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Abstract Misfit-layered Ca3Co409 crystals were grown
and characterized via XRD, SEM, and photo-emission
spectroscopy (PES). The evolution of the intensity at the
Fermi level (Ef) with varying oxygen content was studied
by PES. Oxygen species were successfully introduced
and removed through O and H" microwave-plasma
(2.45 GHz, 2-5 mbar) treatments, respectively. A 5 min
O plasma exposure was observed to result into a drastic
enhancement in the Ef intensity, demonstrating the influ-
ence of oxygen content to the charge carrier population in
layered cobalt-oxide materials.

Introduction

Layered cobalt oxides have received much attention over
the past 30 years. The initial focus of the research was on
the low-temperature (electro-) chemical intercalation/dein-
tercalation reactions, the results of which laid the founda-
tion to the extensive Li-ion battery industry of present days
[1]. In 1997, a combination of a high positive value of the
thermoelectric power (Seebeck) coefficient (S300 x = dV/
dT = 100 pV/K) and low electrical resistivity (p3p0 k =
200 pQ cm)—unusual for an oxide material—was
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discovered from NaysCoO, [2]. A sequence of similar
observations across the layered cobalt-oxide family, par-
ticularly among the misfit-layered cobalt oxides, such as
Ca3Co409, 5 [3] and Bi,Sr,Co,0, [4], took place over the
decade following this first observation. The realization of a
superconductive state in Nay3C00,-1.3H,0 (T, = 4.2)
oxyhydrate phase in the year 2004 [5] further emphasized
the role of layered cobalt-oxide compounds as highly
interesting electron systems.

Many of the properties of the layered cobalt oxides can
be understood on the basis of their anisotropic crystal
structure. The basic structural component is the metallic
conductive [CoO,] layer-block (Fig. 1), presenting a hex-
agonally close-packed Cdl,-type crystal structure. The
negatively charged [CoO,] layer-blocks are linked together
by positively charged electrically insulating intermediate
layer-blocks, consisting either of a single plane of elec-
tropositive cations or two to four planes of cations and
oxide anions arranged into a distorted rock-salt-type metal-
oxide structure. The different chemical reactivity of the
layer-blocks together with the weak inter-block binding
forces, lowered even further in misfit-layered materials [6],
enable the selective adaptability of the intermediate layer-
block to mildly reactive conditions while still conserving
the [CoO,] layer-block [7, 8]. The electrical transport
between the separated [CoO,] sheets also becomes sup-
pressed due to the loose inter-block bonding, resulting into
a strongly correlated two-dimensional electron system [2].
The main reason for the high thermoelectric performance,
according to prevailing understanding, is the charge-carrier
entropy enhancement provided by the elevated spin
entropy of the formally four-valent cobalt species in the
[CoOs,] layer-block embedded among the matrix of triva-
lent cobalt species [9]. In order to perform a more concrete
analysis over the electronic band structures of these
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Fig. 1 An idealized model of Ca3Co409,s ([Cay;C003]yC00,)
misfit-layered oxide. Due to the mismatch of the b parameters of
CoO, (H) and Ca,CoOj3 (RS) sublattices (bp/brs = irrational num-
ber), the idealized unit cell, schematized in the figure, is extended in
the b direction in a real structure

materials close to the Fermi level (Eg) and to understand
their influences to the transport properties, photoemission
spectroscopy (PES) is the technique of choice.

The reported PES studies in the layered cobalt-oxide
family, up to date, have concentrated on the A,CoO, system
(A =Na, K, Rb; 0.33 < x < 0.77) [10-28]. The main focus
has been on validating the earlier theoretical band-structure
calculation results applying LDA + U approximation and
predicting the Fermi surface to host a large hexagonal a,
hole pocket at a high-symmetry I' point of the hexagonal
Brillouin zone surrounded by six smaller e, hole pockets at
each of the K points [29]. While the pocket around the I
point appears to be a general feature in the layered cobalt-
oxide family, characteristic for the hexagonal [CoO,] layer-
block, the pockets around the K points remain undetected
[27, 30]. The proposed reasons for the absence of the latter
have currently been understood as a result of enhanced
electron-correlation effects and/or an A-cation disorder [31,
32]. Much less studies exist for the misfit-layered family
[30, 33-35]. A general conclusion about the reasons for the
high §'is the a, hole pocket representing a flat electron band
that only slightly crosses the Ef.

