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Light element molecular superconductivity: an interdisciplinary approach

Catchy title of the project
Superconductivity lights up

Title 1

To understand existing and design new light element molecular superconducting

systems with high transition temperatures

The objective of the project was to develop methodology to design light element (B,
C, O) cluster/molecule-based superconducting systems with high transition
temperatures. This was achieved by integrating chemical synthesis of new materials
with physical control of electron density and delocalisation underpinned by
theoretical understanding benchmarked against evidence from advanced
spectroscopies and electronic property measurements in  the unique
multidisciplinary training environment provided by ten world-leading groups from
the EU and Japan. The step change in the fundamental understanding of the novel
competing electronic ground states from which superconductivity emerged was
achieved by focussing on light element materials in which a fine balance exists

between electron correlations and electron-phonon coupling. Light elements are



cheap, abundant, non-toxic and environmentally benign and thus ideal candidates
for sustainable energy-saving superconductor technologies without the need to use
toxic and/or rare elements. The discovery of light element molecular
superconductors with figures-of-merit needed for applications is a grand challenge
requiring the fundamental research proposed here to identify proof-of-concept

materials and scientific understanding.

In order to achieve the understanding and the experience necessary to design light
element molecular superconducting systems, the synergic capabilities of the project
team were integrated into four Core Technology Platforms to enable the synthesis-
driven study of basic mechanisms of superconductivity. The Synthesis and
Characterisation Platform addressed the synthetic targets of new structural and
chemical classes of light element solids with enhanced functionalities defined as
high superconducting transition temperatures and new competing electronic ground
states (e.g. cooperative magnetism) for s/p-electron systems. The Control Platform
addressed the systematic control of the competition between insulating and
superconducting behaviour of these systems via the application of external stimuli
such as ultrahigh pressures and very strong electric fields. The Measurement
Platform addressed the identification of the new electronic ground states and their
evolution with changes in external parameters. The Theory and Modelling Platform
addressed the understanding of the electronic properties by modelling and
evaluation of the key structural and chemical components of light element
molecular superconductors and, through working-level engagement with the other

platforms new high T. materials.

Project main results

Turning an insulator into a superconductor is a challenge that has occupied
scientific research for decades — superconductors have no electrical resistance and
carry electricity without losing energy, so finding new superconductors with
enhanced performance is of paramount importance for energy applications. Most
superconductors have simple structures built from atoms, but superconductors

made from molecules arranged in regular solid structures also exist. Here we have



unveiled new molecular superconductors by resorting to chemistry (doping) and by
employing physical means (application of ultrahigh pressures, generation of
ultrahigh charge carrier densities by electrical fields). The success of our synergic
approach (synthesis/measurement/theory) is illustrated by our results on the
unconventional fulleride superconductors with the highest working temperature (at
38 K) for any molecular system where we showed that the electronic structure of
the molecular building block directly controls the formation of the state of matter
(an anomalous metal), from which both the superconductor and the parent
antiferromagnetic Mott insulator emerge, providing this connection between
molecule and property. As chemists can create new molecules, this opens the way
to designing-in features conferring high-temperature superconductivity to classes of

superconductor that are not restricted by the elements of the Periodic Table.

Added Value from International collaborative work

The project organized two open international conferences on superconductivity in
Trieste and Okayama, providing a leading scientific forum in which the LEMSUPER
research activity was promoted. In addition, we held 7 internal meetings so far,
where we frequently had heated discussions on scientific issues. This has cemented
extremely strong human relations between the partners. Testament to the defining
influence of the human interactions in the LEMSUPER project is the move of the EU
coordinator (Prof Prassides) to a permanent academic position in Japan (Tohoku

University) and of Prof Akimitsu to the Okayama University partner institution.

Scientific production and patents since the beginning of the projects

The consortium has produced to date 116 published articles (including 3 in Science,
7 in Nature Materials/Physics/Communications/Nanotechnology, 2 in PNAS, and 9 in
Phys. Rev. Lett.) and 143 invited international conference presentations, including 8
plenary and 5 keynote lectures.” Two applications for Japan Patents on “Electrolyte
memory device” (2013-30527), “Voltage controllable window” (2013-028473) were
published, and one application “Gas sensor” (2013-5235215) was registered.



