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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 correlatioth elfe8trons, causes the large
thermopower. The recent experiments in NgGpare discussed in the light of the theoretical result.

Recently, Terasakiet al! have discovered large ther- affects the thermopower. It was also shown that the ther-
mopower in the layered compound Na@x, and proposed mopower at room temperature is actually close to that in
that the compound is of importance in view of potential ap-high-temperature end of the d&ta®in the parameter region
plication in thermoelectric devices which convert heatwhich is appropriate to the transition-metal oxides. The high-
into energy. For application, not only the large value of Seetemperature limit of the thermopower is given by Heikes
beck coefficient but also the low resistivity is requifetihe  formula‘*° When the Heikes formula gives a large value,
Seebeck coefficient in NaGo, increases with increasing the large thermopovyer at room temperature can be expected.
temperature, and reaches 1@¥/K at 300 K. The tempera- Therefore we examine the thermopower at high temperatures

ture dependence of the in-plane resistivity shows meta"i(gelr:eral(ljzmg thf H?lkte;]s fgrmu?é.We_ will ?hcl)wtthat_ n tcot .
behavior and the resistivity at 300 K is 0.2(htm. These %3 +O)§ngsc’g? i(())::sybu?algge'ltﬂgr?a?tliisb(()atv?/::nﬂt)rr\]é%sig ien?—o
values observed at room temperature stand comparison Wit(%

conventional thermoelectric materials composed of dopegOrtant for the enhqncement of thermopower. :
. Let us briefly review how the electron correlation causes

semiconductors. the thermopower in the Hubbard mod2l:

Cobalt oxides are strongly correlated electron systems. In
addition, 3 electrons have characteristic degeneracy due to
spin and orbital degrges of freedom. Effects of _the degery H=t 2 (CiTnga+H-C-)+UE NitNi, 1)
eracy have been studied theoretically and experimentally in (i) i
La; ,Sr,CoO; with perovskite structure where each cobalt
ion is surrounded by six oxygeris;* and the competition wheret is the transfer integral of an electron between neigh-
between crystalline field and Hund's rule coupling is respontoring sitesg/, andc;,, are creation and annihilation opera-
sible for the degeneracy of the electronic states of 8"Co tors of electron with spinr(=1,]) at sitesi andj, respec-
(Ca'") ion, i.e., low-spin(LS), intermediate-spirlS), and  tively, U is the on-site Coulomb interaction, and,
high-spin(HS) states with the electronic configuratiorts, :CiT(erU. The Seebeck coefficient is expressed as
(139, 13484 (13485), and t3.e] (t3,e5), respectively. The
compound NaCgD, is of bronze type and has a layered 1
structure where Na and CgQayers are alternately stacked Q= i M__ L
along thec axis. In the Co@ layers, each cobalt ion is sur- qT M1t qT’
rounded by six oxygens as that in the perovskite cobalt oxide

La; -«SKCo0;. However, in NaCgO,, cobalt ions form tri- Whereq is the charge of a carrier and is the chemical
angular lattices. Since the Co-O-Co bond angle is about 90 potential. In the present studg,is expressed as e wheree

the magnitude of the effective hopping ofl 2lectrons be- s the absolute value of electron charlye,; (i =1,2) is writ-
tween neighboring Co sites may be much smaller than that ifen a5

La; ,Sr,Co0;. The average valence of a cobalt ion in sto-
ichiometric NaCgO, is +3.5. It has been shown
experimentally®>** that there exist magnetic ¢b ions and _ 7 theT —(H—uN)/kgT; CoNG
I . . Mli_J dtJ dr Trle FOEB (= t=i7)]i],

nonmagnetic Co" ions withS = 0 in NaCgO,. The degen- 0 0
eracy of 3 electrons in cobalt ions is considered to play a 3)
crucial role in NaCgO, as well as La ,Sr,Co0O;. The pur-
pose of this paper is to show that the degeneracy of carriersyhereN is the number of electrons, apgdandj, are electric
together with the strong electron correlation in cobalt oxidesgcurrent and energy flux operators, respectively. We consider
brings about large thermopower. the high-temperature limit of thermopower in two cases, i.e.,

