
0051ttt [Fig. 6(@)]. Use of the vibrationaind zero point terms result
0 2 4 6 8 10 in a curve that lies 10% below experiment. If an additional 1
Polarizability (A°) atm correction term is used such that the calculdiggd

matches the experimental determination of 23.56 GPa from
recent ultrasonic daf,then the resulting curves fd¢(P)

FIG. 7. Relationships of calculated and experimental bulkand V(P) are indistinguishable from those derived from
modulus with physical propertieéa) Dependence of the fractional compression measurements. Clearly, the effect of pressure
difference between the vibrational contribution to bulk moduluson the zero point correction term and other correction terms
K.ib and the elastic measuremefit.sic On the ionic radius ratio. is negligible. Thus, the curvature of the bulk modulus with
Symbols indicate the various cations. The trend forBRestructure  pressurgK’ andK”) can be obtained from vibrational spec-
(Cs halidegis shifted to slightly higher./r,. A strong correlation troscopy, even if the match witk, is poor.
of anion properties with bulk modulus is indicated by the steep For NaCl, the spectroscopic calculations are well repre-
trends for Na(squarepand Li(slashed squargbalides.(b) Depen-  sented by a quadratic fiTable VI). The derivatives are neg-
dence of the fractional difference between the vibrational and zerqgibly affected by using various correction factors. Average
point contributions K,;,+Kzpo) and the ultrasonic measurements values are 4.450.01 forK{) and —0.022+0.001 GPa&l for

KelasticON the ratio of the sum of the ionic radii to the bond length. The cubic fit is marainallv better. giving similar values:
(c) Dependence of the fractional difference between the vibrational 0 9 y » gving )

and zero point contributionsK(,,+ K,pc) and the ultrasonic mea- K6=4'59' K6= _.0'035 GP_a, and(6'=_0.(_)0025 pr’iz' If
surementsK yaqic ON the polarizability. Polarizability values are at the spectroscopic calculation f&(P) is fit to a universal
A=644 A (Ref. 59. Correlations exist for each of the different EOS withK, defined as 23.56 GPa, then the derivatives are
cations. K¢=5.00(1) andKg= —0.3491), 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 8iwihéetsforms ta2. The
following symbols are common to most parts. Solid liB&d: volume calculated from spectroscopy; dashed IBie:volume polynomial fit
from Ref. 3; dot-dashed lindB1 volume calculated from ultrasonic parametérable IV and V); solid line with filled diamondsB1 K
calculated from spectroscopy; dot-dashed line with filled triand@dsbulk modulus from ultrasonic parameters; solid line with square and
plus sign:B2 volume calculated from spectroscopy; dashed line with open triarigRsolume polynomial fit from Ref. 3; solid line with
open squaresB2 Ky calculated from spectroscogg¥able VII). The asterisk marks the upper limit of the spectroscopic measureni@nts.
NaF. Small circles with error bar&1 volume Ref. 5. The spectroscopic calculationKgiP) is shown as filled diamonds, and the universal
EOS fit to the calculation is shown as the short dashed (lpeKCl. Crosses with error bars ak&(P) data fromB2 from Campbell and
Heinz (Ref. 7. Short dashed line: Murnaghan EOS calculated WigrandK, from spectroscopy, bu€g=0. (c) KBr. (d) KI. (e) RbCI. (f)
RbBr. (g) Rbl. For(e), (f), and(g), the polynomial fits toV(P) by Ref. 3 are shown as filled squares.

derived from the compression data. However, this approxiK derived from the universal or Birch-Murnaghan EOS are

mation (not shown does not fit the calculateld(P) nearly
as well. This misfit and the ultrasonic determinatfomdi-

also large.
KCI-B1. The bulk modulus for KCB1 was calculated

cate that format of the universal EOS yields results in todteratively fromV, and»;(P) given in Table Il by assuming
large a magnitude foKj (the Birch-Murnaghan EOS also that the LO and TO modes are parallel. Over the narrow

requires a large magnitude fét;). Consistent with the in-
terdependence &€’ andK” (Table V), the initial values for

pressure range of 6 GPa, approximating the curvature and
the position of the LO mode has little effect. The result from
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Eq. (4) at low pressuré¢Fig. 8b), Table VI is similar to the culated volume is in excellent agreement with experiment

Murnaghan EOS derived using ultrasonic dtahe differ-  [Fig. 8f)].

ence (maximum of 4% at 2 GPais due to the curvature RbI-B1 Calculations of theB1 volume andKy from

observed through spectroscopy. The calculation is valid oveprevious spectroscopic dataare in good agreement with

the B1 stability range and can be extended to about 6 GP&xperimen{Fig. 8f) and Table V].

