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SIMPLE PROPERTIES OF CRYSTALS AND
RESTSTRAFLEN FREQUENCY
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ABSTRACT. Born-Maycr laities theory has hoon wwed to compudo the ennple Tnlk
proporbios of allali hahdes  For dotermmmg the constants ol the potadaal function the
Rostatrahlon froquoncy instoad of comprossibihty or wolecubn datichae Toen vsed - Prapertacs
wlich havo beoen computod are : cobierave energy, comprosstbility, thounl cxpansion, (i Tmemen
consbunt and olastie constants  In all ousos the suecess aceording to the proposed procedue
18 oxthor of the same ovder o1 18 botter than (hwd obtaod hy tho conventionul procedures

INTRODUCTION

Born-Mayer theory (1932) has been widely apphed and is now fairly well
established for discussing the various bulk propertbies of jonie erystals The general
approach is 1o assume an analytical torm for the interatomic potential function
and then cxploit the iwo familiar Born-Maye conditaons (1932) to cvaluale the
potential parameters.  So far, in such approschos, mformation regarding thermal
cxpansion o, compressibility £, pressurc and temperature derivatives of ff are
used, In the simplified approach based on this method often only f is wsed
The purpose of this article 18 to suggest the use of Reststrahlen frequency in its
place. Once the potential energy function is thus completely determined, various
Imlk properties can bo computed according to known procedurcs.  Adopling
this procedure we have computed the different propes taes of the alkal halide erys-
tals, The propertics discusscd and compared with the experimental predictions
are the cohesive encrgy W, compressibility f, thermal cxpansion o, Gruneisen
constant y, and the different clastic constants We consider aso the simple
Born-Mayer potential in which only the eoulomb and overlap terms aro considered.
The reasons for choosing this simplified potential are many. Firsily, the ecntri-
butaon of all of the other types ot forces to nteraction potential is small and the
effeel on the calculation of most of the above mentioned propertics is mvanably
negligible. Secondly, the comparison of the properties so computed with 1:,)1(:
values obtained when compressibility data are used instead of Reststrahilen _lrc-
quency oy, is possible in a gtraightway manncr The former typ_e (.)f calculations
has been reported earlier by the authors (1964). Thirdly, this investment of
compuiational labour is worth for the underlying idea is to dlustrate the rel’]“_"”'
ment of £ by w, even in a gophisticated caleulation without any danger of im-
pairing the aceuracy.
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INTERATOMIC POTENTIAL

The simplified Born-Mayer potential (1932) which is used in this article 1

#(r) = — % 14 cxp (—rp). )

Here ¢(r) is the interaction energy per atom, o the Madelung constant, e the clec-
tronic charge, r the intcratomic distance, 4 and p the two potential parameters
which in the conventional procedure are determined [rom the Born-Mayer condi-
tions (1932)- \

[0, -
and
[‘Zzﬁ(’) ]r=,f ;;_u )

Here v, is the volume of the unit cell, 7, the cquilibrium interatomic distance.

Kellermann (1940), and Sharan and Trwvari (1964) have deduced expressions
for o, for NaCl and CsCl-type structures rospeetively on the assumption that
the overlap extends only up to the nearest neighbours. The two relations can be
convceniently combined into a single cxpression viz.,

e [ M 5 n__ 4m
g = ’E[T’,—(B+2A) . . @

Here p is the reduced mass appropriate to the two kinds of ions in the erystal,
M the coordination number, and A’ and B’ are defined as follows :

, 2v4 [ du(r) _ _ 2av, (5
A= e2ry [ dr -] re=rg T T Mr®’ v O
and -
r_ 20, [ d?(r) _ 2vg [ 9vg | 2ae? (6
B = [0 ],=,"—W[,sr.,= =1 @
Here
v(r) = 3[ 4 cxp (—r/pi. . (M

Substitution of 4’ and B’ from Kqgs. (5) and (6) respectively in Eq. (4) leads
to the following relation for g :

_ v, . (8
P= Gt g @
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When £ from Eq (8) is substituted in Bq (3) one ohlains,

[ a*(r) ]

< 5 2
dr® == 3/’%"4-47!:; .

o )
In the present work we suggest to cvaluate the constants <l and 2ol ¥q (1) trom
Eqs. (2) and (9). Wo shall reler this as the “proposed procedure” and the one
which use is made ol Egs. (2) and (3) as the “conventional procedure”. The presend,
endeavour aims at examining how far a single characteristic freepneney s eapahle
of explaining crystal properties. The two parameters 4 and p ol Kq (1) ean thus
be caleulated from the following explicit expressions obtained by applymg condt-
tions given by Egs. (2) and (9) to Eq. (1) -

aped
A =225 oxp (= np), . (0)
and
- oe?
, 2. 2 21‘.,“';32 Txu? ’ ah
BurgtoglH 0T (27T+ s )
Vg To

In this calculation the experimental values of g and 7, arc nceded o, values
used here arc those recorded in Table I, column 2, while y, values are those comnplied
by ug earlicr (1963) Thus, having determined the potential completely we proceed
to calculate the various properties.

