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ABSTRACT Ionic defects, such as oxygen vacancies, play a
crucial role in the magnetic and electronic states of transition
metal oxides. Control of oxygen vacancy is beneficial to the
technological applications, such as catalysis and energy con-
version. Here, we investigate the electronic structure of
SrCoO;_, as a function of oxygen content (x). We found that
the hybridization extent between Co 3d and O 2p increased
with the reduction of oxygen vacancies. The valence band
maximum of SrCo0, s, ; has a typical O 2p characteristic. With
further increasing oxygen content, the Co ions transform from
a high spin Co’" to an intermediate spin Co", resulting in a
transition of SrCoO;_, from insulator to metal. Our results on
the electronic structure evolution with the oxygen vacancies in
SrCoO;_, not only illustrate a spin state transition of Co ions,
but also indicate a perspective application in catalysis and
energy field.

Keywords: oxygen vacancies, SrCoOs_,, electronic structure
evolution, resonant photoemission spectra

INTRODUCTION

The characteristics of transition metal oxides (TMOs)
endow them with various applications in the fields of the
cutting-edge research, such as energy storage and gen-
erating devices [1,2]. Oxygen vacancy has flexible degree
of freedom to manipulate the functionalities of TMOs [3]
due to its strong influence on the number of electrons in
the 3d orbital of transition metals. In the cobaltites,
oxygen vacancy could modify both valence and spin state
of Co ions, and thus effectively influence the physical

properties [4,5]. SrCoO;_, can be stabilized in two re-
versible topotactic phases, i.e., SrCoO, 5 and SrCoO;, by
simply changing the oxygen content using in-situ or ex-
situ exterior methods [5-10]. The physical properties of
these two materials are in sharp contrast. SrCoQ,; is an
antiferromagnetic insulator with alternating CoO, tetra-
hedral and CoOg octahedral sub-layers, whereas SrCoQ,
is a ferromagnetic metal composed of CoOy4 octahedral.
Due to a very small difference of Gibbs free energy be-
tween SrCoO,; and SrCoOs;, they can be easily trans-
formed from one phase to the other at relatively low
temperature [11-14]. Previous work had demonstrated
that the reversible topotactic phase transformation can be
achieved by either physical or chemical methods. In
physical methods, the oxygen vacancies in SrCoOs_, can
be tuned by annealing in high oxygen atmosphere or
vacuum environment. The chemical approaches include
electrolysis and direct treatment with oxidizing or redu-
cing agents. Jeen et al. [7] reported phase transformation
from SrCoO;_s to SrCoO,; by annealing the sample at
~210°C in vacuum. The phase transformation is re-
versible as SrCoO, 5 can transform into SrCoO;_; by an-
nealing at ~350°C in pure oxygen. Recently, Lu et al. [13]
illustrated the tri-state transition among the SrCoO;
SrCo0, 5, and HSrCoO, 5 using electric-field driven ionic
transport. Besides, SrCoO,; is successfully oxidized to
SrCoO; by putting the as-deposited SrCoO, 5 thin films in
dilute NaClO solutions [11].

During the topotactic phase transformation, oxygen
vacancy content is the only variable to trigger Co ions
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changing from high-spin state Co’* ions in SrCoO, to
intermediate-spin state Co*" ions in SrCoQ;. The physical
properties will change with the spin state and valence of
Co ions accordingly [15]. In order to find out the un-
derlying mechanism controlling the physical properties of
SrCo0,; and SrCoO,;, one needs to understand their
electronic structures. However, an unambiguous experi-
mental observation of electronic structure changes in-
duced by oxygen vacancies in SrCoOj;_, is still lacking.

The amount of the oxygen vacancies of SrCoO;_,
(0<x<0.5) was tuned by strain and chemical oxidation.
Afterwards, the electronic structure evolution of SrCoO;_,
driven by variation of the oxygen vacancies was illu-
strated by a combination of X-ray absorption spectra and
resonant photoemission spectra. From SrCoO,; to
SrCo,s.s the variation of oxygen content would
strengthen the hybridization between Co 3d and O 2p
with the valence band maximum mainly having O 2p
characteristic, resulting in the transformation from high
spin Co™ in SrCo,s,s to intermediate spin Co" in
SrCo0;_4 and thus the transformation from insulator to
metal.

EXPERIMENTAL SECTION

SrCo0, ; thin films (24 nm-thick and 187 nm-thick) were
epitaxially grown on (001)-oriented LaAlO; (LAO) sub-
strates by pulsed laser deposition (PLD). All films were
deposited at 700°C using an excimer XeCl laser
(1.5] cm °, 308 nm, 2 Hz) at oxygen partial pressure of
10 Pa. After deposition, the films were in situ annealed for
30 min and then cooled down to room temperature. The
growth details can be found in our previous work [16].
The 24 nm-thick SrCoO, 5 film was coherently strained to
the substrate, whereas the 187 nm-thick film was partially
strain relaxed. For comparison, the 24 nm-thick SrCoO, 5
thin film was cut into two parts. One was immersed into
NacClO solution at room temperature for 20 min, denoted
as oxidized-SrCoO;_,, whereas the other was kept in the
as-grown state.