Constraining the initial value to equal the ultrasonic result Eduations of state for high-pressure B2 phasesgen-

changes the pressure derivatives only sligkifigble V). eral, previous determinations of t&2 phases, whether by
Volumes derived from spectroscopy, ultrasonic COMpression or ultrasonic techniques, are less accurate than

measurement&, and compression studieare in excellent those of theB1 phases, largely due to the increased nonhy-

agreemen(<0.27% differenck over the stability range of drostaticity at high pressures and to the hysteresis of the

B1 [Fig. 8b)]. Clearly, integrating to obtain volume serves transition. Our am IS thu; to calculate thQ propemes as
as a smoothing routine. accurately as possible, using the comparison Bithphases

KBr-B1 The bulk modulus foB1 was calculated itera- 25 & guideline. For the iterative calculations, the volume at

. . X the transitionV, is used as the starting point, because the
tively from V,, (Table V) and;(P) in Table Il by assuming amount of shear stress should be negligible immediately af-
that the LO and TO modes are parallel and that the curvaturg, - 55 i formed due to loss of volume upon recrystalliza-
_?_Lboth mod.es 'f thilsame asTthballt o\f/tr;_e TOI modtes tcr’: tKCltion. Kzpc is also calculated at the transition pressLEg.
€ approxima ior{Fig. 8(), Tal N | lies close to tha 4)]. For the K and Rb halides which transform at low pres-
derived from a Murnaghan EOS using ultrasonic values. Th ures, this quantity is small and differs little fropc, at 1
. : = 0 i , ,
;nz)g:?:srzodlﬁerel?rcaes;% A’mi[:sﬁg§'%$?i%%er:ggg.;fmatm. For NacCl, the high transition pressure may result in
pec Py, u ! u o i P : Kzpc differing from the 1 atm value, and an additional cor-
studies are in excellent agreemett:0.5% differenciover rection factor may be needed as was the cas@forThese

the stability range oB1 [Fig. 8c)]. A . ; L
KI-B1. The bulk modulus foB1 calculated iteratively ?O(ﬁfl':gtles are considered and a detailed analysis is given

from v;(P) in Table Il and fromV lies close to that derived Problems with previous data on -Kand V(P) for

from a Murnaghan EOS using ultrasonic valliEgy. 8(d)]. ] ' ! . i
The maximum difference is 8% from 0 to 6 GPa. The spec-N aCl-B2. Compression data with which to compare our re

X I _ sults are problematic. The recent static compression data
troscopicKy for B1 has a positive second denvaﬂ(iéable_ sets~° for I'?he B2 phase of NaCl are compatiblloe, differing
V1) and behaves poorly at high pressure because a IIne%rnly below 30 GP4&Fig. 6) whereB2 is metastable. The sole
relation for frequency was usdthe expected negative sec- i :

ond derivative for frequency was indicated by comparison opweasurement below 30 GPa of Heinz and Jedriies on
q y y P he V(P) curve for B1 (within experimental uncertainty

rm remen revi t Id n s A . .
guuate?ascuor?st;iase)éoDepseiteo?r?eg: a;olt))retn::souvc(i)lur?wtels)ed; ecause high pressure diffractions are only collected over a
q y P P ’ small solid angle so that few lines are observed, a reversion

rived from spectroscopy, ultrasonic measureméhtand to Bl may have been overlooked. In  contrast

compression studiésa_r_e in excellent a_greeme(ﬂil% dif- Sato-Sorenserrs/(P) data forB2 below 30 GPa could not

.fe'r gnce over the st.ab|||ty range fﬂl [Fig. &d)]. U_se of the have been misidentified because each of these experiments
initial spectroscopic determination of 4.84 ﬂf"é INa unl- — contains diffraction lines from both phases in each experi-
versal or Murnaghan EO®ot shown results in a better fit o However, the2 diffractions could have originated in

to V(P) and is a good match to the ultrasonic data at l0Wy,e pigh pressure area of the cell, so that the reported average
pressure. pressure is not necessarily appropriate. Moreover, partially

RbClI Bll. Spectroscopic data are only available _for theyransformed samples have been shown to give structural pa-
B1 phasé! The bulk modulus foB1 calculated iteratively rameters which are not always accurite.

from this data and by assuming that the LO-TO splitting is ¢ js significant that virtually alV(P) data forB2 at pres-
constant, lies 0.6 GPa below that derived from a Murnaghagures above 40 GPa lie within the uncertainty of B
EOS using ultrasonic valu&sover the stability rangéFig. curve [Fig. 6b)]. The strong shear stress present at high
8(e)]. Requiring the spectroscopic calculation to match the, essure in such nonhydrostatic experiments can produce
ultrasonic derivation oK has little effect on the slopko,  gyerly Jarge lattice parameters and anomalously high deter-
but improves the fit with volume to better than 0.2%0t  minations of bulk modulf® Moreover, none of the accepted
shown. The value forK, of 4.92 from spectroscopy may be equations of statée.g., the universal EOS or finite strain

lower than the ultrasonic determination of 5.5 because thesggequately describes thvéP) data forB2. The best descrip-
data were fit to a quadratic with a large negati/g value, tion is a straight line:

but the difference could also result from the external pressure
calibration used in the spectroscopic measurenfértdie
very largeKg value from ultrasonic data is not consistent
with d?»/dP? being close to zero.

