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ABSTRACT

The presence and potential ordering of oxygen vacancies play an important role in determining the electronic, ionic, and thermal transport
properties of many transition metal oxide materials. Controlling the concentration of oxygen vacancies, as well as the structures of ordered
oxygen vacancy domains, has been the subject of many experimental and theoretical studies. In epitaxial thin films, the concentration of oxygen
vacancies and the type of ordering depend on the structure of the substrate as well as the lattice mismatch between the thin films and the
substrate. However, the role of temperature or structural phase transitions in either the substrate or the epitaxial thin films in the oxygen
vacancy ordering has remained largely unexplored. In particular, atomic-resolution imaging and spectroscopy analysis of oxygen vacancy order-
ing in thin films at temperatures below 300K have not yet been reported. Here, we use aberration-corrected scanning transmission electron
microscopy combined with in-situ cooling experiments to characterize the atomic/electronic structures of oxygen-deficient La0.5Sr0.5CoO3�d

thin films grown on SrTiO3 across its antiferrodistortive phase transition at 105K. We demonstrate that atomic-resolution imaging and electron
energy-loss spectroscopy can be used to examine variations in the local density of states as a function of sample temperature.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5098886

Functional transition metal oxides have attracted a great deal of
experimental and theoretical interest due to their wide range of prop-
erties, suitable for numerous practical applications, including fuel-
cells,1 catalysts,2 thermoelectrics,3 spintronics,4 and nanoelectronics.5

Perovskite oxides of the form ABO3 (B ¼Mn, Cr, Ti, Fe, Ni, Co) pre-
sent a particularly interesting group of functional transition metal
oxides, where the interplay of four degrees of freedom, lattice, orbital,
charge, and spin generate a complex variety of ground states.6,7 An
important attribute of this class of materials is that no single interac-
tion or degree of freedom dominates.8 Consequently, subtle changes in
external and internal parameters, such as temperature, electric or mag-
netic fields, strain at interfaces or defects, or ionic radii due to dopants,
may tremendously affect the overall properties of the system.9–12

Fascinating transport properties, such as high-temperature supercon-
ductivity13,14 and thermoelectric,15,16 ferro-electric,17,18 proton-,19,20 or
magnetotransport,21,22 are related to such induced phase transitions
between different ground states and types of ordering.

It has become increasingly clear that oxygen vacancy ordering
plays an important role in controlling multiple physical properties,
such as ferroelectric,23,24 electronic,25 ionic,26 or thermal transport27 as
well as magnetic properties.28 In transition metal perovskite oxides,
oxygen vacancies can form ordered structures, such as the brownmil-
lerite (BM) structure, where vacancies order in alternating planes

along the c-axis forming fully stoichiometric oxygen octahedral and
oxygen deficient tetrahedral layers.29 This ordering of vacancies does
not only give rise to charge disproportionation of the transition metal
ions on the B site but also cause periodic changes in the perovskite lat-
tice constant.30 The competition between the interlayer separation
between tetrahedral planes and tetrahedral chain distortion within the
tetrahedral plane results in diversities of BM domains of different sym-
metries.31 Furthermore, this ordered oxygen vacancy can also interact
with the ferroelastic distortions, lowering the lattice stability and
inducing the polar behavior within a given heterostructure.32,33

Oxygen vacancy ordering resulting in the formation of BM structures
has been reported in oxygen-deficient SrCoO3�d,

34 Sr-doped LaCoO3�d

poly-crystalline bulk35 and thin films,36–38 as well as other perovskite Co-
oxides.39 In La1�xSrxCoO3�d, where x> 0.5, the formation of oxygen
vacancies is enabled by the instability of Co4þ in octahedral coordination,
preferring a conversion to Co2þ/Co3þ while releasing oxygen.40 In the
thin film form, the lattice mismatch between epitaxial La1�xSrxCoO3�d

thin films and the substrate can result in biaxial strain stress, which will
affect the domain orientation of oxygen vacancies in the BM structure.
Biaxial strainmodulation can be used to control the oxygen vacancy order-
ing structure, thus modifying the functionality of the thin film.41,42

In addition to the interfacial strain modulation of the thin film,
coupling of interfacial oxygen octahedral tilts between the substrate
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and the thin films can also be used to modify the epitaxial films’ elec-
tronic/magnetic behavior. This physical property has been demon-
strated to directly couple to octahedral rotations since the octahedral
tilt angle is associated with the B-O-B bonding angle and the length
via the overlap of the d orbitals and localized charge carriers.43