COHESIVE KENLERGY

Cohesive encrgy per mole, W, is rather simply related with ¢(r,) such that
W = —[Ng(ro)+5]. . (2)

Here N is tho Avogadro number and ¢, the zero-point energy per mole  Values
o have also been compiled by us (1963) carlier. Tnserling lq (1) mto Iq (12)
leads to the following working relation for W in tcrms of 4 and p *

W=— [N{— ae +-A exp(—r‘,/p)lI "|“-'o] . . (13)
To

Computed values of the cohesive energy according to Eqs (10), (11) and (13)
are recorded in Table I, column 4.

Experimental values are shown in column 3 of this very Table  The
agreement is satisfactory. The averagc absolute deviation is 33 percent.
According to the conventional procedure used by us (1964) carher, the average
absolute deviation is-2.9. This should be regarded as the first cncom:mglug
confirmation for the use of o, data as an alte native to B suggesting by it the
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validity of sngle froquency model for purposes of computing cohesive cnergy.
A more erucial check is presented in the next section by caleulating compressibihty
itself from e,

TABLE 1

Calculated and experimental values of W, 3, « and 7.

Wy W (K Caljroole)  B(10-12dyno-1em?) a(10-8deg-1) oy
Crystal (101981 - -

- —
Exptl Cnled. ixptl  Caled Tixptl Caled. Exptl\ Caled,
(¢ |

(u) (h) ) ) (@ i
J— C——— . - — _
\
Lal® 073 242 2 245.3 143 1.39 340 279 1.99 . 148
LiCl 3 84 201 5 193 0 317 3 60 44 0 42.2 1 At 1 460
LiBr 3 26 191 & 180.2 3 90 4.78 50 0 45 3 149
Lal 27 180 0 164 7 5 30 f 93 59.0 61.0 1.76
Nal 4 63 2156 4 220 7 2 06 1 83 36 0 31.7 157 179
NaCl 3 09 181 7 182 2 3 97 3 87 40 0 41 1 1.43 1 83
NaBr 2 54 175 9 172 3 4 75 4 81 43 0 44.0 165 1 R6
Nal 2 20 166 3 159 5 6 21 647 48 3 50 0 1 59 1 88
KF 3 62 190 9 193 3 3 14 3 02 306 7 38 2 1 48 188
K(l 2.7 167 8 166 5 5 50 4 9 38 3 45 Q 134 212
KBr 218 161 2 159 0 6.45 A7 40.0 49 1 143 210l
KT 1 94 152 K 149 4 B 07 7 21 5.0 521 1 58 2 25
RbF 30 185 @ 182.8 3 66 501 33.33 42 ¢ 128 185
RbC1 2.24 163 6 159.4 G 16 5.73 36 0 46 9 125 216
RbBr 169 168 0 153.3 738 6 bh 38.0 49 9 127 2 23
Rbl 1 ¢ 149 7 142 5 9 00 8 25 43 0 41 0 150 171
s 2 39 176 6 170 0 4 25 392 S 149 117
CsCl 1 86 157 8 149 8 5 56 5.50 56 0 45 8 197 2 26
CsBr 1.39 152 3 144 6 0 28 6 00 193 2 43
Csl 117 145 4 136.6 7 83 735 2.00 2 53

(») Oompiled by Martin, D. H., 1965, Advances in Phys , 14, 39,

(b) Compiloed by Kachhava, ¢ M. and Saxona, 8 (0, 1964, fndian J. Phys , 88, 388.

(¢) Compilod by Knchhavae, ¢. M and Suxena, 8 €, 1965, Indian .J. Phys . 89, 145.

(d) Compiled by Born, M. and Huang, K., 1956, Dynaimical Theory of Crystal Lutfices
Clarondon Proess, Oxford, 85

COMPRUESSIBILITY

Compressibility, 8, is velated with Reststrahlen frequency, w,, through the
rclation of Eq. (8) We employ this relation to compute £ from the known valucs
of the other quantilics invalued. The values so obiained are reproduced i
column 6 of Tablo T in which aro also listed in column 5 the experimental § valucs
for a direct comparison. It is encouraging to note that the agroement between
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the experimental and caleulated values is quite satislactory.  The average abso-
lute deviation iz 10.4 percent Tt is wteresting o compare this figure \\:ilh 16.4
obtained in an earlicr effort by us (1964) when molscular data and the
Kq. (2) were used to determine the potential parameteis  This comparison in
fact suggests a relative preferenee for the procedwio sugpested m {lus paper and
thereby emphasizes the importance of the Reststrahlen frequency and s eapa-
bility to predict the various erystal propertics,

relation of

THERMAL EBEXPTANSION

We have (1965a  1966G) recently derived an expression for (he coclficient of
thermal expansion, a. m terms of the derivatives ol ¢(r) and other quantitios
For the sake of brevity only the final result 1s quoted here [

