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Abstract

Resonant photoemission spectroscopy, soft X-ray emission spectroscopy, soft X-ray absorption spectroscopy, and high-feBSatution (
10 meV) ultraviolet photoemission spectroscopy were performed on a layered cobalt 0x8e,Qx which has attracted interests as one
of the potential thermoelectric materials because of its possession of high thermoelectricS prelatively low electrical resistivity, and
small thermal conductivity. A narrow band of 1.5-2 eV in width was observed in the photoemission spectra with its center at 1.0 eV below
the Fermi level £). This peak turns out to be less significant when Co 2p—3d resonance takes place, indicating that it consists mainly of O
2p and of small amount of Co 3d component. Siagés located near the high-energy edge of this narrow band, the density of states at
finite but negligibly small at room temperature. An energy-gap ackgsspens below 50 K with decreasing temperature. This development
of the energy-gap causes the insulating behavior; divergence both in electrical resistivity and Hall coefficient. We calculated thermoelectric
power S(7) using the photoemission spectra néar The calculateds(7) shows almost half of the measured value. Large thermoelectric
power up to 20QLV/K observed for the C# 0,0y is closely related to the metallic electron transport in a less dispersive band mitear
its band-edge.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction performance has been discussed in terms of carrier concen-
tration[1].
A large thermoelectric figure of merif = (5%0)/k, that Recently, thermoelectric power in a layered cobalt oxide

is known as a necessity of practical thermoelectric materials, NaCoQ, which is characterized by a Ce®@iangular-lattice
requires a large thermoelectric powgr a large electrical  layer consisting of edge-shared Gop@rtahedrons, were re-
conductivity o, and a small thermal conductivity. Ther- ported to exceed 80V/K at room temperature even though
moelectric power as well as the electrical conductivity is a its electrical resistivity stays below 2@ cm at room
function of carrier concentration. These two quantities show temperature[2,3]. This was surprising fact because con-
opposite carrier concentration dependence; thermoelectrictradicting two conditions, large thermoelectric power and
power increases while electrical conductivity decreases with metallic conductivity, are simultaneously achieved in this
decreasing carrier concentratiff. It has been widely be-  cobalt oxide. Its high temperature stability further promoted
lieved, therefore, that there is an optimal condition of the us to utilize the NaCo®as a thermoelectric device.
carrier concentration at about @m~2 that provides the More recently, it was reported that other layered cobalt
largest thermoelectrical figure of metit. In this respect, oxides, such as (G&003)4(CoOy)s (abbreviated as
doped semiconductors, such as B, SiGe, PbTe, and so  CaCo,0g), BixSr3C0x0g, and Th 4(Srp.90)1.12C00;, also
on, have been employed as thermoelectric devices and theipossess a large thermoelectric power and a metallic elec-
tronic conductivity [4—8]. The structures in these cobalt
oxides are characterized by a Go@angular-lattice layer
* Corresponding author. Tek:81-52-789-5620; fax: 81-52-789-3724. s Well as that in the NaCgOThese facts let us believe
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conductivity is characteristic of the CaQriangular-lattice edge of the reference gold electrically contacting with the
layer. measured samples.

In addition to its large thermoelectric power and the metal-  Hela photoemission spectroscopy (UPS) measurements
lic electronic conductivity preferable for a thermoelectric with an energy resolution of 10 meV were also performed
devices, CgC0s0O9 shows a low thermal conductivity most in ISSP, The University of Tokyo, in order to deter-
likely associated with the misfit structure between the €oO mine the electronic structure nedi in detail. We used
layer and the G#CoO; rock-salt layer[9]. As a result of Gammadata-Sicenta SES2002 hemispherical analyzer in
the small thermal conductivity, figure of merit in 20,09 both RPES and UPS measurement. The clean and flat
exceedsZT = 0.87 at 973 K[8]. It is, therefore, regarded surfaces were obtained by cleaving samples under the
as one of the most promising candidates for the practical ultra-high vacuum condition of a base pressure better than
thermoelectric material. 10~ Torr. Since no significant angle dependence was ob-

