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A new relation, including the volume-dependent and the cubic-and quartic-term anharmonic contribu- 
tions, has been derived for the Anderson-Griineisen parameter 6 for ionic solids. This equation has 
been applied to the KC1 crystal to study the temperature dependence of 6, and the role of the volume- 
dependent and anharmonic contributions has been explained. The wider applicability of the present 
equation has been discussed. 

In an attempt to 
dependence of the 
oxide compounds, 
the relation 

study the temperature 
bulk modulus of some 
Anderson (I) derived 

where C, is the specific heat at constant 
pressure, V is the atomic volume, y is the 
Grtineisen parameter, and B, is the adia- 
batic bulk modulus. The dimensionless pa- 
rameter 6, which is a fundamental parame- 
ter of the solid similar to the Griineisen y, is 
known as the Anderson-Griineisen param- 
eter. From Eq. (1) 6 can be defined as 

=- 

where (Y is the volume expansion 
coefficient. 

* The work was done at the Indian Institute of 
Technology, Kanpur, India. 

Since Anderson introduced this parame- 
ter in 1966, a number of attempts have been 
made to study the physical meaning of 6 in 
the case of ionic solids. Chang (2), entirely 
from thermodynamical considerations and 
using the Griineisen’s equation of state of 
solids, has shown that the pressure depen- 
dence of the bulk modulus at constant 
temperature is related to 6 as 

6= (S- l)= ($- l), (3) 

where BT is the isothermal bulk modulus. 
Considering the relation 

between B, and Bs, Madan (3) derived a 
more precise relation in place of Eq. (3) as 

q&-l) 

- - 0 d $ (In G/C,) (5) 
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and on the basis of relation (4) 

Sharma and Gupta (5) simplified Eq. (5) to 

6=($-l) 

- Z&(1 - C,/C,). (7) 
P 

Assuming the quasi-harmonic model and 
Dugdale and MacDonald’s (6) and Slater’s 
(7) relations between y and the change of 
compressibility with volume, Chang (2) 
simplified his Eq. (3), giving the relation- 
ships between 6 and y as 

and 

6 = 2y (8) 

6 = 2y - 213, (9) 

respectively. 
However, a more precise equation using 

the quasi-harmonic model and on the .basis 
of a central pair potential between the 
atoms has been derived by Mathur and co- 
workers (8). Using the exponential function 
due to Born and Mayer for the central pair 
potential $, as 

a’(z’e)2 q)=--- 
Y 

+ A exp(-h4, (10) 

where (Y’ is the Madelung’s constant, Z’ is 
the valency, e is the electronic charge, and 
A and p are the potential parameters, these 
authors (8) have derived the equation for 6 
as 

a=-y+2+ $ 
( > 

- [(p&q; - 91, (11) 

where r,, is the equilibrium interionic dis- 
tance. 

Using Eqs. (5)-(9) and Eq. (11) the An- 
derson-Griineisen parameter 6 of ionic 
solids has been extensively studied. AU 
these studies have demonstrated that the 
contribution of the second term on the 
right-hand side of Eqs. (5) and (7) is sub- 
stantial and Chang’s equation (Eq. (3)) is 
only an approximation which makes com- 
putations simple. Using Eq. (7) Sharma and 
Gupta (5) have also studied the tempera- 
ture dependence of S of the NaCl crystal 
and compared this (S, T, curve with that 
obtained from Chang’s equations. How- 
ever, an important aspect of the study-the 
effect of anharmonicity on 6, particularly at 
high temperatures-has been overlooked in 
these studies. It is well known that anhar- 
monicity , through volume dependence and 
also through the contributions of the cubic 
and quartic terms of the potential energy 
function, plays an important role in explain- 
ing the temperature dependence of various 
lattice properties of solids. In the present 
investigation we have made an attempt to 
evaluate its effect on the Anderson-Grti- 
neisen parameter, 6. A new equation for 6 
including these two anharmonic contribu- 
tions has been derived. The values of 6 for 
the KC1 crystal have been computed’ at 
various temperatures at high temperature 
and the results have been compared with 
those obtained from the equations of other 
workers. The dependence of 6 on y has also 
been studied and discussed. 

Born and Huang (4) have derived a rela- 
tion for the thermal variation of the isother- 
mal bulk modulus as 

BT = B, 

- $ (TCv - &id) (12) 

where (6L+/dV)v=v, and (S+/dV%=Vo are 
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the second- and third-order derivatives of measurements of the lattice parameter of 
4 with respect to V at equilibrium Vo, Evil> is alkali halides at high temperatures by 
the vibrational part of the total energy, and Srivastava and Merchant (9) it can be seen 
B, is the value of the bulk modulus at 0 K. that this indeed is the case for these ionic 
Equation (12) has been derived under the crystals. 
approximation that (V - I’,)/ V, is small so Substituting Eqs. (12) and (4) in Eq. (1) 
that only the linear term in (V - V,)/V, is and using standard thermodynamical rela- 
retained and higher-order terms are tions, we finally get 
dropped, being negligibly small. From the 

- 
[ 
2+V,$+yT ya-2% 

( )I 
+ -yT$ (In C,) - d +T (In C,/CJ. 

0 
(13) 

For a special case for y = 1 in the second 
term on the right-hand side of Eq. (12), a 
similar equation was derived by us earlier 
(to). In Eq. (13) (6”, #rll, #I”, . . . , are the 
second-, third-, and fourth-order deriva- 
tives of 4 with respect to V at V = V,. It can 
be seen that &,-the Anderson-Grtineisen 
parameter at 0 K-may thus be represented 
by Chang’s Equation (3). Using data listed 
in Ref. (1 I), 6,, for KC1 has been found to be 
2.8. 

