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The oxygen sublattice in complex oxides is typically composed of corner-shared
polyhedra, with transition metals at their centers. The electronic and chemical prop-
erties of the oxide depend on the type and geometric arrangement of these polyhedra,
which can be controlled through epitaxial synthesis. Here, we use oxide molecular
beam epitaxy to create SrCoOx:SrTiO3 superlattices with tunable oxygen coordi-
nation environments and sublattice geometries. Using synchrotron X-ray scatter-
ing in combination with soft X-ray spectroscopy, we find that the chemical state
of Co can be varied with the polyhedral arrangement, with higher Co oxidation
states increasing the valence band maximum. This work demonstrates a new strat-
egy for engineering unique electronic structures in the transition metal oxides using
short-period superlattices. © 2017 Author(s). All article content, except where oth-
erwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5007663

The wide range of physical properties in perovskite-based transition metal oxides with the ABO3

structural framework stems from the interplay of the lattice, charge, and orbital degrees of freedom.1,2

One of the most direct ways to engineer functional properties in oxides is to modify the oxygen
coordination environment of the B-site cation by geometric design, in which the structures of
dissimilar oxides are coupled.3–7 In the absence of oxygen vacancies, structural coupling at symmetry-
mismatched interfaces can trigger or suppress octahedral rotations and deformations, for instance, to
finely tune magnetic properties8–10 and stabilize unusual coexisting properties.11,12 However, in the
case of oxides with multivalent B-site cations that readily form oxygen vacancies, lattice mismatch
can change the degree of oxygen nonstoichiometry.13,14 The variable oxygen stoichiometry allows
different electronic and magnetic ground states to be stabilized14–17 and enables high oxygen redox
activity and/or facile oxygen anion diffusion for improved catalytic activities.18,19

One notable oxide in this regard is strontium cobaltite, SrCoOx, wherein the Co oxidation state
can change from +3 to +4 as the oxygen content x changes from 2.5 to 3, resulting in highly con-
trasting electronic and magnetic ground states. The reduced end member, brownmillerite SrCoO2.5

(BM-SCO), is an antiferromagnetic insulator with a bandgap of 2.12 eV,20 while the oxidized cubic
perovskite SrCoO3�δ (P-SCO) is a ferromagnetic metal.21,22 The orthorhombic BM-SCO unit cell can
be represented by a pseudotetragonal structure with at = 3.905 Å, taken as an average of the in-plane
orthorhombic lattice parameters ao = 5.5739(2) Å, bo = 5.4697(2) Å, and ct = 15.7450(5) Å.23–25

This structure consists of four alternating layers of corner-shared CoO4 tetrahedra and CoO6 octahe-
dra, as shown in Fig. 1(a). On the other hand, SrTiO3 (STO) is a cubic perovskite and non-magnetic
insulator with a bandgap of 3.2 eV.26 It is entirely composed of TiO6 octahedra with a lattice parameter
of ac = 3.905 Å, also shown in Fig. 1(a), and offers 1% compressive and tensile strains with respect
to the individual ao and bo lattice parameters of BM-SCO.27 Here, the Ti cation strongly prefers the
+4 oxidation state regardless of the environmental conditions.

With the many recent advances in oxide thin film synthesis, we are now able to modulate the B-site
sublattice at the atomic level. It should then be possible to manipulate and stabilize the total oxygen
vacancy concentration and overall Co oxidation state, not simply by varying between the SrCoO2.5
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FIG. 1. Schematic illustrations of the SrCoOx-SrTiO3 structures. Sr atoms are shown in green, oxygen atoms are red, and
the Ti and Co atoms are centered within the gray-blue and dark blue polyhedra, respectively. (a) Illustration of the SrTiO3
(left) and SrCoO2.5 (right) unit cells, with arrows showing how SrTiO3 is inserted within SrCoO2.5 to make the 2:1 and 1:1
superlattices of SrCoOx and SrTiO3. [(b) and (c)] Illustrations of the (SrCoOx)1 : (SrTiO3)1 (b) and (SrCoOx)2 : (SrTiO3)1 (c)
superlattices.

