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The origin of ferromagnetism in strained epitaxial LaCoOj; films has been a long-standing mystery.
Here, we combine atomically resolved Z-contrast imaging, electron-energy-loss spectroscopy, and density-
functional calculations to demonstrate that, in epitaxial LaCoOj; films, oxygen-vacancy superstructures
release strain, control the film’s electronic properties, and produce the observed ferromagnetism via the
excess electrons in the Co d states. Although oxygen vacancies typically dope a material n-type, we find

that ordered vacancies induce Peierls-like minigaps which, combined with strain relaxation, trigger a
nonlinear rupture of the energy bands, resulting in insulating behavior.
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In many strongly correlated oxide systems, several com-
peting interactions are at play [1]. These include spin, charge,
orbital, and lattice degrees of freedom. When these materials
are synthesized in thin-film form, they may be constrained to
have the same lattice parameter as the substrate. Epitaxial
strain can enhance or suppress the diverse properties of
complex oxides [2-6] and may also affect the delicate
balance of the competing degrees of freedom, thus modifying
the ground state. Lanthanum cobaltite (LaCoO; or LCO)
epitaxial films under tensile strain have been considered a
model system for understanding the stabilization of ground
states not observed in bulk form [7-15]. While bulk LCO
does not exhibit any long-range magnetic order, coherently
strained LCO films are ferromagnetic (FM) at low temper-
atures [7,8]. Both bulk and thin-film samples are insulating,
leading to the belief that the films are stoichiometric, because
any substantial deviation from stoichiometry should lead to
metallic behavior; e.g., oxygen vacancies should dope the
material n-type.

Since the initial reports five years ago [7], several
theoretical studies have tried to explain the insulating
ferromagnetic  state assuming  stoichiometric  films
[16-20], but the predicted ground states are either ferro-
magnetic and metallic [16] or insulating with small or zero
magnetization [19]. Recently, Choi et al. [21] reported
atomically resolved Z-contrast images of LCO films on
StTiO; (STO) substrates, showing dark stripes that corre-
spond to periodic La-La distances significantly larger than
normal. On the basis of x-ray absorption and optical
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conductivity data, they inferred that the films are stoichio-
metric and, more specifically, that the dark stripes are not
caused by oxygen vacancies, as in other Co oxides. They
further proposed that large magnetic moments and ferro-
magnetic ordering are caused by the observed large atomic
displacements in the stripes. Several issues, however,
remain unresolved, especially the question of stoichiom-
etry. Dark stripes have been observed in many complex
oxide systems (cuprates, ferrites, cobaltites, etc.). Their
definitive identification as oxygen-deficient planes was
possible only by atomic-resolution electron-energy-loss
spectroscopy [22-27]. Furthermore, theoretical calcula-
tions confirming that the observed atomic displacements
are stable in the absence of vacancies are still lacking.

In this Letter, we use a combination of experimental data
and theoretical calculations to demonstrate that oxygen-
vacancy ordering is responsible for the ferromagnetic
insulating state in epitaxial LCO thin films. We present
atomically resolved Z-contrast images of LCO thin films
grown on a (001) STO substrate, along with simultaneously
collected, atomically resolved electron-energy-loss spec-
troscopy (EELS) and complementary chemical maps of the
constituent elements. The EELS data demonstrate unam-
biguously that there is a significant oxygen deficiency,
which is responsible for the lattice relaxation and the
ensuing dark stripes in the Z-contrast images; it also results
in charge ordering (CO) within the Co sublattice. We
further report theoretical investigations of a model crystal
structure with a periodic superstructure of oxygen
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vacancies as deduced from the data. The calculated EELS
in the O-depleted and stoichiometric regions are in agree-
ment with the measured spectra, confirming the present
conclusions. In the absence of vacancies, large La-La
displacements are not stable. We find antiferromagnetically
aligned high spin (HS) Co?* states in the O-depleted planes
and FM-ordered HS Co?* ions in the stoichiometric planes,
with a net magnetic moment per Co atom equal to 1upg,
close to the measured values of ~0.8up [13,17]. Finally, we
show that, despite the oxygen-vacancy “doping,” the film is
insulating by an unusual mechanism: The ordered vacan-
cies initially induce Peierls minigaps at several points in the
Brillouin zone. A substantial relaxation ensues, leading to a
nonlinear rupture of the energy bands with a sizable gap.

