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Thermopower in cobalt oxides
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We study theoretically the thermopower in cobalt oxides generalizing the Heikes formula. In the oxides,
states of carriers are largely degenerate because the crystalline field and Hund’s rule coupling compete in
cobalt ions. It is shown that the degeneracy, together with strong correlation of 3d electrons, causes the large
thermopower. The recent experiments in NaCo2O4 are discussed in the light of the theoretical result.
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Recently, Terasakiet al.1 have discovered large the
mopower in the layered compound NaCo2O4, and proposed
that the compound is of importance in view of potential a
plication in thermoelectric devices which convert he
into energy. For application, not only the large value of S
beck coefficient but also the low resistivity is required.2 The
Seebeck coefficient in NaCo2O4 increases with increasin
temperature, and reaches 100mV/K at 300 K. The tempera-
ture dependence of the in-plane resistivity shows meta
behavior and the resistivity at 300 K is 0.2 mV cm. These
values observed at room temperature stand comparison
conventional thermoelectric materials composed of do
semiconductors.

Cobalt oxides are strongly correlated electron systems
addition, 3d electrons have characteristic degeneracy du
spin and orbital degrees of freedom. Effects of the deg
eracy have been studied theoretically and experimentall
La12xSrxCoO3 with perovskite structure where each cob
ion is surrounded by six oxygens,3–12 and the competition
between crystalline field and Hund’s rule coupling is resp
sible for the degeneracy of the electronic states of a C31

(Co41) ion, i.e., low-spin~LS!, intermediate-spin~IS!, and
high-spin~HS! states with the electronic configurations,t2g

6

(t2g
5 ), t2g

5 eg (t2g
4 eg), and t2g

4 eg
2 (t2g

3 eg
2), respectively. The

compound NaCo2O4 is of bronze type and has a layere
structure where Na and CoO2 layers are alternately stacke
along thec axis. In the CoO2 layers, each cobalt ion is sur
rounded by six oxygens as that in the perovskite cobalt ox
La12xSrxCoO3. However, in NaCo2O4, cobalt ions form tri-
angular lattices. Since the Co-O-Co bond angle is about 9
the magnitude of the effective hopping of 3d electrons be-
tween neighboring Co sites may be much smaller than tha
La12xSrxCoO3. The average valence of a cobalt ion in st
ichiometric NaCo2O4 is 13.5. It has been shown
experimentally13,14 that there exist magnetic Co41 ions and
nonmagnetic Co31 ions withS5 0 in NaCo2O4. The degen-
eracy of 3d electrons in cobalt ions is considered to play
crucial role in NaCo2O4 as well as La12xSrxCoO3. The pur-
pose of this paper is to show that the degeneracy of carr
together with the strong electron correlation in cobalt oxid
brings about large thermopower.

Effects of the strong electron correlation on the th
mopower have been theoretically studied by seve
authors15–19 based on the Hubbard model. It was show
that the spin degeneracy induced by the strong correla
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affects the thermopower. It was also shown that the th
mopower at room temperature is actually close to that
high-temperature end of the data16,18 in the parameter region
which is appropriate to the transition-metal oxides. The hig
temperature limit of the thermopower is given by Heik
formula.15,20 When the Heikes formula gives a large valu
the large thermopower at room temperature can be expec
Therefore we examine the thermopower at high temperat
generalizing the Heikes formula.21 We will show that in co-
balt oxides, not only the degeneracies of electronic state
Co31 and Co41 ions but also the ratio between them is im
portant for the enhancement of thermopower.

Let us briefly review how the electron correlation caus
the thermopower in the Hubbard model:15

H5t (
^ i , j &s

~cis
† cj s1H.c.!1U(

i
ni↑ni↓ , ~1!

wheret is the transfer integral of an electron between neig
boring sites,cis

† andcj s are creation and annihilation opera
tors of electron with spins(5↑,↓) at sitesi and j, respec-
tively, U is the on-site Coulomb interaction, andnis

5cis
† cj s . The Seebeck coefficient is expressed as

Q5
1

qT

M12

M11
2

m

qT
, ~2!

where q is the charge of a carrier andm is the chemical
potential. In the present study,q is expressed as2e wheree
is the absolute value of electron charge.M1i ( i 51,2) is writ-
ten as

M1i5E
0

`

dtE
0

1/kBT

dt Tr@e2(H2mN)/kBTj 1~2t2 i t! j i #,

~3!

