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Introduction :
Thermoelectric effects
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Classical thermoelectrics
p type

n type

J. Snyder et al., Nature Materials 7, 105 (2008)
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Thermoelectric materials

Problem
 

: S, , 
 

are linked
through

 
the Density

 
of States (n)

How to get
 

a large                     ????

Heavily
 

doped
semi-conductors

 
and 

semi-metals
are the best 
candidates
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Introduction : 
Nanostructuration
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Nature Materials, 6, 129 (2007)
Extrapolation to

ZT2DEG

 

= 2.4 at
 

300K



Silicium nanowires

A. I. Hochbaum et al., Nature 451, 163 (2008)
A. I. Boukai et al., Nature 451, 168 (2008)

Bulk
 

Si : ZT  ~ 0.01 at
 

300K

ZT = 0.6 at
 

300K 
for nanowires

ZT enhancement
 

mainly
 

due to 
phonons  : 

Reduction
 

of
 


 

+ phonon drag for S



Introduction : 
Electronic correlations



Electronic correlations

Modification of
 

DOS

A. Georges et al, Review of Modern Physics 68, 13 (1996)

Increase
 

of
 

T
Kondo insulators, Heavy

 
fermion 

compounds, oxides…
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High T limit : Hubbard model
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Spin and orbital degeneracy
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Introduction : 
Nax CoO2



At 300K
Small (polycrystals) 

 
Wm

(crystals) 
 

~ 5Wm-1K-1

Na0.7 CoO2
‘ Phonon Glass / Electron crystal ’

I. Terasaki et al., Phys. Rev. B 56, R12685 (1997)

Na0.7
 

CoO2
P= 50 10-4 WK-2m-1

Bi2
 

Te3
P= 40 10-4 WK-2m-1

Power factor  P=S2/
 

at
 

300K

Triangular
 

lattice
Co3+

 

(3d6) / Co4+ (3d5)
S = 0 and

 
S = 1/2

Nax

 

CoO2 : Na+
x

 

Co3+
x

 

Co4+
1-x

 

O2 Measurements
 

on polycrystals



ZT of oxidesOxides
 

:
Potentially

 
stable in air,

at
 

high
 

T

NaxCoO2 _ Fujita : JJAP 40, 4644 (2001); SrTiO3 _ Muta : J. Alloys and compounds 350, 292 (2003); Ca2.4Bi0.3Na0.3Co4O9 _ Xu : APL80, 3760 (2002); 
Whiskers BiSrCoO _ Funahashi : APL81, 1459 (2002); Ca3Co2O6 _ Mikami : JAP94, 10 (2003); 2DEGs(SrTiO3) _ Ohta : Nature Materials 6, 129 (2007); 
Ca3Co4O9 crystal _ Shikano : APL 82, 1851 (2003); LaSrCoO _ Androulakis : APL84, 1099 (2004); ZnAlO _ Ohtaki : JAP79, 1816 (1996)

p type :
Nax CoO2 , 
Misfit oxides

n type : TCOs
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Origin of large S?

Spin and Orbital Degeneracy
Co3+

 

(3d6)/Co4+

 

(3d5)
LS states due to 
CdI2 layers

g4 /g3 = 6
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Localized
 

picture
 

: the 
generalized

 
Heikes

 
formula

W. Koshibae et al., Phys. Rev. B 62, 6869 (2000)

Band structure calculations
 

:
Lifting of the t2g

 

levels
 

degeneracy
 

due to 
rhombohedral

 
crystalline

 
field

 
of CdI2

 
layers

FEE

22

))ln((
e3
k

T
S


dE

d 

D. J. Singh, Phys. Rev. B 61, 13397 (2000)
T. Yamamoto et al., Phys. Rev. B 65, 184434 (2002)

Peak
 

in DOS : large S
+ Metallicity

At
 

high
 

T
 

: 



The Kelvin formula
M. R. Peterson et al., PRB82, 195105 (2010)

t-
 

J model
 

for 
Nax

 

