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We have investigated the Co-3d spin-orbital state in a thin film of perovskite LaCoO3 to clarify the

origin of strain induced spontaneous magnetization (TC ¼ 94 K) by means of x-ray diffraction, optical

spectroscopy, and magnetization measurements. A lattice distortion with the propagation vector

(1=4 �1=4 1=4) and an anomalous activation of optical phonons coupled to Co-3d orbital are observed

below 126 K. Combined with the azimuthal angle analysis of superlattice reflection, we propose that the

ordering of Co-3d orbital promoted by an epitaxial strain produces a unique ferrimagnetic structure.
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The interplay among charge, spin, and orbital degrees of
freedom in strongly correlated electron systems provides a
unique arena in which to produce emergent quantum states
such as charge-orbital ordering, magnetically induced
ferroelectrics (multiferroelectricity), and unconventional
superconductivity. The critical control of competing phases
in the d-electron transition-metal oxides can be achieved
by small perturbations on the material tuning parameter
such as the effective one-electron bandwidth and band
filling. For example, in perovskite manganites, a tiny
change in the lattice distortion or nominal d-electron con-
centration via the chemical doping gives rise to the phase
switching between the charge-orbital ordered state and the
ferromagnetic metallic one, leading to a dramatic change in
the charge transport, magnetic, and optical properties [1].

Aside from these conventional approaches, in a certain
class of transition-metal compounds there is a unique
material tuning parameter, that is, the spin-state variability
(low-, intermediate-, and high-spin states) of the constitu-
ent magnetic ions. One such example is the perovskite
LaCoO3, which is known as a prototype of the spin-state
crossover material and has received much attention for
these decades [2–10]. In this system, the nominally triva-
lent Co ion (Co3þ) 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 ¼ 0), intermediate-spin (IS) state with

active eg and t2g orbital degrees of freedom (S ¼ 1), and

high-spin (HS) state with active t2g orbital degree of free-

dom (S¼2), as shown in Fig. 1(a). Indeed, LaCoO3 exhib-
its a thermally induced crossover from nonmagnetic to
paramagnetic around 90 K [Fig. 1(b)] attributed to the
spin state change from the LS state to the IS or HS state
[2,3]. It has also been recognized that the spin state is
amenable to various external stimuli. A spectacular ex-
ample is the strain induced IS and/or HS state and sponta-
neous magnetization; the nonmagnetic insulating phase in

the bulk crystal is turned into the magnetic one with
spontaneous magnetization in the epitaxial thin film of
LaCoO3 while keeping its insulating nature [11–14]. This
is quite unique since many other stimuli such as the chemi-
cal substitution [6] [Fig. 1(b)] and external pressure [15]
rather stabilize the LS state in the bulk form except the case
under an extremely high magnetic field [16].
Several models have recently been proposed to explain

the strain induced magnetization: the chemically inhomo-
geneous state including ferromagnetic metallic patches
originating from unintentionally doped carriers, the ferro-
magnetism mediated by the orbital ordering, and the unique
ferrimagnetism or ferromagnetism due to the spin state
disproportionation [11–14,17–19]. However, to the best of
our knowledge, there is no experimental report exploring
the microscopic spin-orbital structure for this enigmatic
magnetic phase, which is indispensable to unveil the
mechanism of strain induced magnetization. Here using a
high-quality epitaxial thin film of LaCoO3, we show that
the unique orbital ordering of Co ions composed of the IS
and/or HS state gives rise to the ferrimagnetic structure,
suggesting the key role of competing exchange interactions
due to the strong spin-orbital entanglement inherent to the
strain induced magnetic spin state of Co ions.
The single crystalline film (60 nm thick) of LaCoO3 is

