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Lattice dynamics and inelastic neutron scattering studies oM FX (M =Ba, Sr, Pb; X=Cl, Br, I)
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We report lattice dynamical calculation of technologically important matlockite structured complFXis
[M(Ba, Sr, Pb; X(ClI, Br, I)] using a transferable interatomic potential based on a shell model. Our model is
validated by the inelastic neutron scattering measurement of the phonon density of states for BaFCl carried out
using the triple axis spectrometer at Trombay. We have further exploited this model for the calculation of
high-pressure and high-temperature thermodynamic properties of these compounds which are found to be in
good agreement with various experimental data, as available in the literature. The calculations provide a
theoretical understanding of the elastic constants, equation of state, phonon dispersion relations and density of
states, thermal expansion, specific heat, Debye temperature, and anisotropic thermal parameters of these ma-
terials.
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. INTRODUCTION study of the mixed halide systeMFX (M =Ba, Sr, Ph:X
=Cl, Br, 1) using a shell model with transferable interatomic

Alkaline earth fluorohalidesMFX (M=Ba, Sr, Pb;X potentials. The knowledge of their thermodynamic properties
=Cl, Br, I) are quite important for their heterogeneous ap-would be useful in designing improved materials. In this pa-
plications in industries. These compounds find utility, for in- per we also report on a measurement of the phonon density
stance, in x-ray image storage properties dilute doping of states for BaFCl using the neutron inelastic scattering
with rare earth ions and also, as pressure calibfantdia-  technique at Trombay. With the transferable shell model, we
mond anvil cells. Some crystals of such mixed dihalides, vizhave been able to calculate the crystal structure, elastic con-
BaFCl and BaFBr, are also used, in spectroscopic andtants, phonon dispersion relations and density of states,
nuclear detectors. Further, these compounds are of considarguation of state, specific heat, thermal expansion and aniso-
able scientific interedt?? due to their layered structure. The tropic thermal parameters of BaFCl, BaFBr, BaFl, SrFCl,
crystal structures of these compounds at high pressures hagFBr, PbFCIl and PbFBr. The calculations are found to be in
already been studieti® where the anisotropic behavior of good agreement with the available experimental data.
unit cell parameters upon compression is attributed to the Section Il gives an outline of the experimental technique,
anisotropic coordination of the highly polarized halogenas adopted here. Our lattice dynamics calculations are given
ions. High-temperature x-ray diffraction studies have alsdn Sec. lll, followed by the results and discussion, and con-
been reported for BaFCl using single cryStahd polycrys-  clusions in Secs. IV and V, respectively.
talline sample$Sup to about 900 K. Ultrasonic pulse echo
and Brillouin scattering techniqu¥s! were used for the
measurement of the elastic constants. Measurements of long Il. EXPERIMENT
wavelength Raman and infrared active phonons have been
reported*~1" as well. The specific heat measurements for The starting material BaHs prepared by treating BaGO
these compounds were reportetfonly in the low tempera- Wwith 40% aqueous hydrofluoric acid. The solution was
ture region. Further, the structural and electronic propertiesvaporated to dryness on a hot water bath and then, dried up
of alkaline-earth flurohalides at high pressure have beenat 800 °C in a flowing argon atmosphere. BaGias subse-
theoretically investigatéd using the tight-binding linear quently prepared by dehydrating Ba@H,O at 200 °C, and
muffin-tin orbital method. Atomistic simulations have beenthen, dried up at 400 °C under the flowing argon. Appropri-
performed822 for the sake of studying the high pressure ate amounts of BafFand BaC} are homogenized and then
phase transitions, thermal expansion, and, also, defect propalletized. These pellets were heated at 800 °C for 16 h in a
erties. platinum boat under argon. The temperature was raised at

Lattice dynamical calculations have also been5 °C/min and cooled back to room temperature at 3 °C/min.
reported®?! for BaFCl and SrFCI using a shell model in- The colorless product obtained was characterized by powder
volving adjustable force constant parameters at ambient preg-ray and neutron diffraction for its phase purity.
sure. However, these models, based on force constants, areThe phonon density of states are measured @3iag
not transferable to other compounds, and cannot be used fanedium-resolution triple-axis spectrometer at Dhruva reactor
the calculation of theromodynamic properties at high presat Trombay. About 40 g of a BaFCI polycrystalline sample is
sures. Further, there are no neutron inelastic scattering dapdaced in a thin aluminum container for neutron measure-
available for this family of compound. Therefore, for a basicments. Neutrons of a fixed final energy &e observed using
understanding of the thermodynamic properties of thesa pyrolytic graphitg002 analyzer, while the incident energy
compounds we have undertaken a detailed lattice dynamicé varied using a coppdfill) monochromator. All the mea-
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TABLE |. The transferable interatomic potential parametersA~1 The neutron-weighted phonon density of states are
used in the shell model calculations. obtained* from the measured scattering functi8fQ,E) via

