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1. Background Electron and phonon transport
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1. Background Dimensions of electrical and thermal conductivities
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1. Background

Thermoelectric Effect

Heat Source

Heat Sink

Active Cooling

Heat Rejection

@

S —

Electric Current, |

o: electrical conductivity
S2gT — S: Seebeck coefficient

'CE-I_KL

Ky, lattice thermal conductivity
Kg: electronic thermal conductivity

—_————

Electric Current, |

Electrical transport

Thermal transport

So

n~10" ecm™

K

Ll e - v ol -y -

S B o bl L

Insulatornn Semiconductor Metal

* Adjusting the optimal carrier concentration
to reach the peak power factor.

* Reducing the lattice thermal conductivity.

J. Phys. Chem. Solids, 342, 321-335 (1973) 5
ROWE D M.,USA, Boca Raton: CRC Press, 2018



1. Background Dimensions of electrical and thermal conductivities
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1. Background Electron and phonon transport
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1. Background Classical electron transport model

ctde _ Ep
F f 1—|—E:L‘p c— 'J’} n o kT
2m ke T\ 1+ 2/3 .
= 47r( }’j - ) Fi (n) mp =N, "m; @ Effective mass
: 2

® Degeneracy

S:ikB(QFl(??) _n) o= enpu

Acoustic phonon HHAP = Pos __enfi G
p 1 ZFQ \,/E(JIE'T}IE E{L;El{mf) (m;)l'rﬁ
y(fiw)!

Scattering by optical modes: polar crystals = ehwlkT 1),
g by op polar crystals pu == —5e— = ( )

2% 2 kT . 8m*& 252 \-1
Scattering by impurities and imperfections [; = gézee:gm*} ( N) F(3kT). F(@)=In ( + 2}1"2) (I‘I'an*@m)

J. Materiomics, 7, 603e611 (2021) 8
Ziman, J.M., Electrons and Phonons: The Theory of Transport Phenomena in Solids (Oxford University Press, 1960)



1. Background

® Phonon Gas Model :

KL — lz CVVZT
3 q-q

‘ﬂ"’&‘,\ },”

AVAVAVAVANA'
/
\’J‘ﬂf Peierls, Ann. Phys. 3, 1055 (1929)

A

Temperature

Classical phonon transport model

Matthiessen’s rule :

1 1 1 1 1

— = — + + + --.

Tq TU Te_p TPD TB
Phonon- Electron Point
phonon -phonon defect

Grain
boundary

Slack model for Umklapp
process under Debye phonon

in the high-temperature limit

MO36

~1
°y2n2/3

KL:A

Tritt T M. Thermal Conductivity. Theory, Properties, and Applications, 2004

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



1. Background Debye-Callaway Model

[0 Based on the linear phonon dispersion and independent scattering approximations

k k Op/T 4,x
X e 14
Ky = < E) 13 j T dx ! = Aw? + Bw? + Cw* + -
2m2vg \ h (e — 1)2 L
0
Other scattering mechanisms
Umklapp phonon scattering Electron-phonon scattering Point defect scattering Grain boundary scattering
Boundary scattering
Point defect scattering .y
qi Electron-phonon scattering R ‘ ®
wewss Phonons ’L\\
= Electrons 4/\/\". J S
*—9—0—=9 e\ o930
‘‘‘‘‘‘ ‘ e —eo \<’ ° > ' ST )
9q9:¢@..... R&@ j % R e
> /\' ol ' g 'j‘wl-»..:m 4
q=q+q2+R '>\ 5009
1 hy?w?T o 1 E,m'w? 1 T 1 v
= =———€xp| — 5= = = = I =7
Ty Mv QD 3T TEp 27Th3pUL Tpp 4Ttv Tp

10
Phys. Rev., 113, 1046-1051 (1959); Adv. Energy Mater., 8, 1702333 (2018)



Timeline for the electrical and thermal transport

1. Background
1900 1930 1987-97? ,:'
Drude Boltzmann Band !
model theory in solid calculation !
o () () () )
1928 1957 Empirical ," 2006
Bloch theorem forms for 1 ! BoltzTrap
Tight-binding {
. model ,.'
Time .
960 Ziman ! This talk
I
ms and Phonons '
1912 1959 e 1992 |
Debye Debye-Callaway Phonon 1
model model calculation :’
O ®
1929 1973 1 2007
Boltzmann Slack model ! 3dIFC
I calculation »

theory for k.
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2.1 BTE 1n Electrical Transport

O Boltzmann transport equation within the relaxation time approximation

1 0f(enk, T)
Oap (.u ) v nkvnka UnkpTnk [ agnk
1 -1 af (8 k’ T)
Sa,B (u,T) = oTV s %ap (u, T) Z UnkavnkBTnk(.u Enk) [ Magnk
n
f, = 1 Fermi-Dirac Distribution
u =

exp(epx — 1) + 1 u Fermi level ¢, band energy

Vo k Group velocity

Tnk Relaxation time

13



2.1 BTE 1n Electrical Transport

Effective Range of Electronic States

1 0fu (& T)

Oap (u,T) = v anvnka UnkpTnk [_ Ma . ]
3.5

° 0fo(T, €)
2.5 - De

2 T =1000K
1.5

1
0.5

0

-1.5 -1 -0.5 0 0.5 1 1.5

* Only electronic states within a few k;T around E; contribute significantly to transport
 The importance of electronic states far from E decreases exponentially

* The effective energy range expands with increasing temperature 14



2.1 BTE 1n Electrical Transport

O Fermi surface at the Fermi level: the origin of electrical conductivity
in metals and heavily-doped semiconductors

. afu (Enkr T)]

aenk

1
Oap (u,T) = v z kvnka UnkBTnk
n

0.6

0.4}
_ PbTe

= 02 SOl

0 FCC U

-

5 0.0

L

5 m ‘
02F A ]
~0.4 | /\ A b
Vo T T4 X L W

Fermi surface in heavily doped semiconductors reflects the
band degeneracy.

15

Fermi Surface at EF in Metal Cu ACS appl. Mater. Interface, 9, 8729 (2017)



2.1 BTE 1n Electrical Transport

1 0fu(en T)
Oap (u,T) = v E kvnkoc UnkBTnk [_ -
n

68nk
/v_lae 1 0¢
4 " hoK 4 V= ROk
g g -

/ N

> >
k k

The average electron group velocity lies within the range of 104-10° m/s

16



2.1 BTE 1n Electrical Transport

aenk

1 0fu(&ni T)
Oap (u,T) = v § kvnkoc UnkpTnk [_ -
n

7: 10715~107" M5

1 1
Matthiessen’s Rule — = |

Tnk Te-ph TIMP

The mobility is determined by the integral of group velocity and relaxation time.