Effects of the strong electron correlation on the ther-t,U<kgT and t<kgT<<U. In these casesVl;;'s become
mopower have been theoretically studied by severatonstant and thus the first term in the right-hand side of Eqg.
author$®!° based on the Hubbard model. It was shown(2) goes to zero. Therefore the thermopower is given by the
that the spin degeneracy induced by the strong correlationhemical potential expressed as

@
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wheresis the entropy of the system, aidandV are internal
energy and volume. A —co the entropys is written as

5

where g denotes the degeneracy. Inserting Ej). into Eq.
(4), we have

uw  [dIng

keT | N g,

Then, the thermopowéP) in high-temperature limit is given
by

s=kg Ing,

(6)

kg dIng
Fort,U<kgT, g is given by the total number of configura-
tions,
(2Np)!
9= SN T (8)
N!(2Nap—N)!
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FIG. 1. Schematic representation of local states of cobalt ions,
Co®* and Cd*. The lines indicate the energy levels @f andt,
orbitals. The arrow represents a spin of an electtahLow-spin

with N, being the system size. Using Stirlings approxima-state,(b) intermediate-spin statég) high-spin state. The magnitude

tion and differentiating the term ¢nwith respect to the total
number of electrons, Eq7) is expressed as

2—p)
p 7

©)

with p=N/N,. This is the generalized Heikes formula in the

Hubbard model fot,U<kgT. Fort<kgT<U, on the other

of spinSis presented. The number in the frame denotes the degen-
eracy for each state.

N,!

No—M
g=g," QY—M!(NA_M)!. (12

By inserting Eq.(12) into Eq. (7), the thermopower of the

hand, the configuration with doubly occupied state is ex-cobalt oxides is given by

cluded ing. Then,g is given by the number of configurations
of charge without doubly occupied states and degeneracy of

spin. We have

N
= N—
9= 2 NN N (10
As a result, the thermopower is expressed as
kB 1_p
Q——gln ZT) (11)

In Eq. (11), the term,—kg/eIn2, comes from the spin

Q:_@m(gs X ) (13)

e \gsl—x
wherex(=M/N,) is the concentration of G ions. Note
that a C4" site has an extra charge eéfe compared with a
Co®" one and the dependence @fon x in Eq. (13) is in
contrast with that o in Eq. (11). In Eq. (13), Q is a func-
tion of the ratiogs/g,4. This indicates that the large absolute
value of the thermopower can be realized when there exists
an unbalance of the spin and orbital degrees of freedom be-
tween C3" and C4™ sites.

We next examine the numbers of configuratiggandg,

degree of freedom of an electron and the negative sign is dugith respect to the parametefs K, andT. In Ca®* and

to the negative charge of an electron. The difference betwee@d** sites, the LS, IS, and HS states are considered to be

Egs.(9) and(11) is caused by the strong correlation. close in energy due to the competition between the Hund's
Let us extend the theory mentioned above to cobalt oxideaule couplingK and the crystal-field splitting\ [see Fig.

such as NaC@, and Lg_,Sr,Co0O;. We define the num-
bers of the configurations of 6 and C4" ions asg; and
04, respectively. The values g@f; andg, are determined by
the Hund’s rule couplingK, the crystal-field splittingA
(=10Dq) betweeney andt,q levels and temperaturg, as
discussed below. Here, we taReto be sufficiently higl?
The total number of the possible statgds given by the

(1)]. Isolated C8" and C4* ions without crystal field have
the HS states witls=2 and3, respectively, due to the cou-
pling K. Introducing the octahedral crystal field, the energies
of the LS and IS states decrease compared with that of the
HS states. At a certain value af, the LS state becomes the
lowest in energy. The magnitude af which gives the level
crossing between HS and LS statesifhconfigurations of a

products ofgs, g4, and the number of ways of arranging Co®* ion (A3) is smaller than that ofi® configurations of a

Co®* and Cd" sites which is given bNA!/M!(Ny—M)!,

Cd*" ion (A,). In the following, we consider several cases

whereM is the number of Cb'" sites. Thugy is expressed as for the degeneraciesi) When the HS states of both &b
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TABLE I. The ratiogs/g, in Eq. (13) in the casesi)—(v). The

Co**—Cd**, a charge moves to the neighboring site. At the
obtained values of thermopow€r at x=0.5 are also presented.

