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ABSTRACT: Structure determines material’s functionality, and strain tunes the structure. Tuning 3.98F

the coherent epitaxial strain by varying the thickness of the films is a precise route to manipulate the ~_*%7f o g
functional properties in the low-dimensional oxide materials. Here, to explore the effects of the K‘jiz: y —8E T
coherent epitaxial strain on the properties of SrCoO, s thin films, thickness-dependent evolutions of 304} a\l to :ﬁ::Zzi;
the structural properties and electronic structures were investigated by X-ray diffraction, Raman 393t T

spectra, optical absorption spectra, scanning transmission electron microscopy (STEM), and first- O ke oy 2%

principles calculations. By increasing the thickness of the SrCoQ, g films, the c-axis lattice constant .
decreases, indicating the relaxation of the coherent epitaxial strain. The energy band gap increases 04 —

and the Raman spectra undergo a substantial softening with the relaxation of the coherent epitaxial
strain. From the STEM results, it can be concluded that the strain causes the variation of the oxygen <l
content in the BM-SCO?2.5 films, which results in the variation of band gaps with varying the strain. o
First-principles calculations show that strain-induced changes in bond lengths and angles of the To B e 130200
octahedral CoOg and tetrahedral CoO, cannot explain the variation band gap. Our findings offer an h

alternative strategy to manipulate structural and electronic properties by tuning the coherent

epitaxial strain in transition-metal oxide thin films.
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1. INTRODUCTION

Strongly correlated transition-metal oxides (TMOs) have
attracted enormous attention owing to their peculiar properties,
such as superconductivity in the cuprates, colossal magneto-

magnetic insulator brownmillerite SrCoQ,(BM-SCO2.5) can
be transferred from one crystalline phase to the other one fast
at low temperatures because of the small Gibbs free-energy
difference between the two topotatic phases.”*°~>> Recently,

resistance in the manganites, ferroelectricity in the titanates,
and so on.' All these unique properties are attributed to
coupling of charge, spin, lattice, and orbital degrees of freedom.
Dynamically tuning oxygen vacancies and strain can influence
the coupling of charge, spin, lattice, and orbital degrees of
freedom, thus providing routes to create new functionalities.”””
On the other hand, the lack of fossil fuels and the
environmental problems promote the development of environ-
mentally friendly and renewable energy applications. TMOs
with mixed valence states can be applied in these fields, such as
catalysts, oxygen separation membranes, hydrogen generation
from water splitting, cathodes in rechargeable batteries, solid
oxide fuel cells, and so on.*"*° Co-based oxides are the most
promising candidates for solar thermochemical energy storage
application.”' ~*> With the variation of the oxygen stoichiom-
etry, ferromagnetic metal perovskite SrCoO; and antiferro-
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Yu et al. have performed an electric field to drive reversible
tristate phase transformations among three different material
phases: SrCoQ;, SrCoQ,s, and new-explored weakly ferro-
magnetic insulating phase HSrCoO, by controlling the
insertion and extraction of oxygen and hydrogen ions
independent of each other.”® The migration of oxygen vacancy
by electrical induction and the reconstructive structural
transformation in SrCoO,s_s were observed by the scanning
transmission electron microscopy (STEM) technique.34 Among
a variety of phases with rich functionality of Co-based oxides,
BM-SCO2.5 due to its exotic structure and properties attracts
more and more attention and research. BM-SCO2.5 shows
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alternating octahedral CoO4 and tetrahedral CoO, layers,
which has well-ordered one-dimensional oxygen vacancies
within the tetrahedral layer that are absent within its perovskite
counterpart. The well-ordered oxygen vacancies in BM-SCO2.5
are beneficial for the oxygen diffusion and anisotropic ionic
conduction, which is useful for the enhancement of the eflicacy
of electrocatalysts and the development of solid oxide fuel
cells.**>™*7 Mefford et al. have explored the water electrolysis
on La,_,Sr,CoO;_s perovskite electrocatalysts and demon-
strated that through the modulation of the Fermi energy
through transition-metal 3d and oxygen 2p partial density of
states by the oxygen vacancies, the electrocatalysis of oxygen on
metal oxide surfaces can be improved.’® Jeen et al. have
reported that the topotatic SCO2.5 film which has the oxygen
vacancy channels terminated at the surface can enhance the
catalytic reaction dramatically.®

