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Negative thermal expansion (NTE) materials, in which the lattice constant and lattice
volume contract upon heating, have been studied for over a century. However, because
thermal expansion of solids originates from the anharmonicity of the interatomic potential,
the study of NTE has been known as a challenging topic, and consequently, elucidation of
NTE behavior and a rational design of NTE materials have been known as difficult tasks 1.
To establish design principles of the thermal properties of solids, the systematic calculations
were performed for the volumetric thermal expansion coefficient ay, bulk modulus Br,
average atomic volume V (lattice volume divided by the number of atoms in the lattice), and
Griineisen parameter y at finite temperatures for 46 elements and 45 binary oxides by using
first-principles phonon calculations. As a result, it has been shown that (1) crystals with
large V tend to have small By, (2) the main role of y is to determine the sign of av, and the
sign of y is ruled by the crystal structure and coordination number, (3) transverse acoustic
phonons and low-frequency transverse phonons contribute dominantly to the NTE behavior,
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(4) NTE materials have a relatively large V and a structure with void space in the crystal
structure, and (5) a common feature of NTE materials is the presence of phonons that
vibrate toward the void spaces in the crystal. It is expected that these results would provide a
broad physical and chemical perspective for designing low-thermal and negative-thermal
expansion materials.
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Fig.1. Validations of the calculated (a) volumetric thermal
expansion coefficients ay, (b) bulk moduli Br, and (c)
Griineisen parameters y by using quasi-harmonic
approximation compared to the experimental values. Note
that av, Br, and y are the calculation results in the condition
of T=300 K. (d) The calculated volumetric thermal
expansion coefficients as a function of the bulk modulus.
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Fig.2. Calculated (a) bulk moduli, (b) atomic volumes, and (c) Griineisen parameters of the elements with
the condition of 7=300 K using quasi-harmonic approximation, which are aligned with the atomic number.
(d) Comparison of our calculated Griineisen parameters of the elements with the previously reported
anharmonic parameter n by Rose et al.'” The black dashed line was derived by least-squares linear fitting ®.
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