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In strongly correlated materials, which exhibit various functional
properties such as magnetism and superconductivity, electronic degrees of freedom are closely
intertwined with phonon (lattice vibration) degrees of freedom. However, the role of phonons in
strongly correlated materials remains largely unexplored. The purpose of this study was to advance
our understanding of the interplay between electron and phonon degrees of freedom in strongly
correlated systems. In this study, we developed a powerful solver for electron-phonon-coupled models

using machine learning, and laid the foundation for understanding the phonon degrees of freedom in
real materials. In addition, we have obtained important implications showing the possibility of
enhancing superconductivity by controlling the lattice structure in the recently discovered nickel
oxide superconductors.



B X C—19. F—19—1, Z—19 (@)

1. WrEBHMIAPIOE R

WA O —a RPN EEREE 2 R E Tk, MIEEEE, AR E KA
IEE (BERBEAIRPD) . SRR &, xR BRE VR 28T, 2D 0BT Y
I EMIEEORT XL F BTN AWV —a UHAEATKE LA Y 7P IT TR, BT
IEENORE G ZIT RN HEMERTAZ LIk T EEZENS, Hilzx X, EBEEER LY D
& B MBI AREERS T I3 TR E N BB I B b - TV A1), SrTiOs B D FeSe MIEIZHI1T 5
BAGEIBEED FFIC 7+ ) N EERKREZR-ZL WD o @iElb S5, 2. 7
TV UBEEERTIE T ) v EETHBEORRE W &0 D IENERBLOEIC L 0 miRE
RN ER I sn5(2], BB HE T OBRCRENT S D Z & OZWEERLY &R B
wIZBWTYH, BFE 71/ OBHENES L TCWAWPERZFELAE S TER Y [3], 9HHEE
WEOEOWMEMO - DITIX, 74/ VEHHRHEEBRHET L Z LI TRy, £, BIEERE
BE FRICREIND IO, 75 /7 V2o TYWEOBEEYER M B3 5 RTHEMEDR B 5,

ZOEDIT, BHAERICENT, 74/ VHHENRETREENIEZTH L, EF - K FHHE
FEDRE G & IEREIZRIT T & ZBMETFIERRON T Wz, TDT o3 — FEAIRS L OfRE
ZRAWIZAFEIC LD EFBHRENMEY H3 A WA EREA RSN TS b o0, il
BMEICHB T D7+ /7 o ORENCE L CIERMBIA R 08 % < RS Tn o,

2. HHEOEK

AWFZE TR, e FEORBELZOICMICEY EFARHEL 7+ VHREDOHE - BiaH
FRICOWVWTH LI L, BFEHEN OO TH IO R 2R, Z L2 AL L
Too TDTZODE—HE LT, TTEFEETHMELIENAINV =T U Em@EEICRTT2 2
LDOTELFIEDORBEZ B LT,

3. HEEDHIE

B LHFARE LIROBHEOERIREFZAREBMEIC L > TRRsn D, BFEAER
([CB T DO A HENEMICEAE O EAMRE T b ONIE, FEEEEMICRE 2B A H
EOREOENG LY TR S, BFZAEEIMEEZBE RO S Z L3 RICAATRETH
Do ZNETABOFIZL > TERSNRITEBBEEA AW TER, BFEZERDRT
SR IV EVER O 70 O FEBINEE T 51213, AM OB TIERANE TS, AWFZET
I KRBT =2y b EZOREN NS = 2fiit T2 2 IR TO D E 2 v
52 LRy FBEEEEMNICRE REECOEREDETHLIEF L ONOAREZZEEHSED, K
BRI AT =2 =T Ry b U =272 &85 BFIREBERHO FIERHRE ICH 2 HEET 5 2 & T,
BT B A RIS DM AR 2 B B EIE A WENE T D

Fro, MEHIE OB T, = v FVEBRIEIC B W TH e 2B B OWME R H o 7o, HMHERICE
WTIIHFHBE L EFAHEPEREICEZE > TWVLHOT, AMELHETLS Z Licko
THAREMPEZHIE T E 2 T2 & 5, #EE BRI (DFT) (225 < 85— JREEFH R 2 v iz
JER= > r VB D RN IRE T A AT, BRSO ZEMEO T L AR E AL
IZ L HEFREOEMNETET D,

