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Strain-sensitive spin-state ordering in thin films of perovskite LaCoO3
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We have investigated the lattice distortion coupled to the Co 3d-spin-state ordering in thin films of perovskite
LaCoO3 with various epitaxial strains by measurements of the magnetization, x-ray diffraction, and optical
spectra. In the system with tensile strain about 0.5%, a lattice distortion characterized by the modulation vector
q = (1/6,1/6,1/6) emerges at 40 K, followed by a ferromagnetic ordering at 24 K. Alternatively, in systems
with tensile strain exceeding 1%, the lattice distortion characterized by q = (1/4,1/4,1/4) emerges at 120 K
or higher, and subsequently the ferromagnetic or ferrimagnetic ordering occurs around 90 K. The evolution of
infrared phonon spectra and resonant x-ray scattering at the Co K edge suggests that the population change in
the Co 3d spin state causes the strain-induced switching of spin-state ordering as well as of magnetic ordering in
this canonical spin-state crossover system.
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I. INTRODUCTION

The spin-state transition in solids offers fertile ground to
yield unique optical, magnetic, elastic, and thermoelectric
phenomena via the interplay among charge, spin, and orbital
degrees of freedom. For example, thermally- or photoinduced
nonmagnetic-paramagnetic transitions have been extensively
studied in a variety of materials including organometallic
complex or transition-metal oxides for these decades [1,2].
The perovskite LaCoO3 is one of the canonical spin-state
crossover materials which exhibits a thermally induced
nonmagnetic-paramagnetic crossover as well as an insulator-
metal crossover [3–13]. In this system, the nominally trivalent
Co-ion (Co3+) forms the three-dimensional network with
corner-sharing CoO6 octahedra and may take three different
spin states: the low-spin (LS) state with filled 3d t2g manifold
(S = 0), intermediate-spin (IS) state with active eg and t2g

orbital degrees of freedom (S = 1), and high-spin (HS) state
with active t2g orbital degree of freedom (S = 2), as shown
in Fig. 1(a). Specifically, a thermally induced crossover from
nonmagnetic to paramagnetic state is observed around 90 K.
The system remains semiconducting upon this spin-state
transition but gradually turns into a metallic state above 600 K.
It is recognized that the nonmagnetic-paramagnetic crossover
is attributed to the change in the Co−3d spin state from a LS
state to a IS or HS state, but the specific model of spin state in
the paramagnetic state has remained elusive [3–14].

The spin-state transition is also triggered by the application
of epitaxial strain in samples of thin film form. In thin
films with the tensile strain, a ferrimagnetic or ferromagnetic
ordering emerges at low temperatures instead of the non-
magnetic (S = 0) state while keeping an insulating behavior
[15–18]. This is in contrast with the bulk system, in which
the low-temperature nonmagnetic state is robust in a series
of RCoO3 (R = rare earth) as shown in Fig. 1(b). Recent
research has uncovered that the unique ordering of Co − 3d

orbitals in the IS and/or HS-state plays an essential role

for the ferrimagnetic/ferromagnetic ordering [19–22]. One
of the characteristic features of orbital ordering is the high
susceptibility to the lattice distortion. Indeed, it has been
demonstrated that the tuning of epitaxial strain causes the
dramatic change in the electronic/magnetic properties via
the modulation of orbital ordering in perovskite manganese
oxides [23]. The tuning of epitaxial strain may modify the
ferrimagnetic or ferromagnetic ordering in the present system
via the change in the spin-state ordering, yet this has not
been experimentally demonstrated. In this study, we have
investigated the magnetization and lattice distortion in the epi-
taxial thin films of LaCoO3 grown on various substrates with
different lattice constants and crystal orientations, focusing on
the evolution of magnetic and spin-state ordering with tuning
of the epitaxial strain. We found that the lattice distortion
characterized by the modulation vector q = (1/6,1/6,1/6)
emerges at 40 K, followed by a ferromagnetic ordering at
24 K in the weakly strained thin film (∼0.5%). Alternatively,
in moderately strained systems (�%), the lattice distortion
characterized by q = (1/4,1/4,1/4) emerges at 120 K or
higher, and subsequently the ferromagnetic or ferrimagnetic
ordering emerges around 90–92 K. Combined with the results
of infrared optical spectra and resonant x-ray diffraction,
we discuss the possibility that the population change in the
strain-induced spin state is responsible for the evolution of the
spin-state ordering as well as the magnetic ordering.

