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ABSTRACT

Aninterionic force model extended to the next nearest neighbours (NNN)
and taking into account the contributions arising from van der Waals
(vdw) dipole — dipole and dipole quadrupole interactions and three —
body (TB) interactionsis used to calcul ate cohesive energy (W), isother-
mal bulk modulus (B,), Moelwyn — Hughes parameter (C,), Debye tem-
perature (0,), Griineisen parameter (y) and mode Griineisen parameter (q)
using dater, Dugdale and Mc Donald and free volume theories for alkali
halide crystals. The cal culated values compare well with available experi-

mental data. © 2012 Trade Sciencelnc. - INDIA

INTRODUCTION

From timeto time several workers# proposed
and applied anumber of empirica and semi-empirica
interaction potentia models (IPM) in which the short
range (SR) repulsive part appears either asinverse
power, exponential functionsor logarithmic functions
for evaluating the thermodynamic propertiesof ionic
crystas. Among them theinverse power functionsand
logarithmicfunctionshavealimited gpplicationsfor ionic
crysta sas mentioned by earlier workerd®® ontheother
hand the exponentia functions have been found suit-
ableforioniccrysta g2,

It may be mentioned herethat most of the previ-
ousworkers considered only the nearest nei ghbour
(NN) contributions and ignored the next nearest
neighbour (NNN) contributionswhich are quite sig-
nificant (contributing 30-40% to the cohesive ener-
giesof dkali halidecrystals) Moreover theseworkers
also neglected contributions dueto thethree body in-
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teraction (TBI), which have been found to play an
important rolein describing various static and dynamic
properties of ionic solidg?-24,

In the present study we have used the short range
repulsive potential (SRRP) of Ali and Hasan® which
can beexpressed inthegeneraizedformas

P

ﬂrl;me)(p(_hj rijN) (@)

wherePandb aretherepulsvesrength parameter (RSP)

and repulsivehardnessparameter (RHP) respectively.
For NaCl strudcturer, = r, = 1.4142 r and for

CsCl structurer, =r,=1 1547 r. B arePauling Coef-

ficientsi ntroduced to providethe approprl ateweight

for variousion pair interactions expressed as

VVijSR(r) =

Z Z
=1+ —+—
ﬁ'J Ni Ni (2)
Where Z and Z arethe valenciesand N, and N, are
the numbersof the outer most € ectronsof ionsi andj .
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Inthe present study we havetakeninto account the
contributionsof al typesof interactionswhileca culat-
ing thevariousthermodynamic propertiesof all akali
halidecrystds.

Theessentia requirementsof anidea potential as
suggested by Varshni? areasfollows:-

(i) Itshouldbeshortrangein naturei.e. it must fall
sharply withincreasing distances.

(if) 1tshould provideinfiniterepulsion at zero separa:
tion to avoid the mutual collapse of theionsinto
oneanother.

Unlike previous short range repul sion potentials
(SRRP), Ali and Hasan form satisfies both conditions
cited above.

Theam of the present work isto study the suitabil-
ity of Ali and Hasan SRRPmodd inexplainingthevari-
ousthermodynamic propertiesof akali hdidecrystals.

THEORETICAL APPROACH
For purediatomicionic crysta stheinterionicinter-

action potential model in generaized form can be ex-
pressed as

W(r)=W_+W +W_ +W_(r) 3
Where W_ = long-range coulomb interaction energy
=-AZZ¢€lr
W, = vander Waals (vdw) interaction energy
=-Cr%-Dr®

C and D being vdW coefficients
W__ = Three - body interaction energy

B

=-nAzZzZef(r)/r

Herenisaconstant having values 6 and 8 respec-
tively for NaCl and CsCl structures.

TBI arisesfrom the charge transfer effect!?!! be-
tween theadjacentionsand f(r) isTBI parameter de-
pendent on overlap integral§22%3. Thisfunctionisthe
measureof interionic Szedifferenceanditsexistencein
ioniccrysasiswdl established from Quantum mechani-
cal theoried?

W, (r) = Short —range repulsive interaction (SRRI) energy
which arisesfromtheover lap of two combiningions
duetolikeand unlikeion — pairs interaction.

Cong dering the contributionsof nearest neighbours
(NN) and next nearest neighbours (NNN), SRRI is
expressed as,

Wes (1) =MPB, 12 exp(—bufuN)JfM'P[B”riizexp(_b”riw) )] @

-2 N
+ByTy; exp(— bjry
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HereM and M’ are the number of NN and NNN
having the values 6 and 12 for NaCl structureand 8
and 6 for CsCl structure.

