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Angle resolved photoemission spectroscopy (ARPES) with synchrotron radiation as an incident photon
source was performed on the two different layered cobalt oxides, NaosCoO2 and CasCo40s. The energy—
momentum dispersion was clearly observed in the ARPES spectra, strongly indicating the presence of
extended and coherent Bloch states, and consequently the Boltzmann-type electrical conduction. The
electronic structure near the Fermi level (£r) in the CasCo40y was assigned not to be those from the Ca2CoO3
rock-salt layers but consisting of the aig and e’y bands from the CoO; layers in the same manner as in the
NapsC002. The topology of the measured bands was essentially the same with the calculated one for the
NapsCoO», but the energy width of the bands was greatly reduced to less than 60% of the calculated ones in
both compounds due most likely to the strong electron-correlation. Making full use of the measured
electronic structure, we succeeded in accounting for mechanism of the coexistence of a metallic electrical
conduction with a large thermoelectric power in the NapsCoOa.
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Introduction

Layered cobalt oxides with CoQ, triangular-lattice
consisting of edge-shared CoOs octahedrons have
attracted a great deal of interests because of their
possession of a large thermoelectric power with a
metallic electrical conduction [1-8]. Some of these
cobalt oxides also possess a low thermal conductivity
due most likely to the misfit structure between the CoO;
layers and the interstitial layers [2,6]. Since the large
thermoelectric power S and the large electrical
conductivity ¢ together with the low thermal
conductivity x are of necessities for practical
thermoelectric materials, these layered cobalt oxides
have been regarded as promising candidates for the
practical thermoelectric materials.

In order to understand the mechanism leading to the
large S with the metallic electrical conduction, we have
investigated valence band structure of the layered cobalt
oxides in our previous work using the Co 2p-3d resonant
photoemission  spectroscopy and  high-resolution
ultraviolet photoemission spectroscopy measurements.
As a result of these experiments, we concluded that the
electronic structure near the Fermi level (Er) is
characterized by narrow bands of less than 2 eV in
energy width with their edge near Ep, and that this
unique electronic structure is responsible for the
coexistence of the large thermoelectric power and the
metallic electrical conduction in these layered cobalt
oxides [9,10].

In this study, we performed angle resolved
photoemission spectroscopy (ARPES) on the layered
cobalt oxides, NaosCoO2 and CazCo04Qy, in order to
further confirm the role of the electronic structure in
enhancing the thermoelectric power of these two layered
cobalt oxides. Energy-momentum (£ - k) dispersion near
Er was investigated in detail and the electronic density
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of states N(F) was calculated from the measured E-k
dispersion. By calculating S(7) from the determined E-k
dispersion in the context of the Boltzmann transport
equation, we discuss the mechanism for the large S(7) in
terms of the precisely determined electronic structure.

Experimental Procedure

High-quality single crystals of NaosCoO2 and
CasCos0o were grown by the flux method. Details of the
sample preparation were reported elsewhere [6,8]. Angle
resolved photoemission spectroscopy (ARPES)
measurements with an incident energy of Av = 22 eV
were carried out at the port 011 Undulator-4mNIM in
the Synchrotron Radiation Center, Wisconsin. We used
Gammadata-Scienta SES2002 hemispherical analyzer
for the ARPES measurements with an energy resolution
of about 20 meV, which was estimated as the energy
width of the intensity reduction from 90 to 10 % at the
Fermi level of the reference gold. The angular resolution
employed in this study was 0.45°. Although the best
angular resolution of the SES2002 is better than 0.1°, we
intentionally lowered the resolution to increase the
signal intensity. The employed angular resolution of
0.45° is small enough as it corresponds to 0.6% of the
primitive reciprocal lattice vector |G| = 4nA(3a) of the
two-dimensionally extended CoO: triangular lattice,
where a represents the distance between the nearest
cobalt atoms in the CoQ: planes. The orientation of the
single crystal was determined using x-ray Laue pictures, .
and the crystals were precisely mounted on the ARPES
sample holder within an accuracy of +0.5°. A clean
surface was prepared by cleaving the samples under an
ultrahigh vacuum atmosphere with a base pressure better
than 1x10°1° torr, ARPES spectra were measured at 40K
along two high-symmetry lines; I'-M and I'-K. The
atomic arrangements in a CoQ; triangular lattice and the
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Fig.1. Schematic iflustration of the layered structure in (a) NaxCoOz and (b) CasC04Os. Two dimensionally extended
Co0» layer and its corresponding first Brillouin zone are shown in (¢) and (d), respectively.

corresponding  hexagonal Brillouin zone are

schematically drawn in Figs.1 (a) ~ (d).