II. EXPERIMENTAL

Single crystalline films of LaCoO3 were fabricated on
the (LaAlO3)0.3(SrAl0.5Ta0.5O3)0.7 (LSAT) substrate with
(111) and (001) orientation and the SrTiO3 substrate with
(111) orientation by the pulsed laser deposition technique.
The crystal orientations on these substrates are schematically
shown in Fig. 1(c). Figures 2(a), 2(b), and 2(c) show the
reciprocal space mapping around (112), (103), and (112)
fundamental reflections for films on LSAT(111), LSAT(001),
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FIG. 1. (Color online) (a) Schematic view of the spin states of
trivalent Co-ion (Co3+): the low-spin (LS), intermediate-spin (IS) and
high-spin (HS) states. The arrows denote the electron spins. (b) Phase
diagram of the spin-state ordering for tensile strained LaCoO3 thin
film as well as that of bulk RCoO3 (R: rare earth element), which are
distinguished by a vertical dashed line. The circle indicates the typical
temperature of crossover from nonmagnetic (NM) to paramagnetic
(PM) state as determined by the linear thermal expansion [9]. The
squares and triangles denote the transition temperatures of spin-state
ordering and those of ferrimagnetic (Ferri) or ferromagnetic (Ferro)
ordering, respectively. q is the modulation vector of lattice distortion
due to the spin-state ordering. The lattice constant (a) is defined as
the cubic root of the unit cell volume in the pseudocubic setting. (c)
Schematic view of the crystal structure for the thin film of LaCoO3

grown on substrates with (001), (110), and (111) orientations.
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FIG. 2. (Color online) (a)–(c) X-ray reciprocal space mapping
around LSAT(112), LSAT(103) and STO(112) reflections and (d)–(e)
temperature dependence of the magnetization for LaCoO3 thin
films grown on LSAT(111), LSAT(001), and STO(111) substrates,
respectively. The inset to (d) shows the magnetization curve of
LaCoO3/LSAT (111) at 10 K.

and STO(111), respectively. The horizontal peak positions of
the film are coincident with those of substrates, showing that
the films were grown coherently while keeping the identical
in-plane lattice constants with those of the substrate. On the
basis of x-ray diffraction pattern, the magnitude of averaged
epitaxial strain, which is derived from the cubic root of the unit
cell volume, is estimated to be 0.5%, 1%, and 1.7%, and the
film thickness is estimated to be around 60, 38, and 35 nm for
the films grown on LSAT(111), LSAT(001), and STO(111)
substrates, respectively. Measurements of magnetization
were performed by using a SQUID magnetometer. The
synchrotron-radiation x-ray diffraction was performed
at BL-3A and BL-4C, Photon Factory of KEK, Japan.
We measured optical reflectivity spectra between room
temperature and 10 K with linearly polarized light using a
Fourier transform spectrometer (grating-type monochromator
equipped with a microscope) in the photon energy region of
0.008–0.7 eV (0.5–5 eV), respectively. The reflectivity spectra
in the energy region of 4–30 eV were measured at room
temperature with the use of synchrotron radiation at UV-SOR,
Institute for Molecular Science, Japan. We calculated the
optical conductivity spectra by means of Kramers-Kronig
analysis for the bilayer model [24]; the optical conductivity
spectra of films were numerically evaluated, taking into
account the multiple reflections at the film-substrate interface.

III. RESULTS AND DISCUSSION

Figures 2(d), 2(e), and 2(f) show the temperature depen-
dence of magnetization for LaCoO3 thin films grown on
LSAT(111), LSAT(001), and STO(111) substrates, respec-
tively. For LaCoO3/LSAT(111), the magnetization steeply in-
creases below 24 K (= TC), suggesting the onset of ferromag-
netic or ferrimagnetic ordering. The inset to Fig.2(d) shows
the magnetic field dependence of magnetization. The saturated
magnetization is estimated to be about 0.7 μB/f.u. Alterna-
tively, for LaCoO3/LSAT(001) and LaCoO3/SrTiO3(111), the
onset temperature of magnetization is enhanced to 90 K and
92 K. The saturated magnetization is about 0.5–0.9 μB/f.u.

(data not shown) for both samples, which is comparable to
that for LaCoO3/LSAT(111). A similar temperature profile
of magnetization has already been reported in previous
studies [15–18,22]. Such a significant change in the magnetic
transition temperature upon tuning the epitaxial strain suggests
that the magnetic structure and underlying spin-state ordering
are extremely sensitive to the direction or magnitude of
epitaxial strain [25,26].

