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Predicting Grain Boundary Thermal Conductivitites from Local Atomic Environments
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Grain boundaries (GBs), that are ubiquitously formed between crystal grains
of inorganic compounds, have a decisive effect on a variety of material properties. Here, we aimed
to reveal the relationship between GB atomic structure and thermal conductivity and its underlying
mechanisms. Systematic GB calculations showed that the dominant factor in GB thermal conductivity is

the excess volume near the GBs in ionic Mg0 and SrTiO3, and the variance in bond angles in covalent
Si. Using machine learning to the obtained computational data, a model was constructed to
accurately predict GB thermal conductivity from the Mg0 GB structure. As a result, it was found that
a small structural distortion effectively reduces GB thermal conductivity. This is a material
design guideline to improve the performance of thermoelectric materials and thermal barrier
coatings.



B X C—19, F—19—1, Z—19 (@)

1. WFEBRAE 4O 5

AR (EFDOE T I v 7 R) O%LIE, HT7 ABBROTERERIETH 5, Sibinik a2t
T 5 RLO M O nm OFFIRKIZ 1T, FEABRLE (LT, BUSKRIR EFES) BFEET 5, RURULAS
seRL PR O FR I B 205t S s S 1T e 2B - RS 2R D T X ATHESRL & 1T R e D%
BHard, ZORSAPMEIOERBRMEEZRESITH 2 EH2\0, BlxiX, okt % 4 nm
FTNEL LT 7SR ) o TliE, MO TEWRL RS ICER LT, HELY ) avo
1%L FOBMEEEZ R T [1], T DX D 7T/ SibabEinid, RS B & 7 2 ZVE AN ik
BROHEEA = — T 1 V7 ORFEIZE N T, RWCTEH ST S,

BIR DR FHERE 1T, PR 2 55RO 5L 225 I TIRAT L TR 2 IR B L, R EE b 2RI A
b3 %, W21z, R & M BHRFE O FRBI 2R S X, B2 DRIV E D 70 53, Rt
FEE (MEHAR) 12552 UM BHRRERIBEIS ATRE & 70 B, LS L72R2N S, R R D 1A &
FHBHRR I 2 BB FE N T T2 AFZEBNEIR SN TR Y | R FRSE-FP B AR RS IIE & A CFIA
STV,

2. WO BER

RO T-BLS & BMRE L OB K O F O BRI & 5, IR EHIA 4 kA TED
VY MgO, ZrOy GEEEA=—7 ¢ > 27) | SITiOs (BAVEZAHAED | AR SEO RV ST (BT
A A, BVEEHIED LV T 2 v 7 R 2T 5, 2O OET MBI O R % T
(2 RGOS < MBI RGHER A R T 5.

3. ek

AR L LD 2 00 RIEEMA S DY T, BN OEKERA T, T3, KT
F SRR 2 VT SERL O FALZE 2 R 2 B (L SRR D, =RV — ISR E 2R A
B RN R D T2, D%, T ENIFEEMNEENRD, 7= MR —L (105 ) DOJFTO
IRENMREEA IR T 234 EM L. JRFIRENC X > Tsb 2BV (B FEVRER) 2Kk R
FEIEIZDOWTHE I L2 [2], BT AMEHTOW T, 2+ & EFEEEFEEE ORI O R 2 506 L |
RLAE I & BB O RBfR 2 — R O T DI+ e T — X B 15T,

BHE L DOT — X Z M5 LIz MgO [Z oW T, R 2R3 25 2 & ¢, b EEE AT
2, FDOEMREE % TRIATHE/R T T LV OMEE 21T - 7=, SOAP[3] & MEIE L DA soal 7% V¢
PR A RERCT 2R ORMIBREE 2 5Bt L7z, B o EfEZ Tic, Mg s 2 22 ) 7k
DRI FAEIE 2 W OO DOBULEREE 7 NV — T ICE LTz, BIERER 7 /L — 7 Ot TR A&
ERL, TNEANE LIEBBERBIFICED . BMREE 2 THIT5ET LV E1ER LT,

4. WFERE
(1) MgO KL O BMREFE T8 7 /L DOFEEE & BMREAE O BRAE

MgO X Mg & O WA HAZAE A 72 NaCl Bl s & FF O SR 72 A A U VEMPEF T D, 2 D MgO
(CB LT, EFERE ORI UEE &AM [2]% 50, BMREE 2 TRl rTRe ek 8 = 7 1
EREEE L7z, FHRIC K o TR 72 MgO bR OBYREE 1T 9~34 W/mK & i K - ThRA < 2
fEL7=, AEMEE LET VEZENDLZFR72E 1.3 WmK &0 @VEECTRILZ, 2D,
B SiAEE & BMAEE OB &2 EEMICH 6N T 5 Z L ITHkT) LT-[4].

