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Rh 0% Rh 2% Rh 4%
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and Strong-Coupling Superconductivity
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Emergent electronic phenomena in all-carbon
n-electron systems — from aromatic hydrocarbons
to Mott insulating quantum spin liquids

Kosmas Prassides
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Y.Takabayashi et al., -electron S = %5 quantum-spin-liquid state in an ionic polyaromatichydrocarbon,

Nature Chemistry 9, 635-643 (2017).

F.D.Romero et al., Redox-controlled potassium intercalation into two polyaromatichydrocarbon solids,

In our search for novel conducting and magnetic
functionalities, we have been exploring the
electronic properties of materials in which the
active components of the extended structures are
m-electron open-shell molecular units. These
systems crystallize in architectures of varied
dimensionality that range from 1D to 3D and
encompass molecular metals and superconductors,
such as organic charge-transfer salts and the alkali
fullerides, which provide the highest T. (38 K)
together with molecular magnets, including
quantum-spin chains and ladders.

In particular, the interest in all-carbon 1-electron
systems was recently revived by the claim that alkali
intercalation of a polyaromatic hydrocarbon (PAH),
the five-membered-ring picene C:2H14, led to a
superconductor with Tc = 18 K, but of unknown
composition and structure. Superconductivity was
similarly claimed for alkali-intercalated PAHs
with three (phenanthrene, Ci4H10) and seven
(1,2:8,9-dibenzopentacene, CsoHis) aromatic rings (T
=5 and 33 K, respectively) [1]. Despite the resulting
strong research activity, there has been no progress
beyond these initial reports because the complex

reactivity of alkali metals with PAHs has precluded the

Nature Chemistry 9, 644-652 (2017).

identification of any phases in this family of materials:
compositions and crystal structure have remained
unknown. All fields in condensed matter physics need
structure-property-composition relationships to
advance, and, put simply, the total absence of
structure-composition information has prevented
any meaningful progress beyond claims of function
without any means to think about them. Structures
are needed, and, even before this, controllable
synthetic protocols with which to tackle the space
of metal-PAH compounds.

The two papers reported new approaches towards
the synthesis of well-characterized crystalline alkali
metal PAH solids [2]. Two complementary “soft
chemistry” routes (reduction in solution, and solid
state reaction with a redox-controlled reducing
agent) that avoid destruction of the PAH molecules
during their reaction with reducing agents were
developed: this had not been possible with the
“brute force” metal-plus-PAH routes used before
universally in the literature. As a result, it is now
possible both to access crystalline metal PAH
(phenanthrene, picene, pentacene) solids with a
variety of molecular packing motifs and varying

molecular oxidation states, and to retain the close
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Fig. 1. Crystal structure of Cs(CisHi) (Ci4Hi0 = phenanthrene). Basal plane (ab) projection of the structure emphasizing the parallel stacking
of individual quasi-1D molecular tubes perpendicular to the plane. Zigzag A -chains of (CiaHio)'~ ions from neighboring tubes run
along the b axis. Differently colored (blue, golden) chains are displaced along the ¢ axis.

intermolecular contact required for a functional
electronic response.

Of special interest turned out to be the binary salts
of phenanthrene with cesium, Cs(C14H10) and Cs:
(C14H10), which contain the phenanthride radical
mono- and di-anions, respectively. Analysis of the
structural and electronic properties complemented
by first-principles calculations established both
materials as multi-orbital strongly correlated Mott
insulators — a rare phenomenon in molecular
electronic materials beyond high-symmetry
fullerenes [3]. In particular, the dianion salt,
Cs2(C14H10) is a low-spin, S = 0 system with an
orbitally polarized insulating state, which

adiabatically connects to a band-insulating state.

