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Electronic structure of Ca;Co404 studied by photoemission spectroscopy:
Phase separation and charge localization
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We report on an electronic structure study of a quasi-two-dimensional Co oxide Ca3;Co,0Oq with Ca,CoOj3
rocksalt layers and CoO, triangular lattice layers by means of x-ray photoemission spectroscopy (XPS),
ultraviolet photoemission spectroscopy (UPS), configuration-interaction calculation on a CoOg cluster model,
and unrestricted Hartree-Fock calculation on a multiband d-p model. The Co 2p XPS spectrum shows that the
Co valence of the rocksalt layer is similar to that of the triangular lattice layer. The cluster-model analysis of
the Co 2p XPS spectrum indicates that the Co sites of the rocksalt and triangular lattice layers commonly have
charge-transfer energy A of ~1.0 eV, d-d Coulomb interaction U of ~6.5 eV, and transfer integral (pdo) of
~=2.3 eV. The Co 3d t,, peak in the valence-band XPS spectrum remains sharp even above the spin-state
transition temperature at ~380 K, indicating that the spin-state transition is different from the low-spin to
intermediate-spin or high-spin transitions in perovskite LaCoO;. The line shape of the UPS spectrum near the
Fermi level can be reproduced by the combination of unrestricted Hartree-Fock results for the charge-ordered
insulating (COI) and paramagnetic metallic (PM) states. The analysis shows that the phase separation between

the COI and PM states plays important roles in Ca3Co,O.
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I. INTRODUCTION

A misfit-layered Co oxide Ca;Co,O4 contains layers of
CoO, triangular lattice and of Ca,CoO; rocksalt structure
with actual composition of [Ca,Co0Os] [ CoO,] and shows
enhanced thermopower above room temperature.!~* The en-
hanced thermopower is commonly observed in quasi-two-
dimensional Co oxides with the CoO, triangular lattice such
as Na,CoO, (Refs. 5 and 6) and Bi,Sr,C0,0,.”% A theoreti-
cal study by Koshibae er al’® explains the thermopower
based on the mixed-valence state of Co®* and Co*" in the
Co-O triangular lattice with spin and orbital degeneracy. The
hopping transport of Co®* and Co** species provides entropy
flow that contributes to the thermopower, and the magnitude
of the entropy flow depends on the spin and orbital degen-
eracy of Co** and Co**.

X-ray absorption and photoemission studies of the layered
cobaltites including Ca;Co,Oqy showed that the hole-doped
Co-O triangular lattice has spin-1/2 Co** (low-spin Co**)
species in the nonmagnetic Co** (low-spin Co**)
background.!®!3 In case of the Ca,CoO; rocksalt layer of
Ca;Co,0,, although Masset et al.! suggested that the rock-
salt layer would contain Co®* species, the x-ray absorption
study of CayCo,0, excluded the possibility of Co?*.!" A kink
in inverse susceptibility was observed at ~420 K by Masset
et al.' and was assigned to a local spin-state change in the
Co** species. However, Sugiyama et al.'* reported that the
inverse susceptibility of Ca;Co,Oqy shows a thermal hyster-
esis at ~380 K that was assigned to a discontinuous spin-
state transition from the low-spin to intermediate-spin or
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high-spin states of the Co** species. Single crystals were
grown by a SrCl, flux method and were annealed in a O,
flow at 450° for 12 h in the study by Sugiyama et al., while,
in the study by Masset et al., single crystals were obtained
from a mixture of K,CO; and Ca;Co,0O4 powders heated up
to 880° for 50 h and then slowly cooled. The fact that the
transition temperature is sensitive to the difference of grow-
ing condition suggests that the spin-state transition is related
to a global structural change and is not governed by a local
spin-state change. In addition, the local spin-configuration
change should affect the magnitude of thermopower if it ex-
ists. However, the magnitude of thermopower does not show
any significant change throughout the transition at ~380 K
or 420 K indicating that the spin-state transition at ~380 K
or 420 K is different from the typical low-spin to
intermediate-spin or high-spin transitions in LaCoQ5.!3-17
Ca;Co,0, shows spin-density wave (SDW) transition at
27 K.!*18 In the itinerant picture, the SDW transition would
be due to Fermi-surface nesting. In the localized picture, the
SDW transition would be governed by Co**-Co** superex-
change coupling. Interestingly, substitution of Bi ions for Co
ions in the rocksalt layer suppresses the SDW transition and
increases the electronic specific-heat coefficient y.!” This in-
dicates that the change in the rocksalt layer reduces the lo-
calization in the CoO, layer (in case of the localized picture)
or changes the Fermi-surface geometry of the CoO, layer (in
case of the itinerant picture).?2! In this context, it is highly
important to study the electronic structure of Ca;Co,Oy us-
ing photoemission spectroscopy in order to reveal to what
extent the 3d electrons are localized in the CoO, layer. Also
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photoemission spectroscopy would provide a useful piece of
information on the valence and spin configuration of the Co
ions in Ca;Co,0.