Ba Sr Pb F Cl Br |

z 20 20 20 -10 -10 -10 -1.0 oo [e?MQ
Y 30 30 40 -10 —-10 —-1.0 -1.0 o' )(E)_A< Q2 nET 1O @
K(ev/iA?2 90 90 40 140 140 140 140
R (&) 242 223 240 140 228 234 255 Arh?
=B, 5~ 0(E), 2

surements are carried out in the energy loss mode with CONheren(E T)=[expE/ksT)—1] L.
stant momentum transfef)). The elastic energy resolution '
is about 15 % of the final energy. Several scans are recorded BaFBr

with E; value of 30 meV and values ranging from 5 to 6 50
A1 Al
______ N . i
TABLE Il. Comparison between the experiment®ef. 4 (at | . . i; ________ 23 ........ >
293 K) and calculated structural parametéats 0 K). For the space e A ’
group P4/nmm the F atoms are located @i, 0, 0 and (0.5, 0.5, 401
0), theX atoms af0, 0.5,u) and(0.5, 0,u), and the M atoms g0,
0.5,v) and(0.5, 0,v).
Experimental Calculated
BaFCl a(h) 4.394 4.427
cA) 7.225 7.126
u 0.6472 0.660
v 0.2049 0.191
BaFBr a(h) 4.508 4.479
cA) 7.441 7.229
u 0.6497 0.662
v 0.1911 0.187
BaFI a(A) 4.654 4.634 00 (100) 0500 (001) 0500 (110) 05
cA) 7.962 7.752 SrECH
u 0.6522 0.673 50
v 0.1704 0.173
SrFCl a(h) 4.126 4.163
cA) 6.958 6.827
u 0.6489 0.664
v 0.2015 0.189
SrFBr a(A) 4.218 4.212
cA) 7.337 6.985
u 0.6479 0.668
v 0.1859 0.184
PbFCI a(®) 4.110 4.404 -
cA) 7.246 7079 | T | T
u 0.6497 0.660
v 0.2058 oror | /S |
PbFBr aA) 4.18 4.451 /
0
c®) 7.59 7.202 00 (100) 0500 (001) 0500 (110) 05
u 0.65 0.664
v 0.195 0.187 FIG. 1. The calculated phonon dispersion relation along high

symmetry directions for BaFBr and SrFCI.
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TABLE Ill. Comparison between the calculated and experimental long wavelength Raman and infrared
modes in cm? units (1 cm™ ! =0.124 meV. Experimental data: BaFGRefs. 14—16a3)], BaFBr [Refs.
14,17a)] and BaFI[Ref. 18b)], SrFCI(Refs. 14,15 PbFCI[Ref. 17b)] and PbFB{Ref. 11b)].

BaFCl BaFBr BaFI SrFCI SrFBr PbFCI PbFBr
Expt. Expt. Calc. Expt. Calc. Expt. Calc. Expt. Calc. Calc Expt. Calc. Expt. Calc.
Aqg 125 123 105 100 79 78 155 154 114 105 96 89 89
161 182 119 144 113 130 196 223 186 164 162 116 112
Big 212 207 215 205 203 199 243 238 235 226 211 224 208
Eq 89 99 76 86 70 64 107 132 97 43 79 39 76
142 137 109 105 105 100 167 156 138 134 137 94 96
247 239 240 230 218 210 298 253 241 240 217 224 206
A, (TO) 143 113 122 82 138 63 124 92 108 76
293 290 299 280 270 271 327 315 285 276
A, (LO) 197 210 201 137 146 119 182 228 169 183 129
340 294 330 330 326 315 340 383 366 340 292 287
E,(TO) 130 113 115 98 86 77 143 137 106 125 112 78 82
210 212 199 202 191 193 166 255 225 215 182 197 167 190
E,(LO) 148 144 117 109 98 94 164 128 139 102
290 296 273 280 247 255 348 319 254 245
Here A and B are normalization constants abg, M, wherer is the separation between the atoms of tigpadk’.