WEFE R AR AT

On the other hand, the S = % (Ci4H10)*™ radical
anions in Cs(C14H10) are incorporated into a magnetic
network of Heisenberg antiferromagnetically coupled
spiral magnetic tubes that gives rise to an
unprecedented frustrated 3D magnetic topology.
Coupling between neighboring tubes via corner-
sharing triangular units leads to a complex highly
frustrated 3D spin topology of unequal-leg spin
chains that run along the crystallographic ¢ axis
and corner-sharing A-chains that run along the
b direction. The absence of long-range magnetic
order down to 1.8 K (T/J = 0.02; J is the dominant
exchange constant) renders the compound an
excellent candidate for the long-sought spin

- %2 quantum-spin liquid (QSL), here arising purely
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£
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¢
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Quantum spin liquid

Fig. 2. Cooperative electronic properties that arise purely from carbon 7 -electrons can lead to unconventional superconductivity and
quantum magnetism. New packing architectures are now established in two cesium-intercalated polyaromatic hydrocarbons, Cs
(CraHi0) and Csa(CisHio) (CisHio = phenanthrene), both strongly-correlated multi-orbital Mott insulators. The frustrated 3D magnetic
topology in Cs(CisH10) also renders it a spin-4 quantum spin-liquid candidate.

from carbon 1 electrons.

To date, QSL behavior has been rare and its
possible emergence in frustrated systems is
dominated by antiferromagnetically coupled
spin- % Cu?* d° ions adopting Kagome magnetic
topologies [4] and by 2D edge-sharing triangularly
arranged spin-%% molecular pairs in organic
charge-transfer salts close to the Mott
boundary [5]. More recent examples include
arrangements based on d* ions — Kagomé networks
of V#* in an oxyfluoride and of Cr®* in Ca1Cr;O2s with
a complex frustration mechanism that involves both
ferromagnetic and antiferromagnetic couplings [6].
Therefore, Cs(CisH10) emerges as a rare example
of a spin-% molecular quantum AFM with a

frustrated 3D-interlinked exchange network based

uniquely on carbon pTr-electron states. Experiment
here shows the absence of a transition to an
ordered state even at temperatures much lower
than the scale defined by the strength of magnetic
interactions, J/ks = 80 K, and consistent with a
large frustration parameter, f = J/Tn (lower limit, f =
50). At the same time, the spin susceptibility
approaches zero exponentially at low temperatures,
which implies that the ground state has a zero spin
and is separated from the first excited state by an
energy gap, A = 30 K. The electronic behavior of
Cs(Ci4Ha0) is therefore compatible with that of a 3D
gapped QSL ground state as supported by the
evaluated topology and strength of several different

isotropic exchange couplings.

1] R. Mitsuhashi et al.,, Nature 464, 76 (2010); X. F. Wang et al., Nature Commun. 2, 507 (2011); M. Xue et al., Sci. Rep. 2, 389 (2012).
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HE % - RREMEE EIEL CRENICEY A,
Y ER S OHBEEYIVIHZESE LTV BEIE
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RITEEFHFHOETRBERETZHRELHRE T,

LHL. BALERDGVELHYE LT

HITFEITNERTIE BROVEDIFATEVNTS
D, TRDE S CEHRRDELOET T, BREHE,
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L&Do Il BRI+ 20 0FEZI AL R
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[1]  https://sp.jorudan.co,jp/hanami/rank_visitor.html
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International Conference on Strongly
Correlated Electron Systems (SCES2017)

BEAFRR AR

SRR E FROERRFESCESHNSEIETFIINT
ZNCTREENE L[], AEZED Chairmanld,
REVS/LEMZIEZCHE L TERIEREETFRDOM
TITHENICIED>TION., FIAHFMBEHES
BRHVEN A LIV KFE DViadimir Sechovsky ##% A
5N FE LTz[2], Clarion Congress Hotel Prague%
23 & LT Openingai H% 75 DWelcome Party &5
H2L7H16BH521HDBREICESRZEC LT
Closing Cl3 5 DEEERERZEDREMICBI T 515
REERINELILDT, ITTRFERELTZENSD
TEEBOHTRBEDKRFETBRICGRESETIEE.
FREABICOVTUIRSIEIEVWERBWVET,