Resuits

Since electron transport properties are dominated by
the bands that cross Er, it must be of great importance to
investigate the electronic structure in the vicinity of Er
in detail. In this study, therefore, we concentrate on
revealing the electronic structure only in the energy
range of a few eV about Er.

The second energy-derivative of the ARPES
intensity at the [-K direction is shown in Fig.2 in the
energy range from 0.2 to -1.4 eV. Dispersion of the eigen
value with varying momentum was clearly observed in
both compounds. This experimental fact indicates that
the single crystals we employed in the present
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measurement have excellent quality over the whole
radiation-area of the incident photon-beam (~p100 pm),
and that the wave function of the electrons in the
valence band are well explained with the extended
Bloch waves rather than by the localized atomic orbitals.
The Boltzmann-type electrical conduction mechanism is
also suggested for these layered cobalt oxides.

_ First principle band calculations predicted that the
bands in the vicinity of Er of the CaszCo4Oo consist of
atomic orbitals in the CazCoOs rock-salt layers [11],
while those of the Na.CoO are characterized by the
components from the CoOz layers [12]. Fairly different
band-dispersions were expected near Er for these two
cobalt oxides, however the observed bands of these two
compounds resemble each other in their periodicity and
topology. The bands with strong intensity in both
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Fig.2. Second energy derivative of the ARPES intensity (2I(k,E)/dE?) along the T'-K direction in the energy range of
0.2~-1.4eV for (a) NaosCoOz and (b) CasCo40s. The bands with strong intensity in both compounds have essentially the
same E-k dispersion, assigned as aig and e'gbands, which were schematically drown in (¢). “B” and “AB” indicate
bonding and anti-bonding bands, respectively, caused by the hybridization between two CoO> layers in the unit cell .
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Fig.3. Electronic density of states of NagsCoQ»
calculated from the experimentally determined E-k
dispersion. Band edge is located about 0.3 ¢V
above Er, and a van Hove singularity is observable
at about -0.15 eV.

compounds were found to possess essentially the same
topology of the calculated aig and €'y bands consisting of
Co 3d and O 2p components in the CoO; layers reported
for NaosCoO; [12]. Therefore we safely assigned those
bands as aig and €'y bands from the CoO2 layers. This
assignment is fully consistent with our previously
reported arguments on the basis of the angle integrated
photoemission spectroscopy measurements [9]. It is of
great importance to stress here that the conduction
electrons of the CazCo040s do not wander in the Ca,CoOs3
rock-salt layers but only in the CoO; layers similarly to
the conduction electrons in the NaxCoQa.

Notably, the ¢’y band does not cross the Fermi level
even though it comes up to 20 meV below FEr at
k~0.8kx where presence of a small hole pocket was
predicted by the band calculation. On the other hand, the
aig band certainly produces large hole-like Fermi surface
centered at the T” point. We strongly argue on the basis of
these experimental facts that the electrical conduction in
these cobalt oxides is dominantly caused by the a1 band
of the CoO, planes especially at low temperatures.

We also realized that the energy width of the
measured bands is less than 60% of the calculated ones.
Since the reduction in the band-width known as the
“mass-renormalization effect” is caused by the strong
electron-correlation, electron-correlation in these layered
cobalt oxides are naturally considered to be very strong.
The width of the bands in the NapsCoO: is slightly
smaller than that of the CasCo4Os, indicating a slightly
stronger electron-correlation in the NaosCoOa.

Discussions

In this section, the reason for the simultaneous
achievement of the large thermoelectric power and the
metallic electrical conduction in the layered cobalt
oxides is discussed in térms of the electronic structure
near FEr using the ARPES data measured for the
Nag sCo0s.