17



2.1 BTE 1n Electrical Transport

Relaxation time under full electron-phonon interaction (FEPI)

1 2m , 2
= 2 D0 R (e + )3 = 0 + o)
k!‘
VkF " Vk
+(1—fyr +ng)o(ex — & — hwg ) Oy g 1/ (1— )

( k l:l) ( k k tl) k-qk +G] |Vier || Vi

Relaxation time under constant values of EPI matrix
. . . 1 2kgE4 T
acoustic deformation potential il hBG;ef Z O(&nk — Emi’) Bardeen-Shockley
(ADP) short range ‘ADPnk mK
1 MTWpoe”

polar optical phonon
(POP) long range

1 1
TPOP nk £y Vlk’ _ k|2K0 (Eoo gs)( w ) (Enk Emk )

18



2.2 Softwares for Electrical Transport

Post-processing

Program

—)

-

Oqp (:u' T)

SCZB (,Ll, T)

19




2.2 Softwares for Electrical Transport

Constant : Energy- Fourier- :
Scattering 'I&ea?ér;(?m%';?f r: Dependent Wannier D'Sr:ﬁ: D”Ir:]PT
Time PP EPI| matrix Interpolation Ping

EPW

TransOpt
BoltzTraP | EPA

Quantum
Espresso

Abinit
AMSET

Perturbo

EPIC Abinit

Boltz\Wann STAR

ElecTra EP|C|

T ——————————————————
T ——
T ——————
T —

Complexity, Cost, Completeness Acknowledgement to Prof. Tiangi Deng

Zhejiang University
20




2.2 Softwares for Electrical Transport

BoltzTrap

— )
Ve (k)

| (k, e (k) ( ((optional)( | DFT software

. ]
P g e ™

btp2
comma%d-line\

| interface

N Interactive
Command-line 3D plot

parameters fermisurface

Interpolated
| band plot

BoltzTraP-
compatible
text files

Avallable online at wwaw.sclencedirect.com
.cuucl@omlcv .

Comnputer Physics Commumications 175 (20061 67-71

Computer Physics
Communications

www.elseviercomocute'ops

BoltzTraP. A code for calculating band-structure dependent quantities

Georg K.H. Madsen**, David J. Singh"

* Depariaent of Clewistes, Upiveesity of Aavfs, DE-8000 Artes C, Denmark
b Comdenved Matier Sciemces Divivion, Ouk Riddge Notion! Laoborarory. Gak Ridge, TN 378316032, USA

Recerved 25 September NH5: accepeed 3 March 2006
Computer "hysics Commupnications 231/ 2068) 140145

Contents lists available at SoenceDirect

Computer Physics Communications

journal homepage: www.olaevier.comilocate’'cpe

BoltzTraP2, a program for interpolating band structures and
calculating semi-classical transport coefficients

Georg K.H. Madsen **, Jestis Carrete ', Matthieu J. Verstraete "

* nstuate of Matenols Chemistry, TU Wien, A- 1060 Wenna, Ausmia

¥ nosomat/QMAT/CESAM and Department of Physics, Université de Lidge, oliée du 6 aodr, 19, B-4000 Lsdge, Belmum
¢ European Ieorecical Spectroscopy Racility, Belgmm

i

* Early Release & Broad Application: including Seebeck coefficient and other properties under the

constant relaxation time approximation (CRTA).

* High-Throughput Suitable: ideal for high-throughput computational workflows.

 Star function method for band interpolation

21



2.2 Softwares for Electrical Transport ~ Amset

—— s

/ S \
[ e o omem? | NATURE COMMUNICATIONS | 12:2222 (2021)
| outputs ;
:::::::::::::::L‘:::::::::::i:::::::::::::}:::j\ * Eliminates the computationally expensive DFPT matrix element
/ B \
| preprocessing o .
L tools e ’ i = calculations.
\ /
e e e } —  Anisotropy models and scattering mechanisms: ADP, POP, PI,
/ / \
[ \ | [wavefunction ( deformation ‘, { o )
: temps | : (hd£5) 0! po | d
| doping : | ol | an IMP
| £d_tol ¥ | }
| | band | ’ | | g . .
| [epmerec || | e | « Utilize BoltzTraP2 for band structure interpolation
| s | | I | | 0 g1 V1 |
: . : : i : . i W inputs EA4 transport
:l rl‘mtlme” :i :: nfater-la.lsﬂ : a 10°F b gof
X palametelh// | |\ Pproperties / 2
i — 3 : (json), : D // 105! 2 8:
, i

: | plot : - plots 3 ‘g

: | 5 « 5 4O

! AMSET | % 10't / o~

I command-line : E 3

l\\ interface i = 10} 1 § 201 _ :

s e et e o s e oo e - g’ ®
s .

Supplementary Figure 3. Schematic of the AMSET pro- 07Ty , 2 Qprecseremreseemnaes o
gram indicating the typical inputs and outputs, command-line s DF'FT =y v;'ork 0 3000 6000 9000
tools, and program flow. +Wannier Mean time (core hours)

22

Fig. 2 Comparison of speed against accuracy for transport calculations.



2.2 Softwares for Electrical Transport

EPIC STAR

EPIC STAR: areliable and efficient approach for phonon-
and impurity-limited charge transport calculations

Tiangi Deng, Gang Wu &2, Michael B, Sullivan, Zicong Marvin Wong, Kedar Hippalgaonkar, Jian-Sheng

Wang & Shuo-Wang Yang &

npf Computational Materials 6, Article number: 46 (2020) | Cite this article

EPIC STAR

Silicon NbFeSb
6000 v . s
ES) — EPIC STAR o 120
q — MLS-EPA e
; xp. Ref[61
% 4000 G Exp. Ref(62 S 60 1
5 O Exp. Refl63 = EPIC STAR
} ; - ;Reo. ge: ? v g:go.nﬂteg:;B]
--+ Theo. Re » . Re
2 2000 f . -- Theo. Re 14] 1 % Q9 (67]
- e~ - - Theo. Ref{64
E = 4 [
0 . . : : A 'TE
200 250 300 350 400 450 o -
Temperature T (K) ,,2 B » = i
(e) T ETEeRRLe PR BTy s pen mo £ - % » %
A1500 0
Tm ' p:l-ph only 400
T SN, ~—el-ph + Imp
1000 v } o
N/ > | »*
§ — EPIC STAR i‘ % % |
£ 500 } A Exp. Ref(68 2 2%
v Exp. Ref|69 >y
- Theo. Ref[9 1]
0 -- Theo. Ref{64] K. 0 ) . .
110" 1x10"® 1x10"7 1x10"® 1x10" 400 600 800

carrier concentration n, (cm‘a) Temperature (K)

npj Comput. Mater., 6,46 (2020)

1000

Generalized Eliashberg function for short-range electron-phonon
scattering

Analytical expressions for long-range electron-phonon and
electron-impurity scattering

