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We have developed a first-principles method for analyzing and predicting
anharmonic effects of lattice vibrations (phonons) in solids and applied it to energy-harvesting
materials. Calculation of anharmonic effect requires cubic and quartic force constants as well as
the harmonic one, whose computational costs have been reduced by about factor 100 by using the
compressive sensing method. Also, we have performed finite-temperature phonon calculations of
thermoelectric clathrates and unraveled the role of anharmonicity on the observed unique temperature

dependence of lattice thermal conductivity. Moreover, we have proposed a way to predict structural
phase transition temperature and the coefficient of thermal expansion based on anharmonic phonon
free-energy and confirmed its reliability through applications to perovskite materials.



B X C—19, F-19—1, Z—19, CK—19 (G|

1. HFREBRBSIDE R

KT IRB) O FEFRFNE I TBVRRME, LR RO RR M 7 Ok 2 7 B RMEIC e B A T3 2 &
DHISNTEY , BEMERCHER, B8 KR ETEOMENER STV D, FEFFIEM
FRICBRE 2 DIX 7 T AL — R, A7 T NAEA MM a7 a7 e/e EOFRA =7 X F R
T, 2 TIEARR MEEICH Bl ENT-47 2 MNEFOKIBIRAGESR (T > ~U > ZiRE) 23tk
DR E LB B AR I RS R B D N2 b7 5T 2 ERER STV D,
BE T OKFBEHBEERIZBNTYH, KRR TOKRKE Yo G & ZIUafEH EFFazh R
2L > CEBIRERRBIEENME T2 2 ERHERAIFEIC LV RSN, S5, HiEHEEAZ
Ik 2 & BN BRI 5 72 DI, IERFZ R 2 B8 LT B R 72, DX HICEFIC
RoHEE> GERR) 74 7 hthEd T ) 27— bR 5720120, EBRZ T T HER
LR AT T a—FRNUETH Y . EEIC S < U B 72 JEF RS BT I DO RN 23R D
HILTWAD,

2. HFEDOER

HPEPLBIRCERR (DFT) (&S < @R - bR 7 + / W RHRFIEOBSE - BIREAT
W, BRI E S TY T A L— MEAW THE SN BMBERORR2RIERIFER ScFs ICF 1)
BERRABIEORIFAZMIA L, Sblca7 A 04 Mz AT H8(EY - KEFEA RO
HEMREBILE 2 ER PRI 2 F 2 AN E T2, E R LEHE T 0 77 234 —T7 0 Y —
AL LTARL, AEMERNYE I 227 4 ~ORREM D,

3. RO FE

(1) FEFHFS)EEL (Interatomic force constant: IFC) O Eixh=Ea+H

FERFN T + /) YA AT Do 0IIE, TR OFF - FERFN IFC %5 — BRI &
STROTEBLMERNDH D, FY~ ik FRERICE ST EMREHFE 21T 5 5601 3 KIER
FIFC 28, HCOMEREE 7 4 / RIS K> CTHIRIRE 7 4/ VEHRZ1T 9 5813 4 IEFRF IFC
DENTNMIIIR DN, PEROEMNRICE S HAETETIZE T 5507 B0 DFT #5E 234
IR D T2 KB ~DOHEHANRRETH D, ZNERT D720, [EfitE 712Xk 5 IFC
HAEDOFIEITD,

Q) BHCOMRIE 7 + /  (Self-consistent phonon: SCP) D E%h# 1k

INFE TR L CE/ SCP fta— Rix 7 + / VidEdh Eql2B4 2 W5 i STV b 7=
W, 2=y MEAY A ZADNES R TIEEWEHIFENAREEN, 2=y MEAY A IR RKE N
(= @B V720 BAIFWIULERRDS KIBIZEAL T 5, ZHEMRT D720, 74/ ok
2R 28I & Hr 7o 12 AT D,