The crystal structure of the as-prepared brownmillerite-
SrCo0, ;5 (BM-SCO, ;) thin films was characterized using
an ARM-200CF (JEOL, Tokyo, Japan), state-of-the-art
spherical aberration-corrected scanning transmission
electron microscopy (STEM) techniques of the high-angle
annular dark-field (HAADF) and annular bright-field
(ABF)-operated being equipped with double spherical
aberration (Cs) correctors. X-ray diffraction (XRD) was
collected with Rigaku SmartLab (9 kW) High-resolution
(Ge 220x2) X-Ray Diffractometer with 1.54 A X-rays. X-
ray reciprocal space mapping (RSM) of SrCoO;_, thin
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films were performed with high-resolution synchrotron
X-ray diffractometry at the BL14B1 beam line of Shanghai
Synchrotron Radiation Facility (SSRF) using a 1.24 A X-
rays with a Huber 5021 six-axis diffractometry. Tem-
perature dependences of resistivity were performed using
a Physical Properties Measurement System (PPMS,
Quantum Design Inc.). X-ray absorption spectra (XAS)
and resonant photoemission spectra (RPES) were per-
formed at the 4B9B beam line at Beijing Synchrotron
Radiation Facility of Institute of High Energy Physics,
Chinese Academy of Sciences (CAS). The ultrahigh va-
cuum chamber background pressure is about
2x10 "’ Torr. The O-K edge and Co-L edge XAS were
recorded in the total-electron-yield (TEY) mode.

RESULTS AND DISCUSSION

Fig. 1a, b show the HAADF-STEM images of BM-SCO, 5
thin films with thicknesses of 24 and 187 nm, respec-
tively. Both interfaces in these two films are atomically
sharp without any evidence of misfit dislocations or
chemical reaction in the interface region. All films are
coherently strained by the substrate. The STEM result
demonstrates the BM-SCO, thin films are highly epi-
taxial grown.

ABF-STEM can detect light atoms, such as oxygen [17].
Fig. 1¢, d show the ABF-STEM images of BM-SCO, 5 thin
films with thicknesses of 24 and 187 nm, respectively.
Line profiles along the vertical direction indicated by red
and blue lines in ABF-STEM images of Fig. 1c, d are
shown in Fig. le, f, respectively. The alternate stacking is
observed in Fig. 1d, originating from the fully oxygenated
octahedral and oxygen-deficient tetrahedral sub-layers.
This result is consistent with the previous report [7],
confirming that the 187 nm-thick BM-SCO,; is stoi-
chiometric.

The intensity of oxygen ions in the 24 nm-thick BM-
SCO,; film is stronger than that of the 187 nm-thick BM-
SCO,; film (Fig. le, f), indicating the oxygen content in
the thinner film is more than that of the thicker film.
Therefore, we defined the 24 nm-thick and 187 nm-thick
SrCo0O;,_, film as SrCo0O, ;s and SrCoO, s thereafter, re-
spectively.

Fig. 2a shows the XRD 0-20 scans of SrCoO,s,
SrCo0,;5,; and 24 nm-thick oxidized-SrCoO;_,. Only
(00l) peaks were observed in the XRD 6-20 scans, in-
dicating all films are of single phase and c-axis-oriented.
RSM images are shown in Fig. 3. The SrCoOj_, thin films
are coherently grown on the LAO substrates. Moreover,
for the 24 nm-thick oxidized-SrCoO;_, thin film, the
peaks originating from the alternatively-stacked octahe-
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Figure 1 HAADF-STEM images of (a) 24 nm-thick and (b) 187 nm-thick BM-SCO, 5 thin films, respectively. ABF-STEM images of (c) 24 nm-thick
and (d) 187 nm-thick BM-SCO, 5 thin films, respectively. (e, f) Line profiles of the inversed ABF contrasts indicated by the red and blue lines in ABF
images (c) and (d), respectively (Lines in (c) and (d) can be red and blue accordingly).
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Figure 2 (a) XRD 0-20 patterns of SrCoO, s, SrCo0,s,s and SrCoO;_4 (b) Enlarged part of (a).
dral and tetrahedral sublayers almost disappear, which The lattice mismatch between LAO (a=3.792 A) and

indicates that the 24 nm-thick oxidized-SrCoO;_, thin  SrCoO,s (a=3.905 A) is about 2.98%. When SrCoOQ, 5 thin
film was oxidized in NaClO solution, and its oxygen film grew on the LAO substrate, it suffers an in-plane
content is more than 2.75 and close to 3, therefore, we  compressive strain. Fig. 2b shows the enlarged part of
defined this sample as SrCoO;_s. Fig. 2a. The (008) peak of SrCoQ, 5 thin film is located at
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Figure 3 Reciprocal space maps around the LAO (103) Bragg reflection of three SrCoO,_, films with different oxygen contents: SrCoO,5 (a),