Illustration

The project conducted comprehensive research on light element molecular

superconductors among which fullerides occupy a prominent position

Factual information

The LEMSUPER project is a fundamental research project coordinated by Professor
Kosmas Prassides (Durham University, UK) in EU and by Professor Yoshihiro Iwasa
(The University of Tokyo) in Japan. It associated Matthew J. Rosseinsky (University
of Liverpool, UK), Denis Arcon (Jozef Stefan Institute, Slovenia), Claudia Felser
(Max Planck Institute Dresden, Germany) and Erio Tosatti (SISSA, Italy), as well as
the Jun Akimitsu (Aoyama Gakuin University), Hideo Aoki (The University of Tokyo),
Tomoko Kagayama (Osaka University) and Yoshihiro Kubozono (Okayama
University) laboratories. The project started on October 1%, 2011 and lasted 42
months. EU grant amounted to €1,606,660 and JST grant amounted to
¥200,000,000.



CONSOLIDATED PUBLIC SUMMARY IN JAPANESE

fzER
Btk - D FREEBCENDOZEN T TO—F

Catchy title of the project
RKRZRSITETRBIRE

Title 1
SVBLERERnE TR 2EIR - DTFRBEERZIEREL. FIMBEZRTITDIL

KIAFRDEN (L. ExR (RDOFR. KR, BR) OUSRY—PDFER—XICUEEVER
BREZR I DIBICERZIERL. FRNBOREHEH ZIHSNCITDIZETT ., AHART
(F. TDOBENZ. EU EARICHITDHEZMERD 10 AU —F—([CR\SNETIL-TH
ZTNENICHE T DIEFIMEEK EME/ (S A S OB HIEIZHAEHDED T ECELD
TCERULE U, $5(C, TBImnit. BERGH#HT. SFIMEETRAREDRREZNS(CES]
S5SNEERETILEVWSZENLKIMEMNE LIS ENARTOS T hOFTY. £
EEHRLHRARRE. DFEBEEREDRFAREZH T DMBDEFIREOEFENRERN
([SEATZCETY, 3105, EFHEEEEFARFHEFER. S5[CEDFRDKEIREER
DEIED WD 3 DD/\S A= DIEIRINS > AD L (CE U REREBIRREDIIN T8
CENRIRIDENDIEDTT . BaXRd, ZMTEE. SHEEBR<EREEREROD/NSNZH,
BI RO LR DBEEWE (CE > CHEBNRTETHD. LIZMh> T, BU\IEREES
ZHIDERE - DTFEBRICEARORFEMF(E. FaEItSORR(ICE O TR ICER
BRERNBREDO—DEERFIT. ATOZT U BTIE. TOEREEQRDREOIAERIFRN
IREBEEOFCICHRINLE U,

FEEOBNZENRT DS, TOZTINF—L% 4 DOAT7FT0/O05—T3Y hIA—
LR, DFERIEEREDOETRE ZFH DOMEOEARNIERE ZH.LICT—YICIEX T,
MESKEEDRTRZERALELZ. &k - FHET Sy hIA —ATIE BrRa~X—XI([C
UTZELUVMBIE, {EFEHERZER L. BEEESRETR E X DENTTIEREEZ KD THiE
CEARDERZITVNE U, BIAIDBEEARTE. a9 2EEIRERR EYE RO
HTEDXSHFEMZEE T IMEREHSEGHULELURZ. FI#HITSY hIA—AT
(& BEEVPEEESRQEDINGZRNT. MBOREZHIET M EA LT L. 5



TSy RIA—ATE BEDE X #R. NMR. FR4MDE. ESR. XEFRNREZBULT,
BER Rl ETWE U, iR - ETUSITSY hIA—ATE. 8 1 FREBFE(C
KB\ RIBEDRE. TDI I TA—ILT 1 2T CKDBLEETILOFREZ L DH
DHENSH U, KR EDM IS EiAHE LT,