LCO films were grown on [100] STO substrates (all details
regarding experiments and calculations are described in the
Supplemental Material [28]). Figure 1(a) shows a Z-contrast
image of a 14-nm-thick LCO film along the pseudocubic
[100] zone axis, obtained in an aberration-corrected scanning
transmission electron microscope. The intensity of every
atomic column is approximately proportional to Z2, so the
heavier La columns are brightest. Lanthanum and cobalt
atoms are clearly visible, while light O atoms are not.
Periodic dark stripes are present. The La-La distance map
and histogram are shown in Figs. 1(b) and 1(c), showing that
dark stripes correspond to significantly dilated La-La dis-
tances (~4.5 versus ~3.6 A). The modulation vector of the
superlattice lies in the plane of the interface, suggesting a
strain release mechanism. Indeed, on average, the film has an
in-plane lattice constant of 3.92 A, closer to STO (3.905 A)
than to LCO bulk (~3.83 A)[29]. In this work, we examine
the physical origin of these stripes and their relationship with
the magnetic properties.

The dark stripes in the Z-contrast images demonstrate
the existence of a modulation in the structure but do not
provide sufficient information about the stoichiometry.
Thus, we turn to atomic-resolution EELS data for each
element (Fig. 2). Despite the similar level of noise in the
EELS signal for the three elements, the vertically averaged
line intensities indicate that (i) the La and Co peaks have
uniform height throughout the sample, suggesting no
significant departure from stoichiometry for these elements
in the stripe regions, and (ii) the O peaks are significantly
reduced in the stripe regions. Simulated line intensities (see
the Supplemental Material [28]) show that the data are
reproduced only if large concentrations of O vacancies are
present in the stripes. These results present the definitive
conclusion that oxygen vacancies are present in the dark
stripes.

The inset in Fig. 2 shows a map of the Co L;/L,
intensity ratio (ratio of the intensities of the main peaks in
the Co L3 and L, spectra). This ratio has been reported
to increase with a decreased Co oxidation state [23,30] as
in manganites [31]. The oxidation state accounts for the
excess electrons in anion orbitals or the missing electrons in

FIG. 1 (color online). (a) High resolution, high angle annular
dark field (HAADF) image of a LCO thin film 15 nm thick,
grown on a (001) oriented STO substrate, showing the contrast
resulting from the O-vacancy ordering. The direction of the
modulation vector, ¢, is marked with an arrow. (b) Map of the
in-plane distance between first La neighbors (Ax) in (a), along
the direction parallel to q. O-deficient planes are characterized by
enlarged La-La distances. (c) Histogram of Ax values across the
image. Three peaks are clearly observed: the one corresponding
to the lattice parameter of the STO substrate (black arrow), the
one from the LCO fully stoichiometric planes (red arrow), and the
lattice distance corresponding to the O-deficient CoO, planes
(blue arrow). Inset: 2D projection of the structure along the [011]
direction ([100] in the pseudocubic setting), marking oxygen-
deficient (shaded blue) and stoichiometric (red) planes. Blue, red,
and green spheres are Co, O, and La atoms, respectively.

cation orbitals that result from orbital hybridization. The Co
L;/L, ratio map shows that the Co oxidation state
decreases in the dark stripes. Figure 3(a) shows a detailed
L;/L, ratio measurement from an EELS line scan and a
modulation coinciding with the stripes. If Ref. [30] were
used for calibration, this variation would correspond to a
change in the average oxidation state of 0.4—0.7 electrons.
However, dechanneling and the ensuing beam broadening
result in a local Ls/L, ratio somewhat averaged between
neighboring atomic planes, thus making a direct quantifi-
cation difficult. Other origins for the modulation in the
L5 /L, ratio cannot be dismissed a priori, but changes in the
spin state [33] or crystallographic environment [34] of
Co’** have been shown before to produce much smaller
changes in the L3 /L, ratio. Therefore, Figs. 2 and 3 exhibit
fingerprints of a modulation of the occupancy of the Co 3d
orbitals, which corresponds to a modulation of the nominal
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FIG. 2 (color online). Top: high resolution Z-contrast image of
the LCO film showing an average modulation length of three
perovskite blocks. The inset shows the Co L3/L, intensity ratio
map for a spectrum image acquired in the area marked with a
green rectangle. A schematic shows the pseudocubic unit cell
(blue = Co; green = La; red = O). Bottom left: elemental
chemical maps constructed by integrating the corresponding
EEL spectra: O K edge (red), Co L3 edge (blue), and La M5
edge (green). Bottom right: normalized intensity across the O K,
Co Lj, and the La M5 images on the left, vertically averaged
across the whole images. Fully stoichiometric CoO, planes are
indicated with red dashed lines in the background (through all
three profiles), and O-deficient CoO, planes are marked with blue
dashed lines. The O intensity decreases on the latter planes as a
result of the lower O content, which makes the La atoms move
further apart from each other, giving rise to the dark stripes in the
Z-contrast images.

