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1. Introduction

Transition-metal cations with electronic 
configurations from d4 to d7 can exhibit 
either high-spin (HS), low-spin (LS) or 
intermediate-spin (IS) states as a result 
of competitions between the crystal-field 
splitting energy (∆CF), the bandwidth, 
and the intra-atomic exchange interaction 
(∆EX). Lanthanum cobaltite (LaCoO3 or 
LCO) exhibits a rhombohedral structure 
with a nonmagnetic insulating ground 
state, where the LS (t2g

6eg
0) configura-

tion[1] is stabilized since ∆CF is higher 
than ∆EX. Upon increasing temperature, 
∆EX is higher than ∆CF, leading to a spin 
transition into the HS (t2g

4eg
2) state.[2–4] 

Interestingly, the IS (t2g
5eg

1) state can 
also be obtained in distorted octahedra 
with strong hybridization between the 
cobalt-eg orbitals and the p orbitals of the 
oxygen ligands.[5] More importantly, fer-
romagnetism has recently been reported 
in strained LCO thin films,[6,7] in which a 
pronounced magnetization emerges from 

Spin-state transitions are an important research topic in complex oxides with 
the diverse magnetic states involved. In particular, the low-spin to high-spin 
transition in LaCoO3 thin films has drawn a wide range of attention due to the 
emergent ferromagnetic state. Although various mechanisms (e.g., struc-
tural distortion, oxygen-vacancy formation, spin-state ordering) have been 
proposed, an understanding of what really underlies the emergent ferromag-
netism remains elusive. Here, the ferromagnetism in LaCoO3 thin films is sys-
tematically modulated by varying the oxygen pressure during thin-film growth. 
Although the samples show dramatic different magnetization, their cobalt 
valence state and perovskite crystalline structure remain almost unchanged, 
ruling out the scenarios of both oxygen-vacancy and spin-ordering. This work 
provides compelling evidence that the tetragonal distortion due to the tensile 
strain significantly modifies the orbital occupancy, leading to a low-spin to 
high-spin transition with emergent ferromagnetism, while samples grown at 
reduced pressure demonstrate a pronounced lattice expansion due to cation-
off-stoichiometry, which suppresses the tetragonal distortion and the conse-
quent magnetization. This result not only provides important insight for the 
understanding of exotic ferromagnetism in LaCoO3 thin films, but also identi-
fies a promising strategy to design electronic states in complex oxides through 
cation-stoichiometry engineering.
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the paramagnetic state. Due to its intrinsic ferromagnetic insu-
lating state, LCO thin films obtain considerable interest over 
the last decades.

To account for the emergent ferromagnetic state in strained 
LCO thin films, various mechanisms including strain-
induced lattice distortion,[8–13] oxygen vacancy formation,[14–17] 
orbital ordering,[18] spin ordering,[19,20] have been proposed 
and debated over the last couple decades. Despite the exten-
sive research efforts, a consensus regarding the underlying 
mechanism has not been obtained. For instance, the presence 
and role of oxygen vacancy and spin-state ordering have been 
heavily debated with contradicting results reported. In some 
studies, a periodic superstructure with dark stripes perpendic-
ular or parallel to the film–substrate interface was observed in 
atomically resolved images of strained LCO thin films, which 
have been attributed to the alternating spin ordering of HS 
and LS Co3+ ions.[19,20] While in other studies, these stripe-like 
structures were assigned as ordered oxygen-vacancies,[13,21] 
which leads to electron doping with the formation of HS Co2+ 
(t2g

5eg
2) and results in a ferromagnetic insulating state through 

super-exchange-like interactions. These studies trigger a series 
of immediate questions to address. Whether oxygen vacancies 
(or stripe structures) are indeed formed in LCO thin films? 
Whether the oxygen vacancies (and the subsequent HS Co2+) 
are beneficial or deleterious for the magnetization? And, what 
forms the essential tuning knob for the magnetization state in 
LCO thin films.