-~ _ C» "1
¥T T EN Wear 0
n which O, is the speafic heat per mole at constant volume, ¢"'(r,) and ¢”(r) are
the third and second derivatives of ¢(r) al. 1 = ry, respielively . Kquation (14)
hag been derived by Kumar (1959) adopting a different approach.  For the form
has been derived by Kumar (1959) adopting a different azpproach. For the form
of Bqy. ()) this gets simplified to the tollowing cxpression .

= et ... (LB)

The values of o arc then readily calculated from Eq. (15) as all the other quan-
titics are known and these a values are 1ecorded in column 8 of Table 1, while the
cxperimental values are given in column 7  Tn the earlier calculation of o by us,
(1966) based on Eq (14) but where £ was used to determine the unknown para-
meters of ¢(r) almost similar agreement between theory and cxperiment was
achieved inspite of the fact that the dispersion terms in ¢(r) were also considered.
U, values used m the present caleulations are the same as compiled m that paper
(1966) The average absolute deviations i the present and previous calenlations
{rom the oxperimental data are 13.4 and 14 3 poreent respectively. This 1 again
an evidence for the suitability of the proposed method of fixing the interaction
potential,

GRUNEISEN CONSTANT

Recently we (1965a) have suggested a method for computing Gruneisen
constant, y, based on & smgle frequency model. Again we do not reproduce hece
the details of the derivation but quoic only the final result wluch is,

o ¢"(re)_ . (16)
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For the form of ¢(r) of Eq. (1), Eq. (7) reduces to

' _g
7=% (’r’z _) .
(5 -2)

In the calculation of y therefore only p and r, values are required. When p values
obtained from Eq. (11) are employed we get the values of y recorded niTable I,
column 10. The agreement between theory and experiment is not vey )gn.tisfac-
tory and is also somewhat inferior to that obtained carlier by the authors {1965a)
The reason for this lies partly in the use of a simplified potentinl (the disi)ersion
terms have been neglected) which will affect the computation of y and & more than
the other properties such as £, W, ete. As our idea is more to demonstrate the suc-
cess of the outlined procedure rather than computing the various propertics
accurately, we refrain from repeating caleulations of o and y on a more detailed
sophisticated potential.

TWLASTTIC CONSTANTS

The elastic constants can also be computed (rom the knowledge of the inter-
atomic potential, Kachhava and Saxena (1965b). These calculations are confined
to the Kellermann (1940), and Krishnan and Roy (1952) models Parametors
were delermined cither using the compressibility or molocular data. We re-
produce here in brief only the important aspects of the calculation.

Thus, for NaCl-type orystals on the Kellermann potential (1940),
B) = — 7 60l a®)

the clastic constant Cp, is given by

cum[-2e0+ 7] £

where B’ is defined by Eq. (6) and is given by
B = 29" _g 5169, . (19)

"

According to Sharan and Tiwari (1964) the three eclastic constants for the
CsCl-type crystals on the Kellermann model are given by the following expressions

9e? 2 o ’
=% |s. 5 A", .. (20
Cu 32rn4[5621+3(B+2 )] (20)
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9 2
Cy, = o — = 24
12 32r°‘[ 5.5184- 3 (B'—24 )] ) (21
and
y Qe? L2 ,
Cpe = 3‘_2“4[—2.8154- 3B—24 )] , e (22)

m which again the defining rolations for 4’ and B’ arc the same as given by Egs (5)
and (6) respectively. These lead to finally '

A == — ?az 1
3’ |
and (29)
B = Zpodn® + 4.4985
4/3¢?
TABLE 1L

The calculated and exporimental values of €'y in unils of 101 dyne cm~2

Caled
Crystal Exptl. #- Kellormann l(l"lhllhi;ll B
maodel and Roy
model
IakF 11 35 (-l:)'“ 71] 74 T —11.82- )
LiCl 4 94 (a) 4 61 4 64
LaBr 394 (a) 3 45 5.64
LaI 285 (a) 2 37 2 36
NaF 971 (u) 10 56 10 83
NuCl 4 93 (a) 519 5 21
NaBr 4.02 (u) 4.2 4.23
Nal 3.035 (n) 316 3.17
KF 6.58 (n) 6.77 6.93
KCl 4.08 () 448 4 49
KBr 3.49 (a) 3.69 37
K1 2.776 (n) 316 317
RbF 5.7 (n) 5.385 a5 37
RbCl 3.645 (a) 3.90 3 91
RbBr 3.185 (u) 3.43 344
RbI 2.5686 (n) 2,74 2.5
CsF I 3 62 3 63
CeCl1 3 64 (b) 4.08 4.10
CsBr 3.10 (h) 3.556 3.567
Csl 2.45 (L) 2.74 2 90
(2) 8 borg, K. and H: ahl, 8 , 19567, Z. Krist., 108, 422.