and g,(E) are, respectively, the neutron scattering lengthR(k) andZ(k) are the effective radius and charge of ik
mass, and partial density of states of fith atom in the unit  atom type.a=1822 eV andb=12.364 are treated as con-
cell. The quantity withir{ — — — —) represents the average stants. This set of parameters has been successfully used by
over all Q values. 2V(Q) is the Debye-Waller factor. The us in the lattice dynamical calculations of several complex
factor 47-rb2/Mp turns out for Ba, F and Cl, atoms as 0.025, solids?®?’ The van der Waals interactiaffast term in Eq.

0.211, and 0.474 barn/amu, respectively. We calculate thes) is applied only between th¥-M, F-F, FX, and X-X

one phonon density of stategE) in the following way: pairs. The value of C is chosen as 90 éVAnitially, we
determine the parameters of the potential for BaFCl such that
g(E)= 2 9p(E). ©) it reproduces the structure of BaFClI close to that determined
p

by the diffraction experiments at zero pressure and also, sat-
isfies the condition of dynamical equilibrium. For calcula-
IIl. LATTICE DYNAMICAL CALCULATIONS tions of BaFBr, BaFl, SrFCI SrFBr, PbFCI, and PbFBr we

_ . have used appropriate radii parameters of Br, |, Sr, and Pb.
The compoundsM F.X (M=Ba, Sr, Pb; X=Cl, Br, I), The empirical parameters including the shell chafgeand
known as the matlockite structure compouridgace group

P4/nmm) crystallize in the tetragonal structure, consisting Oflsrlgll—core f°fce cpnitat:}(iil) f%r] the :onls tL_Jsed r']n thebcalcu—
two formula units per unit cefl,and are formed by alterna- ations are given in fable [. The calculations have been car-

tive sheets oM F, andM X,. TheMF, sublattice is made up ried out using the current version of the softwar_ePR(Ref.
of corner shared cation tetrahedra around a fluorine, whilgd developed at Trombay. The calculated lattice constants
MX,, of edge-shared cation pyramids inside which the ato nd fractional coordlnates of the atorti@ble I'I) for all t'he
X has an asymmetric coordination. The at¥ris equidistant  10Ur compounds are in good agreement with experimental
from the four basal -plane atonvs but at a different distance data
from the apex atonM.
The present lattice dynamical calculations are carried out
using a shell mode® Each ion consists of a core and a
massless shell of charge, which are connected by a harmonic IV. RESULTS AND DISCUSSION
spring Cons,tant' The ‘,Q‘he” can displace its.elf. from the core A. Phonon dispersion relation, Raman and infrared active
causing a dipole, leading to a proper description of the crys-
tal dielectric behavior. The following two-body potentfal
consisting of Coulombic and short-ranged Born-Mayer terms ¢ responding to the six atoms in the primitive cell, there
is used for describing the interactions between the ions: 5.6 18 phonon modes at every wave vector. A group theoret-
5 . ical analysis of the phonon dispersion relation for BaFCl at

e~ Z(kz(k") +aex —br c theI point, and along thé, A, and2 directions, has been

4meg r R(k)+R(k")| r® carried out using standard techniq@@$)?® The symmetry
decomposition of phonon branches is given as

modes, elastic constants, and force constants

V(r)=
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TABLE IV. (a) Comparison between the experimentakf. 11 and calculated elastic constar@g in
GPa units. The experimental data unflgf and[b] are measured using ultrasonic and Brillouin scattering
techniques respectively. The experimeriiaéf. 11 errors reported are up to 2.5 GPa except jp &d G,
for BaFBr, BaFI, SrFCI, and SrFBr, where these are up to 7.7 GlP&omparison between the experimental
and calculated bulk moduli&(GP3a and its pressure derivati& . The experimental data undex, [b] and
[c] are from Refs. 11, 4(8), and 6, respectively. The data undei have been obtained using elastic
constants, and the data undlef and[c] from the Murnaghan equation of stafeef. 34. The calculated bulk
modulus[d] using the TB-LMTO method is from Ref. 19.