Here, we carry out a comprehensive study of the magnetic 
properties of tensile-strained LCO thin films grown at a series 
of controlled oxygen pressures. We observe a close correlation 
between the tetragonal distortion with the ferromagnetism 
wherein films grown at reduced oxygen pressures show smaller 
tetragonal distortion (closer to cubic with lattice expansion) 
and smaller magnetization. The subsequent studies of the elec-
tronic (valence) state and atomic crystalline structure of the 
thin films rule out the contribution of oxygen vacancies as the 
films exhibit a robust Co3+ valence state and stripe features are 
absent for all strained LCO thin films. Instead, compositional 
analysis suggests a systematic evolution of cation non-stoichi-
ometry along with the decrease of growth pressure, which leads 
to a distinct lattice expansion along the film normal, and con-
sequently a suppression of the LS-to-HS spin transition due to 
a structurally driven orbital reconstruction. This study not only 
provides important insight for the intrinsic mechanism of fer-
romagnetism in strained LCO thin films, but also suggests a 
fertile ground to manipulate the electronic and magnetic states 
in complex oxide through cation-stoichiometric engineering.

2. Results and Discussion

Epitaxial, high-quality LaCoO3 thin films with the thick-
ness of ≈30  nm were grown on (001) orientated (LaAlO3)0.3-
(SrAl0.5Ta0.5O3)0.7 (LSAT, a = 3.871 Å) substrates via pulsed-laser  

Figure 1. Correlation between structural deformation and magnetization in strained LCO thin films. a) X-ray diffraction (XRD) 2θ–ω scans of LCO 
thin films grown on LSAT substrates under various oxygen partial pressures. The dashed line indicates the peak position for stoichiometric sample.  
b) In-plane magnetic hysteresis loops (M–H) of LCO thin films. c) Comparison of temperature-dependent in-plane magnetization (M–T curves) for 
LCO thin films grown at various pressures. The magnetic field of 1000 Oe was used for the measurements. d) Summary of c/a ratio (black dotted line), 
saturated magnetization (red dotted line), and Curie-temperature (blue dotted line) as functions of growth partial pressures.
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deposition at various oxygen partial pressures of 1, 5, 10, and 
20 Pa (see supplementary information for details). X-ray diffrac-
tion-based 2θ–ω scans (Figure 1a) reveal that all LCO thin films 
exhibit fully epitaxial, single-phase nature with a high crystalline  
quality as distinguished by the distinct Laue oscillations around 
the diffraction peaks. Furthermore, upon decreasing the growth 
pressure (from 20 Pa to 1 Pa), the out-of-plane lattice constants (c) 
increases from 3.79 Å to 3.84 Å, leading to a suppressed tetrag-
onal distortion. Reciprocal space mapping studies (Figure S1,  
Supporting Information) confirm that all films are coherently 
strained to the substrates, and the lattice is expanded (by 1.3%) 
along the out-of-plane direction, consistent with the previous 
studies.[13] Symmetric satellite peaks near the central diffraction 
peak are identified in all films, which are related to the ferro-
elastic twinning domain structure in the LCO thin films.[22–24] 
With a Poisson ratio of ≈0.33 for LCO, we calculated the theo-
retical 2θ position of LCO film coherently grown on LSAT as 
labeled by the dot line in Figure  1a, which is close with the 
value of film grown at 20 Pa.

To explore the evolution of the ferromagnetic properties of 
the thin films grown at different pressures, we measured both 
the magnetic hysteresis loops (M–H loops, Figure  1b) and tem-
perature-dependent magnetization (M–T curves, Figure  1c) for a 
series of samples. All films exhibit well-defined M–H hysteresis 
loops, while the saturated magnetization (MS) decreases from ≈1.1 
to ≈0.4 µB/Co as the growth pressure is reduced from 20  Pa to 
1  Pa which is consistent with the a previous study of LCO thin 
films grown at various pressures.[25] Similarly, the M–T curves 
reveal a moderate decrease of the ferromagnetic transition tem-
perature (TC) from 83 to 35 K, as the growth pressure is decreased 
from 20  Pa to 1  Pa. Figure  1d summarizes the evolution of the 
tetragonal distortion (c/a), the TC, and the MS as a function of 
the growth pressure. The comparison reveals that the magnetic 
properties are strongly correlated with the tetragonal distortion, in 
which LCO thin films grown at lower pressure show a c/a ratio 
close to one, with both suppressed magnetization and ordering 
temperature.

