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Fundamental Principles Underlying the Hierarchy of Matter:

A Comprehensive Experimental Study

* Organization

This project is being carried out as a collaboration involving eight participating laboratories, in which
we treat the hierarchy of matter from hadrons to biomolecules with three underlying and interconnected
key concepts: interaction, excitation, and heterogeneity. The project consists of experimental research
conducted using cutting-edge technologies, including lasers, signal processing and data acquisition, and
particle beams at RIKEN RI Beam Factory (RIBF) and RIKEN Rutherford Appleton Laboratory (RAL).
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* Physical and chemical views of matter lead to major discoveries

Although this project is based on the physics and chemistry of non-living systems, we constantly keep
all types of matter, including living matter, in our mind. The importance of analyzing matter from
physical and chemical points of view was demonstrated in the case of DNA. The Watson-Crick model of
DNA was developed based on the X-ray diffraction, which is a physical measurement. The key feature of
this model is the hydrogen bonding that occurs between DNA base pairs. Watson and Crick learned about
hydrogen bonding in the renowned book “The Nature of the Chemical Bond,” written by their competitor,
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L. Pauling, who was a leading authority on chemical bonding. This important lesson in history teaches us

that viewing matter from physical and chemical perspectives can lead to dramatic advances in science.

* Hierarchy of Matter: Universality vs. Diversity

We believe that the behavior of matter, including biological systems, can be understood through
physical laws. P. Dirac, a great physicist, stated this universality as follows: “once we know the
underlying physical laws, the rest is chemistry.” On the other hand, P. W. Anderson, another great
physicist, claimed that the interactions among multiple components in complex systems create entirely
new properties in each layer of the hierarchy, with his famous phrase “More is different”. This means that
the science governing each layer is different, and it is not until we understand this diversity that we
understand the universal principles completely. Therefore, we have selected “interaction” as the first key
concept of this project. In addition, we selected “excitation” and “heterogeneity” as the other important

key concepts to understand diversity in the hierarchy.

e The rest is chemistry

| The underlying physical laws necessary for the mathematical
theory of a large part of physics and the whole of chemistry are
thus completely known, and the difficulty is only that the exact
application of these laws leads to equations much too
complicated to be soluble.

The behavior of matter including biological systems
P. Dirac can be understood through physical laws.

e More is different

The behavior of large and complex aggregates of elementary
particles is not to be understood in terms of a simple
extrapolation of the properties of a few particles. Instead, at
each level of complexity entirely new properties appear.
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The interactions among multiple components in
complex systems create entirely new properties in
each layer of the hierarchy.

P. W. Anderson

* Three Key Concepts: Interaction, Excitation, and Heterogeneity

The importance of these three key concepts is well illustrated by the photochemical reaction system,
involved in photosynthesis. First, the photosynthesis proceeds in the thylakoid membrane, which has a
heterogeneous structure. This heterogeneity is essential for the emergence of the functionality of the
membrane. Excitation by light is the most important step in photosynthesis. Finally, important processes,
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including electron transport and ATP synthesis, are controlled by various interactions.
* Three Key Concepts and Sub-projects

The three key concepts are associated with three sub-projects: “Interaction in matter” lead by Dr. Ueno,
“Excitation in matter” lead by Dr. Azuma, and “Heterogeneity in matter” lead by Dr. Kim. As mentioned,

the “Interaction” sub-project is the core of this project. To comprehensively understand the nature of
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interactions that take place in each layer, it is essential to collaborate with theory groups. The knowledge
obtained by the “Interaction” sub-group will be applied toward the basic science of excitation. The
“Interaction” sub-project investigates the ground state of systems, and the “Excitation” sub-project
focuses on the excited states of systems. The results obtained by these two sub-projects will be expanded
towards the development of functional materials by the “Heterogeneity” sub-group. A unique point of this
project is that almost all members participate in more than two sub-projects, which enhances
comprehensive understanding of these concepts.
* Interaction in Matter

The “Interaction” sub-group investigates the diversity of phenomena caused by interactions that occur
in each level in the hierarchy of matter. The strong interaction and the electromagnetic interaction give
rise to a variety of phenomena depending on many-body effects, geometry, dimensionality, external
conditions and so on. The interactions studied by each team range from the strong interaction between
quarks to the van der Waals interaction between single-stranded DNA molecules, with a focus on how
interactions in systems with multiple degrees of freedom lead to a diversity of phenomena. This means

that many-body effects and multiple degrees of freedom are key issues in every layer of the hierarchy.