SRERAM. ERHFDSEENSYHDEEREET
HFoOBENETOT T LDMEENTEY. FriFEi+iE
plenary session C. BHR#H DY I XICEET S
Review Talkb\Thon., ZD#E. KUFEGF—T—F
& &IT 4 DDparallel session NEDH N, F A
IFoNTEYE LT, BH2004HE
WRAZ—HEXNMTONTEYE L, TZ/\EWD
EANGEAH THY DD, THEHRDIKRIFEN
7RIS LI BEFEEMEENE L, BMERIL
Opening CREXINETAICKBE, HH500AE
EaFRLTWENTETTH TN ZKIEIC EE
2904 NDBMEFEH B> EDTET, KBEEDR
BEUDLYEADASTEY. BRICHINTEIE
LT, BMEICIE. REBEROEEED/ NAHH
BIN. £RBROHEST RIGORBAN—ZA P
WEITOAN—RIT, R PERDEITHRICIR S

poster sessionH'&

RS IR (R
W

TNBGEE BORWIELTHELIICELNENEL
feo RANTHBALIVKZEDAR Y T DHIFEST
REALVIVAKRITHEEENTOSILKORFIRHADF
EPRZYTDHR KERIEKEMDARZLEKED
MENZEENDFESHHRK T LT,

Closing Cl&. F T RENRUEBHDFTEHELT
Jacques Flouquet & & Jozef Spalek E D Z N Z i xt
BRIVAZ A IVIC K BENRNGEE CRIENMTONE
LTz. Z D&, Toronto KD Stephen R. Julian K& Y.
REY VISV ROAWCEVTHEINS
International Conference on Magnetism (ICM2018)[3]
DEAHITHON., REIT20195FED SCESRREMDFHE
HDARBEBSHARDOBERLVITHONE LTz, 2019F0DF
B OWTE, ERFEREERDA Y /\—TCiEmD
Bhonh, REBEARAFRICREINEDTLETT, 4
F2019F ICREEFELTWEELEEEICKVR
ETEGLBZOEVWDTET, REARTOREETT

2EN. RIKHITSCES2019IEMILICTRfEE BT &
DRELIEZ DT, 2019FIEAEHARDREFE
KBTI TWBRAIVTTEHYETH LWIhicE
FERNDZ L DEFREDSMELDICREDEY £
HBZLZSDOHFTEIRETT, REIC. KRE
HELITH ) Sechovsky Klc AV 2T b EEo T
A Ay —VBTBEEE LD TR LET,
TBADSIERICEZLDAICBMLTIBE, £ZKK
BT 1&EEITSCES2017 % AT B N T TE & A
WeLE T, RILTORFEN SCES2017 LEHRT 135
LOWRFEITGALOBFRUODN TERSEWNTT,

[1] http//www.sces2017.0org  [2] J-Physics NewsLetter #01
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Extending collaboration
between Charles University
and J-Phys partners

Klara Uhlitova and Tim Verhagen

Charles University, Czech Republic, Faculty of Mathematics and Physics, postdoc

Hokkaido University Kobe University

prof. Hiroshi Amitsuka prof. Hideki Tou Dr. Yusuke Kousaka

Hiroshima University

In May 2016 we had accepted the invitation from
prof. H. Amitsuka to visit several Japanese
universities and the JPS meeting in Kanazawa. The
main motivation of our stay was to extend the
collaboration between Charles University and
different Japanese Universities with emphasis on the
younger generation scientists. Besides visiting the
group of prof. Amitsuka from Hokkaido University,
which we had had intensive collaboration with before,
we wished to initiate a collaboration with the group of
prof. H. Tou from Kobe University in the field of NMR
studies and with the group of Dr. Y. Kousaka from
Hiroshima University to get experience with his new
laser-diode floating zone furnace for growing single
crystals.

