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SrCoO2.5 has a long-range oxygen vacancy ordering that makes it a promising energy material and catalyst
carrier. The study of its electronic properties is vital for its practical applications. Here, we investigate its electronic
behavior and lattice structural evolution under high pressure up to 22 GPa using synchrotron infrared spectroscopy
and x-ray diffraction. A clear electronic transition from a semiconducting state to another semiconducting state
is observed around 7.3 GPa upon compression, based on infrared results. Detailed structural examination shows
that this electronic transition is accompanied by a structural phase transition, which occurs between 5.3 and
8.6 GPa, as confirmed by x-ray diffraction. The band gap reduces by ∼40% at high pressure compared to
ambient conditions. This work demonstrates that the oxygen vacancy ordering in SrCoO2.5 can be sustained up
to ∼8.6 GPa and pressure can narrow the band gap, forcing this unique material to enter into another electronic
state with a new crystal structure.
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I. INTRODUCTION

Vacancy defects provide active centers where chemical
reactions can easily start due to local unbalanced charge distri-
bution [1–3]. Furthermore, some vacancy defects are capable
of storing small molecules or ions, which is very useful for
energy storage and transfer [4–6]. The vacancies in diamond
and silicon have provided a proper system for scientists to
control spins or spin qubits, an important research discipline in
applied (quantum) physics and computer science, or so-called
“quantum computation and communication” [7–11].

Vacancies can even form a superstructure with long-range
ordering rather than disordered distribution, which makes them
much more attractive in the fields of catalyst chemistry and
energy conversion. SrCoO2.5 is one such type of material
and it has a long-range order formed by an oxygen vacancy.
Currently, there are few reports on the structural change and
chemical performance when oxygen atoms enter SrCoO2.5 and
become SrCoO3-x [12,13]. Le Toquin et al. studied the dynamic
process of oxygen intercalation into SrCoO2.5 via neutron
scattering and x-ray absorption spectroscopy. Two intermedi-
ate states, SrCoO2.75 and SrCoO2.82, were observed when the
oxygen vacancy rate decreased and SrCoO2.82 showed clear
superstructure reflections from the three-dimensional oxygen
ordering. Their work shows clear evidence that SrCoO2.5 has a
strong oxygen intercalation capability [14]. Jeen et al. reported
the reversible redox behavior of SrCoO2.5 and SrCoO3-x

epitaxial thin films. The structures of these two phases were
tuned using a simple heat treatment near 200–300 ◦C. They
tested the CO-CO2 redox reaction using SrCoO2.5 thin film
around 320 °C and found that SrCoO2.5 could be a good redox
catalyst for a carbon monoxide oxidation reaction [15].
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To explore and extend the potential application of SrCoO2.5

in chemical engineering, gas sensors, and energy storage,
the study of its electronic and structural behavior is crucial.
Here, we investigated this unique material using high-pressure
infrared spectroscopy and x-ray diffraction. The diamond anvil
cell (DAC) based high-pressure method is a useful and clean
tool to change crystal structures and their corresponding phys-
ical and/or chemical properties [16–18]. Typical examples of
this are solid hydrogen and water, which undergo several phase
transitions at room temperature under high pressure, extending
our basic understanding of chemistry and physics [19–22].
The electronic behavior of SrCoO2.5 under high pressure was
examined using synchrotron infrared microspectroscopy. Our
results show that there is an electronic transition from a semi-
conducting state to another semiconducting state near 7.3 GPa.
To understand the mechanism of this transition, the crystal
structure was systematically studied based on synchrotron
x-ray diffraction. A structural phase transition was observed
between 5.3 and 8.6 GPa, confirming the structural origin
of the electronic transition. Furthermore, the compressibility
of the low-pressure phase showed quasi-isotropic behavior
even when the oxygen vacancy order had a strong preferred
orientation.