* Excitation in Matter

Excitation is a key step for the emergence of functionality, but knowledge on this topic is surprisingly
limited. Thus, in this sub-group, we carry out three types of research on excitation, “Exploration of
undetected excited states” in deformed nuclei, “Verification of fundamental principles through excited
states” in kaonic nuclei, and “Observation of excited state dynamics” in excited molecules in liquids, on

surfaces, and in vacuum. We study excitation over a wide range of energies, sizes, and time scales. At the
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same time, we study universality as indicated by the large-scale deformations observed in both

excited-state nuclei and proteins.

* Heterogeneity in Matter

Heterogeneity is an important spatial property for the emergence of functionality as well as a
challenging research target that drives the development of cutting-edge measurement technologies. This
sub-group will apply the results of the “Interaction” and “Excitation” sub-groups toward the development
of functional materials. In this sense, the “Heterogeneity” sub-group is closely tied to practical
applications. The main topics investigated are superconducting doped diamond (as “Heterogeneity by
Atomic Scale Doping™), electrical double layers in the field effect transistors (as “Heterogeneity at
Molecular Interfaces™), and lipid membranes in solution (as “Heterogeneity in Biological Systems”),

which are tackled through a wide range of collaborations.

* Goal of the Project

The most important goal of the project is the construction of a new cross-disciplinary research network
based on the bottom-up style research activities at RIKEN, which will drive a dramatic evolution of
science and lead to unpredictable by-products. This network includes ExpRes Dojo where we share, learn,
and report information on cutting-edge experimental technologies, primarily laser and signal processing
and data acquisition technologies. This consists of school-type meetings and workshops. An important
output of the ExpRes Dojo is the application of new technologies developed thorough the physics and
chemistry research to biological systems. At the same time, we nurture young researchers with wider and
deeper views of matter. We believe that the scientific community is one where innovative discoveries are
frequently achieved by newcomers in different research fields. The present project will maintain the
diversity of science at RIKEN and ensure an environment in which young researchers with high

ambitions can easily cross over the boundaries between disciplines.

Lead researcher

Dr. Reizo Kato
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BIRME L IIZEOEHENMEEERA LD D Z L T, Hxr OEZOHENHIIEE L TE /A
WE D BRBIGOBEENRBIRT 5 Z L2 ERT D, ERFR TR, WRBREOE AL U R3F
FETHOT, ZOAREHRGN LIXLITEE 228, FRCBEERICBONTEHEDOAE Y BR—20
E KRR T 2T 25 E 0D 5, ZOREMRFOMREF & LT, RO vARe b
BRI CTHLIAFAI A NSO THEmT D (K1), Zhix, BELmRx X —DR 7 —
JZDOWT OB I b ICHNLIBETHH D,

B BRPE DA T i d Tl SO BRMEFR BAER LRI D2 A B v DR U e FHiE T 54
AAERPFEL, ZADBEMHABEFEREHEEGT 22 L TAFAIF UHENFERT L, &
DOREIEIT, A OME N ERE —[FHET 20T AR O—WRHEERDL, 20 MR
0P NEGEE T TERNE WS Z L REEEES TS, &6, 20 R
VI AF NI A ORI O AREN R T 5 A2 L, ZOREWSEESEMRRE— K&
H1HT, M TIL, AFXAIAVOBRAEL AT I 7 A, BYEL X, AU & OFfZE,
AR - THIBEERE, 22 SlZ oV THEER T b,

[010] [100]
‘_ -

1 A%V F i

25 3R
1) N. Nagaosa and Y. Tokura, Nature Nanotechnology 8 899-911 (2013).
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ARNERBIRR - AKEEZE L TSRO Y A S