Beside its practical application, the physical mechanism served in both RPES and UPS measurements, the cleaved
leading the large thermoelectric power in these layered surfaces were expected to have roughness that obscure
cobalt oxides has been a point of controversy in condensedangle dependence of the photoelectron intensity.
matter physics. Koshibae et al. proposed a theory for the Co 2p—3d soft X-ray absorption spectroscopy (XAS) mea-
large thermoelectric power in cobalt oxides on the basis surements were performed in the BL19B in the Photon Fac-
of Hikes formula[10]. In their theory, degeneracy in the tory, KEK, Japan. We used bulk sensitive fluorescence yield
cobalt 3d states plays an important role in enhancing the method for the present XAS measurement. Soft X-ray emis-
thermoelectric power through their large configurational sion spectroscopy associated with Co 2p—3d transition was
entropy. Unfortunately, however, it does not explain the also measured at room temperature using the electron probe
metallic electrical conductivity with a negative temperature micro-analyzer (Shimadzu EPMA1400).
coefficient that is one of the typical properties in the layered
cobalt oxides.

The effect of the electron correlation in these layered 3. Results
cobalt oxide has been also attracted interest, because
coherent—incoherent transition was clearly observed in a Fig. 1(a) shows the Co 2p-3d on-resonant photoemis-
high-resolution angle resolved photoemission spectroscopysion spectrum measured/at = 7783 eV together with the
measurement11]. If strong electron correlation takes off-resonant one div = 771 eV inFig. 1(b) The Co 2p-3d
place, the electron transport properties, sucly amnd S, X-ray absorption spectrum is shown kig. 1(c) Five dif-
would be crucially affected by it. Since photoemission ferent structures, each of which corresponds to bands, in
spectra are sensitive to the electron correlation, it is of the off-resonant spectrum are marked with A—E at bind-
importance to discuss the electron transport properties ining energies(B.E.) = 1.0, 2.9, 3.5, 5.0, and 6.2¢eV, re-
terms of the photoemission spectra near the Fermi level spectively. When the Co 2p—3d resonance takes place, all
(Ep). bands except for D drastically develops. The valence band

In this paper, the electronic structure in4Ca,Og is in- in the CaCo40Og is composed only of Co 3d and O 2p
vestigated in detail using photoemission spectroscopy andelectrons, and the bands that have the Co 3d component
soft X-ray emission and absorption spectroscopy. The elec-must be enhanced at the Co 2p—3d resonance. Therefore, the
tron transport properties; andS, are discussed in terms of hump-structure denoted as DHig. 1(b)is safely assigned
the electronic structure nedfr. By calculatingS(7) from as non-bonding O 2p bands because it disappeared at the Co
a measured spectrum with assumption of metallic electron 2p—3d resonant.
conduction, we will discuss the origin of the large thermo-  An intense peak observed at 1.0eV beldk in the
electric power in the layered cobalt oxides. off-resonant spectrum turned out to be less obvious in the

on-resonant spectrum, though the intensity at that energy

increased more than 10 times larger with the Co 2p—3d res-
2. Experimental procedure onance. The Co 2p—3d SXES spectrum, that reflects Co 3d