@

Elastic constant Experimental Calculated
(a] [b]
BaFClI G 71.9 75.9 84.9
Css 65.6 65.9 58.8
Cus 20.4 26.2
Ces 23.8 26.2
Ciy 28.2 32.6
Cis 31.9 34.5
BaFBr Cu 71.3 79.7
Css 55.4 53.5
Cus 20.9 25.1
Ces 24.7 22.7
Ci, 25.0 29.1
Cis 34.3 32.1
BaFl Cu 55.8 63.7
Cas 31.9 31.1
Cus 19.2 20.3
Ces 24.3 22.9
Cis 23.8
Cis 235 23.8
SrFCl (%) 93.8 91.2 107.3
Css 76.8 77.0 65.7
Cus 28.7 29.5 34.6
Ces 315 30.9 26.8
Cio 29.6 29.0 38.2
Cis 40.2 42.4
SrFBr C1 88.7 100.3
Css 53.3 54.7
Cus 27.4 324
Ces 27.0
Ci, 35.6
Cis 35.3 385
PbFCI G, 86.0
Cas 60.2
Cusy 26.8
Ces 22.7
Ci, 17.6
Cis 35.3
PbFBr G, 81.4
Csz 53.1
Cus 25.7
Ces 23.1
Cio 19.3
Cis 32.7
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TABLE IV. (Continued.
(b)

Experimental Calculated
[a] [b] [b] [c] [c] This work [d]
B B B’ B B’ B B’ B
BaFCl 44.4 453 5.2+05 62+ 6 4+1 46 4.2 62
BaFBr 42.6 426 6+2 44+7 5+1 43 4.2 44
BaFlI 365 6+1 34 4.3 41
SrFCI 53.7 614 5+1 55 4.3 61
SrFBr 51+10 62 49 4.9
PbFCI 47 4.1
PbFBr 43-15 6+3 44 4.2
[':2A14+3Ay,+Big+3E4+3E,, for SrFBr. The large LO-TO splittingTable 1l1) for the A,
andE, modes has been fairly well described by our calcula-
tion.
A=6A;+3A,+6A5+3A,, The calculated elastic constaritbtained from the slopes

of the acoustic phonon branches near the zone Qeaiest
bulk modulii are also found to be in good agreement with the
available experimental ddtaas displayed in Table IV. The
experimental data of elastic constants are not available for
S—95. 193 PbFCI and PbFBr, and so the predictions alone are given in
1 2 Table IV. The ratio G;/C,; gives an idea of the nature of
forces between the interlayer and intralyer bdhds the
TheAyqy, By, andE, modes are Raman active while the layered compounds. For BAF(X=CI, Br, 1) compounds
A,, and E, modes are infrared active. A group theoreticalthis calculated ratio varies from 0.7 for BaFCl to 0.5 for
analysis has been useful to block diagonalize the dynamicdaFI, which indicates that for BaFI the interlayer bonds are
matrices in lattice dynamical calculations, and also to distinweaker in comparison of intralayer bonds. This may be ex-
guish various phonon branches in different group theoreticapected since the structure becomes less compact as the size
representations. There are 18 distinct dispersion branches X ion increases from Cl to I. On the other hand MFCI
along[100] and[110] direction, while along001] the num- (M =Ba, Sr, Pbthis calculated ratio shows a small variation
ber of distinct branches are 12 due to the degeneracy dfom 0.70 for PbFCI to 0.6 for SrFCI, perhaps since the
phonons inAs. nature of interlayer forces is mainly determined by tie
We have shown typical phonon dispersion relations injgns.
Fig. 1 for BaFBr and SrFCI. The calculated dispersion rela- |n Table V, we have given the calculated transverse and
tions for BaFBr show that there is a gap around 20 meVigngitudinal force constants for the first neighbors of the
which is also observed in the phonon density of states Showp,etal ion. The force constants for th&F bonds are larger

below. Some of the phonon dispersion branches in the threg 3y those for thevi-X bonds which reflect their relative
directions at the Brillouin zone center do not agree becausgtrengths.

of LO-TO splitting of phonons. Table 11l shows the compari-
son between our calculated long wavelength Raman and in- o

frared modes with the experimental dital’ The average TABLE V. The calculated Iongltgdlnalé(ZV/azr) and transverse
deviation of our calculations from the experimental optical rce constants (L/V/dr) for the first neighbors of metal ions in
data is about 6%, 9%, 10%, 12%, 16%, and 17% for BaFCIUnits of eV/X.

