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The origin of ferromagnetism in epitaxial strained LaCoO3−x films has long been controversial. Here, we investigated
the magnetic behavior of a series of oxygen vacancy-ordered LaCoO3−x films on different substrates. Obvious ferromag-
netism was observed in perovskite LaCoO3/LSAT (LSAT = (LaAlO3)0.3(SrAlTaO6)0.7) and LaCoO3/SrTiO3 films, while
LaCoO3/LaAlO3 films showed weak ferromagnetic behavior. Meanwhile, LaCoO2.67 films exhibited antiferromagnetic
behavior. An unexpected low-temperature ferromagnetic phenomenon with a Curie temperature of ∼ 83 K and a saturation
magnetization of ∼ 1.2 µB/Co was discovered in 15 nm thick LaCoO2.5/LSAT thin films, which is probably related to the
change in the interface CoO6 octahedron rotation pattern. Meanwhile, the observed ferromagnetism gradually disappeared
as the thickness of the film increased, indicating a relaxation of tensile strain. Analysis suggests that the rotation and
rhombohedral distortion of the CoO6 octahedron weakened the crystal field splitting and promoted the generation of the
ordered high-spin state of Co2+. Thus the super-exchange effect between Co2+ (high spin state), Co2+ (low spin state) and
Co2+(high spin state) produced a low-temperature ferromagnetic behavior. However, compressive-strained LaCoO2.5 film
on a LaAlO3 substrate showed normal anti-ferromagnetic behavior. These results demonstrate that both oxygen vacancies
and tensile strain are correlated with the emergent magnetic properties in epitaxial LaCoO3−x films and provide a new
perspective to regulate the magnetic properties of transition oxide thin films.

Keywords: transition metal oxides films, oxygen vacancy, topological phase transitions, magnetism
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1. Introduction

Transition metal oxides (TMOs) are characterized by
strong correlations that exhibit rich physical phenomena, in-
cluding semiconductivity, superconductivity, charge-ordering
and spin-ordering, ferromagnetism, giant magnetoresistance
and other properties. TMOs also exhibit the flexibility of
chemical doping as well as potentially useful physicochemi-
cal properties, and are thus extremely valuable for basic re-
search and commercial applications. Interestingly, the useful
properties of TMOs can often be achieved through delicate
structural tuning via strain engineering, dimensionality and
superlattice ordering. Two well known examples of TMOs
are magnetism and cuprate, the former exhibits colossal mag-
netoresistance (CMR), and the latter is a high-temperature
superconductor.[1–5] In addition, defects in crystal structures
can also effectively regulate the properties of materials. For
example, oxygen vacancies (Vo) are one of the most common
point defects that play a key role in regulating the physico-

chemical properties of oxides due to their unique chemical,
physical and ionic properties. Precise epitaxial growth of per-
ovskite structural oxide films has been achieved experimen-
tally, making it possible to study the phenomenon of hetero-
geneous interface evolution of strongly correlated electronic
systems.[6–8] Exploring the origin of these extraordinary phe-
nomena in TMOs is challenging.

Lanthanum cobaltite (LaCoO3) epitaxial film is a typ-
ical example of a TMO. It is generally known that bulk
LaCoO3 is diamagnetic with Co ions in the low spin state
(LS, t62geg, S = 0) at low temperatures; however, this changes
to an intermediate-spin state (IS, t52ge1