RbBr-B1 The TO mode of theB1 phase linearly in-
creases with pressuféThe bulk modulus foB1 calculated
iteratively from this data and by assuming that the LO-TO Vg,=18.953-0.0728%, (7)
splitting is constant(Table VI), lies close to that derived
from ultrasonic value¥ for K1 andKg [Fig. 8f)]. The maxi- if all data are included. The linear appearance/¢P), see
mum difference is 1.4% over the stability rangeBif. Cal-  Fig. 6b), and sometimes “reverse curvatures” have been

Vg,=18.752-0.0691%P, (6)

excluding the suspect datum at 25 GPa, or
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TABLE VII. Spectroscopic determination of bulk moduli of alkali halides with B2 structure.

Substance Transition V,? KzpdX) Ky=Kyip+Kzpe Ko K¢ K3 Vo EOS Range
GPa cm¥mol GPa GPa GPa GPal cm*mol GPa

NaF 30 100 ~6 1465) °

NacCl 32 16.5 5.7 1194) 9 indeterminant 4.7) =0h indeterminant Modified 20-50°
Murnaghan

KCI 1.9 30.323 0.25 24.45 17.28 4.38 —0.0283(4) 33.248 Polynomial ~ 0-30

KBr 1.9 34.78% 0.45 19.87 11.10) 4.33 —0.0060(2) 39.034 Polynomial ~ 0-40

Kl 1.9 42.858 0.5 17.24 9.8711) 4.45014) —0.016 49.585 Polynomial ~ 0-35

RbClI 0.5 35.483 est. 0.7 19.3

RbBr 0.45 40.703 08 15.36 11.48 7.53 =oh 42.13 Modified 0-1
Murnaghan

Rbl 0.5 50.09 0.1 12.43 11.05 2.77 =0" 52.271 Modified 0-1
Murnaghan

@Derived from compressional measurements of volume at the transition point as pressure was increased.
bFrom Sato-Sorense(Ref. 5.

‘Derived from trends in frequency across the transition.

YFrom Refs. 5, 6, and 11.

& of NaCl in theB2 phase can be approximated at 4.4% less Wil) at pressures above 40 GPa.

'Data from Vaidya and KennedRef. 3.

9See text for discussion.

PFor constandv/d P, K{ is assumed constant and is determined at the transition pressure.

observed for various samples under shear sttess com- \ curve[Fig. 6(@)]: Kt rises from 1 atm to a local maximum

parisons of hydrostatic and nonhydrostatic data in Refs. 1at the stability limit ofB1, drops upon transformation &2,

and 63. and then rises with pressure, passing Bievalues at about
Derivation of K+ from existing compression data f@2 40 GPa. At 50 GPa, the calculat&®? bulk modulus inter-

is thus problematic. However, at the midpoint of the d&&  sects the bulk moduli determined by linear fits to the com-

GPa, the linear fit could give a correct bulk modulus, if the hression datd-® K obtained from the linear fits to compres-

compressibility data at the endpoints of the nonhydrostatigiona| data near the midpoint agrees with our results because

measurements Iég on the tr¥P) curve, as has previously e |inear representation represents a tangent tokire)

been observedf: curve. Thus, the spectroscopic determination is compatible

_ Calculation of the bulk modulus &¥aCl-B2 at the tran- ., the trends in the/(P) data, within the respective un-
sition. V,, of 16.5 cni/mol at 32 GPa is indicated by several certainties

H —-6,11,64 - H _
studies’ Substituting frequency as a function of pres Use of a modified Murnaghan equation presents a prob-

sure(Table 1) and this particular volume into Eqé) and lem at low pressure, because negative values are obtained for
5) and iterating giveK: as 118.6 GPa at 32 GPa. The ' . L
©) g4 Y Kt below 7 GPa. Other EO%uch as higher-order finite

difficulty in accurately determining the LO mode contributes T . oo 2
an uncertainty of 1.5 GPa.Kypc of 5.7 GPa(Table VII) strain or the universal formulatigryield similarly odd be-

