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Abstract : We have developed a new model to investigate the complete lattice dynamics of cesium chloride at
78 K and at room temperature (298 K). The new model, van der Waals three body force shell model (VTSM)
incorporates the effect of van der Waals interactions and three-body interactions in the frame work of rigid shell
model where short range interactions are effective up to the second neighbour. A good agreement has been
obtained between theory and experiment for dependant properties also.
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Spectra, Anharmonic elastic constants, combined density of states.

l. Introduction

Cesium halides have been given a keen interest to most of the workers in the field of lattice dynamics
due to the paramount importance of such binary solids, as the nature and physical properties of such crystal
reveals to an understanding of their vibrational, thermo-dynamical, elastic, optical, thermal and numerous
physical properties. The availability of a lot of measured data on elastic constants [1-4], dielectric constants
[5,7], phonon dispersion curves [6,7,8], Debye temperature variations [9-11], two phonon IR and Raman spectra
[12-15], third and fourth order elastic constants and their pressure derivatives [16,17], for all of them (CsCl,
CsBr, Csl) and their interpretations by means of theoretical models [18-25] with moderate success, has
motivated the present author to the basic need for a lattice dynamical model for the satisfactory description of
their interesting properties.

Various experimental and theoretical workers have given evolution for the study of phonon behaviour
of CsCl structure. The first and most important model considered the ions of the crystal to be rigid,
undeformable and unpolarizable spherical particle is rigid ion model (RIM) of Kellermann [25] which could not
interpret well the dynamical, optical and elastic properties. Further efforts have been put as deformation dipole
model (DDM) of Karo and Hardy [19] and rigid shell model (RSM) of Dick and Overhauser [26] and Woods et
al. [23] by two different groups of workers. The DDM allows only the redistribution of charges in deformed
electron cloud while the shell model considers the relative displacement. Therefore both effects (deformation
and displacement) are present in ionic crystals. A general way to remove this deficiency is to include the
deformation of electron shells in the framework of RSM. The most prominent amongst them are breathing shell
model (BSM) of Schroder [20], the deformable shell model [DSM] of Basu and Sengupta [21], three-body force
shell model (TSM) of Verma and Singh [27] and further Singh et al. [1] used extended three-body-force shell
model (ETSM) which is an amalgamation of RSM and DDM.

It is emergent from the descriptions that the most realistic model for the lattice dynamics and statics of
these crystals can be developed by introducing the effect of van der Waals interactions (VWI), and three body
interactions (TBI) in the framework of RSM, where the short-range interactions have been considered up to the
second neighbours. The development of such a lattice dynamical model is the chief aim of the present work.
This model is known as van der Waals three body force shell model (VTSM).

A formal description of VWI and three-body interactions in the framework of RSM has been described
in section 2. The present model VTSM in a way as outline above has been applied to investigate the complete
lattice dynamics of cesium halides (CsCl, CsBr, Csl). The motivation behind the choice of the present system of
solids lies in the fact that they are characterized by high energy gap, some discrepancies in PDCs and Cauchy
violations.

The effect of TBI and VWI are quite significant and play a vital role in the description of lattice
dynamics of cesium halides. The proposed investigations have been carried out by adopting a simple method to
determine a consistent set of 14-parameters [b, p, f(r,),r, f'(r,), Ay, Ay, AL, By, By, B,y d;,dy, Y,andyY,] Of

VTSM. In the present paper, we have calculated the phonon dispersion curve of cesium chloride at 78 K and
room temperature (298 K).

Moreover, we have tested the adequacy of the present model by calculating the two phonon Raman
spectra, Debye temperature at 78 K and 298 K, combined density of states at78 K and 298 K, TOEC and the
pressure derivatives of SOEC and TOEC. The theoretical results thus obtained have been compared with
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experimental data and found to show a reasonably good agreement. On the basis of its overall success our model
VTSM can be considered as a versatile model for the crystal dynamics of cesium halides.