This work focuses on the Ca3;Co409, s misfit-layered
oxide. As described by the more elaborate chemical for-
mula, [CayCo003]y62[Co0,] [36], the structure comprises
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hexagonal [CoO,] layer-blocks (H) sandwiching rock-salt
type [Ca,CoOs] layer-blocks (RS), as demonstrated in
Fig. 1. The structure can, therefore, be considered as an
intergrowth of two crystal structures with misfit lattice
parameters along the b-axis direction. The compound also
presents a wide oxygen non-stoichiometry range, affecting
the character and degree of electrical conductivity, which is
generally more metallic at higher oxygen contents, thus
resembling more the transport characteristics expected for
the [CoO,] layer-block [37]. Our results highlight the effect
of oxygen addition to the band structure in the proximity to
Er. In this study, PES measurements coupled with oxi-
dizing/reduction treatments were performed to study the
influence of oxygen content on the electronic band struc-
ture close to the Er in a CazCo40y¢, s misfit-layered cobalt
oxide.

Experimental

Single crystals of Ca3;Co0409, s Were grown using a molten-
salt flux method. Polycrystalline CazCo0409. s powder was
first synthesized through a solid-state reaction. A stoichi-
ometric mixture of Co304 (99.7 %) and CaCO5; (99.5 %)
was prepared and calcined at 1173 K in air for 20 h with
one intermittent pelletizing and re-grinding. 0.5 g (2.5
wt%) of the as-synthesized Ca3;Co0409,s polycrystalline
powder was then mixed into 20 g of K,CO5:KCl flux,
prepared in 4:1 molar proportions. The Ca3zCo40¢, s/
K,CO3/KCl mixture was placed into a conically shaped
100 ml corundum crucible (60 mm inner diameter and
56 mm height) and covered with a corundum lid. The
temperature program of the re-crystallization process was
carried out in a muffle furnace proceeded through heating
of the mixture up to 1163 K with a rate of 5 K/min, fol-
lowed by dwelling the molten-salt solution at 1163 K for
10 h and a subsequent slow cooling down to 973 K at a
rate of 2 K/h, after which the furnace was switched off and
let spontaneously to cool down to room temperature. The
as-grown CazCo4Og s crystals were separated from the
flux using 0.1 M HNO;(aq.), followed by a wash with
distilled water and drying in air at 363 K for 5 h.

Powder X-ray diffraction (XRD) data were recorded for
the as-crystallized CazCo409,s materials with a PANa-
lytical X’Pert Pro MPD diffractometer using Bragg—
Brentano (0-20) geometry, Cu-K,; radiation (1.5405 A,
filtered with Johansson monochromator using Ge(111)
crystal), and an X’Celerator line detector.

The photoemission data were collected using an
upgraded SCIENTA SES 2002 spectrometer, equipped
with an X-ray source (Mg-K,: 1253.6 eV) and a mono-
chromatized UV source (He I: 21.2 eV; He II: 40.8 eV)
with energy resolutions 1 eV and 5 meV, respectively. The
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X-ray photoemission (XPS) was used for detecting the
chemical species present in the sample. The UV source was
used for the in-detail observation of the shallow electron
bands close to Eg. The angle-resolved valence-band spectra
were measured from a delaminated Ca3;Co4Oq, s crystal
surface using the He II line excitation and an electron-
analyzer mode that records the intensity of the photoelec-
tron flux at a chosen binding energy (B.E.) value with
respect to the escape angle. Under certain assumptions, the
escape angle of a photoelectron can be related to the wave
vector of the initial-state electron hosted by the relaxed
band structure [38]. Based on the collected data, together
with the lattice parameters [39], a picture of the electron
dispersion relation, E(k), can then be produced. The effect
of oxidation and reduction of the sample surface on the Eg
was further studied using consecutive treatments with O"
or H' plasma. The microwave discharge plasma
(2.45 GHz) used in the treatments was produced in a sep-
arate chamber filled with O,- or H,-gas (2-5 mbar) directly
connected to the photoemission measurement chamber.
The average kinetic energy of the ions in the plasma has
been determined, using a home-made ion detector appli-
cation, to be around 5 eV. After the plasma treatment, a
pumping time of some minutes was enough to recover the
vacuum adequately to perform the photoemission mea-
surement. Er-focused spectral data were collected after
each exposure using He I line excitation.