fabricated on the ðLaAlO3Þ0:3ðSrAl0:5Ta0:5O3Þ0:7 (LSAT)
substrate with (110) orientation by pulsed laser deposi-
tion. Measurements of magnetization were performed by
using a SQUID magnetometer. The spectra of dielectric
constant were acquired by the reflectivity spectra on the
basis of Kramers-Kronig analysis, which were measured
by a Fourier transform spectrometer (grating-type mono-
chromator) in the photon energy region of 0.008–0.7 eV
(0.5–5 eV). The synchrotron-radiation x-ray diffraction
was performed to detect the fundamental and superlat-
tice reflection at BL-3A and BL-4C, Photon Factory of
KEK, Japan.
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Figure 1(c) shows the temperature dependence of the
magnetization for the epitaxial thin film of LaCoO3. The
magnetic transition is observed as an onset of the magne-
tization at 94 K (¼ TC), and the saturated moment at 10 K
is about 0:7� 0:1�B=Co, which is comparable to that
for the prevailing films on LSAT(001) substrate [11–14].
Figure 2(a) shows the temperature dependence of inverse
magnetic susceptibility (��1). The ��1-T curve shows a
kink at 126 K as well as around TC, suggesting the change
in the magnetic exchange interaction around 126 K.

To clarify the anomaly of the magnetic susceptibility
from the viewpoint of the crystal structure, we performed
the x-ray diffraction experiment. We have pursued tem-
perature dependence of several fundamental reflections
at (110), (111), (311), and (321), and have calculated the
lattice parameters of LaCoO3: the out-of-plane lattice con-
stant (d110), the angle between [110] axis and [1 �10] one
(�) and that between [110] and [001] axes (�). We note
that the in-plane lattice constants ([001] and [1 �10]) and
the angle between them are locked to the substrate, while
d110, �, and � may vary (see Supplemental Material [20]).
Figure 2(b) shows the temperature dependence of d110, �,
and �. With lowering temperature, d110 steeply decreases
down to 126 K and undergoes minimal temperature depen-
dence below 126 K. It is also clear that � starts to deviate
from 90� below 126 K. Moreover, we have identified a

superlattice reflection characterized by the propagation
vector q ¼ ð1=4 �1=4 1=4Þ below 126 K. Figure 2(e)
exemplifies the profile of superlattice reflection at
(5=4 3=4 1=4). The intensity gradually increases below
126 K and nearly saturates below TC [Fig. 2(c)]. These
results point to the existence of the structural phase tran-
sition at 126 K (¼ TS), which quadruples the unit cell of
pseudocubic setting along the [100], [010], and [001] axes
concomitantly with the shear-type lattice distortion along
the [1 �10] direction as exemplified in Fig. 2(f).
The inset to Fig. 3(a) shows the scattering spectrum of

(5=4 3=4 1=4) superlattice reflection as well as the absorp-
tion spectrum around Co K edge (1s-4p intra-atomic
transition) measured at 10 K. The scattered x ray includes
both�0 and�0 polarization components, while the incident
x ray is nearly � polarized. Here, � and � denote the
polarization component perpendicular and parallel to the
scattering plane, respectively. The scattering spectrum
exhibits a clear resonance with the Co K edge around
7.73 keV. We have analyzed the polarization of scattered
x ray and azimuthal angle (c ) dependence of the scattering
intensity. Here c is defined as zero, when the x-ray polar-
ization is approximately parallel to the [�3=4 5=4 0]
direction. Figure 3(b) shows the scattering spectra in
� ! �0 geometry at various c . To cancel out the geomet-
rical change of the scattering cross section in sweeping c ,
the spectra are normalized by the scattering intensity at
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FIG. 1 (color online). (a) Schematic view of the spin states of
trivalent Co ion (Co3þ); the low spin-, intermediate spin-, and
high spin states. The arrows denote the electron spins.
(b) Electronic phase diagrams of the tensile strained LaCoO3