METHOD OFEVALUATION OFPOTENTIAL
PARAMETERS
Therepulsive strength parameter (RSP) isevalu-
ated by applying crysta stability condition
(dwrdr),_ =0 (5)

Wherewe get

{Aezro’1+6(?r0’6 +8Dr0’8}
p 2[+ nAe’r, | {f (ro)—rof'(ro)}]
r2" MB,_exp(=b, rM)(3b, rl +4)
B,. exp(-b, K rl)x ©)
M' [(3b, KN +4)
2K 3 [+B__exp(=b__KNr))x
(3b_ Kr)' +4)

Theva uesof equilibriuminterionic distancer, used
inthe above ca cul ation have been taken from Smith et
atl and Tos*3 whilethoseof van der Wad scoefficienls
C and D from Shanker et all*2.

Therepulsive hardness parameter (RHP), (b, , b,,
andb ) areevaluated using relations proposed by Ali
et al®,

b,  =(22,)" (p.)/(k+38) 0
b, =b, /K ®
and

b =3b,/(k+m) 9)

wherep=0.12, m=2,N=15and K =2 for NaCl
structureand 1.54 for CsCl structure. Thevauesof p,
have been taken from Shanker et .

A detailed discussion onthejustification of there-
lations (7-9) has been givein the paper®!.

The TBI parameter f(y) and its derivalives have
been evaluated using Cauchy relations (10, 11) and
Cochranrelation (12)

2
C,-C,= 2.3301e—4[r0f '(r,)[for NaCl structure. (10)
rO

2
C,-C,= 12.2137%[r0 £ (r,)]for CsCl structure. (11)
0
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and
f(r)=f(r) exp (-r/P,) (12
wheref (r) isaconstant and p,_istherepulsive hard-
ness parameter for cation and anion interaction. The
values of second order e astic constant (SOE) dataused
in thecal cul ation have been taken from Gatd .
Thecalculated valuesof P, (b, , b, andb ) and
f(r) arelistedinTABLE 1.

TABLE 1: Calculated valuesof repulsive har dnessparam-
eters(b, , b, and b_, all in 10" cm™), repulsive strength
parameter (P; 10*’erg cm?) and TBI parameter f(r); 10*
dimensionless.

Crystal b, b, . b.. P f(ro)

LiF 1.36289 0.68145 1.02217 4.19436 73.94750
LiCl  1.04403 0.52202 0.78302 6.84771 17.11130
LiBr 0.97521 0.48761 0.73141 8.46553 7.32297
Lil 0.88129 0.44065 0.66097 10.82556 -8.51766
NaF  1.30802 0.65401 0.98102 11.78326 41.54940
NaCl 1.01855 0.50958 0.76391 15.90201 1.27709
NaBr 0.98457 0.49229 0.73843 20.75542 -11.82260
Nal 0.86203 0.431015 0.64652 21.46000 -30.19490
KF 1.03371 0.51686 0.77528 10.76313 -22.64000
KCI 0.88522 0.44261 0.66392 20.06169 -9.73504
KBr 0.84713 0.42357 0.63535 24.89231 -13.88420
Kl 0.77231 0.38616 0.57923 28.23037 -25.67140
RbF  0.96599 0.48300 0.72449 10.32218 -62.58110
RbCl 0.83983 0.41992 0.62987 21.38281 -34.63080
RbBr 0.79819 0.39910 0.59864 25.72627 -29.87530
Rbl 0.75989 0.37995 0.56992 29.19258 -43.77970
CsF  0.86203 0.43102 0.64652 11.15497 -66.70540
CsCl  0.84230 0.54695 0.713812 46.82338 -7.12000
CsBr 0.79318 0.51505 0.67219 54.20648 -6.65630
Csl 0.74584 0.48431 0.63207 68.45457 -3.49932

Thermodynamicpropertiesof alkali halidecrystals

Oncethepotential parametersareknown, weare
ableto evaluate various thermodynamic properties of
dkdi haidecrystdsextending the potentid model upto
the next nearest neighbours (NNN) and taking into ac-
count the contributions of vdW interaction and three
body interaction.

Cohesive energy

Thestrength of achemical bondin measured by the
energy required to dissociateasolidintoisolated atoms.
Thisenergy isgenerdly known ascohesive energy.