whereN is the number of electrons, andj 1 and j 2 are electric
current and energy flux operators, respectively. We cons
the high-temperature limit of thermopower in two cases, i
t,U!kBT and t!kBT!U. In these cases,M1i ’s become
constant and thus the first term in the right-hand side of
~2! goes to zero. Therefore the thermopower is given by
chemical potential expressed as
6869 ©2000 The American Physical Society
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m

T
52S ]s

]ND
E,V

, ~4!

wheres is the entropy of the system, andE andV are internal
energy and volume. AsT→` the entropys is written as

s5kB ln g, ~5!

whereg denotes the degeneracy. Inserting Eq.~5! into Eq.
~4!, we have

m

kBT
52S ] ln g

]N D
E,V

. ~6!

Then, the thermopower~2! in high-temperature limit is given
by

Q52
kB

e

] ln g

]N
. ~7!

For t,U!kBT, g is given by the total number of configura
tions,

g5
~2NA!!

N! ~2NA2N!!
, ~8!

with NA being the system size. Using Stirlings approxim
tion and differentiating the term lng with respect to the tota
number of electrons, Eq.~7! is expressed as

Q52
kB

e
lnS 22r

r D , ~9!

with r5N/NA . This is the generalized Heikes formula in th
Hubbard model fort,U!kBT. For t!kBT!U, on the other
hand, the configuration with doubly occupied state is
cluded ing. Then,g is given by the number of configuration
of charge without doubly occupied states and degenerac
spin. We have

g52N
NA!

N! ~NA2N!!
. ~10!

As a result, the thermopower is expressed as

Q52
kB

e
lnS 2

12r

r D . ~11!

In Eq. ~11!, the term,2kB /e ln 2, comes from the spin
degree of freedom of an electron and the negative sign is
to the negative charge of an electron. The difference betw
Eqs.~9! and ~11! is caused by the strong correlation.

Let us extend the theory mentioned above to cobalt oxi
such as NaCo2O4 and La12xSrxCoO3. We define the num-
bers of the configurations of Co31 and Co41 ions asg3 and
g4, respectively. The values ofg3 andg4 are determined by
the Hund’s rule couplingK, the crystal-field splittingD
(510Dq) betweeneg and t2g levels and temperatureT, as
discussed below. Here, we takeT to be sufficiently high.22

The total number of the possible statesg is given by the
products ofg3 , g4, and the number of ways of arrangin
Co31 and Co41 sites which is given byNA!/ M !(NA2M )!,
whereM is the number of Co41 sites. Thusg is expressed as
-

-

of

ue
en

s

g5g3
NA2Mg4

M NA!

M ! ~NA2M !!
. ~12!

By inserting Eq.~12! into Eq. ~7!, the thermopower of the
cobalt oxides is given by

Q52
kB

e
lnS g3

g4

x

12xD , ~13!

wherex(5M /NA) is the concentration of Co41 ions. Note
that a Co41 site has an extra charge of1e compared with a
Co31 one and the dependence ofQ on x in Eq. ~13! is in
contrast with that onr in Eq. ~11!. In Eq. ~13!, Q is a func-
tion of the ratiog3 /g4. This indicates that the large absolu
value of the thermopower can be realized when there ex
an unbalance of the spin and orbital degrees of freedom
tween Co31 and Co41 sites.

We next examine the numbers of configurationsg3 andg4
with respect to the parametersD, K, and T. In Co31 and
Co41 sites, the LS, IS, and HS states are considered to
close in energy due to the competition between the Hun
rule couplingK and the crystal-field splittingD @see Fig.
~1!#. Isolated Co31 and Co41 ions without crystal field have
the HS states withS52 and 5

2 , respectively, due to the cou
pling K. Introducing the octahedral crystal field, the energ
of the LS and IS states decrease compared with that of
HS states. At a certain value ofD, the LS state becomes th
lowest in energy. The magnitude ofD which gives the level
crossing between HS and LS states ind6 configurations of a
Co31 ion (D3) is smaller than that ofd5 configurations of a
Co41 ion (D4). In the following, we consider several cas
for the degeneracies:~i! When the HS states of both Co31

