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Optical signatures of strain-induced ferromagnetism in a LaCoO3 thin film
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Using spectroscopic ellipsometry, we studied the optical conductivity of LaCoO3 with various degrees of
strain. The optical response of the compressively strained LaCoO3 film is qualitatively similar to the one of
the unstrained LaCoO3 polycrystalline sample and exhibits a redistribution of the spectral weight between
∼0.2 and 6 eV, which is most likely related to the thermal excitation of the high-spin (HS) states. The optical
response of the ferromagnetic (FM) tensile strained film exhibits clear signatures of the FM state. Below the
Curie temperature Tc = 82 K, a spectral weight transfer sets on from high energies (between 3.3 and 5.6 eV)
to low energies (between 0.2 and 3.3 eV). The temperature dependence of the low-energy spectral weight can
be understood in the framework of the HS biexciton model of Sotnikov et al. [SciPost Phys. 8, 082 (2020)] as
corresponding to the increase of the concentration of the HS states that are stabilized below Tc. The magnitude
of the redistribution of the spectral weight due to the formation of the FM state is sizable and corresponds to
0.009 e per Co ion. We discuss it in terms of the effective kinetic energy of Co 3d bands.
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I. INTRODUCTION

LaCoO3 has been studied extensively for its unusual mag-
netic and electronic properties. At low temperatures, <50 K,
bulk LaCoO3 exhibits a nonmagnetic insulating behavior with
a small optical gap of ∼0.2 eV [1,2]. In an intermediate
temperature range of ∼50–400 K, it exhibits paramagnetic
properties while preserving the insulator behavior with a re-
duced resistance compared with the low-temperature values
[1]. At temperatures >500 K, the insulator-to-metal transi-
tion occurs [1]. The magnetic properties of LaCoO3 can be
altered by strain. It was observed that the tensile strain induces
ferromagnetic (FM) order, while LaCoO3 remains insulating
[3]. The microscopic mechanism of this FM state is likely
qualitatively different from the double-exchange mechanism
of the FM state occurring in conducting doped cobaltites [4,5],
and its nature is a topic of an ongoing debate [6–10].

The unusual electronic and magnetic properties of bulk
LaCoO3 are caused by the specific electronic structure where
several spin states are nearly degenerate. It is generally
accepted that the unusual behavior in the intermediate tem-
perature range is caused by thermal excitation of higher
spin states compared with the low-temperature low-spin (LS)
ground state, with the Co electronic configuration t6

2g. There
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has been a long debate over which spin states are ex-
cited at higher temperatures, whether these are dominantly
intermediate-spin (IS) states, t5

2ge1
g, or high-spin (HS) states,

t4
2ge2

g [11–20]. This debate was recently advanced by authors
of a joint theoretical and experimental work reporting a pro-
nounced dispersion of IS excitations [21–23]. This led to a
model of thermally excited HS excitons viewed as biexcitons
consisting of tightly bound (on the same Co atom) IS exci-
tons with different orbital character. In this approach, both IS
and HS states are essential for understanding the low-energy
dynamics of LaCoO3. The energy of the HS biexciton is
∼20 meV at low temperatures, and its energy significantly
increases with temperature [23].

The strain-induced FM state in LaCoO3 epitaxial films is
usually induced by a substrate with a small lattice mismatch.
The Curie temperature (Tc) of LaCoO3 films deposited on
(100)-oriented (LaAlO3)0.3(Sr2TaAlO6)0.7 (LSAT) or SrTiO3

substrates is ∼80–85 K [8,24–28], and Tc can reach up to
94 K in films deposited on (110)-oriented LSAT substrates
[6]. Several aspects potentially important for the mechanism
of the FM state were reported. Lattice distortion with propa-
gation vector ( 1

4 ,− 1
4 , 1

4 ) was observed [6], an important role
of the oxygen vacancies was suggested [7,8], and microscopic
inhomogeneities of the FM state were observed [9]. Recently,
in the framework of the HS biexciton model [23], it was
proposed by Sotnikov et al. [10] that the strain-induced FM
originates from the interaction between HS states via virtual
IS states.

