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Abstract: Basic and foremost objective of Solid-state Physics is to explore lattice dynamics. It can be
accomplished only after obtaining comprehensive knowledge of Lattice properties such as specific heat, elastic
constants, and thermal expansion coefficients. Specific heat and elastic constants have been measured for a
large number of elements in pure form as well as in the form of important binary alloys, over a wide range of
temperatures, from the neighborhood of absolute zero to the temperatures beyond melting points. According to
Debye characteristic temperature (0D), the low temperature limit must be in the vicinity of 00/100, where the
wavelengths of the thermal waves are longer than inter atomic distance and the solid is regarded as elastic
continuum.Though data on specific heat and elastic constants have been obtained at various temperatures,
complementary data on thermal expansion, can only tell us about the an-harmonic nature of the interatomic
forces. In metals the free electrons also contribute to the heat capacity, in the same way it also contributes to
the expansion of solid. Theoretically we might expect the electronic contribution to the expansion coefficient
changes linearly with temperature. At high temperature vibration of atoms is anharmonic so the expansion takes
place in the crystal. Whenever vibration of atom is harmonic, there will be no expansion. It is very important
and related to several physical properties such as melting points, compressibility etc.
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I.  Introduction

The thermal expansion of solids is a basic physical property representing the dimensional changes in a
solid induced by a change in temperature. It is of technical importance as it determines the thermal stability of a
crystal. The thermal shock resistance of crystals depends on the thermal expansion (Campbell, 1962). The
thermal expansion characteristics decide the choice of material for construction of metrological instruments. In
modern epitaxial device technology, lattice mismatch is an important factor; this is related to the thermal
expansion behavior. (Kommichau et al., 1986). In nuclear fuel technology, the thermal expansion is a deciding
factor in the choice of container material (Fullam, 1972).

The thermal expansion coefficient (a) is related to several other physical properties of crystal. Thus, it
is related to the melting point (Tm), the product a Tm being approximately constant for a family of crystals
(Van Uitert et al., 1977). Hanneman and Gatos (1965) proposed that the coefficient of expansion a is simply
related to the compressibility; Sirdeshmukh (1967) modified this relation. Askill (1965) showed that the self-
diffusion coefficients of metals correlate with their expansion coefficients. Sirdeshmukh (1966) showed that the
thermal expansion of alkali halides is closely related to the effective ionic charge. Houska ad Stein (1966)
discussed the relationship between the thermal expansion and the atomic vibration amplitudes. Khan (1974)
observed a relation between the coefficient of expansion of alkali halides and the ionic radius ratio.

The knowledge of thermal expansion is necessary in the experimental determination of the temperature
variation of elastic constants, refractive index, dielectric constants and photo elastic constants. The thermal
expansion data are also needed in the conversion of C, into C,.

The potential energy curve of a solid is asymmetric. This makes the thermal vibrations enharmonic.
Thermal expansion of a solid owes its origin to this anharmonicity. Through a simple calculation for linear
lattice, Kittel (1971) expresses the thermal expansion in terms of the anharmonicity parameters. In a more
elaborate way, it can be shown that the thermal expansion is related to the lattice dynamics of the crystal. Each
mode of vibration vy; has its corresponding Gruneisen parameter y; and also makes its contribution C; to the
specific heat. The thermal expansion coefficient a is given by

o= (1/3 BV) i€ yi Ci
where f is the bulk modules. Thus, the comparison of a calculated from the lattice vibration spectrum with the
experimental values provides a good check on the lattice dynamical model (Vetelino et al., a, b, 1970).
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Review of studies on thermal expansion:

There has been a considerable amount of work on thermal expansion of solids. This work is scattered
in literature. A review of thermal expansion can be found in Krishnan (1958) and Krishnan et al., (1977).
Krishnan et al., also included a very good bibliography on thermal expansion. Yates (1972) reviewed the work
on alkali halides and alkaline earth fluorides.

Some of the recent work on thermal expansion is reviewed here. The work reviewed hereby mostly
pertains to the recent work done during the last two decades. The review is by no means exhaustive but refers
only to such contributions which cover a large number of crystals or those which involve some new feature.