1. Theory

In addition to the Coulomb attraction force, there exists another attraction between the closed shell
atoms. The nature of this attraction is different and owes its origin to the correlations of the electron motions in
different atoms. The electrons of each atom shift with respect to the nucleus in the presence of other atoms and
consequently an atom becomes an electric dipole. The instantaneous dipole moment of a closed shell atom
induces a dipole moment on a similar atom and the interactions energy thus arising, is known as the van der
Waals interaction (VWI) potential. Now after inclusion of the effects of van der Waals interactions and three-
body interactions in the frame work of both ions Polarizable rigid shell model (RSM), the general formalism of
present model (VTSM) can be derived from the crystal potential whose relevant expression per unit cell is given
by

O@) =0 (r) + Dgr(r) 1)

where the first term @ ;(r) represents the long-range Coulomb and three body interaction (TBI) energies
expressed by

2
(OIS (r)_ZZin__je{l+zf(rik)}—aMize2 {1+Jéﬁf(r)} (2)
i ij

ijk
where Z is the ionic charge parameter of i ion, rjj separation between i" and j" ion, f(ry) is the three body force
parameter dependent on nearest-neighbour separation r; and is a measure of ion size difference [23] and 4is
Madelung constant ( —1.762670).

The second term in (1) is short-range energy contributions from overlap repulsion and van der Waals
interactions (vdWI) expressed as [23].

2 r. +r. —r.: Ci: d..

- 3 i i 'l 3
where the first term is the Hafemeister and Flygare (HF) potential [28]. The second term and third term

represent the energy due to vdW dipole-dipole (d-d) and dipole-quadrupole (d-q) interactions, respectively.

Using the crystal energy expression (1), the equations of motion of two cores and two shells can be

written as:
GMU=R+ZC Z)U+ (T +Zy C' Y)W (4)
O=(T"+YpC'Z)U+S+K+Yy C' Yr) W (%)

Here U and W are vectors describing the ionic displacements and deformations, respectively. Z, and Y, are
diagonal matrices of modified ionic charges and shell charges, respectively. The elements of matrix Z,, consists
of the parameter Z, thereby giving the modified ionic charge.

Zn=E=+Z 1+(12/2)f, (6)
The elimination of W from egns. (6) and (7) leads to the secular determinant:
D(@)-w*Mi[=0 )
for the frequency determination. Here D (q) is the (6x6) dynamical matrix given by
D(@)=(R+2,C'Z,)-(T+Z,CY,)x
(S+K+Y,CY, )" +v,cz,)
The numbers of adjustable parameters have been largely reduced by considering all the short-range interactions

to act only through the shells.
The expressions derived for elastic constants from egn. (7) corresponding to VTSM are obtained as

®)

2
Co=tl 07000z, + e 2B At Ay g oy ©)
4a 6 4
2 [—
Cpy =~ | -~ 0.6898Z, + Ao~ 8By ButBy g pg3 (10)
4a 6 4
2
Co=2 | -035057,2 + e 22 | Bt By (11)
4a 6 4
In view of the equilibrium condition [(dd/dr),=0] we obtain
By, +2B,, + By, =—0.6786 Zm? (12)
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where Z2 = zz(1+126 foj and £%=7r,f, (13)

f, =(df /dr) r, =a+/3 isthe inter-ionic separation.

)
r=r

The term fy is a function dependent on the overlap integrals of the electron wave functions and the
subscript zero indicates the equilibrium value. By solving the secular egn. (7) along [q O O] direction and
subjecting the short and long-range coupling coefficients to the long-wavelength limit g — 0, two distinct

optical vibration frequencies are obtained as

RY4
(ue2),, =Ry + (z¢) 871272 70 1)) (14)
a vf, 3
2 (Z 'e)z A
=R/ - = (15)
(wa )q:O ° vf, '3
where the abbreviations stand for
d’ d)}
R, =R, —e?| =+ -2 |; Z'= Zntdi-d (16)
a
f =1+8;T—V0‘(1+122n;2 zr, 1) (17
Ao
fr=1-— 18
T " (18)