Utilize BoltzTraP2 for band interpolation

: 3 d gf,m(k.q)z '
a,ZF(E.w):‘%%]BZg;Q;' RO 5E— £4)

x 8(hw + E — Emiciq) [6(w — wig) + 6(w + wiq )]

+0c
T (EuT) = Zn{/ afF(E,w)|f(E + hw — p.T) + n(hw, T)|dw
Jo

0
+/ arF(E,w)[1 — F(E+hw—u.T) + n(hw.T)]dw}

_ _ Q . [mgplE)] ... ... i
Taopi(E) = CSOP.,W\/%{smh ! ‘/h—w/[n(hw" T) +f(E+hw —p, T)]
+sinh ™'y /%— 1[n(hw, T) +1 — f(E — hw; — p, T)]}
I

e’ 1 8my, (E)EL?
T (E) 5 e r[‘”(”mb(z) )‘
16/2my(E)me2el /B3 h

8my(E)EL2 ]
h? + 8my(E)EL2



2.2 Softwares for Electrical Transport ~ Quantum Espresso: EPW

QUANTUMESPRESSE

HOME PROJECT DOWNLOAD RESOURCES PSEUDOPOTENTIALS CONTACTS NEWS&EVENTS
PHYSICAL REVIEW B 92, 075405 (2015)

Electrical transport limited by electron-phonon coupling from Boltzmann transport equation:
An ab initio study of Si, Al, and MoS,

Wu Li

Scientific Computing & Modelling NV, De Boelelaan 1083, 1081 HV Amsterdam, The Netherlands
(Received 24 March 2015; published 4 August 2015)

Relaxation times based on ab initio electron-phonon interaction.  Jmnvy (k, q) — (mk + q | 0vq Vporr |nk)

Only can calculate the mobility.
Requires third-party post-processing tools (e.g., TransOpt) to obtain the full electrical transport results
(Seebeck coefficient, electrical conductivity, electrical thermal conductivity, etc).
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2.2 Softwares for Electrical Transport

Quantum Espresso: EPW

(d) ZnSe 700 K

35

30+ <
301/ -
VR . e
g 254 —=— with polar scattering
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=20 o e
. ./._—. "—N—a .—._.‘.
- 15(./

10 T T v v T

2 4 6 8 10 12
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7nQa 7% 1020 om3
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7 40- o\' - 500
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"= 30 U L 54004
S Oy = 3004
Ezn-'\\-\ e =
" Il B | 2004
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9 p~T 108 ~""‘I-I—T 100+

(f) ZnSe
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1/2
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=]— X
O 4me, 2NM, gz
K

X <¢mk+q|ei(q+G).r|¢nk>

Q+G) Z; - eu(q)
qu(q+G)'€°° -(q+G)

)00

Due to the strong polarity, the polar optical phonon (POP) scattering is the dominant
mechanism for the electrical transport in ZnX.

Zn

. X =8,Se
3

e}

|-

(-

<14

-2
-3

r

X WKDOS

a(S/m)

8.0E+05
e (] R

6.0E+054

ZnSe 700K
4.0E+051

2.0E+051

0.0E+00

~&—only intra-band scatte

ring

2 4 68
p =107 (em™)

10

r(ps)

(S
v o nSeqantra-band
A ZnSc-inter-band!
5 v v ZnSe-inter-band?2
0.1 ‘
0.01
®  ZnSe-intra-band
e ZnSec-inter-band !
0.001 + 0

.5 1.0

I'.‘ - l“‘\"“h‘ (L‘\")

-1.0 -1.5

(0.5 =20

Due to the triple degeneracy near the VBM, the inter-band scattering also has detrimental
contributions to the electrical conductivities.

25
J. Materiomics, 2021, 7, 310



2.2 Softwares for Electrical Transport ~ Quantum Espresso: EPW

O Origin of the strong E,,- optical phonon coupling in a-graphyne
2000 |
(a) (b) (©) () o
o —9 Q! § 1500 &
0 | = "
P - A YR G TR, F ol
B S ? - \ o < B0 £ 1000 [
I EyyA=0.09 7 2  BwA=0N 4 %
| = 500
T{ . _ 2 qv 2 = B,
El-ph coupling strength: Aq, = Wzkmn | gm'n,k| X 6 (snk — sf)6 (smk+q — ef) ‘ .
> alarger A, of E,, phonon can be understandable from the group r K M F‘:;‘(’) e /0-24)
theory. In real space, E,, phonon greatly disrupts electronic state. Nanoscale, 11, 10828 (2019)

O ZA (out-of-plane acoustic) phonon in TMD monolayers

(a) MoS, (b) PtSSe

Lack of horizontal mirror symmetry in
PtSSe enables a strong el-ZA ph coupling

1@ Pt © K point o Q point

© Mo L A i ;- ' Mater. Today Phys., 15, 100277 (2020)

1 Frequency (THz2) Frequeney (THz)




{ 2009 JEM ]

2.3 TransOpt

[2021 CMS ]

{ 2022 IMAT ]

)

-

Transoptic

» CRTA

> Momentum

matrix

TransOpt 1.0

» ADP
» SYMMETRY

TransOpt 1.1

)g)tentials are considered

h

TransOpt 2.0

» IMP

» Cuda GPU acceleration

NS

Y

» POP

TransOpt 3.0

» Versatile program interfaces

Different spin deformation

L

» OpenACC CPU/GPU acceleration

J. Electron. Mater., 38,1397 (2009)
Comput. Mater. Sci., 186, 110074 (2021)
npj Comput. Mater., 9, 190 (2023)

J. Materiomics, 8,1222-1229 (2022)
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Te—ph

1

TiMP

2.3 Formulas in TransOpt

t. 1 h 1 ZﬂkBEéefT

f acoustical phonon T = WGy 6(enk — Emk) Bardeen-Shockley

(ADP) ADP,nk —
< 1 MTWpoe? 1 1

polar optical phonon ., . =~ /Z, V|k' — k|2k, (e - g_) (2Ny + 1) 8(enk — €mi’)  Frélich

_ (POP) o c
o 1 z 2MNimpZimpe*
ionized impurity TIMP nk Vh(eso)2(L? + K — Brooks-Herring

mk/’

(IMP)

E4r Deformation potential; G Modulus; n;,,, Impurity concentration; Z,,,, Impurity charge; &5 Static dielectric; €, high frequency dielectric;

Ko vacuum dielectric constant; L, Debye screening length; n, carrier concentration; wp, Effective polar phonon frequency
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1 2mkgE§eT

2.3 TransOpt Recent works by TransOpt 1.0

6(€nk - gmk’)

29

Comp. Mater. Sci., 186, 110074 (2021) npj Comput. Mater., 9,190 (2023) www.mathub3d.net

