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®* Agreements with experiments are good.
®* The scatterings of polar optical phonons are nonnegligible.
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* DFT database--JACS 2018 and ACS AMI 2019 (158 entries)

» Search space--all possible combinations of cations and anions (chalcogenides

and pnictides, 482 entries) > &s .
Pridiction power!

e Target--p-type maximum power factors @ 700 K
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/ \ Machine
Machine Learning Models

Learning

Strategy: Module
.3 Top
W random 233323
Search Space . SVR RFR GBR ABR KRR
- Query by Committee 4

\. Candidates /

Automated!
* Overall loop: Based on the DFT Database, the ML module picks uncalculated

compounds (candidates) from the Search space, and have them calculated by DFT and
added into the DFT Database.

* Three strategies for the picking of candidates
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e After 10 rounds, the prediction accuracy on candidates' PFs is enhanced greatly.
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* The PFs of pnictides are generally larger.
* The PFs of chalcogenides in IIB;:IIIA,:VIA, atomic ratio are relatively large.

* Small atomic radius elements (such as Si or B) usually induce larger PFs.

Sheng, Yang, Zhang, et al., NPJ Comput. Mater. 6, 171 (2020)
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* Small cations induce the anions getting closer.

* The antibonding between otherwise nonbonding anions causes higher energy at X point.

Sheng, Yang, Zhang, et al., NPJ Comput. Mater. 6, 171 (2020)
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Debye-Callaway Model for x;
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TA/TA, ~ — - V;r =2 hB xT?
Ty (x)  Mh UTA/TA’

Callaway, Phys. Rev. 113, 1046 (1959)

Zhang et al., Phys. Rev. B 85, 054306 (2012)
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Slack Model

2
K: o A MQ 5 Preconditions:
— . 1. N b
72 T'n? /3 DEE;: fc:m?)\claerature

2. Only acoustic
phonons contribute

Slack, J. Phys. Chem. Solids 34, 321 (1973)

Morelli and Slack, “High lattice thermal conductivity solids” in High Thermal
conductivity Materials, 2005, p.37

Snyder et al., Nat. Mater. 7, 105 (2008)

Toberer et al., J. Mater. Chem., 21, 15843 (2011)



Utilizations of the Slack model
in high-throughput

ABO; thermal barrier coating materials
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Sun et al., J. Am. Ceram. Soc., 99, 2442 (2016) Fugh'sratio

Liu, Yang, Zhou et al., Materials Research Letters, 7, 145 (2019)




Utilizations of the Slack model

in high-throughput

K, (W/m-K)
[\®]

1.0

0.8}

ZT__

0.4

0.2}

w

— Theory-CulnTe, |

o Theory-AginSe, |

¢ expt-CulnTe,
expt-AglnSe,

0 1 A 1 s 2 N 1 N 2 N 2 N 2
300 400 500 600 700 800 900

T (K)
700 K p-ype o P
AglnTe, ¢ AglnSe, O As
A Sb
ZnCdTe
ZnSn3bs CulnTe, ‘@Ga“zl:g{'lfgz(?asev ;
A AgAlTe 4
- -Cd'SlIsz—(cﬁs'né—szmlﬁa_g— oo ]—T&e
ZT=0.6 e ‘o %o e
A oo oU O wnoO
o oBf og
o
(c) Y

10
p(10*/cm?)

100} D P-based Ww S-based
700K o As-based Se-based
—_ O A Sb-based 4 Te-based
K= o
=) O o A
= 10 9 9 (b)
< 0 o g B g 09 N
3 o O
Y, v &1 d a
4 <
1} v P , <

20 40 60 80 100 120 140
Mean atomic weight

AB

1A, TIA, TIIA, VA, VA
IB, 1IB, VB, VIII

X
IIIA,VA, VIA, VIIA

ABX,:1-42d

Li, Xi, Yang, Zhang, et al., ACS Appl. Mater. Inter., 11, 24859 (2019)
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Direct calculation of x;

Broido et al., APL, 91, 231922 (2007)
Lindsay et al., PRB, 87, 165201 (2013)



Phonon dispersion and group velocity
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Phonopy

Togo et al., APL, 108, 1 (2015)



Phonon number and heat capacity

1
= + — — 1
2
exp —— —1
Bose-Einstein distribution
1
= ~ High-temperature limit
exp —— —1 N 3
]
h