Then we explored the spatial modulation of lattice distor-
tion by means of the synchrotron-radiation x-ray diffraction.
First, we argue the results for the case of LaCoO3/LSAT(111).
Figure 3(a) displays the temperature dependence of out-of-
plane lattice constant (d111). Here, we adopted the pseudocubic
setting for denoting the crystal axes. As temperature decreases,
d111 monotonically decreases at high temperatures above 50 K
but increases below 40 K. Moreover, we have identified
superlattice reflections characterized by the modulation vector
q = (1/6,1/6,1/6) at low temperatures. Figures 3(d) and 3(b)
show typical profiles of superlattice reflection and its intensity
plotted as a function of temperature, respectively. The scat-
tering intensity of superlattice reflection is steeply enhanced
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FIG. 3. (Color online) Temperature dependence of (a) out-of-
plane lattice constant d111, (b) scattering intensity of superlattice
reflection at (11/6, 11/6, −1/6), and (c) spectral intensity of the
Co-O stretching optical phonon. (d) Profiles of superlattice reflection
at (11/6, 11/6, −1/6) measured at 12 keV. (e) Energy dependence
of resonant intensity at (7/6, 7/6, 7/6) reflection. ψ denotes the
azimuthal angles around the [111] direction (see also text for
definition).

below 40 K (= TS), suggesting the presence of a structural
phase transition; the unit cell is sextuplicated in all [100],
[010], and [001] directions accompanying the elongation of
lattice constant along the [111] direction. Figure 3(e) shows the
scattering spectrum of (7/6, 7/6, 7/6) superlattice reflection
around the Co K edge (1s − 4p intra-atomic dipole transition)
at various azimuthal angles (ψ). The scattered x-ray includes
both σ ′ and π ′ polarization components, while the incident x-
ray is nearly σ polarized. Here, the σ and π denote the x-ray po-
larization component perpendicular and parallel to the scatter-
ing plane, respectively. The ψ is defined as zero, when the in-
cident x-ray polarization is parallel to the [112̄] direction. The
scattering spectrum exhibits a clear resonance structure at the
Co K edge around 7.73 keV, suggesting that the lattice mod-
ulation accompanies the change in the local crystal/electronic
symmetry around Co ions. To get further insight into the
structural phase transition, we have investigated anomalies
of lattice dynamics via infrared spectra. Figure 4(a) shows the
spectra of imaginary part of dielectric constant ε2(ω) for optical
phonon modes. At 10 K, two Co-O bond stretching modes are
discernible at 67 and 69 meV, respectively, whereas the latter
gradually smears out with increasing temperature. Such an
activation of optical phonon at the low temperature phase may
originate from the folding of the Brillouin zone due to lattice
modulation. To quantify the evolution of spectral intensity, we
fitted the spectra with the Lorentz oscillator model as follows:

ε2(ω) =
∑

i=1,2

Siω
2
i γiω(

ω2 − ω2
i

)2 + ω2
i γ

2
i

.

Here, Si is the oscillator strength, ωi the mode frequency, and
γi the damping rate of the ith oscillator; i = 1,2 corresponds
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FIG. 4. (Color online) (a) Energy spectra of imaginary part of
the dielectric constant (ε2) for the Co-O bond stretching phonon.
The peak structure marked by open (closed) triangles denotes the
mode at 67 meV (69 meV). (b)–(d) The ε2 spectra of Co-O bond
stretching phonon for bulk crystal thin films grown on LSAT(111)
and LSAT(110), respectively. The peak structure marked by triangles
(circles) denote the main (satellitelike) Co-O stretching mode. (e)
Scattering intensity of (7/6, 7/6, 7/6) reflection at 7.74 keV plotted
as a function of ψ .

to the modes at 67 and 69 meV, respectively. We define Siω
2
i

as the spectral intensity of the ith oscillator. Figure 3(c) shows
the temperature dependence of spectral intensity of the Co-O
stretching mode at 69 meV. The spectral intensity markedly
increases below TS, whereas finite intensity appears to subsist
even above TS. It is recognized that the Co-O stretching phonon
is sensitive to the Co3d - O2p bond covalency and thus
is sometimes utilized as a good probe for the Co-3d spin
state [27]. Indeed, such an anomaly of the Co-O stretching
phonon has already been observed in the bulk system. Fig-
ure 4(b) shows the ε2(ω) spectrum for the bulk crystal at various
temperatures. A satellitelike Co-O stretching mode emerges
around 74 meV in the vicinity of nonmagnetic-paramagnetic
crossover around 70 K. The peak intensity is enhanced at
higher temperatures, whereas the intensity of original mode
is rather reduced. This satellitelike mode is attributed to the
dynamical lattice distortion due to the thermally activated
IS-state sites or HS-state sites [27]. We note that the spectral
shape of Co-O stretching phonons for LaCoO3/LSAT(111)
resembles that for bulk crystal at 70 K rather than the fully
paramagnetic state at 290 K. This suggests that the spatially
averaged spin state in LaCoO3/LSAT(111) is close to that at
the initial stage of nonmagnetic-paramagnetic crossover in the
bulk system; the IS-state or HS-state sites dilutely populate
within the matrix of LS-state sites even at 10 K.