may be overestimated because the calculation is done at 3#Vviors, as implied by their mathematical forms. Further-
GPa instead of 1 atm. For comparisé{ypc of theB1 phase ~ More, t_he expected curvatu.re of frequency with pressure
at 1 atm is 1 GPa, but an additional correction of 2.6 GPa igvould yield even more negative valueskf at low P from
neededsee above sectiongConsidering these problems, the Eds. (4) and (5). These unexpected features #¢(P) are
bulk modulus ofB2 could range from 113 to 124 GPa. A attributed to the combination of tH#1-B2 transition occur-
decrease irK; across the transition is clearly indicated be-ring at very high pressures and to the instabilityBd at low
cause the drop of 23 GPa is at least four times the uncertaipressuregdiscussed further belgw
ties in the calculation. The decrease across the transition The uncertainty in the slopév, o/dP (Table Il) negligi-
clearly stems from the large drop in the IR frequencies andly affects V(P). Above 45 GPa, the volume should de-
can be visualized as the release of tension in the interatomitrease at a faster rate than calculatédy. 6) because&K’ is
“springs” (see discussion sectipn not constant, but decreases with pressure. A reasonable esti-
Pressure dependence of the bulk modulus and volume fonate is that theB2 curve above 45 GPa parallels the pro-
B2 At the 32 GPa transition, the spectroscopic calculatiorjectedB1 volume curve, although thB2 volume could de-
yields K’ of 4.7+0.7 for B2. Becaus&K’ cannot be deter- crease more rapidly than ti&l volume as is calculated for
mined without knowledge ofl?v/dP?, we assumél’ is a  the potassium halidesee below.
constant. The resultant linear extrapolation of the spectro- Hydrostatic measurements of the volume for tB@
scopic results fok+(P) and use of a modified Murnaghan phasé® are consistent with our calculati¢Rig. 6(b)]. More-
equation(Table V) for V (Fig. 6) constitute upper limits for over, the steeply trending data points near 32 GPa and the
K+ and forV(P) becausel?K/d P? must be negative just as isolated datum on the metasta@ phase of Ref. 6 near 24
d?v/dP? is negative. For NaCl, the bulk modulus follows a GPa lie on our curve, although the latter may be a coinci-



5850 A. M. HOFMEISTER 56

dence as this point also lies on tB& curve. Our calculation and TO mode$Fig. 3@)] continue to higher pressures. The
does not support the low pressure measurements a@ssumption of parallel slopes contributes little error as dis-
Sato-Sorenseh,nor does it correspond with/(P) data cussed above. Volumes f@2 derived from spectroscopy
above 40 GPa of either Sato-Sorersem of Heinz and [Fig. 8d), Table VII] and compression measurements are
Jeanlo? (which lie on theB1 curve, and are thus suspect close. The relationship is as described for KBr, above.
Shear stress is implié#!® to affect the previous measure-  RbBr-B2 For B2, we usevo(P) of Table Il and assume
ments in that diffractions collected from the DAC involve that the LO-TO splitting is constant and equal to tBé&
100 to 1000 contiguous unit cells in order to produce x raysvalue. Volumes foB2 derived from spectroscop¥ig. 8(f),
sufficiently intense for detection and that large pressure grafable VII] and compression measureménagree moder-
dients exist over this distance at the high pressures attainedtely well, differing by a maximum of 2.5% at the limit of
In contrast, IR vibrations originate in nearest-neighbor interthe compression measuremess GPa. K’ for B2 (Table
actions (otherwise glasses would not have specsa that VII) is uncertain because the slode/dP was determined
shear stress minimally affects IR spectsee Ref. 66, and over a narrow interval of 0.12 GPa at the limit of the
citations thereipn Shear is also reduced in our experimentsmeasurements.
due to the proximity to the volume reducing transition. Prob- RbI-B2 Spectroscopic data f@2 of Ref. 19 were used,
lems in theV(P) measurements begin at pressures beyonthut these may not be an accurate representation of the evo-
our range. lution with pressure because an ungasketted diamond-anvil
KCI-B2 ForB2, we usev(P) of Table Il in Egs.(4) and  cell was used. The low slope of ti&2 mode constrains the
(5) and constrain volume to match Vaidya and Kennetly’s value attained after transition, allowing accurate calculation
measurement of 34.964 émol at 1.8 GPa. The nonhydro- of K; near the transitioriTable VII), but the values oK,
static measurements of volume of Campbell and Heine  andK'’ are suspect.

similar. Volumes forB2 derived from spectroscopFig. NaF-B2 and RbCiB2. Because/(P) data are not avail-
8(b), Table VII] lie within the uncertainty of compression up able, bulk moduli at the transition@able VII) were calcu-
the limit of the spectroscopic data0 GPa. lated from the predicted frequency drops. Kofpc, dv/dP

Because/, is unknown for theB2 phase, fitting the com- with half of the value of that for th&1 phase was used, as
pressibility data to an equation of state yields a large variaappears to be the general riEable Il). The uncertainty in
tion in possible values fdk, andK /. Campbell and Heinfz  the bulk modulus for NaF is large because calculation of
obtain V,=231.84 cni/mol and K,=28.7 GPa by assuming Kzpc at high pressure is uncertain. Fitting recent compres-
K'=4. The data are equally compatible with/y  sional determinations of (P) for RbCl-B2 to a Murnaghan
=33.52 cni/mol and K,=14.9 GPa withK’'=4 and con- EOS givesK,=17.9(10) GPa an#,=5.23(29), assuming
stant, and thus, the compressibility data are compatible witithat V, is 31.45 cni/mol (Ref. 8. These parameters give
parameters derived from the spectroscopic calculations. 20.5 GPa as the bulk modulus at the transition, which is