BaFBr, BaFl, SrFCI, PbFCI, and PbFBr, respectivelgble

A:5A1+ A3+ 12A5,

lIl). Two experimental data séts® are available in the lit- il LoV
erature for the infrared phonons in BaFCI, which show dif- ME T M- VeE o M-X
ferences of about 10%. In case of BaFl, a large discrepancy

is observed for thé\,,(TO) mode. This mode is reported at BaFCl 0.96 0.25 1.14 0.59
nearly the same frequency in both the BaFBr and BaFI| irBaFBr 0.79 0.28 1.13 0.57
experiments. However, as may be expected from mass coBaFl 0.30 0.39 1.12 0.48
sideration, the calculated value of this mode for BaFl is thesrFCl 1.14 0.37 1.36 0.70
lowest among Bak compounds. In the case of Pb com- SrFBr 0.92 0.41 1.35 0.67
pounds our calculations do not reproduce the lowest PbFCI 0.97 0.25 1.16 0.60
mode frequency very satisfactorily, although for other mode$pEgr 0.80 0.29 1.16 0.57

the agreement is good. No experimental data are available
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B. Partial density of states and anisotropic thermal parameters

PHYSICAL REVIEW B 67, 134303 (2003

FIG. 2. The calculated partial
density of states for various atoms
in (a) BaFCl, BaFBr, and BaFI
and (b) SrFCI, SrFBr, PbFCI, and
PbFBr. The contributions from the
polarization along the a and c di-
rections are shown in the left and
right columns. The contributions
are identical along the a and b di-
rections due to the tetragonal sym-
metry.

atomic projections of the one-phonon eigenvectors. Contri-
butions from 288 wave vectors in the irreducible Brillouin
The dynamical contributions to frequency distribution zone have been used for obtaining the phonon spectrum. The

arising from the various species of atoms can be observechlculated partial density of states for various atoms are

from their partial densities of states, which are obtaifiéy
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meV, while the contributions from Sr and Pb atoms are up td®b) and Br atoms occur below 20 meV, largely due to their
25 and 15 meV, respectively. Such a variation is partly ex-heavier masses, and the vibrations of F atoms occur above 20
pected due to the mass effect. The contributions due to meV. The calculated partial phonon density of stafeg. 2)
atoms in all the compounds occurs above 20 meV. There ar@early indicate that the phonon specffags. 3a) and 3b)]
two peaks in the partial density of states for the F atoms foof these compounds are highly sensitive to substitution of the
the polarization along the a direction, while alondirection M (Ba, Sr, Pb or X(Cl, Br, ) atoms.
there is only one peak, which shows the anisotropy of the The partial density of states have been used for the calcu-
in-plane and out-of-plane vibrations. The F vibrations arelation of the anisotropic thermal parameters at different tem-
extended up to 40, 45, and 37 meV in Ba, Sr, and Pb comperatures. A comparison between the calculated and experi-
pounds, respectively. The vibrations due to Cl atoms are upental values for BaFCl is given in Table VI. The
to 25, 30, and 25 meV in BaFCl, SrFCI, and PbFCI, respecexperimental values of {J for Cl in BaFCl is about 10%
tively, while for Br atoms the corresponding range is 20, 25more than that of g, which is in contrast to the trend
and 17 meV in BaFBr, SrFBr, and PbFBr, respectiviélig.  observed for Ba and F. However, our calculation shows that,
2). The | vibrations in BaF| extends upto 17 meV. In general,also for Cl, U;3 is more than ;. However, the anisotropy is
the energy range of vibrations due to different atoms in Snot significant for BaFCI. The overall good agreement be-
compounds is more than that in Ba and Pb compounds. tween the experiment and calculations reflect the reliability
The calculated total density of states in Fig&)&nd 3b) of the calculated partial density of states. Since the experi-
show that, for Ba, Sr, and Pb compounds, the range of theental data of anisotropic thermal parameters are not avail-
phonon spectra extend up to about 40, 45, and 37 meV, reable for BaFBr, BaFl, SrFCI, SrFBr, PbFCI, and PbFBr, we
spectively. In the case of BaFBr and PbFBr, we observe give only the predicted values in Table VII. The difference in
gap in the phonon spectrum at about 20 miélgs. 1 and 8 the calculated values of ji and U5 for different atoms
This gap arises since the vibrations due to bothkh@a, shows the anisotropy of vibrations alof@00] and [001]

TABLE VI. Comparison between experimentdef. 7) and calculated anisotropic thermal parameters
(107* A?) of BaFCl.