g, S = 1) or high-spin
state (HS, t42ge2

g, S = 2) with increasing temperature.[9] Pre-
vious work creatively discovered low-temperature ferromag-
netism (FM) in epitaxial LaCoO3 films with in-plane tensile
strain. Thereafter, the origin of this behavior has attracted
much attention and many experiments and theoretical stud-
ies have been carried out.[10,11] Various physical mechanisms
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have been put forward to explain the origin of magnetization
in LaCoO3 films. Recently, it has been documented that ten-
sile strain reduces the bond angle of Co–O (β ) and increases
the length of the Co–O–Co bond (d). This is conducive to
increasing the bandwidth of the energy band and reducing
the crystal field splitting effect (∆CF), hence showing an ad-
vantage in occupation of IS/HS states and leading to low-
temperature ferromagnetism.[12,13] HS and IS states and the
combination of disordered and ordered phases have been de-
duced in tensile-strained LaCoO3 films, from x-ray absorp-
tion near-edge spectroscopy, x-ray magnetic circular dichro-
ism, x-ray magnetic linear dichroism and scanning transmis-
sion electron microscopy electron energy loss spectroscopy. It
has also been demonstrated that the tuning of epitaxial strain
causes a direct change in the magnetic properties.[14,15] How-
ever, epitaxial strain does not fully explain the novel physi-
cal phenomena in LaCoO3 films. In the past several years,
researchers have found that the Vo concentration is also im-
portant in high-temperature superconductors, metal−insulator
transition, CMR, ferroelectric polarity, etc.[16,17] Hence, the
role of Vo in LaCoO3−x films must also be taken into consid-
eration. It has been reported that Vo cause the lattice to ex-
pand, which could directly weaken the epitaxial strain of the
film. Meanwhile, reduction in the content of HS Co3+ ions and
direct inhibition of the ferromagnetic super-exchange of the
film[18] results in an antiferromagnetic ground state due to the
increasing content of Vo with the increase in Co2+ (LS). Previ-
ous work indicates that VO-ordered LaCoO2.67 and brownmil-
lerite LaCoO2.5 (BM-LCO) films show strong antiferromag-
netic behavior, which is ascribed to the transition in the spin
state of Co ions accompanying the appearance of VO-ordered
channels.[19] On the contrary, some recent works suggest that
ordered Vo probably also lead to the generation of long-range
ferromagnetic order via the HS Co2+ cations.[20] To date, the
origin of ferromagnetism in LaCoO3−x films is still controver-
sial, and it is very challenging to explore the key elements of
ferromagnetism in LaCoO3−x thin films.

Here, we have investigated systematically the combined
effects of ordered Vo and epitaxial strain on magnetism in epi-
taxial LaCoO3−x thin films. Through a comparative study of
epitaxial LaCoO3−x films using a superconducting quantum
interference device–vibrating sample magnetometer (SQUID-
VSM) with perovskite LaCoO3 (PV-LCO), BM-LCO and
LaCoO2.67 phases, which were grown on LaAlO3 (LAO),
(LaAlO3)0.3(SrAlTaO6)0.7 (LSAT), and SrTiO3 (STO) sub-
strates, respectively, we found unexpectedly that 15 nm thick
BM-LCO film exhibits low-temperature ferromagnetism with
a Curie temperature (Tc) of ∼ 83 K and saturation magnetiza-
tion of ∼ 1.2 µB/Co. Moreover, the observed low-temperature
ferromagnetism gradually disappears as the thickness of the
film increases and analysis suggests that this may originate

from the interface effect.[21] We believe that this novel phe-
nomenon may be caused by the rotation and rhombohedral
distortion of the CoO6 octahedron and the ordered Vo due
to tensile strain.[22,23] In contrast, the compressively strained
BM-LCO film on LAO exhibits anti-ferromagnetic behavior.
The reason for this physical phenomenon should be those ex-
tra electrons induced by Vo and causing a transition from HS
Co3+ to LS Co2+, which contains half-occupied eg orbitals
supporting anti-ferromagnetic super-exchange.[24–26] The re-
sults provide a new aspect for understanding the origin of fer-
romagnetism in strained epitaxial LaCoO3−x films.

2. Experimental details

High-quality PV-LCO films were epitaxially grown on a
series of single-crystalline substrates by pulsed-laser deposi-
tion, including LAO, LSAT and STO. The room-temperature
in-plane lattice parameters asub of the substrates and the
corresponding lattice mismatch to LaCoO3−x, ε = (asub −
aLCO)/asub × 100%, where aLCO corresponds to the lattice
parameters of the bulk LaCoO3 and pseudocubic LaCoO2.5.
The lattice mismatch ranges from ε = −0.74% for LaCoO3