Conventionally, the oxide sample grown at reduced pressure 
would involve the formation of oxygen vacancies, which could 
result in a chemical expansion. To assess this scenario, we 
investigated the valence state of the cobalt cations using X-ray 
absorption spectra (XAS) measurements (Experimental Sec-
tion), with a bulk-sensitive technique of luminescence yield (FY) 
mode. As shown in Figure 2a, the cobalt L-edge XAS spectra for 
all LCO films (top panel) exhibit almost identical L3 peak posi-
tion (≈779.05 eV), which strongly suggests a robust Co3+ valence 
state in all films. For comparison, three reference spectra[26] of 
CoO, Sr2CoO3Cl, and EuCoO3 (bottom panel) are also plotted 
in Figure 2b, corresponding to the absorption of HS Co2+, HS 
Co3+, and LS Co3+, respectively. We note that these spectra can 
be employed as effective “fingerprints” to trace both the valence 
state and spin state of the cobalt cations. Specially, the absorp-
tion spectra of HS Co2+ have a distinct shift toward lower 
energy as compared with the other reference spectra from Co3+; 
furthermore, we notice that its line-shape is also distinct from 
the XAS spectra (Figure  2a) observed in this work. Interest-
ingly, although the XAS of both HS- and LS-Co3+ cations show 
almost identical peak positions, they have notably different fea-
tures at the shoulder (Figure 2b), labeled as A (≈777.1  eV) and 

B (≈780.8  eV) for HS and LS Co3+, respectively. Since both A 
and B peaks appear in the XAS spectra shown in Figure 2a, we 
deduce that all LCO thin films possess both HS and LS Co3+. 
With these as a guide, we can assign the slightly different pre-
peak features of our LCO thin films to the different HS- and 
LS-concentrations for Co3+ ions. To visualize the different spin 
states among different samples, we subtract the XAS spectra 
between the samples grown at 20 Pa and 1 Pa (black curve in 
Figure 2a), which nicely resemble the different spectra between 
HS and LS Co3+ as shown in the bottom of Figure 2b. This indi-
cates the films grown at lower pressures have lower fractions 
of the HS state. Therefore, we attribute the modified magneti-
zation observed in thin films grown at various oxygen pressure 
to the different concentrations of HS Co3+ ions.

To probe whether the HS- and LS-Co3+ cations form stripe 
features, we carried out atomic-resolution STEM measure-
ments on the LCO films grown at various pressures. It is 
important to note that before the STEM sample preparation, we 
sputtered a thin layer of iridium to protect the samples from 
beam damage during the focused ion beam (FIB) sample prep-
aration. High-angle annular dark-field (HAADF) cross-sectional 
images along both the [100]pc and [110]pc zone axes of the LCO 
grown at 1  Pa (Figure 3a,b) and 20  Pa (Figure S3, Supporting 

Figure 2. Evolution of Co spin states in LCO thin films. a) Soft X-ray Co-L 
edges absorption spectra of LCO thin films grown under various oxygen 
pressures. The spectra were taken with the bulk-sensitive fluorescence-
yield mode. b) Reference spectra of high-spin (HS) Co2+, HS Co3+ and 
low-spin (LS) Co3+states. The data were replotted from previous work,[31] 
taken at CoO, Sr2CoO3Cl, and EuCoO3, respectively.
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Information) illustrate that both films, regardless of the growth 
pressure and projected directions, exhibit nearly ideal perov-
skite structure without any visible defects and stripe features. 
Interestingly, in samples without the iridium capping layer, 
we observed striking stripe features (Figure 3c and Figure S3, 
Supporting Information). These results suggest that the stripe 
features are not intrinsic features of the LCO thin films, but are 
instead attributed to the formation of oxygen vacancies during 
the sample preparation.[27]