TADP,nk GV ]
mk
-z / l
0- A\ZN / \ DOS (a.u) |
5 {\ \ : HTP Calculation for DP Electrical Transport
U1 a0
o k : z Eysur con) o = Lo ey Tnkz ;TEz
0 VBM ( CBM )_DP d(in¥) 7k, TE}, Z5(8k—8 B
o 2 A | el '
/>\ ' ' I c ., 'no? o, S, PF
L P :q.
................. B I s A 4
......... : ECBMN’\“L/ Ecov vy TE Material Screening
BNEE | E *—Evpwm. v,
. ; A W. L. Ren [30] 1 SEe>01eV N ! ’ Good Good
- -~ Y.XiaDOS [29] & E. Skoug[31] I e oot p-type n-type
60 @, 1 Reference energy E, ¢ entries entries
_____________ | Average of first valence 332 321
-80 1 AN A A ANAAANAA A D NA electron band
-100+ : »Standard deviation < 0.5 _S;r;e_ni_ng_ c_ri;e;ia: _______
_120 T T T T ) | linear ﬁtting > PF > 50 uw.cm—l ‘K2
100 200 300 . 400 500 600 : . .// > Eg:0.1~2eV
> A tomi ight > 80
IR ] |
Sa[;’ (ﬂ, T) = ﬁ Oap (ﬂ: T) an vnkavnkBTnk(ﬂ - Enk) l_ T I > R2>0.95
I : :
* Higher accuracy for Seebeck coefficient than CRTA, 1 * A high-throughput screening workflow based on MatHub-3d
due to explicit treatment of relaxation time. : and the deformation potential method.
|
|



2.3 TransOpt

Recent works by TransOpt 2.0

2 L4
I 2TNimpZimpe

TiMPnk A Vha(egig)?(Lp? + K — klz)2

6(‘9711( - gmk')

i

= CulnTe, -without imp
——Cd,Cu,In Te -without imp
CulnTe, -boup Low formation energies of

the defects in Cd,Cu,In;Te,

~=—Cd,Cu,InTe, -imp

o
=

I ..V 80
© 0 0'o 00 i:b-o
© 000 O ©0 00 O -
© 0o 06 0 0o 0 0O e
© © 0 0o 0 O 0 0o -~ 60F
¢ 8 W .o B = = » S
© o 0 0 0o 0o 9.0 o
© © 0 0 0 O—0 Antip =
©O © oo O O © o & 40
e o
o O © E
o =
o
=

cause high defect density
(4.80%x10%%cm™) and severely
reduced mobility.

© O 0 © © (*)
e o ol S0 S o Sob Sk Bl o
Vacancy (V)) Interstitial (I;) ] N s
. As 23 10 10 10
Antisite (A-B)  Substitutional (Ap) 3 J. Materiomics, 8 1222 (2022)
e e e e L L ___
e CsSnBr,
Cs,B3*X, Cs,B*X, N T « IMP
7, =10" cm™ IMP_k=k’
o & ISF £=48381
5 -
L 3
o X =107
= ;
Muhlllity u sl 5
| |
group velocity v relaxation time T 77" = To0ousuic + Timpurity o - - : -
E-E (eV)
Viia - Vi > Vaie high impurity & ionized impurity : / 141
[ 3D delocalized BX, | 2D delocalized BX, ) low carrier concentration || seattering rate is related to Direct tranSItl9n PTOCCSS
| conductive network § conductive notwork] isolated BX, t,‘,,‘,,,m.“y dominates the band degeneracy. (k’ = k) dominates IMP 30

J. Mater. Sci. Technol., 204, 245-254 (2025)



2.3 TransOpt 3.0

0/% ABACU

FHI- alms

lmu( i pack ge

Ke (0

Electrical

Momentum Matrix L Transport S

1 -
Yk =2 (‘pnklplwnk)

TransOpt 3.0 PE

O
o O
o o)
Acoustic lonized Polar optical
deformation impurity phonon 31

potential scattering scattering To be submitted



Seebeck (uV K™)

jov)
=

tn
S

-100

-150

2.3 TransOpt 3.0

Group velocity

1 N 1
Vhk = ;’<‘~pnk|p|¢nk> Vs Vi — E vk‘gnk
e

TransOpt 3.0: momentum/gradient

|
|
Primitive cell: Si, k mesh 80X80X80
Supercell: Si;,s k mesh 20X20X20 !
Si b
s -
‘v
- =
W
s a
s Primitive cell_momentum =
Supercell_momentum ‘;‘
w= Primitive cell_gradient Nt
Supercell_gradient =2
Primitive cell_Boltztrap2 ©
Supercell_Boltztrap2

1

2

3 4 5 6 7 8 9

10

Carrier concentration (x10*° cm™)

Boltztrap2:

Interpolation factor: 64

Primitive cell: Si, Kk mesh 20X20X20
Supercell: Si;s k mesh 5X5X5

|| == Primitive cell_momentum Si
Supercell_ momentum
s Primitive cell_gradient
- Supercell_gradient
s Primitive cell_Boltztrap2
Supercell_Boltztrap2

1 2 3 4 5 6 7 8 9 10
Carrier concentration (x10?" em™)

Momentum matrix method provides
better agreement between supercell and
primitive cell results compared to
gradient method or BoltzTraP2
interpolation.

This scheme offers distinct advantages
for systems involving doping or those
with large primitive cells.

Momentum matrix method for group
velocity has been achieved in all the DFT

codes compatible with TransOpt 3.0.
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2.3 TransOpt 3.0

Calculated Results for Typical Thermoelectric Materials and Perovskites

A 100000 b 100000 —
pP-type E Haprl Jive porPl T ALL - n-type | Haoel Jive porPl M ALL
< 10000 - |
. » 10000 f
> 1000 >
~ ~_ 1000
= = s
S 100 s
& Z 100
=10 ~ = : 3
£ Z ,
10
0.1 1

CJ\'{%(&Q\b %(6 O® ofd & G:’Q"Q’O&‘b S o o Q“‘siob £8 O 0 v oo *O&Q Q&’Ocﬁ?‘;

~
O N S o S o LY & O QO o N ;
Q‘S Os% 0%3 o‘.’? Cj’?\cj’:?*o‘\ @Qo (@) A € (/3 C& C;%$ c}’? (J%?\c??\e“v @%’5 C R N

—_— —_— 18 '3
ny=N;,,=10"° cm

* POP scattering dominates the total carrier mobility in majority of the

investigated cases.
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2.4 Something beyond

Heaven of

Electrical Transport

A
Jacob’s ladder of the electrical i
transport calculation accuracy

EPR Band
E nk( T)