= Pyl Paper

Thedgebracsumof dl theinteractionenergiesmen-
tioned above givesthetheoretical value of cohesive
energy (W). Thuswehave
W=-N [W_(r)+W_ (r)+W_ (r)+Wg (r)] (13)

Substituting theval ues of each term under bracket
W can be evaluated. The values thus obtained have
been listedin TABLE 2 and compared with available
theoretical® aswell asexperimental datad®. In order
to show therelativeimportance of therole played by
variousinteractionswe have computed their contribu-
tionsseparately whicharedsolistedin TABLE 2.

TABLE 2: Calculated valuesof coulomb energy (W ), vdW
energy (W,), T.B.I energy (W_,), shortrangerepulsiveen-
ergy (W) and cohesiveenergy (W) [All in K cal mol™]

W
Crystal  Wc W, Wi W Expt. @ Present Othe[r29]
Study Work

LiF -288.2 -8.3 -12.8 61.4 246.7 2479 253.8
LiCl -225.7 -14.2 -23 421 203.2 2001 203.3
LiBr -210.9 -16.9 -09 39.7 1942 189.0 1921
Lil -193.0 -20.9 +1.0 37.3 180.3 1756 178.1
NaF -2504 -11.4 -6.2 454 2195 2226 2113
NaCl -205.7 -14.7 -0.2 34.1 187.1 1865 188.6
NaBr -194.1 -16.5 +1.4 31.0 1785 1782 1794
Nal -179.3 -19.0 3.2 292 167.0 1659 1674
KF -217.0 -15.3 29 339 1943 1955 198.7
KCl -184.4 -17.8 11 319 170.2 169.2 1715
KBr -175.8 -19.3 15 308 163.2 1628 164.8
Kl -164.2 -209 25 291 153.6 1535 155.3
RbF -205.3 -16.4 7.7 27.3 185.8 186.7 189.5
RbCI -176.3 -18.7 3.7 28.2 163.6 1631 164.8
RbBr -168.4 -20.0 3.0 285 157.2 1569 158.6
Rbl -158.0 -16.5 4.2 228 1485 1475 1479
CsF -1931 -196 7.7 287 1770 1763 181.6
CsCl -163.9 -259 09 30.9 159.8 158.0 157.8
CsBr -157.3 -30.0 0.8 338 1541 1527 153.2
Csl -1479 -29.3 04 321 1461 1447 1441
Average

% 0.77 1.20
deviation

Isothermal bulk modulus and other allied properties

Theisotherma bulk modulusiscaculated usingthe
relaion.

_ oWH(1,)

14
Y, (14)

B,

Hn Tndéan g%wumé



10 Study of cohesion and thermodynamic properties of alkali halide crystals

PCAIJ, 7(1) 2012

Full Paper ==

Thecomputed valuesof B arelistedin TABLE 3
alongwith the avail abletheoreti cal? and experimen-
talt®:32 data.

TheMoelwyn—Hughes parameter C,, asreported
by Moelwyn - Hughes®lisgiven by
C,=[d(1/B)/dp], (15)
where 3 istheisotherma compressibility, Pthe pres-
sureand T the absol utetemperature.

It may also be expened as-

C1=[dB/dp], (16)
where B istheisothermal bulk modulus of elasticity.
Thisparameter isthus merely the pressurederivative
of isothermal bulk modulus of elasticity at constant
temperature.

The use of thermodynamic rel ationsand applica
tion of crysta stability and compressibility conditionsto

aninterionic potentid mode givesthefollowing expres-
sonforC,.

r, WH(r,)
3WH(r,)
The computed values of C, from above eq. are
lisedinTABLE 3adongwiththeavailabletheoretica(®
and experimental % data.
The Debyetemperature has been eva uated using
therelation

o, = 1[%}
Kel

where K isthe Boltzmann constant and pisthere-

duced mass. The cal culated values of 0 are reported

in TABLE 3 aong with theoretical® and experimen-

tall* data.