Since the thin films show undetectable oxygen vacancies 
regardless of the growth pressure, as evidenced by the absent 
Co2+ XAS feature (Figure 2) as well as the excellent perovskite 
feature in the STEM images (Figure 3), we can safely rule out 
the oxygen-vacancy formation as the cause for the observed 
lattice expansion for samples grown at lower pressure. Alter-
natively, it is known that the change of oxygen pressure can 
also influence the cation composition of thin films.[28,29] To 
probe quantitatively the chemical composition of all LCO thin 
films, we carried out Rutherford backscattering spectrometry 
(RBS) studies. Because LSAT contributes a strong lanthanum 
signal overlapping with the signal from the LCO thin films, 
we completed the RBS studies on the sibling films grown on 
(001) oriented SrTiO3 substrates with identical growth condi-
tions, in which a consistent change of magnetization with 
varying oxygen growth pressure was observed (Figure S2, 
Supporting Information). As shown in Figure S4, Supporting 
Information, the cation concentration ratios of La/Co are esti-
mated as 0.92 (±0.01), 1.06 (±0.03), 1.07 (±0.01), and 1.09 (±0.04) 
for LCO grown at the oxygen pressures of 20, 10, 5, and 1 Pa, 
respectively. In turn, this evolution of cation stoichiometry 
can be directly correlated with the observed lattice expan-
sion (Figure  3d), as a recent study of SrTiO3 reveals that the 
Sr/Ti off-stoichiometry could lead to the lattice expansion up  
to 3.8%.[30]

We now try to address why the films grown at lower oxygen 
pressure possess higher lanthanum content. It is important to 
note that although pulsed-laser deposition has been histori-
cally considered as a technique with an excellent congruent 
transfer of target species during ablation, this commonly con-
veyed knowledge has faced great challenges. The film com-
position was greatly influenced by the atomic mass of the 
ejected species, the laser fluence (or energy density), growth 
pressure, etc.[28,29,31–33] Specifically, although the control of 
oxygen background pressure has been widely taken as an 
effective approach to control the oxygen content in oxides, it 
can also influence the cation composition due to the change 
of kinetic energy for the plasma species. For instance, it has 
been shown that the growth of La1-xSrxMnO3 at intermediate 
pressures results in manganese cation deficiency due to the 
enhanced scattering events with the background molecules 
for the lighter element.[28] Similarly, in the current study, the 
LCO grown at a lower oxygen pressure (≈1  Pa) can result in 
cation off-stoichiometry with Co deficiency, as the scattering 
effect dominates for a near free-expanded plasma. While with 
higher oxygen pressure (≈20  Pa), the plasma plume forms a 
well-defined shape, in which the process shows an excel-
lent congruent transfer of target species with fully optimized 
growth conditions (laser energy density, substrate temperature, 
substate-target distance, etc.).

Furthermore, we note that the La-rich phase would lead to 
the formation of antisite defects, due to the facts that the lattice 
remains a perovskite structure and the Co valence state show 
a robust Co3+. With the antisite defects, the magnetic interac-
tion between Co ions would be naturally suppressed, however 
the small content (≈7%) of antisite defects could not account for 
the dramatically change (≈70%) of magnetization. On the other 
hand, because the La ion has much larger radius than the Co  
ion, the antisite defect would lead to a pronounced lattice 

Figure 3. Intrinsic and extrinsic structural transformation in LCO thin films grown at various oxygen pressures. a,b) Cross-sectional HAADF-STEM 
images on [100]pc (a) and [110]pc (b) zone axis of capped-LCO thin films. The samples were grown at reduced oxygen pressure of 1 Pa. c) STEM images 
on [100]pc zone axis of uncapped-LCO thin film. The sample was grown at 20 Pa oxygen pressure. The pseudocubic (pc) notation is used for these 
images. The insets in (a,b) show enlarged HAADF-STEM images overlapping with corresponding perovskite structures,  while the inset in (c) contains 
the enlarged HAADF-STEM images with the modified lattice spacings due to the oxygen vacancy formation. All scale-bars: 2 nm. d) Correlation between 
the cation-stoichiometric ratio with the lattice expansion.
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expansion as experimentally observed, which we believe is the 
dominate factor for the suppressed magnetization.

To further elaborate the evolution of the spin-state with the 
lattice expansion (i.e., tetragonal distortion), we experimen-
tally probed the orbital occupancy of the Co3+ cations through 
X-ray linear dichroism (XLD) measurements at the cobalt  
L-edge. We note that with out-of-plane (in-plane) linearly polar-
ized X-rays, the cobalt L-edge XAS is dominated mainly by the 
excitation from the cobalt 2p orbitals to the unoccupied cobalt 
dxz, dyz, and z rd3 2 2−  (dxy and x yd 2 2− ) orbitals. Therefore, the  
different XLD spectra can provide direct information for the 
anisotropic electron occupation. In this study, the XLD meas-
urements were performed with a glazing incident, as sche-
matically shown in Figure 4a, in which the polarization of the 
X-rays was controlled between two perpendicular configurations  
(E// and E⊥). Figure 4b shows the XLD (IE//−IE⊥) spectra of the 
LCO thin films grown at different pressures, and the negative 
amplitude suggests that the electrons prefer to occupy in-plane 
orbitals.[34–36] Upon decreasing the growth pressure, the XLD 
spectra are gradually suppressed, indicating that the preferred 
occupation is systematically weakened. To understand this evolu-
tion, we examined the origin of the XLD in Co3+ cations in both 
LS- and HS-states (Figure 4c). For LS-Co3+ (t2g