and the bulk RCoO3 (R is rare earth element). The circle indicates
the typical spin state crossover temperature from nonmagnetic to
paramagnetic state as determined by the linear thermal expansion
[6]. The square and triangle denote the transition temperature of
orbital ordering (OO) and that of the ferrimagnetic (FerriM)
ordering, respectively. The inset shows the schematic view of
the tensile strained LaCoO3 film grown on LSAT(110) substrate.
The lattice constant (a) is defined as the cubic root of the unit cell
volume in the pseudocubic setting. (c) Temperature dependence
of in-plane magnetization. The inset shows the in-plane magne-
tization (M) curve at 10 K.
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FIG. 2 (color online). Temperature dependence of (a) inverse
susceptibility (��1), (b) d110 (green), � (blue), and � (red),
(c) integrated intensity of superlattice reflection measured at
7.73 keV, (d) oscillator strength (square) and damping constant
(circle) of the Co-O stretching optical phonon. (e) Profiles of
superlattice reflection at (5=4, 3=4, 1=4). Here the reciprocal
lattice units are represented in the basis of the LSAT substrate.
r.l.u. means the reciprocal lattice unit. (f) Schematic view of the
lattice distortion projected on the (001) plane. The dotted line
indicates the unit cell of monoclinic phase with I2=a symmetry
(see Supplemental Material [20]).
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7.72 keV, which is governed by the nonresonant signal.
Remarkably, even in � ! �0 geometry, the resonant struc-
ture is discernible and shows an appreciable c depen-
dence. The normalized intensity clearly shows a periodic
change as a function of c as shown in Fig. 3(b). A similar
periodic feature is observed in � ! �0 geometry. This
indicates that the resonant scattering at the Co K edge
originates from the anisotropy of the tensor of susceptibil-
ity [21]. In other words, the local electronic and/or struc-
tural symmetry around the Co3þ ion is expected to be not
cubic but anisotropic.

Further insight into the change of the crystal structure
can be acquired by measurements of optical phonons.
Figure 3(c) shows energy spectra of the imaginary part of
the dielectric constant (�2). At room temperature, one can
see two phonon modes at 0.067 and 0.070 eV, while an
additional two peaks grow in intensity around 0.065 and
0.072 eV below TS. In particular, the intensity of the
mode at 0.065 eV nearly doubles and the peak width falls
to one-half at low temperatures. According to Ref. [22],
these infrared active phonons are assigned to the Co-O
bond stretching modes, which are sensitive to the orbital
state of Co3þ ion via the modulation of Co-O covalency.
Specifically, the mode around 0.065 eV is assigned to the
stretching mode originating from the Co site with the Jahn-
Teller distortion [22]. Such phonon activation and sharpen-
ing suggest that the Jahn-Teller distortion coupled to the
Co 3d orbital is strongly enhanced below TS.

On the basis of these results, we henceforth discuss the
origin of the structural phase transition. One might consider
the ordering of oxygen vacancies, which would strongly
modify the Co 3d-orbital state via the Co-O covalency.
Indeed, the superstructure due to the ordering of oxygen
vacancies is proposed in thin film of La0:5Sr0:5CoO3�� [23].
It is, however, reported that a typical temperature for the
change in the crystal structure relevant to the oxygen
vacancies is higher than 800 K in bulk LaCoO3 [24].
Thus, this may not be the primary origin for the structural
transition at TS (¼126 K) for the present system. Another
more plausible scenario is the ordering of Co 3d orbitals
as observed in various correlated electron systems. For
example, some cobalt oxides of perovskite analog show
an orbital ordering with a moderate transition temperature
(�360 K) [25,26]. This scenario is also consistent with the
observed change in the magnetic susceptibility, appreciable
c dependence of the resonant scattering at the Co K edge,
and the significant activation of the optical phonons coupled
to Co 3d orbitals.
One possible model of the spin-orbital ordering is the

HS/LS state ordering; the HS-state and LS-state sites alter-
nately align in all the [100], [010], and [001] axes, forming
the rocksalt type structure [Fig. 4(a)] [9,10,17]. In this

FIG. 3 (color online). (a) Energy spectra of the scattered
intensity in � ! �0 geometry. Inset is the energy spectra of
the intensity of (5=4 3=4 1=4) diffraction (without polarization
analysis, circles) in comparison with the x-ray absorption spectra
(XAS) at Co K edge measured in the fluorescence yield method
(triangles). (b) Azimuthal angle dependence of the resonant
scattering intensity measured at 10 K (< TS). The solid lines
are the results of simulation of scattering intensity. (c) Energy
spectra of imaginary part of the dielectric constant (�2) around
0.067 eV. The peak structures marked by closed triangle,
closed circle, open circle, and open triangle are assigned to the
Co-O stretching mode at 0.065, 0.067, 0.070, and 0.072 eV,
respectively.