and SrCoO3 phases, but through the strategic design and placement of Co and Ti ions throughout a
digital superlattice. In this work, we create and investigate the oxygen coordination environment of Co
and the electronic structures of Sr(Co,Ti)Ox artificial crystals, whereby we interweave the SrCoO2.5

lattice with a single layer of SrTiO3, as shown schematically in Fig. 1(a). Specifically, we examine
(SrCoOx)n : (SrTiO3)1 (n = 1, 2) superlattices (SLs), as illustrated in Figs. 1(b) and 1(c) for the 1:1 SL
and the 2:1 SL, respectively. The results are compared with a 50:50 solid solution of Sr(Co,Ti)Ox. We
find that the spatial order of Co and Ti cations determines the resulting oxidation state, with the 1:1
superlattice resulting in Co3.5+ and the 2:1 superlattice and the 50:50 alloy both resulting in Co3.25+.
This study demonstrates a new strategy for tuning the oxidation state of a multivalent B-site cation
through the design and synthesis of short-period superlattices.

The superlattices were synthesized by ozone-assisted molecular beam epitaxy (MBE) in a cham-
ber located at Sector 33ID-E of the Advanced Photon Source (APS). All films were deposited on
conducting 0.05 wt. % (0.1 at. %) Nb-doped SrTiO3 (0 0 1) substrates (to prevent charging in sub-
sequent soft X-ray measurements), prepared with TiO2-terminated surfaces using the procedure
described in Ref. 28. After performing growths in a range of conditions, from 550 ◦C to 750 ◦C
and in different oxidizing environments, we found that the optimal conditions for synthesis were
at 610 ◦C in 1 × 10�6 Torr ozone, which resulted in sharp heterointerfaces, good crystallinity, and
minimal secondary phase formation. Consequently, all of the results presented are from films grown
under these conditions after cooling to room temperature in the same ozone pressure at ∼10 ◦C/min
to prevent oxygen loss. The thicknesses of the individual SrTiO3 and SrCoO2.5 layers were calibrated
immediately prior to superlattice deposition. Fifteen repeat units were grown by shuttered deposition
for the superlattices, corresponding to 30 monolayers or ∼11 nm for the n = 1 superlattice (1:1 SL)
and 45 monolayers or ∼17 nm for the n = 2 superlattice (2:1 SL). For comparison, we also grew
a 11-nm-thick alloy of Sr(Co0.5,Ti0.5)Ox (50:50 alloy), where Co and Ti were co-deposited, and a
6-nm-thick BM-SCO thin film. All subsequent measurements were performed at room temperature,
as detailed in the experimental section (see the supplementary material).

Figure 2 shows the scattered intensities measured along the specular 00L rod for the BM-SCO
and the SCO-STO thin films taken with 8-keV X-rays immediately after cooling the thin films to room
temperature. Superlattice peaks are clearly observed for the 1:1 and 2:1 SLs despite the similarity
in the Co and Ti atomic numbers, indicating the presence of fairly well-ordered interfaces. Half-
order peaks characteristic of the brownmillerite structure are observed for the BM-SCO thin film,
while much weaker half-order peaks are seen for the 1:1 SL. The weaker intensities indicate that the
1:1 SL adopts a more perovskite-like structure in which the SrO layers separating the Co and Ti
layers are spaced more evenly apart compared to the brownmillerite structure, in which the SrO inter-
layer distances separating the octahedral CoO6 and tetrahedral CoO4 layers differ by 0.87 Å.24 The
2:1 SL shows the expected 1/3-order superlattice peaks, while the 50:50 alloy shows an absence of
any superlattice peaks. In the case of the 1:1 SL and the 50:50 alloy, a small peak corresponding to
CoO (2 0 0) is observed at L = 1.8 reciprocal lattice units (r.l.u.), together with precipitates in atomic
force microscopy (AFM) images (Fig. S1 of the supplementary material). This indicates the presence
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FIG. 2. Scattered intensities along the 00L crystal truncation rod for the brownmillerite SrCoO2.5 (BM-SCO) film, cobaltite-
titanate superlattices, and thin film alloy. The superlattice peaks are marked by *.

of a small amount of CoO in the films (<1.4 vol. %), which, as discussed below, was investigated in
more detail using soft X-ray spectroscopy performed at Sector 4ID-C of the APS.