FEPI+EPR Band

Direct DFPT Quantum

Sampling  Espresso FEPI+DFT Band

CEPI+EPR Band

Leading Order
Approximation TransOpt CEPI+DFT Band

Constant Earth

Scattering SoltzTrap CRTA+DFT Band Appl. Phys. Lett. 120, 190503 (2022)
Time
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2.4 Something beyond Temperature-induced band renormalization

OO0 Experiment =
. \1 18[ Tetragonal
Diamon d : \ . g e :-
M % [Men
" s £ 10k
5 e N\t i S o8l €
- \ < 06
_ 04}
. . : . s ‘7 \ - T 0_2._-._._.'1.1.1.1.
200 romperatie (K} oo \ \ 14 15 16 17 18 19 20
. . . . Energy (eV)
Diamond, Si, SiC, Physica, 34, 149 (1967);
J. Phys. Chem. Solids, 40, 791(1979) - T MAPbL, J. Phys. Chem. Lett., 7,3014 (2016) ~ CoSby, Nat. Mater:, 14, 1223 (2015)
Fig. 2 Silicon and 6H S«
— VIB VIB LE
D Theory AEnk(T) — AEnk (0) + AEnk (T) + AEnk(T)

Electron-Phonon
Renormalization (EPR)

Zero-point vibration at 0 K | Thermal vibration at 7 || Lattice expansion at T
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2.4 Something beyond Temperature-induced band renormalization

O Electron energy at finite 7

€ Stepl: Lattice expansion effect
Methodl: QHA by VASP and Phonopy
Method2: NPT AIMD by VASP

€ Step2: Vibration effect

Methodl: AHC theory in VASPG6.5.1 or Abinit
Electron self-energy: Z‘flﬁ(T) = XF(T) + =2V (T)
Electron energy at 7T: £, = &, + ReZZﬁ(T )

Step2: Vibration effect
Method 2: “one-shot” method by VASP and Phonopy
Atomic displacement at 7

ATKO( = (MP/MK)l/Z Zv(_l)v_le}ca,vsv,T

sir = (h/2M, w,)(2n,r + 1)

Electron energy at T by using the effective structure under
lattice expansion and thermal vibrations at T

Step2: Vibration effect
Method 3: NVT AIMD by VASP

Electron energy at 7 : time average of MD snapshots

O Electrical transport at finite 7%

Method: Boltzmann transport theory by TransOpt
Electrical conductivity'

Oap (ep, T) = X f Vnkavnkﬁ Tnk [
Seebeck coefﬁc1ent
Sap(ep, T) = Gaﬁ (ep, T) 71

z JQ VnkavnkBTnk(gF gnk)l
BZ

Scattering rate:
1 anBTDdef
Tnk hC

afnk(gF)T)

0 fr (ep, T)]

dkr

6 (Eik = Egr)

Xml g,

Rev. Mod. Phys., 89, 015003 (2017)
J. Phys.: Condens. Matter, 32, 475503 (2020)

36



* E, of most systems gradually

2.4 Something beyond Temperature-induced band renormalization

O Thermoelectric Half-Heusler compounds

/ MatHub-3d
Half-Heusler ABX: 274

*E,>0.1¢V
*w>(0THz

) - -100 | T-dependent
AHC theory  -125} band structure: 109
-150 ' 1

-420 -350 -280 -210 -140 =70 0 70
E (1000 K)-E (0 K) (meV)

(b)

decreases with 7. Median E,
change from 0 K to 1000 K is ~
-200 meV. Even at 0 K, the ZPR

has some influences.

ZPR (meV)
&

=500 -450
——— DFT band n=1x10*" em™

- 400 I —m—DFT band o”".
—— EPR band 300 K u"
—— EPR band 700 K 380 | EEE ho e
pa ™4
®

-450

The EPR band has been used in o SR ———-SPB m* = 3.76m, we1x10% em N

. < 350 -~ -SPB m* =4.78m, Q -300 - - DFT band v
the calculations of Seebeck > ol 5P = dom, |5 250 |~O" EPRbundg
coefficients, for the first time. % ksl =

TiPtSn

=200
T=70 K

2200 - /.

-150 O

/ =

so| W-0° H TiPtSn

; N llﬂ 0 200 400 600 800 l000
n (x10* em™) Temperature (K)

-150 |

arXiv:2407.00433

-100
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2.4 Something beyond Temperature-induced band renormalization

O Orthorhomblc, tetragonal and cublc CstI (Method 2: “one-shot)

A £ & : . () BN — © [ 28 '
‘ ; ’ = 2 1 2 2} ; Ifﬁi LE viB S 111 1
A * *‘ o ’ m‘ s B s | | 26+ w-HSE_LE trong structural fluctuation
& } e % ﬁ ’ 4 Q g 3| 1 31} 51 1S 24l onriea Tee "] Strong band gap renormalization
B ESEBREE R s & ® B .
j S T N e ® & 00K | & 500K | & 700K | < ! Strong suppression on transport
. . il - \ [ L . Pm-3:
o P o e o 1% 822 == B
T T P o
- . ko] e
(@ | (©) 0 —o—o— —
* 27 2 2‘“ § 18P g
3 g | g | 1.6} =
& £ £ tal  Pom  pamem T ]
& 300K & 500 K & 700 K L 4 ! 7
0 0t 0 300 400 500 600 700 800
L - L P T (K) J. Comput. Chem., 42,2213 (2021)
R R X
Phys. Chem. Chem. Phys., 24, 16003
2022
O Optoelectronlc Perovskites: Cubic MAPDbI; (Method 3: AIMD) (2022)
luJ = 1064 A 10° |0=-(C)
2184 . s T, | I ’\}\f
> ___g— £ 1nS ns 7
= ;-_-- —  *  —m-SCAN4VVI0 f 10 “ 10 =
£ 174 4 : o~
- | @~ UV-vis absorption spectrum .:_:' ::::: :=-
1 ] il s &,
1.2 j E — 330K =
g | —&— Hole '1 & —370 K ZO =
‘én u-] —@— Flectron ; /_/‘ “1_1 400 K ]()1 7 -208
—: R . ®  Hole
= 1 —r : ' | : ® FElectron
—ull‘ 4 lO T l(, T 10 —T R T
’ i ()0 0.2 () 4 ()0 () 8 1.0 UU 0.2 ()4 O 6 () ‘§ 1.0 340 360 38R0 40()38
0 2040 ( 360 380 400

p (10 /emY) n (10% fem?) Temperature (K)

§
Iemperature (K)



2.4 Something beyond Kubo-Greenwood

O Electrical transport properties within the framework of
linear response theory

nq2h2

— > (Wl Vel Wil Vel s (i = fia) 8 Emic — e — o)

mnk

o(w) =

v' Liquids & amorphous: amorphous Cu-doped Ta,O;; liquid aluminum; liquid Zr;
liquid and supercooled silicon...