(b) Haussuhl, 8., 1960, Acta Cryst., 18, 687.



574 C. M. Kachhava and S. C. Saxena

The computed values of Cyy on the Kellermann model for all the alkali halides
are listed in Table II column 3 alongwith the experimental values in column 2,
The average absolute deviation s 8 59,. This figure competes well with the onc
of 8.2 obtamed when compressibility data are used in place of ,.

In Table 111, column 3, are shown the computed values of C,, obtained from
the use of Eq (21) together with the experimental data in column 2. The average
absolute percentage deviation is 18.1 which s a marked improvement over the
figure of 25.1 corresponding to the use of £. i e., the conventional procedure

Thevalues of Cyyfor the three CsCl-type erystals obtamed according 10\Eq. (22)
arc recorded in Table I11, column 6, along with the experimental data in c(&l‘umn 5,
Here the average absolute deviation of theory {rom experiment is only 7 6 jier cont
compared Lo 14 7 obtained from the usc of f.

TABLE 111
Caleulated and experimental values of clastic constants i units of 10! dyne em-*
Crystal Cya 4
T T ealed T T e,
Exptl () ~—--—rr - —— - Exptl (a) ———a—oo . —— —
Kollermany  Krishwan Kellermaun Krishnoau
modol and Roy model and Roy
model model
GrC1 0 92 069 Tom 0 80 0 690 07
CsBr 0 84 070 0.75 075 0 694 (U4

Csl 071 0 62 0 64 0 62 0 61 0 04

(a) Haussubl, 8., 1960, Acta Cryst , 18, G87.

On the model of Krishnan and Roy (1952) for NaCl-type crystals tho working
Eqs. arc

Y = —6 e - . (24
0, = [2a(14+8)—6y) Torg (24)
and
1 ea 5
Gy = Oy = 3(x—a) e’ 25)
while for CsCl-type these are
1 o0 g € .. (26)
Cy = [22'(1+6) 18)(]161‘“4'
and
Cun = Coo = 1o/ (20—T)+9¥] 5. - &7

T6rgt



Simple Properties of Crystals and Reststrahlen Frequency 575
r

I‘Jere 8 = ro/p, &' = 1.018, X =314 and X’ == 108. Tho values of ', using
Eqgs. (24) and (26) are shown in Table 11, column 4 The average absolute per-
centage deviation is 10.8 compared to 8.5 for the conventional approach  The
values of Cy; and Cy, obtained form Fq. (27) are roproduced in colamms 4 and ¢
of Table 1ll. For O, the average absolule peicentage deviation is 145
which 18 to be compared wilh the figure of 213 found from the conventional
procedure.  Again for Oy, the average absolule deviation 1s 47 only which ndi-
cates great improvement over the figure 12.7 oblained proviously. Thus we
infer that the clastlic constants are in general bettor reproduced through the use
of &y compared to £ data or in other words, the proposed procedure is better
than the conventional procedure.

CONCLUSIONS

We now sum up the results obtained on the computation of different bulk
crystal properties obtained on the proposed and conventional procedures in parti-
cular reference to their sucecss in reproducing the experunental data. The values
of cohesive energy of alkali hahdes are reproduced with almost equal success.
In compressibility the proposed method leads to appreciably betier results than
the conventional procedure. Thermal cxpansion cocfficients are also better re-
produced on the basis of proposed method than the conventional appronch  The
Grancisen constants on the other hand are well reproduced by the conventional
mecthod m comparison to the proposed anc. On the other hand, the elastic constants
ure better rcproduced by the proposed than the conventional method  The only
oxception is O, where the conventional approach commands a rclative supert-
ority over the proposed onc

Thus on the whole we find that the nse of Reststrahlen frequency mnstead of
# m determining the potential parameters and then 1 predicting the propertics,
is preferable. 1t leads to a happy conclusion viz the use of Reststrahlen frequeney
m interpreting the bulk behaviour of crystals as encompassed in the different,
properties considered in this paper. Incidently, this work alse hrings 1o light a
lwk between lattice vibrations and the fundumental simple crystul propertics
through interatomic forces and thut too 1 a very simplo way.
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