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Direct measurement of charge transfer in thermoelectric Ca;Co,0¢
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The misfit-layered cobalt oxide Ca;Co,04 exhibits outstanding physical properties including high thermo-
electric power, low thermal conductivity, low resistivity, and high thermal stability. We utilize atomic-
resolution Z-contrast imaging in conjunction with electron energy-loss spectroscopy (EELS) in an aberration-
corrected scanning transmission electron microscope (STEM) to characterize the local atomic and electronic
structure of CazCo409. We will show that the position of the O atoms in the CoO, layers can be directly
imaged, and that the CoO columns in the rocksalt layer exhibit a strong modulation in the (010) direction.
Further, we measure the local Co valence and find significant hole transfer from the rocksalt CoO to the
hexagonal CoO, layers. Our results are confirmed by self-consistent multiple-scattering calculations and we
conclude that this hole transfer increases the mobile hole concentration and breaks the electron-hole symmetry
in the CoO, layers, thereby enabling the high thermoelectric power in the strongly correlated CoO, subsystem.
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Layered cobaltate materials have been the focus of many
recent studies due to the wide variety of electrical, magnetic,
and structural properties they exhibit. One of these properties
is the two-dimensional superconductivity found in water-
intercalated Na,CoO,,! where the superconducting CoO,
sheets are separated by insulating layers of Na ions. While
the structural similarities between Na,CoO, and the high-7.
superconducting (HTS) copper oxides such as YBa,Cu;0;
are striking, the superconducting mechanism of Na,CoO, ap-
pears more similar to Sr,RuO,, where a superconducting
triplet state is found due to triangular lattice symmetry of the
Co0, layer.> Another outstanding property of layered cobal-
tates is the large thermoelectric power in materials such as
NaCo,0,,? (CaOH), 4, Co0O,,*> Ca;C0,0,,° and (Bi,Sr,0,),
Co00,.” The crystal structure of all these materials is very
similar, with a CdL,-typed conducting CoO, layer that is
separated by an insulating rocksalt-typed structure with n
layers, where n=1 for NaCo,0,, n=2 for (CaOH), ;, CoO,,
and so on. These layered structures exhibit a low electric
resistivity p and thermal conductivity «, resulting in a figure
of merit ZT (ZT= f—:) comparable to that of traditional inter-
metallic thermoelectric materials such as Bi,Te; and CoSb,
while exhibiting superior thermal stability.

Since its discovery in 1997,% the high thermoelectric
power in NaCo,O, has been attributed to a number of differ-
ent mechanisms, including the large effective mass of the
charge carriers due to the strong correlations in the CoO,
subsystem, the spin degree freedom of charge carriers, and
the occurrence of a mixed-valence state in the CoO, layer or
a pseudogap. Similar mechanisms have also been suggested
for the other layered thermoelectric cobalt oxide materials. It
is interesting to note here that the structure of the CoO, layer
remains nearly unchanged® while the thermoelectric power
of the different layered cobaltate compounds increases as the
thickness of the insulating rocksalt layer increases from
100 wV/K at 300 K in L, (Ref. 3) to 140 uV/K at 300 K
in Pb and Ca doped (Bi,Sr,0,), Co0,.” Therefore, the insu-
lating rocksalt layer must play a crucial role in the high ther-
moelectric power of these misfit-layered compounds.
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PACS number(s): 72.15.Jf, 68.37.Ma, 79.20.Uv

Among the different layered cobaltate systems, the
Ca3Co,0, stands out as the only system containing one cat-
ion with nominally different oxidation states, namely Co?* in
the rocksalt buffer layers (Ca,CoOs) and Co** in the octahe-
dral CoO, layers, which makes it an ideal system for study-
ing effects such as charge transfer, orbital ordering, and spin-
state transitions on the material’s thermoelectric behavior.
The structure of Ca3;Co40q9 has been reported to be mono-
clinic with two misfit layered subsystems, a distorted
rocksalt-type Ca,CoO; layer sandwiched between two
Cdl,-typed CoO, layers along the ¢ axis. Both subsystems
share the same lattice parameters with a=4.8339 A, ¢
=10.8436 A, and 8=98.14°, but along the b axis the incom-
mensurate structure results in b,=2.8238 A for the CoO,
subsystem and b,=4.5582 A for the Ca,CoO; subsystem.”
The triangular CoO, layer consists of edge sharing oxygen
octahedra, and recent studies have shown that CoO, is a
metal near a Mott transition with a unit-cell parameters of
a=b=2.806 A" Therefore, the CoO, subsystem in
Ca3;Co,0y is subject to compressive strain in the a-axis di-
rection, and several studies have shown that increasing the
compressive strain will further increase the thermoelectric
power.!!-13

