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Frustration of jostling electrons on triangular lattices: 
- quantum charge glass and quantum spin liquid -

Kazushi Kanoda
Applied Physics, University of Tokyo

1.  Quantum charge glass

2.  Quantum spin liquid

2’. Doped quantum spin liquid

三角格子上で犇めき合う電子の迷い：量子電荷ガラスと量子スピン液体



Various in-plane structures

Mott physics

X-1

+1/2

Diverse correlation phenomena
Massless Dirac ele. Wigner Xtal/glass

Hotta, Seo, Fukuyama, 
Chem. Rev., 2004

Organic materials  Physics of interaction and geometry



Electrons are unhappy on a triangular lattice 
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1. Hallmarks of classical glass
2. E-crystallization
3. From classical to quantum charge glass
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Hallmarks of Glass

- Slow dynamics

- Non-equilibrium

- Short or middle-range correlation



Slow dynamics
middle-range correlation

Hallmarks of Glass

Non-equilibrium nature

ρ depends on cooling rate

θ-(ET)2CsZn(SCN)4

Aging

Resistance noise spectrum

Correlation length levelling off

X-ray diffuse scattering

θ-(ET)2CsZn(SCN)4

CsZn(SCN)4

RbZn(SCN)4

Sato et al., PRB 89, 121102 (2014)
Sato et al., JPSJ 83, 083602 (2014)
Sato et al., JPSJ 85, 123702 (2016)

Kagawa et al., Nat. Phys. 9, 419 (2013).

θ-(ET)2RbZn(SCN)4
Dynamics

∆=2600 K

α relaxation β relaxation
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T. Sato et al., Science 357, 1378 (2017)

(cf. S. Sasaki et al., Science 357, 1381 (2017))
Electronic crystallization: ρ and NMR 

Resistivity: time evolution 
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Electronic crystallization: Raman spectroscopy
θ-(ET)2RbZn(SCN)4

Evolution of Raman spectrum
during E-crystallization

Time evolution of 
E-Xtal fraction TTT diagram

determined by Raman

Murase et al., arXix:2201.04855

Charge-sensitive
ν2 mode

K.Yamamoto, et al., 
Phys. Rev. B 65, 085110 (2002).



Spaciotemporal observation of electronic crystallization:  classical glass

Ultrafast crystal growth: quantum effect ?
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five orders of magnitude faster than 
expected in the classical model !

Murase et al., arXix:2201.04855



From classical to quantum charge glass
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Murase et al., unpublished



Discussion | Energy landscape
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TlCo

RbZn

CsZn

E-Xtal

E-glass 

I3 →E-liquid !

Frustration

X

T. Sato et al., Nat. Mat. 18, 229 (2019)

Energy landscape

∆E

Electron configuration
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∆E decreased  quantum tunneling  quantum melting ?

Possible quantum melting of E-glass



4. Frustration driven quantum melting of CO/CG
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Electrons are unhappy on a triangular lattice 

Charge frustrationSpin frustration
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Anderson’ idea of spin liquids:
Resonating Valence Bond (RVB) state

In analogy with benzene

= +

+    …… ………..

Quantum spin liquid

Spin frustration

Highly degenerate spin 
configurations QSL

?



Quantum spin liquid (QSL) candidates with a triangular lattice
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κ-(ET)2Cu2(CN)3 β'-EtMe3Sb[Pd(dmit)2]2

Kato, RIKEN 
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QSL manifestations
1H NMR

Magnetic orderNo magnetic order

AFMQSL！

Triangular lattice Deformed triangular lattice
B-T phase diagram

Shimizu et al., Phys. Rev. Lett. (2003)

Pratt et al. Nature (2011)

Behavior of the QSL candidate is not simple.
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Magnetic field (T)

Field-induced inhomogeneous moments
∼ % µB

清水(現名大）
宮川
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Miksch et al. Science 372, 276 (2021)

