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The Boltzmann theory approach to transport:

A very false approach for correlated matter, unfortunately very

Strongly influential and pervasive.

Need for alternate view point.



wikipedia

Vulcan death grip —

Derived from a Star Trek

classic episode where a non- existar
"Vulcan death grip' was used to fool
Romulans that Spock had killed Kirk.




First serious effort to understand Hall constant in correlated matter:

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

Introduced
object ;
*Easier to calculate than
Ru*=limlim px(w)/ B transport Hall constant
B—0

W—>0 «Captures Mott Hubbard
physics to large extent

Motivation: Drude theory has ny (C()) . ny (O) /(1_|_ i(()Z’)Z
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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

sExact in the limit of simple dynamics (e.g few frequencies
involved), as in the Boltzmann egn 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.

*VVery good description of t-J model, not too useful for Hubbard
model.

*This asymptotic formula usually requires o to be larger than J
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-{Comparison with
Hidel Takagl and

Bertram Batlogg
—ldata for LSCO
showing change of
sign of Hall constant
at delta=.33 for squar
1e lattice
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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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Anomalous high-temperature Hall effect on the triangular lattice in Na,CoO,

Yayu Wang!, Nyrissa S. Rogado?, R. J. Cava®?, and N. P. Ong!+*

The Hall coefficient Ry of NaxCoO2 (r = 0.68) behaves anomalously at high temperatures (1)
From 200 to 500 K, Ry increases linearly with T to 8 times the expected Drude value, with no sigr
of saturation. Together with the thermopower ), the behavior of Ry provides firm evidence for
strong correlation. We discuss the effect of hopping on a triangular lattice and compare Ry with :
recent prediction by Kumar and Shastry.

Hall constant as a function of T for x=.68 (
CW metal ). T linear over large range 2000

AN A to 4360 ( predicted by theory of triangular
/ lattice transport KS)
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Phenomenological interpretations of the ac Hall effect in the normal state of
Y’Bilg(:\‘llg( )?

Anatoley T. Zheleznyak*, Victor M. Yakovenko!, and H. D. Drew!

Department of Physics and Center for Superconductivity Research, University of Maryland, College Park, Maryland 20742
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Thermoelectric phenomena



d

O = — lim

ks—0 dkm

Here we commute the Heat current with the energy

density to get the thermal operator

Re k(w) = thcS(w)DQ + Re Kreg(w) with
n (1—e P A
Retreg@) = 7z (o) B paltaldZm)6en - en — ), (0

(6°7) -

— 1

The sum rule for the real part of the thermal conductivity (an even function

of w) follows

€n #Gm

T

/0 Re k(w)dw = 2hT£<@ o

Comment:

Not known before In literature.

(2)



; Trtin RO B8 . v
5(we) = 7D + 7 /0 dteivet /0 dr(J9(—t — ir)JQ(0)).

1
Dg =

Where
L ]

n,m

INn normal dissipative systems, the correction to
Kubo’s formula is zero, but it is a useful way of
rewriting zero, it helps us to find the frequency
integral of second term, hitherto unknown!!

So, what does © look like and what is its value? Answer is model dependent,
and in brief, © is the specific heat times a velocity

e 1 ,
RT — d Vst




Thermo-power follows similar logic:

< Jy >= o(w)Ey + v(w)(=VT)

then the thermopower is

Y (w)
SR
: %
P*¥ = — lim [J2(kz), K(—Eg)].

k—0 dkx

This is the thermo electric operator
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High frequency limits that are feasible and sensible
similar to R*

(6™)

L* g T2<7-a::v> (1)
: = <(I):m:>2

S PHrr

o (3)

Hence for any model system, armed with these three
operators, we can compute the Lorentz ratio, the
thermopower and the thermoelectric figure of merit!



So we naturally ask
ewhat do these operators look like
how can we compute them

e how good an approximation is this?

In the preprint: several models worked out in detail
eLattice dynamics with non linear disordered lattice
eHubbard model

eInhomogenous electron gas

eDisordered electron systems

eInfinite U Hubbard bands

eLots of detailed formulas: we will see a small sample for
Hubbard model and see some tests...



Anharmonic Lattice example
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Thermo power operator for Hubbard model
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Interesting by product of these formulas: at T=0, <® > must vanish
being entropy current, and hence the chemical potential can be
expressed as a ratio of two operators. This is pretty surprising, and
can be verified in some cases: half filled Hubbard model in any

dimension for bipartite lattices u= U/2



Free Electron Limit and Comparison with the Boltzmann Theory

It is easy to evaluate the various operators in the limit of U — 0, and this
exercise enables us to get a feel for the meaning of these various somewhat
formal objects. We note that

©) = 23 g b=
@) = FD e g lier—n]. (1

At low temperatures, we use the Sommerfield formula after integrating by
parts, and thus obtain the leading low 1" behaviour:

) = 22p0({(0F))
@) = 2B ()08, (1)
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We may form the high frequency ratios

b '7T2k'QB d N,
A g 5y log [Po(ﬂ)((%) Yl
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It is therefore clear that the high frequency result gives the same Lorentz number
as well as the thermopower that the Boltzmann theory gives in its simplest form.

The thermal conductivity cannot be found from this approach,
but basically the formula is the same as the Drude theory with
/o -> 1.

Some new results for strong correlations and triangular lattice:

Thermopower formula to replace the Heikes-Mott-Zener formula



Leading High temperature term for the Triangular lattice and
application to Sodium Cobalt Oxide
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This is a very useful alternate formula to the Heikes-Mott-Zener formula where
the second term in Eq above is thrown out. It interpolates very usefully be-
tween the standard formulas for low temperature as well as at high temperature.
The second term represents the “transport” contribution to the thermopower,
whereas the first term is the thermodynamic or entropic part, which dominates
at high temperaturefor S* we can actually make a systematic expansion in pow-
ers of Ot, unlike the dc counterpart.



Leading high temp expansion:

(T7%) = 6Lg%4(E &) = 3Lg2Bt*n(1 — n).
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The spins must be the same to the leading order in Gt where we generate a,
hopping term ("% ,Citr7 - from an expansion of exp(—3K), and hence a simple
estimation yields

A=—3L8n(1—n)(2—n) +O(F).

This together with u/ksT =1log(n/2(1 —n)) +O(3*t2) gives us the result for
0<n<l
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Results from this formalism:

PRL 97. 226402 (2006) PHYSICAL REVIEW LETTERS

week ending

| DECEMBER 2006

Strong Correlations Produce the Curie-Weiss Phase of Na, Co0O,

Jan O. Haerter, Michael R. Peterson, and B. Sriram Shastry

Physics Department, University of Califormia, Santa Cruz, California 95064, USA
(Received 21 July 2006; published 28 MNovember 2006
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e Magnetic field dep of S(B) vs data
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PHYSICAL REVIEW B 74, 245118 (2006)

Finite-temperature properties of the triangular lattice -/ model and applications to Na,CoO,

Jan O. Haerter, Michael R. Peterson, and B. Sriram Shastry
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Conclusions:

New and rather useful starting point for understanding
transport phenomena in correlated matter

*Kubo type formulas are non trivial at finite frequencies, and
have much structure

*\We have made several successful predictions for NCO already

«Can we design new materials using insights gained from this
kind of work?

Useful link for this
kind of work:

http://physics.ucsc.edu/~sriram/sriram.html