% (Fe) ITE&ETOEMITE > THUHEILAEATHD, —FH., WEIOBKITIEERFZREO R LR &
20 EMITE LB OBOIRY IABITEE ITHI S TWD, AR 8 L7280
JAN~DBUA I T 2 IR S X 7RI > TW D, AROFFETIE, MRS Tl 2,
DTV L EEOEIRE GEfl, I, TR E) 2, TAOIKZ X7 HOBEIEIEZIT Tk
SHEEHEAF I 7 2B FBICHMBET 2ELZHALE L TWD,

1. b MGOEKEITTEESE Deytb

BEF R OSIIMILE (FS) TIFEET D28, Ferid b MEANIZITRIN &
e, Ziux, + 58 - DGO ATE LB b D & v
%27 % (DMTL: Divalent Metal Transporter) 23 iEc#E (Fe™) D7 L Hil
TERTEXR2WVNLTHD, TOH, b MEMREBEIZITMENO 7 A
LB R o TEE AR T B3 (Deytb: Duodenal cytochrome b561)
PFAET D, Fexid, Doytb OffftEEZHAS M LI-0T (K1) N
TR K AMEZ Lo SE o IR LTl %,

2. JHEEEHDONLNT U AFE—HF —

RIREEIC & o THIEGE « BJE - EFICE > TERIIMEATH D, HRE
X, B EORMER~NE T B B DO~L (B 7 1 U V86K 28R
EUT, MBS TEET D ~LBUAKR L 7 H VR B (M2) 2~
R R DAV SRR (= NN TP VL = B
RSB CHRBEENO~LEHESTND, B TIE, ~AEARY 72 gauiia

Sy EICBIT B BSEOF 2 DR R AR5, =
2 /\LE’SL&A#‘i‘/
=0k I8 U8y BOME

1) to be submitted.

2) Y. Naoe, N. Nakamura, A. Doi, H. Nakamura, Y. Shiro, H. Sugimoto Nature Commun. 7, 13411 (2016).
3) G. S. A. Wright, A. Saeki, T. Hikima, Y. Nishizono, T. Hisano, M. Yamamoto, S. V. Antonyuk, S. S.
Hasnain, Y. Shiro, H. Sawai Sci. Signal. in revision
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DNA % W5 F /B A oL k) ) 4

JEEH D DNA NEEE U= BB R 21T, RIS OMEE I TkAE L7 R e U %, 24
FEM D 5 & W A TIER L 723 A3 A A U B ICIR U Cal RN D 28, K 2~ v F0
TELYATEMLERER L, HHVIIEEHMHRE LRI 2~ v FREOMICIZI
T U2V, 2O NIEREE IS O O BRI EIER (22 v %o ZHEER) ([ChkT
BrlRanA R7a—7 MBI L 23RTRBIShTnd Y, — o REfkc
SV THEIFIREF L 7= DNA CHOBH R i 2 S ALRIRAI B/ T 2 & KA O cAE L S
BN ERIMI A~y FR G- T RO ZEMMICHE X 5, 728 213, BRELEDOET
VBT (BRROMOR) DR & EALRINAIIC DNA BRI 2 & | & B i f AN IR S svi=F
RIS ERNE SN D 2, F7-. BRRO DNA F /KL 7 A EERR IR Lo RIBE AR IT, ok
FREASEEAM DNA THEDOINL TV D & IRBEORFHE & & ISR ER ETEREMICH
TERIUUHE L, kT 2 IRhOSIREE %2 5- 2 % 3, ARMEREIL, 5224 DNA TEfiS -4
F KT LRI A~ v F DNA TEMiSNZ&T /KFOMERBEEBE L-HEAY 2
~—%ER L7, THRBY ., ZEEMOR OB INFLEESh, BEGEICE b2
TEMNHi > 724U I~ —OXGERPF R E FIME CHBE SN, ZnbofRIE, =
TV R — R T b R RN CR R ERIFENRB T 2 2 L 2B L TEY ., b h—if
T BT O B CHEBAICHE E 25 LTV D EE 25,

1) N.Kanayama, T. Sekine, K. Ozasa, S. Kishi, T. Nyu, T. Hayashi, and M. Maeda, “Terminal-
specific interaction between double-stranded DNA layers: colloidal dispersion behavior and
surface force”, Langmuir 32, 13296—-13304 (2016).