The angle-resolved photoemission spectroscopy (ARPES)
studies of Na,CoO, show the existence of relatively large
hole pocket centered at I" point indicating that the hole con-
centration is about 0.5 for x of 0.6-0.7.22* On the other
hand, the cluster-model analysis of Co 2p x-ray absorption
spectrum (XAS) indicates that the ratio of Co*" to Co’* is
reduced by a factor of 2 from the nominal Na content.'? This
discrepancy suggests that the systems tend to be separated
into hole-rich and hole-poor domains. The hole-rich domain
is a good metal and is responsible for the Fermi surface
observed in ARPES and the low-temperature transport prop-
erties, while the hole-poor domain is insulating probably due
to carrier localization. The ratio of Co** to Co** obtained by
XAS corresponds to the average of the hole-rich and hole-
poor regions. One possible scenario to explain the bad me-
tallic behaviors of Bi,Sr,C0,0¢ and Ca;Co40y is that the
volume of the hole-rich domain is small in Bi,Sr,C0,09 and
Ca;Co,04 while it is substantial in Na,CoO,.

In the present work, we have studied the electronic struc-
tures of Ca;Co,0¢ using x-ray photoemission spectroscopy
(XPS), ultraviolet photoemission spectroscopy (UPS), and
subsequent model calculations. The Co 2p and Co 3d spectra
indicate that the Co 3d 1,, electrons are mostly localized sup-
porting the phase-separation scenario. The weak spectral
weight near the Fermi level probably represents the hole-rich
metallic domain. The volume of which is very small com-
pared with Na,CoO,. The Co 3d t,, peak in the valence-band
spectrum remains sharp even above the spin-state transition
temperature of ~380 K indicating that the spin-state transi-
tion is different from the conventional low-spin to
intermediate-spin (or to high-spin) transition in perovskite
LaCo0;.15-7

II. EXPERIMENT AND CALCULATION

Single crystals were grown by a flux method.> The XPS
measurements were performed using a JPS-9200 spectrom-
eter equipped with a monochromatized Al Ka x-ray source
(hv=1486.6 eV). The total-energy resolution was ~0.6 eV.
The UPS data were taken using a SES-100 spectrometer with
a He I source (hv=21.2 eV). The total-energy resolution
was ~30 meV. The base pressure of the spectrometer was in
the 10~7 Pa range. The single crystals were cleaved in situ in
order to obtain clean surfaces. All photoemission data were
collected within 12 h after the cleaving. The misfit-layered
cobaltite Ca;Co,04 consists of the Ca(Co)-O rocksalt layer
and the CoO, triangular lattice layer. The actual composition
of Ca3;Co409 sample is approximately given by
[Ca,C003]y6:[C00,].2