films on LAO to ε = +2.17% for films on STO and from
ε = −1.50% for LaCoO2.5 films on LAO to ε = +0.49% for
films on LSAT (Fig. 1). A KrF laser (λ = 248 nm) with a fre-
quency of 2 Hz was used to ablate the stoichiometric target.
The LaCoO3 target was prepared by the conventional solid
reaction method. During the deposition, the temperature of
the substrate was kept at 700 ◦C and the oxygen pressure at
30 Pa. This results in deposition rates of around 13 Å·min−1.
After deposition, the films were annealed in a pure oxygen at-
mosphere of 100 Pa at 700 ◦C for about 20 min to achieve
full oxygenation of the samples. Samples were then cooled to
room temperature at a rate of 5 ◦C·min−1 at an oxygen pres-
sure of 100 Pa. The LaCoO2.67 and BM-LCO samples were
formed by post-annealing in a vacuum (P∼ 10−6 Pa). The sur-
face morphology analysis of the grown PV-LCO films was in-
vestigated by atomic force microscopy (AFM). The crystalline
structure of thin films was characterized by x-ray diffraction
(XRD) using Cu Kα radiation on a Bruker AXS D8-Discover.
X-ray reflectivity (XRR) measurements were conducted to de-
termine the thickness and density of the films. Reciprocal
space maps (RSMs) around substrate (–103) peaks indicate a
strain relaxation (lattice constant) of 15–80 nm for BM-LCO
films. A SQUID magnetometer was used to derive the total
magnetization. The field-cooled (FC) magnetization was mea-
sured in the temperature range 10 K≤ T ≤ 300 K with an ex-
ternal magnetic field of H = 500 Oe applied parallel to the film
surface.
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Fig. 1. Lattice mismatch between bulk LaCoO3, pseudocubic LaCoO2.5
and various substrates.

3. Results and discussion
XRR measurements were performed to verify the thick-

ness of LaCoO3; the results indicate that the films have
uniform chemical distributions and are highly crystalline
(Figs. 2(a)–2(c)). The insets show the x-ray scattering length
density (SLD), which is proportional to the chemical density.
To further survey the structural quality of the PV-LCO thin
films under different substrates, AFM was used to perform a
surface morphology analysis of the PV-LCO films (Figs. 2(d)–
2(f)). The averaged RMS surface roughness is ∼ 0.3 nm, re-
vealing a good epitaxial quality of the film and a smooth sur-

face. Combined with the rocking curve of each LaCoO3 (002)
reflection with a single peak, shown in Figs. 3(g)–3(i), good c-
axis orientation can be further affirmed. To evaluate the crys-
tallization quality of the films, the full width at half maximum
(FWHM) of LaCoO3 (002) diffraction peaks was obtained;
the structural FWHMs are 0.048◦ (LSAT), 0.17◦ (LAO) and
0.048◦ (STO). Figures 3(a)–3(c) show the XRD θ–2θ scan
pattern of all films on LAO, LSAT and STO substrates, respec-
tively; these indicate that the film was epitaxially grown on
the substrate, with no other textures or phases being observed.
Distinct thickness fringes around the Bragg peaks demonstrate
the high quality of all LaCoO3 films. Moreover, the out-of-
plane (OOP) lattice constant c of PV-LCO films grown on
LAO substrates (Fig. 3(a)) is determined to be ∼ 3.85 Å, while
films on LSAT (Fig. 3(b)) and STO (Fig. 3(c)) have OOP lat-
tice constants of ∼ 3.80 Å and ∼ 3.78 Å, respectively. This
result also confirms that the perovskite film is under compres-
sive strain on the LAO substrate while it is under tensile strain
on the LSAT and STO substrates. Intriguingly, the OOP peaks
for thick films on LSAT substrate show a significant shift in
2θ , suggesting that the lattice strain of the film gradually re-
laxes with increasing thickness.[27]
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Fig. 2. Structure and morphological characterizations in LaCoO3 thin films. The small-angle x-ray reflection and fitting curves of LaCoO3
films on the (a) LSAT substrate, (b) LAO substrate and (c) STO substrate. The insets show the x-ray scattering length density. AFM images
of LaCoO3 films grown on (d) LAO substrate, (e) LSAT substrate and (f) STO substrate. The respective rocking curves of the LaCoO3 (002)
peaks on (g) LSAT substrate, (h) LAO substrate and (i) STO substrate.

The temperature (T )–magnetization (M)–magnetic field

(H) of pristine PV-LCO samples is shown in Figs. 3(d)–3(f).