Recent studies have demonstrated that the magnetic properties of
La0.5Sr0.5CoO3 thin films are affected by the choice of substrates, such
as NdGaO3 and (LaAlO3)0.3(Sr2AlTaO6)0.7 (LSAT). While these sub-
strates have nearly the same lattice spacing (3.861 Å for NdGaO3 and
3.868 Å for LSAT), they exhibit different oxygen octahedral tilting pat-
terns (a�a�aþ for NdGaO3 and a0a0a0 for LSAT), which appear to
influence the ferromagnetic ordering in epitaxial thin films.38

In this paper, we directly examine the effects of structural phase
transitions of the thin film substrate on the oxygen vacancy ordering
and electronic structure of epitaxial La0.5Sr0.5CoO3�d (LSCO3�d) thin
films. Specifically, SrTiO3 (STO) is known to undergo an antiferrodis-
tortive (AFD) phase transition from the cubic structure to the tetrago-
nal structure at 105K, which is due to the antiphase rotation of TiO6

oxygen octahedral around one of the unit cell axes.44 Due to the
improved stability of our in-situ cooling stage, we are now able to
achieve atomic-resolution scanning transmission electron microscopy
(STEM) imaging and column-resolved electron energy-loss (EEL)
spectroscopy at cryogenic temperature. Therefore, we combine in-situ
cooling using LN2 with atomic-resolution STEM/EELS to characterize
the degree of coupling between the rotated TiO6–CoO6 at the interface
and the vacancy ordering domain of thin film. LSCO3�d films grown
on LaAlO3 (LAO) substrates are used as a reference sample to distin-
guish the effects of interfacial strain and the STO structural phase tran-
sition at cryogenic temperature (95K). While atomic-resolution
STEM imaging at cryogenic temperature has been previously
reported,45–48 atomic-column resolved EELS has not yet been demon-
strated at 95K.

First, the structure of ordered oxygen vacancy domains is charac-
terized at cryogenic temperature (95K) and compared with structures
found at room temperature using atomic-resolution high angle annular
dark field (HAADF) imaging. Figure 1 shows atomic-resolution
HAADF STEM images of La0.5Sr0.5CoO3�d on SrTiO3 (STO) and
LaAlO3 (LAO) substrates in the [1 0 0] orientation at 300K and 95K,
respectively (initial images are shown in Fig. S1). Since the contrast of
HAADF images is directly proportional to the average atomic number
of the imaged elements, La/Sr in columns can be seen as the highest
intensity contrast in Fig. 1. The most noticeable feature of the
LSCO3�d film is dark and bright stripes, visible at both room and cryo-
genic temperatures, which has been previously reported as the brown-
millerite structure (BM), where the oxygen vacancies order in
alternating oxygen octahedral and tetrahedral planes along the (001)
direction.36,49 This superlattice feature appears perpendicular to the
interface in LSCO3�d films on STO, while ordering parallel to the
interface is observed in LSCO3�d films grown on the LAO substrate.
This is similar to what Gazquez et al. reported, where the �1.2% mis-
match between LaAlO3 (3.789 Å) and bulk La0.5Sr0.5CoO3 (3.836 Å)
enables oxygen vacancy ordering parallel to the interface, while the
1.8% mismatch between SrTiO3 (3.905 Å) and La0.5Sr0.5CoO3 results
in tensile strain of the films, enabling oxygen vacancy ordering perpen-
dicular to the interface.50 Furthermore, it can be seen that the dark and
bright columns do not directly touch the substrate/film interface. We
suggest that this is due to the tendency of oxygen vacancies to

clustering near the surface instead of the substrate/film interface. As
Petrie et al.51 and Tahini et al.52 reported for in-plane biaxial strain effects
on the formation of oxygen vacancies in the SrCoO3�d, the tensile strain
at the surface lowers the oxygen vacancy formation energy and facilitates
the oxygen vacancy ordering to form near the surface. In addition, the
epitaxial lattice spacing of LSCO3�d results in a strained thin film that
forces the oxygen vacancy to disorder at the LSCO3�d/STO interface.53 It
appears that the critical length scale for such an effect is 4–5 unit cells.