2) G.Wang, Y. Akiyama, N. Kanayama, T. Takarada, and M. Maeda, “Directed assembly of gold
nanorods by terminal-base pairing of surface-grafted DNA”, Small 13, 1702137 (2017).

3) S Shiraishi, L. Yu, Y. Akiyama, G. Wang, T. Kikitsu, K. Miyamura, T. Takarada, and M. Maeda,
“Folding of nanoparticle chainsinto 2D arrays: structural change of DNA-functionalized gold
nanoparticle assemblies’, submitted.
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B—SFIZBIT 33V X —BE) - T

TRV —DORBEICEHOEFEZ [l 2 D4y 123t L CREMIZRER T 5 Z L ik, =3
X— L OMAEERZHMET 2 ECROEERERD 1 D Thd, AFETIE, B0 74E
AR K OMEIR Ty THEME OMEE B EEZA S L, XX —BE) - BHROE %2 /[
IbT 2 FEOBREEHEL TS, 0D, EICER N FVBEHE (STM) 2L 5EREE
FELBI%E (DFT) ISR DBEGROMIE T, 70 F « L L-ULBFE 21T > TV D, SFEEDRERR
MEERE LT, B Pt R OGS OBIEE - HilH & OB AR B 298 2 433 %,

VLR, AT CHRENS 2 KB B - il 2 & O = 3oL —B v 27 MBS B AFZE R R
WNHRPFTEAIITON TS, — 5T, ZRE CHEEOERER LTI, aHtoEERKIC
L0 FOMALHRISITEZ B2 EB 26N TE R, Zhid, RO R X=X
JEE B ER T TOOEFFEIC TS TRV L, HF e RERFE M OmOEERRIC LY
S ORRFMNELL , FOSCEDANIFIERENEM L TCLES ZENERFRE LTETH
N5, AE, 856 LOEOEMICEE LY A FA D ALT ¢ RS TNAEEORBEHC L 0 4R
ToOMEFZ, STM ZHWTHF L L TRl L, SOSZEE 2T L7z, S 512, STM FEBRFSR
& DFT #HEFEROLEMN S, 557 L @RERO R EICB T 2 AERIC L > T ALF G B
BT NF =W L, G ohEFmPE < Lo lofi R, @RAER ETORHEIEIC X 587
RSB SN Z & 2B 6T LIZ[1], ZOMSEIZ LY, 0 FOWAEIREEIZ L 0 ek
BOSD AT = XL EHIETED 2 ENRYDTHEIES N, S HIT, BIREOH 5T STM HREt
ERMEDOMICHAE LT RFTERE 7 7 XE NS L DLFEIGEDBAE T 5 1 OWAERIED S
R 2 T 5 2 & A b LZ[2],

275 3CHk
[1] “Direct pathway to molecular photodissociation on metal surfaces using visible light”, Emiko Kazuma,

Jaehoon Jung, Hiromu Ueba, Michael Trenary, Yousoo Kim, J. Am. Chem. Soc. 139 (2017) 3115-3121.

[2] “Real-space and real-time observation of a plasmon-induced chemical reaction of a single molecule”,

Emiko Kazuma, Jaehoon Jung, Hiromu Ueba, Michael Trenary, Yousoo Kim, submitted.
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KZmEZ LV NTEDT = b NEBERLOBR & DAYRIMEER IR