Moreover, epitaxial strain due to the lattice mismatch is an
essential route to tune the properties of thin films.””** Oxygen
content of SrCoO, can be manipulated by the strain through
epitaxially grown on different lattice-mismatched substrates.*"**
Bulk LaCoOQj is nonmagnetic, whereas thin film shows a long-
range ferromagnetic ordering below 80 K.** Meyer et al. have
reported the interfacial and bulk structure of BM-SCO2.5 thin
films grown on the SrTiO; (STO) substrates.”* From first-
principles calculation, the strain including tensile and
compressive can drive perovskite SrCoO; bulk from the
ferromagnetic-metal 5phase to the antiferromagnetic-insulator-
ferroelectric phase.” Despite theoretical and experimental
efforts to investigate the effects of the strain on the properties
of perovskite SrCoO, and LaCoQ;, there are no literature
studies that have reported the influence of the coherent strain
on the properties of the BM-SCO?2.5 thin films.

In this work, a series of the BM-SCO2.5 thin films with
different thicknesses to vary the epitaxial strain were grown by
pulsed laser deposition (PLD). The evolutions of the structural
and electronic properties were investigated by X-ray diffraction,
optical absorption spectra, Raman scattering, STEM, electric
transport measurement, and magnetic measurement. With the
increase of film thicknesses, the coherent epitaxial strain from
the substrate relaxes, and the energy band gap of BM-SCO2.5
thin film increases, the Raman spectra undergo a substantial
softening. The experimental results can be well-understood by
the theoretic calculation.

2. EXPERIMENTAL SECTION

2.1. Fabrication of SCO2.5 Films. Epitaxial SCO2.5 thin films
with various thicknesses of 8, 11, 16, 24, 32, 63, 94, and 187 nm were
deposited on (001)-oriented LaAlO; (LAO) by PLD. The films were
deposited at 700 °C using an excimer XeCl laser (1.5 J/cm? 308 nm, 2
Hz) at an oxygen pressure of 10 Pa. After deposition, the films were in
situ annealed for 30 min and then cooled down slowly to room
temperature; the whole process was carried out at the oxygen pressure
of 10 Pa.

2.2. X-ray Diffractometry (XRD), Raman, and Optical
Absorption Spectral Measurements. The structural phases and
out-of-plane lattice constant of the SCO2.5 thin films were identified
by XRD. XRD data were collected with a Rigaku SmartLab (9 kW)
high-resolution (Ge 220 X 2) X-ray diffractometer with 1.54 A X-rays.
The temperature-dependent measurement of the lattice constants of
the SCO2.5 thin film were performed by high-resolution synchrotron
XRD at the BL14B1 beam line of Shanghai Synchrotron Radiation
Facility (SSRF) using a 1.24 A X-rays with a Huber 5021 six-axis
diffractometer. Raman spectroscopy was conducted on a Horiba Jobin
Yvon Lab RAM HR-800 Raman microscope under ambient conditions
at room temperature. The excitation light is a 532 nm laser, with a

laser power of 1 mW and an estimated beam spot size of 1 um?
Optical absorption of thin films was measured in the wavelength range
of 400—3100 nm using a UV—vis—NIR spectrophotometer (Varian
Cary 5000).

2.3. STEM Measurements. The atomic structure of two different
thickness SCO2.5 thin films was characterized using an ARM-200CF
(JEOL, Tokyo, Japan) transmission electron microscope operated and
equipped with double spherical aberration (Cs) correctors.

2.4. First-Principles Calculations. The density functional theory
(DFT) calculations based on planewave basis set, projected
augmented wave potentials, and PBEsol exchange correlation
functional were carried out with the VASP package. A DFT + U
(U(Co) = 3.5 eV) correction is used to better describe the on-site
electron—electron interaction in transitional-metal atoms. A 4 X 4 X 3
y-centered K-mesh grid was used. The strain effect is simulated by
fixing the ab lattice constants with c¢ relaxed.