To quantify the effects of sample temperature on the BM lattice
parameters, the La/Sr interatomic distances in the bright and dark
layers were measured in LSCO3�d films using HAADF images similar
to those shown in Fig. 1. Representative maps of the La/Sr-site inter-
atomic spacing are also shown in Fig. 1. In LSCO3�d films grown on
STO, we find that the in-plane La/Sr interatomic spacing at room tem-
perature is 3.63 Å for the bright layers and 4.29 Å for the dark layers,
as previously reported by Gazquez et al.50 After cooling down to 95K,
the La/Sr spacing in the bright layers decreases by 0.1 Å, while in the
dark layers, it is increased by 0.04 Å. We do not find any measurable
change in the La/Sr interatomic distances in the out-of-plane direction
as a function of sample temperature.

For LSCO3�d films grown on LAO, the La/Sr-La/Sr interatomic
distances in both the in-plane direction and the out-of-plane direction
are not affected by the sample cooling to 95K. A summary of the sta-
tistical average interatomic distances for both kinds of samples is given
in Table S1. The fact that the La/Sr interatomic distances are depen-
dent on the sample temperature only in films grown on STO suggests
that the substrate’s phase transition has an effect on the oxygen
vacancy ordering in the LSCO3�d film.

In addition to the BM-type structure of oxygen vacancy ordering,
many other forms of ordered vacancies have been suggested in
LSCO3�d.

54 Therefore, we use the annular bright field (ABF) image,

FIG. 1. (a) and (b) Left part shows the representative HAADF image of the
LSCO3�d thin film grown on the STO substrate at 300 K and 95 K. Right part shows
the La-La interatomic spacing colormaps for left images. (c) and (d) Left part shows
the Representative atomic-resolution HAADF image of the LSCO3�d thin film grown
on the LAO substrate at 300 K and 95 K, respectively. The right section of the
image represents the interatomic spacing colormap.
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which is sensitive to light elements such as oxygen, to directly image
the oxygen coordinate environment in the LSCO3�d thin films. The
pseudo cubic [1 1 0] or [1 �1 0] projections provide the best viewing
direction to establish the oxygen vacancy ordering type since the oxy-
gen atomic columns are clearly visible as shown in Figs. 2(a) and 2(b).
For the LSCO3�d film on STO, we focus on an area where the oxygen
vacancy ordering domain is parallel to the interface and image the
oxygen vacancy ordering in the [1 1 0] direction. Figure 2(a) shows
the LSCO3�d film on STO, where the shift of the Co atomic columns
as a result of missing oxygen columns is clearly visible. The proposed
structure for the BM phase is shown in [0 1 0], which agrees with the
structure observed in Fig. 2(a). An ABF image of LSCO3�d on LAO in
the [1 �1 0] direction is shown in Fig. 2(b), where no shift in the Co
column but the columns with oxygen vacancies are clearly visible. This
structure matched the BM phase in the [1 0 0] orientation. Therefore,
oxygen deficient LSCO3�d films grown on either STO or LAO exhibit
the BM-type oxygen vacancy ordering phase.

In the [1 0 0] projection, shown in the ABF image in Fig. 2(c),
the BM phase of the LSCO3�d thin film appears to be distorted, poten-
tially due to the in-plane strain imposed by the STO substrate.
Compared to the standard BM structure in the same orientation, the
oxygen atoms in the tetragonal CoO4 column and the adjacent octahe-
dral CoO6 columns are shifted as indicated in Fig. 2(c). The LSCO3�d

films on LAO show the expected BM structure, as seen in Fig. 2(d).
The electronic structure for the LSCO3�d/STO heterostructure is

examined as a function of temperature using EELS. The EEL near-
edge fine-structure (ELNES) has been widely applied to characterize
the 3d orbital configuration and valence state in transition metal
oxides. In this paper, spectra of the O K-edge and Ti L-edge are first
acquired from the SrTiO3 substrate at both room and cryogenic

temperatures to probe the effects of the STO phase transition on the
ELNES. As shown in Fig. 3(a), both O K-edge spectra at 300K and
95K exhibit four prominent peaks, marked as a, b, c, and d. The inten-
sity of peak a has been associated with the hybridization of the O 2p
and Ti 3d orbitals,55 providing information of the Ti 3d t2g and eg
orbital occupancy.56 However, we find that there is no change in the O
K-edge of SrTiO3 as a function of temperature. Figure 3(b) shows the
Ti L-edge spectra at 300K and 95K. Here, four peaks can be seen due
to the splitting of Ti 3d final states into the t2g and eg orbitals, as well
as the initial Ti 2p3/2 and 2p1/2 states.57 Similar to the O K-edge
ELNES, we do not find any change in the Ti L-edges of SrTiO3 as a
function of sample temperature. We proposed that core-loss EELS is
not sensitive enough or it does not provide a sufficient energy resolu-
tion to observe the changes in the electronic structure as a result of the
STO phase transition at 105K.