(3) Ay~ kRIS T T A L — MUY OB

75 A L— MEAWORTFAEERIT 1 WnK FBE LIRS, ToHERITET v ) IR T
LB T ) -TF ) VEEDRH D NN E TOER - EIEGTENLH NI - T
Wb, LU, SRR LSV TRD T2 7 o+ J i il - TR VY ~ ik R A i < ek
DOFFETIE 100 K LA EO BRI THE S TV ABYRERD T X 0 3o/ i E 2N E
Hiskd, £/ 2 MBI KRE 27 5 AL — FCTHEZE RN T A RIREEEEDOER & &
MR > TRV, & ORERZRIRFERIFIEORIFIZE 5 728, BasGaisGeso D B OIS 7 4 /
VEE TV, BMREROIRE « (KFIRAFE 2 SRR 5,

@) FERFIDREZETL 7+ / HHE RV —H R FEORS &b

SCP ¥£i% 4 WIEFAFNN R 2 S L~ L TRV AT B IRIBE 7 + 7 U oria it B4 5 ik
ThHHN, RUEML~V TR R EET 7+ /) VHHTRLX —2HRE T HH L ARET
HD, AMEHRE CITHBETRVX =250 T 5 a3 — REHTIT/ER L, ScR BT 2E KA
HAZE L Z OIREEVOFRERA D, £72. MHTEBIOES S SrTiOs DHHZ RV —It
) DAEE R IRE O TR Z1T 5,

4. HFFERRE

(1) IFC#HBEDZNFE% 100 fFicck:®E

PER DRI /N H Felk % Elasticnet I[CE X2, S DICHE B T8I+ T 4 DAL
Ko TR LT R F NS Z — 2 Zff 9 T, IFC LIS DFT 2HE O AZ 100 25D 1
PR CIET 5 2 Lk L7z, F£7-. Elastic-net Dfcifl 7 /L= Y X A% split-Bregman 157>
5 coordinate descent JE~Y) Y Bz 2 F CINFRE 2 32 Z LIk L7z, ZHic kv K
FSRDOIERFN T &/ U RHENBLFEN 725 H 2 A R CTHEEIC R > 72,

Q) ZF7AL— MeEWOHE LIRS 7 + ) VER & BMRERNT




SCP #tH a2 — RIZ7 # / kBT Wb & i 2 & TRIAFR D SCP FHELS ATREIZ 72
D, 2=y MEMI 54 JiTET7 7 A L— MEAY BasGaisGeso (BGG) DOHRIRE 7 + / L7t
BRI Uiz, A NERFORT vy b= X —ihimid 4 wIEFAFMENE L | Ko ¥—
DT N U TIREEE FH L L blon— NMET 5, 74 ) VIREBOIRES LA EE L
THRLY < Ui R AR 2 & T, I 100 K LA TEVRE R 28/ NGl 5 1E k1L DORf
REDMFR U 20 IRV O T MRS R A E R BHARETH L F AR L (K1), £z,
BGG D& EE 2 IR S B TRBEDFH R 24 0 K LITV ., B BMRE R O RFEIR AT & WFE L
722 A, BFEZERELS LTHF A RNREFD 10!
WENR A AT Do TT v b v T IRENK
PMETFL, FORBEET+ ) DTF ) -
T URELRENSEEI L, BVmE R IR
TAHEELR LT, TOF A N
IMZPED BET 5 ) v OFFEFRERIED R
Nz IRENEL 100 em™! AT IS A0 HS R & 70 Y6
THA ) U RNFHETDHZ LI T ER
THER ST D EMRE SR OfE S ) 72 I K
TEVED S H T AR AR A~ DAL 23
SR D HA R LTz, 20K AHE TR OND “H
T AR e B R OIR AR E O T3 A 101
T AR EORNRH D E I NETE 10! 102 10°
Z B TETZD, AL DIV 2E R T KR Temperature (K)
D “HTAH BYEERNTAARETH S - L B 1 fERE GAFLLL) LHFik (SCP HiR) I
% E BN SERE U7 s CAAIFZE R B 8T LU, S K
PLEOFER %A F L. Phys. Rev. Lett 38T HsE +5 BGG ORGEIEFRIR, vomr O, 4,

L, X) 1XEBRE,

SCPHILifi+
747 v-7x) L

100

fo o (
.

of b . ARBL L+

.