and g=o; +a,

1. Result, Discussion And Conclusion

The calculations on the Cesium halides have been performed with our model VTSM which have
fourteen model parameters calculated using above expressions (5-13) and presented along with input data in
Table 1. These model parameters have been used to compute the phonon dispersion curves of CsCl at 78K and
298 K. The calculated phonon dispersion curves of CsCl at 78 K have been displayed with available
experimental and other theoretical data [6, 22] in figure 1 and at 298 K have been traced and compared with
available experimental and theoretical data [6] in figure 2. The phonon dispersion curves (PDCs) for all the
cesium chloride at both the temperatures are almost similar but there are certain features which deserve special
mention. Three-body interactions have influenced both LO and TO branches much more than the acoustic
branches (LA and TA) in these halides. Another striking feature of the present model is noteworthy from the
excellent reproduction of almost all the acoustic branches. The agreement achieved from the present model is
also excellent for the longitudinal acoustic (LA) branch along [qqq] direction. Also the result obtained from
present model is almost identical along [qqq] direction. This may be particularly because the zone centre
vibration frequencies have been used as input data in the calculation of model parameters. A quantitative
interpretation of the general features of PDC is also obvious from the present model when it predicts the gap
between the acoustical and optical branches similar to forbidden gap between the valence and the conduction
band.

The agreement between our computed phonon spectra and experimental data is excellent in Table 3 for
CsCl at 78 K and table 4 for CsCl at 298 K. Our model VTSM has successfully explained the phonon anomalies
even along (g00) and (qgq) directions. From figure 1, figure 2, table 3 and table 4 it is clear that VTSM,
improves result of SM used calculation of CsCl at 78 K by 3.97% along TO(X), 3.07% along LA(X), 2.16%
along TA (X), 0.26% along LO(R), 0.52% along TO(R) and 2.4 % along LA(R) and TA(R) and improve the
results of TSM used for the calculation of CsCl at 298 K by 0.887% along LO(X), 6.9767% along LA(X),
9.022% along TA (X), 1.0781% along LO(R), 1.33% along TO(R) and 3.94% along TA(R). The deviation
between theory and experimental due to SM is maximum 4.61 % along LO(X) while due VTSM the deviation is
maximum 0% along LO(X). In view of overall success, it may be concluded that our model provides a good
agreement between theory and experiment and is certainly better than those yielded by theoretical workers [18-
25]. It is obvious from these tables that the frequencies at X, R and M points reported from present model
VTSM are very much close to the experimental values [6].

As the two-phonon Raman and infra-red (IR) spectra are sensitive to the higher frequency side of the
phonon spectra and the specific heats are sensitive to its lower side. It seems, therefore, essential to investigate
the extent to which the present model is capable to interpret the Raman and IR spectra. This will provide a
complete test for the validity of the present model for entire range of the spectra. The result of these
investigations from CDS approach depicted in figure 2 shows that the agreement between experimental [14, 15]
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and our theoretical peaks is generally good for both Raman and IR spectra in almost all the cesium halides.
Since our CDS curves are derived from somewhat course mesh division of the Brillouin zone, therefore, we
have used a critical points analysis [29] to present complex interpretation of the observed Raman spectra. The
assignments made by the present study listed in table 3 shows reasonably good agreement with the observed
peaks corresponding to Raman and IR spectra for CsCl at both the temperatures. Our extensive study of two-
phonon Raman and IR spectra is basically aimed to correlate the theoretical and optical experimental results.
The interpretation of Raman and IR spectra achieved from both CDS approach and critical points analysis may
be considered satisfactory in all cases. The variation of Debye temperatures (®p) with the temperature (T) are
shown in the figure 4 for CsCl (78 K) and (298 K). The calculated (®p—T) curves for CsCl at 78 K and 298 K
are in excellent agreement with the experimental results [9-11]. Though the agreement is almost better with our
model VTSM, still, there is slight discrepancy between theoretical and experimental results at higher
temperatures which can be due to the exclusion of the effect of anharmonicity in the present model. This success
of present model in exploring the specific heat indicates its adequacies to describe the lower range of frequency
spectra. This is not surprising because the present model is quite capable to explain the elastic constants and
hence the acoustic frequencies in terms of three-body interactions.