To determine the oxygen coordination environment of Ti in the cobaltite-titanate films, results
from Ti 2p X-ray photoelectron spectroscopy (XPS) and Ti L-edge X-ray absorption spectroscopy
(XAS) were compared with those from a bare 0.05 wt. % (0.1 at. %) Nb-doped SrTiO3 substrate
(Nb:STO). The Ti 2p core-level XPS spectra of the cobaltite-titanate films were fit using the same
Gaussian-Lorentzian peak shapes used for the Nb:STO Ti 2p XPS spectrum, as shown in Fig. 3(a).
The good agreement of the fits indicates negligible Ti3+ states within the 3.7 nm 95% probe depth.29

This observation is consistent with the Ti L3,2-edge X-ray absorption spectra of the cobaltite-titanate
films shown in Fig. 3(b), which are characteristic of Ti4+ subject to an octahedral crystal field.30 A
close comparison of the Ti L3,2-edge line shapes shows that the cobaltite-titanate films contain extra
spectral weight between the t2g and eg manifolds compared to the Nb:STO Ti L-edge spectrum (see
Fig. S2 of the supplementary material). We attribute this small deviation from the reference Ti4+ O6

FIG. 3. Ti 2p core-level spectra showing persistent Ti4+O6 octahedra in the cobaltite-titanate thin films. (a) Ti 2p core-level
photoelectron spectra of the thin films compared with those of a bare 0.05 wt. % Nb-doped SrTiO3 substrate (Nb:STO). (b)
The corresponding Ti L3,2-edge X-ray absorption spectra.
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spectrum to disorder-induced peak broadening caused by the presence of Ti–O–Co bonds in addition
to the Ti–O–Ti bonds. No extra intensity was observed at∼457 eV for any of these films, which would
otherwise appear in the presence of Ti3+.31,32 We thus confirm that virtually all Ti ions in the cobaltite-
titanate films maintain the Ti4+ oxidation state within an octahedral coordination environment, which
in turn indicates that oxygen vacancies in the films are confined to the first coordination shell of Co.

Given the persistent Ti4+O6 octahedra and the corresponding localization of oxygen vacancies
around Co, XAS was performed at the Co L3,2 edge to probe simultaneously the oxygen coordination
environment and oxidation state of the Co ions. After first accounting for the small CoO contribution
(see Fig. S3 of the supplementary material), each spectrum was assigned to mixed Co3+/Co4+ con-
tribution intrinsic to the respective cobaltite-titanate film arising from a mixture of square pyramidal
CoO5 and octahedral CoO6 units. There exist clear chemical shifts of the sharp L3 peak corresponding
to the Co3+/Co4+ contribution, as shown in the inset of Fig. 4(a). Comparison with reference spectra

FIG. 4. Results on the chemical properties of Co in the thin film samples and reference materials. (a) Co L3,2 X-ray absorption
spectra of the cobaltite-titanate films compared with those of brownmillerite SrCoO2.5 (BM-SCO), La0.95Sr0.05CoO3 (LSCO),
and perovskite SrCoO2.9 (P-SCO). (b) Co oxidation state determined from the Co L3 peak energy. The dotted line serves as a
visual guide to the trend.
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of La0.95Sr0.05CoO3 (LSCO), with a nominal Co oxidation state of +3.05, and perovskite SrCoO2.9

(P-SCO), with a Co oxidation state of +3.9 taken from Ref. 13, reveals a varying Co oxidation state
that is dependent on the geometric arrangement of Co and Ti in the cobaltite-titanate thin films, as
summarized in Fig. 4(b). The 1:1 SL, containing the same Co/Ti ratio as the 50:50 alloy, exhibits a Co
oxidation state of +3.5. Interestingly, the random alloy exhibits a lower Co oxidation state of +3.25.
However, the 2:1 SL, with twice the Co/Ti ratio as the 50:50 alloy, also displays a Co oxidation state
of +3.25.