CoO2

 

with
 

x ~ 0.7

Heikes
 

formula valid
 

for T > 6 –
 

8 t



The misfit family
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, …

Misfits

The misfit family

• n = 4
 

[Bi2
 

A’2
 

O4

 

]RS[CoO2

 

]b1/b2
A’

 
= Ca2+, Sr2+

 

or Ba2+

• n = 3
 

[A’2
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= Ca2+

 

or Sr2+

• n = 2
 

[Sr2

 

O2

 

]RS[CoO2]b1/b2
[Ca2

 

(OH)2

 

]RS[CoO2

 

]b1/b2

Masset et col., Phys. Rev. B 62, 166 (2000)Leligny et col., C. R. Acad. Sci. Paris, t. 2, Série II c, 409 (1999)
Boullay et col., Chem. Mater. 8, 1482 (1996) Yamauchi et col., Chem. Mater. 18, 155 (2005)

CoO2 (type CdI2 )

NaCl-like triple layer (RS)
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Two different behaviours at low T

Different resistivities
 

but same S(T)
Only a shift of S

A. C. Masset et al., PRB62, 166 (2000)
S. Hébert et al., PRB64, 172101 (2001)

Low thermal conductivity
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Doping effect in the misfit family
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Modification of vCo
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Link between vCo
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BiSrPbCoO single crystals : modification of 
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1.06 × 1021

 

cm-3

 

for BSCO 
1.73 × 1021

 

cm-3

 

for BPSCO

Increase of ‘Co4+’
 

associated to a 
decrease of S

Generalized Heikes
 

formula : increase of vCo

3.59 for BSCO and 3.65 for BPSCO
W. Kobayashi et al., JPCM21, 235404 (2009)

t-
 

J model : Linear
 

T dependence
 

of RH
t ~10 – 40K

Justifies the Heikes formula (T/t > 6 – 8)
B. Kumar et al., PRB68, 104508 (2003)

Y. Wang et al., cond-mat/0305455
G. Leon et al. , PRB78, 085105 (2008)

Increase of vCo
3.11
3.18



W. Kobayashi et al.

0 50 100 150 200 250 300
100

101

102

103

104

 

 

BiBaCoO
BiSrCoO

BiCaCoO

(
m


.c
m

)

T(K)
0 50 100 150 200 250 300

0

20

40

60

80

100

120

140

160

 

 

BiBaCoO

BiCaCoO

BiSrCoO

S 
(

V/
K)

T(K)

0 50 100 150 200 250 300
0.000

0.005

0.010

0.015

0.020

0.025

0.030

 

 

BiBaCoO

BiSrCoO

BiCaCoO

R
H
(c

m
3 /C

)

T(K)

BiCaCoO/ BiSrCoO/ BiBaCoO single crystals

b1 /b2

21 /
4v

bbCo




If b1 /b2 , carrier concentration

S at 300K depends on doping
VCo = 3.05 – 3.15?

S not affected by the strong modification of 

1.69
1.82
1.98



0 50 100 150 200 250 300
0

20
40
60
80

100
120
140
160

BiPb/Ca/Co/O

Bi/Sr/Co/O

Bi/Ca/Co/O

Bi/Ba/Co/o

S
(

V
/K

)

T(K)

Bi-based compounds

1.65 1.70 1.75 1.80 1.85 1.90 1.95 2.00
80

90

100

110

120

130

140

150

BiBa

BiSr

BiPbCa

BiCa

 

 

S 30
0K

(
V

/K
)

b1/b2

S at 300K

4 separating layers



Heikes formula
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Carrier concentration changes with misfit ratio b1 /b2
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kF

 

=0.57±0.05 Å-1

 

for BiBaCoO

similar to kF

 

of Nax CoO2

 

(x=0.7)

Collaboration with V. Brouet
 

et 
al., LPS Orsay

Co3.3+

 

for BiBaCoO

Reliable data for 
vCo

 

are obtained for 
BiBaCoO

Co3.2+

 

for BiSrCoO
Co3.1+

 

for BiCaCoO

(=const)