6eg
0) cations, the 

XLD probes mainly the eg orbitals since the t2g orbitals are fully 
occupied. Thus, XLD spectra origin from the lifted degeneracy of 

z rd3 2 2−  and x yd 2 2−  orbitals through tensile strain; however, its inte-
gral should be zero since these orbitals are totally empty. Simi-
larly, for HS-Co3+ (t2g

4eg
2) cations, the XLD probes the preferred 

electron occupancy in both the eg and t2g orbitals, while its inte-
gral spectra are determined only by the t2g orbitals since the eg 
orbital is half-filled. In short, the integral of the XLD spectra pro-
vides important insights into the spin state of Co3+ ions through 
the t2g orbitals. In the current system, our XLD data suggest the 
films grown at higher oxygen pressures show the presence of a 
pronounced none-zero integral XLD spectra due to sizeable con-
centration of HS-Co3+ cations, while their content decreases for 
samples grown at lower pressure.

We note that the spin state of Co3+ cations is strongly corre-
lated with the crystal-field splitting (∆CF ≈ 1/d5) and the band-
width of the hybridized cobalt-3d orbitals with the oxygen-2p 
orbitals, where d is the bond length of CoO.[37,38] In the current 
system, since the CoO bond length (d = 1.93 Å)[5] of bulk LCO 
is approximately half of the in-plane lattice constant, then the 
bond length will not be deformed with the tensile strain. Fur-
thermore, the elongated out-of-plane lattice constant would only 
lead to an increase of bond angle, but rather than a stretched 
bond distance as the largest out-of-plane lattice constant  
(3.84 Å) is still notably smaller than two times of bond length (2d 
≈ 3.86 Å). Therefore ∆CF remains roughly constant, and we only 
need to consider the evolution of the bandwidth. With tensile 
strain, the degeneracies of both t2g and eg are lifted, resulting 
in an enhanced p-d hybridization as well as bandwidth. As 
expected, this triggers a LS-to-HS transition. While with the 
lattice expansion along the out-of-plane direction, the orbital 
degeneracy is reformed due to the reduced tetragonal distortion, 
which favors the LS state due to the reduced bandwidth.

Figure 4. Spin-state transition as evidenced by orbital reconstruction of Co ions. a) X-ray linear dichroism (XLD) at Co3+ L-edges of LCO thin films 
grown under various oxygen pressures. b) Experimental scattering geometry during the XLD measurements. The XLD spectra are calculated by the 
difference between the sXAS of two linearly polarized beams, E// and E⊥. c) Schematic orbital occupancy of Co3+ (3d6) ions at different spin states.
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To provide further insights for this phenomenological dis-
cussion, we carried out density functional theory calculations 
for the LCO with different lattice constants. We constructed an 
LCO supercell (2 × 2 × 2) with eight cobalt cations, and used the 
experimental lattice constants of LCO thin films grown at 20 Pa 
and 1 Pa. We then calculated the total energy with different com-
bined LS and HS spin configurations (Figure S5, Supporting 
Information). It is important to note that for all spin configu-
rations considered, the LCO shows a well-defined electronic 
bandgap, indicating robust insulating state (Figure S6, Sup-
porting Information). The results (Figure S7, Supporting Infor-
mation) show that the configurations with higher concentration 
of LS states are more stable in both cases, indicating the pre-
dominant role of LS Co3+ in LCO. Specifically, for the structure 
with smaller c lattice constant (20 Pa sample), a ferromagnetic-
ordered 3:5 HS/LS configuration shows the lowest total energy, 
while in the sample with larger c (1 Pa sample), the most stable 
configuration transforms into ferromagnetic-ordered 1:7 HS/LS,  
in which both the concentration of HS Co3+ ions and the total 
magnetization are suppressed. These calculations are qualita-
tively consistent with our experimental results, indicating the 
important role of the tetragonal distortion to the emergent fer-
romagnetism, which is consistent with the previous studies of 
strained engineered LCO thin films.[24]