We calculated the average oxygen coordination of the Co atoms and the corresponding oxygen
stoichiometry in the cobaltite-titanate thin films by considering the Co oxidation state, which is
effectively a measure of the Co valence, as the sum of the nominal bond valences of the three
types of bonds surrounding the Co atom, Co–O–Co, Co–VO–Co, and Co–O–Ti, where VO denotes
a vacant oxygen site (see Table S1 of the supplementary material). This reveals stoichiometries of
(SrCoO2.76)1 : (SrTiO3)1 and (SrCoO2.64)2 : (SrTiO3)1 for the 1:1 SL and the 2:1 SL, respectively,
with corresponding 50:50 and 75:25 ratios of square pyramidal CoO5 and octahedral CoO6 units.
This is attributable to the persistent octahedral Ti4+O6 units that suppress oxygen vacancy formation
around nearest-neighbor Co atoms by the formation of Co–O–Ti bonds. Having fewer consecutive
CoOx layers in the 1:1 SL versus the 2:1 SL suppresses oxygen vacancy formation more and thus
stabilizes a higher Co oxidation state. In the case of the 50:50 alloy, the stoichiometry corresponds to
Sr(Co0.5,Ti0.5)O2.82, with the same 25:75 ratio of square pyramidal CoO5 to octahedral CoO6 found
in the 2:1 SL. The random arrangement of Co and Ti in the 50:50 alloy promotes oxygen vacancy
formation and stabilizes a lower Co oxidation state compared to the short-period layered arrangement
in the 1:1 SL.

We also note that while ferromagnetic order has been observed in SrCoO2.75 thin films with
Co3.5+,14 X-ray magnetic circular dichroism (XMCD) measurements performed at 40 K in a 0.5 T
field did not provide conclusive evidence for such behavior in any of the superlattices or the 50:50
alloy (see Fig. S4 of the supplementary material). While this may be due to the proximity of Co and
Ti cations, further studies on (SrCoOx)n : (SrTiO3)1 superlattices will be necessary.

To investigate how the electronic structure of the cobaltite-titanate films evolves from the char-
acteristic properties of STO and BM-SCO, we performed resonant photoemission spectroscopy
(RESPES) at the Ti 2p-3d and Co 2p-3d thresholds to distinguish the occupied element-projected and
orbital 3d partial density of states in the valence band. Figure 5(b) shows the Ti 2p-3d valence band
spectra for the 1:1 SL obtained with photon energies (A)–(E) marked in Fig. 5(a). Photon energies
corresponding to similar features in the Ti L3,2 XAS spectrum were chosen for the Ti 2p-3d valence
band spectra of the 2:1 SL and 50:50 alloy, shown in Figs. 5(c) and 5(d), respectively. Comparison
of the off-resonance spectrum (A) with on-resonance spectra (B)–(E) indicates that the resonant
enhancement of the valence band spectra is limited to the states around 4.4 eV and 6.4 eV binding
energies, which contain contributions from the non-bonding and bonding Ti 3d-O 2p states in SrTiO3,
respectively.33,34 The states peaked at 2.5 eV at the top of the valence band show negligible enhance-
ment in intensity, which confirms that the top of the valence band is predominantly composed of
Co 3d-O 2p states. This is consistent with the observed minimal enhancement of states in the gap at
the Ti 2p-3d resonance.