WE LT VIIERICS VI TH DT, B DO 63 KR EMRE A 2 1) 5
WICEfRT 2 Z L b AlE L Ie o7, AIIOET IV TlIE, MgO Rt Z k3 2B BRI & 7= > 7
6 DD N—TIZHFT L1201 C, mREICBREELZ T2 Z ke (1), #iuh

I, Eo i
%, WEOEND S MO T HEE Dl & B0

VLD, B & G i s 2

GEARL) EEER 300000000:\ g P 40
Ak, @ExHE DHTPNRY BSscscete] ke k([

e R Vo TR P 000000008  }O50a0s0e0u0c ? 300 EH_
ERORMEBETH 0388099006 [ooossoereced i S
B, CHBD5 . 3888 $388) Possoseioces] g omw xR
(REEICRE S HET 138328980( foososenstercy &
(o) (e) 3

O, TAEY B T HRcock I

N @ NV = beooeo0eoeod OOO 0.0 ooo@

PE & A L TRV HE g& B3SSSSsse] [oron o

Eiﬁfk{ Lf:@ﬂfﬁf)%iﬁf 0882800 oo 0 1 2 3 4 5 6

bhot- (A14), —4 BA  MEAG MR Y ) —

S FEERPORA 1 () MO BIRHBED I L BRSO VIR, K OREZR
BEITH, L0ERD E e TR0 (3 L R OR RS 7 e 21
BETH, LY ZH Mg, O #F T, ROGITAROBREELY L —7 IS5 L T b,
BEERMORMBEI L () KRNI v —7 ORI RBMEEE ~DF 5., L LOMEEL
FARREEIS, BMREREEN AU, BVSEMEIEIRICIE T+ 5, CCBY 4.0 12 & v #ik[4],



KT4 22 LA L7, ZOMRIE, MESELNDIE EBREENME T35 &0 ) | WERDE
PHRBEMZET OO TH D, 2EV ., BVREEZ KT SELERIC, REQMEELZEAT L4
ZHILPT LB MR UIKIRD X5 72 /NS IR G B A DRI LIZIKS oA DR &
BATLZET, ZIERMICEBMREE 2 T2 2 L3RS, Zhud, KLFUE 25D < BVmEax
RHEHZO LD TH D, BUREED &9 2 ERRFIED E BRI TFRICHRL) L 2 & IF i RagIc
RTOMARMERRTH Y . SBAT 70 —F 2 OMERCHBIREIC R L T 2 &
T, RLFUT IS < BB IE O [FIRFRIEI-CREREVEAT B O PERER LICEN D LB 2 6 D,

(2) SrTiOs K5t O BREEHE D AE

SITiOsz 1L MgO & Rl U< A A UAEGTEDR @AY, =0k « X7 A0 A MgEE L WD B 5
FE a2 £, SrTiOs OfEIEIL, TiOs NEANRILF Loy hU—7 O Z, SR 5 =
E TRV > TV D, 2O SITiOs [22UN T 60 FREEFLE ORI R BYREE 2R 7- & 2 A, iBgEIK
& U CRll SN D RLFAE S D 2R N M B DO KRN T D Z EVHIH L7z, Z O,
MgO E[FAEED LD TH-72[2], —J7 T, SrTiOs TITRIFITE THRO R ERENET 5, Zh
&0 BT TR RR N S Ve 56, RIE 72 Ti-0 #5G1C £ 0 BVRE A ORIBE &0
DINEL T2 Z EWVHIA LT, DF V| ZEMEOERFFCAERME (Ti 8%, SriwF) 2
BIZHIET UL, BVREE LB (LS LN D AlREEN B ST, Ak, BT — ¥ &5t
SrTiO3 CHAFIEIZE D SRR BMREE T A41T 5 TETH 5,