FERER

TR CBEBORZHIE T &(F. BaRR(ICIRST . BEBEBREZIEMNSEDE
SHDIFFCENRFET., 0 10 FOR. BHERPHERIZOHR LT - THDHEITTE
FUZ. AAFRTE. DFHEBCEADH TREDEERE (38 K 2BID3TI5—L > &IF
N3N FEEREMETDEEWZRLIC, LEEOFEZAV. TOBFIREDOHIAZIT
WEUZ. TORER. BRPDHRE T DIRRIRIRILF—AT—)LOERICK DT, BFD
ER & O ITIRBICREREBENEEL CVWD T EMPESHNCTRDFELZ. LB, ED
REQMRECTBCEIRZRENRES (CIRDEEEIC, BEEMNIERICREICRD, 80 TR
S BADBEHISGZENIN UIEW\ EBIEENRDINRVMRF IS NCRDELZ, 2T
(E TS—L 2D FORHBEBENIERE (CREIMEEZ LU TVWDS T EEHSMIRDEL
2o =7, BEERZIUHETDIRABRTHRBIEEORRE., EFPIRZAHVNTEILE
DFEREFEEFHRIORERE, EERRRENDNDFEUL,

EBRHEEIRAFTNNS 4 FNTATINBIALR

AARITOZT U MTE EU EHARDIBE, MR, MRRZOEMRICEDOBNIETF — L
TL—mThn. INFETICAMDERSEZ 28 (MUIX5, El) . 5 7E. £ 10
F—LNENTSD00—-XRD LEMSUPER =—5 >J%5t 7 [0, FfELTEELR,
REECE FECSOBCEMRECATOS IO hOEEZ7E-ILT D EEEIC,
RERERZIWZITDOCEMNTEFE U, LEMSUPER =—5+ > TIEBF(CEOBBZR
(XU FADD—FHFRICIRD < SVDIFE (SERFEGMNMTOND L LT, AFTKR®
AIROIBE(CERZF UFEUIC. ER. 2014 F(C EU AHKERE D Prassides BIEHNHRILK(CHE
8. =5(C 2015 F 4 AICHUERAZOUABIENEILACERELE I, InlE. &I
O>2 10 MY RTNEH DEBIRVWASETLU,




FITHIRRER HFET

ATOZT U S, &t 116 MOBFISRER/IXDERESNE Uz, TZ(CIE Science
3 #R. Nature Materials/Physics/Communications/Nanotechnology 7 #k. PNAS 2 #k.
Phys. Rev. Lett. 9 SRI'EFENF T, ERBORBEFAE(SET 143 4T, EFRHAEHB). F
—/— hEEG)ZEEHFT. Fo. BRRETAHR 2 4 (BREAE)—5%7F 2013-30527.
BTN TF 2013-028473) &, 1 HDOERF (HRAtZ>Y— 2013-5235215) M
NFEUL.

15Xk

Ceo (EEMINDFN SR DBILERDI THREDIEEREZE D TNET . TNZFLIICE
7T - DFHEBEEDO R EIERUFE U,

ERIFH

LEMSUPER ZO> 127 bM&. EU @D Kosmas Prassides #i#% (Durham K% HE)&EHAD
EERLBR (RRARE) 2 I—FT A R—F LI DRBEECHIDERAR IO T I AT,
EU m5(%. Matthew J. Rosseinsky ##% (Liverpool X% Z[E). Denis Arcon 3%
(Jozef Stefan #A3TPF AOJ7). Claudia Felser #3% (Max Planck ##3TZF Dresden K
W) . Erio Tosatti ZdZ(SISSA 145'J77). BANSEFRLHEET (FLFERKX) . &K
BREWE(RRKRFE), MEWRAF BrRXR) « AREFSE (HILX) OFt 10 2MRSELFL

Jzo OO ME 2011 £ 10 A 1 BN SIS, EU OMFREREES 1,606,660 1
—0O. IST (F2f8HTULE.