FIG. 4 (color online). The proposed models of the spin and
orbital ordered structure: (a) High spin (HS)/low spin (LS)-state
ordered statewith the rocksalt type configuration. (b) Intermediate
spin (IS)/HS-state ordered state. (c) HS/LS-state ordered state
with 3=1 ratio. (d) homogeneous IS state. The lobes denote the
eg orbital of IS state and the active t2g orbital of HS state. The t2g
orbital of IS state as well as the fully occupied, Hund’s-rule
coupled t2g orbital is omitted for clarity. The dashed line indicates

the unit cell of this spin-orbital superstructure.
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model, however, the net magnetization is estimated to be
1:7�B=Co, given that the local magnetic moment of the
HS-state site is 3:4�B [5,7]. This is much larger than
the observed value (0:7� 0:2�B=Co). In addition, it also
contradicts the fact that the magnetic structure is charac-
terized by the propagation vector (1=4 �1=4 1=4) [27].
Alternatively, we propose several plausible models as fol-
lows. One plausible model is the spin and orbital ordered
structure composed of the IS- and HS-state sites; the spin
and orbital alignment is viewed as the stacking of the two
dimensional sheets of IS- and HS-state sites in order of IS "
�IS " �HS # �IS " � � � spin configuration with dz2�x2 �
dx2�y2 � dyz � dx2�y2 � � � orbital configuration along the

[1 �1 1] direction. Here, we assumed that the orbital
state of the IS state is described by dx2�y2 electron and

dxy hole or the two others obtained from it by permutation

of x, y, z due to a strong attractive interaction between a
pair of these eg electron and t2g hole [7]. In this model, the

expected net magnetization is estimated to be 0:65�B=Co,
assuming that the local magnetic moment of IS state is
2�B [4]. In addition, it also reconciles with the magnetic
structure characterized by the propagation vector of
(1=4 �1=4 1=4) [27]. Therefore, this model is compatible
with the above results.

We have simulated the c dependence of the scattering
intensity based on this spin and orbital configuration
[solid curves in Fig. 3(b)]. For the calculation, we assumed
several kinds of built-in lattice distortion due to the tilting
of CoO6 octahedra compatible with the monoclinic or
rhombohedral symmetry. However, it turned out that they
do not give rise to a significant impact on the simulated c
dependence of the scattering intensity except the small
phase shift in c . Therefore, we neglected these built-in
lattice distortions for the present analysis. The simulation
is in good agreement with the experimental data in both
polarization geometries, supporting the validity of the
present model. We note that there are other possible models
including the LS, IS, or HS states with the orbital ordering
aside from the aforementioned specific spin-orbital con-
figuration. As examples, Figs. 4(c) and 4(d) show the
spin-state ordering with the HS/LS ratio of 3=1 and the
homogeneous IS state phase with the orbital ordering,
respectively [28]. These models are also consistent with
the observed net magnetization and c dependence of the
resonant scattering. A further refinement of the plausible
models needs a more elaborate analysis on the crystal
structure. In any case, it is expected that the strain induced
spontaneous magnetization is induced by the eg- (and t2g-)

orbital ordering involving the IS-state and/or HS-state sites
with the unique ferrimagnetic structure.

To summarize, we have investigated the Co-3d spin-
orbital state in a thin film of perovskite LaCoO3 by means
of the x-ray diffraction, optical spectra, and magnetization
measurements. We identified a lattice distortion character-
ized by the propagation vector with (1=4 �1=4 1=4) and a

significant activation of infrared-active optical phonons
coupled to the Co-3d orbital below 126 K. On the
basis of these results as well as the azimuthal angle depen-
dence of the superlattice reflection at the Co K edge, we
propose that the ordering of the Co-3d orbital inherent
to the strain induced IS-state and/or HS-state sites gives
rise to the unique ferrimagnetism, leading to the strain
induced magnetization in this correlated spin-state cross-
over material.
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