13C NMR spin shift

13C NMR linewidth

NMR spectra NMR relaxation rate
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6K-anomaly  in  κ-(ET)2Cu2(CN)3

Specific heat
S. Yamashita et al., 
Nature Phys. 4 (2008) 
459

Thermal expansion coefficient
Manna et al.,  PRL 104 (2010) 016403

Thermal conductivity
M. Yamashita et al., 
Nature Phys. 5 (2009) 44

Ultrasound velocity
Poirier et al.,  



No vancancies

To make Mott-localized electrons mobile,

Vancancy

pressurize the system  dope the system 

allow double occupancies make vacancies



Mott metal-insulator transition
- competition between U and W -

pressure

Te
m

pe
ra

tu
re

AF/SL SC

Mott insulator Metal

holon/doubloon 
bound

holon/doubloon 
unbiding

Mott phase diagram



Quantum critical scaling

R(T,δP)/Rc(T) → f( ξτ /Lτ ) = f( T/|δP|zν )

T
T

metalinsulator

Time scale of fluctuations 

- Quantum fluctuations

- Thermal fluctuations

δP=P-Pc
Pc

One-parameter scaling

T / |δP|zν= const.

ξ=|δP|-v
correlation length

ξ

Rc(T)

ν: critical exponent of correlation length

z: dynamical critical exponent

Quantum correlation time
ξτ =ξz=|δP|-zv



T/T0 = T / (c|P-Pc(T)|zv=0.60 )

Phase diagram & quantum critical scaling

Insulator branch

P < Pc 
(insulator)

P > Pc 
(metal)

R(
T,

P)
/R

c(
T)

Metal branch

zν=0.60

Furukawa et al., Nat. Phys 11, 221 (2015)

Furukawa et al., Nat. Commun. 9, 307 (2018)
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Material-independent universal quantum critical fluid  (zν=0.5-0.7)

QSL/SC AFM/SC QSL/Metal

κ-(BEDT-TTF)2Cu[N(CN)2]Clκ-(BEDT-TTF)2Cu2(CN)3 EtMe3Sb[Pd(dmit)2]2

Furukawa et al., 
Nat. Phys 11 (2015) 221|Log(R/Rc)|
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Holographic duality
AdS/CFT



Fukushima and Hatsuda, Rep. Prog. Phys. 74 (2011) 014001

Phase diagram of QCD



No vancancies

Two ways to make Mott-localized electrons mobile,

Vancancy

pressurize the system  dope the system 

allow double occupancies make vacancies



Doped spin liquid candidate κ-(ET)4Hg2.89Br8 (11% hole doping)
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κ-(ET)4Hg2.89Br8

triangular lattice

11% vacant !

H. Oike, et al., Phys. Rev. Lett. 114, 067002 (2015); Nat. Commun. 8, 756 (2017).
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Phase diagram : non-doped and doped spin liquid materials  

QSL phase      non-Fermi liquid 
6-K phase      BEC-like SC

Suzuki et al, Phys RevX 12_011016 (2022)



Seebeck coefficient S  ( 𝛻𝛻𝑇𝑇//c-axis )
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Quantum critical “phase” Wakamatsu et al., arXiv:2201.10714



BEC to BCS crossover in a doped QSL candidate κ-(ET)4Hg2.89Br8
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Knight shift
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Preformed Cooper pairs in a doped QSL candidate, κ-(ET)4Hg2.89Br8

κ-(ET)4Hg2.89Br8
κ-(ET)2Cu(NCS)2

Knight shift

1/T1T

Superconductivity = (Cooper pairing)×(BEC)

K. Miyagawa et al., 
Chem. Rev. 104, 
5635 (2004).

T. Kobayashi et al., Phys. Rev. B. 89, 165141 (2014).

unpublished



Organic Conductor α-(BEDT-TTF)2I3

e-crystal Massless Dirac electrons 

Partial melting 
pressurize

EF

E

qx

qy

kD-kD

Transport exp.
Tajima et al. S. Katayama et al., Eur. Phys. J. B (2009)