BITOE

JA IR SN DT 3L F—LBHPCH TN AR SN DB OB £ el EmiE
BN REREFZRIELTWD, ZOX D REMONISEDFHE BT, ZHmF R IE
EREEND Z o RTERHS TS, NI T VA RV i v T — v amad e LThE
TLHBEOX NI BEO—DOT, b TON TV ARENRAZEL L RIETH D,
ORI T Fa RTUTHE, AN ERAHTHL LT T —ABERINL TR T A—
ZBMACBOG AR Z T3, 207 = b FMOTEECCE 5 [T E 2 Z & > 0TIz, %o
I R RS « MEEZEAL Z N7 B THET L, BRICEM TR EE (205G, &
FEAREE E WHINRT T U TR KA F—ZRHA LT r b 2N b AN GEShin
KT D EVOERE) NRBT D, REBREONEIC, WRPICHEAEAL LTFEET L LFF—
W FITHART, X7 BERNICERE LTHEET 5 VT — 0N B EOR 30 <
TL, FLEZOETFIFELEH N ERMOLN TS, TbbAMITELOWRET, LT
— AN Y T — & U TR T A RELZ X XV ERNICEBILIZE S5 45
L 3 FLAVTRIINZ X N THRIEE S IV TN D 0378 B3 < oo T,

UEDXISA7 TV Aa RV T, RICL > T F T — A RAMOREGEE(LIE D
T EDHRERBLOFE BB TH D EEX LN TE T, LA, bhvbhsEs s
We T = W MR T ~ ot VORI E D # N H B OB RN L 2 A,

LF = VR AM OISR X Y N, JH

08 A LT B = & % M
R RGBT, NS T o —

B Ry ORRERBLO W — B R O AREE | g
WEELThs LV S kOB ERTH (L Bk 51§LAJTW

RBOLIICRZD, BETILIZOH LU EER all-trans LFF—)JL 13-cis LFF— )l/
FERLZNOLOERIZOWTHERT D,

=2 @

X. 75U Adu RV ONyhEeE
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K F ] FHREERERR

BT b B A 7 — 82k 9% Klein-Gordon SRR DT R/LF—0 DOF5kE
D EFEAEY A REDD BN T2 B X 1L 2B ) & Lo x TR DOFE &
TOEEEXTE L BOHMRCHEEH), —FH. BEEPORBFIT & LTIRD %S,
Wiz, PR EOBRERIZZ2hIUE, ZRETIZE2 AL TWARWETEME O
FERNZDRB DI 0, TREEZEMEOMER) X MEOEEORIR] OWRITH =725
R Z EBRMIFEI NS,

RO\ PRFIE, BT E ST TRANARO T, BATIIRBIREZEY 28\, =2
T, WIZBEW K 7T ED ol & 725, Fix BRI KEK TfTo7-, K HfH
FARBIRA O x SRBLIER)N S, K FET & B OMO B FEREIREZEn 513 E
FRWGITHDZENHLMNIR2Y . 2 E TA405) & FEE TV 238 RVWFE EAE
RIZE D K- OFRBIRETIZARVW N B OND X )ikt TRBRARY R HIE,
WMRZZIZH ) =2 & Mxi=% “K-pp” bRETHEEXLND,

F T, Hr T T OFHAIIREDOTER LB J-PARC E15 EBRE21T-7-, Z0FEERIL, Kk
BEK-F B —AT3He OFOH T EZRIFICNEHT Z & T, “K-pp” #FERERTIZIF

FrIRRETIED H L. T ORED KR
BEREL TAEEREANY L8]

o°F IECEY
. *He KRBT, BHNFZANT P L
o - 0 — . | ORI LR 5.

Y
K_ + 3He - (K-Pp) +
— (A + p) +

1. UG DR
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GeV RI B — A& FW 257272 L—YF—i 4 Fe 3B D BE 3

BERF RIBF fifig% CiX. CERN-ISOLDE [Zf8FE SN 5K /¥ — RI B — Az TH O
TRWREIZRIEFE - [FNIAD Rl BE—AEERTDHZENTED—FH, 51D RI E—AD
TRLF =L ~GeV LLEEFEFICE LS ZDIENY b RE W6, BRI ERZE CEE
I E R L CETERBESRIETH D L— = EREA TX e, AFAETIEIZO X
272 HW) RI B —AZ AW bL—H =002 BRI T X< £ TIEEDRITE S 7
FeATHER = R L X —F TIHOEGHIT A EEHRIE — A B HEE L o ) =7 L—W— k4
HEDEIHT L —F =N AT LD EZED TV D,