partial density of states, has small intensity &£B= 1.0eV

High-quality single crystals were grown by the flux in sharp contrast to the large intensity aEB= 3.0-8.0 eV,
method. The details of the sample preparation were reportedwhere bands B, C, and E lie. We assigned that the band(s)
elsewhere[8]. Bulk-sensitive Co 2p—3d resonant photoe- at 1.0 eV belowEr consists mainly of O 2p and of a minor
mission spectroscopy (RPES) measurements with incidentamount of Co 3d component.
photon energies okv = 775-780eV were performed in Note here thakFr is located at the high-energy edge of this
the beam line BL25SU at the third generation 8 GeV syn- narrow band(s) centered at 1.0 eV. The density of statEg at
chrotron radiation facility SPring-8, Hyogo, Japan. The (N(Eg)) is fairly small but finite. The electrical resistivity in
energy resolution of the RPES measurements was bettetthe CaCo4Og at high temperature above 200 K was reported
than 120 meV, which was determined as the energy width to have a positive temperature coefficient, that is a typical
of the intensity-reduction from 90 to 10% at the Fermi behavior of metals. This metallic behavior in the electrical
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Fig. 1. (8) Co 2p—3d RPES spectrum of the CagCo4O9 measured with
hv = 778.3eV at 20K. Four humps marked with A—C, and E are observed
at 1.0, 2.9, 3.5, and 6.2V, respectively. (b) XPS spectrum measured with
hv = 771eV a 20K. A small hump marked as D is observed at 5.0eV
in addition to the humps that enhanced in the RPES spectrum. (c) Co
2p-3d absorption spectrum at 20K. The photon energy of hv = 778.3eV
was used for the RPES measurement. This energy was selected to avoid
getting affected by the Auger electrons. (d) Co 2p-3d emission spectrum
measured at room temperature. Although rather poor energy resolution
(AE ~1eV) obscured fine structures in the spectrum, humps marked as
A-C, and E can be observed as that in the RPES spectrum. Sharp peak
in XPS spectrum at 1.0eV and rather small peaks in RPES and SXES
spectra at the same energy indicate that the amount of Co 3d component
in the band 1.0eV below Eg is much smaller than the component of O
2p. Vertical broken lines in (a), (b), and (d) indicate the Fermi level.

conduction must be introduced by the finite density of states
a Ef.

The electrica resigtivity, however, drastically increases
with decreasing temperature below 100K [4]. In order to
investigate the relation between the electrical resistivity and
the electronic structure in the CagCo409, high-resolution
UPS measurement was performed and the electronic struc-
ture in the vicinity of Ep was revealed. XPS spectra mea-
sured at 20, 50, 100, and 200K are shown in Fig. 2(a), and
UPS spectra near EF measured at 20K, 50K, 100K, and
200K arein Fig. 2(b). Although X PS spectra show no signif-
icant temperature dependence, UPS spectra of high-energy
resolution clearly indicates that N(Eg) decreases with
decreasing temperature and turns out to have amost no in-
tensity at 20K. Anincrease in electrical resistivity and Hall
coefficient below 50K with decreasing temperature [4,6]
must be caused by the development of this energy-gap across
Er through decreasing number of conducting electrons.

The gap width is estimated to be <20meV at 10K, that is
too small to be revealed by the XPS or RPES measurement
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Fig. 2. (8) XPS spectra measured with aincident energy of hv = 778.3eV
at 20, 50, 100, and 200K. Spectrum shape is amost temperature inde-
pendent. (b) High-resolution Helo UPS spectra measured at 10, 50, 100,
and 200K. At temperature above 50K, density of states at Eg is kept
finite indicating a metallic state. An energy-gap of about 15meV form
Er opens below 50K. Drastically increasing electrical resistivity and Hall
coefficient with decreasing temperature below 50K are accounted for by
considering this gap-generation across Ef.

of the energy resolution of 120 meV. High-energy resolution
of the present UPS measurement played an essential role in
investigating the gap development at low temperature. The
increase in the electrical resistivity with decreasing temper-
ature would not be fitted by the equation for the thermal
excitation across a rigid band gap [4]. That is because the
energy-gap shows strong energy dependence aswe observed
in the present UPS measurement. To fully understand the
temperature dependence of the electrical resistivity below
50K, further quantitative analysis to reveal the temperature
dependence of the energy-gap is required.

Theorigin of the energy-gap development across Er isnot
clear now. It should be commented here, however, that the
development of aspin density wave (SDW) below 100K was
observed in the wSR measurement [12]. This devel opment of
SDW may cause an energy-gap due to a nesting of the Fermi
surface(s). Another candidate for the gap-generation mech-
anism is that associated with the electron—electron correla-
tion. Theoretical studies on a triangular lattice with strong
electron correlation predicted the development of spin den-
sity wave and energy-gap even without anesting of the Fermi
surface [13-15]. The coherent—incoherent transition, that is
one of the typical phenomenain the system under the stong
electron correlation, was observed by the angle resolved
UPS measurements for other layered cobalt oxides. This
fact may indicate the importance of electron correlation in
this system. We should note, however, that any evidence for
the coherent—incoherent transition was not observed in the
present high-resolution UPS measurement. Thus, we con-
sider that the nesting of the Fermi surface is responsible for
the energy-gap generation in the CagCosQg. High-energy
resolution angle resolved photemission spectroscopy with
high-quality samples would provide us a clear interpretation
for this problem.
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4, Discussion

In this section, the origin of the high thermoelectrical
power observed on the CagCo40yg is discussed. On the ba-
sis of the Boltzmann transport equation, the thermoelectric
power S(7) in ametallic system can be deduced by the fol-
lowing formula as a function of temperature.