In this paper, we would like to contribute to the discussion
about the mechanism of the strain-induced FM state by exam-
ining the optical response. We study the optical properties of
unstrained LaCoO3 (polycrystalline sample) and tensile and
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compressively strained LaCoO3 films using ellipsometry in
the energy range of the interband transitions between 0.2 and
6.5 eV. Ellipsometry is an established technique that allows
the determination of the optical response with a high sensi-
tivity and reproducibility. The temperature-dependent optical
response in a wide energy range allows us to map the essen-
tial redistributions of optical spectral weight upon different
phase transitions, which reflect the underlying changes of the
electronic structure [29]. We observed that the compressive
strain does not qualitatively change the optical response. In
contrast, in the FM tensile strained film, the optical response
is significantly altered, and it exhibits clear features due to
the formation of the FM state. We determine the energy range
of the FM-related redistribution of the spectral weight and
quantify its magnitude.

II. EXPERIMENT

In this paper, LaCoO3 samples with different degrees
of strain were studied: polycrystalline LaCoO3 (no strain),
LaCoO3 thin film deposited on LaAlO3 substrate (com-
pressive strain), and LaCoO3 thin film deposited on LSAT
substrate (tensile strain). The thin films were grown using
pulsed laser deposition and annealed in situ at the deposition
temperature of 650 ◦C under 10 Torr oxygen pressure to
decrease the oxygen vacancy concentration [30]. The lateral
dimension of thin films is 10 × 10 mm2, and the thickness
of the films was determined using x-ray reflectivity (Rigaku
Smartlab) to be ∼22 nm. The measurements of the magnetic
moment were performed using a vibrating sample magne-
tometer (Quantum Design Versalab).

Ellipsometry measurements were performed on the thin
films and the bare substrates with a Woollam VASE ellip-
someter (0.6–6.5 eV) and Woollam IR-VASE ellipsometer
(0.1–0.6 eV) in the temperature range from 300 to 7 K using
a custom designed ultrahigh vacuum closed-cycle He cryo-
stat (Cold Edge). The cryostat is equipped with an ultralow
vibration interface, ensuring that no vibrations influence the
measurements. Copper gasket-sealed fused-silica windows
were used in the range covered with the VASE ellipsometer.
The window polarization effects were corrected. The base
pressure in the sample chamber was 3 × 10−8 mbar at room
temperature and about an order of magnitude lower at 7 K.
A custom-designed second cold shield improved the local
vacuum near the sample through the cryopumping effect. We
have verified that no traces of ice formation on the sample
are found in the spectra at any temperature. In the mid-
infrared range covered with the IR-VASE ellipsometer, the
KBr windows sealed with a Viton O-ring were used. KBr
has negligible polarization influence on the beam. A minor
vacuum degradation to 7 × 10−8 mbar at 300 K due to the
O-ring sealing is acceptable for the long wavelengths of
the midinfrared range, and we confirmed that no traces of
ice formation were found in the spectra. All measurements
were repeated several times and were found reproducible.
The optical constants of the thin film were obtained at each
measured energy from the ellipsometric angles � and � using
the standard model of coherent interferences in a thin film on a
substrate [31] without the involvement of the Kramers-Kronig
relations.

TABLE I. Lattice parameters of samples determined by x-ray
diffraction. For the bulk samples (polycrystalline LaCoO3 and the
substrates), the lattice parameter corresponds to the bulk pseudocubic
lattice constant, whereas for the films, it denotes the out-of-plane
lattice constant.

Sample Lattice constant (Å) ε⊥ (%) ε‖ (%)

Polycrystalline LaCoO3 3.825
LaAlO3 substrate 3.787
LSAT substrate 3.866
LaCoO3/LaAlO3 film 3.853 0.73 −0.99
LaCoO3/LSAT film 3.792 −0.86 1.07

III. DATA ANALYSIS AND DISCUSSION

We have probed the structural properties of our films
using x-ray diffraction. The reciprocal space maps of the
LaCoO3 film deposited on LSAT substrate (LaCoO3/LSAT)
measured near the symmetrical (004) diffraction and near
the asymmetrical (103) diffraction are shown in Figs. 1(a)
and 1(b), respectively. Analogous maps for the LaCoO3 film
deposited on LaAlO3 substrate (LaCoO3/LaAlO3) are shown
in Figs. 1(c) and 1(d). They exhibit strong maxima due to the
substrate diffraction and distinct maxima due to the LaCoO3

diffraction at the same Qx values, depicting that the films
are epitaxial and fully strained. The lattice parameters of the
samples were determined from the positions of the LaCoO3

diffractions, and the results are shown in Table I, including the
in-plane and out-of-plane values of film strain obtained from
the lattice constants. The LaCoO3/LSAT film has a tensile
strain of 1.07%, whereas the LaCoO3/LaAlO3 film exhibits
a compressive strain of −0.99%.