Acoustic measurements have been made oPtelocity  within the uncertainty of our calculation. The,, Ky, and
of KCl in the B2 phase at nonhydrostatic pressiit@btain- K¢ parameters are highly interdependent, so tand K’

ing the bulk modulus from this data requires estimation ofderived from compression data are more uncertain than pre-
the shear velocity. Acoustic measurements of KBr and Kliously stated 8

(Ref. 9 show that thes and P velocities respond differently
to thg transition, so that assumpti_ons of proportionality, as DISCUSSION AND CONCLUSIONS
used in Ref. 8, are suspect. More importantly, the extraction
of K+ from Vp requires use of an EOS and is sensitive to the Accuracy of the model: Kat 1 atm for B1 phasesThe
assumed values foW, and K;. Given these problems, calculated values faky=K,;,+ Kzpc are fairly precise, with
Campell and Heirfzdo not report a bulk modulus for KCI, uncertainties mainly arising from the correction term. The
and thus their results cannot be compared to ours. calculation(Tables IV and V] is accurate within 0.5 GPa
KBr-B2 ForB2, we usevro(P) of Table Il and assume (0.4 to 5% for all substances with a cation radius greater
that the LO and TO modes are parallel. The volume at théhan 0.6 times their anion’s radius. For NaCl with/r,
transition(Table VII) determined from compression data was = 0.56, the theory errs moderately: ¢ GPa=10%), and for
used as a constraint. The assumption of parallel slopes corelatively smaller cations, the discrepancy increases. Thus,
tributes a small error: for example, assuming that the LO-Tdor K, Rb, and Cs halides, the semiempirical calculation is
splitting decreases to nothing at 35 GPa only decrefses more accurate than recent quantum mechaniQ) ap-
by 5%. A decrease in the LO-TO splitting similar to that of proaches which generally err by 10 to 25@efs. 1, 2,
KCI would affectK; by less than 1%, and the resulting un- whereas for Na halides, the accuracies are comparable, and
certainty in volume is inconsequential. Volumes &2 de- for Li halides QM approaches are more accurate.
rived from spectroscoplFig. 8(c), Table VII] and compres- Pressure derivatives for the B1 phas@fe EOS for the
sion measurements are similar, differing by a maximum ofalkali halides determined from spectroscopy is represented
2.5% at the limit of the compression measureme@t® by a polynomial in pressur€Table VI), which is then inte-
GP3, but vary considerably in slogéig. 8d)]. The differ-  grated to obtairV/(P). K(P) is a rapidly converging series,
ence can be attributed to the narrow range of pressure mehecause terms of ord& and higher are small and because
surements for the compressional studies and to use of a lothe signs of polynomial coefficients of(P) are alternately
order polynomial to model the data. positive and negative. A polynomial representation is given
KI-B2. For B2, we usevto(P) of Table Il and assume for K+(P) because this involves the least interdependence of
that the parallel slopes observed from 2 to 5 GPa for the LK’ and K”. The polynomial result can be extrapolated to
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almost twice the pressure limit of the experiment, suggesting 45 e e e e 6.0
the reasonableness of the representation. Also, the existence - Ve, NacCl a0
of good fits ofK as a quadratic iP for all the substances _40r Murnaghan EOS =
examined suggests thit” is very close to zero. o f / -120?5

The slopek’ andK” are related talv/dp andd?»/dP?, ; 35 K? 4100 @
respectively, and are negligibly affected by the uncertainty in g . . 3
predictingK,. The uncertaintie§Table VI) are derived from ~30F /' —480 3
the fits to the spectroscopic calculation. Additional uncer- g N ’ K Js0 §
tainty could arise ik due to the range of pressure and the % a5 Mumaghan EOS x
number of data points involved in computingP). Possi- > b o 3
bly, total errors could be as much as 1% for NaCl, 2% for 20/ V. 4o
NaF, 5% for KCI and KBr, and 10% for the others. The - =7

0

-
(&)}

. - . . AT AP PR T T T
spectroscopic determination Kf' for Rb halides is very un- 10 20 30 49

certain as the pressures were obtained from external calibra- Pressure (GPa)

tions. The second derivatiw€” is readily obtained if curva-

ture of frequency with pressure is observed. The accuracy of FIG. 9. Volume and bulk modulus for NaCl. Light lines: vol-

Kg is roughly 5% for NaCl and 10% for the others. ume; heavy linesKt; solid line: the Murnaghan EOS based on the
Calculation ofK(P) andV(P) from only V, and »;(P) spectroscopic calculation foB2; dot-dashed lines: experimental

appears to be accurate for the low pressBiepolymorphs ~ values forBl.

from comparison with ultrasonic and compression data. The .

ultrasonic measurements f&&” bracket our result§Table suspect becauge g2 volu_mes fall on the exten_5|on of

VI). For NaCl, which has the best constrained spectroscopié(P) for B1. It is also possible that shear stress in nonhy-

and elastic measurements, use of the same EOS gives t Eostatic environment for the KCI compression experiment
same values foK' andK” fr’om spectroscopy and from ul- could have affected the crystallographic results, but to a

trasonic, compression and length-change ddable VI). lesser extent that NaCl, because the pressures were lower.