3. Conclusion

We have investigated the evolution of ferromagnetism as well 
as HS to LS transition in LCO thin films with controlled lattice 
degree of freedom through cation-stoichiometric engineering. 
The work suggests that structural deformations are the domi-
nate factor for the emergent ferromagnetism, in which the 
break of orbital degeneracy due to tensile strain increasing 
the bandwidth and favors the HS state in Co3+; while a lat-
tice expansion due to the cobalt-cation deficiency reclaims 
the orbital degeneracy and consequently results in LS state 
in Co3+. Since the cation-stoichiometry of complex oxides can 
be readily controlled during the growth, we envision that the 
current study offers a promising pathway to manipulate the 
electronic states of complex oxide through its imposed lattice 
deformation.

4. Experimental Section
Thin Film Growth: Epitaxial LaCoO3 thin films were grown on (001) 

oriented (LaAlO3)0.3–(SrAl0.5Ta0.5O3)0.7 (LSAT) substrates by a custom-
designed pulsed laser deposition (PLD) system using a KrF excimer 
laser (λ  = 248  nm). During deposition, the substrate temperature was 
kept at 650 °C, and the oxygen pressure within the chamber was set 
at 20, 10, 5, and 1 Pa, respectively. The pulse frequency was 4 Hz with 
energy density of 1.7 J cm-1. After the deposition, the samples were 
cooled down to room temperature at the same oxygen pressure during 
deposition with cooling rate of 10 °C per minute. The sample thickness 
was controlled by the growth time with calibrated growth rate and then 
confirmed with X-ray reflectometry measurements.

Structural and Compositional Analysis of Thin Films: The crystalline 
structures of thin films were characterized by a high-resolution four-
circle X-ray diffractometer (Smartlab, Rigaku) using monochromatic 
Cu Kα1 radiation (λ  = 1.5406 Å). The scanning transmission electron 

microscopy imaging and electron dispersive spectra were performed 
using a JOEL-ARM300F microscope with resolution up to 53 pm 
attached to a spherical aberration-corrector. To probe the stoichiometry 
of LCO thin films, the Rutherford backscattering spectrometry was taken 
using a Pelletron accelerator with He2+ energy = 2040 keV, and the fitting 
of experimental data was completed by RBS analysis software SIMNRA 
(simnra.com). To avoid the influence of La signal from the LSAT 
substrate, RBS measurements were carried out for LCO thin films grown 
on (001) oriented SrTiO3 substrates with the same growth conditions as 
the ones grown on LSAT substrates.

Study of Magnetic and Electronic Properties: The magnetic properties 
including magnetic-field and temperature-dependent magnetization 
of thin films were measured by Quantum Design Superconducting 
Quantum Interference Device (SQUID). The soft X-ray absorption 
spectra (sXAS) including X-ray linear dichroism (XLD) and X-ray 
magnetic dichroism measurement of Fe L-edges and O K-edges were 
obtained with the luminescence yield (LY) mode at beamlines 4.0.2 
and 6.3.1 of Advanced Light Source. The sXAS spectra were normalized 
with the photon flux measured by the photocurrent of a clean gold 
mesh.

Density Functional Theory Calculations: First-principles density 
functional theory calculations were carried out with the projector 
augmented wave method encoded in the Vienna Ab initio Simulation 
Package (VASP). The exchange-correlation functional of the Perdew–
Burke–Erzerhof form was adopted and the plane-wave cutoff energy was 
set to 450 eV. To properly describe the strong electron correlation in the 
Co 3d states, the GGA plus on-site repulsion U method (GGA+U) was 
employed with the effective U value of 4.3 eV and exchange interaction 
JH = 1 eV. Structure optimizations were performed for 40-atom 2 × 2 × 2 
supercell with 3 × 3 × 3  M-P k-point mesh, and the atomic positions 
were optimized until the residual Hellman–Feynman forces were less 
than 0.01 eV Å-1.
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