II. EXPERIMENTS

The SrCoO2.5 sample was synthesized using a solid-state
reaction method. A pellet made from stoichiometric amounts
of SrCO3 (Sigma-Aldrich 99.9%) and Co3O4 (Sigma-Aldrich
99.9%) powders was calcined at 1000 ◦C for 3 days. The
sample was then quenched in liquid nitrogen from this
temperature. The infrared experiment was performed at the
U2A infrared microspectroscopy beamline at the National
Synchrotron Light Source (NSLS), Brookhaven National
Laboratory. For the infrared study, 300-micron culet-type IIa
diamonds were used and transmission mode measurements
were employed to investigate its optical behavior. A steel
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gasket was used and a 100-micron sample chamber was
drilled by electrical discharge machining (EDM) provided
at the U2A beamline. A thin SrCoO2.5 sample was placed
inside the sample chamber with KBr as a pressure medium.
The sample only covered half of the sample chamber and
background signals were collected at each pressure point from
the other KBr-only half. Two 40 × 40 micron apertures were
used to limit the beam size (upstream apertures were placed
in front of the diamond anvil cell so infrared light traveled
through the aperture first and then arrived at the sample) and
exclude environmental light scattering (downstream apertures
were placed behind the diamond anvil cell after light traveled
through the sample). Seagle et al. used a similar setup but
only used one aperture [23]. The high-pressure structural
evolution was examined by micro x-ray diffraction at beamline
12.2.2 of the Advanced Light Source (ALS) in Lawrence
Berkeley National Laboratory and silicon oil was used as a
pressure medium. The incident x-ray energy was 25 keV, the
wavelength was 0.4959 Å, and the beam size was 30 × 30 μm.
The diffraction patterns were collected from a Mar345 image
plate. The pressure was monitored by the Ruby R1-R2 line shift
during both the infrared and x-ray diffraction studies [24–26].

III. RESULTS AND DISCUSSION

The SrCoO2.5 sample showed a pale black color due to
its strong absorption of visible light, which made study-
ing structural changes under high pressure difficult using
Raman spectroscopy. No Raman-active modes other than a
noisy spectrum were observed. To avoid this problem, we
employed infrared spectroscopy to study both the electronic
properties and possible structural change of SrCoO2.5 under
high pressure. The use of a synchrotron infrared light source
allowed efficient collection of good quality spectra with a
relatively low signal to noise ratio. Figure 1 displays a
series of absorption spectra at some characterized pressure
points. The fluctuating absorption near 0.25 eV is due to the
diamond absorption background, which was hard to remove
completely during the experiment. A wide peak reveals another
diamond absorption region near 0.42 eV. At low pressure,
the absorbance in the higher energy range was relatively
strong compared with the lower energy region. As pressure
increased, the absorbance increased over the whole energy
range. A distinctively different absorption spectrum was found
at 7.3 GPa: absorbance was significantly enhanced below
0.8 eV, suggesting an electronic phase transition. Higher
pressure did not change the energy-dependent absorbance
trend and no further qualitative change in the absorption
spectra occurred up to the highest investigated pressure.

The band gap was obtained by fitting the absorption spectra
with the Tauc relation [27]. Theoretical calculations predicted
that SrCoO2.5 is a semiconductor with an indirect band gap
[28]. However, our fitting results suggest a direct band gap.
We also tried to fit the spectra using an indirect band gap
model but the fitting results made no sense. It should be noted
that a Pnma space group, rather than the mostly accepted
Imma space group, was used in previous calculations [28],
which may not provide the accurate result. Hence, further
theoretical work is still required. Figure 2 shows the fitting
results. The band gap decreased monotonically with pressure
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FIG. 1. The infrared absorption spectra of SrCoO2.5 at selected
pressure points: (a) compression and (b) decompression.

up to 10 GPa and did not change much above this pressure
during compression. Band gaps were also obtained during
decompression and followed a similar trend. In the 0–7.3 GPa
pressure range, there was only a small discrepancy between
compression and decompression, due to the pressure hysteresis
effect. The band gap reduced by ∼40% at 7.3 GPa, compared
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FIG. 2. The pressure-dependent band gap obtained from the Tauc
relation (αhν)2 = A(hν − Eg), where α is the absorption coefficient,
hν is the photoenergy, and Eg is the band gap. There is a clear
electronic phase transition near 7.3 GPa. Above this critical pressure,
the band gap value is almost constant but shows negative pressure
dependence below 7.3 GPa.
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FIG. 3. Infrared-active modes extracted from the absorption
spectra. The broadening of the infrared peaks above ∼7.3 GPa is
interpreted as a signature of a phase transition.

with ambient conditions. Considering the band gap trend
during these two processes, we conclude that there is an
electronic phase transition near 7.3 GPa. The electronic band
gap of the low-pressure phase was easily tuned by pressure,
while the band gap of the high-pressure phase showed no
pressure-dependent behavior in our current pressure range.

This electronic phase transition is also confirmed by the
damping behavior of two infrared-active vibration modes.
Figures 3 and 1 show two sharp peaks in the low-energy region
around 0.1–0.2 eV. At ambient conditions, the first peak near
860 cm−1 (equal to 0.107 eV) is relatively weak and the second
near 1450 cm−1 (equal to 0.181 eV) is stronger. These two
IR-active vibration modes are assigned to the ν2 mode (in-
plane bending of the CoO6 octahedron) and the ν3 mode
(asymmetric stretching of the Co-O bond), which are similar
to those observed in SrCO3 [29,30]. The low-frequency mode
redshifts under high pressure and the high-frequency mode
blueshifts. Above ∼7.3 GPa, both consistently start to broaden.
The damping effect is very strong above 10 GPa, especially
for the high-frequency mode.

