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Spin/charge frustration of correlated electrons 
in triangular-lattice organics 
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1. Three points for enjoying physics of organics

2. Spin ½ on triangular lattice ----- spin liquid
when pressurized; band width-varied

when doped; band filling-varied
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Structure: complicated in real space, but simple in k-space
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Variation in lattice geometry

SDW
Spin-Peierls transition
Wigner crystallization
Tomonaga-Luttinger liquid
Fermi liquid
Triplet SC ? 

Mott transition
AF/ Spin liquid
d-wave SC

Wigner crystal/glass/liquid
Valence bond solid/glass
Massless Fermion
SC

Special Issue “Organic conductors” in J. Phys. Soc. Jpn. No.5, 75 (2006)

Rich electronic phases





Highly compressible

Pressure is quite effective to control organics







Mott Criticality and Mott scaling
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Interacting electrons on Triangular lattice are annoyed with frustration.

??

J

Spin-1/2 on the lattice
(½-filled band)

Charge-1/2 on the lattice
(¼-filled band)
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Q2D organics �-(ET)2X;  spin-1/2 on triangular lattice

dimer model

ET+1/2

X-1 Kino & Fukuyama
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Inhomogeneous
staggered moments

are
field-induced.

13C NMR line broadening is induced by magnetic field at low-T

Bipolar & 
structureless
broadening
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Spin anomaly around 5K and low-lying spin excitation 
in �-(ET)2Cu2(CN)3
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Anomaly at 5-6 K
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Low-lying spin excitation at low-T 



Wilson ratio ~ 1-2 !!!
Degenerate Fermionic objects in Mott insulator

Triangular lattice
Heisenberg model J = 250 K

(pade[7,7])

�-Cu2(CN)3

Elstner et al.
PRL 71(1993)1629.

PRL 91 (2003) 107001
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Q2D spin liquid
�-Cu2(CN)3

AFIAFIAFI

Paramagnetic
Insulator

Antiferromagnetic
Insulator

Metal

Paramagnetic
Insulator

Antiferromagnetic
Insulator

Paramagnetic
Insulator

Antiferromagnetic
Insulator

Metal

3D antiferromagnet
V2O3

Clausius Clapeyron  dT/dP = �V/�S > 0

Q2D antiferromagnet
�-Cu[N(CN)2]Cl

< 0

Entropy of the spin liquid 
is larger than that of Fermi liquid down to 1.5 K !

Kurosaki et a., PRL 95 (2005) 177001

Mott phase diagram of Antiferromagnet and spin liquid 

NMR�spectra

0

1

2

3

4

5

6

7

8

79.15 79.35 79.55 79.75 79.95 80.15 80.35
Frequency [MHz]

22.5MPa

0.1MPa

9.5MPa

17.5MPa

19.5MPa

15 K

�-(ET)2Cu[N(CN)2]Cl

0

1

2

3

4

5

6

7

8

79.15 79.35 79.55 79.75 79.95 80.15 80.35
Frequency [MHz]

22.5MPa

0.1MPa

9.5MPa

17.5MPa

19.5MPa

15 K

�-(ET)2Cu[N(CN)2]Cl

Mott
Insulator

Metal

Pressure

PMott

AF

��

�

�

�

�

�

�

	
��� 	
��� 	
��� 	
��
 	
�� 	
��� 	
��� 	
��� 	
��
 	
��

30MPa

110MPa

190MPa

170MPa

160MPa

5 K

�-(ET)2Cu2(CN)3

SL



Charge-gapless non-metal just before Mott transition ?
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Charge gap in antiferromagnet and spin liquid
�

AFIAFIAFI

Optical conductivity
Kezsmarki et al.
PRB 74(2006)201101

Kornelsen et al., SSC 81 (1992)343
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t’/t = 1.06t’/t = 0.75

Charge gap is clearly opened on AF ordering, but remains undeveloped in spin liquid.



Miyagawa et al.,
PRL89 (2002) 017003
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on triangular lattice near Mott transition
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Doped triangular lattice

�-(ET)4Hg2.89Br8 ----- 11% hole doped / dimer
�-(ET)4Hg2.78Cl8 ----- 22 % hole doped / dimer

U/t    t’/t
�-(ET)2I3 6.48     0.58
�-(ET)2Cu(NCS)2 6.98     0.86
�-(ET)2Cu[N(CN)2]Br       7.20     0.68
�-(ET)2Cu[N(CN)2]Cl       7.58     0.74
�-(ET)2Cu2(CN)3 8.20     1.06
�-(ET)4Hg2.89Br8 10.01    1.02
�-(ET)4Hg2.78Cl8 10.32    1.11

(U/t)critical

superconductor
metal

ET layer

X layer

ET4

Hg3-�X8 (X=Br, Cl)

(ET)2
+1+�

Hole doping

Metal/SC

Mott insulator
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Magnetic susceptibility of doped triangular lattice
Experiment by Taniguchi
Analysis by Shimizu

�-(ET)4Hg2.89Br8 ( t’/t= 1.02)
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Pressure drives non-Fermi liquid to Fermi liquid

�-(ET)4Hg2.89Br8

R
es

is
tiv

ity
��~ Tn n

Hole number / dimer

(U
/W

) cr
iti

ca
l ~

 1
U

/W

0 1 2

1/2 filled

M
ot

t i
ns

ul
at

or

Hg2.89Br8

RH(T, P) and �(T,P) of
�-(BEDT-TTF)4Hg2.89Br8

RH(T, P) and �(T,P) of
�-(BEDT-TTF)4Hg2.89Br8

Hall coefficient

Resistivity

��	
��
����
	���	����	������	��	������	�� ��!
��



Doping without disorder �Mott insulator !! ??

Metal Insulator
Bud’ko et al., 
Sov. Phys. JETP 74 (1992) 983

- -- ----- Incommensurate

h+

Insulating
Anion layer

Conducting
ET layer



Concluding remarks

Spin liquid or AF order depending on t’/t
Spin liquid appears near Mott transition 

•Nature of Spin liquid 
Low-lying excitations in NMR 1/T  and  finite �

5K anomaly in NMR, C and �� -----hidden order or some crossover ?

•Spin frustration affects the charge near Mott transition
Charge-gapless non-metal just before Mott transition of spin liq. 

----------- Novel interplay of spin and charge?

•Doped triangular lattice 
� well reproduced by  triangular lattice Heisenberg model
spin fluctuations persistent down to low-T

experiments from t-J to Hubbard by pressure
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Question

Inhomogenous spin states in 
nondoped and doped triangular 
lattice is intrinsic or extrinsic? 