SrCo0,,s (b), and SrCo0; 5 (c).

higher 26 angle region than that of SrCoO, 5,4 thin film. It
indicates that with the increase of the film thickness, the
(008) peak shifts towards high 26 angle region and the c-
axis lattice constant decreases. The in-plane compressive
strain of the thin films relaxes with the increase of its
thickness. The (002), (006) and (0010) peaks of SrCoO, s, s
film appear, suggesting the alternation of CoO, tetra-
hedral layers and CoOg octahedral layers. Therefore, the
oxygen content of SrCo0O,;,s film is no more than 2.75
(0<6<0.25). The (008) peak of SrCoOs_; thin film shifts
toward higher 20 angle region with respect to that of
SrCo0, 5,5 thin film. The higher the 26 angle is, the
smaller the c-axis constant is. As the thicknesses of these
two samples are same, the in-plane compressive strain
should be same. The difference of the c-axis lattice con-
stants of these two samples is due to the variation of
oxygen content. The oxygen vacancies in SrCoO,_, lead to
the expansion of lattice constants. The more the oxygen
vacancies exist, the larger the lattice constant is.

In order to further investigate the electronic transport
properties of SrCoOj;_, thin films, temperature dependent
transport properties were performed by PPMS. Fig. 4
shows the profiles of resistivity versus temperature for
SrCo0, 5, SrCo0,5,5 and SrCoO; 4 thin films. SrCoO,
film exhibits a highly insulating behavior. A significant
reduction of one order of magnitude is in the SrCoO, ;.4
thin films. A clear metallic behavior is observed in the
SrCo0Os_; thin film. An enhancement of resistivity upon
the increase of the oxygen vacancies in the SrCoOj;_, films
is clearly shown.

Next, XAS was performed to provide the information
about the electronic dipole excitation of 2p,,, (L,) and
2ps;, (L3) core electrons to the unoccupied 3d bands. The
branching ratio of the peak (L;/(L;+L,)), the shape of the
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Figure 4 Resistivity versus temperature for SrCoO,s SrCoO,;s,s and
SrCoO;_4 thin films, showing a clear enhancement of resistivity upon the
increase of oxygen vacancies.

peak, and the position of TM L-edge XAS were de-
termined by the electron number and the spin states of
the TM 3d states. The oxygen vacancies alter the valence
state of the Co ions and the hybridization between Co 3d
and O 2p in the SrCoO;_, thin film, therefore the line
shape of Co-L edge XAS directly reflects the oxygen
contents in the SrCoO;_, thin films. Fig. 5a shows the Co-
L edge XAS of SrCoO, s, SrCo0,;,5 and SrCoOs. s thin
films. The positions of the L; peaks of SrCoO,s,
SrCo0, 5,4 and SrCoO;_; thin films are located at 780.05,
780.18, and 780.55 eV, respectively. In the Co-L edge
XAS, the higher the photon energy of the peak is, the
higher the valence state of Co ions is. The peak position
of L;-edge shifts towards the higher energy region with
the reduction of oxygen vacancies, indicating that the
valence of Co ions increases. L;/(L;+L;) of SrCoO,s,
SrCo0, 5,5 and SrCoO; 4 thin films which reflects the
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Figure 5 XAS of SrCoQ, s, SrCo0,5,s and SrCoOs 4 films: (a) Co-L edge and (b) O-K edge.

spin state of Co ions is calculated as 0.75, 0.76, and 0.70,
respectively. From the line shape and the branching ratio
of Co-L edge XAS, we can conclude that Co ions in the
BM-SCO,; and SrCoO,s,s are at high-spin state, while
the Co ions in perovskite SrCoQO; 4 are at intermediate-
spin state, which is in agreement with the previous cal-
culation and experiments [15,18-21].