Co oxidation state, often called charge ordering (CO)
[35,36]. The presence of CO is surprising, because these
LCO films are ferromagnetic (CO is usually associated
with antiferromagnetism). Only on very rare occasions do
ferromagnetic systems exhibit CO [37,38].

The observed CO is a result of the oxygen deficiency in
the dark stripes. Averaged O K and Co L, 5 spectra from the
dark stripes (blue) and the bright CoO, planes (red) are
shown in Fig. 3(b). The prepeak feature at the onset of the
edge (527 eV) and the main peaks (532 and 540 eV) are
strongly suppressed in the dark stripes, and the intensity
is reduced in the continuum region of the spectrum. This
observation confirms that O deficiency exists in the dark
stripes, not just disorder. In addition, if the O concentration
in the dark stripes were the same as in the bright stripes, we
would see an increase in O signal (see the Supplemental
Material [28]), as fewer electrons are scattered out of the
beam from the dark stripes than from the bright planes.

In order to examine the electronic and magnetic proper-
ties of the oxygen-deficient strained LCO films, we carried
out calculations based on density-functional theory (DFT)
using a model crystal structure (Fig. 4). Electron-electron
correlations are included by a Hubbard-like interaction [39]
with U =3.7 eV [17-19]. The in-plane dimensions of
the unit cell are constrained to integer multiples of the
STO substrate. After an epitaxially constrained structural
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FIG. 3 (color online). EELS fine structures across the O-vacancy
superlattice. (a) L3/ L, intensity ratio for an EELS line scan across
the stripes, calculated by using a Hartree-Slater cross-section step
function [27] (dark blue points), after deconvolution with the zero
loss to remove multiple scattering, and also using the second
derivative method [32] (cyan dots, same vertical scale). The top
HAADF image in a matching scale shows the area where the line
scan was acquired. Blue arrows mark the position of the O-deficient
planes. (b) Theoretical O K absorption edge along with exper-
imental O K and Co L, ; edges [averaged from the line scan in (a)]
for the fully oxygenated CoO, planes (red) and the O-deficient
planes (blue).

relaxation, the resulting atomic structure contains two dis-
tinct Co sites: Co atoms in O-vacancy-rich (CoO,) planes
have a distorted tetrahedral environment, while Co atoms in
stoichiometric CoO, planes have an octahedral environment.
Such coexistence of tetrahedral and octahedral crystallo-
graphic positions has been previously observed in the
brownmillerite-type structures of Sr-doped cobaltites
[24,40,41]. The chemical formula of the unit cell is
LagCogO, and the average O deficiency is 11%.

Using the above structure, we calculated the O K spectra
in both the O-deficient and the stoichiometric regions
[Fig. 3(b)]. The prepeak is lower in the O-deficient regions.
In the presence of O vacancies, electrons fill some of the
otherwise available final states with O — p/Co — d orbital
content. La-La distance dilation produces a smaller hybridi-
zation between O — 2p and La — d orbitals, and a decrease
of intensity of the 6-eV peak. Finally, the 15-eV peak arises
from hybridization with Co — p levels, and it is reduced in
the O-deficient planes because of changes in coordination.
These fine-structure changes are in excellent agreement with
the experimental spectra, confirming the conclusion that the
dark stripes in the Z-contrast images are O deficient.