Thus, the difference between the spectroscopic calculations The uncertainties iKy of 4 or 5 GPa for the Na halides
and ultrasonic or compressibility measurements is partiall)find qft0.5 GRa for K and RD halides were estimated from
due to the choices in representing EOS daiable IV, Refs. the discrepancies between calculated and _measKlfeﬁbr
55-57. For the other alkali halides, the determinations werd€ B1 phases. For th&2 phases, ultrasonic data do not
made over such narrow ranges of pressure that the curvatuf&ist for comparison. Accurate determination K¢ from

K" is poorly controlled. The large values-(- 0.3/GPa) of V.(P) data for B_2 phases is difficult for several reasons.
K” from earlier ultrasonic studies are probably not correct infirSt; @nd most importantly, theé(P) data forB2 begin at

that recent studié® give much smaller values of Nigh pressure, so that the EOS must extigeas well asko
—0.003/GPa. and K; from V(P). The addition of the third parameter

CalculatedK’ values are consistently 0.5 GPa smallerMakes determination of all three coefficients most uncertain,

than those derived from ultrasonic measurements, wheredls NOt indeterminate, particularly because tv¢P) data
the most recent compression dStgield small K/, values, show little or no curvaturgFigs. 6 and 8 Second, slight

comparible to the present results. The difference for NaCl i€T0rs inV lead to large variations ify. Third, K" of B2
due the choice of an equation of state as the BirchlPhases is assumed to equal 4, which is lower than that of the

Murnaghan and universal EOS requikg to have a large Bhl %hzaseﬁ, suggertinghtHa{r is p;ob:blyMoverest:imated for.
magnitude, which forcek| to be larger to compensate. ETZbIe V)ptoazenzl Z:\L/J(r::)’ duastz v(\?hict:hebe lijnm;)govaenar?]qblij:rt:ton
Similarly, ultrasonic determinations &f could be too large y g

o : o pressure underestimat¥g, which results in an overestima-
when|Kg] is large(Table V1. Although ultrasonic precision tion of Ky. In particular, bulk moduli for NaCl with th&2

i 67 ’
for K is generally 196(Jacksoret al>’), Ko may not be as  giycture  derived  from  previous  compressibility
accurate as stated: comparison of various data sets for NaGjeasurement$ are unsupported by our data, nor is it ex-

(Ref. 68 suggest a 5 to 10%uncertainty inK, derived from  pected that such experiments with large shear stress would
ultrasonic studies. For example, highly regarded studies Qfive correctk;, as discussed previousi1>6263

Chabildas and Rudff and Spetzleet al?® give K; of 5.7 The calculated bulk modulus of NaCl in ti&®2 structure
and 5.3, respectively. The various determination&gfare  at 1 atm projects to zer@ig. 9) based on the linear response
equal, within this larger uncertainty. of frequency to pressure, and could become negative at 1 atm

The spectroscopic calculations suggest a compositionalsd?»;/dP? is negative when measurable for alkali halides
dependence such thit is near 4.5 for Na halides, 4.9 for K and virtually all other solids measured. Using a Murnaghan
halides, and 5.2 for Rb halides. Similarly, i6f,, Na halides EOS to extrapolate the spectroscopic calculation below the
appear to have smaller magnitudes than K halides. pressure range of our measurements yiégs-0 and infi-

Equation of state and stability of the B2 phasElse spec- nite volume at 10 GPa. Such nonphysical behaviorKer
troscopic calculations agree well wiB2 compression data indicates that thé82 structure is unstable below 10 GPa.
for V(P) at moderate pressures where the IR data were colFhis lower limit is not particularly sensitive to the input pa-
lected. At increasingly higher pressures, the difference berameters, as similar values are attained for a wide range of
tween V(P) from compression measurements and vibra-K' of 5to 7 in the Murnaghan equation. Betweeri0 and
tional calculations increases. The NaCl compression data a2l GPa, where th81 andB2 volumes are equal, thB2
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TABLE VIIl. Percentage chandén properties across tHe1—B2 transition.