V. Brouet et al., PRB76, 100403 (2007)

ARPES



Heikes formula

Co valency
 

in BiCaCoO/ BiSrCoO
 

/ BiBaCoO

g4

 

/ g3

 

= 2 instead
 

of 6  
Confirms

 
the results

 
in BiCaCoO

 
: vCo

 

= 3.24
M. Pollet et al., JAP101, 083708 (2007)

Heikes
(S at

 

300K)
Hall effect ARPES

BiBaCoO
NMR

3.5 -3.7 for g4

 

/ g3

 

= 6

3.1 – 3.3 for g4 / g3 = 2

3.05 -3.15
W. Kobayashi et al.

3.3
V. Brouet et al.,

PRB76, 100403 (2007)

3.1 -3.3
J. Bobroff et al., 
PRB76, 100407 

(2007)
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Orbital filling
 

in Nax
 

CoO2
 

and misfit
 

cobaltites
with

 
edge-shared

 
CoO6

Ligand field
 

splitting
 

:
trigonal distortion

MB Lepetit

LS Co3+/Co4+ mixed-valency

metallicity

a1g

e’g


 

= g4
 

/ g3
 

= 6
1 for Co3+

 
but 2 instead of 6 for Co4 +


 

= 2
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Low T : Electronic correlations

P. Limelette, PRB71, 233108 (2005)
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P. Limelette, PRL97, 046601 (2006)

S ~ T

Ca3
 

Co4
 

O9

K. Behnia et al. JPCM 16, 5187 (2004)



Low T : Spin entropy

BiCaCoO : excess of S at low T
A. Maignan et al., JPCM 15, 2711 (2003)

Observed also in Nax CoO2
[Wang et al. Nature 423, 425 (2003)]



Spin entropy at low T
Misfit

 
BiCaCoO

Na0.7

 

CoO2
Y. Wang et al., Nature423, 425 (2003)

Scaling
 

law
 

for S(H) : paramagnetic
 

spins S=1/2
Brillouin function

P. Limelette et al., PRL97, 046601 (2006)

Decrease
 

of S under
 

field
 

at
 

low
 

T
Due to the alignement of paramagnetic

 
spins



Spin entropy at low T

Determination
 

of
 

susceptibility
 

by NMR
Collaboration with

 
J. Bobroff

 
(LPS)

J. Bobroff et al., PRB76, 100407 (2007)
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Electronic
 

correlations
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enhancement for BiBaCoO
 

and BiPbSrCoO

P is almost independent 
of carrier concentration

In conventional semiconducting thermoelectric material such as 
Bi2

 

Te3

 

, n is an important parameter to tune the properties.

How to modify the electronic properties?
Influence of the block layer?

2.10-4

 
Wm-1K-2 at 300K



Hollandites



Ba1.2 Rh8 O16 hollandite

Quasi 1D structure

Tunnels made of 
edge shared 

octahedra

Needle like 
single crystals

W.Kobayashi et al., PRB79, 085207 (2009)



Ba1.2 Rh8 O16 hollandite
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Metallic behavior

e/phonon model
to fit the resistivity

(T) = sat
-1 + ((0) + A 
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with D
 

= 310K

Hall effect : 1.01×1022 cm-3 at 300K
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at 300K
For comparison : 187.10-4 Wm-1K-2 for Na0.88 CoO2 at 75K

Possible shift of PF at higher T? 



n type hollandite : Pb1.6 V8 O16

I12/m1 space group with a=10.125Å, b=2.902Å
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Pb1.6 V8 O16 : magnetic properties
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n type
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spin and orbital degeneracy terms 
for a V3+

 

(d2)/V4+

 

(d1) mixture lead to 
S (T ∞ ) value of ~  -35V/K
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Conclusion

)
x
x-1ln(

e
kS B 

Several
 

contributions to the
 

Seebeck coefficients in misfits
 

:

• S ~ T at low T

• Spin entropy
 

at
 

low
 

T depending
 

on susceptibility

• At
 

high
 

T

Major role of the Heikes formula even at T ~ 300K
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