Energy-momentum  (E-k) dispersion of the
NapsCoO2 was determined by taking the peak
momentum Kpeax in the momentum distribution curves
Ix(k) which were obtained by ocutting the ARPES
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Fig.4. Topology of the e’y band determined by
tight-binding function fitting for the Nao sCoOa.
Saddle points indicated by the arrows were
observable in the hexagonal 1st Brillouin zone.

intensity I(E.k) at a given energy E. The Kpeak providing
the peak momentum in each Ig(k) was precisely
determined by a Lorentzian-function fitting [10]. By
using the data sets of E- kpak dispersion thus
determined, we performed tight-binding function fitting
for the two-dimensional triangular lattice with ignoring
the complicated bi-layer-splitting that is caused by the
hybridization between two CoO layeres in the unit cell.
The fitting functions we employed in this work are

E=E + 2t{cos(2kx / \[5) + 2cos(kx / \/g)cos<ky )}
+2¢'{cos(4k, 143)+2c0s(2k, /43 )cos(24, )}
+ 21"{cos(2ky)+2cos(\/§kx)cos(ky)}. (1)

Here ¢, ¢ and ¢ represent the transfer integral between
atomic/molecular orbitals- connected with- @, 2a, and
a+h, respectively. The vectors a and b denote the
primitive vectors in the two-dimensional triangular
lattice. ’

Electronic density of states near the Fermi level N
(E) was calculated from the E-k dispersion obtained by
the tight-binding fitting. The resulting N(E) are shown in
Fig. 3. We previously argued on the basis of the angle
integrated photoemission measurements that (a) the
presence of the band edge just above Er and (b) the
steeply increasing N(E) with decreasing energy just

- below Er are responsible for the large thermoelectric

power of the layered cobalt oxides.[9] These two
features are obviously reproduced in the calculated N(E)
shown in Fig.4. It is realized as a consequence of the
tight-binding fitting that the feature (b) is caused by the
less dispersive e'y band that possesses a van Hove
singularity (vHs) at 0.15~0.25 ¢V below Er. This vHs is
brought about by the saddle point at the middle point
between K and M as shown in Fig.4.

Thermoelectric power is calculated by using the
following formula

I (E)
ST)= 1 L« (E)(E- ﬂz )8 dE

eT - ‘

Here o(E) and AE) represent the contribution of
electrons at the energy E to the electrical conductivity
(spectral conductivity) and the Fermi-Dirac distribution
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Fig.5. Measured [REF.8] and calculated S(T) of
Nao 6Co02. The calculated S(7) plotted with dashed

line shows quantitative agreement with the
measured one.

function, respectively. If the mean free path of the
conduction electrons is energy-independent in the
vicinity of Er and the electronic structure in the CoO»
planes is isotropic, Eq. (2) can be transformed into

lj )(E- u)af( ) ar

e j:v(E)N(E)af( )dE

&)
where v(E) and N(E) denote the group velocity and the
density of states, respectively [13]. Nearly circular shape
of the Fermi surface reported for the Na.CoO2 by Yang
et al. [14] lends a support to the assumption of the
two-dimensionally isotropic electronic structure. The
energy independent mean free path is also appropriate,
because the shape of the momentum distribution curves,
which directly reflects the mean free path, was almost
energy independent at Ar < E < ~40meV for the
Ca3Co4009 [15].  Since both w(£) and N(F) had already
determined by the present ARPES measurements and the
subsequent tight-binding fitting, we calculated S(7)
using those data with Eq.(3). The resulting S(7) are
plotted in Fig.5 together with measured one. Obviously
the calculated thermoelectric power shows fairly good
consistency with the measured one not only in the
magnitude but also in its temperature dependence. It is
found as a consequence of the S(7) calculation that the
large positive thermoelectric power is caused by the
large density of states at 100~200 meV below E, i.e., by
the presence of the vHs in the ¢'g band.

Conclusion -

Angle resolved photoemission spectroscopy with
synchrotron radiation photon source was performed on
two different layered cobalt oxides; NapsCoO, and
Ca3Co409. The measured electronic structure near the
Fermi level in the NagsCoO2 showed a fairly good
consistency with the theoretically predicted one, while
the CasCosOo showed certainly different electronic
structure from the theoretjcal calculation by possessing
essentially the same topology of band structure with
those of the Nao sCoQ;. Conduction electrons both in the
Nao.sCoOz and CazCo4Os, therefore, are considered to

wander in the CoO; layers. It is also confirmed that the
strong electron correlation effectively reduces the energy
width of the bands in both compounds. S(7) in the
Nap sCoO> was calculated from the bands determined by
the measured ARPES data within the framework of the
Bolzmann transport theory. The calculated S(7)
quantitatively reproduced the measured one. The present
analysis revealed that the large thermoelectric power is
caused by the large density of states at the vHs in the €'y
band, while the metallic conduction is brought about by
the a1g band.
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