It has also been suggested that the occurrence of a mixed
Co valence state in the CoO, layers and the transition of
different Co-ion spin states play a crucial role in understand-
ing the high thermoelectric properties of Ca;Co,404. Previous
studies on Co valences estimated the Co valence to be +3.5
in the CoO, layers and +2.8 in CoO layers based on the
measured average bond length.!* Moreover, previous powder
x-ray and neutron-diffraction experiments have suggested a
strong undulation of O atomic sites in the CoO, layers and a
strong displacive modulation of both the Co and O sites in
the rocksalt subsystem.”!> However, due to the complex
structure of this incommensurate, layered system, and the
resulting large unit-cell, no detailed atomic-resolution studies
of the local atomic and electronic structures have been re-
ported to date.

In this Brief Report, we present an atomic-resolution
study of Ca;Co,O4 using aberration-corrected Z-contrast
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imaging'® and atomic-column resolved electron energy-loss
spectroscopy (EELS) (Ref. 17) in combination with ab initio
real-space multiple-scattering (MS) calculations'® of the
energy-loss near-edge structure (ELNES). The Ca;Co0,0,
samples were prepared from high-purity CaCO5 and Co5;0,
powders that were mixed stoichiometrically and then cal-
cined at 880 °C for 24 h in flowing air. Previous Ca;Co40q
samples that were prepared using similar methods did not
show any significant concentration of O or Co vacancies.®
Further, elemental analysis using energy dispersive (EDS)
x-ray analysis does not show any significant variation in the
Ca or Co concentration within the Ca;Co,40O4 sample, in con-
trast to a prior study.'” Thus, we assume the sample to be
stoichiometric Ca;Co,0y. The atomic-resolution STEM im-
ages and EELS spectra were obtained using an aberration
corrected VG HB 501 dedicated STEM (Ref. 20) and the
TEAM instrument (FEI Titan 300 kV TEM/STEM) located
at the National Center for Electron Microscopy (NCEM).
Particular attention was paid to the effects of electron irra-
diation on the sample materials to assure that all the results
reported here are not attributable to electron-beam damage.
The self-consistent ab initio multiple-scattering calculations
were performed using the FEFF8.4 code'® using a real-space
structure of Ca;Co,0O4 containing about 100 atoms. The in-
commensurate structure of Ca;Co,O¢ was reproduced by al-
ternating the stacking of rocksalt Ca,CoOj; subsystems with
b,=4.5582 A and CoO, subsystems with b,=2.8238 A
along the c¢ axis.

Figure 1(a) shows an atomic-resolution Z-contrast image
of Ca;Co,0, (acquired using the FEI Titan) in the [010]
orientation, clearly exhibiting the four distinct layers of vary-
ing brightness. The CoO, layer can be seen as the brightest
layer followed by the CaO, CoO, and CaO layer, respec-
tively. The incommensurate structure of Ca3;Co40y is not vis-
ible in this orientation as indicated in the structural model
shown in Fig. 1(a). Atomic-resolution Z-contrast images ob-
tained in the [100] orientation (not shown here) clearly re-
veal the misfit-layered structure.?' It is interesting to note
here that while the atomic columns in the CoO, and CaO
layers can be clearly resolved, the atomic columns in the
CoO layers appear blurred. This is not due to insufficient
spatial resolution. On the contrary, in the CoO, layers not
only can the Co atomic columns be seen, but even the O
atomic columns are resolved as detailed later. The electron
probe size is calculated to be about 0.8 A using Haider’s d59
criterion® [or close to a full width at half maximum
(FWHM) of 0.5 A]. Figure 1(b) shows an intensity profile
taken across a Co and O atomic columns in the CoO, layer.
Here, the Co columns are shown as the brightest intensity
peak, while the shoulders on both sides correspond to the
relative intensities expected for O using a Z> intensity argu-
ment. Moreover, the positions of the O columns correspond
to those in our Z-contrast image simulations [Fig. 1(c)]. The
direct visualization of O atomic columns using Z-contrast
imaging has so far been reported only in very few special
cases®’ and requires that the atomic O site are highly ordered
along the electron-beam direction, since the scattering ampli-
tude of O at high scattering angles is low compared to ele-
ments such as Ca, Ti, or Co. Z-contrast image simulations
[Fig. 1(c)] of Ca;Co,04 further confirm that the CoO col-
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FIG. 1. (Color online) (a) Atomic resolution Z-contrast image of
Ca3Co0,40y in the [010] orientation. The brightest atomic columns
show the Co atoms in the CoO,-layer with the adjacent O atoms
clearly visible. The inset shows a model of the CazCo40g unit-cell
in the same orientation. (b) Line scan of the image intensity across
a Co atomic column and two adjacent O columns. The O columns
can be clearly seen as distinct peaks next to the Co column. (c)
Calculated Z-contrast image of Ca3;Co,4Oq [010] showing that the
CoO column in the middle of the rocksalt Ca,CoO3 should be re-
solved clearly in the experimental image.

