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MAIN POINTS

(1) The metallic phase of k-(BEDT-TTF),X
is a strongly correlated metal close to a Mott
insulating phase. It exhibits a crossover from
a Fermi liquid to a bad metal at T ~ 30 K.

(2) The relevant theoretical model is a Hub-
bard model on an anisotropic triangular lat-
tice at half-filling.

(3) The coherence temperature Tp is de-
scribed by dynamical mean-field theory.

(4) Superconductivity is mediated by spin
fluctuations and has d;2_,2 symmetry?
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ORGANIC SUPERCONDUCTORS e
o Bechgaard salts - (TMTSF),X (X=Cl04,PFs...)

Quasi-one-dimensional electronic properties
e [‘ullerenes - MgCGD
e BEDT-TTF salts - e.g., a-(BEDT-TTF), X

S s s S
(JC=I0)
' il
S S s s
Conducting layers of BEDT-TTF molecules
are separated by layers of anions X.
Quasi-two-dimensional electronic properties

Greek letters «, 3, s, and 6 denote the
stacking pattern of the BEDT-TTF molecules

in each layer.
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ORIGIN OF ANISOTROPIC ELECTRONIC PROPERTIES
Crystal structure of a-(BEDT-TTF),MHg(SCN),

Highly conducting directions are due to large overlap
of sulfur orbitals in the BEDT-TTF molecules.

PHASE DIAGRAV
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PHASE DIACRAM
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FIG. 1. Temperature vs press(ul?e phase diagram of k—Cl.
The antiferromagnetic (AF) critical line T (P) (dark circles) |
was determined from NMR relaxation rate while T¢(P) for
unconventional superconductivity (U-SC: squares) and the
metal-insulator Tasr(P) (MI: open circles) lines were obtained

The AF-SC boundary (double
from the inflexion point of x'(P)

UNCONVENTIONAL METALLIC PROPERTIES
Temperature dependence of resistivity
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e A low temperatures, p ~ AT? at low T,
suggesting a Fermi liquid.

o At hlgl} temperatures, p > ha/e? ("bad metal’)
so the mean-free path”is less than a lattice
constant.

e Non-monotonic temperature dependence
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UNCONVENTIONAL METALLIC PROPERTIES
Temperature dependence of optical conductivity
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e No Drude (w = 0) peak above 50 K
e Broad peak around 300 meV.
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UNCONVENTIONAL METALLIC PROPERTIES
Temperature dependence of thermopower
k-(BEDT-TTF),Cu[N(CN)]Br
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e Values of the order of kp/e.
e Non-monotonic temperature dependence
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MAGNETIC OSCILLATIONS

J. Wosnitza, Fermi surfaces of low dimen-
sional organic metals and superconductors
(Springer, 1996)

The temperature and magnetic ficld depen-
dence of SAH and dHvA oscillations is con-
sistent with a 2d or quasi-2d Fermi liquid at
low temperatures (7' < 3 K).
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ANGLE-DEPENDENT
MAGNETORESISTANCE OSCILLATIONS

The angle dependence is consistent with a
2d or quasi-2d Fermi liquid with semi-classical
dynamics and can be used to map out the
Fermi surface.
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UNCONVENTIONAL SUPERCONDUCTIVITY

Evidence for gapless excitations or nodes in
the gap is that some properties are not ex-
ponentially activated but have a power law
dependence on temperature.

e nmr relaxation rate
-1/Ty ~ T3
- no Hebel-Slichter peak

o magnehic ﬂdd
e Thermal conductivity k ~ T dependince, (cntronsil)

e specific heat (controversial)
e penetration depth (controversial)

e magneto-optical (controversial)

Evidence for singlet pairing

The nmr Knight shift K(7') — 0 as T'— 0.
The upper critical field B., for the field in
the layers is comparable to the Pauli para-
magnetic (Clogston) limit at which the Zee-
man splitting destroys singlets.
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SUPERFLUID DOENSITY  VERSUS
TEMPERATURE

Carrington ¢t al. , PRL 83 , 4172
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FIG. 2. In-plane superfluid density py = Aj(0)/Ay(T)* calcu-
lated from the AAy(T) data in Fig. 1. for several values of
Ap(0). The thin lines are fits to the data with Eq. (1). The
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DIMER STRUCTURE
OF k-(BEDT-TTF )X

Hopping parameters between neighbouring
BEDT-TTF molecules within each layer.
The bonding and anti-bonding orbitals on
each dimer are split by 2t,, > tp,,tp, 14
Thus, the inter-dimer hopping can be viewed
as a perturbation.
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(kino ord
DIMER MODEL | &kuyama

U ~

There is one hole per dimer.