DN ‘«t.ob.i \ 74/ -7 %) L

Lattice thermal conductivity (W/mK)

(3) 74/ vHET RV T O EEE L & ABIEEM I~ D IR

SCP HEmIC S & 7 4/ HH TR /LF . ‘
—Z AT a— A2 L. ABWEM i EiREE SEFFL
b ScFs ~i F L7z, ScFs (I 1,000 K fF —28.240 TAS VR SCPE
T IR » TR E 53 b4 ~28.245{ o wES | —
D EREESN, TOMBMERICEDR S sl L ° - i
PEESTVD, 74/ VtRETICEE |, e ;
REEFE T ASE. B haicsEr £
THHTZRLF—25E L, 1557 - —28.260 0 ;

HHZ X —lifR e RETETT7 ¢ v —98.265 . & . L L,
b3 T X k& 7RIEREETIT O WER D R o g MmamT e
%o L L ScFs TIXAEREN/NE < 725 & (R o $eieg s ®
EEFTDL) KofAX—DT7 /) F —28.210 o °
— ij:ﬂ’(ﬁﬁg,ﬂ:—a‘é 7": &)‘ g}ﬁ*uﬁfﬂ@:%o 63.0 63.5 64.0 \(leﬁ E]:]\[;)) 65.5 66.0 66.5
HERWETIZA M KX —NIE L< 315 e
TE2RV, EEE, ERETIER 2 IR T X X 2. ScFs 2331} % - H B R L3 — iR
ITVE B D72 AR FE- B B = 1L — g R A3
Bonen, 0, BUEREOEEERGENREHATE 2V Embn Tz, Fx
I% SCP HEFRIZ & » T Z OREN R X, BVRRBOEERFEZ FERMICHEBR T RS &=
LTz, £7-. SCP Him CIEEE SN2\ 3 WIEFAFIZ B kD B = 3L X — 4 1E 280
TEET DU SCP #iis (Improved SCP: ISC) Ik » TTHIEEDEEMENKE L LT 52
E LRI Lz, LA EDORERIT Phys. Rev. Materials 5EIZHEHFATH 5,

Free energy (eV)
*
"

(4)  SrTiOs, CsPbBrs DA FHEARS il 0D 55— J P - {1

R T R A MEEO SITiOs [TFEELEFE T F M O EF MBI ERIERE T2 Z LN o
TW5, T ORISR & BERETHR ) O EBLRBEDMRAE AT o 72, BiA T 5 2 fHD~ L AR
Y HERZRLF—% SCP {ETREA L, K/ WL T 2 IR AR E 2 RS - 72
ETAHBOK &) ERME 105 K & A K< —ET 2/RE2HGDL 2 LIS Lz, o, JHT
WO BTN RA RS2 LR TR 170 K & RIEIEKEHET 2 2 Lnh, B3R E
PIME 2 YD TEBRINTR LTz, RO IR B Tdh % CsPbBrs THGHMN D 2 & 1
L TWD, SITiOs DT J. Ceram. Soc. Jpn. 3Bl A H A TH ¥ . CsPbBrs D5 b e M
HChd,

(5) A=V —RAY 7 ALAMODE O &k & %K

AWFFEIFE CIERRL L 72 Elastic-net (2 X % IFC FH5LIES SCP #tH R 24 —T 0 ) —A Y 7 |k
7 =7 ALAMODE O L L TAB LTz, £72. N XA F a— b 7V %25 LY & iE
1T o7,




5. ERRRHLE

(e
(1]

(2]

(3]

(4]

