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Anharmonic properties of 16 alkali halides and 4 alkali cyanides are in-
vestigated using long-range Coulomb and short-range Born—Mayer potentials
starting from the nearest-neighbour distance and repulsive parameter. This
study includes the prediction of second, third and fourth order elastic con-
stants, the pressure derivatives of second and third order elastic constants
and partial contractions at elevated temperatures. The results obtained in
present investigations are in reasonable agreement compared with experi-
mental studies.

PACS numbers: 62.20.Dc, 81.40.Jj

1. Introduction

The elastic energy density for a deformed crystal can be expanded as a power
series of strains and the coefficients of quadratic, cubic and quartic terms are known
as second, third and fourth order elastic constants (SOEC, TOEC and FOEC),
respectively. When the values of SOEC, TOEC and FOEC are known for a crystal,
many of the anharmonic properties of the lattice can be treated within the limit of
the continuum approximation in a quantitative manner. Crystal anharmonicities
such as thermal expansion, high temperature specific heat, temperature variation
of acoustic velocity and attenuation, first order pressure derivatives of SOEC,
Gruneisen numbers and temperature derivatives of SOEC are directly related to
SOEC and TOEC. While discussing higher order anharmonicities such as the first
order pressure derivatives of TOEC, the second order pressure derivatives of SOEC,
deformation of crystals undr large forces and partial contractions, FOEC are to
be considered extensively.

In recent years, some efforts have been made in studying the elastic prop-
erties of materials of different kinds [1-7]. Some fuitful work has been done by
various investigators while studying the anharmonic properties of solids of several
types. They have studied temperature dependence of SOEC of rare gas solids [8],
of some alkali halides [9], of a few alkali cyanides using ultrasonic [10-12] and
Brillouin scattering [13, 14] methods and of mixed alkali halide cyanide crystals
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[15]. The theoretical evaluations of TOEC of a few alkali halides [16, 17], chalco
genides [18], rare gas solids [8, 19] and fluorite crystals [20] have been done by
some workers. TOEC of NaCN and KCN are measured by Haussuhl et al. [21] at
293 K. Few efforts have been made while investigating FOEC of crystals of various
natures [7, 16, 17, 22]. No complete theoretical or experimental efforts have been
so far made in obtaining the temperature variation of SOEC, TOEC and FOEC,
pressure derivatives of SOEC and TOEC and partial contractions of alkali halides
and cyanides.

The present theory deals with the formulation for evaluating SOEC, TOEC
and FOEC at any temperature, the first order pressure derivatives of SOEC and
TOEC, second order pressure derivatives of SOEC and partial contractions assum-
ing long-range Coulomb and short-range Born-Mayer potentials starting from the
nearest-neighbour distance and repulsive parameter.. The results are tabulated for
all alkali halides and cyanides of the rock salt stucture.

2. Formulation

The elastic strain energy density for a crystal of a cubic symmetry can be
expanded up to quartic terms as follows [23]:
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where Cijkl , Cijklmn and Cijklmnpq are SOEC, TOEC and FOEC in tensorial
form, xij are the Lagrangian strain components, CIJ, CIJK and CIJKL are SOEC,
TOEC and FOEC in Brügger's definition [24] and Voigt notations.

The elastic constants of the second, third and fourth order are defined as [24]

The free energy density [25, 26] of a crystal at a flnite temperature Τ is

where U0 is the inteual energy per unit volume of the crystal when all ions are
at rest on their lattice points, Uvib is the vibrational free energy, Vc is the volume
of the primitive cell, N is the number of the primitive cells in the crystal and s is
the number of ions in the elementary cell. Other notations used in this equations
have their usual meanings.

An elastic constant can be separated into two parts:

The first part is the strain derivative of the internal energy U0 and is known
as "static" elastic constant and the second part is the strain derivative of the vibra-
tional free energy Uvib and is called "vibrational" elastic constant. The superscript
"0" has been introduced to emphasize that the static elastic constants correspond
to absolute zero temperature.