M.O. Goerbig et al., PRB (2008)
K. Kajita et al., JPSJ (2014)

Tilted Dirac cones 

Getting to the point !
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Hirata et al., Nat. Commun. 7, 12666 (2016)

Site-selective 13C-NMR probes reshaping of Dirac cone  
Spin susceptibility deduced from 13C Knight shift 

A site

AB C

Band-structure 
calculations

Experimentally determined

suppression



Logarithmic divergence of vF at low energies   

A. A. Abrikosov et al., JETP 32 (1971)

Unscreened Long-range Coulomb Interactions

Massless Dirac electrons

ε
εF

D(ε)

Conventional metal

εεF

D(ε)

Anisotropic tilted cone

RPA self energy 

RG equations (leading order in 1/N; N >> 1)

N = 4: fermion flavor,   q = (k – kD) = q(cos ϕ, sin ϕ)

cf. Isobe & Nagaosa, JPSJ 81 (2012): using HF exchange term                         

S. Katayama et al., Eur. Phys. J. B 67 (2009)

l = ln(Λ/q)

Isotropic tilted cone

プレゼンター
プレゼンテーションのノート
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QCD: strong interactions

Excitonic
Phase
(massive
Phase)

mass generation by interactions

α-(BEDT-TTF)2I3
At 20 kbar

Coulomb for Weyls 

Khveshchenko et al.,
J. Phys. Condens. Mat. 
21, 075303 (2009). 



Hirata et al., Science 358, 1403 (2017)

Diverging Korringa
ratio

Liu et al., PRL. 116, 226401 (2016)

resistivity

Incipient 
excitonic instability

Logarithmic velocity 
renormalization

Hirata et al., Nat. Commun. 7, 12666 (2016)

NMR relaxation rate 
1/T1T

13C NMR 
Korringa ratio

Strongly correlated Massless Dirac electrons

Dirac cone reshaping

Unusual spin correlations

∼ 103 !

Low-T anomalies 
in spin and charge
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平田、小林（名大）



ディラックコーン
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変形
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ギャップ

自発的質量の獲得

c エネルギー

電子相関

α-(BEDT-TTF)2I3graphene

energy energyenergyenergy

gap

Electron correlation

Dirac cone reshaping Dynamical mass 
generation

Spontaneous mass 
generation



Diverse manifestations of electron correlation
In various molecular arrangements

Soft matter physics

Electronic Xtal/glassMassless Dirac electrons

Mott physics

Particle  physics

summary

Non-equilibrium 
Slow dynamics
Crystal growth
Quantum glass

Dirac cone reshaping 
Unusual spin correlation
Dynamic mass generation

Quantum Mott criticality 
Preformed Cooper pairs
Spin liquid
BEC-BCS crossover

これらすべての物理は一つの分子
ETの配列の違いのみから生まれる

全ては繋がっている



Today’s talk is based on collaboration with  

K. Miyagawa, Kagawa, Shimizu, Kurosaki, Furukawa, H. Oike, M. Urai, Y. Suzuki, 
K. Wakamatsu, Y. Ueno, T. Fujii, J. Ibuka, T. Sato, H. Murase (U Tokyo)

G, Saito, M. Maesato (Kyoto U.)

T. Sasaki, S. Iguchi, M. Saito (Tohoku U., IMR) 

R. Kato (RIKEN)

H. Taniguchi, M. Itou (Saitama U.)

S. Yamashita, Y. Nakazawa (Osaka)

F. Pratt (Rutherford-Appleton)

Y. Kohama, A. Miyake, T. Nomura (ISSP)

B. Mikche, M. Dressel (Stuttgart U.)

H. Mori (ISSP)

M. Tamura (Tokyo Sci. Univ.)
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