(3]

(6]

[7]

abamoC) (RE 7R, T NTERA)

T. Tadano and S. Tsuneyuki, “Ab initio prediction of structural phase-transition temperature of
SrTiOs from finite-temperature phonon calculation”, J. Ceram. Soc. Jpn. 127, 404 (2019). DOI:
10.2109/jcersj2.18216

Y. Oba, T. Tadano, R. Akashi, and S. Tsuneyuki, “First-principles study of phonon anharmonicity
and negative thermal expansion in ScF3”, Phys. Rev. Materials 3, 033601 (2019). DOI:
10.1103/PhysRevMaterials.3.033601

T. Tadano and S. Tsuneyuki, “Quartic Anharmonicity of Rattlers and its Effect on Lattice Thermal
Conductivity of Clathrates from First Principles”, Phys. Rev. Lett. 120, 105901 (2018). DOI:
10.1103/PhysRevLett.120.105901

T. Tadano and S. Tsuneyuki, “First-principles lattice dynamics method for strongly anharmonic
crystals”, J. Phys. Soc. Jpn. 87, 041015 (2018). DOI: 10.7566/JPSJ.87.041015

P. Norouzzadeh, J. S. Krasinski, and T. Tadano, “Thermal conductivity of type-I, type-II, and type-
VIII pristine silicon clathrates: A first-principles study”, Phys. Rev. B 96, 245201 (2017). DOI:
10.1103/PhysRevB.96.245201

A. Rohskopf, H. R. Seyf, K. Gordiz, T. Tadano, and A. Henry, “Empirical Interatomic Potentials
Optimized for Phonon Properties”, npj Computational Materials 3, 27 (2017). DOL:
10.1038/s41524-017-0026-y

ABPJuRE, FATEE] [ BN OIERHM T + /) > ERTFEMRE ) iR (77
FHEfTE 4 —) . 2017 4. https://www.agne.co.jp/kotaibutsuri/kotal 052 htm#no621

(FR%ER) (Gt 35 1)

(1]

(2]

(3]

(4]

(3]

(6]

[7]

(8]

(9]

[10]

[11]

[12]

[13]

T. Tadano, “First-principles study on phonon anharmonicity and glasslike thermal transport in
thermoelectric clathrates”, ECMP2019, Higashi-Hiroshima, Japan, Mar. 19, 2019.

TEF A, BUCORE, AP Ju: (a7 20 A MEEH) CsSnls DF—FEL 7 + / L3,
HAG R 2 2019 FRIERTTRZ, 2019 4.

ABPUORE - T — B &2 W2 B0 7 + /2 U PE ORISR, B ARMERERE 74 [H14E
WKz, UK, 201943 J 15 H.

AP, #1THE A : TALAMODE % ffi > 7o M 7R - AIRIEEE 7 4 S RHEL), IS
Bfisy & A—N—a v a—2 EOEERM Y AR DT A, HEER UDX (T X)), 2019
F3H 15 H.

T. Tadano and W. A. Saidi, “First-principles study of structural phase transition and thermal transport
in halide perovskite CsPbBr3”, APS March Meeting 2019, Boston, MA, USA, Mar. 7, 2019.
ABIE: 17 T2 V= bDT 5 /2 EEMRE O —JFBRNT ), 55 = RIRPY S2BR ek & A
—/N—a B a—& & ORI LS, SPring-8, 2019422 H 25 H.

T. Tadano, “Efficient ab initio prediction of thermal properties of solids assisted by machine
learning”, JST International Symposium on Materials Informatics, Tokyo, Japan, Feb. 9-11, 2019.
T. Tadano and W. A. Saidi, “Phonons transport and structural phase transition in CsPbBr3 from first-
principles”, 19th International Workshop on Computational Physics and Material Science: Total
Energy and Force Methods, Trieste, Italy, Jan. 9—11, 2019.