O-K edge XAS originates from the transition from the
O 1s core-level state to the unoccupied O 2p state. The
completely ionic oxides would not show any peaks in the
O-K edge XAS due to the completely occupied O 2p state.
Therefore, the O-K edge XAS provides not only the in-
formation about the unoccupied O 2p state, but also the
information about the hybridization between Co 3d and
O 2p. Fig. 5b shows that the pre-peak E of SrCoQ, 5 is too
weak to be detected. The pre-peak E is attributed to the
hybridization of O 2p with Co 3d in the octahedral co-
ordination. The peak C represents the superoxide species
O, that commonly exist in the surface region of the
oxygen-deficiency SrCoOj;_, [22]. The intensity of peak C
reduces, meanwhile the pre-peak A and peak B appear
with the increase of oxygen content. These observations
can be attributed to the hybridization of O 2p with Co 3d
t,, and e, in octahedral coordination, respectively. As the
oxygen content increases, peaks A and B shift toward the
higher photon energy region, where they are defined as
peaks A' and B, respectively. The calculated intensity
ratio of peak A and B decreases significantly with the
reduction of oxygen vacancies, suggesting that Co ions in
SrCo0;_4 are at intermediate-spin 4+ state, whereas Co
ions in SrCoO, 5,4 are at high-spin 3+ state. Peaks A and
A’ represent the unoccupied states of Co 3d t,, orbital of
high-spin Co™* and intermediate-spin Co"*, respectively.
Meanwhile, Peaks B and B' represent the unoccupied state

1166

© Science China Press and Springer-Verlag GmbH Germany, part of Springer Nature 2019

of the Co 3d e, orbital of high-spin Co™" and inter-
mediate-spin Co ', respectively. The unoccupied state of
the Co 3d t,, orbital of the high-spin Co’" and the in-
termediate-spin Co"" is the same. However, the un-
occupied state of Co 3d e, orbital of the intermediate-spin
Co"" is more than that of the high-spin Co™*. Therefore,
the intensity ratio of peak A and B of SrCoO, 5,5 is much
larger than that of SrCoO,_s.

To investigate the evolution of the valence band elec-
tronic structure with the variation of oxygen vacancies in
SrCoOs_,, the Co 2p-3d RPES were measured and shown
in Fig. 6. Three energy regions (labeled with cyan, ma-
genta, and green arrows in Fig. 6a) in the Co-L edge XAS
were selected to do the resonant photoemission and
measure the electronic structure in the valence band,
shown in Fig. 6b with colors corresponding to the colors
of the arrow in Fig. 6a. The selected energy regions cover
the off-resonance and on-resonance photon energy in
order to compare the on-resonance and off-resonance
effects. The on-resonance photon energy enhances the
transition from Co 2p to Co 3d, and mainly shows the
contribution of Co 3d in valence band. From the off-
resonance to on-resonance photon energy, the contribu-
tion of Co 3d electrons to the valence band electronic
structure would be enhanced. For SrCoQ,, the intensity
of the peak around 4 eV below Fermi level is obviously
enhanced at the on-resonance photon energy, indicating
that the valence band is dominated by the Co 3d char-
acteristic. For SrCoO, 5,4 the intensity of the peak around
3 eV below Fermi level decreases when the photon energy
shifts from the off-resonance region to the on-resonance
region. This result is attributed to the valence band
maximum dominated by the O 2p characteristic. The
O 2p characteristic peak shifts toward the Fermi level

August 2019 | Vol.62 No.8
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Figure 6 (a) Co-L; edge XAS, (b) resonant photoemission spectra, (c) comparison of resonant photoemission of SrCoOj;_, thin films.

with the increase of oxygen content and results in the
stronger hybridization between the Co 3d and O 2p
states, consistent with the results of the O-K edge XAS.
For SrCoQO;_; the significant enhancement of peak in-
tensity around 1eV below Fermi level at the on-re-
sonance photon energy is observed. This peak has a Co 3d
characteristic, and the valence band maximum is domi-
nated by the Co 3d characteristic. The transformation
from insulator (SrCoQ,s) to metal (SrCoQ; ) is also
observed, as shown in Fig. 6¢c.

CONCLUSIONS

We have obtained three different oxygen-content
SrCoOs_, thin films by combing strain and chemical
oxidation method: SrCo0O,;, SrCo0O,s,s and SrCoO; ;.
XRD and STEM-ABF not only demonstrate all films are
of good crystalline quality and single phase, but also
qualitatively determine the oxygen content of SrCoO,_,
thin films. The electronic structure evolution from an
insulator SrCoQ, ;5 to a metal SrCoOs_; was explored with
XAS and RPES. As the increase of oxygen content, the
hybridization between Co 3d and O 2p is strengthened
and the valence band maximum exhibits a typical O 2p
characteristic. With further increasing oxygen content,
SrCoO;,_, transform from a high spin Co’" to an inter-
mediate spin Co"", resulting in a transition of insulator to
metal. Qur description of the electronic structure transi-
tion from insulator SrCoQO,s to metal SrCoO; 5 is not
only important for fundamental research, but also for
industry applications, such as catalysts, solid oxide fuel
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cells, and so on.
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