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Mott physics and frustration in 2D

--- spin liquid, Mott transition and superconductivity ---
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Outline
1. Introduction to organic conductors

2. Spin physics; Spin liquid vs AF ordering

3. Charge/spin interplay in Mott transition from AFI and spin
liquid

4. Superconductivity and pseudogap
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Molecular conductors

Seemingly complicated structure in real space
but
Simple electronic structure in & space
( MO 1s a minimum electronic entity)

In many cases,
no orbital degeneracy
small spin-orbit interaction

Highly compressible




Q2D organics k-(ET),X; spin-1/2 on triangular lattice
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X Ground State t'/t 7t=05~1.1
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Cu,(CN), Mott insulator 1.06
Cu[N(CN),ICI Mott insulator 0.75

Triangular lattice
CU[N(CN)Z]B" SC 0.68 Half-ﬁlled band

Cu(NCS), SC 0.84




Interacting electrons in k-(ET),X are

on triangular lattice and near Mott transition

Fritica

J

» U/W
Geometrical frustration

. i Particle nature/ wave nature competition
in spin degrees of freedom

in charge degrees of freedom

P. W. Anderson :
Mott




Orderin g K-(ET),X X £/t
or Mott Cu,(CN), 1.06
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Ordering
or
quantum liquid

Magnetic susceptibility
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Zero-field uSR ot K-(ET),Cu,(CN); Ohira et al

Absence of long range order

Distribution width
of static field

Ay, = 1.5 Gauss

due to nuclear dipole

Relaxation rate
due to dynamical fields
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BC NMR ; sensitive probe to see electron spin

single crystal : 0.1 mg
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q-profile of spin fructuations Kagawa (2007)

Hy/l z <AH > =A, s <M>+A, <M > +A = <M,>
Rf/*/

Usually vanishing but nonzero in presence of D-M interaction

No K-y proportionality Good K-y proportionality
Enhanced short-range ordering at g=Q Spin fluctuations in a wide q range
K-(ET),Cu[N(CN),]Cl (t’/t=0.75) K-(ET),Cu,(CN), (t’/t=1.06)
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Dzyaloshinsky-Moriya interaction causes staggered magnetization
under applied field

H = JESXS +guBES>H+2D ><(S xS)

<i,j>

h ':e fé v Molecular field at sublattice sites
C i C i g ? H+ =~ 2 .
RAHAHA

Spin configuration

not self-consistent self-consistent

Kagawa et al. (2007)
Molecular field calculation of staggered magnetization

(b) under3 T

H(0) 9

U 10 20 30 40 50 60 70
TK

M(Q) (1B)

o |D|=3K
o [Do]=1K
[D.|=02K




Numerical on spin correlation Mizusaki, Imada, PRB 74 (2006)014421

Phase diagram of Half-filled Hubbard model

"u,l AF2 | Stripe

Spin liquid region

AF region




Spin excitation in K-(ET),Cu,(CN);

, Shimizu ef al., PRB 70 (2006) 060510
B3C NMR relaxation rate
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Specific heat by Yamashita and Nakazawa (Osaka Univ.)

At low temperatures At higher temperatures;
Finite Field-insensitive anomaly
Y =y Low-lying spin excitations mm) Hidden order or some crossover ?
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Thermal conductivity also shows an anomaly around 5 K

Kezsmarki et al.

1-(ET),Cu,(CN),




Why not ! expected in Heisenberg model ?

—near the Mott transition

Mizusaki & Imada (2006)

| AFI2 | Stripe

PIRG

Nature of spin liquid ?

Baskaran, Mossner, Imada & Watanabe, Sorella, S.S.
Lee, P.A. Lee, Senthil, Mismuich et al., Motrunich,
M.P.A Fischer, McKenzie, Schmalian, Watanabe.........

Watanabe ef al. (2006)

Nonmagnetic
insulator

MOtt Robust

transition - | Long-range d-wave SC
“ | AF insulator
I Simple
———t—————F—
00 02 04 06 08 1.0
£/t
VMC
Chiral order
d-RVB

Spinon Fermi sea
Amperian pairing

-------

Mott transition



Wilson ratio ~ 1-2 1!
m) Degenerate Fermionic objects in Mott insulator
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Charge degrees of freedom MORE

Pressurize
SL insulator x-(ET),Cu,(CN),

and
AF insulator x-(ET) ,Cu[N(CN),]CI




Mott transition in x-(ET) ,Cu[N(CN),]CI by pressure «gwaetal

spin channel
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Mott transition in x-(ET) ,Cu[N(CN),]CI by pressure «gwaetal

spin channel

ol

, critical point
paramagnetic

insulator paramagnetic
metal

[
|

AF insulator Y S

Foll

p‘erc;lated \ bulky SC
| S E |
25 35
P (MPa)