Ucart (5, T) w,(q@) (1 +2n,(q,T))e,(j,q) ® e:(j,q)
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Phonon-phonon interaction

KL:—l 2
: = 4-1 + 1 +
! 3!
Scattering strength
v ShengBTE
Scattering phase space

Phono3py
Li et al., PRB, 185, 1747 (2014)

LLL‘KVWV\PA
{ Ve \P’JJJ' Togo et al., PRB, 91, 094306 (2015)



Role of scattering phase space

total
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Li et al., PRB, 91, 144304 (2015) * Incorrect temperature dependence of K,



Direct calculation of x; for V,VI;
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g phonon DOS
* Ab initio molecular dynamics (AIMD)
© Bi
« 300K
o Tel . and are obtained by fitting
the potential energy in AIMD.
© Te2
TDEP

Hellman et al., PRB, 88, 144301 (2013)

Fang, Yang, Zhao, Zhu, et al., Adv. Funct. Mater., 29, 1900677 (2019)



Direct calculation of x; for V,VI;
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* The phonons contribute most of the x; are around 1 THz in V,VI,.
* Grain size within tens of nanometers is necessary to reduce the x; of V,VL.

Fang, Yang, Zhao, Zhu, et al., Adv. Funct. Mater., 29, 1900677 (2019)



Direct calculation of x; for Mg,Sb,

K, (Wm'K™)

257
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group velocity (km/s)

Dopants in Mg;Sb, reduce the phonon
group velocities within 0.75 ~ 2 THz.

4
Frequency (THz)

Sun, Dronskwoski, Yang, Zhang, et al., J. Comput. Chem., 40, 1693 (2019)
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Temperature Dependent IFCs



Crystal structure of Mg;Sb,
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Thermal expansion

142

cal. Frozen Phonon-QHA
cal. AIMD-QHA
* exp. X-ray Diffraction

140 F

138 F

volume (A%)

134 F

132 F ‘//-f
Experlment

130
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Temperature (K)

B Thermal expansion obtained from AIMD is more consistent

with experiment.



Thermal conductivity

a 50— b,,
\ ¢ cal x,
= cal x,, 300 K
o  exp. k,,(heating) 700 K
exp. k,,(cooling) 7
Koff-diagonal PN
00 --------- g------ q- === - ----- 5 === r------y 0 0 M
0/ 100 200 300 400 500 600 700 800 0 2 4 6 8
Temperature (K) Frequency (THz)
|" """"""""" \\
= |
| Mgs;Sb, Single ;o Weak temperature depdendent «k, of Mg,;Sb,
| | . . .
i\ Crystal i in both calculations and experiments.



Renormalization on 2rd—order force constant
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B Hardening effect on lower frequency phonons due to

the head-to-head motions at BZ boundary
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Gruneisen parameter
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B Large Gruneisen parameters at BZ boundary.

B Lower Gruneisen parameters at higher temperatures - lower

anharmonicity and 3rd-force constants
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Renormalization of 3rd-order force constants
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Zhu, Yang, Fu, Zhang et al., Research, 2020, 4589786 (2020)

Asymmetrical
vibrations of Mg2 at

high temperatures




Explicit El-ph interaction in Ph-trans
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Influences of el-ph on Ph-trans
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® Less sensitive to temperature, comparing with U process

®* The influence of EPI on phonon transport is determined by:
Temperature; relative magnitude comparing with U process; EPI
coupling matrix; band-related quantities (carrier, effective mass)



Case study—2D MoS,, PtSSe

. (b) PtSSe

®* MoS, has the horizonal mirror symmetry (o, symmetry), while PtSSe doesn’t.
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® At 300 K and 6.5*1013 cm-2, the reduction of EPI is 39 % for MoS, and 78 % for PtSSe.
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®* The temperature dependence of ¥, due to both EPI (6.5E13 cm-2)
and PPl is reduced to T-96 above 300 K for p-type.
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PtSSe has higher band edge DOS. *PRL, 17, 1133, 1988

® PtSSe has higher g for ZA, due to the broken of the 6, symmetry.*

Liu, Yao, Yang, Xi, Ke, Mater. Today Phys. 15, 100277 (2020)
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