The shortcoming of PES, especially with samples that
require an ex-situ preparation, is the extreme surface sen-
sitivity (typically 20 A for XPS and 10 A for UV photo-
emission (UPS)). Therefore, the sample surface has to be
thoroughly cleaned before the measurement, as it may have
been contaminated by the surrounding atmosphere during
the transfer between the sample synthesis and the analytical
setups. The strongly anisotropic structure of Caz;Co409, s
consisting of loosely interacting layers enabled us to create
fresh sample surfaces through delamination of the upper
crystal layers with adhesive tape. Such a delamination
procedure is possible directly under ultra-high vacuum
conditions inside the photoemission analysis chamber.

Results and discussion

The product of the re-crystallization experiments from
molten salt consisted of plate-like particles with up to
3 x 3 mm? lateral dimensions. The XRD pattern recorded
from a single sample platelet, with its flat surface parallel
to the sample-holder surface, is shown in Fig. 2a. All the
observed reflections matched with the (00/) reflections of
the CazCo409,s reference pattern [40] while the reflec-
tions with # and k # O remained absent, indicating a com-
plete c-axis alignment of the single-crystalline domains

perpendicular to the flat surfaces of the platelet. A scanning
electron microscopy (SEM) image (Fig. 2b), taken along
the flat side of the crystal reveals the exfoliating behavior
of the re-crystallized product leading into formation of thin
lamellar crystalline sheets of ~0.1 pum thickness.

The overview PES spectrum is shown in Fig. 3a. In
addition to the expected features from Ca, Co, and O
related species, rather intensive features provided by car-
bon (B.E. = —284 ¢V (C 1 s) and —970 eV (C KLL)) are
observable. It appears that the carbon, originating from the
K,COg3-based crystallization flux (yet difficult to remove
completely), is not contained within the CazCo040¢,
structure itself but is present only on the surfaces of the
~0.1 pm thick leaf-like crystal sheets exfoliating from the
larger as-crystallized crystal body (Fig. 2b). Despite the
carbonaceous residuals, good-quality cleaved surfaces
were achieved, as is demonstrated in Fig. 3b by the low-
energy electron diffraction (LEED) pattern. The sixfold
symmetry of the pattern further suggests that the sample-
crystal surface is terminated by the hexagonal [CoO,]
layer. The He II valence-band spectrum of Ca;Co40y, s is
shown in Fig. 3c. Comparing this spectrum with the pre-
viously published ones [33] and using the tabulated cross
sections and binding energies [41] one can attribute the
peak at —25 eV to Ca 3p, while the two higher-energy
peaks, at about —5 and —1.5 eV, feature mostly O 2p
character with a small Co 3d contribution. The peak around
—10 eV is of less clear origin, but could be a correlation
satellite due to strong on-site Coulomb interactions, as
interpreted in the case of an analogous feature in the PES
spectrum of the closely related Na,;,CoO, by Kuprin et al.
[12].

The angular-dispersion spectrum of the sharp —1.5 eV
valence-band peak in the proximity of the Ef is presented
in Fig. 4. The oscillatory behavior with a periodicity rela-
ted to the I'-M distance has also been reported by Takeuchi
et al. [30]. However, the position of the valence band in
their case is closer to Eg. Additionally, they see another
weak band crossing Er which is absent in our case. Even if
in their data this band is not very intense, as apparently the
second derivative of the data is needed to evidence it, the
absence in our case despite the presence of the LEED
pattern and the angular-dispersion spectrum, indicating
good sample quality, is probably an effect of carbon at the
surface. The difference in position of the valence band
might also be due to this supplementary carbon (see
below).