Bailey and Yates (1967) determined the thermal expansion of crystals with CsC1 structure at low
temperatures. Pathak and Vasavada (1992) and Pathak et al., (1973) reported the thermal expansion of four
alkali halides at thigh temperatures by the x-ray method. Rapp and Merchant (1973) and Srivastava and
Merchant (1973) determined the thermal expansion of fifteen alkali halides and studied the temperature
variation of Gruneisen constant. Hovi and Pirinen (1972) determined the thermal expansion of rubidium halides
at low temperatures by the x-ray method. White (1965) and White and Collins (1972) determined the thermal
expansion of fourteen alkali halides at very low temperatures and calculated the Gruneisen constant as a
function of temperature. Yagi (1978) was first to determine the pressure variation of thermal expansion of some
alkali halides using a special camera. Boehler and Kennedy (1980) made measurements of LiF using a
compression method and obtained results similar to Yagi’s.

The thermal expansion of crystals with the rutile structure has received some attention. Krishna Rao
and coworders (1967, 1967, 1970, 1973) reported the thermal expansion of VO,, IrO,, TiO, and GeO, by the x-
ray method. Kirby (1967) measured the thermal expansion of TiO,; an interpretation of this results was given
by Shaner (1973) in terms of Gruneisen’s theory.

The thermal expansion of a number of crystals with schelite structure was determined by Deshpande
and Suryanarayana (1969, 1972) and Bayer (1972). A discussion of given by Suryanarayana and Deshpande
(1978) in terms of changes in anharmonicity and changes in the orientation of the BO,4 groups. The thermal
expansion of a large number of crystals belonging of four structure types was reviewed by Krishna Rao and
Deshpande (1978). The structures are scheelite, ADP, rutile and calcite. The anisotropy in thermal expansion in
these crystals is co related with structural features.

The thermal expansion of CdS and ZnS in the wurtzite phase was determined by Reeber and Kulp
(1975) and Reeber and Powell (1967) by the x-ray method. Roberts et al., (1981) determined the thermal
expansion of ZnS in the sphalertie phase. The thermal expansion of a number of diamond like crystals was
determined by Slack and Bartran (1975).

The Ags structure compounds have become important because of their superconducting properties. The
thermal expansion of V3;Ge and V3Si at low temperatures was reported by Testardi (1972). Rao and
Sirdeshmukh (1980) reported the thermal expansion of V;Si at elevated temperatures. Herold et al., (1981) and
Somi Reddy and Suryanarayana (1983; 1984) have measured the thermal expansion of a number of crystals with
the A5 structure.

The chalcopyrite structure crystals have semiconducting properties. Kishtaiah et al., (1981, a, b, ¢)
have reported the thermal expansion of three crystals with this structure.

They observed an anomaly in the case of silver indium selenide. Dues et al., (1983) and Neuman et al.,
(1984) determined the thermal expansion of copper indium selenide and copper indium telluride at low
temperatures. Neumann (1983) calculated the Gruneisen constants of some chalcopyrite type crystals from their
elastic constants.

The thermals expansion of a number of garnets was measured over a wide temperature range by Geller
et al., (1969). Reddy and Reddy (1973) measured the thermal expansion of some ferrites. An interesting
contribution was made by Krause et al., (1983) who measuring the thermal expansion of some organic
conductor crystals. Using the thermal expansion data they calculated the Debye temperatures of these crystals.

The theories of thermal expansion have been reviewed by Anderson (1967). Apart from the basic
theory of Gruneisen, Anderson discusses negative thermal expansion, the acoustic Gruneisen parameters and the
effect of pressure of thermal expansion. An atomistic expression for thermal expansion of elemental solids was
given by Plendl (1973). The physics of Gruneisen parameter was critically examined by Harris and Avrami
(1972). The calculation of Gruneisen constant from potential functions has been carried out by Kachhava and
Saxena (1965), Sirdeshmukh and Rao (1972, 1975) and Pandey and Pandey (1980). The various methods of
calculating Grunenisen parameters from elastic data were reviewed by Knopoff and Shapiro (1969).