C=1 17)

(18)

TABLE 3: Calculated valuesof bulk modulusB_ (10 dynecm®) M oelwyn - Hughespar ameter, C, (dimensionless) and Debye

temperature, 6, (%)

BT Cl 9[)

Crystal Exptl3L32 Psr;teusggt WC())trl'Il(G[!gg] Expt(®:%2 Psr;teusggt W%trf:(?g g Expt® Psr;teusggt W%tr hke[3£4]
LiF 0.674 0.637 0.836 5.30 4.18 4.27 730 663 835
LiCl 0.300 0.316 0.372 5.63 4.44 453 492 494 589
LiBr 0.238 0.236 0.300 5.68 4.63 4.63 421 522
Lil 0.175 0.194 0.232 6.15 4.82 4.62 391 473
NaF 0.471 0.180 0.539 5.25 4.73 4.70 422 432 503
NaCl 0.240 0.255 0.291 5.38 4.92 481 321 300 352
NaBr 0.197 0.225 0.243 5.44 4.98 4.90 224 256 293
Nal 0.151 0.169 0.186 5.58 5.14 4.96 164 217 255
KF 0.306 0.302 0.375 5.38 4.79 5.14 336 332 407
KCI 0.176 0.178 0.206 5.46 5.04 4.98 231 229 271
KBr 0.148 0.156 0.178 5.47 5.30 5.04 173 185 217
Kl 0.117 0.126 0.142 5.56 5.22 5.10 131 156 188
RbF 0.271 0.264 0.323 5.69 5.19 5.14 289 352
RbClI 0.158 0.159 0.178 5.62 5.14 5.06 165 191 222
RbBr 0.134 0.137 0.154 5.59 5.20 5.10 131 141 165
Rbl 0.106 0.106 0.116 5.60 5.37 5.12 103 113 133
CsF 0.235 0.206 0.300 4.88 591 255
CsCl 0.180 0.184 0.225 5.76 5.52 5.89 202
CsBr 0.159 0.164 0.192 571 5.58 5.75 146
Csl 0.128 0.135 0.146 5.65 5.69 5.55 112
Average
% 452 18.64 9.5 10.0 9.75 26.94
deviation

Anharmonicproperties
Griineisen parameter (y) isanimportant solid state

Physical CHEMISTRY o

parameter which givesameasure of thean hormonicity
of aomicvibraionincrystds Thebas cthermodynamic

A udéan Journal
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definition of thisparameter of isgiven by
y=-d(Inv)/d(InV) (19
wherev, isthefrequency of ascillation of the crystal
andV thecrysta volume.

Different methods have been suggested for com-
puting this parameter theoretically. However thebasic
theory for this parameter was proposed by Slater’* on
thebasisof theory of elasticity. Hisexpression for the
vibration velocitiesarevaid only if thesolidisunder
zero externa pressure. Dugdale and McDona d* de-
rived amoregeneral expressionfor by including theef-
fect of prerssure. But these theories do not take into
account thevariation of Poisson’s ratio with volume!®¥,
Vaschenko and Zubarovt® devel oped aformul ation of
v using free volume theory. Recently Migault and
Romai n“ proposed aunification of thesetheories, tak-
inginto account the variation of Poisson’s ratio with vol-
ume and deduced agenera expressionfor y given by

4-3S V d*(PV®)/dv?
6 2 d(PV®)/dVv
wherePisthe prerssureat volumev and absol utetem-
peratureT. Sisaparameter whosevaueiszerofor al
solidsindater’s theory, 2/3 in Dugdale and McDonald
(DM) theory and 4/3 infreevolume (FV) theory.
Thesmplified form of theaboveeq. givesadirect

y = (20)

relationship betweeny and [dB./dP] as
11 S
=—=+=[dB,/dP]|-= 21
y=—g 5B /P2 (20)
whichfurther yie dsthefollowing expressons
11
=—=+=[dB, /dP
7 =5t 5l9B/dP] (22)
11
Yom ==+ (0B /dP] (23)
and
5 1
Tev =g+ 0B /0P (24)
From the above equations
_, 1
Yom =7s 3 (25)
and
_,2_, 1
Yev =7s 3_7/DM 3 (26)

= Pyl Paper

Thefirst order volume dependence of Griineisen
parameter is commonly referred to as second
Griineisen parameter or mode Griineisen parameter
denoted by g. It isfundamental to the study of many
basi c phenomena accruing in solids. Knowledge of
this parameter enables oneto obtaininformation on
theanharmonicity inasolid. Theuseof thisparameter
isalso fundamental to the prediction of avariety of
physical properties such asequation of state of asolid
and itsrelated thermodynamic properties. Thispa-
rameter isalsoimportant inthe study of thermoelastic
properties in terms of shock waves“42, The latter
property isespecialy related to the study of the geo-
physicsof earth’s interior.

Daviesand Parkes*® werethefirst to explicity de-
finethe second Griineisen parameter as
g=[d(Iny)/d(nV], (27)

In the present study an attempt has been modeto
computethis parameter based on higher order deriva
tivesof aninteraction potentia withintheframework
of theories proposed by slater’®®, Dugdalekl and
McDona d®” and Vaschenko and Zubarov™.