3. RESULTS AND DISCUSSION

3.1. Structural Evolutions Investigated by XRD.
Epitaxial SCO2.5 thin films with various thicknesses were
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Figure 1. (a) XRD 6—20 patterns of c-axis-oriented BM-SCO2.5 films
with the different thicknesses of 8, 11, 16, 24, 32, 63, 94, and 187 nm,
respectively. (b) Variation of the lattice constant ¢ with the film
thicknesses; the inset showing the X-ray reflectivity profile of the 16
nm-thick BM-SCO2.5 thin film.

deposited on the LAO single crystals by PLD. Details on film
growth are given in the Experimental Section. The temperature
dependent results of magnetization and electronic transport
properties (Figures S1 and S2) indicate that the 187 nm-thick
SCO2.5 thin film is an antiferromagnetic insulator, which are
consistent with the previous reports.7’29

To characterize the quality of films, XRD data of the BM-
SCO2.5 thin films were measured. The XRD results confirmed
that SCO films are c-axis-oriented and at single phase, and the
XRD confirms the coherent growth on the LAO substrate (see
Figure S3). Figure S4 exhibits the XRD 6—20 patterns of the
BM-SCO2.5 films on (001) LAO substrates with different
thicknesses of 8, 11, 16, 24, 32, 63, 94, and 187 nm,
respectively. Figure 1a shows the enlarged part of Figure S4. It
can be seen from Figure la that all the films with the
thicknesses from 8 to 187 nm are at single-phase and the (008)
peak shifts toward high 260 angle with the increase of the film
thickness. The inset of Figure 1b shows the X-ray reflectivity
profile of 16 nm-thick BM-SCO thin films. The thickness of the
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Figure 2. (a) XRD 0—26 scan of BM-SCO2.5 films with different thicknesses around the (103) LAO substrate. (b) Variation of the lattice constant ¢
and a with the film thicknesses. (c) Grazing incidence XRD of 187 nm BM-SCO2.5 with different grazing incidence angles. (d) Variation of lattice
constant a of 187 nm BM-SCO2.5 with different grazing incidence angles.
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Figure 3. (a) Raman spectra of the different thicknesses of the SrCo02.5 thin film and the LAO substrate. (b—d) Relations of the film thicknesses

and the peak positions of 450, 650, and 690 cm™' modes, respectively.

SCO thin film was obtained from the periodicity of the
interference fringes. The c-axis lattice constant of the BM-
SCO2.5 thin films with the different thicknesses can be
calculated from the 6—20 scans (Figure 1a). The variation of c-
axis lattice constant ¢ as a function of the film thickness is
shown in Figure 1b. It can be seen from Figure 1b that with the
increase of the film thickness from 8 nm, the lattice constant ¢
decreases quickly and then decreases smoothly when the BM-
SCO thickness is larger than 40 nm, indicating that the
thickness of 40 nm is a critical point (black dash arrow).
However, the lattice constant g, in contrary, increases quickly
and then smoothly with the increase of the BM-SCO thickness,
and the thickness of 40 nm is also the critical point (red dash

10213

arrow). LAO is a cubic cell with the lattice constant ~3.792 A.
BM-SCO2.5 is orthorhombic unit cell with a = 5.574 A, b =
5470 A, ¢ = 15.745 A, which can be seen as a pseudotetragonal
structure with lattice constants a = 3.905 A, ¢ = 3.936 A.
Because of the lattice mismatch (+2.980%) between the BM-
SCO thin film and the LAO substrate, in-plane epitaxial
compressive strain and out-of-plane tensile strain were
generated in the BM-SCO films from the interface when the
BM-SCO films were grown on the LAO substrates, and the
BM-SCO lattice is compressed in the in-plane direction and
elongated in the out-of-plane direction. As the film thickness
increases from a few nm, the strain will be released quickly,
which results in the quick decrease of the lattice constant c.
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Figure 5. (a) Optical absorption spectrum obtained from trans-
mittance measurements of the SrCo02.5 thin films. (b) Schematic
band diagrams of BM-SCO2.5. (c) Energy band gap of the SrCo02.5
thin films with different thicknesses obtained from optical absorption
spectra.

When the film thickness reaches the critical point, ~40 nm, the
strain almost completely releases, and ¢ decreases slowly with
further increasing thickness.