Review of physical properties of fluorite type crystals:

Fluorite (CaF;) has a cubic structure with space group Fm3m and four molecules per unit cell. Several
fluorides, halides and oxides have this structure. The fluorides and oxides are very stable, insoluble in water and
have high melting points. Some of these crystals have proved to be of practical importance. CaF,, SrF, and
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BaF, have useful transmission characteristic in the infrared region. Recently they have been used as epitaxial
dielectric films in this film devices. CdF, becomes a semiconductor with suitable doping. PbF, and SrCl, have
prominent superionic conducting properties. UO, and ThO, are useful in nuclear technology. Because of their
simple structure and simple interatomic bonding, it is possible to use these crystals for testing solid state
theories. Consequently, considerable amount of work, both theoretical and experimental, has been done on
these crystals. A number of aspects have been discussed by Hayes (1977) in his book.

The elastic constants of CaF,, SrF, and BaF, were reported by Haussuhl (1963). BaF, is one of the
very few crystals having elastic isotropy. The temperature variation of elastic constants at low temperatures has
been studied for CaF, by Haufmann and Norwood (1960), for BaF, by Gerlich (1964a), for SrF, by Gerlich
(1964b) and for CdF, by Alterovitz and Gerlich (1970). The elastic constants of PbF, and BaF, have been
measuring over a wide temperature range (Manasreh and Pederson 1984, 1985). The pressure variation of
elastic constants was carried out for CaF, by Wong and Schuele (1967), for SrF, by Alterovitz and Gerlich
(1970a) for BaF, by Gerlich (1968) and for CdF, by Alterovitz and Gerlich (1970b). the pressure variation of
elastic constant of PbF, was determined by Riai and Sladek (1980). The third order elastic constants of CaF,,
SrF, and BaF, have been reported by Alterovitz and Gerlich (1969, 1970a) and by Gerlich (1968). These
materials are hard; the micro-hardness of CaF,, SrF,, BaF,, CdF, and PbF, has been reported by Rao and
Sirdeshmukh (1983.)

X-ray studies by Weiss et al. (1957) and Togawa (1964) revealed that the CaF, crystal is built of ions
with low density of electrons between them; the bonding is mainly ionic with no sign of covalency. Neutron
diffraction studies of UO, have been performed at high temperatures to study the temperature variation of
thermal vibrational amplitudes (Clausen et al. 1984). These studies have provided information about the
anharmonicity of vibrations.

The dielectric constants of CaF,, SrF, and BaF, have been measured by Lowndes (1969). The
temperature and pressure variation of dielectric constants of the alkaline earth fluorides and PbF, was measuring
by Samara (1976).

The fluorite structure has a simple but intense Raman spectrum which consists of a single line in the
first order. The temperature variation of the wave length, intensity and line shape of the Raman lines in CaF,
SrF,, BaF,, and PbF, has been studies by Elliott et al., (1978) at high temperatures. These studies have revealed
the existence of a high degree of anharmonicity as well as disorder in these crystals at high temperatures.

The specific heats of several crystals with fluorite structure have been measured by Dworkin and Bredig (1968)
and Derrington et al., (1976) over a wide range of temperature almost upto the melting point. The Debye
temperatures have been calculated from the elastic constants. These results are complied by Hayes (1974) and
by White (1980).

The lattice dynamics of fluorite type crystals has been investigated by several workers. Srinivasan
(1958) and Ritz et al., (1961) used a rigid ion model with central forces. Denham et al., (1970) used a more
refined model which employed a large number of parameters and a dynamical ionic charge. In a series of
papers, Axe and co-workers (1965, a, b), (1966, a, b) used the shell model for several crystals with CaF,
structure. Kuhner et al., (1972) employed a deformable shell model to study EuF, and SrCl,.

Thermal expansion, being a property of technical as well as lattice dynamical interest, has received due
attention. The thermal expansion of CeO,, PrO,, and ErO, was studies by Hati Baruo and Mahanta (1972) using
the x-ray method. Momin and Karkhanawala (1978) determined the thermal expansion of UO2 and ThO2 at
high temperatures by the x-ray method and calculated the Gruneisen constant. Benedict and Dufour (1980)
studied the thermal expansion of AmO,. This is an interesting system as the lattice constants are affected by self
irradiation. Taylor (1984) has reviewed the thermal expansion results on the oxides with fluorites structure.