ABP YL T3 —JRE O O TRRE 7 + /) VFH5  FIERSE & = 3 =B~ DIG |,
583 A7 v T ¢ THAPEMFSERTRER S, U T ERE, 2018 45 11 1 26 H.

ARt WATER] - IERMN R 2B L2 — R 7 + ) VR - FIEBHFE & SrTiOs
~OISH]L, #38 Bl Ly hrt T Xy s AERERR, =4 e (i), 2018
F11 515 H.

T. Tadano and W. A. Saidi, “First-Principles Study of Phonon Anharmonicity in CsPbBr3;”, ASIAN-
21, Dagjeon, ROK, Oct. 29-31, 2018.

B IORE « T35 — [ B & OBMAE - M EMETI - 74 / o OREREY ), ARG
JEFE 2018 MRS, BULRFIINAES ¥ o3 A - lREEE 2 —, 2018 49 J.
T. Tadano, “Ab initio lattice dynamics methods for modeling strong phonon anharmonicity in solids”,
The International Summer workShop 2018 on First-Principles Electronic Structure Calculations
(ISS2018), Kashiwanoha, Japan, Jul. 12, 2018.



[14]

[15]

[16]

[17]

[18]

[19]

[20]

(21]

[22]

(23]

[24]

[25]

[26]

(27]

(28]

[29]

[30]

[31]

[32]

[33]

[34]

REPHEE - (7 o OIERFNROEHREL - M FE5 ], 5 31 1] CAMM 74— 7 4

Bz, 2018 45 H 11 H.

HEPIRE - [ 7 4 7 0 ERE BRGSO — R BREHA ), 25 38 [A] Kyutech #PE& I ) — -

GBI 2, JUN TEERFEF MM ¥ o3&, 2018 43 J1 30 H.

ABPIORE - 17 7 o OIEFRFIRNR & BYREROF —FHEEHR ], AR 73 4

WRRE, FOLBRERRS: (BPHT), 201843 A 23 H.

T. Tadano and S. Tsuneyuki, “Quartic Anharmonicity of Rattlers and its Effects on Exceptional

Thermal Transport in Intermetallic Clathrates: A First-Principles Investigation”, APS March meeting

2018, Los Angeles, CA, USA, Mar. 7, 2018.

T. Tadano, “Microscopic origin of anomalous thermal transport in intermetallic clathrates: A first-

principles study”, Seminar at Institut Lumiére matiére, Lyon, France, Jan. 16, 2018.

T. Tadano, “Understanding the role of quartic anharmonicity in solids using first-principles lattice

dynamics”, CECAM workshop on “Anharmonicity and thermal properties of solids”, Paris, France,

Jan. 10-12, 2018.

T. Tadano and S. Tsuneyuki, “Finite-temperature effects on phonon dispersion and thermal transport

in thermoelectric materials: A first-principles lattice dynamics study”, 15th European Conference on

Thermoelectrics (ECT2017), Padua, Italy, Sep. 25—27, 2017.

AT, HAEST, REPRRf, KAGRBEE, WITER T JREE RIS L D EREy

PER O T IMEERO T, AAYEER 2017 FKFERR, 2017 4F9 7.

T. Tadano and S. Tsuneyuki, “Modeling Phonon Transport in Emergent Thermoelectric Materials

with Large Atomic Displacements: A First-Principles Study”, [UMRS-ICAM2017, Tokyo, Japan,

Aug. 28-Sep.1, 2017.

AR UG : TR CO T &/ » OFEFRAPED T Y V), B FHAEM - JEE

WP BT A ZERE T, REEmMPAFEAMRFGERT: RE), 201747 A 31—8

H1H.

T. Tadano, “First-principles simulation of phononic thermal transport in strongly anharmonic solids”,

The 9th US-Japan Joint Seminar on Nanoscale Transport Phenomena, Tokyo, Japan, Jul. 2-5, 2017.