Our stay started on Saturday August 20 in Kobe. We
were kindly welcomed by prof. Tou and
accommodated in a traditional futon guesthouse. The
first Sunday, we spent by getting used the Japanese
time zone and sightseeing in Kobe including its scenic
night view over the city from Mt. Maya. On Monday
we arrived to the university, where we were
welcomed by prof. Tou and prof. Harima and
introduced to their colleagues and students. Because
our stay at Kobe University was very short, we
discussed the strategy of measuring structural phase

transition in LaPd-Al: single crystals, sample we had

it i

brought from Prague, using NMR. Besides that, our
interested was focused on the laboratory of prof. E.
Ohmichi, who presented us how they measure
magnetic properties of small crystals using micro
cantilevers.

Two days later we moved to Hokkaido University,
where we met both new and familiar faces. Our time
at Hokkaido University was in sign of preparation for
the JPS meeting in Kanazawa, fruitful discussions
about both our running and future projects and getting
experience with for us new experimental techniques.
We performed ultrasonic measurement on LaPd:Al:
single crystals to study the structural phase transition
complementary to the NMR studies in Kobe. In
Sapporo, we spent almost three weeks during which
we experience the everyday working life and some
nice evenings with our colleagues and students. In
the weekends we enjoyed sightseeing in Sapporo,
Otaru, and Hakodate. To the view from Mt. Maya in
Kobe, we could add other amazing scenic views, Mt.
Moiwa and Mount Hakodate, especially at sunset,
very popular places.

After three weeks, we left the beautiful Hokkaido
University Park Campus to attend the JPS meeting in
Kanazawa. We had got the opportunity to present our
work and to meet and discuss it with colleagues from

other, mostly Japanese universities, especially during



poster sessions. Because the JPS meeting took us to
a place we would probably never visit ourselves, we
tried to find some time for sightseeing. We enjoyed
the Kanazawa Castel Park with a fine tea in a
traditional tea house.

From Kanazawa, we continued to Hiroshima
University. Using the advantage that we traveled
during weekend, we stopped in Kyoto and Himeji,
beautiful places we have often remembered with a
cup of Uji tea, our best souvenirs: tea from Kyoto and
teacups from Himeji. When we arrived to
Higashihiroshima, Dr. Y. Kousaka and his students
took care of us. It was also our pleasure to meet prof.
Takabatake, a long-time friend of our colleague, prof.
Sechovsky. Although we heard already the first day,
that Higashihiroshima was well-known for excellent
sake breweries (and visited few of them shortly), we
spent most of the time in the laboratories. Our main
goal was getting experience with the laser-diode
floating zone furnace, because we wished to
purchase similar apparatus to our crystal growth
laboratory in Prague. Together with dr. Kousaka and
his student, we performed several growth
experiments and we had to conclude that it would
really be worth to have such system in Prague. After
one year, we are glad to say, that we have obtained
funding for purchasing this furnace and we hope to
exchange experience in growing different materials in
the future.

Our last visit was again in Kobe where we made a

short stop before going to Kansai Airport and finally
back to Prague.

In the end, we would like expresses gratitude to the
J-physics project and to all the groups we visited for
their hospitality and friendliness, which went beyond
the scientific duties. We spent wonderful six weeks in
Japan during whose we met new colleagues, have
performed useful experiments, and got opportunity to
learn about Japanese culture and cuisine. From time
to time we remember our stay with a cup of Sencha

or home-made onigiri.
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FLTco AmesHRIEFRDFMIE. HIFTED RIS
THENLTVWETDOT, LFERDOEECIRTZ

