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The newly found sodium cobaltates provide a new and 
exciting challenge in the study of correlated matter in 
condensed matter physics. There appears to be  a greater 
hope of ultimate resolution than in the case of high 
Temperature superconductors due to drastically smaller a 
Fermi  temperature scale here. electronic frustration ( i.e. a 
dependence on the sign of electron tunneling amplitude) 
occurs along with spin frustration on the triangular lattice 
that underlies these compounds. I review some key 
experiments, and discuss the ongoing and evolving 
modeling of these systems. I discuss  some theoretical 
results for the transport properties, particularly the Hall 
constant. 

Mini Symposium
Sendai, Japan June 17 2004



Significant Experiments:
1999-2003

•Thermopower ( Terasaki et al)

•Superconductivity (Takada et al)

•Magnetic Field dependence of Thermopower
( Cava, Ong et al)

•Fermi Surface mapping ARPES

•Phase diagram ( The “official version”)





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

The dimensionless variable Z T exceeds unity at 800K ! 







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 03 Tc 
versus x



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



Cava/Ong  phase diagram.

Charge ordering at x=.5

Probably due to 
degenerate bands and a 
“chemical transition”.



How to 
model NCO-
start with 
band 
structure



•Notable features from Singh’s calculation:
( assuming rigid bands with varying x)

•At x=.75 there is only one hole like band that contains 
the fermi level: band maximum at Gamma point hence 
hole like FS

•At x~.5 there is evidence of another band becoming 
relevant, lower band ( electron like) tangents the fermi
level hence large DOS. Suggest that  at x=.5  there is a 
“chemical transition” 

•Below x=.5, Fermi surface is many sheeted, additional 
electron like band is operative.

•Indeed second sheet is visible in recent electronic 
structure calculations, e.g. W Pickett et al. ( 2004).

•Hence 1 band models are probably in trouble for x<.5!!!



Kumar and SS
Baskaran, 2003

Q H Wang, Dung Hai Lee, Patrick Lee 2003• t-J Model

Idea is to see if the RVB ideas give superconductivity in triangular lattice. 
Existence of J inferred from magnetic susceptibility results of 
Ong/Cava, J ~60^0 K ( antiferromagnetic).  Scale of “t” unknown, but 
electronic structure suggests large scale ( say .1 ev)- we will argue 
strongly against that scale and favor a much  LOWER energy scale, t~ 
100^0K.  

• Non s-wave pairing guaranteed by “bond attraction” type theories e.g. 
RVB, in contrast to “site attraction” type theories, e.g. phononic. 



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 of this 
view point, material 
exists but not yet 
probed!



Simple minded Mean Field Theories can be done using the 
basic idea of RVB namely

“Exchange is  Attraction”

J S.S = - J (c* c* -c* c*) ( c c – c c)   

( symbolically, where c* c* -c* c*  is a Cooper pair operator)

Calculations for t>0 and t<0 are both done and we need to 
finally interpret these in the light of  earlier comments on 
applicability of 1 band models.

Forced to choose t ~ 2 or 3 J, otherwise do  not get 
superconductivity in large part of phase diagram . 



Here t>0



Here t<0



Both signs of t support superconductivity max Tx appxly 10^0K.

T reversal violating SC state,   ratios D(0) : D(60) : D(120)  are cube roots 
of unity, necessarily complex order parameter, perhaps measurable 
prediction though hard. 

MAGNETISM

Notice ferromagnetism for t>0 in phase diagram, 

This is a consequence of Nagaoka type physics of Hubbard model. 

Although we have argued that t<0 for x=.7, there are reports of magnetic 
fluctuations out to 10 mev in neutron scattering ( Boothroyd, condmat
04), could these be signs that multiband physics is  important here too?

Weak SDW state seen in muon experiments Tc 22^0K ( 1-2 mev).

Triangular lattice magnetism for t<0 is also fascinating theoretical topic,  
suggestions of three sublattice order being CONSISTENT with kinetic 
energy…



Hall Effect in Strongly Correlated Matter

1/HR nec=

Question: What is “n” for a Mott 
Hubbard system? Electron 
number of hole number ( 
measured from half filling)?

Real space versus  k space!!

Standard expression says that 
Hall constant is a measure of 
carrier concentration:
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First serious effort to understand  Hall constant in correlated matter:

S S, Boris Shraiman and Rajiv Singh, Phys Rev Letts ( 1993)

Introduced 
object
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•Easier to calculate than 
transport Hall constant

•Captures Mott Hubbard 
physics to large extent

Motivation: Drude theory has 2( ) (0) /(1 )xy xyw iwσ σ τ= +

( ) (0) /(1 )xx xxw iwσ σ τ= +
Hence relaxation time cancels out in the Hall 
resistivity ( )xy wρ



Why not compute at high frequencies from Kubo’s formulas directly:
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•Very useful formula since

•Captures Lower Hubbard Band physics. This is achieved by 
using the Gutzwiller projected fermi operators in defining J’s

•Exact in the limit of simple dynamics ( e.g few frequencies 
involved), as in the Boltzmann eqn approach.

•Can compute in various ways for all temperatures ( exact 
diagonalization, high T expansion etc…..)

•We have successfully removed the dissipational aspect of Hall 
constant from this object, and retained the correlations aspect.

•Very good description of t-J model, not too useful for Hubbard 
model.

•This asymptotic formula usually requires ω to be larger than J
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To leading 
order in T/J 
we find

Naïve expectation from Band 
theory for Hall constant with 
one zero crossing (at half 
filling).



0.25 0.5 0.75 1 1.25 1.5 1.75

-20

-15

-10

-5

5

10

15 Behaviour for square lattice Mott 
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triangular lattice at low T ( work in 
progress). Notice there are THREE 
zero crossings
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t<0 Triangular lattice at T> |t| 
is always hole  like. No zero 
crossings in either case.

t>0 Triangular lattice at T> |t| 
is always electron like
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As a function of T, Hall 
constant is LINEAR for 
triangular lattice!!

We suggest that transport Hall = high frequency Hall constant!!

•Origin of T linear behaviour in triangular lattice has to do with 
frustration.  Loop representation of Hall constant gives a unique 
contribution for triangular lattice with sign of hopping playing a 
non trivial role.
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Comparison 
with Hidei
Takagi and 
Bertram Batlogg
data for LSCO 
showing change of 
sign of Hall constant 
at delta=.33 for 
squar e lattice



Here δ = ρ -1. 

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| ~ 60^0K hence bandwidth 
~550^0K.

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

•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.  
ρ preferable to σ





Open Questions:   Several directions:

Chemical coordination versus physical one: W Koshibae & S Maekawa
(PRL)  Kagome lattice.

Thermopower, its large value and its field dependence.

Fermi surface, renormalization effects, Luttinger volume theorem violation?

Prediction of time reversal violating superconducting state- observation?

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.

Multi band description for x<.5 ?

Battery connections? Lix Co O2

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.  Chemistry point of view ( 
Goodenough Kanamori Anderson rules) seem to explain this more 
easily than LDA
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