We also measured the XRD patterns of the BM-SCO films
with different thicknesses around the (103) LAO substrate, as
shown in Figure 2a. The ag-axis lattice constant of the BM-
SCO2.5 thin films with the different thicknesses can be
calculated from Figures la and 2a. Figure 2b shows the
variation of lattice constants ¢ and a with the film thickness.
The grazing incidence XRD of the 187 nm-thick BM-SCO2.5
film with different grazing incidence angles is shown in Figure

2c¢. It can be seen from Figure 2d that with the increase of the
incidence angle, the lattice constant a decreases, which indicates
that with increasing thickness, the strain releases. The full width
at half maximum (fwhm) of (008) peak decreases with the
increase of the film thickness also indicates the existence of
strain (see Figure SS5). In this work, the coherent epitaxial strain
makes a big difference to the structure of BM-SCO2.5, which
we will discuss in detail.

3.2. Phonon Evolution with the Thicknesses Inves-
tigated by Raman Scattering. Raman spectrum is an
effective tool to observe vibration and rotation of molecules or
atoms in a system.*® The Raman shift gives information about
the vibrational modes in the system. To get information about
the effects of the strain on the structural properties in the BM-
SCO thin films, Raman spectra of the BM-SCO2.5 thin films
with the different thicknesses were performed, as shown in
Figure 3a. For the crystal structure symmetry of the BM-
SCO2.5 bulk, there are three space groups including Imma,
Ima2, and Pnma that have been proposed and discussed.””**
Glamazda et al. have confirmed that only Imma reproduces the
observed Raman-active phonons of the BM-SCO2.5 thin films
on the (LaAlO;),;—(SrAlTa0;),, (LSAT) substrates after
detailed analysis of the phonon modes by the Raman scattering
experiments and lattice dynamic calculations.” It can be seen
from Figure 3a that except the Raman mode ~120 cm™
coming from the LAO substrates, there are two small modes
located at 218 and 273 cm™ and two broad modes located at
400—500 and 600—700 cm™'. Two small modes can be
assigned to PS(1)/PS(2) mode and P6(1)/P6(2) mode,
respectively, according to the results of the Raman scattering
experiments and lattice calculations.”” The broad mode ~400—
500 cm™! is assigned to P7(1)/P7(2)/P7(3)/P7(4) mode. The
broad mode of 600—700 cm™" can be ascribed to two-phonon
scattering, P10 and P11 modes, which are overtones and
combinations.*”*® From detailed lattice dynamic calculations in
the literature,™ the P7 mode (450 cm™) can be attributed to
the mixed bending vibrations of the CoO4 and CoO,
tetrahedron, the P10 mode (650 cm™) involves out-of-phase
stretching vibrations of apical O(2) in the yz-plane and out-of-
phase motion of the Co(1) and Co(2) along the z-axis, and the
P11 mode (690 cm™') is attributed to CoOg breathing and
apical O(2) out-of-phase stretching in the yz-plane and Co(1)
and Co(2) out-of-phase vibrations along the y-axis. Comparing
our Raman scattering results and the results of Glamazda’s
work, it can be concluded that the space group of our BM-
SCO2.5 films is Imma, which can be understood because the
almost same lattice constants of the LAO substrate (3.792 A)
and the LSAT (3.868 A) substrate and almost the same lattice
mismatch between the films and substrates. All Raman modes
exhibit a softening trend with increasing film thickness. To
quantify the evolution of the Raman modes as a function of the
film thickness, we fit the Raman spectra to a sum of the
Lorentzian profiles, and the fitting results are shown in Figure
3b—d. It can be seen from Figure 3b—d, with the increase of the
film thickness from 8 nm, the peak positions of the modes of
450 (P7), 650 (P10), and 690 (P11) cm™" all shift toward low
frequency quickly and then smoothly when the thickness of the
BM-SCO2.5 film is larger than 40 nm, as same as the critical
point of the complete release of the strain from the XRD
results. This indicates that the thickness of 40 nm is a critical
point for softening (arrows shown in Figure 3). The softening
is about 20 cm™'. The substantial softening of the Raman
modes with the thickness indicates the strain release. The trend
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dependent Raman peak positions of 450, 650, and 690 cm™' modes, respectively.
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of the softening of the Raman mode with the film thickness is
consistent with the XRD results, further confirming that the
strain plays a key role on the structural properties of the BM-
SCO thin films. The strain directly affects the bond lengths and
angles of the octahedral CoOg4 and tetrahedral CoO, and then
the vibrations and rotation of the Raman modes.