_
=
c
o)
Q
3)
c
o
3]
5
>
c
o)
O

Kagawa ef al., Nature 436 (2005) 534



“

V'S Mott Criticality and Mott scaling
‘ Q O 0 h Kagawa et al., Nature 436 (2005) 534
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Unconventional critical

exponents

(69 Ba Y) — (29 17 1)

T(K)

Conductance

(O}

Divergence of
- pressure derivative

=
E L y~1
sls |
| ~ (T_ Tc)_Y
30 0.0 0.01 01 02
| | T-T, |/ T
(s}
s | crosSsover 4 —
' o - Singular pressure
_ ) 5 | dependence
40 —

| paramagnetic

35 - Mott insulator

0~2

j ump strongly correlated
metal >
i - ~ (P= P )P
g oY, J A B | (P-Pp)
0 10 20 30 a0 0101 . — i L [ 1|O 25
P (MPa) .
. ~ (Tc—1)F P-Pp,
01 ] L IR !
0.004 0.01 0.1 03

| T—T|/ T,




Comparison of critical exponents

Anomalous exponents (5, ,v) ~ (2,1, 1)

6 ~2 3 ~4.8 15
l i H U —
mean-field 3D-Ising 2D-Ising
G.L.) XY
2D Mottt Heisenberg
B 1/8 ~1/3 0.5 ~1
| [ | |
I . LI l I
2D-Ising 3D-Ising mean-field
XY G.L)
Heisenberg 2D Mott
~11 ~1.3 1.75
Y / H H —
_fiel 3D-Isi 2D-Ising
2D Motf (@1 ’ XV
Heisenberg

Quantum critical nature; Imada, Misawa




Universality class of quantum Mott transition; (0, 3, y)=(2,1,1) ?

Theoretical

Filling-controlled Mott; Furukawa , Imada (1991, 1994)
Band-width-controlled Mott; Imada, Misawa, Yamaji (2004,2006)

Ising or GL
A

quantum

critical quantum critical

exponents (2,1,1

A possible involvement of quantum fluctuations at low but finite temperatures



Mott transition in x-(ET),Cu,(CN), by pressure

10° Kurosaki et al.; PRL 95 (2005) 177001; Komatsu et al. JPSJ (1996 )
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Mott transition in x-(ET),Cu,(CN), by pressure
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Mott transition in x-(ET),Cu,(CN), by pressure

Kurosaki et al.; PRL 95 (2005) 177001; Komatsu et al. JPSJ (1996 )
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Antiferromagnet vs spin liquid ; charge gap

Charge gap is clearly opened on AF ordering, but remains undeveloped in spin
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Charge-gapless spin liquid just before Mott transition ?

140 MPa N\ 130 Mpa K-(ET),Cu,(CN);, K-(ET),Cuy(CNI-»

— N

142 MPa 150 MPa

:* Mott ins.
| (spin liq

{135Mpa Val

H 215MPa

165

Issue 3; charge state of spin liquid around Mott transition




I3C NMR 1/T, in the superconducting state

SC neighboring Spin liquid SC neighboring AFI
K-(ET),Cu,(CN); under 4.3 kbar K-(ET),X

3

k-(ET),.Cu_(CN). *C NMR
2 2 3

| H,=2T || bc plane

1r

X=Cu[N(CN),]Cl

T, (1/s)

Cu[N(CN),|Br
Cu(NCS),

~ T3

Ic

line nodes
in gap parameter [Ene

0.01

Temperature (K)

Shimizu et al. (2006) H,




13C NMR Knight shift

SL-neighbored SC AF-neighbored SC
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(Mayaffre et al.)
k-(ET),CUu[N(CN),]Br
(7.8°T)

A quite small decrease in shift

inconsistent with simple singlet pairing



I3C NMR spectra across Tc
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Pseudogap in 1/(7,7) in anisotopic triangular lattice
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Absence of pseudogap in k-(ET),Cu,(CN); under 4.3 kbar

AF-neighbored SC

LA in deuterated k-(ET),Cu[N(CN),]Br
Paramagnetic] © o R ) 13C NMR
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T is initially enhanced when triangular lattice is deformed
Triangularity seems unfavorable to superconductivity

Uniaxial pressure study, Maesato et al. (2004)

Superconductivity grconductivity
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Summary and guess on

“>-filled band correlated electrons
on triangular lattice near Mott transition

Temperature

Quantum
Mott transition

Temperature

No symmetry breaking
in both spin and charge?

@
Pressure

U/W

Temperature

Pressure\

U/w

Nodal triplet (?)
SC

Short-range
AF order

Pressure

U/W