The dimers form an anisotropic triangular
lattice with different hopping in the horizon-
tal (¢1) and slanted directions (¢3).

U is the Coulomb repulsion between two
holes on a dimer. From quantum chemistry
U is larger than the band width.

This 1s a strongly correlated system.
Magnetic frustration results from competi-
tion between ¢; and ts.

Kno +
Fuku.yqu
THE RELEVANT HUBBARD MODEL

1 1
+UZ(niT o 5)(7@{1 — §) + [LGio-

"ot site = ET dwner e
At half filling (one electron per site) ground
state is an nsulator for U > t1, t».

Insight can be obtained by considering lim-
its for which there are known results.

t1=0 square lattice
ti= i3 triangular lattice
ta =0  decoupled chains

If t; and ¢ are both non-zero then due to
imperfect nesting of the Fermi surface there
1s a Mott-Hubbard metal-insulator transi-
tton at a finite value of U.
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TENTATIVE PHASE DIAGRAM FOR THE
HUBBARD MODEL ON AN ANISOTROPIC
TRIANGULAR LATTICE
Zero temperature
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UNCONVENTIONAL SUPERCONDUCTIVITY

Is there superconductivity in the model?

Yes. According to Quantum Monte Carlo calcula-
tions and the random-phase approximation (RPA)
and the fluctuation-exchange approximation (FLEX).
It is mediated by spin fluctuations.

What is the relationship between the magnetic ground
state of the insulating phase and the symmetry of
Cooper pairs in the superconducting phase?

Neel (7, 7) order leads to d-wave singlet supercon-
ductivity, as in the cuprates.

The 120 degree spiral order of the isotropic trian-
gular lattice leads to Cooper pairing in the s-wave
triplet odd-frequency channel.

M. Votja and E. Dagotto, PRB, 1999; J. Schmalian,
PRL 81, 4232 (1998); H. Kino and H. Kontani, cond-
mat/9807147; H. Kondo and T. Moriya, cond-mat /980732
K. Kuroki and H. Aoki, cond-mat/9812026.

Kondo 4+ Moriya , cond-mat /9909 024-

Metal - m.sufmlor |
Mocita ) Watanabe ,Iquq y oond—moj" /020307_0
onada 4 Trada | cond-rat /020653
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[Z‘YNAMIC{ALI ME{XN—"F;. IELD THEORY
corges &1 ctral sty Y5+ €3,13 (19%)
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 Low energy scale given by T}, analogue of
the Kondo temperature.

e Crossover from coherent Fermi liquid exci-
tations for 7' <« T} to incoherent excitations
at T' > Ty. This gives the strong tempera-
ture dependence of transport quantities.

Incohtcet = no Bloch states

no Fermi sucface

) . Phys.Rev B 6! 7996
Menno ond M<Kenne , zond -ma‘}/?éo%ﬂ

CROSSOVER TO INCOHERENT EXCITATIONS
Temperature dependence of resistivity
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® pp = ha/e* ~ mQcm, Mott limit

e For 'mean-free path“smaller than the lattice
parameter, the resistivity continues to in-
crease.

e Crossover from 72 Fermi liquid behaviour
to a bad metal.
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OPTICAL CONDUCTIVITY
Frequency-dependence of conductivity
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e The Drude peak only appears for tempera-
tures of the order of T} or lower.

¢ Broad peak at w ~ U = 4t} is due to transi-

tions from the lower to the upper Hubbard
band.

CROSSOVER TO INCOHERENT EXCITATIONE

Temperature dependence of thermopower
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e Minimum associated with Kondo tempera-
ture and loss of coherence.

e Values of order S ~ kg/e
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ACOUSTIC ANOMALIES AT Ty
D. Fournier et al., cond-mat /0209536
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Phonon self energy is related to electronic
density-density correlation function.

DMFT calculation
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BIG QUESTIONS?
What is the origin of
— the superconductivity?

the pressure and anion dependence of the
phase diagram?
— the incoherent-coherent crossover in inter-
layer transport?

Is the metal really a 2d Fermi liquid as the
Mott transition is approached?

OPPORTUNITIES FOR DMFT

e tight binding plus DMFT
e LDA plus DMFT

e Can extended DMFT give the whole phase
diagram including d-wave superconductiv-
ity?

e Other materials: e.g., -(BEDT-TTF),X
and )\—(BETS)QX.