The PV-LCO films on LSAT and STO substrates both exhibit

clear evidence of low-temperature ferromagnetism, and the Tc

values are all below 81 K. However, it is interesting that 15 nm

thick PV-LCO film on LSAT substrate, which is under smaller

tensile strain than the PV-LCO/STO film, has the highest sat-

uration magnetization of ∼ 1.4 µB/Co (Fig. 3(e)). We found a

lower saturated moment of ∼ 0.8 µB/Co (Fig. 3(f)) with tetrag-

onal distortion.[28] Besides, Figs. 3(e) and 3(f) show that the
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saturation moment on LSAT and STO decreases as a function
of increasing thickness. These results indicate that PV-LCO
films under tensile strain exhibit low-temperature ferromag-
netic behavior. The tensile strain reduces the bond angle Co–O
(β ) and increases the length of the Co–O–Co bond (d), which
is conducive to increasing the bandwidth of the energy band
(eg) and reducing the crystal field splitting effect (∆CF), hence
showing an advantage in occupying the IS state and the HS
state.[29] The reduction in FM response in thick films on LSAT

and STO is expected due to structural relaxation. On the other

hand, 15 nm PV-LCO film strained on LAO exhibits hardly

any ferromagnetism, thus suggesting that compressive strain

does not give rise to ferromagnetism. In contrast to 15 nm

PV-LCO films, 50 nm PV-LCO film on LAO shows slightly

ferromagnetic behavior. In these thicker films, the ferromag-

netic behavior is obvious because the tetragonal distortion is

much smaller.[30]
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Fig. 3. XRD spectra (002) peaks of PV-LCO films on (a) LAO, (b) STO and (c) LSAT substrates. Magnetic properties of the PV-LCO phase
films on (d) LAO, (e) STO and (f) LSAT substrates. M–T curves were measured by applying an in-plane magnetic field µ0H = 500 Oe. Arrows
indicate the Curie temperature of each film, as determined by the extrema of dM/dT . Magnetic hysteresis loops were measured at T = 10 K
for PV-LCO thin films on different substrates.

Meanwhile, Vo also play a significant role in determining
the properties of LaCoO3−x films. There have been successful
examples in which the properties of LaCoO3−x films were de-
signed by tuning the concentration of Vo. The earlier works
show that the crystal structure of BM-LCO is a pseudocu-
bic crystal system (a = 3.849 Å). The BM-LCO films show
no ferromagnetic behavior of the hysteresis loop. A transi-
tion from Co3+ (HS) to Co2+ (LS) is implemented by extra
electrons introduced by Vo, and an antiferromagnetic ground
state is easier to form with Co2+ (LS).[31–35] However, our
work found low-temperature ferromagnetism in 15 nm thick

BM-LCO film on LSAT. In addition, the saturation magneti-
zation (∼ 1.2 µB/Co) is larger than that of 50 nm thick PV-
LCO film on LSAT. Here, the PV-LCO films on LSAT sub-
strates of different thicknesses were annealed at 450 ◦C for
4 h and 500 ◦C for 4 h, which accomplished the topological
phase transition from the PV-LCO phase into LaCoO2.67 and
the BM-LCO phase (Figs. 4(a)–4(c)). The BM-LCO films can
be inferred from the XRD spectra. A series of peaks at about
33.7◦, 45.4◦ and 57.7◦, corresponding to the (006), (008) and
(0010) diffractions, are observed. These are ascribed to the al-
ternate octahedral and tetrahedral layers in the brownmillerite

087504-4



Chin. Phys. B 32, 087504 (2023)

structure. The LaCoO2.67 phase films can be inferred from the
XRD spectra. A series of peaks at about 15.2◦, 30.3◦, 38.4◦

and 54.4◦, corresponding to the (002/3), (004/3), (005/3) and
(007/3) diffractions, are observed. To better understand the
overall structural changes as a function of the LSAT substrate,
we compared RSMs for 15–80 nm thick films and found dif-
ferent degrees of relaxation of the films (Fig. 5(a)).

The magnetic properties were examined in LaCoO2.5

films grown on LSAT substrates. Interestingly, ferromag-
netism is found in 15 nm thick BM-LCO film on LSAT, which
exhibits a magnetic phase transition at Tc ∼ 83 K and clear
hysteresis loops where the coercive force is about 700 Oe. The
peculiar rotation and rhombohedral distortion of the CoO6 oc-
tahedron may be induced by tensile strain. Hence, the electron
arrangement of the eg and t2g orbitals is changed, reducing
the crystal field splitting energy ∆CF and producing a HS state
(t42ge2