Experimental Calculated
Ba F Cl Ba F Cl
T (K) Uy; Uss Uiy Usz Uis Usz Upg Usz Upp Usz Uy Uss
100 29 36 59 60 60 65

297 863) 995) 1254) 1326) 1592) 1373) 79 98 129 131 151 164
562  1821) 2172) 24314) 26024) 306(7) 28411 149 184 234 238 280 305
883  3334) 3854) 486(28) 47345 55515 49923) 233 288 364 371 438 478
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TABLE VII. The calculated anisotropic thermal parameters =
(10~ * A?) for BaFBr, BaFl, SrFCI, SrFBr, PbFCI, and PbFBr. 0.06 i
M (Ba,Sr,Ph F X(CI,Br,) P
TK) Uy Uz  Upp Uz Uy Ugg . ," ‘\‘
BaFBr 100 30 37 61 61 54 61 > 0.044 ! o)
297 80 102 134 135 149 168 £ / ‘\\
562 151 192 243 245 279 315 Ef b * .
883 236 301 379 381 437 494 7 0.02 / < AN
oy V-Ver H \
1 \]
BaFlI 100 34 49 72 71 55 71 / 4
297 93 138 165 162 154 202 LT
562 175 261 302 298 290 381 0.00 ezl i i S
883 274 409 472 464 456 599 0 10 20 30 40
E(meV)
SrFCI 100 26 34 54 52 49 57 FIG. 4. The experimentdbolid line) and calculateddash ling
297 66 89 113 110 118 143 neutron-weighted phonon density of states in BaFCIl. The multi-
562 123 166 204 199 218 265 phonon contributior{dotted ling has been subtracted from the ex-
883 192 260 316 308 341 414 perimental data to obtain the experimental one-phonon spectrum.
The calculated spectra have been convoluted with a Gaussian with a
SrFBr 100 28 38 57 56 45 56  FWHM of 4 meV in order to correspond to the energy resolution in
297 71 102 121 120 120 153 the experiment.
562 133 190 220 217 224 288
883 208 298 342 337 352 452 neutron spectra for the Ba, Sr, and Pb compounds extend up
to 40, 45, and 37 meV, respectively.
PbFCI 100 29 36 63 63 61 65
52; 1852 4 igg gg 235)61; ;‘gg ég? D. Thermodynam_ic properties: s_pecific heat, thermal
883 242 297 393 391 443 481 expansion, and equation of state
The specific hea€p(T) is derived(Fig. 5 using the cal-
PbFBr 100 30 37 65 64 55 62  culated phonon density of stat¢Bigs. 3a) and 3b)] to-
297 83 105 144 141 150 170 gether with the relatiorCp-Cy=a2BVT, whereay is the
562 156 198 264 257 281 319 \p|yme thermal expansiofshown below andB is the bulk
883 245 s11 411 401 440 501 modulus. There is a large variation in the measured specific

heat?!2 of all these compounds at low temperatjiFégs.
5(a) and §h)]. The agreement between the experimental data

direction. Since the interatomic forces in these layered comand calculations is very good for Ba and Sr compounds
pounds are stronger in tteb plane and weaker along the
direction, U, is in general expected to be smaller thag U

C. Neutron inelastic scattering and phonon density of states

The experimental data on BaFCl obtained for differenting the acoustic phonons is the bulk modulasPbFB}), and
momentum transfer§ have been averaged to obtain thethat is well reproduced by the present model calculat{ass
neutron-weighted phonon density of statg® (E) (Fig. 4.
The multiphonon scattering is estimated using the Sjolandeperimental specific he&® (per molg for PbFCI is more
formalism3' Multiple scattering is estimated at about 1%, than that of PbFBr, which may not be expected due to mass
and therefore its effect on the results has been neglected. Tledfect, and is in contrast to the calcualtion. The calculated
experimental neutron weighted phonon density of statespecific heat upto 900 K is shown in Figgschand 5d). The
g("(E) for BaFClI consist of phonon bands centered at abou€p-Cy, values range from 11%8rFC) to 20% (BaFl) at the

16 and 32 meV.