In the configuration-interaction approach, the ground state
of the CoOyq cluster is expressed by a linear combination of
d®, d'L, d®L?, ’L’, and d'°L* configurations, where L de-
notes a ligand hole in the O 2p orbitals. The energy differ-
ence between d® and d’L is given by charge-transfer energy
A and that between d’L and dL* by A+U, where U is the
Coulomb repulsion energy between the Co 3d electrons. The
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final states are expressed by linear combinations of cd®,
c¢d'L, cd’L?, ¢d’L?, and c¢d'°L*, where ¢ denotes a Co 2p
core hole. The energy difference between cd® and cd’L is
given by A—Q and that between cd’L and cd®L* by A-Q
+ U, where Q is the Coulomb energy between the Co 2p core
hole and the Co 3d electron. Here, the ratio U/Q is fixed at
~0.8.2>26 The interactions between the above electronic con-
figurations are given by the transfer integrals between the
Co3d and O 2p orbitals (pdo) and (pdw). The ratio
(pdo)/ (pdm) is fixed to =2.16.22% The Co 2p core-level
spectrum can be calculated with the three adjustable param-
eters A, U, and (pdo).

In the unrestricted Hartree-Fock calculation, the CoO, tri-
angular lattice is expressed by a multiband d-p
Hamiltonian.”” The Hamiltonian is given by

H=Hp+Hd+de’

H,= Eeppkhrpklo"" >

klo k>l o

kll’pk 1Pk +HC.,

Hd= E eddkmadkmtr-" 2

k.mo k, l>l'

+ ME dl del dez mldz m| +u' E d del del m’ldz,m’l

l m

kmm dkmodkm'o'+H C.

im#m’

+ (u, _j,) E d:madi‘modzm’rrdiam’("

im>m',o

+j' 2 dZdei,ﬂl’TdZmldi’m/l

. ’
im#*m

+j E dZmIdi,m’Td:m/ldi,mls

im#*m'

de = 2 Viimdlt,mo'pk,lo +H.c.
k.m,l,o
d} . are creation operators for the 3d electrons at site i. dy
and py,, are creation operators for Bloch electrons with
wave vector k which are constructed from the mth compo-
nent of the Co 3d orbitals and from the /th component of the
O 2p orbitals, respectively. The intra-atomic Coulomb inter-
action between the 3d electrons is expressed using Kanamori
parameters u, u', j and j'.?® Here, u=u'+j+j' and j=j'. j is
fixed to the atomic value (0.84 eV). The transfer integrals
between the Co 3d and O 2p orbitals Vf(’ffm are given in terms
of Slater-Koster parameters (pdo) and (pdir). Here, the ratio
(pdo)/(pdm) is —2.16. The transfer integrals between the
O 2p orbitals Vp”, are expressed by (ppo) and (pp7). (ppo)
and (ppr) are fixed at —0.60 and 0.15 eV, respectively, for
the undistorted lattice. The transfer integrals between the
Co 3d orbitals Vdmm, are expressed by (ddo), (ddr), and
(ddd). (ddo), (dd), and (ddd) are fixed at —0.2, 0.1, and
—0.02 eV, respectively. When the lattice is distorted, the
transfer integrals are scaled using Harrison’s law 29 While the
nominal charge-transfer energy is defined by ed €,+6U, ac-
tual A is defined by €)— €,+nU, where ed and €, are the

P
energies of the bare 3d and 2p orbitals, n is the actual num-
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FIG. 1. O 1s XPS spectra of Ca3Co,0q taken at 300 and 450 K
with #=20° and taken at 300 K with #=50°. Here, 6 is the emission
angle of detected photoelectrons relative to the surface normal.

ber of occupied 3d electron, and U(=u-20/9j) is the
multiplet-averaged d-d Coulomb interaction. A, U, and
(pdo) for the unrestricted Hartree-Fock calculation are taken
from the cluster-model analysis of the Co 2p spectrum.