The energy density of the nondeformed crystal is expressed as

where Rmouv is the distance between the v-th ion in the o-th cell and the u-th ion
in the m-th cell and Qu v is the interaction potential between the ions. The indices
(v, o) and (u, m) are sometimes dropped when no confusion occurs. One assumes
that Qu v is the sum of the electrostatic and the Börn-Mayer [27] short-range
repulsive potentials
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where a is the electric charge, f signs apply to like and unlike ions, respectively and
A and q are some parameters. One includes the short-range interactions up to the
second nearest-neighbours. The general expressions for the short-range interactions
up to the second nearest-neighbours will be of three types:

(i) unlike ions: A+_ exp(-r1/q+_),
(ii) like positive ions: A++ exp( — r2/q++),
(iii) like negative ions: A__ exp(-r2/q_-).

Such a model would require six parameters. One further assumes that A and q are
the same for all short-range interactions, where q is the repulsive parameter of the
crystal and A is given by

When the crystal is deformed homogeneously, the distance between (v, o) and
(u, m) ion in the deformed and nondeformed states, R° and r v°, are related to
the Lagrangian strains xij as follows:

where Y mouvi is the i-th Cartesian component of the vector rmouv°. The definition of the
quantity Ζmouv ° is also expressed in Eq. (8). The internal energy U0 given by Eq. (5)
can be expanded in terms of Z, which yields quadratic, cubic and quartic terms
as shown below

with the abbreviation D = d/(RdR).With reference to Eqs. (3) and (4) and compar-
ison of Eqs. (1) and (9), one obtains the static elastic constants which are shown
in Table I (all tables are collected in Sec. 5).

For a central force model, there are only two independent SOEC, three inn-
dependent TOEC and four independent FOEC at Ο K.

As in the case of the internal energy U0, the vibrational free energy is also
expanded in terms of strains; the quadratic, cubic and quartic terms are as below



comparing Eqs. (1) and (10), one can determine the vibrational elastic constants.
These are given in Table II. These are shown as a combination of gn and FF which
are evaluated conveniently by taking crystal's symmetry [28] into account and the
expressions for gn and Fn are shown in Table III. By adding the vibrational elastic
constants to the static elastic constants, one may get SOEC, TOEC and FOEC
at any temperature.

The first order pressure derivatives of SOEC are related to SOEC and TOEC,
the first order pressure derivatives of TOEC and second order pressure derivatives
of SOEC are conceued with SOEC, TOEC and FOEC and partial contractions are
mere combinations of FOEC. The expressions for the pressure derivatives [29, 30]
and partial contractions [31, 32] are given in Tables IV and V, respectively.

3. Evaluation

Using the concept of the nearest-neighbour distance [28, 33] and repulsive
parameter [17, 34], the SOEC, TOEC and FOEC are computed at 0 Κ (Table I)
and are given in Table VI for different alkali halides and cyanides. The temper-
ature coefficients Fn (Table HΙ) are also evaluated and are shown in Table VII.
The calculated values of SOEC, TOEC and FOEC at 300 Κ adding the vibra-
tional contributions are presented in Tables VIII and IX. The first order pressure
derivatives of SOEC and TOEC, second order pressure derivatives of SOEC and
partial contractions using room temperature data are investigated and are given
in Tables X and XI.

4. Results and discussions

Tables VIII and IX show that there are three independent SOEC, six inde-
pendent TOEC and eleven independent FOEC for halides and cyanides of alkali
metals at room temperature. The experimental values of SOEC and TOEC are in
good agreement for alkali halides and differ in a certain ratio for alkali cyanides.
One may obtain better results to a certain extent by changing the repulsive pa-
rameter. Due to the lack of experimental studies of FOEC no comparison can be
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made. The first order pressure derivatives of SOEC (Table X) are also in reason-
able agreement with the experimental results. The values of the first order pressure
derivatives of TOEC may be of help for other workers in further investigations.
The experimental data of the second order pressure derivatives of SOEC for some
alkali halides are available which are in good agreement for ubidium halides and
are in reasonable agreement for sodium halides (Table XI). The overall good agree-
ment between theoretical and experimental investigations supports the validity of
the interaction model used in the present work.

5. Tables*
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