The effects of the oxidizing/reducing plasma exposures
were observed through the change of the —1.5 eV valence-
band peak, the initial appearance of which is shown in
Fig. 5(1). A 1 min exposure to O plasma (Fig. 5(ii)) shifts
the feature toward lower B.E. (i.e., closer to the position as
observed by Takeuchi et al.), together with an enhancement
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Fig. 3 a XPS spectrum (Mg-K, excitation: 1253.6 eV) recorded for
detecting the chemical species present in the as-prepared Ca;Co409. 5
crystals. b LEED pattern (112.6 eV electron energy) recorded for
verifying the single-crystallinity and ¢ PES spectrum (He II excita-
tion: 40.8 eV) recorded for observing the valence-band features on
the Ca3;Co40y s crystal surface

of the spectral intensity at Eg. A simultaneous change of
the C 1s peak at B.E. = —284 eV (not shown here) was
also observed. The dominant feature, consisting of two
mutually merging features, is highly reduced by the plasma
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Fig. 4 Angular-dispersion PES spectrum (He II line excitation:
40.8 eV) over the B.E. region next to Eg on the CazCo40q9 s single-
crystal surface

exposure, down to 30 % of its original spectral weight,
revealing the reaction of the carbonaceous species with the
O" ions and a subsequent removal from the sample sur-
face. The other structures at higher B.E. presented no
observable shifting behavior. Also interestingly, the oscil-
latory behavior of the dispersion featured in Fig. 4 was not
affected, apart from the energy position of the band. A
continued exposure of o* plasma (Fig. 5(iii)) leads to
further positive shift of the —1.5 eV valence-band peak and
an enhancement of the intensity at Ef, the saturation of the
behavior being reached after 5 min exposure. A subsequent
H™ plasma exposure, eliminating the previously introduced
oxygen species from the sample surface, reverses the
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Fig. 5 Left plot: PES spectra (He I line excitation: 21.2 eV) over the
B.E. region next to Er measured on the Ca3;Co409, s single-crystal
surface after subsequent plasma treatments: (i) after delamination, (ii)
after 1 min. O plasma exposure, (iii) after 5 min. of O" plasma
exposure, (iv) after 5 s. of H' plasma exposure and (v) after 1 min. of
O™ plasma exposure. Right plot: corresponding relative spectral
intensities at Ep

behavior providing a negative shift of the peak close to its
initial B.E. together with a lowering intensity at Eg
(Fig. 5(iv)). Reversibility of the process was further con-
firmed by reintroduction of the positive shift and Eg
intensity enhancement by a renewed 1 min exposure to O™
plasma (Fig. 5(v)). The corresponding transport data
measured on the oxygen content varied polycrystalline
misfit-layered oxides [37] display a significant reduction of
resistivity with oxygen excess and improvement of the
thermopower, which is in a good correlation with the
change in intensity at Eg observed in our study. Indeed, the
intensity at Er is a measure for the available charge carriers
and, therefore, a higher intensity is indicative for a lower
resistivity.

Conclusions

Crystals of the Ca3;Co409,s misfit-layered oxide were
grown by a K,CO3/KCl molten-salt flux method. The as-
crystallized platelet-shaped material exhibited large flat
surfaces parallel to the a-b crystal axes. The tendency of
the as-grown crystals to exfoliate along the ¢ axis facilitates
generation of smooth surfaces required for PES measure-
ments. Despite the presence of residual carbon species at
the surface, a LEED pattern could be observed together
with a dispersive band. The evolution of the spectral
intensity at Er with varying oxygen content on the flat
surfaces of the crystals was studied through PES. Oxygen
species were successfully introduced and removed through
O" and H" microwave-plasma treatments, respectively. A
strong variation of spectral intensity at Er was detected

with O implantation. The variation reversibly depends on
the oxygen content. The observation underlines the sig-
nificance of oxygen-assisted hole-doping as means of
tuning the number of charge carriers at Er in the material.
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