WHFZE CITRE R A NHEGIIC TS SN TWARN S, KT R /L X —RIE— A ifi 5% T3 R B
P AR N EE 7R 907 (23 L, £ ORRIREDOEIE & L — —43 1T K o TERIITKRGE
T5ZEmAROBAEICHET TS, ZHAUCHTAFEEIX, EIT 1) Ba & HW o Z OMEREREh
(ZIAN T T B A SE, RN il) Zr DA T T A T O A 2 AR OV FEIR OB O BR
HWaAToTz, i) AL TCIBE, a) =7 =LA77 BT %5 Ba RilEHEA 4 i A ME
ST — AEERER A D T D, Ba'A A Vb H OMT IR E R L — P — $1F21F
SERLTWATZD, IXIZ 20keV Ba' A A B — AT 53] =7 L—H —5 kR 21T
VN, HEEOMRETME R L O B A D 5, i) I L T, Nd:YAG 7SV AL —H—7 7 L —
varEFIRALE Zr A4 A UPEB%E, BE O N&QYAG L —Y —fhiRaE L —9 — L8 K&
IR AR A W Ze A A VIR V— = HIRORABEEZED TWD, ZNETDE A,
GBS T RRICE Y . 774 U R BRICLERED Zr A1 A2 L—P—
TTL—=2a Nl o TAERTEDLZ AR LTV D,

ZOM, FETITEIREIANY U AFICE NI AR OFEZTE N LIz L —— =
A 7 oy TELEIEORS, fEARER NMR EOWERSE~DIGH . K ORI FED
AL DORREEIZ AN 7o RRENRR T A B0 A — P — B ORI L, ¥ a /T ALk
DR X% ) I BEAEIRENC DWW T BRI 5,
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Wz

BZ2HIZANSE L 74T D excitation & dynamics DFEBFIZ AT T

U B EIFRNICE DO TRWEEM A 7 — L 22 DB RIEIZ 31T 5 % B LR O i)
B 2 A F 27 AORFIE, B AV AL —F—OBIHFE-STHRELTE b ?
7 AT NOBFOER Y ) REFGER 2%, RIRE e e iR T h Y . S F
SFERFEORBIZE S TERMICZOL D 2REZHE LBRT 2 Z LRI > TX
el einh, HREIZH RO T N— T THNWNRERPEE T, AENTHERL O 71—
TR L2207 Fa—FIZonTHET L L &b, BEEMHEFORNEZRNTT 5,
OEDE, A A VRICE s TER SN TGRS A 4 ZBIKEFERA 4 FEY 7
RICEICER L. BMO MBS 57 7 a—F ThHHTh D, FPHIEE 4K OBRE FICE
REIERE 2 M, 1A A IIRMER OB I L > TEOWNE =2 X — 2 L, ES) -
[EIHRJEEORAE~ & %7 10 0 L BIC R SE WK 20T TR L TS, ZomARfEz Y 7 v
A DZHE L, BERNCIRE AR R E~E 2 2 B9 5, BARMICIE, NO'IESy
TA A EHGEE L THEAEARL V0L TEFERZE - I8, siifetictko
THeH S5 % 10keV O H % N 72 L, Wi 2 action spectroscopy % 1T - 72, FRIK
BY 7B F D0 AT hvE LT, BlE AN ROZEAHRICEL THh L R T
&b RO REDBLI T — 2 BN G ol
Flo, BIAT U EERSNT U AERHICANG S E—2A L UTHERY 334G IER I
JBLT&E 72, —RICHFDOREET 2L X —13 0.1-1K OFPHIZH D Z &b, [HERREBICE L
TiX RICE AN X > THHolcidmEi s ey, £ 2T, BB~ v A0F /7 iKiEicE
H U7, iS4 42 ORBEITEMIMNIRIEIZIR Y 72 < TV D 218, WETH BEN
04K ETABEIND Z LMD, FERIERZ & OIFITEIIREICH DD T EEMRT D ENT
X5, MH SV ANVT ZRA LIeA~Y U AREBFFICE D A TERER, O X%
10" FTHIME TS Z LTI LT, £, ~U 07 NERICHIR S0 74 4 2 OFES) - [
HORHEZ D RRICRR T2 FiEE LT L —F—FEaotmit a8 A L, BlichtEr o r=r
DAACKT B AT ML BIETFN CTHIREMREE N+ i E S 7= BERREICH D = LR L T
%, BUTE, RENEIERER RS T 20055 72 RAMIE & % AT AR & U CRIEE ISR 32
72, WEAIETRAN L — — Z[RRHC RS U7z ZEILIEEOBRRICIR D A TWD, Tk
> T, NV U LNKFENTDSFA A OIRE) - FHEDKEOMABBRLZI A 522 ENAEEL D &
WrrEsns,
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SFHEEBEFACVIREICBITDAY Y - B c8E - RFEHE