Figure 1(e) shows the temperature dependence of magne-
tization of all samples measured in a magnetic field of 10 mT
parallel to their surface. The LaCoO3/LSAT film exhibits an
onset of FM with Tc of ∼82 K, whereas the other samples are
nonmagnetic in the measured temperature range. The value of
the saturated magnetic moment of the LaCoO3/LSAT film at
50 K is obtained from the hysteresis loop shown in Fig. 1(f)
and amounts to μs = 0.5 μB/Co, which is in a good agreement
with Refs. [27,28].

An overview of the optical data is presented in Fig. 2. The
left, middle, and right columns correspond to the LaCoO3

polycrystal, LaCoO3/LaAlO3 film, and LaCoO3/LSAT film,
respectively. The top row presents the real part of the optical
conductivity σ1 as a function of energy E of the incident pho-
tons. Overall, the spectra of all samples have similar shapes.
They exhibit an optical gap of 0.2–0.3 eV and several absorp-
tion bands that we label as α, β, γ , δ, and ε, see Fig. 2(a).
The energies of the bands α, β, and γ agree very well
with those found in Ref. [2]. The band structure calculations
suggest that the bands α and β are due to Co t2g → t2g and Co
t2g → eg transitions, respectively [2]. Based on the calculated
orbital resolved density of states (see Fig. 2 in Ref. [2]), we
further suggest that (i) the band γ is also due to Co t2g → eg

transitions and that (ii) the O 2p → Co eg transitions give
rise to the broad band δ centered at ∼4.3 eV (rather than to
the band γ as proposed in Ref. [2]). The absorption band ε

likely corresponds to transitions involving La orbitals since
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FIG. 1. X-ray reciprocal space maps of LaCoO3 film grown on LSAT substrate (a) near the symmetrical (004) diffraction and (b) near the
asymmetrical (103) diffraction. The diffraction peaks due to the substrate and LaCoO3 are denoted by the arrows. (c) and (d) Analogous maps
for the LaCoO3 film grown on LaAlO3 (LAO) substrate. (e) Magnetic moment as a function of temperature of the LaCoO3 polycrystalline
sample and of the LaCoO3/LaAlO3 and LaCoO3/LSAT films, measured in a magnetic field of 10 mT. (f) Hysteresis loop of the LaCoO3/LSAT
film acquired at 50 K.

its intensity decreases with increasing Sr doping, see Ref. [5].
Another LaCoO3 band structure determined by dynamical
mean-field theory can be found in Ref. [32].

The optical data of materials with strongly correlated elec-
trons are often discussed in terms of the effective number of
electrons Neff (ωL, ωH ) per unit cell (or spectral weight) that
is a measure of absorption of electromagnetic radiation in an
energy interval (h̄ωL, h̄ωH ):

Neff (ωL, ωH ) = 2mV

πe2

∫ ωH

ωL

σ1(ω) dω. (1)

Here, m is the electron mass, V is the volume of the unit
cell, and e is the elementary charge [29]. Spectral weight
redistributions with changing temperature, which can be de-
scribed in terms of Neff , are frequently studied because they
reflect the underlying changes in the electronic structure. We
recall that the common optical sum rule states that the total
spectral weight Neff (0,∞) is equal to the total number of
electrons per unit cell, and consequently, it is independent of
temperature [33].

To visualize the redistribution of spectral weight with tem-
perature, the second row of Fig. 2 shows the real parts of
the optical conductivities relative to the ones measured at
the lowest temperature of 7 K, �σ1(T ) = σ1(T ) − σ1(7 K).
Figure 2(d) presents �σ1(T ) of the LaCoO3 polycrystal. The
temperature dependencies of the absorption bands α, β, δ, and
ε are noticeable in �σ1(T ); the corresponding features are de-
noted by the arrows. The band γ is exceptional: The spectrum
of �σ1(T ) reveals that it consists of two bands denoted as γ1