On the basis of these results, we consider the origin of the
observed structural phase transition. It has been well recog-
nized that thin films of perovskite oxides often show lattice
modulations of various origins such as the strain-induced tilts
or rotations of the metal-oxygen octahedra, ferroelectricity,
ionic defect ordering, and charge/orbital ordering. Indeed,
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FIG. 5. (Color online) (a) Crystal structure of LaCoO3 with the
rhombohedral symmetry. Dashed lines indicate the unit cell. Note that
the [001] axis in the rhombohedral setting corresponds to the [111]
axis in the pseudocubic setting. (b) Schematic view of spin-state
ordering including the low-spin (LS) state sites and high-spin (HS)
state sites. The lobes exemplify the |jeff = 1,jz = ±1〉 state of the
HS-state. Spheres represent the LS-state sites with fully occupied t2g

manifold. The ordered spins are denoted with arrows. (c) Schematic
view of spin-state ordering including the LS-state site and two
inequivalent HS-state sites. (d) An example of spin and orbital
ordering with the modulation vector (1/4, 1/4, 1/4). The dashed line
indicates the one unit of superstructure (four sites along the [111]
direction).

recent studies have uncovered the emergence of long-period
lattice modulation in the epitaxial films of LaCoO3 and their
Sr-doped analogs, which can be attributed to the spin-state
ordering or oxygen vacancy ordering [21,28]. Given that the TS

is as low as 40 K, the spin state ordering is most plausible in the
present case; it is reported that the diffusion of oxygen-ion and
structural transformations irrelevant to the spin state crossover
occur above 800 K in bulk LaCoO3 [29].

To get insight into the spatial pattern of the spin-state
ordering, we performed the resonant x-ray scattering. The
anisotropy of the tensor of susceptibility is often resonantly
enhanced due to the orbital polarization of d electrons and
thus can be a powerful probe for the orbital ordering in
transition metal compounds [30,31]. We note that the spectra
show similar peak and dip structures at all the investigated
azimuthal angles. Figure 4(e) shows the ψ dependence of
scattering intensity of a peak at 7.74 keV. It is clear that the
scattering intensity hardly depends on ψ , indicating that the
local electronic symmetry of the Co 3d electron is nearly
invariant against the rotation around the [111] axis. We also
note that the lattice distortion, which violates the threefold
rotational symmetry, could not be detected via the fundamental
Bragg reflections within our experimental accuracy.

With these results in mind, we henceforth discuss the
plausible models of spin-state ordering. Considering the
ψ-independent resonant structure at the Co K edge, the
involvement of IS state is not likely, since the Jahn-Teller
distortion due to eg-orbital polarization of IS state would break
the rotational symmetry around the [111] axis. In this context,
the spin-state disproportionation composed of LS state and
HS state with reduced Jahn-Teller instability may be relevant.
One plausible model is shown in Fig. 5(b); the HS-state sites
align in every six sites along the [111] direction in the matrix
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FIG. 6. (Color online) Profiles of superlattice reflection (a)
around (9/4, 5/4, 1/4) in LaCoO3/LSAT(001) and (b) around (9/4,
7/4, 1/4) in LaCoO3/STO(111). The measurements were performed
at the nonresonant condition (incident x-ray photon energy of 12 keV).
Integrated scattering intensity of superlattice reflection (c) at (9/4,
5/4, 1/4) in LaCoO3/LSAT(001) and (d) at (9/4, 7/4, 1/4) in
LaCoO3/STO(111).

of LS state with the ferromagnetic spin ordering. For clarity,
we also show the schematic view of the crystal structure of
bulk LaCoO3 with the rhombohedral symmetry in Fig. 5(a).
Here, we assumed that the lowest-energy state is Jeff = 1
triplet, taking into account the moderate spin-orbit coupling
under the weak trigonal crystal field (the compressive lattice
distortion along the [111] direction) [32]. In terms of the
magnetic structure, this model yields the net magnetization
about 0.57 μB/Co, which is nearly comparable with the
observed saturated magnetization; here we assumed that the
local magnetic moment of HS state is 3.4 μB [7,10]. One other
possible model is the spin-state disproportionation composed
of LS-state sites and two inequivalent HS-state sites. In
Fig. 5(c), we show two examples: the HS-state sites with
inequivalent valence state (Co(3−δ)+ and Co3+) or those with
inequivalent hybridization with LS state (α1|HS〉 + β1|LS〉
and α2|HS〉 + β2|LS〉 with α1 �= α2 and β1 �= β2) [13]. By
assuming that the local moments of both HS-state sites are
approximately 3.4 μB , the net magnetization is estimated to
be around 1.1 μB/Co, which is roughly consistent with the
observed saturated magnetization.