3.3. Local Structure Variation Investigated by STEM.
Strain can directly affect the internal bond length and
functionality, but also can create oxygen vacancies. To
investigate whether the change of oxygen content or not, we
performed the high-angle annular dark field (HAADF) STEM
measurements of BM-SCO2.5 films with the thickness of 24
and 187 nm, as shown in Figure 4a,b, respectively. From Figure
4a,b, we can obtain the Sr—Sr distance including in-plane dg;
and out-of-plane, as shown in Figure 4c,d. The out-of-plane
consists of two types, dg,o and dgr, which correspond to
octahedral and tetrahedral layers, respectively. From Figure 4c,
we can see that the dg; of 187 nm-thick BM-SCO2.5 film is

10215

bigger than that of the 24 nm-thick BM-SCO2.5 film, and the
dso and the dg,o + dg, of the 187 nm-thick BM-SCO2.5 film
are smaller than that of the 24 nm-thick BM-SCO2.5 film,
which indicates that with the increase of the film thickness, the
strain releases. However, the dgr becomes bigger with the
increase of the film thickness. In the ACoO,_, (A is alkaline
earth of rare earth elements) system, oxygen vacancy would
expand the lattice and a nearly linear relationship has been
verified between the A—A cationic distance and the oxygen
vacancy.” The dg,; of the 187 nm-thick BM-SCO02.5 film is
4.23 A, which is closer to SrCo0,s,** and therefore the 187
nm-thick BM-SCO2.5 is SrCoOQ,, and the 24 nm-thick BM-
SCO2.5 film is SrCoO,,sFor different thickness films, strain
not only tunes the structure but also changes the chemical
stoichiometry.

3.4. Energy Band Gap Investigated by Optical
Absorption. In materials, the structure determines function-
ality, and strain will tune the structure by directly affecting the
internal bond length and angles and indirectly the variation of
chemical stoichiometry. The variation of the lattice structure
should make a big influence on the electronic structure and
then the properties of the BM-SCO thin films. To shed more
light on the influence of the strain on the electronic structure of
the BM-SCO, the optical absorption spectra of the BM-SCO
thin films were measured to investigate the change of energy
band gap with the strain.

Figure Sa shows the optical absorption spectra obtained from
transmittance measurements of the 187 nm-thick BM-SCO
thin film at room temperature. It can be seen from Figure Sa
that there are two characteristic peaks a and 5, which represent
a d—d transition between octahedral Co f,, states and a
transition between O 2p and mostly octahedral Co t,, and ¢,
states, respectively.”> Figure Sb shows the schematic band
diagram of the BM-SCO2.5 thin film. Energy band gap can be
obtained from optical absorption spectra. By plotting (Ahv) />
and doing the tangent line near peak ¢, the intersection point
of y = 0 and the tangent line is the energy band gap of the BM-
SCO2.5 thin film. The optical absorption spectra of the BM-
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SCO2.5 thin films with the different thicknesses are shown in
Figure S7, and the variation of obtained energy band gap with
the thicknesses of the BM-SCO thin films is shown in Figure
Sc. By increasing the film thickness from 11 nm, the energy
band gap increase at first quickly and then smoothly after the
thickness is larger than 40 nm. This trend is also consistent with
the results of XRD and Raman scattering. This phenomenon
should be related to the evolution of the lattice structure due to
the strain.