III. RESULTS AND DISCUSSION

Figure 1 shows the O 1s XPS spectra of cleaved surface
of Ca3Co,404 taken at 300 and 450 K with #=20° and taken
at 300 K with #=50°. Here, 6 is the emission angle of de-
tected photoelectrons relative to the surface normal. The
cleaved surface is expected to be a mixture of the CaO rock-
salt surface and the CoO, surface. The O ls spectra consist
of two structures: structure A at ~529 eV and structure B at
~531.5 eV. We have fitted the spectra to two Gaussian
functions and found that the area ratio of structure A to struc-
ture B is ~0.5. It is possible to assign structure A to the
Co0, surface and structure B to the CaO surface. The extra
structure at ~533 eV is enhanced with increasing 6 from
20° to 50°. This suggests that the structure at ~533 eV is
due to the surface degradation. The O ls spectrum taken at
450 K also has the extra structure at ~533 eV that is prob-
ably due to the degrading of the cleaved surface due to oxy-
gen loss at elevated temperature.

Figure 2 shows the Co 2p XPS spectra of Ca;Co,O, taken
at 300 and 450 K with #=20° and taken at 300 K with 6
=50°. The line shape is unaffected by the difference of sur-
face sensitivity between 6=20° and 6=50°. Basically, the
line shape of the Co 2p spectra is consistent with the low-
spin configurations.'®3%3! The main peak is somewhat broad
compared to that of Bi,Sr,C0,04 with the CoO, triangular
lattice.! The broadening is probably due to the contribution
from the Co ions in the rocksalt layer although it is difficult
to decompose the spectra into the two contributions. The line
shape of the Co 2p main peak does not change in going from
300 to 450 K, indicating that the Co®* ions are dominated by
the low-spin states even at 450 K.

The main peak is accompanied by the charge-transfer sat-
ellite. The intensity and the position of the charge-transfer
satellite can be analyzed by the configuration-interaction cal-
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FIG. 2. Co 2p XPS spectra of CazCo,0, taken at 300 and 450 K
with #=20° and taken at 300 K with #=50°. Here, 6 is the emission
angle of detected photoelectrons relative to the surface normal.

culation on the CoOg cluster model. Here, we assume that
the Co 2p spectrum is dominated by the low-spin Co** con-
tribution. This assumption is somewhat consistent with the
relatively small hole concentration as pointed out by Kroll et
al."? for Na, (CoO, and as estimated for Ca;Co,0y in the last
paragraph of this section. In the configuration-interaction
calculation on the CoOg cluster model, the ground state is
expressed by a linear combination of d°, d'L, d®12, &°L3, and
d'°L* configurations and the final states are expressed by
linear combinations of ¢d®, c¢d’L, cd®L?, cd’L?, and c¢d'°L*.
The Co 2p core-level spectrum can be calculated with the
three adjustable parameters A, U, and (pdo). With A
=1.0 eV, U=6.5 eV, and (pdo)=-2.3 eV, the calculated
spectrum can explain the satellite structure as shown in Fig.
3. The sharpness of the satellite structure indicates that the
two Co sites in the Ca,CoOj5 rocksalt layer and the CoO,
triangular lattice have the satellite at the same energy and
that the two Co sites have similar A, U, and (pdo) values.
This is consistent with the fact that the Co-O bond length in
the rocksalt layer is similar to that in the CoO, triangular
lattice.> The shoulders at the high-binding-energy side of
Co 2p,» and Co 2p;,, main peaks are due to the interaction
between the clusters’? that is not included in the present
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—— cluster calculation
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FIG. 3. Co 2p XPS spectrum of Ca3zCos0O9 compared with the
cluster-model calculation.
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FIG. 4. Valence-band XPS spectra of Ca;Co,Oq taken at 300
and 450 K.

single-site cluster-model calculation. For example, the shoul-
der structure observed in NiO can be explained by the inter-
action between the neighboring NiOg clusters.’* However, A,
U, and (pdo) are successfully obtained by the single-site
cluster-model analysis.?>2