v' Dense metals: warm dense aluminum; dense silver plasma; warm dense helium-
hydrogen mixtures...

v" Semiconductors: monolayer and bilayer phosphorene; semiconducting

fematinite-like structure (Cu;SbS,); perovskites... -



3. Kubo framework Kubo-Greenwood

Cublc Rb3AuO antlperovsklte

a 3,000 A

W n-Si (a) 106] = - = SERTA, 300 K ——IBTE, 300K —— KGEC, 300 K
=« = SERTA, 500 K =——IBTE, 500K =~ - = KGEC, 800 K
= + = SERTA, 800 K ——IBTE, 800K
—_— 5 -
z 10 P
@4,
© 104
% 10°F .-+ - .
e 10 10" 10%
3 n, (em)
Z Phys. Rev. B, 102, 094314 (2020)
Q0
o [ [d
c Cubic SrTiO,
§ Perturbative EPC + BTE:
107 Phys. Rev. Lett, 121,226603 (2018).
:-;: Green’s Function:
N:’ Phys. Rev. Res. 1,033138 (2019).
> e
BTE  RTA  Model = This work
200 .g
| 11 Il | s
R ke R Experiments: 53,
npj.Quant. Mater. 2, 41 (2017). Snaa
. eqe . 10° N
Calculated values of carrier mobility at room temperature using deolioado 2
different frameworks and methods. 2 0 o .30 60 TR 0

Temperature (K)
Nat. Rev. Phys., 7, 73-90 (2025) Phys. Rev. B, 110, 235202 (2024)



Summary on e-trans

0 BTE level:

v" The calculation of full electron-phonon interaction is still demanding.
v Different softwares with different approximations on multiple scattering

mechanisms are available.

O Higher level:

v Electron-phonon renormalization on band structures are considered
in some materials.

v" Kubo-Greenwood method is suitable for anharmonic materials.



. Overview =

Background
Electrical transport
Lattice thermal conductivity
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3.1 BTE 1n Lattice Thermal Transport

3

£ 10 i °
L2 C .

; al

> J

> 2

k3

=

©

8

©

E 1}

2 .

100 200 300
Temperature (K)
FIG. 1. (Color online) Lattice thermal conductivity «'” as a function of
temperature. The red line and solid squares are the calculated and measured
thermal conductivities of silicon, respectively, while the blue line and the
solid circles are the corresponding quantities for germanium.

i)

Since 2007, three-phonon calculations
combined with BTE have become a standard
approach for k; prediction, achieving high
accuracy in conventional crystals.

Phonon BTE is less demanding than full el-ph

Iinteraction.

Appl. Phys. Lett., 91, 231922 (2007)
Phys. Rev. B, 87, 165201 (2013) 43
Phys. Rev. B, 185, 1747 (2014)



3.1 BTE 1in Lattice Thermal Transport Taylor Expansion of Potential Energy

(oo - === — = —— = ——— N

: O The potential energy is expressed using a Taylor expansion :

| frarf 1 By ya By 1 B0 a B V. 0 |

_ X a,. |

I ijaf L]ka,By l]kla,ByO |

N e e e e e e e e e e e e e l ________________________ /
First-order Second-order Higher-order 1 z

K] =— ) Cy(w)vi(w)t(w
Atomic force Harmonic IFCs Anharmonic IFCs L V( A) g( /1) ( 2
Structural properties Phonon dlspersmn Phonon scattering rate

§ ‘—/::0?7{3&/\4,? < ; | AgCaP
P o :\*’\7”‘ = i+ ’ Software: phonopy
,, & oy 7 ;
. 7 - I 5 :
o e S -
i (@) = L expliq - (r; — ;)] dw
! deimf ’ V(wz)_—(e( ] (q)|e< W) = —

0q
S b @y e(wy) = [wa]e(w;) ! 2



3.1 BTE 1n Lattice Thermal Transport Phonon Heat Capacity

O Phonon heat capacity: (, = (Z—Z) = (%) = Y.qs Cqs

1
O Phonon energy: Eqs = (qus + E) hwgs

1
hw
exp ( kB(;f) —1

hqu>2 exp(hwgs/kpT)
kpT [exp(hqu/kBT)—l]2

O Bose-Einstein distribution:  n,, =

O Mode heat capacity: ¢, = k; (

1
L = N_vZ (@) (@)T(wy)

High-temperature limit  cq,~kg C), ~ 3N ky
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3.1 BTE 1n Lattice Thermal Transport Phonon Heat Capacity

O Boson-peak-like feature
Debye model at low T limit: C, « T3

o mm mm Em o = ———

-4
15 x10
a Cem
12 :_,-wa B > gAllDtu
T SO tot-za

w0
T

Crystal Structure of Cu,S/Te * The number of heat-carrying modes is reduced,
(High-Temperature Phase)

- -4
C,/T° (J mol K*)
(o2}

accompanied by the loss of some transverse modes. 3r
05
C=Ch+C+ 9(1"8}’)’_ o
16} o | 0 lIiTee
® ~ -G YVEEE88888000, (a) 12 (b) 12
1.2+ ® n L) I e '.-‘1—.';'—“ """ G-~ _
5 *a S e 2 =
N oy % 03 e, £ 2
08 a3 J £ ® > e
® = = 2 B
o® . 2 Faw———————— — —— % 8
0.4} «0 o® : . 02 w
£ g o6,
0 \ g R y ec
200 400 600 800 1,000 01 ! : ‘~
500 600 700 800 900 1,000
T(K) T(K)

Nat. Mater., 11, 422 (2012)



3.1 BTE in Lattice Thermal Transport Anharmonicity

[0 The potential energy is expressed using a Taylor expansion

I
| 1 1
| ap.. ﬁ apy a.BLy aByvl_a. B.V. 0
BTkt zz AT Z i T T+ g Z Pl T T
: tjap ijkaBy ijklapy®

e®(i, M)ef(j, e (k, A"

\/mimjmk\/wlwy Wy

aﬁ')’ L(qr+q ri+q'" )
l]k

Scattering strength ®;y," = z Z

ijk afy

hm 1
5 O SR ORI
AI AII A

1 1 1

v —=——t......