In order to reveal the origin and mechanism of the electronic
phase transition, the lattice structural evolution under high
pressure was examined in situ by synchrotron x-ray microd-
iffraction. The pressure-dependent XRD pattern is shown
in Figs. 4(a) and 4(b). At ambient conditions, the sample
shows a pure brownmillerite phase with space group Imma
[Fig. 4(c)]. When the pressure increased, all diffraction peaks
shifted to a higher angle, suggesting that the lattice parameter
and volume also contracted. Between 5.3 GPa and 8.6 GPa,
some peaks were strongly suppressed indicating a structural
phase transition, which is well matched with the electronic
phase transition pressure determined by the infrared absorption
spectra. The peak (2θ ≈ 3.6◦) contributed by the oxygen
vacancy ordering was also suppressed above this critical phase
transition pressure. Hence, the structure of SrCoO2.5 was stable
up to ∼8.6 GPa. Above this transition pressure, DicVol04 soft-
ware assigns the structure to another orthorhombic structure
with space group P 222. However, this high-pressure phase is
somewhat difficult to determine due to the weak and broadened
diffraction signal. According to previous calculations, the
structure with space group Pnma is possibly a low-temperature
phase for SrCoO2.5 and sometimes effects of high pressure on
the crystal structure are qualitatively comparable to those
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FIG. 4. Pressure-dependent x-ray diffraction patterns. (a) 2D
XRD pattern; yellow arrows are plotted to show the phase transition.
(b) Selected XRD patterns at various pressures (ambient conditions,
5.3 GPa, 8.6 GPa, 11.1 GPa, 13.5 GPa, and 20.2 GPa). (c) XRD
refinement (ambient conditions).

induced by low temperature. Similar systems, such as
CaFeO2.5, can exist in the form of a Pnma structure [28,31].
Therefore, it is possible that the high-pressure phase has a
Pnma structure. However, based on the peak position infor-
mation, the only possible structure is P 222 rather than Pnma
and other orthorhombic structures. We also considered the
possibility of a cubic phase, which is the stable structure found
in SrCoO3 [32]. However, the cubic phase was finally excluded
due to the large mismatch of the Bragg positions, despite their
patterns looking quite similar. Further study is still required to
clarify the structural details in the high-pressure phase.
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FIG. 5. The lattice parameter and volume change under high
pressure for the low-pressure phase. Both the lattice parameters and
volume decrease monotonically with pressure. The compressibilities
of a, b, and c are very similar and there is no clear anisotropic
dependence. Inset: The atomic structure of SrCoO2.5.
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To further test the structural stability of the brownmillerite
phase, the compressibility was examined by comparing the
pressure-dependent lattice parameters along the a, b, and c

directions. The results are presented in Fig. 5 and the volume
change is also presented for reference. All three lattice param-
eters show a similar trend with pressure. Birch-Murnaghan
equation of state (EOS) analysis (K ′ = 4.0, fixed) gives
the linear modulus: Ka = 103.6 ± 9.6 GPa, Kb = 106.1 ±
9.8 GPa, and Kc = 90.9 ± 8.4 GPa. Hence, there is no strong
anisotropic compressibility behavior. The bulk modulus is
KB = 99.9 ± 9.3 GPa (K ′

B = 4.0, fixed). This suggests that
the lattice structure of the oxygen vacancy ordered SrCoO2.5

is very stable and shows quasi-isotropic compressibility in
the low-pressure range from ambient conditions to ∼7.3 GPa
(confirmed by IR and XRD experiments). At 8.6 GPa, the
structure became unstable.

IV. CONCLUSION

The electronic and structural behavior of SrCoO2.5 un-
der high pressure was investigated by synchrotron infrared
microspectroscopy and x-ray diffraction. The infrared spec-
troscopy experiment revealed an electronic transition from
a semiconducting state to another semiconducting state near
7.3 GPa. The XRD-based structural investigation showed a
structural phase transition between 5.3 and 8.6 GPa, which
suggests the observed electronic transition had a structural
origin. In the low-pressure phase, the band gap decreased
when the pressure increased. For the high-pressure phase,

the band gap had weak pressure dependence. In addition,
the lattice parameters of the low-pressure phase showed
unexpected quasi-isotropic compressibility, which could be
advantageous for its application in the fields of energy storage,
catalyst carriers, and gas sensors at both ambient and extreme
conditions.
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