FIG. 1. Schematic representation of local states of cobalt io
Co31 and Co41. The lines indicate the energy levels ofeg and t2g

orbitals. The arrow represents a spin of an electron.~a! Low-spin
state,~b! intermediate-spin state,~c! high-spin state. The magnitud
of spinS is presented. The number in the frame denotes the de
eracy for each state.
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and Co41 sites are stable (kBT!K;D!K), g3 and g4 are
15 and 6, respectively.~ii ! When the LS and HS states of
Co31 site are close in energy and the HS state of a Co41 site
is stable (kBT!D,K;D;D3), g3 is 16, which is obtained
by the sum of the degeneracies of LS and HS states of C31

site, andg456. ~iii ! When the LS states of a Co31 site is
stable and the LS and HS states of a Co41 site are close in
energy (kBT!D,K;D;D4), we haveg351 and g4512,
which is given by the degeneracies of the LS and HS st
of a Co41 site. ~iv! When the LS states of Co31 and Co41

sites are stable (kBT!D;K!D), g3 and g4 are 1 and 6,
respectively.~v! When the LS, HS and IS states of Co31 and
Co41 sites are close in energy,23 g’s are given byg351
118115534 andg45612416536. The value of the ratio
g3 /g4 in Eq. ~13! in each case is presented in Table I.

We apply Eq.~13! to the thermopower in NaCo2O4. Since
the average valence of a cobalt ion in the stoichiome
compound is13.5, we havex50.5 and obtain the ther
mopower shown in Table I. The sign depends on the valu
the ratiog3 /g4. This means that not only the concentrationx
but also the ratiog3 /g4 affect the sign of the thermopowe
As seen in Table I, the case~iii ! gives the largest value of th
thermopower. Although there exist degeneracies in co
sites in the other cases, the thermopower is not always la
This is again because the thermopower in Eq.~13! is a func-
tion of g3 /g4. The result can be understood as follow
When the ionic configuration changes from Co31 –Co41 to

TABLE I. The ratiog3 /g4 in Eq. ~13! in the cases~i!–~v!. The
obtained values of thermopowerQ at x50.5 are also presented.

Co31 Co41 g3 /g4 Q(x50.5)

~i! HS HS 15/6 279 mV/K
~ii ! HS1LS HS 16/6 284 mV/K
~iii ! LS HS1LS 1/12 214 mV/K
~iv! LS LS 1/6 154 mV/K
~v! HS1LS1IS HS1LS1IS 34/36 5 mV/K
te

te
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Co41 –Co31, a charge moves to the neighboring site. At t
same time, the configuration of the degeneracy changes f
g3–g4 to g4–g3. Since the motion of the degeneracy caus
the thermopower, the large value is obtained in the cases~iii !
and ~iv!.

We have found that when the LS state is realized in
Co31 site, the thermopower has the value of 214mV/K
@case ~iii !# or 154 mV/K @case ~iv!#. This explains the
experiment,1 since in NaCo2O4, Co31 sites are in the LS
state and Co41 sites are magnetic.13,14

Finally, we discuss the thermopower in the dopedRCoO3
(R5La, Nd, Sm, Eu!. The ground state of a cobalt ion i
LaCoO3 is the LS state withS50, and the HS and IS state
are close in energy to the LS state. It has been obse
experimentally that the thermopower in La12xSrxCoO3 with
small x(0,x,0.1) is strongly enhanced in the temperatu
region (T;100–300 K).4 Since the energy differenc
among the LS, IS, and HS states are order of 100 K
LaCoO3, we consider that the degeneracy causes the
hanced thermopower in La12xSrxCoO3. In RCoO3 (R5Nd,
Sm, Eu!, on the other hand, the recent experiment24 suggests
that the LS state is stable. We therefore expect that the
cial difference appears in the thermopower between
doped RCoO3 (R5Nd, Sm, Eu! and La12xSrxCoO3. The
experiment is highly desired.

In summary, we have studied thermopower in cobalt o
ides generalizing the Heikes formula. In the oxides, th
states of Co31 and Co41 sites, i.e., low-spin, intermediate
spin and high-spin states, are considered to be close in
ergy. It was shown that not only the large degeneracies
Co31 and Co41 sites but also the ratio between them is im
portant for the enhancement of thermopower. In NaCo2O4,
our theory suggests that the low-spin state of Co31 sites
bring about the large thermopower. The mechanism may
applied to the other systems.
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3M.A. Señarı́s-Rodrı´guez and J.B. Goodenough, J. Solid Sta

Chem.116, 224 ~1995!.
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