Scattering phase space
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3.1 BTE 1n Lattice Thermal Transport Softwares

1 1 1 1 1 1

1 Linearized BTE solved Accurat.e . Four-phonon Interactions
: . electron—phonon interaction
without any empirical ./&:. o
parameters ><o :;’"

Q=q1+ 92 q

= Seg=

q=q+q:+qs + R

Phys. Rev. B, 86,174307 (2012)

|

|

|

I

|

|

|

I

|

|

|

I ~

1 J .

| 2. %@ Applies the random
l ‘ ' displacement method to
! 3 Phys. Rev. B,96,161201 (2017)
|

I

|

|

|

I

|

|

|

I

|

|

| |
| |
| |
| |
| |
| |
| |
I . I
| |
| O ANTUMESPRESSO m I
| ’ |
| |
| |
! s (5 Q) h (W s | AV 02| P i) ;
mnai\t, = |9,  \Imk+ Al T nk
: 2Mwg; At !
| |
| |
| |
|
|
|
|
|
|
|
|
|
|
|

obtain higher-order IFCs. Comput. Phys. Commun., 181, 2140 (2010)

ALAMODE
Constant electron-phonon
coupling approximation

J. Phys.: Condens. Matter, 26, 225402 (2014) Also capable of treating

grain boundary scattering
hD A 2 (l)q 1 1

3. phono3py
Phys. Rev. B, 91, 094306 (2015)

2
|g%nn(k: q)l = 2VB E—

v
Comput. Mater. Sci., 244, 113190 (2024) B L 48



3.2 Case Studies Using Phonon BTE Scattering phase space

O Filled skutterudites Yb(Ba)Fe,Sb,, Weighted Scattering Phase Space (W)

35 Wt — R Z 2(fi — fir) | i £ oy — wyr)
30 . - 300 K A 2N A,I)” f‘AI + f)&.” + l wkw}y'w}y"
% 25 = e —— p— 1.5
g L
c 101 A | Yb > Co Sb._ at 300 K
= 20 '\ SR I 5] 14~ 12
2 — > ! 4 Fe E Lol —— YbFe,Sb,, at 300 K |
q:‘) 15 ————— — 20 > <
3 | s :
—
& 205
.. )
A A
ANRTPLE Bk X WO P i GO Ol 1 OO
0 5 10 15 20 25 30 35 0 5 10 15 20 25 30 35

Frequency(meV) Frequency (meV)

YbFe,Sb,,

* The avoided-crossing filler modes greatly enhance the scattering phase space of YbFe,Sb,,.

* The influence of low-frequency optical branches on phonon scattering phase space .vs. Resonant scattering.

Phys. Rev. B, 91, 144304 (2015) 49



3.2 Case Studies Using Phonon BTE Alteration of phonons

* Pure ab initio force constant study.
* Dopants reduce the sound velocities and thus reduce the ;.
* Heavy-element doping induces avoided-crossing behavior in the phonon dispersion.

b 5 .
U hmFest i 1'8-\ ~— MFeSb ~ »:.hm: (o
ol @ MouaTaFese i\ —O= Hb,,,Ta, Fesb Es o
© Nby M, Fest 1 i O by MY Fesh o X s
S Nb, 21, FeSb Towpl O\l B O b, Fest i £
- o) AR a &
t | ke N 3 g
z : (\ Caleutated (pp) 3 :
a0 % n ~|' L
. &
2 G e o @\ & %
O | | @~ 3 £
? 200 l 400 600 200 z
g 5 % T Energy (meV) 3
3 f d ]
- ! B nbese WM vo,Te Fesh Nt i resn W nb v Fest @300k )
ol 3| | $
E == 20 MFetih g
§ > ~° My, 2, ek 5
# : & 8
10 5 g £
! o 0 %
=
2
3
Q 0l
0 00 1000 L
Considering both : o
TiK) changes in v, and T () Only changing T (ii} Only changing v, ()

Nby g75X0.125FeSb (X=Zr; Nb; Hf; Ta) Nat. Phys., 19, 1649-1657 (2023) 50



3.2 Case Studies Using Phonon BTE

Alteration of phonons

O Effect of Ir/Co Doping on FeSi, k.

K, (Wm' K"

I () -a- FeSiy: PP R (b) -a- FeSiy: PP
L N Coy 125K e 375580, ol Iry 25K e g7550,:
20 A -~ PP 20 3 -%- PP
" - PP+EP " - PP+EP
' * Exp (Coy,,Fe, ¢Si,) TN * Exp (Iry ,Fe; 4¢Si,)
n -&- PP+EP (with CP) . _ -~ PP+EP (with CP)
S ome S me
10+ N s 110 . R s
F\ Rl R J
\ | -~
0t : ; i 0t : . ;
300 500 700 900 300 500 700 900
Temperature (K) Temperature (K)
6 27
K at 300 K(Experimental results): Fe || Co
iron cobalt
. o . 0 . 0 55.845 58.933
II’O_IZ. 82 /0, COO.IZ' 76 /0, C00.24. 65 /0
44 45
Ru Rh
ruthenium rhodium
K;‘mdoped — Kgoped 101.07 102.91
n= undoped 76 77
K;
Os Ir
osmium iridium
190.23 192.22

Calculated results

K at 300 K(PP):

Iry 1250 80%, Coy 1550 70%, Coy,5: 52%
K, at 300 K(PP+EP):

Iry 125 83%, Coy 1250 77%, Coy,5: 69%

* The modulation of force constants and
EP coupling through adjacent-site
doping can effectively reduce xk;, not
necessary to include the point defect

scattering model.

J. Mater. Chem. A, 13, 33661 (2025) 51




3.2 Case Studies Using Phonon BTE

Electron-Phonon Scattering

1

Electron-phonon scattering

2T
ZEP - h z | Gmna (K, @) (fnk — fmk+Q)5(Enk ~ Smk+q T hwq’l)
qA mnKk

Skutterudite

11
10y T CoSh: PP
\ T CoShy_PP1+ EPledectron)
10 \ 1% CoShy_PP1+ EPIhole)
COSb3 30 'f' T BaFeiShyy PP
v Z L T BaFeShs PP+ EPl(iole)
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= z20|
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z 10774 107 ©OF
A

~ 3| A -3 g
1073 g 10

104

ry-+4
2 1 B § Mg 2 1 B B
Frequency (THz) Frequency (THz)

@300K-BaFe,Sb,, 164.8%
J. Mater. Chem. A, 10, 13484 (2022)

o

n= Kpp — Kpp+EP
(a) Kpp (b)
35 0.15 1
30} L i
25! N { Hoaol- |
—_~ HINIS aZr.\l. oS
£ 2o i Coeea E |
= 15+ og‘"'m lrlerab.cugt‘ FeSh 3 @0.05 r ’
zerngi NPISOT 0080 NbFes g& ]
10} ZrCoBi ZeCaSh” @ &1 - !
TaFeSh 0.00} '
5 SYNiSh 1 i
o " i " " 0_03 i
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Kpprep (W/MK) £
(d) (e) w©
22 E TiCoSb
| 30} T —=—PP
— 20+ = ~4- PP+EP:n-type
E { E £ \ v - PP+EP:p-type
S 18- > 20; )
5:‘ ., —&- pptep:n-type E_‘ £
¥ 4g. ~*-PP*ep:p-type ¢ _ * 10!
14 TiCOSD , TiCoSb I' point’ OE o
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* At 300 K with the carrier concentration of 10! ¢cm=3