Using the in-situ cooling EELS analysis in the LSCO3�d thin film,
shown in Fig. S2, we can detect the change in the Co 3d electronic con-
figuration in oxygen vacancy ordering regions associated with the STO
substrate phase transition as a function of temperature. To determine
the Co 3d orbital occupancy in the dark and bright layers of the
LSCO3�d thin films independently, atomic-column resolved EELS was
acquired at 300K and 95K. Figure 4(a) shows the O K-edge for bright
and dark layers in the LSCO3�d film on STO at 95K. The O K-edge
prepeak for the bright layers is located at 526 eV and at 527 eV in the
dark layers. The Co L-edge spectra taken at 95K are shown in Fig.
4(b). We determine that the Co white line ratio for bright layers is 3.0,
while it is 3.8 in the dark layers. Using the relationship between the Co
white line ratio and the Co valence state,58 we find that the valence
state for the bright layer is Co 2.9þ and Co 2.5þ for the dark layers.

FIG. 2. (a) ABF image of the LSCO3�dthin film grown on the STO substrate along
[1 1 0]. The marked area shows the same structure as the standard BM structure in
the [0 1 0] direction. (b) ABF image of the LSCO3�d thin film grown on the LAO
substrate along [1 �1 0], and the marked area shows the same structure as the
standard BM structure in the [1 0 0] direction. (c) ABF image of the LSCO3�d thin
film grown on the STO substrate along [1 0 0]. The arrows mark the shift of the oxy-
gen atom compared to the standard BM-structure. (d) ABF image of the LSCO3�d

thin film grown on the LAO substrate along [1 0 0], and the marked area shows the
same structure as the standard BM-structure. The scale bar is 1 nm.

FIG. 3. (a) O K-edge acquired on the SrTiO3 substrate at room temperature and
cryogenic temperature. (b) Ti L-edge acquired on the SrTiO3 substrate at room tem-
perature and cryogenic temperature.

FIG. 4. (a) and (b) O K-edge and Co L-edge spectra extracted from dark and bright
layers on LSCO3�d grown on the STO substrate at cryogenic temperature.
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This demonstrates that atomic-column resolved EELS is possible at
cryogenic temperature and can distinguish the Co valence state in the
different layers of the BM-type oxygen-vacancy ordering. Atomic-
column resolved EELS results at 95K for the LSCO3�d thin film on
the LAO substrate are shown in supplementary material Fig. S3. Co
L-edge spectra from LSCO3�d films on LAO at 95K are shown in Fig.
S3(b). The measured Co white line ratio is 3.0 for bright layers while
3.9 in the dark layers, indicating a Co valence state of 2.9þ in for
bright layers and 2.4þ for the dark layer. Both LSCO3�d films on STO
and LAO exhibit charge ordering in the oxygen vacancy ordering area,
which is similar to the Co valence state between dark and bright in the
LaCoO3�d thin film grown on the SrTiO3 substrate.

36

Next, we compare EEL spectra acquired from LSCO3�d films on
STO at 300K and 95K, as shown in Fig. 5. Figure 5(a) shows that the O
K-edge prepeak at 526eV in the bright layers is suppressed at room tem-
perature compared to cryogenic temperatures, while the intensity of the
prepeak at 527 eV in the dark layers is largely suppressed at room tem-
perature. In Fig. 5(b), the Co L-edge appears to be mostly unchanged in
both the bright and dark layers as a function of temperature, which dem-
onstrates that the Co valence state/oxygen stoichiometry does not change
significantly upon sample cooling. The reference data from LSCO3�d

films grown on the LAO substrate are shown in Fig. S4. Here, the O
K-edge and Co L-edges remain unchanged in both the dark and bright
layers at 300K and 95K. This comparison between the same thin film
grown on different substrates further suggests that the variation found in
the O K-edge prepeak of the LSCO3�d/STO system is associated with
changes in the STO substrate coupling into the LSCO3�d layer rather
than intrinsic changes in the LSCO3�d structure due to sample cooling.

