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A comprehensive review of the first principles phonon calculations is given here with special interests on their applications to
metals and ceramics science. Thanks to the progress of high-performance computers, first principles phonon calculations are now
practical with the accuracy comparable to experiments. They can be made using an ordinary PC-cluster within a reasonable research
timeframe. A variety of thermal properties can be estimated from the phonon states. Firstly, we describe the harmonic approximation
and derivation of heat capacity at constant volume, Helmholtz energy and entropy. Then, we explain the quasi-harmonic approximation
that treats volume dependence of phonon states. Heat capacity at constant pressure, thermal expansivity and Gibbs energy can be
evaluated. Next, we explain a method to compute lattice thermal conductivity by taking account the third order anharmonicity. We
show how to trace the collective motion of atoms associated with phase transitions and deformation twins by analyzing imaginary
phonon eigenvectors. We also briefly describe challenges of self-consistent phonon calculations to include higher order anharmonicity
and electron-phonon interactions. Reliable phonon calculations have become routine because of the development of robust software
and their persistent maintenance. Finally, some open-source codes are exemplified.

Keywords: heat capacity, free energy, thermal expansion, thermal conductivity, soft phonon analysis, software.
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Fig.1 A flowchart of structure optimization by first principles
calculation.
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Fig.2 Restoring forces (thin arrows) acting on the atom and
surrounding atoms when a small displacement (thick arrow) is
applied to the atom « of the unit cell 1 in a harmonic phonon
calculation.
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Fig.3 Phonon dispersion curves and phonon density of states
(DOS) for FCC-Al by a first principles calculation.?)
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Fig.4 Thermal properties obtained by first principles
phonon calculations for FCC-Al, i.e., entropy, S, Helmholtz
energy, F, and specific heat at constant volume Cv and
specific heat at constant pressure Cp. Only Cp is compared
with the experimental results (dashed line). ?
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Fig.5 (a) Helmholtz energy Fpn for FCC-Al calculated every
100 K in the range 0-800 K from phonon states with different
volumes, plus the total energy U. of the electron system. (b)
Calculated coefficient of volumetric thermal expansion
coefficient (solid line) for FCC-AL. Dashed line and closed circles
show separate experimental reports. 2
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Fig.6 (a) Calculated temperature dependence of Gibbs energy
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(b) Calculated temperature dependence of Gibbs energy for a,
B, and y phases of Si3sNj relative to the B-phase. ¥
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atoms are displaced (thick arrows) to obtain the restoring force
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omitted for simplicity.
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Fig.13 Results of first-principles phonon calculations with harmonic approximation for (a) SrTiOs with cubic perovskite
structure and (b) ZrO2 with cubic fluorite structure. Negative values on the vertical axis correspond to imaginary
frequencies. (¢) Schematic of the potential energy surface when an imaginary mode appears.

Netsu Sokutei 49 (3) 2022

127



0.5

M SC x
G
= o4 =
E 0 5| |24 /SC 3 =
9 §| |22 £ S
= ~NEH S S
> Er_ 2i &~ SH ©
2 03 i X v 49 V4
>
2
g o2 ol s
w 5| % g g
P < < = 3 s
2 DS L)S S O § Y
=
© 0.1 =} Q
s gl g
@ A & §
0.0 OO "
FCC

Fig.14 Evolution diagram of elemental Cu by first principles
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Table 1 Open-source codes for calculations of phonon and related properties.

a—F%& | B# Y —RIGFT
phonopy AR TD 7 4 ) VEHE Ihttps://github.com/phonopy/phonopy
phono3py 7 * 7 v D 3RIEFMEDOFHE Ihttps://github.com/phonopy/phono3py

liida-phonoxpy |AiiDA~® phonopy® 7' 7 2" 4 v

lhttps://atztogo.github.io/aiida-phonoxpy/

[phonolammps

lammps7» & phonopy 12 J1E# % 515 https:/github.com/abelcarreras/phonolammps

[DynaPhoPy MDEHE 2 SIEFAM 7 + 7 v &2 5HE https://github.com/abelcarreras/DynaPhoPy
IALAMODE  [SCPeH#fi 8 % JGH L 72 1€ #GHE  |https:/alamode.readthedocs.io/

7+ 7 VIREyO Ry — http://henriquemiranda.github.io/phononwebsite/
phonondb 74 ) VEtHEERDOF -2 R—2 http://phonondb.mtl kyoto-u.ac.jp/
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