* For the p-type doping, a more significant | for TiCoSb (32%)

Mater. Today Phys., 31,100993 (2023)
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3.2 Case Studies Using Phonon BTE Efficient electron-phonon code: TTEP

O Replace the expensive electron-phonon coupling Achieved a balance between accuracy and efficiency
h &° | coarse k&q in QE
A‘ —_— L o -)a?’ [ - ,
gmn (k’ q) - T <¢mk+q | quA | gan) _________ @ = & fine k&q I:l EEP“
wqﬂ 2 3400 : :@, . :ﬂnekin VASP
o & % 'TTEP
) L = 3000 ) o
by the acoustic phonon long-wavelength limit(|q| — 0): £ S
£ In} B
<(pmk+q|quA|(Pnk> ~ DA *q --------- @ Z i(s) . {‘
8 lb denod a‘ £y & » - ‘
E 5 4 i B £
; 0 1 L |

Efficient electron-phonon scattering rate for phonon transport:

Si  TiCoSb  YNiSh TiCo,,Fe,,Sh

2 10°
1 mnD,
EP wa(fmk+q - fnk)a(gnk ~ €mk+q — hwa)
T ). VB — 10‘ 3
q mnk ~Z
E
= 10°
D ,: deformation potential wg;: phonon frequency ~
V: Volume of unitcell B: Bulk modulus v

TiCo, 1sFe, ,Sb

GBsize: 10°m
—=— PP |20]  The TTEP code can
PP+GB [20] 150 handl .
—a— PP+GB+EP_EPW [20] also handle grain
«— PP+GB+EP_TTEP boundary scattering.

0
Comput. Mater. Sci., 244, 113190 (2024)

200 400 600 800 L1000
T (K)



3.3 Something Beyond  Temperature-dependent force constants
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3.3 Something Beyond  Temperature-dependent force constants

3.5
O Temperature-Dependent k; of Mg,Sb . .
P P L 53502 340  Phonon dispersion is
&5 N25 derived from the effective
| '\‘ O exp. K (heating) L—>:2-0 2" JFCs
40} — <.> N g, :  Noticeable changes are
7 * s observed in the TA
V4
= 30 = 1.0 branches
= 0.5
=20F
i 0.0
X
10 F
Koff — diagonal
0.0 Lome—— T T T
0 200 400 600 800
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*  Weak k; 7-dependence in MgsSb: (theory: 7%%; oy

experiment: 79°7), deviating from the classical 7! law.
* TA phonon hardening at high T — weak k;—T dependence,

common in low k; materials.
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3.3 Something Beyond

coherence x;
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Large coherence k; stems from large scattering rate (strong
anharmonicity) and small frequency difference.

The coherence k; is very common in ultralow x; materials.
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3.3 Something Beyond Green-Kubo vs NEMD

GK-EMD method NEMD method

hot Sampling cold Sampling
region  region region  region

oo
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3.3 Something Beyond Green-Kubo method

BAs with 4phScattering Machine-Learning Potential MD
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) X *  GK naturally captures high-order interactions and temperature-
* Green—Kubo accurately predicts k; of BAs with four- Y %ap 5 P

dependent IFCs, yielding k; in good agreement with exp.

phonon scattering.
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3.3 Something Beyond The failure of GK-MLIP in Cu,_Se
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3.3 Something Beyond

NEMD method
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Direct NEMD accurately predicts k; of B-Cui.esSe and other crystalline materials.

No noticeable fluctuations are observed among different ML models.

Phys. Rev. B, 108, 014108 (2023) 60



3.3 Something Beyond

Atomic Energy Regularization
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* Introduce the constraint on the distribution and absolute energy
position of the atomic energy in the loss function.
ks for Cu,,Se predicted by each model exhibit high

consistency in GK calculations, and agree well with experiments.
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Summary on ph-trans

0 BTE level:

v The calculation of three-phonon interaction is less demanding than el-ph

interaction, which make it more available in practice.
v' The thermal transports based on three-phonon interaction for defective

systems reshape the understanding on the influence of point defect.

O Higher level:

v" Renormalization on force constants and coherence k,;, are the hot topics for

materials with strong anharmonicity.

v EMD and NEMD methods can solve the problems beyond the phonon picture.



Summary

W The theories, softwares, and case studies for electrical and thermal transport based
on BTE methods are summarized.
UThe knowledges of basic transport are essential for advancing the overall

comprehension 1n the thermoelectric transport, and uncovering new anomalies.

Yasong Wu Yuyan Yang Dr. Shengnan Dai Prof. Jinyang Xi

Thank you for your attention!
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2.2 Softwares for Electrical Transport

O ZA (out-of-plane acoustic) phonon in TMD monolayers
(b) PtSSe

1

oS

21 K point
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Quantum Espresso: EPW

Q point 1
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3 ) 1
Frequeney (TH2)

s

6

Lack of horizontal mirror symmetry in
PtSSe enables a strong el-ZA ph coupling

Mater. Today Phys., 15,100277 (2020)
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3.1 BTE 1n Lattice Thermal Transport

dq
(2m)?

O Phonon distribution deviation arises from the temperature-gradient-induced diffusion and scattering:

O Under a temperature gradient VT, the heat flux J is defined as: | = Z j fLhw,v;

dfs _ 0 ) _ o
dt ot diffusion t scattering
O Linearized Boltzmann Transport Equation (BTE): F, = T/? (vi+4,)
+ - 1 +
1 1 1
R D e XA N T DY
A T 11 711 7 AlAl
A2 A2 p) /
1 1 _ 1
+5 2 5 baar (G + GaFar) + NZ YYRFYUL
i Al FI

* Since 2007, three-phonon calculations combined with BTE have

* ] become a standard approach for k; prediction, achieving high
- accuracy in conventional crystals.
200 300
oo ommmels 0 Appl. Phys. Lett., 91, 231922 (2007)
FIG. 1. (Color online) Lattice thermal conductivity «'” as a function of
temperature. The red line and solid squares are the calculated and measured PhyS Rev. B, 87, 165201 (2013) 65

thermal conductivities of silicon, respectively, while the blue line and the PhyS Rev. B. 185. 1747 (2014)
N * b 3

solid circles are the corresponding quantities for germanium.



3.3 Something Beyond  Temperature-dependent force constants

Griineisen parameter—projected phonon dispersion Asymmetric energy/force—
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The reduction in the absolute Griineisen parameter with T confirms that asymmetric, and this asymmetry
anharmonicity weakens in MgsSb.. increases with temperature.

Temperature-induced reduction of Mg—Mg and Sb—Sb 3rd IFCs leads to
the weak «k;—T dependence in MgsSb.. Research, 2020, 4589786 (2020)