Figure 4 shows the valence-band XPS spectra of
Ca;3Co,0, taken at 300 and 450 K. The Co 3d 1,, peak in the
valence-band spectrum also remains sharp even above the
spin-state transition temperature of ~380 K. In the case of
LaCoOs3, the Co 3d 1,, peak loses its intensity due to the
transition from the low-spin to intermediate-spin or high-spin
states.3'** This indicates that the spin-state transition at
~380 K is different from the low-spin to intermediate-spin
(or high-spin) transition in LaCoQj. Since the CoOg octahe-
dra share their corners in perovskite, the interaction between
the neighboring CoOg octahedra plays important roles in the
spin-state transition of LaCoQOs. On the other hand, the CoOg
octahedra share their edges in the CoO, triangular lattice of
Ca3Co,0y. Therefore, even when the intermediate- or high-
spin states are thermally excited, the interaction between the
neighboring intermediate-spin or high-spin states is very
small and the cooperative low-spin to intermediate- or high-
spin transition is not favored. Probably, the spin-state transi-
tion at 380 K in Ca;Co404 does not involve any change in

—— CasCo0409
----- Bi2S12C0209

Valence band X}’S

Intensity

8 6 4 2 0
Binding energy (eV)

FIG. 5. Valence-band XPS spectrum of Ca;CosOy compared
with that of BiszzCOzOg.
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FIG. 6. (a) Valence-band UPS spectrum of Ca3;Co4Oq9 compared
with the calculated DOS for the PM and COI states. (b) Valence-
band XPS spectrum of Ca3;Co4O9 compared with the combined
DOS of PM and COI states. (c) Valence-band UPS spectrum of
Ca3Co409 compared with the combined DOS of PM and COI
states.

local spin configuration and is related to the change in the
interlayer magnetic coupling.

The Co 3d spectrum is dominated by the peak at ~1 eV
and the spectral weight at the Fermi level is extremely weak
(see Fig. 5). These spectral features indicate that the Co 3d
t,, electrons are mostly localized probably due to charge
trapping or charge ordering by the structural modulation.
Here, structural modulation in the Co-O bond length is
mainly due to the misfit-layered structure as revealed by
Miyazaki et al.> The modulation of the Co-O bond length
may induce the localization of Co 3d f,, electrons. The weak
spectral weight near the Fermi level represents some metallic
domains embedded in the insulating background. In order to
confirm this picture, the XPS and UPS spectra near the Fermi
level are compared with the density of states (DOS) calcu-
lated by the unrestricted Hartree-Fock method in Fig. 6. We
have employed the multiband d-p model and performed un-
restricted Hartree-Fock calculations.?” As estimated from the
cluster-model analysis of the Co 2p spectrum, A, U, and
(pdo) for CazCo,0q are 1.0, 6.5, =2.3 eV, respectively,
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whose values are more or less consistent with chemical trend
obtained in various transition-metal compounds. Here, the
differences of atomic subshell photoionization cross sections
are considered by adding each partial DOS multiplied by
their cross sections. The calculations were done not only for
the paramagnetic metallic (PM) states for Co**:Co**=1:2 in
which holes are itinerant and distributed uniformly but also
for V3 X3 charge-ordered insulating (COI) states for
Co**:Co**=2:1 in which holes are localized regularly in the
ay, orbital to form a Wigner-type order.

