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Fig. 1. The schematic diagram of phonon anharmonicity of different vibration modes. The red dots represent the change trend of

the contribution of phonon vibration to the free energy of the system V (rq,;) with the vibration amplitude |rg ;| in harmonic

approximation, and the blue dots represent the change trend in the real case.
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(a) kM BHYALOTE 2015 ; (b) Fd3m (C, Si, Ge, Sn); (c) F43m (GaAs, CdTe, NaCl); (d) I4/mcm ((B-CsPbly); (e) Pnma

Fig. 2. (a) The distribution of constituent elements of typical materials we selected; (b) Fd3m (C, Si, Ge, Sn); (c) F43m (GaAs,
CdTe, NaCl); (d) I4/mcm (B-CsPbl); (e) Pnma (7-CsPbly); (f) calculation flow diagram.
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Fig. 3. The phonon spectrum of the selected material, the color value of the point in the graph is the anharmonic descriptor o 2. of
the corresponding phonon mode: (a) C; (b) Si; (c) Ge; (d) Sn; (e) GaAs; (f) CdTe; (g) NaCl; (h) 7-CsPbls; (i) 8-CsPbls.
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Fig. 4. (a) The phonon anharmonicity descriptor value difference of the transverse acoustic phonon branch (TA) of the selected ma-
terial, Aa; ;= U“i ; (GaAs) — o(‘;‘, ; (CdTe) ; (b) the total phonon anharmonic contribution in all K-points (red) and the phonon an-
harmonic contribution near the I" point (blue) of the selected material; (c) the correlation graph of Ap, (300 K) and Bulk Modulus
By of the material; (d) the correlation graph of Ap, (300 K) and lattice thermal conductivity sr (300K) . In Fig. (c)(d), the red
label crystal is a diamond structure, the blue label crystal is a zinc blende structure, and the green label is a perovskite structure.
The hollow tag is the DFT simulation results in our work, and the solid tag is the data measured by the citation experiment, in-
cluding C (expt.)*, Si (expt.)*, Ge (expt.)*, Sn (expt.)*, GaAs (expt.)*]; CdTe (expt.) (The data are shown in Table S1 of
the support material (online)).
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Abstract

Anharmonic effect is often one of the physical root causes of some special material properties, such as soft
mode phase transition, negative thermal expansion, multiferroicity, and ultra-low thermal conductivity.
However, the existing methods of quantifying the anharmonicity of material do not give a clear and accurate
anharmonicity descriptor. The calculation of the anharmonic effect requires extremely time-consuming
molecular dynamics simulation, the calculation process is complex and costly. Therefore, a quantitative
descriptor is urgently needed, which can be used to implement quick calculation so as to understand, evaluate,
design, and screen functional materials with strong anharmonicity.

In this paper, we propose a method to quantify the anharmonicity of materials by only phonon spectrum
and static self-consistent calculation through calculating and analyzing the material composed of germanium
and its surrounding elements. In this method, the lattice anharmonicity is decomposed into the anharmonic
contribution of independent phonon vibration modes, and the quantitative anharmonicity descriptor o;; of
phonons is proposed. Combining it with the Bose-Einstein distribution, the quantitative descriptor Ap (T') of
temperature-dependent material anharmonicity is proposed. We calculate the bulk moduli and lattice thermal
conductivities at 300 K of nine widely representative materials. There is a clear linear trend between them and
our proposed quantitative descriptor Apn (7') , which verifies the accuracy of our proposed descriptor. The results
show that the descriptor has the following functions. i) It can systematically and quantitatively classify
materials as the strength of anharmonicity; ii) it intuitively shows the distribution of the anharmonic effect of
the material on the phonon spectrum, and realizes the separate analysis of the phonon anharmonicity that
affects the specific properties of the material; iii) it is cost-effective in first-principles molecular dynamics
calculations and lays a foundation for screening and designing materials based on anharmonicity.

This study provides an example for the high-throughput study of functional materials driven by
anharmonic effect in the future, and opens up new possibilities for material design and application. In addition,
for strongly anharmonic materials such as CsPbls, the equilibrium position of the atoms is not fixed at high
temperatures, resulting in a decrease in the accuracy of quantifying anharmonicity using our proposed
descriptor. In order to get rid of this limitation, our future research will focus on the distribution of atomic
equilibrium positions in strongly anharmonic materials at high temperatures, so as to propose a more accurate
theoretical method to quantify the anharmonicity in strongly anharmonic materials.

Keywords: anharmonic effect, anharmonicity of phonon, lattice thermal conductivity, first-principles

calculation
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