4. WFERE

(D) AL==2—= /%y U =7 ZHWIZE AT REERITET 25 N 2 BEFIEOR %

BT EHRTBEE LTERONINL F =7 U OEA EFIREZ EMEIZ RO 287 H FiEOR
HKEIToT-, AAETREDT T —FT XX — DRV EAIRIETH 5 HERE (x5
T BLRERRETHEZHL L TV o 2O E 28R4 5) OWEMEKEZ RO L7200
FUERREEIToT-, ZNETOFIETIEEITMA L S OWER BB H S 722855 B B 5K
B L TR, dkx RBEECRZ FRICRBLT 2 2 L O TE 278 EMA VW5 & WK



BEHIZHES Z <, ZNETID LRBEDORWERIREHENARICARD Z EDRbhoT
XT3,

AR TIIEBEEH O ELNLIBAZOFTH, ATL==2—F V3 NU—27DO—FT
B HHIRAR LY <~ (Restricted Boltzmann Machine, WL CRBMIZHEH L7z, #BITH
KO E LTI, STETFREE T RPMHEMEEFOL O &ML TOHEL, 51
ZREY LEERMBEEZ RBMIZE > TRV EZHA Lz, ZOEEEEEE 1 Kxo
RNy a B A (REQLRETFEETVBEELEER) CEA LA, ZRETRSE
SN TWDEGWHEERE LD SBENKIBIZH ET25 2 ERbhoiz[4], BEOREWHEIX
BT HEEROMEOHMIZIIMNETHY . Z OKBER LIZE T TSRO EMREZEE
THERBERBERETH D,

(2) = 7T NVIBAEWZ BT DA FREE NS L 2 W PERIE o rTeerE D3R %

2019 # 8 AFRIZ, F—7 LImERBE= v 7 /Lt NdNiO, (28T 2 BREDOHRENH - 72
[6], NdNiO, /% NiO, i & Nd 23 AAIZFEA B > T @R OREEZ L TR YD, Cul, S EE 7R
BB % R lz T HR L RSN EEEN L THND Z bR EZED TS, RiFET
RSB’ T T, NdNiO, O T-AEE 2 72 (6], ZORER, Ni0, i EOE N EWIZHR<
WEWﬁL%ﬁﬁm%%%+%%mbfwékwo HCERR I LTS DD, Nd BT
TFAETDHEN 7 = LI R7 v b Z2ERT D720 MQﬁﬂ!%E®ﬁﬁff—wF~fé
NTLESTWAZENbMnol-, ZOHE K— t/ﬁi%&k% IEAFE LR,

v—//f/l/ﬁaﬂﬁ% FEREEZ L TWHOT, BOMELLX D RRFHELHIETD) 2L
FoT, BFRELHIE T 5 REMENH D, Eﬂ%ﬁﬁ@‘%%‘%i J& o fﬂﬁkz)>ﬁj’)’)7b_ﬂ?ﬁﬁf£v—
2 TVIRIE & RIERICIRE L, T O FREEDOLEN & | TSN EFIRBICE 2 5%
BT, ZORR, REH 7 oV IEAYERS, A F— l:/70>ffb7‘£b\ (IR FHE
WKLY SRS 72 %) KERIFIR= v F VBB ORISR L[T], ZhbOH
WHEIE. = FVIBEIC BT D miRBIE 2D ORE L7 s LHIfF S L (8],

<5 FH3CHR>

J.dJ. Lee et al., Nature 515, 245 (2014)

Y. Nomura et al., Sci. Adv. 1, e1500568 (2015)

M. Le Tacon et al., Nat. Phys. 10, 52 (2014)

Y. Nomura, J. Phys. Soc. Jpn. 89, 054706 (2020) [Editor's choice]

D. Li et al., Nature 572, 624 (2019)

Y. Nomura et al., Phys. Rev. B 100, 205138 (2019) [Editor's suggestion]
M. Hirayama et al., Phys. Rev. B 101, 075107 (2020)

Y. Nomura et al., Phys. Rev. Research 2, 043144 (2020)



9 9 3 2

Otsuki Junya Yoshimi Kazuyoshi Shinaoka Hiroshi Nomura Yusuke 99

Strong-coupling formula for momentum-dependent susceptibilities in dynamical mean-field theory 2019

