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1. Table and Figures
Table S1 Nearest neighbor atomic numbers and lattice thermal conductivity (only including the 
phonon-phonon interaction) in BaFe4Sb12 at 300 K.

Atomic numbers Lattice thermal conductivity (W/mK)
2 3.25
3 1.88
5 0.61
2 (Cal.a) 3.20
Exp.b 2.15

a. W. Li and N. Mingo, Phys. Rev. B, 2015, 91, 144304.
b. X. Shi, J. Yang, J. R. Salvador, M. Chi, J. Y. Cho, H. Wang, S. Bai, J. Yang, W. Zhang and L. 

Chen, J. Am. Chem. Soc., 2011, 133, 7837–7846.
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Fig. S1 Phonon group velocity as a function of frequency in CoSb3 and BaFe4Sb12, respectively.

 

Fig. S2 Lattice thermal conductivity κL as a function of phonon frequency at 300 K as considering 
only PPI (blue line) and both PPI and EPI (orange line) in CoSb3 (1021 cm-3 doping of (a) hole and 
(b) electron) and (c) BaFe4Sb12 (5×1021 cm-3 hole doping), respectively.



Fig. S3 (a) Phonon scattering rates from the PPI (red hollow dots) and EPI (blue hollow dots) at 300 
K for CoSb3 with an electron concentration 1021 cm-3; (b) EPI scattering rates (300 K) of three 
acoustic phonon modes for CoSb3 with an electron concentration 1021 cm-3.

Fig. S4 Phonon scattering rates from the PPI (red hollow dots) and EPI at 300 K for CoSb3 with (a) 
hole and (b) electron concentrations: 1021 cm-3 (blue hollow dots), 1020 cm-3(yellow hollow dots) 
and 1019 cm-3(cyan hollow dots).



Fig. S5 TA1/TA2/LA phonon frequency dependent EPI matrix element g for valence band with the 
initial electron state at (a) H point for CoSb3, (b) H point for BaFe4Sb12, (c) N point for CoSb3 and 
(d) N point for BaFe4Sb12, respectively.



Fig. S6 Thermal conductivity κ as a function of electron concentration at 850 K in CoSb3. The black 
line represents the total thermal conductivity, the blue line represents the lattice thermal conductivity 
as considering both PPI and EPI, and the red line represents the electronic thermal conductivity.



2. Methods

2.1 Anharmonic effect

In order to consider the anharmonic effect in second- and third-order interatomic 

force constants (IFCs) for lattice thermal conductivity, the ab initio molecular dynamics 

(AIMD) simulation and temperature dependent effective potential (TDEP)1,2 

calculation are performed in BaFe4Sb12. The AIMD simulation is employed by using 

Vienna ab initio simulation package (VASP).3,4 The supercell of 3×3×3 and energy 

cutoff of 300 eV are used. The Brillouin zone integration is carried out by only Γ point. 

The AIMD simulation is in the canonical ensemble at 300 K and under the PBE 

functional, which controlled by the Nose-Hoover thermostat. The simulation time is 40 

ps with a time step of 2 fs, and the initial 6 ps’s information is excluded due to the 

nonequilibrium. In the calculations of second- and third-order IFCs by TDEP, the cutoff 

distance of interatomic forces is set as 10 Å and 5 Å respectively. Finally, we use the 

anharmonic IFCs to calculate the lattice thermal conductivity by ShengBTE code.5

2.2 Four-phonon scattering

In order to consider the four-phonon scattering effect on the lattice thermal 

conductivity of BaFe4Sb12, the fourth-order IFCs should be first determined. Based on 

the AIMD simulation at 300 K (details are given in the part 2.1), the Hiphive code6,7 is 

employed to obtain the fourth-order IFCs, and the cutoff distance of interatomic forces 

is set as 3 Å. Notably, the second- and third-order IFCs are come from the above TDEP 

calculations, and the anharmonic effect is included in all the IFCs. Then, the phonon-

phonon interaction (PPI) scattering rate for the four-phonon process can be determined 

by the following equations:8
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where  is the four-phonon scattering matrix element. Combining with the PPI 
𝑉 ±±
𝜆𝜆'𝜆''𝜆'''

scattering rate for the three-phonon process, we can obtain the total PPI scattering rate. 

Finally, the lattice thermal conductivity of BaFe4Sb12 at 300 K is calculated by using 

the ShengBTE code5 with 10×10×10 mesh.

2.3 Electronic thermal conductivity

Based on the Boltzmann transport theory and relaxation time approximation, the 

electrical conductivity σ, Seebeck coefficient S and electronic thermal conductivity κe 

at temperature T can be expressed as follows:9
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where α and β are the directions, Nk is the number of k points, Ω is the volume of unit 

cell, εnk, fnk, and υnk are the electronic energy for band-index n and wave-vector k and 

corresponding Fermi-Dirac distribution and group velocity, respectively. The εF is the 

Fermi energy and e is the electron charge. τ is the electron relaxation time. If only 

considering the intrinsic electron-phonon scatterings, τ is expressed as:9
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Here, n and ω are the Bose-Einstein distribution of phonon and frequency with branch 

λ and wave-vector q, respectively.

For CoSb3, we first calculate the electronic relaxation time τ in Eq. (7) by using 

Quantum Espresso (QE)10 package and EPW code.11 The computational details are as 

the same as those of lattice thermal conductivity calculation. Then, the electrical 

transport parameters in Eqs. (4-6) at different electron concentrations can be obtained 



by using our developed TransOpt code.12 Finally, the total thermal conductivity at 850 

K is combined by the electronic and lattice ones. The reason of choosing 850 K is that 

the thermoelectric performance of n-type CoSb3 at this temperature is best.13 

Differently, the electrical conductivity σ of BaFe4Sb12 comes from the experiment with 

the value of 3.08×105 S/m at 300 K,14 and the κe is estimated as according to the 

Wiedemann–Franz law: κe = LTσ. L is the Lorenz number with the value of 3.29×10-8 

V2/K2 at 300 K, which is obtained by our calculation under the constant electron-

phonon interaction approximation.12
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