(D) — 1 [Zoc (&) (e — 1)(0f(e)/de) de
€T % o(e)(3f(e)/de) de
Here, o(¢e) represents the contribution of electrons at ¢ to the
electrical conductivity. f(¢) and n denote the Fermi—Dirac
distribution function and the chemical potential, respec-
tively. Since df(e)/de has a finite value only in an energy
range of afew kg7 in width centered at the chemical poten-
tial u, itisvery important to know o(g) in this energy range.
If we assume an isotropic system, o(¢) was calculated by:

2 2
o(e) = % = S0 ENE), )

where A(e), v(e), t(e) and N(e) represent the area of
equienergy surface, group velocity, relaxation time, and
density of states, respectively. The energy range to be
considered in the integration in Eq. (1) is very narrow be-
cause of the energy range in which finite magnitude in the
df(e)/0e exists. Thus, we assume here an energy indepen-
dent group velocity and an energy independent relaxation
time. Eq. (1) is transformed into:

1 JZos N(e)(e — n)(0f(e) /9e) de
el [% N(e)(3f(e)/de)de

1)

S(D = ©)
We substituted UPS spectrafor the N(g) in Eq. (3) to deduce
the thermoel ectric power S(7) in the CagCo40g. In order to
get information about the conduction band just above EF,
room temperature USP spectrum divided by frr(¢) wasem-
ployed. This method isvalid only if the energy resolution of
the measurement is much better than the thermal broaden-
ing of kg7. The resulting spectrum is shown in Fig. 3. We
compensated the conduction band in the high-energy range
by the extrapolating the spectrum. Three different models,
which were used in the calculation of S(7), are also super-
imposed on the spectrum in Fig. 3.

One may wonder that the unit of the UPS intensity is
different form that of N(¢) and that it cannot be used as a
substitute for N(g). We note here, however, that the dimen-
sionin N(e) is canceled in Eq. (3) because it exists both in
the denominator and numerator. The calculated S(7) curves
are shown in Fig. 4 together with the reported ones [4,8].
Though its absolute value is kept only half of the measured
ones, the calculated S(7) is qualitatively consistent with the
measured one, in possessing a positive temperature depen-
dence and high values exceeding 100 wV/K at high temper-
ature above 600K.

We conclude that the large thermoel ectric power observed
for the CagCo40Oyg is closely related to the metallic electron
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Fig. 3. UPS spectrum of CagCo409 measured at room temperature and that
divided by the Fermi—Dirac distribution function (UPS/FD). Information
about the density of states above Er can be observed in the UPS/FD
spectrum up to B.E. = —0.1eV, that is about 4kgT above Er. Three
models of density of states above Er were constructed and superimposed
on the UPS spectrum.
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Fig. 4. Thermoelectric power S(7) calculated from UPS spectrum on the
basis of the Boltzmann transport equation. The measured S(7) [4,8] were
superimposed. A positive temperature coefficient in the thermoelectric
power was confirmed in the simulations as well as that in the experiments.

transport in a unique electronic structure characterized by
a narrow band width of <2€eV and Ef near its band edge.
The difference between the measured S(7) and calculated
one may arise from the assumption of energy independent
group velocity and relaxation time.

5. Conclusion

The valence band €electronic structure in the CagCos0Og
of one of potential thermoelectric materials was determined
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by combining the bulk-sensitive RPES and high-resolution
UPS measurements. The electronic structure near Ef is
characterized by a narrow band of <2eV in width and
the location of Ef near its edge. By caculating S(7)
from the measured UPS spectrum, we conclude that this
unique electronic structure and metallic electron trans-
port are closely related to the co-existence of the large
thermoelectric power and the relatively low electrica
resistivity.
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