It is interesting to note that our results on TOEC, pressure derivatives of SOEC and Cauchy
discrepancy are generally better than those of others as is evident from the tables 6, 7, and 8. However, the
results are closer to their experimental values [16, 17]. It can be seen from table 8 that the Cauchy discrepancy is
smaller for TOE constant than for SOE constants. A possible explanation for this fact seems to be that many-
body and/or thermal effects are more pronounced for SOEC than for TOEC. The pressure derivatives of the
effective SOE constants calculated by us have been given in table 7 and found to be generally in good
agreement with their observed data.

In view of the overall achievements described above, it may be concluded that the modification
introduced by TBI and VWI in the frame work of RSM is very much importance in the crystals under
considerations. In fact, the present model VTSM has revealed much better descriptions of dynamical properties
of these compounds than those obtained by rigid shell model [26], deformation shell model [19], breathing shell
model [20], extended three-body force shell model [1]. This study gets strong support from recent publications
of our research group [32-43]. The induction of van der Waals interactions is much essential in the study of
lattice dynamics of alkali halides crystals.

V. Figures And Tables
Table 1: Input data and model parameters for CsCl (78 K) [C;; and B (in 10 dyne / cm?), v (in 10°°Hz),
r, (in10™° cm), @ (in 10°* cm®), b(in 102erg), p (in 10° cm), ]

Input Data Model Parameters
Properties Values References Parameters Values
Cu 4.260 [5] b 0.273
Cn 1.300 [5] P 0.378
Cu 1.092 [5] f(ry) -3.98
B 17.0 [31] (S 21.5214
ro 2.044 [1] As 6.5878
vio(D) 4.90* [6] B, -0.3863
vo(D) 3.19 [6] Aul -0.7240
Vio(M) 3.75 [6] By -0.0197
Vio(M) 2.79 [6] Az 1.4497
via(M) 1.92 [6] B2, -0.9242
via(M) 1.22 [6] d; 0.2825
oy 2.798 [1] d, 0.3902
o, 2.653 [1] Y, -2.2482
€0 6.680 [1] Y, -1.5432

*Extrapolated
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Table 2: Input data and model parameters for CsCl (298 K) [C;; and B (in 10" dyne / cm?), v (in 10°Hz),
ry (in 10° cm), o (in 10 cm®), b(in 102 erg), p (in 10% cm), ]

Input Data Model Parameters
Properties Values References Parameters Values
Cu 4.068 [5] b 0.249
Ci 1.200 [5] P 0.311
Cu 1.100 [5] f(ry) -3.28
B 17.0 [31] rof (ro) 21.7418
ro 2.0615 [1] Ap 6.5844
Vo) 4.93* [6] Bi, -0.3829
Vo) 3.03 [6] Ags -0.8275
Vio(M) 3.73 [6] By 0.0338
Vio(M) 2.60 [6] Az 1.6651
via(M) 1.94 [6] B, -1.0753
via(M) 1.09 [6] d; 0.2975
oy 2.798 [1] d, 0.3820
o, 2.653 [1] Y, -2.0818
€0 6.950 [1] Y, -0.2642

*Extrapolated

Table 3. Comparison of frequencies from various sources (X and R points) for CsCl at 78 K

. Exp. SM [6] VTSM (Present Study) _ %

CsCl | Frequencies [6] | Values | +dev. | % (a) | Values | + dev. % (b) |mpr(g\_/§;nent
LO (THz) | 4.61 4.61 0 0 4.61 0 0 0
X TO (THz) | 3.02 3.15 0.04 4.30 3.03 0.0033 0.33 3.97
(100) | LA (THz) | 2.60 | 2.68 003 | 3.07 | 2.60 0 0 3.07
TA (THz) | 1.39 135 | 0.0287 | 2.87 1.38 | 0.00719 | 0.719 2.16
LO (THz) | 3.82 3.83 | 0.0026 | 0.26 3.82 0 0 0.26
R TO (THz) | 3.84 3.81 | 0.0078 | 0.78 3.83 0.0026 0.26 0.52
(555) | LA (THz) 2.05 2.00 0.024 2.4 2.05 0 0 2.4
TA (THz) 2.05 2.00 0.024 2.4 2.05 0 0 2.4