same time, the configuration of the degeneracy changes from
03—04 t0 g4,—03. Since the motion of the degeneracy causes

Co** Co** 93/9s  Q(x=0.5) the thermopower, the large value is obtained in the céies
. B and (iv).
E:I)) HSH+SLS Eg igg _;Z ”x;i We have found that when the LS state is realized in a
- Co*" site, the thermopower has the value of 21A/K
(iii) LS HS+LS iz 214 uVIK [case (jii)] or 154 wV/K [case (iv)]. This explains the
(iv) LS LS 1/6 154 pVIK experiment, since in NaCgO,, Cc®* sites are in the LS
(v) HS+LS+IS HS+LS+IS 34/36 5 uVIK state and Cb" sites are magneti’@:l“

Finally, we discuss the thermopower in the dopCioO;
(R=La, Nd, Sm, Eu The ground state of a cobalt ion in
and C4d" sites are stablekgT<K;A<K), g; andg, are  LaCoG; is the LS state witt5=0, and the HS and IS states
15 and 6, respectivelyii) When the LS and HS states of a are close in energy to the LS state. It has been observed
Co®* site are close in energy and the HS state of &'Csite ~ €xperimentally that the thermopower in L 3Sr,CoO; with
is stable ksT<A,K;A~As), g3 is 16, which is obtained Smallx(0<x<0.1) is strc?lngly enhanced in the temperature
by the sum of the degeneracies of LS and HS states &f Co €gion (T~100-300 K): Since the energy difference
site, andg,=6. (iii) When the LS states of a &b site is &MoN9 the LS, IS, and HS states are order of 100 K in
stable and the LS and HS states of & Caite are close in -2C0%, we consider that the degeneracy causes the en-
energy keT<A,K:A~A,), we havegs=1 and gs=12, hanced thermopower in La,Sr,Co0;. In RCoO; (R=Nd,

which is given by the degeneracies of the LS and HS state%m' Eu, on the ot_her hand, the recent experiniéatiggests
of a Cd* site. (iv) When the LS states of @5 and Cd* that the LS state is stable. We therefore expect that the cru-

sites are stablekgT<A:K<A), gs andg, are 1 and 6 cial difference appears in the thermopower between the

respectively(v) When the LS, HS and IS states of Coand dopedRCoO; (R=Nd, Sm, Ey and Lg-,SrCo0;. The

A+ o : , : _ experiment is highly desired.
5018 +sl|t5e:ssir:ncc:jlgsi 6ITL gZirgZ,gGS _?tr]i 32{32 Okﬁgg ra:llti o In summary, we have studied thermopower in cobalt ox-
gs/gs in Eq. (13) in4each case is présented in Table | ides generalizing the Heikes formula. In the oxides, three

We apply Eq(13) to the thermopower in NaG®,. Since states of Cd" and C4d" sites, i.e., low-spin, intermediate-
the average valence of a cobalt ion in the stoichiometric¢P'N and high-spin states, are considered to be closelln en-
compound is+3.5, we havex=0.5 and obtain the ther- ergy. It was shown that not only the large degeneracies in

+ + of ; o
mopower shown in Table I. The sign depends on the value O?O:t ne;nfd rctﬁ sﬁ(ra]s r?Utrilsr?t th]cet:]at:z]betv\\//veern Itr?em IS 1m-
the ratiog;/g,4. This means that not only the concentration portant for the enhancement of thermopower. In NAILo

but also the ratiq;/g, affect the sign of the thermopower. our theory suggests that the low-spin state oﬁtmtes

As seen in Table |, the cag# ) gives the largest value of the brlng about the large thermopower. The mechanism may be
thermopower. Although there exist degeneracies in c:obaf’i’“)p“e(j to the other systems.

sites in the other cases, the thermopower is not always large. Authors thank I. Terasaki, J. Hejtmak, and G. Khaliul-
This is again because the thermopower in @@) is a func-  lin for valuable discussions. This work was supported by
tion of g3/g4. The result can be understood as follows: Priority-Areas Grants from the Ministry of Education, Sci-
When the ionic configuration changes from®CeCd** to  ence, Culture and Sport of Japan, CREST, and NEDO.
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