(3) Si KL DB O 7R T MLP-2 Tersoff
Si 1% MgO < SiTiOs & 5272 ) AHKEAEETH $5(310)/[001] $3(112)/[170]

D, ABNLOMERD HIF Lo Z A T E L M 15 ; —

ke E o, MR B HEE O AR RS %g%; ; %@é;

\Z G2 D5 B a5, Stz W T HiiffT % 1 e '

TFote, EF. BAREECZ OBREE % S BB
WCRIE « T 5 7=, RS %2 EIcEH 1.0 } :
T AW EERT oy VBRI FEICEA L RBT : RBT RBT HRTEM

72[5]e EDRER, WEROBRERPIART > v v VTl
AR AR 22 E R G % B E L. D OBME
WL EREICHERTE S 2R’ no (K
2)e ZORT U IIEHNWT, 45 FEORIG
i & 2 OBMEMIE 2R D72, ZORE, Silck i
WX, Si [0S A DOELIL TR BRI : ~
DAEIE T T 5 = EAVHB LTz, N2 T, & : ﬂ
DFESRLD FAEFEZ BN T, KB D ¥ A 7 0.0

v RREEICEE L CERARZERAER S, . [2 B EET v (MLP-2) %M
LERHEE A K TS AR T CThotz, NHD  WISRIERSE & 8MAEREl, CC BY4.0
GEERIND . BB A ko T hReRE (SR Db,

FE A BT S ERNBERD 2 ERNIIR ST, 5% BMREE DB bPE AR 8T bk
PSR 2ATV, RIS < BEEEHE DO Bt ~DIaEHES %2 BT,

(MLP-2) (Tersoff) | (MLP-2) :

0.5t

HIFEMEHT (10°mKIw?)

(4) ZrO2 D JRAT-FNI BRI & FRBL A RE 72 AR T 2 o % L O REEE

FRETORE R, 5 dh ZrO, OB Ak S 2 FFHL A e Zr-O JR - /137 A — 2 BFELRNZ &
DVHI LT, 2 2T, ZrOx AT D AR 72fs i 2 BB Al RE 72 R [ 71X T A — 2 DVERK
MOBRAE LT, BT L3 X0 Z2 W8T A — 2 mfblc L 0 | @RS — HHEH R R
paftiE & FEXTHY 7 =RV X — 2 AR B RTRE R AN T v v WAEEIC B LT, 72, 2 DR T
Yy v EAGIUE, B R E CEE SN DR MEENERAETHDIZ L BHHALEE, =
D%, 10 FRERREORIAEE & 2 OBMREE 2R D & L bic, RIREHERT DR BN EREE
AR~ ORI TS BRE T 5 Z STk LTe, R— 32 hOmATHEE S —HHIB L T
BY | IETT S ZrO KA S — MBS MBI 2 T~ 5 - O O RRFEN LB R S 72, A T,
L1 1 IHEURFME 72 & B IAT U CRRAT 21TV, BB & U CootEREm BRRETOREL BT

(5) TDOMDER

AHFFED B e FEER OB EHI IR 2 7o R FEE — BB EEARBI D 270 B ZHEA K
MRS BMREIC 5 2 5 6], /IMBEFRLR S ITTE R S 5 FRERAL O BVRIE[ 7], HEARIEEZL
BAPELC & 2 SRk O SR BMAE 81\ E CTHIJEHIIA 4 JA1T . BRE 2R 21572,

(2% 3CHk) [1]B. Jugdersuren et al., Commun. Phys., 4, 169 (2021). [2] S. Fujii et al., Acta Mater., 171,
154-162 (2019). [3] A. P. Bartok et al., Phys. Rev. B., 87, 184115 (2013). [4] S. Fujii et al., Nature Commun.,
11, 1854 (2020). [5] S. Fujii and A. Seko, Comput. Mater. Sci., 204, 111137 (2022). [6] S. Fujii et al., Appl.
Phys. Lett., 119, 231604 (2021). [7] W. Sekimoto, S. Fujii, M. Yoshiya, Scr. Mater., 202, 113991 (2021).
[8] V. P. Kumar, S. Fujii, E. Guilmeau et al., Angew. Chem. Int. Ed., 134, ¢202210600 (2022).