umns should be clearly resolved in the undistorted Ca;Co,40q
structure. Therefore, our ability to resolve the O columns in
the CoO, layers and not the Co in the rocksalt layers leads
the conclusion that contrary to prior reports,” the O atomic
sites in the CoO, layers do not exhibit any displacive modu-
lation, while the Co and O sites in the Ca,CoOj5 layers ex-
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FIG. 2. (Color online) (a) Oxygen K-edge spectra of different
layers in Ca3Co40y, the energy scale is calibrated to the Ca L3-edge
onset, while the intensity is normalized to the prepeak A intensity;
(b) calculated O K-edge spectra for the different Co-O layers using
the multiple-scattering code FEFF8.4 (solid line) and experimental
spectra (as shown in a), dotted line. (c) Co L edges for the different
Co-0O layers showing the Co L; and the L, white lines. The spectra
are normalized to the Co L; peak intensity. All experimental spectra
are averaged over three individual spectra.

hibit a large undulation along the b axis. A recent XRD study
of single-crystal Ca;Co4Oq reports the existence of occupa-
tional modulation in the CoO layer resulting in triple chains
along the b direction."

Atomic-column resolved electron energy-loss spectra (ac-
quired using the VG HB 501) of the different layers in the
Ca3Co,40y unit cell are shown in Fig. 2. Figure 2(a) shows
the O K-edge spectrum acquired from the CoO,, the CaO,
and the CoO layers. The near-edge fine structure of the O
K-edge spectra can be divided into two regions, the prepeak
from ~526 to ~533 eV and the main peak from ~533 to
~549 eV. The prepeak region contains a dominant peak at
530 eV (labeled A) and a small satellite peak at 528.5 eV
(labeled A ;) in CoO, spectrum and 532.5 eV (labeled A,) in
CoO spectrum. By comparing the experimental spectra from
the CoO, and the CoO layers with EELS spectra from simi-
lar materials, such as LaCoO; (Ref. 24 and 25) and the re-
sults of our MS calculations, we find that peak A stems from
transitions from the O ls into the hybridized O 2p-Co 3d
orbitals.? In this layered cobaltate material the Co 1, states
are further split into a;, and e, orbital due to the rhombo-
hedral distortion of the CoO, layer, with the a;, orbital at a
higher energy than the e, .?”*® Therefore, peak A; in the
Co0O, spectrum stems from the transitions to hybridized
O 2p and Co** a 1 states, while no such peak is observed in
CoO spectrum. The peak A, in the CoO spectrum is charac-
teristic of a Co®* oxidation state due to transitions to hybrid-
ized O 2p-C03+ e, states,?? which indicates the presence of
Co** ions in CoO layers. Finally, the first peak of the main O
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K-edge (peak B) has been shown to originate from transi-
tions to hybridized O 2p-Ca 4sp orbitals,’*3! while peak C
has been attributed to the transitions to the hybridized
O 2p-Co 4sp band. Therefore, the high intensity of peak C in
the CoO, and CoO spectra indicates strong Co-O bonding,
while the high intensity of peak B in the CaO and CoO
spectra shows high Ca-O bonding.