AK7 AK7 AK7 AK7 AK7 AK' 2

Compound Awp? Avo? Av? Spectroscopy Compression Ultrasonics Theory Semiempirical — This work
NaF —-18+39 -13+3¢ —g°® -8 = 4N —-5m

NacCl —27 -16 —4.1°%" —16 + 3th -9+ 2! —18m +5+10M
KCl —-16 —13 —129 —75+ 3M _ggr 2.2 +13+13' 42m —11+10M
KBr ~20 -15 -119  -17 = 5" —7.4+ 05 o —17+10™
Kl —22 —20*+2 —10¢ —19 =5 _gg+ 1.9 —2m —8=+10M
RbCI —74 —-59 169 +6 ==g8fhd _7 +2i +17%  +26+26' +20m

RbBr —-10 -89 —149 —0.3= 3fh + 22k +18M +3ghhe
RbI -13 -7 —139 —2 =+ 4fh +25kK +14™ —50fhe

A =(B2—-B1)/B1. The last digit is uncertain by 1 or as indicated.

®Derived assuming the LO-TO splitting is constant.

‘These values are estimates.

dFrequencies were estimated from the tre(ske Table II).

&/olume for B2 from Sato-SorensefRef. 5.

'B1 properties from EOS data in Table VI.

9%olume data from Vaidya and KennedRef. 3.

"B2 properties from the spectroscopic EOS in Table VII.

iB1 properties are from the spectroscopic EOS in Table VI.

IBoehler and zh4Ref. 10.

kReport by ShawRef. 4. The uncertainties depend on the change in length during transformation, which is unknown.

'The quantum mechanical calculation is from Reetoal. (Ref. 1). The uncertainty was estimated from the difference of Bie bulk
modulus from experiment. It may be larger becauseBReproperties were calculated assuming finite 1 atm values.

MFigure 5 in JeanlozRef. 13 was used in conjuction with recent valuesAd¥ andK for B1 (Table VI). The uncertainties are large, and
depend on the accuracy Kf,, and are roughly-6 to +10; for example, JeanldRef. 13 estimatedAK as—12% for NaCl using 1982

data.

phase may be metastable. More likeB2 metastability is
limited to P>21 GPa, consistent with observatiorfs'%*
In contrast to results for NaCl, “normal” behavior &f

andK with pressure is observed for tB2 phases of K and AR RRARE BLREE RS LR L

Rb halides. This difference is clearly due to their low trans- 5 Alkali Halides /Rbf'
formation pressures of 2 and 0.5 GPa, respectively. Hence, 02_ Aol /%Fler
properties of théB2 phases of potassium or rubidium halides = Inaci L -~ 13
could be modeled by a commonly used EQ%P) curves e 53_ J 3
for the B2 phase of NaCl cannot be correctly modeled by 5 FAV NaF o3
existing equations of state, as those that include termk'for 5_10 o PR -
also require positive, finite bulk modulus. The Murnaghan ot V/\/%\v ]
EQOS, which assumes th&t’ is constant, can be used, but a _15'_“K/ - /N\:T:
this extrapolates poorly to very high pressures. o PRETSS A g
Changes in physical properties across the-B2 trans- < -20F Yoowl 3
formation: The sign ofAK. Calculations based on IR mea- : KIo " Ker 1
surements of alkali halides indicate thidt generally de- 25y | .
creases substantially across thgl-B2 transformation s R T ]

(Tables VI-VIIl). For NaF and RbCIK; for B2 at the tran-
sition was calculated using the trends in frequency. NaF be-
haves similarly to NaCl. The value for RbCrlable VIlI) is
similar to those derived for RbBr and Rbl, however, the bulk
modulus for this compound was found to slightly increaseg
across the transitiofFig. 10 and the decreases Iy at the

55 06 065 0.7 0.75 0.8 0.85
r/r
Jr.

FIG. 10. Changes in physical properties acrossBheB2 tran-
ition as a function of radius ratio. Diamonds: Na halides; triangles:
K halides; squares: Rb halides; dashed lines with filled symbols:

transition for RbBr and Rbl are much smaller than those ofjitterences ink; calculated from IR measurements; solid line with
the other alkali halide¢Tables VI and VI), lying close t0  gpen symbols: measured differences in volumes; dotted line with

zero(Table VIII).

open symbols and crosses: measured differences in the TO fre-

The general decrease iy is corroborated by direct mea- quency; heavy arrow: theoretical limit of stability for six coordina-
surements(using a piston-cylinder apparajusf KBr, KiI, tion of unequal sized spheres. Sources of the data are given in Table
KClI, and RbCI*® Moreover, a strong decrease-oB5% has  VIII. Error bars are indicated for the change in bulk moduli for the
been observed for the transverse acoustic frequerfaies Rb halides. Error bars are smaller for the Na and K halides.