58
2021
216-219
DOI
Susumu Fujii, Atsuto Seko 204
Structure and lattice thermal conductivity of grain boundaries in silicon by using machine 2022
learning potential and molecular dynamics
Computational Materials Science
DOI
10.1016/j -commatsci .2021.111137
Susumu Fujii, Kohei Funai, Tatsuya Yokoi, Masato Yoshiya 119
Grain-size dependence and anisotropy of nanoscale thermal transport in Mgo 2021
Applied Physics Letters
DOI
10.1063/5.0075854
Wataru Sekimoto, Susumu Fujii, Masato Yoshiya 202
Direct numerical analyses of nanoscale thermal transport near MgO edge dislocations 2021

Scripta Materialia

DOl
10.1016/j -scriptamat.2021.113991




55
2020
652-655
DOl
40
2020
14-22
DOl
V. P. Kumar, S. Passuti, B. Zhang, S. Fujii, K. Yoshizawa, P. Boullay, S. L. Tonquesse, C. 61
Prestipino, B. Raveau, P. Lemoine, A. Paecklar, N. Barrier, X. Zhou, M. Yoshiya, K. Suekuni, E.
Gui Imeau
Engineering Transport Properties in Interconnected Enargite- Stannite Type Cu2+xMnl-xGeS4 2022
Nanocomposites
Angewandte Chemie International Edition
DOl
10.1002/anie.202210600
M. Yoshiya, A. Nakamura, S. Fujii, Y. Oshima, T. Yokoi, K. Matsunaga 61
Frontiers of Novel Functionality at Dislocation Cores 2022
Materia Japan 629 633
DOl
10.2320/materia.61.629




31

MgO

32 MRS

2022

GaN

32 MRS

2022

32 MRS

2022

SrTio3

32 MRS

2022




16

2022

2022
2022

2022
2022
MgO

35

2022




35
2022

35
2022
S. Fujii

Mechanisms of interfacial thermal transport at nanoscale examined by atomistic simulations

International Conference on Advanced Materials (1UMRS-1CAM2021)

2022

Si/SiOx

19

2022




SrTi03

19

2022

19

2022

Susumu Fujii, Tatsuya Yokoi, Craig A. J. Fisher, Masato Yoshiya

Accurately predicting thermal conductivities across ceramic grain boundaries using a machine learning approach

8th International Congress on Ceramics (1CC8)

2021

34

2021




Susumu Fujii, Tatsuya Yokoi, Atsuto Seko, Masato Yoshiya

Correlation between grain boundary structure and thermal conductivity: a computational and machine learning approach

14th Pacfic Rim Conference on Ceramic and Glass Technology (PACRIM14) and GOMD 2021 Division Meeting

2021

Susumu Fujii, Tatsuya Yokoi, Atsuto Seko, Masato Yoshiya

Nanoscale thermal transport at ceramic interfaces: a computational and machine learning approach

1st Japan-France Virtual Workshop on Thermoelectrics

2021

15

2021

MgO

34

2021




31 MRS

2021

Wataru SEKIMOTO, Susumu FUJII, Masato YOSHIYA

Impact of dislocation-core structures on phonon thermal conduction in MgO by perturbed molecular dynamics

1st Japan-France Virtual Workshop on Thermoelectrics

2021

SrTi03

2021

2021

Si/Si02

34

2021




PbTe/GeS

18

2021

34

2021

Yuta HINO, Susumu FUJII, Masato YOSHIYA, Takafumi ISHIBE, Yoshiaki NAKAMURA

Phonon thermal transport across heterogeneous interfaces by ab initio lattice dynamics calculation

1st Japan-France Virtual Workshop on Thermoelectrics

2021

Cu-Zn-Sn-S

18

2021




Keita YOSHIZAWA, Susumu FUJII, Masato YOSHIYA

Comparisons of electronic conduction between ordered and disordered phases in quasi-ternary Cu-Zn-Sn-S sulfides

1st Japan-France Virtual Workshop on Thermoelectrics

2021

Craig A. J. Fisher

167

2020

17

2020 2022

2022

18

¢ : VI 1




http://www.mat.eng.osaka-u.ac.jp/msp8/members/fujii/

CRISMAT