T. Tadano, “Thermal conductivity and lattice anharmonicity from first principles: Theoretical

developments and applications”, International Workshop of Materials Informatics and Materials

Data (MIMD), Tsukuba, Japan, Apr. 6-7, 2017.

RBEWHH, B IURE, BIAEIT, WATES « THEFIE 2 BRI B 8 L 75 — BRI

£ % ScFs ORAFMZIRDOMNT) . HARMHEFLRE 72 BIEFERRKZ, 201743 .

T. Tadano and S. Tsuneyuki, “Efficient and accurate first-principles method for modeling phonon

anharmonicity and thermal conductivity”, MANA International Symposium 2017, Tsukuba, Japan,

Mar. 1, 2017.

AR YRt - TR T &+ MO —FEEE . a7 I AL~ T U T VAL T

F T AT AT IO A, 3 BMERR Y — 7 g v 7, BKEER UDX (TR

X), 201742 A.

T. Tadano, “First-principles modeling of phonon transport and lattice anharmonicity in energy

harvesting materials”, The 4th Workshop for Extreme Materials Science “Thermal Conductivity of

Earth”, RIKEN (Wakou), Japan, Dec. 13, 2016.

T. Tadano, “Thermal conductivity and lattice anharmonicity of materials from first-principles

calculations”, ASIAN-19, Hsinchu, Taiwan, Oct. 31-Nov. 2, 2016.

AEPYuRt, HATER MR IAL— MBI D Ty ) 774 ) v EBMREROIR

JE - BHRAAEO BRG], A A S 2016 FRKF RS, @IRKY (&R),

2016 459 H 13 H.

REESEH, JBPJURE, BIAEST, WATEE] : [ScF 231 2 7 + / » OIEFRFRN R & AR

SRICEET 25— JREIAORTZE . B ELS2 2016 FRKIIRZ . 2016 429 A.

AP JORE, % 1THE F] : First-principles modeling of strong lattice anharmonicity and thermal

conductivity in thermoelectric materials”, “TIA 2MFIX LA A Z =iz, TR B ADAR
(=< IETf), 2016 458 A 30 H.

AEFRRE, WATEE] - TR REIC S S HERRAME FRB O A =227 Y 7 L Btk

FHEAOISH Y, F1EARZ N D) wEAGRE (7) Fges RRIROESRE 2 302 2 Hitkie

T A - mEREM B ORI, MR GORIX), 2016 47 A 21 H.



[35] REpYft, WITET : [BGEME SnSe (ZBI1F5 Y 7 hE— R ERFEURERDE — JF G
B, WPERFTERT A 82 I FEIFIH - CCMS G TRFE S TRHREWERIZD4A LRk, TR
K% (faTH), 201644 A 4 H.

(XE) GF 1)
[11 RERE, St - T4 — =X <~ A 71« F ) 27— LORMEE I~
F )TV =T YT E2ELE EFET ) AREEE] . 2017.

(PE &R PEME]
ORI Gt 0 f4)

Ay i
&
MEFIFE -
FE%H .
H
HRAAE -
ENA DR -

ORI Gt 01F)

Ay i
FHE
MEFIFE -
FHA
H
HUEA
ENA DR -

(D)
R B U

6. WFFLAELMR
(D)W 4 E R L
W B A

n—v R4

@A 7erkBa 4
R4

W4
WoeEE S (8 41) -

(2) Wt oEth 17

gt FE R4 - wAT HA
o —<K4 : TSUNEYUKI, Shinji

Rt #E K4 I RIr
o —~ 74 : HIRAI, Daisuke

R VAR AN AN A Y
o —<F4 - 0BA, Yusuke

et HE K4 A
o —< 74 : AKASHI, Ryosuke

MBI L DFZEIE, BFEFEO AR L BEICBWTERT 2 50T, 20720, WIFEORMELHIEMR R DARFIC
ONTIE, BOEFEFICHES O TR, ZOMZEARICET 2 RELEMIT. sEFEEACREShET,