E=AEE NG CHEFOETOKTESIZE T2 1 DT OEWER, B2 M
IZ (A EEWCHHEICLTEIIL LD &725) MOEMEMAEERARZMB &, A O
MEPNEELT (RAEURELLEZMWVWTHEZRXLXF—NEDLRW) 77A ML —va
N Z D, BFHROMN SS12 A DAL, A ¥ MIC vaencebond (A B —HIHE :
2 SDORRED BEAT)FHIBIERE G, AR E) DRI, TOMENEE LRV TR KR
B OFELE Y — o BNEFNFIICERD A9 &9 DA, Resonating Valence Bond (RVB) &
M2 BT A9 (QSL) dET A TH D, QSL id, REZICHEIEE T SMEE L T
WRWEX YTy s RBETIRETH D, Fxid, @BEKOT =427 Y h LV EtMesSh
[Pd(dmit);], 2% QSL DEMiE CTHH Z L Z /L, TDOWEEMEL TV H[L, ZDHKRTIE
AV U2 #HT 5 _&ika = MPd(dmit)y], 23 =Mk &2 B L TW5D, X0 F 4 A
(EtMe;Sb") D EH#E - IRABIC L » T A T O R GMENHIEC &, RERIREED . MR
(AF) #8 ., & k7 (CO) 48, Valence bond EkJ¥ (VBO) 10 & ZARIZ 23 % . EtMesSb[Pd(dmit),]»
® QSL iREEIX, TH#H] L LT AFAHL COMEDBICEEEN TS, COFEE VBO MHIE, W
ﬁ“h%*ﬁé%ﬁﬁ/%ﬁﬁkw PEIRBE~DEEIZ L > T4 U, VBO M TIZIUEAR, CO FHTIZ/N
RN I, WMFILIS, R — B oA a2 s Lo, EERAIX. b
DR Z EBIRIZIB N T, valencebondﬁ/ﬁk L oEibs ., ORI I D7 —m K5
DOFEFENHEL TNDZ ETH D, £/, AFFIZBWTY, 150 Pd(dmit), 7y DAL T
B ORI E TWD Z & 2BIRLT7Z[2).

RE) (RS - T~2) AT ROVIENTIZ, QSL IRREICE W T 3 oDk iE (T EK, PUEIK,
I\EAK) ﬁxf@zﬁ“fﬂﬁfkbb QSL RREDFHBUCEE K H 2RI LTCNDZ EE2REBLT
WA[3], ., [AE R OFMIIAE L OHBERITEZROVE Y N, D FROBEFAE
WRIRTIX, SOICEM - LB - TFEBEN, 8L CHEHETL2Z RN RS TE T,

235 3Lk
1) R. Kato, Bull. Chem. Soc. Jpn., 87, 355-374 (2014).
2) S. Fujiyamaand R. Kato, ISCOM?2017, POS-035, Miyagi, Japan, 2017 September.

3) T. Yamamoto, T. Fujimoto, T. Naito, Y. Nakazawa, M. Tamura, K. Yakushi, Y. Ikemoto, T.
Moriwaki, and R. Kato, Scientific Reports, 7, 12930 (2017).
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