Our conclusion that the dark stripes have a substantial
oxygen deficiency is in disagreement with previous work
by Choi et al. [21]. These authors reported similar dark
stripes in epitaxial LCO films but concluded that their thin
films are stoichiometric by comparing x-ray absorption
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FIG. 4 (color online). The 3D model of the structure, and
oxidation and spin states. Oxygen ions (red spheres) form
distorted tetrahedra (blue) around Co ions (dark blue spheres)
in vacancy-rich planes and bulklike octahedra (red) around Co
atoms in fully oxygenized planes. Large green arrows indicate a
high spin state and its relative direction (up or down). (b) Calcu-
lated density of states projected over different Co ions: high spin
Co** in tetrahedral environment (top); high spin Co?* in
octahedral environment (middle); low spin Co®* in a similar
octahedral environment (bottom). Calculation details are in the
Supplemental Material [28] (see also Refs. [40—43]).

spectroscopy and optical conductivity with corresponding
data in bulk LCO. Such data, however, are macroscopic,
averaging over the entire sample, and do not provide an
unambiguous signature of what happens in the dark stripes.
We should point out that, prior to the publication of
Ref. [21]], some of the coauthors of that paper published
atomically resolved EELS [42], which, like our data, show
a definite reduction of the O K EELS in the stripes relative
to EELS away from the stripes.

To determine the spin and oxidation state, we analyzed
the occupied and empty states in the calculations. We
assigned oxidation states based on the different
Co-projected density of states (Fig. 4), as described in
the Supplemental Material [28]. Tetrahedral Co atoms in
the O-deficient stripes are in a 2+, HS state; all the spin up
d orbitals are filled because intra-atomic exchange inter-
action dominates. These tetrahedral Co atoms are ordered
anti-FM, thus not contributing to the net magnetization.
Half of the Co atoms adjacent to the stripes, surrounded by
O octahedra, are also HS Co**, but FM-ordered. These Co
atoms are arranged in a checkerboard pattern with bulklike
low-spin (LS) Co™3 atoms (Fig. 4) resulting in a net
magnetic moment of 1uz/Co (experiments find ~0.8p)
[13]. We attribute the FM coupling to a superexchangelike
hybridization of HS Co*" e, electrons through the LS
Co™3 atoms.

Finally, we address the issue of why, despite the electron
doping arising from the vacancies, both theory and experi-
ment find an insulating behavior. Calculations show that
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FIG. 5 (color online). Origin of the energy gap. (a) Peierls
mechanism. In a metallic 1D undistorted system (left), a
distortion with a periodicity equal to half the Fermi wavelength
(A = n/kp) opens a gap, marked by the arrow (right). (b) Atomic
structure of LaCoO;_s; thin films on SrTiO; substrates. 4,
indicate periodicities induced by the O-vacancy ordering. (c),
(d) Band diagram of the majority spin states, projected into the
LaCoOs;, reduced Brillouin zone: ferromagnetic undistorted
material (c) and magnetic and structurally relaxed system (d).
Colors indicate orbital character: s and p (light brown), 1,, (red),
e, (green), and f (blue). Arrows mark Peierls-like gaps.

the gap is induced by the ordering of the vacancies,
associated with a Peierls-like mechanism [Fig. 5(a)].
This mechanism is not believed to occur in 3D where
bands cross the Fermi surface at various places. We carried
out DFT calculations of the energy bands of LCO in the
perovskite crystal structure, strained by lattice mismatch to
STO. After insertion of the vacancies as in Fig. 5(b), the
calculated energy bands for the spin-majority electrons are
shown in Fig. 5(c). Although Peierls-like minigaps arise at
several points in the Brillouin zone, bands also cross the
Fermi energy at other points, and the system remains
metallic. When we allowed the system to relax, however, a
nonlinear relaxation occurs, and the energy bands truly
rupture (beyond the usual, Peierls, linear energy gain),
leading to the opening of a large energy gap [Fig. 5(d)].
Increasing or decreasing the number of vacancies within
the same unit cell by one affects the magnitude of the
gap but does not close it. However, if the ordering is
significantly altered by placing the vacancies in different
crystallographic sites, a metallic state results. In addition to
the relaxation, the magnetization changes from 2.1u5/Co
to lug/Co, consistent with experiments [13]. Thus,
oxygen-vacancy ordering, lattice relaxation (which accom-
modates strain), and spin interactions work synergistically
to lower the energy and produce the observed phenomena.

In conclusion, we have shown that LCO films under
tensile strain relax by generating oxygen-vacancy super-
structures that control the structural, electronic, and mag-
netic properties. These phenomena may occur in other
materials providing a new, important degree of freedom to
custom design thin-film properties.
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