SERLEVERVET,

IEREDHZEE TIERE SR (NMR) ZA WL
B EITOCVWET, BEICHD LD, 7AUA
ANEFEADPADDFEAE, FEREFDRIAR Y,
AVRBEDEIR—NEY, (TITHITTH)
ZEEGMRECHATEEFEICRWELZ A
BHICERBETI—T T &7V BEOKRFE
METIHNEFERRAR/DFEEY THREE
To>TVWELc IRETIR2EDIT. 15D75T
DRBIEET T XY M1 TOEMAEFRBLTEY.
EX ) Z =AW ENDRERY. HRA
BigEAWARERETORENERET, M1HD
17 BIEFRAR Y DREBDFLWNE LT, ZDRIEHL
DFELTCWERBRZITVE LTz, ERICIZEIC9
TORT 2y b ERFES>TVWEL, BRETSCICNS
VAT LT TDRIEHeZ Lo 5ZDAD

ERIIKDBZEVSIARELEOTWRDT, FHIF
A 10BFEICIZ2BERL TV ¥4 18 KEIC
FIEBHEVSIEFETLI MEBTEXRZFICANG W
EWSTEIEEGL RERTHTENTEET, SEHD
BERICHEE TN H)ViIEES &2 KERME
REUuCo2As: &£ EuCo.P. DERX A PRBICERIRENE L
feDT. BIFZTHEHEHMELRLEW,2], Tl B
RETIFBRICKRRLTVWAREEEZDEBE/MIC
BhshELREDFERDMTONTOE L, DD
DIDBHEZRELIEARDNTASRETCH DI L%
BLE LTz,

AmesDEIRE L TIE. ZIZBAEHEDEEL
TVWELT L L. BERIFEARLSETHENC
(11 BIC20 E#Z) . KEPEVWBALDEL o
HRBITBTEELfe, ZOFRTE, BE5—@E

ERBRofclLbdh. FETIESHICRS5N
HUWHE-EGREICEHZ T THERSRY, &
mCEOTLBEEHELVBLE L, 11 Al
Thanksgiving Day& WS FIADH Y. KFEE KM IC
BRSO MEZEDFEEEMINNTEEEZIITT
WELTe LU KEEEG>TLEVEIRT ST
LTI, BRRICESTEZSTHRVHLED,
ZDRIFA—=IN=PNRGEDY —ERALETHRH
IKIZBd GLAVLLWKRRESFEZYIVEA
TEREBRLTWELL

[11Q.-P. Ding, N. Higa, N. S. Sangeetha, D. C. Johnston, and Y. Furukawa, Phys. Rev. B 95 184404 (2017)
[2] N. Higa, Q.-P. Ding, M. Yogi, N. S. Sangeetha, M. Hedo, T. Nakama, Y. Onuki, D. C. Johnston, and Y. Furukawa, Phys. Rev. B 96 024405 (2017)
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Zhaoming Tian

ex-project research fellow, ISSP University of Tokyo

I'm a project research fellow in Nakatsuji lab in
ISSP, University of Tokyo from 2016.04~2017.03.
My research interest includes the discovery an
single crystal growth of geometric frustrated
magnets, multiferroic materils, and new exotic
phenomena under high magnetic field. During
staying in ISSP, my research mainly focused on
single crystal growth and physical property of
pyrochlore iridates.

Supported by the "J-Physics" project, my research
work is to discover non-trivial phenomena of
emergent states in the pyrochlore iridates with
all-in/all-out magnetic domian, main research topic
is "Magnetic Field inversion asymmetric response
of All-in/All-out domain in Pyrochlore Nd:Ir.O~
single crystal", the results is below:

Pyrochlore iridate Nd:Ir-O- with unusual all-in/all-out
(AIAO) magnetic ordering undergoes two magnetic
phase transitions at Tn ~ 32 K and Tna ~15 K
corresponding to the magnetic order of Ir and Nd
spin sublattice, respectively. | conduct on research
on magnetic field inversion asymmetric behavior of
AIAO domain in temperature region (Tna < T < Tn),
based on the magnetoresistance and magnetostriction
measurement with B// [111] direction. Using a field
cooling procedure into the low temperature phase
(T <Tna), single AIAO domain state is produced,
then isothermal field dependent magnetoresistance
(MR) and magnetostriction (MS) exhibit an unusual

field inversion asymmetric behavior in temperature
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region (Tna < T < Tn), contrast to the symmetric
magnetoresponse below Tna. An asymmetric
magnetic domain reversal mechanism might
underlie the asymmetric MR and MS behavior,
driven by the exchange coupling between the AIAO
domain and it’s domain wall after FC process.
we remark that the magnetic field response for MR
and MS shed light the physics of AIAO order in
agreement with the AIAO predictions.