[Figs. 5a) and §b)]. However for Pb compounds there is an
apparent discrepanchFig. 5b)] between our calculations
and experimental data. The low temperature specific heat
below 40 K is mainly determined by the acoustic phonon
modes. The only other available experimental data represent-

shown belowy. It should also be noted that the reported ex-

highest temperature of 900 K. We have also calculated the

The calculatedg™(E) for BaFCl (Fig. 4), as obtained Debye temperature of these compounds using the methods

from the partial density of states using E&), reproduces all
the main features of the experimental data. We have alsb(e) and §f)] particularly in the low temperature region be-
calculated similar spectrgFigs. 3c) and 3d)] for BaFBr,
BaFI, SrFCI, SrFBr, PbFCI, and PbFR{™(E) for BaFBr

given in Ref. 25. The calculated Debye temperafiifigs.

low 40 K, varies from 244 to 260, 203 to 234, 164 to 197,
302 to 337, 238 to 266, 203 to 236 and 181 to 204 for BaFCl,

and PbFBr shows that there are two well separated band3aFBr, BaFl, SrFCl, SrFBr, PbFCI, and PbFBr, respectively,
centered around 10 and 30 meV. For other compounds alsghich is in good agreement with the experimental average
there are two phonon bands with nearly similar energy, buvalues?*3 of 249, 217, 188, 305, 260, 204, and 177 K, re-

the bands are not well-separated as in BaFBr and PbFBr. Thepectively from low temperatureCp measurements up
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to 40 K. The calculated values of Debye temperature at 90@nd 1.59 for BaFCl, BaFBr, BaFl, SrFCI, SrFBr, PbFCI, and
K for BaFCl, BaFBr, BaFl, SrFCl, SrFBr, PbFCI, and PbFBr PbFBr, respectively. ThE values lie between 1.0 and 2.5 for
are 318, 290, 264, 364, 329, 296, and 268 K, respectivelyphonons of energies up to about 25 meV, dhdlecreases
The excellent agreement between the measured and the cabove 25 meV. In case of BaFI for low energy modes about
culatedCp and Debye temperature at low temperatures, pros meV, I" lies between 2.5 and 3.5. The calculated thermal
vides further support for the present lattice dynamical modelexpansionFig. 6(c)] for BaFCl is in good agreement with
In the quasiharmonic approximation each phonon modehe experimental data available from Refs. 7 and 8. The
of energy E; contributes (IBV)I';Cy; to the thermal predication of volume thermal expansion is also given for the
expansiof® 2’ (whereT’; is the mode Groeisen parameter, remaining compounds in Figs(# and &d). For BaFl and
V is the unit cell volumeB is the bulk modulusCy; is the  PbFBr thermal expansion is large in comparison with the
contribution of the phonon mode of enerByto the specific remaining five compounds. The thermal expansion coeffi-
hea}. This procedure is applicable when explicit anharmo-cient is nearly the same for BaFCl, BaFBr, SrFBr, and
nicity of phonons(due to thermal amplitudgss not very  PbFCI, while it is the least for SrFCI.
significant, and the thermal expansion arises mainly from In order to understand the contribution of various phonons
the implicit anharmonicty, due to the change of phononto the thermal expansion coefficieat, at a particular tem-
frequencies with volume. We have also included the contriperature, we have calculated the contribution from phonons
bution to thermal expansion arising from variation of of various energies to the total thermal expansion at 500 K
bulk modulus with volumé?33 The Grineisen parameter [Figs. §e) and Gf)]. The maximum contribution tay, in
('=—=2aInE/dInV) averaged over the whole Brillouin zone BaFCl, BaFBr, and BaFl is from phonons of energies around
as a function of phonon energi}, is calculatedFigs. 6a) 15, 10, and 7 meV, respectively. In SrFCl and SrFBr the
and @b)] by taking the contributions of 288 wave vectors in contribution from phonons of energy 10-25 and 8—17 meV,
the irreducible Brillouin zone. The values B{E) averaged respectively, is at a maximum. In addition to low energy
over phonon energies are 1.57, 1.49, 1.34, 1.42, 1.38, 1.49honons higher energy phonons also contribute significantly
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to ay in PbFCI and PbFBr. The calculated partial density ofculated equation of statéig. 7) is in good agreement with
states (Fig. 2) show that in Ba and Sr compounds the the experimental datdor BaFCl, BaFBr, BaFl, and SrFCI.
phonons which contribute ta,, are mainlyM(Ba,S) and  There is a slight disparity between the calculated and experi-
X(ClI, Br, ) atoms. The contribution ta,, due to F atoms mental data in SrFBr and PbFBr above 10 GPa due to prob-
occurs from phonons above 20 meYV, is less significant in Bdems associated with pressure transmitting medium as noted
and Sr compounds, and is relatively more significant in Pkabove. Our prediction of the equation of state for PbFCI is
compounds. also given in the same figure.