Equation (13) can be further simplified 
for high-temperature computations. Enck 
(I I) has measured the Griineisen parameter 
of the KC1 crystal from which it can be seen 
that the temperature variation of y is small. 
As such, we can put dy/dT = 0 without 
much loss of accuracy. At high tempera- 
tures, such that kT + hvi, we have Evib = 6 
kT, where k is Boltzmann’s constant. Un- 
der these conditions, Eq. (13) for 6 reduces 
to 

d 
+ YTE (In GJ + b, (14) 

where 

IL1 = Y[(%) ($ - $1, (15) 

~2=a[2- %(5-F)], (16) 

and 

sCF = - k -$ [In (C,/C,.)l. (17) 
0 

The values of 6 for the KC1 crystal from 
room temperature to near its melting point 
using Eq. (14) have been calculated on the 
basis of the Born-&layer potential energy 
function and are reported in Table I. For 
the evaluation of the potential parameters, 
A and p, of the Born-Mayer potential en- 
ergy function (Eq. (lo)), we have followed 
the usual procedure (22) and the experi- 
mental data required for the computations 
have been taken from Enck (II), Srivas- 
tava and Merchant (9), and Hart (13). In 
Fig. 1 the temperature dependence values 
of 6 obtained from various equations are 
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TABLE I 

VALUES OF THE VARIOUS CONTRIBUTIONS TO THE ANDERSON-GRUNEISEN PARAMETER AT DIFFERENT 
TEMPERATURES FOR THE KC1 CRYSTAL 

T 6) 
PIT 

0%. (5)) 
I-G 

0%. (6)) YT +T (In C,.) 
8 

Wq. (4)) 

573 2.35 0.34 0.039 -2.03 3.50 
673 2.06 0.42 0.058 - 1.83 3.51 
773 1.82 0.45 0.071 - 1.45 3.74 
873 1.39 0.48 0.081 - 1.52 3.23 
973 0.82 0.49 0.076 -1.33 2.86 

compared and in Fig. 2, 6 has been correl- 
ated with y for this crystal. 

From Table I we note that the volume 
dependence and the anharmonic contribu- 
tions have an opposite effect on the Ander- 
son-Griineisen 6 for the KC1 crystal. The 
anharmonic contribution (&O is consis- 
tently increasing with temperature while 
that due to the volume dependence (plY) is 
decreasing. The anharmonic contribution is 
also small compared to the volume-depen- 
dent contribution as was expected from the 
results obtained from the quasi-harmonic 
approximation (3, 8). The values of S thus 
obtained from Eq. (14) are compared with 
those obtained from other equations for this 
crystal, in Fig. 1. 

The values of S at different temperatures 
obtained from various equations show 
some interesting trends (Fig. 1). The sim- 

FIG. 1.6-T curves for the KC1 crystal on the basis of 
various equations. 

plest equations for 6 derived by Chang 
(Eqs. (8) and (9)) showed that since 6 is 
dependent only on y, its temperature de- 
pendence is linear. Since the temperature 
dependence of y is very small (II), 6 vs T 
plots of these equations are almost parallel 
to the x axis. However, some rapid changes 
are observed below 773 K. Mathur and co- 
workers’ relation (Eq. (11)) also shows the 
same trend because it has also been derived 
under the quasi-harmonic approximation; 
only the magnitude of S is different. The 6- 
T plot of Sharma and Gupta’s equation (Eq. 
(7)) is also nearly a straight line and the 
magnitude of 6 steadily increases with in- 
creasing temperature. The S vs T curves 
obtained from Eq. (1) and our Eq. (4) are 
conic but of different nature. In the case of 
Eq. (1) the value of 6 falls considerably up 
to 773 K and then becomes almost constant 

FIG. 2. Correlation of 6 with y at different tempera- 
tures for the KC1 crystal. 
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beyond this temperature, while in the case 
of our equation it increases slightly and 
then decreases beyond 773 K. The present 
equation shows that at high temperatures it 
is the anharmonic cubic- and quartic-term 
contribution that is predominant while at 
lower temperatures the volume-dependent 
contribution seems to predominate. 

Sharma and Gupta (5) have also made 6 
vs T plots of Eqs. (l), (7), and (8) for the 
NaCl crystal and obtained tonics of differ- 
ent nature. However, they have computed 
values only at three temperatures between 
room temperature and the melting point of 
NaCl crystal, and as such their graphs 
cannot be said to be truly representative. 
This is why they have obtained a conic 
even for the simpler equation of Chang, 
whereas in the present study it is conclu- 
sively a straight line, as it should be. 

The Anderson-Griineisen parameter 6 
has been correlated with the Griineisen 
parameter y for the KC1 crystal in Fig. 2. As 
in the case of the NaCl crystal, investigated 
by Sharma and Gupta (5), the correlation 
done on the basis of the Chang equation 
(Eq. (3)) for the KC1 crystal is a straight 
line. The (6-y) plots obtained on the basis 
of Eqs. (7) and (14) are again tonics, but of 
different nature, showing therefore that the 
volume-dependent and other anharmonic 
contributions to 6 and y vary differently at 
different temperatures. It is thus clear that 
these anharmonic contributions are mainly 
responsible for the deviation of the (6-y) 
plot from the ideal case of a straight line to 
a conic. 

From this investigation we thus conclude 
that our equation for S, which has been 
obtained by removing all the approxima- 
tions of the earlier workers, has wider 
applicability. Its application in the case of 

the KC1 crystal presents a clear picture of 
the temperature dependence of 6, in terms 
of volume-dependent and other anharmonic 
contributions, and also shows its depen- 
dence on y in accordance with earlier 
workers. Other applications of the present 
equation might be of some interest, espe- 
cially to molecular crystals, and a study is 
in progress in this direction. 
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