56 IR SPECTROSCOPY OF ALKALI HALIDES AT VER . .. 5853

companied with little or no change in the longitudinal acous-becomes more negative as the cation/anion ratio increases
tic modes during transformation of KBr and Kl through because the transformation removes the “pore space”
impurity-induced Raman spectroscopy, which is also consispresent in théB1 structure due to the bigger cations forcing
tent with K; decreasing across the transitbRecent QM  the anions further apart. The size and magnituded &
calculations support a decrease for NaCl, as do semiempir{Table VIII) should roughly parallel that foAK which is
ical relations of the change id with K’ values forB1 and observed for the potassium halides. For the Rb halides and
with the change in volum& These types of calculations are NaCl, the experimental determinations kf for their B2
not accurate for large cations. phases are uncertain. L

Our results are not compatible with previous ultrasonic_ Limitations and applicability of the semiempirical model
measurements of Rb halidéShavf) which show large in- The semiempirical model originated by Blackmarand
creases iK of 15—23%. Ultrasonic determination K, for Brout'” for calculating elastic garameters from vibrational
the B2 phases is problematic for several reasons. ForemostPectra works reasonably wéiP because vibrational spec-
as discussed by Shdlthe ultrasonic data are affected in an tra essentially originate through_ mteractlpns_petween nearest
indeterminate way by the change in length during transforneighbors. Two of the assumptions are justified .by the data:
mation. In addition, the accuracy of ultrasonic measurement§€ntral potentials are acceptable for such cubic structures
is not sufficient to resolve the smallcurve shown in Figs. Pecause these scale during compression, and rigid ions are
8(e)—8(g) owing to the sluggishness of the transition during€asonable because the LO-TO splitting is roughly unaf-
compression, to hysteresis, and to the uncertainties in thi¢cted by pressuréFigs. 1-5 and because the polarizability

pressure determination associated with anisotropic expansidp Not related to the discrepancy between experiment and
of the salt. calculation(Fig. 7). The description of repulsive potentials

K' also changes across the transformatidable VIII). as nearest-neighbor interactions appears to be the shortcom-
TheK' data for the K halides is well constrained for 8¢ N9 of the model. This assumption is reasonable only for the
phases from compression and spectroscopic calculatior%{bequal s/[zed ions, resulting in accurate calculatiorKgor
(Table VI) and forB2 from spectroscopyTable VII), sug- KOZ and K for. this class of alkali halides. For thg small
gesting decrease of roughly 10%, upon transformatid®2o g:atlons, repulsion between the second nearest—n_elghbor. an-

A simple model for changes in frequency, volume, andons is not accounte_d for by_the theory, unless the interaction
bulk modulus across the transitioA ball and spring model 1S purely el.ectrostatlc. This is probably not the case, leading
of the solid corroborates our result tés decreases across {0 decreasing accuracy Ky as the cation radius decreases.
the B1-B2 transformation. The bond strength of an ionic Very large cations would also be a problem for the model,
solid will depend roughly on interatomic distance. BecausdUt only two compound&RbF and KF are affected and this
transformation toB2 increases the bond length, the bondiS only to & minor extent because the difference in ionic sizes
strength will decrease, hence the springs are weaker and the Small. The summations used in deriving E@b. or (4)
frequency drops, as discussed previod&l\Because there could be recast to include a repulsive te.rm.between _the sec-
are six springs foB1, but eight forB2, the bulk modulus ond nearest nelghb_ors only if that'potentlal is proportional to
will decrease upon transformation for large decrease in bonf€ first nearest-neighbor interaction.
strength, but could increase if the decrease in strength is 1h€ Spectroscopic calculation is complementary to quan-
offset by the larger number of springs. Thus, for Na and Ktum mecha}mcallapproaghes. First, the semlgmplrlcal calcu-
halides, with large drops im (Table IIl), K; will decrease, lation provides information ork” and K” which are not
but for the Rb halides with small drops i the change in generally calculated in QM appr(_)aches. Se_cond, the present
K is near zero. This differs considerably from Jeanloz’sMethod is amenable to large cations for which QReéfs. 1,
conclusion® that AK depends om\V and that negativak 2 falters, and vice versa.
requires|AV|<10%.

The compositional dependence of the differences in
physical properties between tBd andB2 phasegAv, AV, The IR measurements were performed at the Geophysical
AK+, andAK') are compatible with this simple model. For Laboratory. Support for this project was provided by NSF
each kind of cationAK or Ay; becomes more positive the Grant No. EAR-8419984 and by the David and Lucile Pack-
ionic radius ratio increase§ig. 10 because relatively large ard Foundation. Support during preparation of the manu-
cations(e.g., RbBJ push the anions apart in thi#l lattice, script was provided by the Alexander von Humboldt Foun-
yielding bond lengths foB1 that are close to those occurring dation. Special thanks are due to R. Boehler and A. Chopelas
in B2, whereas the relatively small catiofesg., NaC] fit in (Max Planck Institut fu Chemie, Maink for helpful com-
the voids formed by the anions in either structure, yieldingments. The physical model of changesinacross the phase
much different bond lengths iB1 andB2. In contrastAV boundary arose from discussions with R. Boehler.
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