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The recently discovered  Sodium Cobalt Oxide system  provides a fascinating 
platform for the  study  of strong correlations coupled with frustration. We review 
some recent experiments, and suggest that these can be modeled by a 
triangular lattice t-J model.A study of this model suggests that It supports a Time 
reversal violating superconducting state, a ferromagnetic metallic state and 
possibly a   spin gap phase in a narrow composition range. We predict an 
unsaturated T linear dependence of the Hall constant in this system which 
seems to be corroborated by recent data.



Plan of Talk
Experiments :

Early papers:

Terasaki ( 1997) Discovered high thermopower in a reasonable metal

Thermopower calculation within Band Structure: D J Singh (2000).

Recent surge of activity:

Takada et al ( 2003 March 6, Nature) Superconductivity in hydrated 
system

Ong and Cava ( 2003 May Nature) Magnetic Field dependence of S.

Lots more since

Theory:

RVB Scenario, Kumar & SS (April 9) RVB type calculation+ Hall constant 
prediction, Baskaran (  March 31) cond-mat Wang, Lee and  Lee (  April 16) 
cond-mat RVB 

Some  unresolved issues. 





Fuita, Mochida, Nakamura (2001): More recent studies:

The dimensionless variable Z T exceeds unity at 800K ! 







Neutron data: 
Cava/Lynn





Hubbard model in small hopping limit 
(Heikes Formula):  G Beni ( 1974):Q=-
1/T(S2/S1+µ/e)  Q~- entropy/e,  entropy~kB
Log(gspin gconfig):

All data for different T collapses 
to single curve                    

Cava, Nature May Tc 
versus x



ARPES/FS two 
preprints at x~.6,.7



Theoretical ideas:

Triangular lattice, hence frustrated in 
electronic sense as well as usual spin 
language

Possibility of non phononic SC, 
perhaps RVB, “the original lattice”, since 
low Tc

Temperature dependent susceptibility 
suggest low energy scale, hence 
possibly strongly correlated

Ferromagnetism / Antiferromagnetism? 
SDW state?



Kumar and SS

• t-J Model



Interpret x as number 
of electrons in a 
Gutzwiller projected 
model. NMR is 
consistent with this, 
experiments show x as 
the relative fraction of 
3+ and 4+ states of 
Cobalt. This is called a 
low spin CF splitting 
and familiar in Co 
chemistry.

X= 0 gives 1 electron 
per “site” and should 
be a Mott Insulator. 
Prediction



•Triangular lattice Ferromagnetism for the U=infinity Hubbard model

•SS, Andersn Krishnamurthy ( 1993) studied instability of Nagaoka 
ferromagnetism on various lattices, and noted that for triangular lattice:

•Case A (t>0) leads to ferromagnetism easily for most fillings whereas 

•Case B ( t<0) ferromagnetism is not achieved.

•Turning back a U or J, we expect: where J=~ 4 t^2/U 

Experiments support SDW state 
rather than ferromagnet.
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Hall Constant in a strongly interacting fermi system:

•Highly mysterious. Boltzmann theory is not a good starting point, since z 
is either zero or very very small, so quasiparticle dominance fails.

•Big anomalies in High Tc: Boebinger etal ( Nature 2003) show failure of 
Boltzmann theory

•R~1/(nec) ~ 1/( 1+x)n’ ec is far from seen, actually one sees R~1/x e c 
divergent as x->0.

•Theory is in poor shape, a new direction was charted by us 1993 using 
high frequency Hall constant. Started with the amusing observation that 
in the Drude model, while  σ(ω) is frequency dependent, ρ(ω) is 
independent of ω due to complete cancellation. While cannot calculate 
anything at low ω, large ω is still managable:





Correlated e’s n square 
lattice: Hall constant is 
shown to have THREE 
zero crossings, in 
contrast      to single 
crossing for free e’s

Free e’ Hall constant versus 
filling for triangular lattice at 
fixed T versus filling.



Since Fermi temperature seems low, the large T limit may work, 
so we predict: RH will not saturate with T.

Predict   linear T dependence and known slope. 





Prediction for ω >> {J,t} min is ( with v = volume of unit cell and x = δ )

From Cava  Ong (transport) Hall measurement we find on comparing with 
our prediction ( for large frequencies):

•Indeed Hall constant is linear in T over large range ( 200 to 400 K)

•Slope can be used to deduce hopping: t <0 for x~.7  and |t| ~ 30^0K 
hence bandwidth ~300^0K.

•Fermi surface for this sign has unoccupied region around Γ point, ie hole 
like as seen in two recent experiments.

•Further experiments at different values of filling should be useful to check 
the details of the prediction

•Particularly interesting would be x~0 where Mott Hubbard physics is 
dominant.

•Business with frequency: wanted ρxy(w) for correlated systems from 
transport to large w.



Superconductivity: RVB calculation and phase diagaram:







Open Questions:

Fermi surface, renormalization effects, sign of t?

Optimium Tc?

Prediction of time reversal violating superconducting state?

Magnetism? Ferro : Nagaoka/Kanamori for t>0 and other orderings for t<0. 

Possibly a fermi surface switching transition as a function of x? t<0 to t>0 
due to competing bands, a chemical transition.

Battery connections? Lix Co O2

Biggest Question:

Why is there a low energy scale in this problem? Tf should be 3-4,000  
degrees but seems to be in 100’s. 



1H NMR and static susceptibility measurements have been performed in an organic Mott 
insulator with a nearly isotropic triangular lattice, -BEDT-TTF2Cu2CN3, which is a model system 
of  frustrated quantum spins. The static susceptibility is described by the spin S 1=2 
antiferromagnetic triangular-lattice Heisenberg model with the exchange constant J 250 K. 
Regardless of the large magnetic interactions, the 1H NMR spectra show no indication of long-
range magnetic ordering down to 32 mK, which is 4 orders of magnitude smaller than J. These 
results suggest that a quantum spin liquid state is realized in the close proximity of the 
superconducting state appearing under pressure.
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