Among the fluorides with fluorite structure, CaF, has received maximum attention. Kopp (1852), Pfaff
(1858) and Fizeau (1868) made measurements of thermal expansion over a limited temperature range near room
temperature using mineral samples of fluorite. Sharma (1950) studies the temperature variation using the
optical method. Krukowska — Flude and Niemyski (1967) determined the thermal expansion of CdF, using a
dilatometer. Bailey and Yates (1967) made measurements at very low temperature employing an optical
interferometer. Murat et al., (1971) made measurements of polycrystalline pellets of CaF,, SrF, and BaF,,
using a dilatometer. Shaharbany et al., (1976) used a capacitance dilatometer to study the thermal expansion of
CdF; at low temperatures. Rao and Maiti (1977) also used a simple capacitance technique to measure the
thermal expansion of alkaline earth fluorides, but their measuring the thermal expansion coefficient of PbF, at
low temperatures and reviewed the low temperature data on PbF, and alkaline earth fluorides. A method for
measurements on the thermal expansion of small mineral crystals was proposed by Falzone an Stacey (1982).
They studies SrF,, among other crystals. Acluna and Ortiz (1985) measuring the thermal expansion of CdF, at
elevated temperatures with an optical dilatometer.
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Sirdeshmukh and Deshpande (1964) were the first to measure the lattice constants of CaF,, SrF, and
BaF, at elevated temperatures. In the same year, Batchelder and Simmons (1964) used the x-ray method to
study the thermal expansion of CaF, at low temperatures. The lattice constants of PbF, were measured at
temperatures. The lattice constants of PbF, were measure at temperatures upto the superionic region by Koto et
al., (1980) using the x-ray method. However, they did not calculate the thermal expansion, nor did they give did
they the lattice constant data in a retrievable form. Hazen and Finger (1981) carried out a unique x-ray
measurement of temperature and pressure variation of lattice constants of CaF, and gave a polynomial in
temperature as well as pressure. Recently Schumanmand Neumann (1984), Kommichau et al., (1986) and
Neumann (1986) reported the lattice constant and thermal expansion of CaF,, SrF, and BaF, over a wide
temperature range. Unfortunately, these workers have made measurements at a very few temperatures and
further the accuracy in determination of temperature and lattice constant is rather low; the error in thermal
expansion is, consequently large.

Il. The Properties Of Crystals With Pyrite Structure
The disulphide of Fe, Ni and Co form crystals with a cubic structure (FeS;). These crystals are
insoluble in water, occur as minerals and are stable over a high temperature range. FeS, occurs as the mineral
pyrite in the form of well-formed single crystals of large dimensions (several mm). NiS, and CoS, also occur as
minerals. Their crystal growth is difficult and extensive efforts (Ripley, 1972). Nickel et al., (1969a)
determined the hardness of these crystals; the crystals are very hard. Nickel et al., (1969b) also recorded the
infra-red spectrum and calculated the bond energies. Bhagavantham (1955) determined the elastic constants of

FeS, over the temperature range 300-600 K.

There is very meager work on the thermal expansion of these crystals. Sharma (1951) determined the

thermal expansion of FeS, at elevated temperatures using an optical interferometer. Straumanis et al., (1964)

used the x-ray method to determine the thermal expansion coefficients of natural and synthetic samples of FeS,

and CoS,; but they covered a very limited temperature range near the room temperature. Chrystal (1965)

determined the lattice constants of FeS, at elevated temperatures and calculated difference in the coefficients of

thermal expansion obtained by Sharma on bulk samples and those obtained by him to the effect of thermally

generated defects, Chrystal (1965) estimated a value of 0.312 eV for the energy of formation of defects; this is a

very low value.

A critical examination of the existing work on thermal expansion of crystals with the fluorite and pyrite
structures reveals the following features.

i)  There is no data on the lattice constants of CdF, at elevated temperatures.

ii) There is no data on the thermal expansion of PbF, using the x-ray method.

iii) In the case of CaF,, SrF, and BaF, there is difference between the results reported by Sirdeshmukh and
Deshpande (1964) and the recent results by Neumann and co-workers. Also, the x-ray results differ from
the results on bulk samples. Further, Bailey and Yates (1967) comment that the high temperature results of
Sirdeshmukh and Deshpande (1964) do not form a smooth continuation of their low temperature results.

iv) In the case of FeS,, there is a single report on the x-ray determination of thermal expansion, which has led
to an abnormally low value for the formation energy of defects.
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