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Heat Capacity 2. Lattice Vibration

Kazuya Saito

(Received September 7, 2001; Accepted October 31, 2001)

Vibrational contribution to heat capacity of solid is explained. The Debye model is introduced
through semi-classical consideration. It is emphasized that the Debye model does not assume
the isotropy of solid. Lattice dynamical calculation of phonon density of states is described within
a harmonic approximation for a 1-dimensional crystal in detail. Application to molecular solids
is outlined while assuming the use of the atom-atom potential method. Some examples are
described of utilization of lattice dynamical calculation and of analysis of lattice heat capacity.
Briefly commented are advanced topics of lattice heat capacity, including localization of vibration
and low-energy excitation in disordered system, anharmonic cases, and phason contribution in

incommensurately modulated system.
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Fig.1 Temperature dependence of the Einstein (Cg)
and Debye (Cp) formulas of heat capacity.
Characteristic temperature (either Einstein or
Debye temperature) is denoted by ©.

Ce0 ka(hv /ksT)2exp(0 hv /ksT)/
[10 exp(O hv /ksT)]? (2
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Fig.2 Dispersion relation of sound waves (three acoustic
mode of lattice vibration). Branches are designated
as | for longitudinal one and as t1 and t, for
transverse ones.

Fig.3 Equal-frequency surface of an acoustic branch
of lattice vibration in crystal-momentum (q) space
near the origin (the limit of a long wavelength).
The area of the surface, which is proportional
to the number of normal modes, is proportional
to |q]? because of the linear dispersion relation
of the sound wave (Fig.2).
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Table 1 Debye temperatures (in K) obtained from temperature dependence of heat capacity and sound velocities.

substance Al Cu Ag Au Cd Sn

Pb

Bi Pt Ni Fe KCI NaCl CaF  FeS

329
313

212
220

166
186

168
164

185
165

heat capacity 399

sound velocity 396

72
86

111
111

226
220

435
441

467
460

230
227

281
305

474
510

645
696
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Fig.4 Simplest one-dimensional crystal.
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Fig.5 Phonon dispersion relation for the simplest one-
dimensional crystal shown in Fig.4, while
assuming a harmonic interaction between the
neighboring atoms.
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Fig.6 Experimental (closed circle) and theoretical (solid and dashed lines) phonon dispersion relations of crystalline
argon at 10 K.9 Two theoretical calculations assume different interatomic potential functions.
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Fig.7 Phonon density of states of isotropic (3D), quasi-
two-dimensional (Q2D, large force constants in
plane) and quasi-one-dimensional (Q1D, large
force constant in one-direction) monatomic cubic
crystals.
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Fig.8 Theoretical phonon density of states of crystalline
argon®) obtained from the lattice dynamics
calculation shown in Fig.7.
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Fig.9 Experimental heat capacity of crystalline argon?
and theoretical result9 obtained from the phonon
density of statesin Fig.8. The C,-C, correction
was applied on the experimental data (C,) to
yield C,.
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Fig.10 Experimental22 (open circle for solid and closed
circle for liquid) and theoretical heat capacities
of benzene. The experimental data (C,) is here
directly compared with the calculated ones (Cex,
contribution of external lattice vibrations; Cin,
contribution of intramoleular vibrations; Ceca,
their sum) without the C,-C, correction.
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Fig.11 Calculated phonon dispersion relation of
crystalline bis(4-chlorophenyl)sulfone in the room
temperature phase.2¥ On cooling, the crystal
undergoes a structural transition at 148.5K, below
which the incommensurate modulation wavevector
coincides well to the location of a dip in the
dispersion relation around 0.8b*.
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Fig.12 Experimental heat capacity (circle, corrected to
Cy) and its decomposition (lines) for HfW,0g39
showing a negative thermal expansion in a wide
temperature range.
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Fig.13 Effective phonon density of states of HfW;Og3
obtained through an analysis of the temperature
dependence of heat capacity.
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Fig.14 Heat capacities of orientationally ordered crystal
and orientationally disordered glassy crystal of p-
chloronitrobenzene (PCNB) at low tempertaure.3?
Th heat capacity of the glassy crystal does not
follow the Debye T3 law.
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