3.5. Temperature-Dependent Raman Spectra and
XRD. To investigate the temperature-dependent structures
and strain, Raman spectra and XRD under different temper-

atures were performed. Figure 6a exhibits the temperature
dependence of the Raman spectra for the 94 nm-thick SCO2.5
thin film. All Raman modes exhibit strong temperature
dependences: the peaks become broad and weak, and the
peak positions shift toward low wavenumber direction with
increasing temperature. To investigate quantitatively the
evolution of the peak frequencies, the spectra were fitted to
the Lorentzian functions, and the fitting results for three
different modes display in Figure 6b—d, respectively. It can be
seen from Figure 6b—d that the softening of the Raman modes
with increasing temperature is close to linear and the softening
maybe come from the lattice expansion with temperature. The
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temperature-dependent Raman modes of the 32 nm-thick
SCO2.5 thin film also exhibit similar behaviors, as seen in
Figure S7. The temperature-dependent XRD measurement was
performed, as shown in Figure 7a. Figure 7b,c shows the
calculated lattice constant ¢ of the LAO substrate and the
SCO2.5 film from the XRD results, respectively. The relations
of the temperature and the lattice constant ¢ of the LAO
substrate and the SCO2.5 film are both almost linear, shown in
Figure 7b,c. It should be also noted from Figure 7b,c that the
expansion of the lattice constant ¢ of the SCO2.5 film is a little
larger than that of the LAO substrate, indicating that the strain
in the SCO2.5 film is more easily relaxed at high temperatures.
Thermal expansion coeflicient along the out-of-plane direction
for SCO2.5 is experimentally determined to be 1.96 x 107°
K. However, the thermal expansion coefficient of LAO is
9.2x 107% K7}, a little smaller than that of SCO2.5, and
therefore the SCO2.5 films increase faster than LAO with
increasing temperature. Because of the similar temperature
dependences of the Raman spectra and the lattice constants,
the softening of the Raman modes may result from the lattice
expansion with increasing temperature. This softening can be
described approximately by the Griineisen law Av/v = —yAV/
V and by the usual phonon effects because of an anharmonicity
of the lattice potential.>!

3.6. Theoretical Calculation of the Evolution of the
Electronic Structure with Strain. To unambiguously
describe the relationship between the strain and the electron
structures of the BM-SCO2.5 thin films, we calculated the
relations of the Co—O bond angle and the lengths in
octahedron in-plane and out-of-plane with the lattice constant
¢, as shown in Figure 8. Because of the small coordination
number and less hybridization with O 2p of Co out-of-plane,
the bandwidth is mainly controlled by the Co—O—Co bond
angle and the Co—O bond length in the octahedron in plane. It
can be seen from Figure 8 that the in-plane bond angles weakly
depend on the strain, whereas the bond lengths decrease as the
compressive strain increases in the octahedral.

To get more quantitative information, we performed the
DFT calculation to map out the electronic structure of two
different lattice constants of the BM-SCO2.5 thin films and the
SrCo02.75 thin film. Figure 9 shows the total and projected
DOS onto O 2p, Co-tetrahedral 3d and Co-octahedral 3d for
two different c¢ lattice-constant BM-SCO2.5 thin films and
SrC002.75 thin films. From Figure 9 a,b, we can see that for
the SrCoO2.5 thin film, without the variation of oxygen
content, with the larger lattice constant ¢, the decrease of the
Co—O bond length in the octahedral does not make a big
difference to the energy band gap. With the decrease of the film
thickness, the in-compressive strain is accompanied by an
increase of oxygen content, which we can see from the STEM
results. Therefore, the decrease of the energy band gap with the
decrease of the film thickness is due to the increase of oxygen
content rather than the in-plane compressive strain. Therefore,
the proposal that the electronic structure of the BM-SCO2.5
thin films can be tuned by the interfacial strain accompanied by
an increase of the oxygen content was confirmed by the
experiments and the theoretical calculations.

4. CONCLUSIONS

In summary, a series of BM-SCO2.5 thin films with the
different thicknesses on the LAO substrate were grown by PLD.
With the increase of the film thickness, the in-plane
compressive strain due to the lattice mismatch releases, the c-

axis lattice constant decreases. In this process, the Raman
spectra undergo a substantial softening and make a big
difference to the energy band gap of BM-SCO2.5. Because of
the relaxation of compressive strain, the Co—O bond length
increases, which does not make a big difference to the energy
band gap. With the decrease of the film thickness, the interfacial
strain is accompanied by an increase of oxygen content,
resulting in the decrease of energy band gap. This observation
provides a new way to design new functional oxides for many
technological applications, such as for cathodes in solid oxide
fuel cells using strain as a key adjustable parameter.
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