Figure 5(f) shows the Co 2p-3d valence band spectra for the 1:1 SL obtained with the photon
energies (A)–(E) marked in Fig. 5(e). Photon energies corresponding to similar features in the Co
L3,2 XAS spectrum were chosen for the Co 2p-3d valence band RESPES of the 2:1 SL and 50:50
alloy, shown in Figs. 5(g) and 5(h), respectively. In contrast to the Ti 2p-3d valence band spectra,
resonant enhancement in the intensity is observed throughout the entirety of the valence band region,
confirming the presence of Co 3d states that extend into the bandgap region of SrTiO3. In addition, a
clear Fermi-edge step is observed at strong Co 2p-3d resonance (D), indicating small contributions
of defect states with significant Co 3d character within the gap. The Fermi levels of the cobaltite-
titanate thin films were determined by fitting the Fermi-edge steps apparent at strong Co 2p-3d
resonance (dashed lines). This allowed the determination of the valence band maximum (VBM) of
each film by extrapolating the linear portion of the valence band edge to the background from the
off-resonance valence band XPS spectra taken with photon energies of 772 eV and 1000 eV for the
cobaltite-titanate thin films and the Nb:STO sample, respectively, as shown in Fig. 6. The valence band
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FIG. 5. Resonant photoemission spectra measured in the valence band region at the Ti 2p-3d and Co 2p-3d absorption
thresholds. (a) Ti L3,2 XAS spectrum of the 1:1 SL. [(b)–(d)] RESPES spectra at Ti 2p-3d resonance plotted in wide region
(left) and in enlarged scale (×100) near the Fermi level (EF = 0 eV) (right). The labels (A)–(E) correspond to excitation photon
energies as marked in (a) for the 1:1 SL and to energies chosen at similar features in the Ti L3,2 XAS spectra for the 2:1 SL
and the 50:50 alloy. (e) Co L3,2 XAS spectrum of the 1:1 SL including the CoO component. [(f)–(h)] RESPES spectra at
Co 2p-3d resonance for the cobaltite-titanate thin films taken in similar fashion as the Ti 2p-3d valence band RESPES spectra.
The dashed lines are the fitting curves of the RESPES spectra at strong Co 2p-3d resonance (D), showing a clear Fermi-edge
step in each film.
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FIG. 6. X-ray photoelectron spectra of the valence band region. The valence band maxima of the cobaltite-titanate thin films
are compared with those from the n-type 0.05 wt. % Nb-doped SrTiO3 sample.

maxima are found at binding energies of 1.2 eV for the 1:1 SL and 1.4 eV for the 2:1 SL and the 50:50
alloy, showing that the VBM increases with the average Co oxidation state in the cobaltite-titanate
films.

As an internal check, we also considered the valence band spectrum of the Nb:STO substrate,
taken with 1000 eV photon energy, which was aligned in the binding energy scale using the Sr 4s
and O 2s core-level peaks at 19.3 eV and 21.8 eV binding energies, respectively (see Fig. S5 of the
supplementary material). This procedure yields a VBM of 2.9 eV for the Nb:STO that is located
just below the conduction band of SrTiO3, as shown in Fig. 6, in line with the value for n-type
SrTiO3 reported by Chambers and co-workers.35 Furthermore, the alignment of the spectral features
at 4.4 eV and 6.4 eV binding energies corresponding to the non-bonding and bonding Ti 3d-O 2p
states of the Nb:STO with those of the cobaltite-titanate films indicates that the Fermi levels in the
cobaltite-titanate films coincide with the Fermi level in Nb:STO. This is consistent with our picture
of a variable Co oxidation state as the Co valence derived from the corresponding oxygen stoichiom-
etry rather than electronic holes combined with SrTi4+

1−xCo3+
x O3�x /2, which would lower the Fermi

level.
In summary, we find that the oxygen vacancy concentration, the Co oxidation state, and the

resulting valence band maximum of the material can be tuned geometrically, i.e., through atomic-
level manipulation of the Co and Ti nearest neighbors throughout an oxide crystal. Furthermore, we
demonstrate control over the spatial arrangement of oxygen vacancies in an oxide crystal, which we
and others have shown to be useful in modulating electronic, magnetic, and catalytic behaviors.36–39

By employing different arrangements of CoOx and TiO2 layers under the same epitaxial strain and
growth conditions, the Co oxidation state can be raised from the nominal +3 found in brownmillerite
SrCoO2.5 to +3.25 and +3.5 in (SrCoO2.64)2 : (SrTiO3)1 and (SrCoO2.76)1 : (SrTiO3)1 superlattices,
respectively. The results illustrate how interface engineering can be combined with defect control to
achieve novel properties in complex oxides.

See supplementary material for the details of the experimental methods, AFM micrographs,
and additional information regarding the Co L-edge XAS spectra, determination of the oxygen
stoichiometries, XMCD results, and the valence band XPS spectra.
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