The high-pressure response of the unit cell parameters has The bulk modulus and its pressure derivative for all the
been measuréd®* using x-ray diffraction. The experimen- four compounds have been determifi@able I\(b)] by fit-
tal data for BaFCIl and BaFBr are available up to 28 GPating the calculated volume data at different pressures to the
There is a crystal to crystal phase transition at pressurgglurnaghan equation of staté.The same value of bulk
above 21 and 27 GPa for BaFCl and BaFBr, respectively. Fomodulus is also derived from the calculated elastic constants.
BaFl Raman scattering experimetit$ show a crystal to  Kalpanaet al’® estimated the bulk modulus for these com-
crystal phase_ transition at 55 GPa, while x-ray diffractionpounds from the tight-binding linear muffin-tin orbital B-
datd are available only up to 35 GPa. SrFCI, SrFBr, and| MTO) method within the local density approximation
PbFBr show no phase transittS® upto 42, 30, and 30 (LpA).3 Table IV(b) provides a comparison between the
GPa, respectively, while for PbFCI no high-pressure x-rajarious experiments and calculations of the bulk modulus.
diffraction data are available. The experiments for BaFCl.The present calculations compare very well the experimental
BaFBr, and BaFI were reportédsing argon and silicon oil  gata. Our calculations show that there is a large variation in
pressure transmitting media. The data for SrFCl arghe calculated values of Bulk modulus for these compounds,
obtained with ethanol, methanol and water mixture, while in which varies from 34 GP&BaF|) to 55 GPa(SrFC). The
case of SrFBr and PbFBr dafé) with Only silicon oil are experimenta| data also show a similar beha\ﬁm[ﬂe |\/)
reported. However, due to the glass transition of the silicon
oil above 10 GPa, a strong and gradual broadening of the
diffraction lines from the sample$BaFCI, BaFBr, BaFl,
SrFBr, and PbFBrwas observe&®>® The crystal structures
for these compounds at different pressures are calculated by We have developed a lattice dynamical model for BaFCl
minimization of the free energy in our calculations. The an-and validated it by numerous experimental data including
isotropic behavior of the compression of unit cell parameterur phonon density of states measurements from polycrystal-
along a and c directions is fairly well reproduced. The cal-line sample of BaFCIl. The model is then transferred to

V. CONCLUSIONS
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FIG. 7. Comparison between
the calculated and experimental
equations of state for BaFCl,
BaFBr, BaFl, SrFCI, SrFBr, and
PbFBr. The experimental data of
equation of state for PbFCI are not
available. The solid circles, open
circles and solid squares are the
experimental data respectively for
ala,, c/c,, andV/V,. The solid
lines, dashed lines, and dotted
lines correspond to calculated
ala,, clc,, andV/V,. The ex-
perimental data for BaFCl, BaFBr,
BaFl, SrFCI, SrFBr, and PbFBr
are from Refs. 4,4,4,6(8),5(a),
respectively. Another set of ex-
perimental data[Ref. 3b)] for
BaFCl foral/a,, c/c,, andV/V,
are shown by the solid diamond,
open diamond and open squares,
respectively.X,(a,, Co, Vo) and
X(a,c,V) refer to the values at
ambient pressure and pressiRe
respectively. The reason for large
discrepancy in the equation of
state data for SrFBr and PbFBr
above 10 GPa is explained in the
text.

BaFBr, BaFl, SrFCI, SrFBr, PbFCI, and PbFBr by changingexperimental data are not yet available. Further, our studies
only the potential parameter associated with the radii of Srhave enabled a microscopic interpretation of the available
Pb, Br and | atoms. The differences in the calculated phonoexperimental data and have been useful in the calculation for
spectra in these compounds arise from both mass and potegarious thermodynamic properties at high pressure and tem-
tial variations, and are shown to manifest in the thermodyperature of these compounds.
namic properties of these compounds. In particular, the large
differences in the observed specific heat in the Ba and Sr
compounds are beautifully reproduced in our calculations.
The lattice dynamical calculations also enabled us to under-

stand contributions from various phonons to the total thermal
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