Themode Griineisen parameter q is expressed as

1 p! L[ P phy?
q=2—7 S1+S)-(1- S)VF—V {F—(F) H (28)

Where

dw
p=—o
qv (29)
upondifferentiation
I dp _ 1 1 |
P _d_V__(B\/)Z[rOW — 21 W' | (30)
d’P 1
! :W:_—(W)Jr"wm —6row" +10r0W'J (31)
p'i _dB_P__ 1 [4W|v
dve  (3v)*'°

(32

—12r2W" 4+ 52r2W " - 80r W' |
Herethe primes denotethe derivativesof w(y) w.r.ty
aty =y,and Pisthehydrostatic pressure. The calcu-
lated valuesof vs, v, Ve, O Oy AN 0, arelistedin
TABLE 4 and have been compared with availablelit-
erature data*“.

Hn Tndéan g%wumé
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TABLE 4: Calculated valuesof Griineisen parameters, v,
andy,, and mode Griineisen parameters, q., q,,, and g, us-
ing dlater Dugdale- M cDonald and Freevolumetheories(all
dimensionless).

Y q
Crystal Expt47 Present Study Expt 649 Present Study

¥s Yom  Yrv Os 9pom Qrv
LiF 192 159 126 098 132 0.89 1.43
LiCl 205 172 1.39 146 146 1.02 0.79
LiBr 248 215 182 149 161 151 1.07 0.90
Lil 238 224 191 158 148 1.60 1.20 0.81
NaF 18 220 187 154 108 138 0.95 0.78
NaCl 169 229 19 163 114 125 0.75 0.73
NaBr 175 232 199 166 146 151 1.07 0.60
Nal 172 240 207 174 144 155 1.11 0.85
KF 171 223 190 157 134 145 1.02 045
KCI 159 235 202 1.69 153 153 1.08 0.71
KBr 169 248 215 182 114 156 1.10 0.92
Kl 127 244 211 178 099 159 1.14 1.02
RbF 166 243 210 177 182 150 1.04 0.44
RbCl 145 240 207 174 184 157 1.10 0.93
RbBr 137 243 210 177 169 158 1.12 0.66
Rbl 132 252 219 186 159 162 1.15 0.93
CsF 227 194 161 158 1.11 0.72
CsCl 259 2.26 193 1.70 1.28 0.95
CsBr 262 229 1.96 1.72 1.27 0.89
Csl 2.68 2.35 2.02 1.76 1.30 0.91

RESULT AND DISCUSSION

TABLE 2 representsthe various contributionsto
the cohesiveenergy separately and thenet resultsbased
on our model taking into account the NNN interaction
aswell. The computed values arein reasonably good
agreement withtheexperimentd vaues® andaredightly
better than the theoretical results obtained by Jain et
a1, The computed valuesof B_, C, and 6 arere-
portedin TABLE 3. It isseen that our computed values
of B givesavery good agreement with the experimen-
tal data®*4 and are superior to thetheoretical results
obtained by Jain et al .. Fruther our computed values
of C, also agree fairly well with the experimental
datd®*2 and are dightly better than thetheoretical re-
sultsreported by Jain et a'*. Thevaluesof 6 evalu-
ated onthebasisof our modd agreefarly well withthe
experimental data®@ and arefar superior tothevalues

reported by Agrawal et a™®. The calculated val ues of
S, o Yevr Oo Oy @D 0, arereported in TABLE 4
along with the experimenta values**, It isremark-
ableto notethat the caculated vaues of g, varyina
narrow band from 0.89to 1.30 aswell passfrom LiF
to Csl withanaverageequal to 1.08. Thusq,,, ~ lisa
good approximation. Thisimpliesthat Griineisen pa
rameter isdirectly proportiond tothevolume. Thisap-
proximation(q,,,, ~ 1) hasbeen used in theoriesof shock
wave propagation geophysicd studies*** andalsoin
various descriptionsof equation of stateof solidg*+5

Thusthe present investigation isan attempt to com-
putevariouscrystalline propertiesof dkali hdidecrys
talsusing aninteraction potential approach and taking
into account al typesof interactions. The close agree-
ment of our theoretica resultswiththeavailableexperi-
mental dataisasensitivetest of our potential model
and themethod of analysisfollowedintheevauation of
propertiesof alkai halidecrystals.
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