Oxygen vacancy ordering in La0.5Sr0.5CoO3�d thin films on the
SrTiO3 substrate has previously been studied by Gazquez et al.59 who
reported that, using atomic-resolution STEM/EELS and density func-
tional theory (DFT) calculations, in addition to the oxygen vacancies,
the Co spin state also appears to order in highly oxygen deficient areas
of composition La0.5Sr0.5CoO2.25 within the La0.5Sr0.5CoO3�d thin
film. According to the approximate linear relationship between lattice
spacing and oxygen deficiency, d, proposed by Kim et al.,38 we have

determine d in the area where we performed our STEM/EELS analysis
and found that the composition of our films ranges from
La0.5Sr0.5CoO2.7 to La0.5Sr0.5CoO2.5, in good agreement with our aver-
age Co valence determination ranging from 2.9þ to 2.5þ. We can,
therefore, exclude Co spin state ordering at low temperature as the ori-
gin of the observed changes in the O K-edge fine-structure. Thus, we
propose that the change in the O coordination in the octahedral and
tetrahedral structure can explain the difference in the position of the
oxygen K-edge prepeak between the bright and dark layers in the BM
structure. This is in agreement with the difference in energy levels of
the Co 3d orbitals in CoO4 and CoO6, as discussed by Choi et al.

60

The extent to which the interfacial coupling influences the physi-
cal property of the heterostructure depends on the rigidity of the thin
film.61 It has been demonstrated that CoO6 exhibit weaker Jahn-Teller
distortions compared to MnO6 in the LaxSr1�xMnO3 thin film by
Sundaram et al.,62 which enables CoO6 to be more easily tilted by TiO6

octahedral rotation and to maintain the tilted pattern up to 10nm from
the interfaces, compared to only several unit cells in LaxSr1�xMnO3.
However, the tensile strain imposed by the STO substrate makes the
LSCO3�d average lattice spacing remain constant and the observed
increase in lattice spacing of the oxygen deficient dark layers of the BM
structure leads to a compensating decrease in the interatomic distance
of the bright layer. Furthermore, the twin domains that form as a result
of the phase rotation of the TiO6 octahedra during the STO phase tran-
sition, as well as the different ligand fields between the CoO6 octahedra
and the CoO4 tetrahedra, make it possible for the bright and dark layers
to respond differently at low temperatures.30,31 Finally, we have previ-
ously reported that the O K-edge prepeak is sensitive to Co 3d6 spin
state transition in LaCoO3.

45 However, in the LSCO3�d films reported
here, we do not expect a similar Co spin state transition and the mixed
Co 2þ/3þ valence state makes the determination of the Co ion spin
state more difficult compared to LaCoO3. Thus, additional DFTmodel-
ing will be required to distinguish the effects of valence and spin state
transition in LSCO3�d as a function of temperature.

In summary, we have demonstrated that atomic-resolution
STEM-EELS analysis can be performed at both room temperature and
cryogenic temperature. We have used this approach to directly mea-
sure the effects of the STO low temperature antiferrodistortive phase
transition on the atomic/electronic structures of oxygen vacancy
ordering in LSCO3�d thin films. We find that both the lattice spacing
and the O K-edge fine structures in dark and bright layers of the BM-
type oxygen vacancy ordered domains respond in different ways dur-
ing the cooling experiment, only in films grown on STO. The same
films grown on LAO do not show any temperature dependent changes
in the atomic and electronic structures. Similar experimental
approaches to atomic-resolution STEM imaging and EELS can now be
used to explore structural transition in a large range of function transi-
tion metal oxide materials as a function of temperature.

See the supplementary material for representative HAADF
images acquired during in-situ cooling experiment, table for statistic
lattice measurements, in-situ cooling EELS data for the LSCO3�d thin
film grown on STO and LAO, and reference in-situ cooling atomic-
column resolved EELS data for LSCO3�d on LAO.

The authors want to thank Jeff Walter and Chris Leighton
(University of Minnesota) for growing La0.5Sr0.5CoO3�d thin film

FIG. 5. (a) and (b) O K-edge and Co L-edge acquired at 300 K and 95 K from the
bright layer in LSCO3�d on STO. (c) and (d) O K-edge and Co L-edge acquired at
300 K and 95 K from the dark layer in LSCO3�d on STO.
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