Figure 2(b) shows the results of our ab initio multiple-
scattering calculations of oxygen K-edge near-edge fine
structure for the CoO and the CoO, spectra. The calculated
spectra take into consideration only the contribution from the
Co-O atomic columns and the effects of beam dechanneling
have not been accounted for. Thus, the calculated spectrum
for the CoO, layer shows only the prepeak A and the peak C,
while the spectrum for the CoO layer shows the prepeak A
and the peak B. Note that the energy scale of the calculated
spectra has not been altered, and that the model used in the
calculations assumes the stoichiometric CoO and CoO,, re-
spectively. It can be seen from Fig. 2(b) that the intensity of
peak A relative to the main peak is slightly higher for the
Co0O, spectrum compared to CoO. This difference can be
explained by the different occupancy of the Co orbitals as-
suming the ideal valence state of Co** and Co*, respec-
tively. However, in the experimental spectra, the intensity of
peak A is substantially higher in CoO, compared to that of
the calculated CoO, spectrum. It has been previously shown
that the prepeak can be used to quantify the density of hole
states.3>33 Therefore, the higher prepeak in CoO, layers in-
dicates a higher concentration of mobile holes, which could
explain the two-dimensional p-type thermoelectric behavior
of the CoO, layers.

Figure 2(c) shows the Co L edge from the CoO, and the
CoO, respectively. By using the relationship between the Co
L;, L, white lines and the Co valence reported by Wang
et al.,* we find that a mixed-valence state exists in the CoO,
layers with a nominal Co valence of 3.5+, while the valence
in the CoO layers is 3.0+. This measured Co valence state is
in good agreement with previous estimates. However, com-
pared to the expected valence state of Co for charge neutral
CoO and CoO, layers, we find the CoO layer in the rocksalt
Ca,CoO; layer to be positively charged [(CoO)'*], while the
hexagonal CoO, layer is negatively charged [(Co0O,)*~]. By
preserving the overall charge neutrality of both layers, holes
are now transferred from the CoO to the CoO, layer, result-
ing in the high concentration of mobile holes measured in the
Co0O, layer. It has been previously shown that such a hole
transfer is essential for the thermoelectric effect since it not
only provides the necessary mobile charge carriers, but the
existence of a half-filled band (or the existence of particle-
hole symmetry) as in the case for Co** in the CoO, layers,
will result in a zero thermoelectric power (Seebeck
coefficient).? The observed hole transfer will thus remove
the orbital degeneracy [tzg split into a a;, and e,/ orbitals, as
observed in Fig. 2(a)], thereby explaining the nonzero ther-
mopower in Ca;Co,0,. Finally, we did not find any signs of
charge or orbital ordering occurring in the CoO, layers that
had been previously suggested to be responsible for the high
thermoelectric power in Ca3Co,0,.

In summary, we find that the atomic structure of
Ca3Co,0y is made of compressed CoO, layers that do not
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exhibit substantial modulations of either the Co or O atomic
positions and a triple rocksalt layer (Ca,CoO;) with strong
buckling of the CoO layer along the b axis. We have shown
that using aberration-corrected Z-contrast imaging, the O
atomic sites can be directly imaged in the CoO, layer, con-
firming that the O atoms are not significantly displaced along
the b direction. We have further shown that the two different
kinds of Co sites that exist in Ca;Co4O9 play completely
different roles in its thermoelectric behavior, namely to pro-
vide charge carriers to the CoO, layer and to conduct holes
along the CoO, layer. Our results, in particular the hole
transfer from the rocksalt subsystem to the CoO, layer and
the increase in the mobile hole-state concentration in the
CoO0, layer, suggest that the hole doping of the CoO, layers
results in an increased density of mobile hole states, which is
essential in breaking the particle-hole symmetry of the half-
filled Co-band thereby allowing a nonzero thermoelectric
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power. Our results further show that the transport properties
of the CoO, layers are governed by itinerant holes.

In conclusion, we have shown that the hole transfer,
which occurs of a over a distance of at least 5 A in
Ca3Co,0y plays a crucial role in understanding the atomic-
scale mechanisms that govern the high thermoelectric prop-
erties in these misfit layered materials. Future experiments
will have to clarify the role of interfacial strain and Co-ion
spin-state transitions on the hole transfer, and explore the
optimum thickness of the rocksalt reservoir layer. Further,
the structural and charge transfer models reported here will
provide an important piece to the puzzle of two-dimensional
superconductivity found in water-intercalated Na, CoO,.
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