g, S = 2).[36] Moreover, rhombohedral distortion and ro-

tation of the CoO6 octahedron are easier to maintain in the
LaCoO2.5/LSAT interface, and Jahn–Teller distortion of the
CoO4 tetragonal is inhibited by hybridization between the 3d
orbital of Co and the 2p orbital of O.[37] Therefore, a possi-
ble explanation for the ferromagnetic behavior in 15 nm thick
BM-LCO film is the presence of a super-exchange effect be-
tween Co2+ (HS), Co2+ (LS) and Co2+ (HS). Meanwhile, we
found that the 80 nm BM-LCO or LaCoO2.67 film on LSAT
does not show low-temperature ferromagnetism. As the thick-
ness increases, the strain of the film will gradually relax, which
is not conducive to the existence of Co2+ (HS).[38] RSM con-
firms this speculation (Fig. 5(a)). Meanwhile, a comparison
of the optical diagram of the topological phase is shown in
Fig. 5(b), and the three phases exhibit a noticeable color dif-
ference. The greater the concentration of Vo in the film, the
lighter the color of the film, which further proves that the band
gap of the BM-LCO film is maximal.
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Fig. 4. (a)–(c) XRD θ–2θ scans, (d)–(f) M–T and M–H curves of PV-LCO/LSAT (red), BM-LCO/LSAT (orange) and LaCoO2.67/LSAT (blue)
films. The inset in the right panels (d)–(f) The local isothermal magnetization curves (M–H) of different BM-LCO thin films at 10 K.

To better compare the influence of compressive and ten-
sile strain on the magnetism of the film, LaCoO2.67 and BM-
LCO films on LAO were also formed by annealing the PV-
LCO/LAO film in a vacuum (P ∼ 10−6 Pa) at 450 ◦C for 4 h
and 500 ◦C for 2 h, respectively. Figure 6(a) shows the XRD
patterns of LaCoO3−x film (50 nm thick) on LAO. The BM-
LCO films can be inferred from the XRD. A series of peaks

at about 33.7◦, 45.4◦ and 57.7◦, corresponding to the (006),
(008) and (0010) reflections, are observed, which can be as-
cribed to the alternate octahedral and tetrahedral layers in the
brownmillerite structure. The LaCoO2.67 phase films can be
inferred from the XRD spectra. A series of peaks at 15.2◦,
30.3◦, 38.4◦ and 54.4◦, corresponding to the (002/3), (004/3),
(005/3) and (007/3) reflections, are observed (Fig. 6(a)).
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The magnetic properties of 50 nm thick films grown on
LAO substrate are shown in Fig. 6(b). The ferromagnetism
of BM-LCO and LaCoO2.67 film disappears completely and
antiferromagnetic behavior appears. This result is consistent

with previous reports from first-principles calculations, which
demonstrated that the cohesive energy of the Co–O bond in
CoO4 tetrahedra is more unstable than that in CoO6 octahedra.
In addition, a transition from Co3+ (HS) to Co2+ (LS) occurs
due to Vo-induced extra electrons, while the latter, contain-
ing half-occupied eg orbitals, favor antiferromagnetic super-
exchange. The magnetic behavior matches well with the result
for the reported G-type antiferromagnetic in BM-LCO.[39,40]

4. Conclusions
In conclusion, we investigated the magnetic behavior

of a collection of Vo-ordered LaCoO3−x films. Pronounced
ferromagnetism was observed in perovskite LaCoO3/LSAT
and LaCoO3/STO films, but weak ferromagnetism in
LaCoO3/LAO films. Meanwhile, LaCoO2.67 films exhibit an-
tiferromagnetic behavior. More interestingly, an unexpected
low-temperature ferromagnetic state was found in 15 nm thick
BM-LCO/LSAT film that gradually disappears with increas-
ing film thickness. However, no ferromagnetic behavior was
observed in BM-LCO film on LAO substrate. Our result
casts into doubt the present hypothesis that BM-LCO is al-
ways anti-ferromagnetic. Considering that the tensile strain in
our LCO/LSAT film can induce peculiar CoO6 rotation and
rhombohedral distortion, which results in the ordered high-
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spin state of Co2+ and weakens the crystal field splitting en-
ergy (∆CF), the observed low-temperature ferromagnetic be-
havior in 15 nm thick BM-LCO film may be due to the pres-
ence of a super-exchange effect between Co2+ (HS), Co2+

(LS) and Co2+ (HS). These results suggest that tensile strain
could be considered vital for the magnetometry of LaCoO3−x

films, which puts forward a new idea for understanding the
origin of the magnetism of LaCoO3−x film. This would have
very good application value in the fields of ion conductors and
electrochemical sensors.
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