During the research work in ISSP, university of
Tokyo. I'm very impressive on the group meeting
and learned a lot through discussing with our
collaborators. We can do a lots of training for
experimental techniques and carry out the

attractive research topics.




| BHHEEO’A

Arvind Maurya
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IMR, Tohoku University, Oarai center

| joined the Actinide lab, Institute for Materials
Research (IMR), Tohoku University, Oarai center in
May, 2016. Before that, | was a PhD scholar at Tata
Institute of Fundamental Research, Mumbai, India.
My research interest is single crystal growth of
f-electron systems and exploration of magnetism and
correlated electron behavior exhibited by them. At
Oarai, | have been involved in crystal growth of
uranium and thorium compounds, study of their bulk
physical properties, with an emphasis on the Fermi
surface properties by means of de Haas-van Alphen
(dHvVA) effect. In addition to research work, | enjoyed
the rich culture of ocean front town of Oarai,
composed of local festivals, shrines, and anime
characters.
The potential gradient set by the absence of inversion
symmetry in a crystal introduces antisymmetric spin
orbit coupling, lifting the spin-degeneracy of the Fermi
surfaces in the material. Such an effect can be
experimentally observed by quantum oscillation
techniques, like the dHVA effect. Band structure
calculations, in tandem with the dHVA effect has
potential to establish the three dimensional Fermi
surface topography, as well as band and momentum
resolved electron effective mass.
We have successfully grown the single crystal of

UszNizSns by the Bridgeman method, which

FRFREAEE | BK K s emvomnm ws

crystallizes in YsAusSha-type non centrosymmetric
cubic cell in the space group 1-43d (#220). The bulk
physical properties of magnetization, heat capacity,
and electrical resistivity are in conformity with
previous studies done on polycrystalline samples.
Low residual resistivity (~ 1 pQ cm) and high residual
resistivity ratio (~300), indicated high crystal quality,
which is also reflected in sharp Laue spots in the
single crystal x-ray diffraction.

UsNisSns is a moderate heavy fermion paramagnetic
system with Sommerfeld coefficient, y, of 95
mJ/U-mol K2. A marginal dependence of the dhvA
frequencies on orientation of the crystal with respect
to applied magnetic field indicated the presence of
Fermi surfaces with spherical topology. This was
further confirmed by the band structure calculations
performed by Prof. Harima. Theoretically, as large as
12 Fermi surfaces are expected in UsNisSns. The
multitude of the Fermi surfaces is partially due to the
spin orbit coupling, which leads to only small gaps
between them in k-space, and henceforth conditions
for magnetic breakdown are easily met, which is
demonstrated by large number of split peaks in the
frequency spectrum of dHVA oscillations. The
temperature dependence of the dHVA oscillations
reveal cyclotron effective masses ranging from 7 to

35 mo.

[1] E. Bauer and M. Sigrist: Non-Centrosymmetric superconductors (Springer, Heidelberg, 2012) Lecture Notes in Physics, Vol. 847.

[2] T. Takabatake et al., J. Phys. Soc. Jpn. 59, 12 (1990).
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[1]J.P.Sun et al, Nat. Commun. 7, 12146 (2016)
2]1Q.Y.Wang et al, Chin. Phys. Lett 29, 037402 (2012)
[3]1J. Ishizuka Ph. D thesis, Niigata University (2017)
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