Physical Review B 165134-1 17
DOl

10.1103/PhysRevB.99.165134

Tadano Terumasa Nomura Yusuke Imada Masatoshi 99

Ab initio derivation of an effective Hamiltonian for the La2Cu04/Lal.55Sr0.45Cu04 2019

heterostructure

Physical Review B 155148-1 12
DOl

10.1103/PhysRevB.99.155148

Shinaoka Hiroshi Nomura Yusuke Gull Emanuel 252

Efficient implementation of the continuous-time interaction-expansion quantum Monte Carlo 2020

method

Computer Physics Communications

106826 106826

DOl
10.1016/j .cpc.2019.06.016

Nomura Yusuke Hirayama Motoaki Tadano Terumasa Yoshimoto Yoshihide Nakamura Kazuma Arita 100

Ryotaro

Formation of a two-dimensional single-component correlated electron system and band engineering 2019

in the nickelate superconductor NdNi02

Physical Review B 205138-1 11

DOl
10.1103/PhysRevB.100.205138




Pizzi Giovanni et al.

32

Wannier90 as a community code: new features and applications

2020

Journal of Physics: Condensed Matter

165902 165902

DOl
10.1088/1361-648X/ab51ff

Hirayama Motoaki Tadano Terumasa Nomura Yusuke Arita Ryotaro 101

Materials design of dynamically stable d9 layered nickelates 2020

Physical Review B 075107-1 18
DOl

10.1103/PhysRevB.101.075107

Darmawan Andrew S. Nomura Yusuke Yamaji Youhei Imada Masatoshi 98

Stripe and superconducting order competing in the Hubbard model on a square lattice studied by 2018

a combined variational Monte Carlo and tensor network method

Physical Review B 205132-1~11
DOl

10.1103/PhysRevB.98.205132

Carleo Giuseppe Nomura Yusuke Imada Masatoshi 9

Constructing exact representations of quantum many-body systems with deep neural networks 2018

Nature Communications 5322-1~11

DOl
10.1038/s41467-018-07520-3




Yusuke Nomura, Andrew S. Darmawan, Youhei Yamaji, and Masatoshi Imada 96

Restricted Boltzmann machine learning for solving strongly correlated quantum systems 2017

Phys. Rev. B 205152-1~8
DOI

10.1103/PhysRevB.96.205152

22 12 11

Yusuke Nomura

Machine learning for solving quantum many-body Hamiltonians

International Conference on Frontiers of Correlated Electron Sciences (FCES19)

2019

2019

Yusuke Nomura

Machine learning for studying strongly correlated systems

The 5th Conference on Condensed Matter Physics (CCMP)

2019




Yusuke Nomura

Machine learning solvers for strongly-correlated systems

Computational Approaches to Quantum Many-body Problems (CAQMP2019)

2019

Yusuke Nomura

Machine learning for solving strongly-correlated systems

International Conference on Strongly Correlated Electron Systems (SCES2019)

2019

NdN102

2019

Yusuke Nomura

Machine learning for analyzing strongly-correlated systems

International Workshop on High-Performance Computing and Programming on Quantum Chemistry and Physics 2020 (HPCPQCP2020)

2020




Yusuke Nomura

Nickelate superconductivity Formation of self-doped 2D single-orbital correlated electron systems in NdNiO2

APS March Meeting

2020

Yusuke Nomura

Symmetry-adapted Wannier functions

School on Wannier90 v3.0: new features and applications

2020

CCMS

2018

Yusuke Nomura

Machine learning using Boltzmann machines for solving strongly correlated systems

Computational Approaches to Magnetic Systems (CAMS 2018)

2018




Yusuke Nomura

Machine-learning solvers for quantum many-body systems

2018

2018

Yusuke Nomura

Recent progress in machine-learning solvers: calculations of excited states and extensions to electron-phonon coupled
systems

Mini-workshop on “ Machine Learning in Physics"

2018

Yusuke Nomura

Solving quantum many-body Hamiltonians with artificial neural networks

Tensor Network States: Algorithms and Applications (TNSAA) 2018-2019

2018

2019




74

2019

38 kyutech

2018

Giuseppe Carleo ( )

73

2018

Yusuke Nomura, Andrew S. Darmawan, Youhei Yamaji, Masatoshi Imada

Restricted-Boltzmann-Machine Learning for Solving Hubbard and Heisenberg Models

APS March meeting

2018




2018
2017
Andrew S. Darmawan
2017
2017

Yusuke Nomura®s Website

https://sites.google.com/view/yusuke-nomuras-webpage-jp
RIKEN Research highlights

https://ww.riken.jp/en/news_pubs/research_news/rr/20200313_1/




EPFL

Flatiron Institute

United States of America

Flatiron Institute

France

Ecole Polytechnique

Germany

University of Hamburg