Finally, we note that these possible models of spin-state
ordering for LaCoO3/LSAT(111) are distinct from that for
LaCoO3/LSAT(110) [22], in which a moderate epitaxial strain
about ∼1% is applied in the (110) crystal orientation. To clarify
the role of magnitude and direction of epitaxial strain on the
spin-state orderings, we have also investigated the spin-state
ordering for LaCoO3/LSAT(001) and LaCoO3/STO(111), in
which the epitaxial strain more than 1% is applied in the
(001) and (111) crystal orientations, respectively. Figures 6(a)
and 6(b) show typical profiles of superlattice reflection in
these systems. In both systems, we have identified superlattice
reflections characterized by q = (1/4,1/4,1/4), which is the
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same as the case of LaCoO3/LSAT(110) [22]. The scattering
intensities are plotted as a function of temperature in Figs. 6(c)
and 6(d). From the threshold of scattering intensity, the
transition temperature of spin-state ordering is estimated to
be about 145 K for LaCoO3/LSAT(001) and about 120 K
for LaCoO3/STO(111). These results suggest that the pattern
of spin-state ordering is mainly governed by the magnitude
of epitaxial strain rather than by its direction. It could be
concluded in a previous study [22] that the IS and/or HS state
are realized even at low temperatures in LaCoO3/LSAT(110),
while keeping a Mott insulating state. There has been extensive
discussion on the plausible model for the thermally- or
strain-induced spin-state transition in this system. One possible
model is spin-state disproportionation composed of LS and HS
state, in which the LS- and HS-state sites spatially coexist with
each other. Another one is the uniform IS state accompanying
the ordering of active eg orbitals. More recently, complex
spin-state disproportionation composed of all the LS, IS,
and HS states has also been proposed [12,33,34]. While the
assignment of spin-state ordering is still unsettled, we have
exemplified one of the plausible spin-state disproportionation
models composed of the LS and HS states with t2g-orbital
ordering in Fig. 5(d). This is in contrast with the spin-state
ordering for LaCoO3/LSAT(111), in which the HS-state sites
are dilutely populated in the matrix of LS-state sites. Indeed,
the spectral shape of Co-O phonons for LaCoO3/LSAT(110)
is quite different from that for LaCoO3/LSAT(111) as shown
in Fig. 4(d). On the basis of these results, we summarize the
evolution of spin-state ordering in Fig. 1(b); the change in
the population or character of spin state appears to cause the
strain-induced variation of the magnetic ordering in a series
of epitaxial thin films of LaCoO3. These results suggest that
the epitaxial strain is a powerful tool to tune the spin state and
magnetic ordering in this canonical spin-crossover material,

whereas it has already been established that the modification of
crystal structure gives rise to a variety of spin-state ordering in
other classes of cobalt oxides such as YBaCoO5.5, Sr2CoO3Cl,
and other ordered perovskites [35–37].

IV. CONCLUSION

In summary, we have investigated the lattice distortion
coupled to the Co 3d spin-state ordering in epitaxial thin films
of perovskite LaCoO3. In the system with weak tensile strain
of about 0.5%, we have found the long-period lattice distortion
with the modulation vector q = (1/6,1/6,1/6) at 40 K,
followed by a ferromagnetic transition at 24 K. Combined
with the results of resonant x-ray scattering at the Co K edge
and infrared phonon anomaly, we propose that the ordering
of high-spin-state sites in the matrix of low-spin-state sites
is responsible for the ferromagnetic ordering. Alternatively,
in systems with the tensile strain exceeding 1%, irrespective
of the direction of epitaxial strain, we have identified the
lattice distortion characterized by q = (1/4,1/4,1/4), which
can be interpreted as the spin-state ordering composed of
the majority spin states with IS or HS state. The change in
the population of IS- or HS-state sites may give rise to the
strain-induced switching of spin-state ordering and resultant
magnetism in this canonical correlated spin-state crossover
material.
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