Table 4. Compari

son of frequencies from various sources (X and R points) for CsCl at 298 K

) Exp. ETSM [32] VTSM (Present Study) _ %
CsCl | Frequencies 6] | Values | +dev. | % (a) | values | +dev. | % (b) |mpr(g\_/§)ment
LO (THz) | 451 | 455 | 0.00887 | 0.887 | 4.51 0 0 0.887
x | TO (THz) | 285 | 285 0 0 2.85 0 0 0
(100) LA (THz) | 258 | 240 | 0.06976 | 6.976 | 258 0 0 6.9767
TA (THz) | 133 | 121 | 0.09022 | 9.022 | 1.33 0 0 9.022
LO (THz) | 3.71 | 3.75 | 0.01078 | 1.078 | 3.71 0 0 1.0781
R TO (THz) | 3.75 | 3.80 0.0133 | 1.333 | 3.75 0 0 1.3333
(5.5.5) | LA (THz) | 201 | 2.00 | 0.00497 | 0.497 | 200 | 0.00497 | 0.497 0
TA (THz) 2.03 1.95 0.0394 | 3.940 2.03 0 0 3.940
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Table 5: Assignment of two phonon Raman and Infra-red peaks for CsCl

Raman and Infra-red peaks for CsCl (78 K) Raman and Infra-red peaks for CsCl (298 K)
Raman Active Infra-red Active Raman Active Infra-red Active
ST Present Study Present Study ED Present Study Present Study
§ |% 51 ~
o |& 2 < 2 Tl g |BE 2 < 8 <
X — c c X (D c c
S 8% 2 |& 2 |s|ElEY & & & |s
o |20 c n c n O |3 c n c n
0w |5 = S =y S|l o |28s =y S = S
Q|3 2 = 2 | 0|08 2 = 2 =
O |8 < S < > | © < > < >
42 |42 [ LA-TAX) | 42 41 |42 [LATAX) |41
62 |61 | LO-LA(X) | 66 60 |61 |LO-LAX) |61
81 |81 [2TAM) 80 | 2TA(M) 80 [80 |81 [|2TAX) 88
113 | 112 | LO-TA(X) | 108 113 [ 112 | LO-TA(X) | 107
158 | 158 | TO-LA(M) | 156 | TO-LA(M) | 156 | 153 | 158 | TO+LA(M) | 151 | TO+LA(M) | 151
170 | 170 | 2LA(X) 174 173 | 170 | 2LA(X) 170
212 | 212 | 210(T) 212 | LO+TO(M) | 217 | 212 | 212 | 2TO(I) 212 | LO+TO(M) | 212
233 LO+LA(X | 240 LO-LA(X) | 236
)
260 2LO(M) 251 | 2LO(M) 251 2LO(M) 251 | 2LO(M) 251
2LO(R) 254
310 | 310 310 | 310 | 2LO(X) 302
353 | 353 | 2LO(I) 334 353 | 353 | 2LO(T) 328
*[14, 15]
Table 6. Third order elastic constants (in units 10** dyne/cm?) for CsClI.
TOEC of CsCl at 78 K TOEC of CsCl at 298 K
Property
Values Values
Cin -0.13820 -0.18501
Ci -0.2485 -0.2448
Cies -0.2516 -0.2477
Ciss -0.2369 -0.2316
Ciu -0.2324 -0.2280
Cisg -0.2300 -0.2280
Table 7. Values of pressure derivatives of SOE constants for CsCl
Propert Pressure derivative of SOEC for CsCl
perty at 78 K at 298 K
Values Values Exp. [30]
dk’/dP 7.9706 8.1282 3.56
ds’'/dP -0.8932 -0.8027 0.89
dcy, /dP 3.7546 35867 | ...
Table 8. The Values of Cauchy discrepancy (in units 10* dyne/cm?) for CsCl.
TOEC of CsCl at 78 K TOEC of CsCl at 298 K
Property
Values Values
Ci1s - Cigs -0.000477 -0.000427
Cia3 - Cuss -0.006919 -0.003622
Cias - Cuss -0.002306 -0.001207
Ciss -Cius -0.004613 -0.002415
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Figure 1: Phonon Dispersion Curve for CsCl at 78 K
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