First of all, the calculated result for the PM states has
substantial DOS at the Fermi level that is inconsistent with
the experimental result. In the next step, the combination of
the PM states and the COI states is considered to reproduce
the experimental result. In Fig. 6, the XPS and UPS spectra
are compared with the combined DOS of PM and COI states
(PM:COI=1:2) that are broadened with the experimental
energy resolutions. The suppressed spectral weight at the
Fermi level is successfully reproduced by the calculation.
This may suggest a phase separation of PM and COI phases
in Ca;Co4O¢ and Bi,Sr,Co,04. Since Ca;Co409 and
Bi,Sr,Co,04 show insulating behaviors at low temperature,
it is expected that the COI phase is dominant in Ca;Co,40q
and Bi,Sr,C0,0y, consistent with the above analysis. On the
other hand, for Na,CoO,, the reported UPS spectrum has
relatively high spectral weight near the Fermi level com-
pared to that for Ca;Co,04.%> Probably, the volume fraction
of PM region in Ca3;Co,40q is small compared with that in
Na,Co0O,. These results support the phase-separation sce-
nario to understand the difference between Na,CoO, and
Ca3Co40y. The observed Fermi surface of Na,CoO, is basi-
cally consistent with the prediction of local-density-
approximation band-structure calculations,?*??>-2* indicating
that the correlation effect is moderate in the CoO, layer.
Therefore, it is reasonable to assume that the photoemission
spectra near the Fermi level are not that different from the
density of states obtained by the unrestricted Hartree-Fock
approximation. The present analysis based on the unre-
stricted Hartree-Fock calculations is enough for the qualita-
tive discussion on the phase separation. However, in order to
reduce the difference between the theoretical and experimen-
tal results seen in Fig. 6(c) and to obtain quantitative infor-
mation on the volume fraction of the metallic and insulating
phases, self-energy effects beyond the Hartree-Fock approxi-
mation should be included to calculate the photoemission
spectra of the metallic and insulating phases.

In the XAS study,11 the hole concentration ratio between
Bi,Sr,C0,04, NajcC00,, and Ca;Co,0Oy was found to be
0.7:1:1.5. Assuming that the hole concentration of Naj cCoO,

PHYSICAL REVIEW B 78, 235107 (2008)

is 0.4, those of Bi,Sr,C0,04 and Ca3;Co,0O4 were estimated
to be 0.3 and 0.6, respectively. However, the cluster-model
study by Kroll et al.'> has shown that the hole concentration
of Naj¢Co0O, is reduced by a factor of 2 from the nominal
Na content. Using the corrected hole concentration of
Nag (Co0O, of 0.2, those of Bi,Sr,C0,04 and Ca;Co,404 were
estimated to be 0.15 and 0.3, respectively. The hole concen-
tration of 0.3 is consistent with the actual composition
[Ca,Co05]y6,[Co0O,] (Ref. 2) that gives the average hole
concentration of ~0.23.

As for the orbital population of the doped holes, the a,
state is dominant in Bi,Sr,C0,04 and Ca3;Co,04 while the e;
and a;, components are heavily mixed in NajsCoO,. Unre-
stricted Hartree-Fock calculation on the CoO, triangular lat-
tice shows that, when the doped holes are localized due to
charge ordering of Co**:Co**=2:1, the hole state in the
low-spin Co** is dominated by the a;, symmetry. On the
other hand, when the doped holes are itinerant and form
Fermi surface as predicted by the local-density-
approximation band-structure calculation,”® the doped holes
are given by mixture of e;’, and a;, states. Probably, in
Bi,Sr,C0,04 and Ca;Co,0q, the structural modulation in-
duces charge localization and, consequently, the orbital state
is dominated by the a;, symmetry.

IV. CONCLUSION

In conclusion, we have studied the electronic structures of
Ca;Co,0, using photoemission spectroscopy and subsequent
model calculations. The cluster-model analysis of the Co 2p
spectrum shows that the two Co sites in the Ca,CoO5 rock-
salt layer and the CoQO, triangular lattice layer commonly
have the charge-transfer energy A of 1.0 eV, the d-d Cou-
lomb interaction U of 6.5 eV, and the transfer integral (pdo)
of —2.3 eV. The Co2p and 3d spectra indicate that the
Co 3d 1,, electrons are mostly localized. The weak spectral
weight near the Fermi level is probably derived from the PM
domain embedded in the COI state stabilized by the struc-
tural modulation. The volume of the PM domain is very
small in Ca3Co,0q compared with that in Na,CoO,. The
Co 3d 1,, peak in the valence-band spectrum remains sharp
even above the spin-state transition temperature of ~380 K,
indicating that the spin-state transition is different from the
conventional low-spin to intermediate-spin (or to high-spin)
transition in perovskite LaCoOs;.
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