and γ2.
In addition, there are several so-called isosbestic energies

(energies where the conductivity is essentially temperature

independent) that we denote E ′, EM , and EH . The largest
changes of the spectral weights with increasing temper-
ature are twofold: a decrease at high energies (between
EM = 3.4 eV and EH = 6.2 eV) and an increase at lower
energies (between Eg = 0.2 eV and E ′ = 1.9 eV). Addition-
ally, there is a less pronounced temperature dependence of
the conductivity between E ′ and EM . Considering the sum
rule, we can describe these findings as a transfer of spec-
tral weight with increasing temperature from high energies
(between EM and EH ) to lower energies (between Eg and
EM). Similar redistribution of optical spectral weight in bulk
LaCoO3 was previously observed by Tokura et al. [1], who
reported that, with increasing temperature, the low-energy
(<1.4 eV) spectral weight increases on the expense of spectral
weight at higher energies. Note that a similar redistribu-
tion of the spectral weight induced by a laser pulse was
observed with femtosecond ellipsometry [34]. The crossing
point was found to be ∼2.1 eV, close to E ′ = 1.9 eV found
in this paper. In the context of the HS biexciton model
[23], the observed redistribution of spectral weight is most
likely related to thermal excitation of the HS biexcitons
and corresponding changes in the occupation of t2g and eg

orbitals.
The relative conductivity of the compressively strained

LaCoO3/LaAlO3 film is shown in Fig. 2(e). Qualitatively, the
spectra are like those of the polycrystalline LaCoO3 shown
in Fig. 2(d) with slightly different values of the characteristic
energies, E ′ = 1.7, EM = 3.6, and EH = 5.9 eV and larger
magnitudes. Particularly, the spectra exhibit the same redis-
tribution of spectral weight with increasing temperature from
high energies (between EM and EH ) to lower energies (be-
tween Eg and E ′).

235151-3



ABADIZAMAN, MUNZAR, KIABA, AND DUBROKA PHYSICAL REVIEW B 110, 235151 (2024)

(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

(j) (k) (l)

FIG. 2. An overview of the optical data. The left, middle, and right columns correspond to the unstrained LaCoO3 polycrystal, compres-
sively strained LaCoO3/LaAlO3 thin film, and tensile strained LaCoO3/LSAT film, respectively. The top row (a)–(c) The real part of the
optical conductivity σ1(E , T ) as a function of energy E and temperature T . The second row (d)–(f) �σ1 = σ1(T ) − σ1(7 K). Note that the
vertical scale differs from panel to panel. The third row (g)–(i) �Neff (E ) = Neff (0.1 eV, E , T ) − Neff (0.1 eV, E , T = 7 K), as a function of
the high energy cutoff E . For definition of Neff , see Eq. (1). (j) and (k) Temperature dependencies of Neff (Eg, E ′) and (l) Neff (Eg, EM ); for
definitions of Eg, E ′, and EM , see (d)–(f).

The third row of Fig. 2 displays the change of the
effective number of electrons as compared with the 7 K data,
�Neff (E ) = Neff (0.1 eV, E , T ) − Neff (0.1 eV, E , T = 7 K),
as a function of the high-energy cutoff E = h̄ωH . The low
energy cutoff was chosen to be h̄ωL = 0.1 eV, right below
the optical gap. The spectral weight due to infrared phonons
is thus not considered, but it is negligible compared with
the spectral weight of the interband transitions. The energy
E∗ of the zero crossing of �Neff (E ) corresponds to the
energy below which the redistributions of spectral weight
are compensated. For the polycrystalline LaCoO3 and for
T = 220 K, the zero crossing occurs at about E∗ = 5.1 eV,
see Fig. 2(g), and for the compressively strained LaCoO3, it
occurs near E∗ = 5.3 eV, see Fig. 2(h). These values of E∗

indicate that the spectral weight of the pronounced dip near
5.8 eV (the band ε) in Figs. 2(d) and 2(e) is compensated by
a feature at an energy higher than EH .

The qualitative similarity between the unstrained
polycrystalline LaCoO3 and the compressively strained
LaCoO3/LaAlO3 film can also be seen in the temperature
dependence of the low-energy spectral weight Neff (Eg, E ′)
shown for the LaCoO3 polycrystal in Fig. 2(j) and for the
LaCoO3/LaAlO3 film in Fig. 2(k). Both exhibit a monotonous
increase with temperature, which likely corresponds to the
thermal population of the HS states. The similarity of the
redistribution of the spectral weight between unstrained
polycrystalline LaCoO3 and the compressively strained
LaCoO3/LaAlO3 film indicates that the compressive
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FIG. 3. The real part of the difference optical conductivity
�σ1 = σ1(T ) − σ1(7 K) of the ferromagnetic LaCoO3/LSAT film,
below and near Tc = 82 K.

strain does not induce a qualitative modification of the
electronic structure of LaCoO3. The only significant
difference is quantitative—the changes with temperature
in the compressively strained LaCoO3 are about twice
as large as those of the unstrained LaCoO3. This likely
corresponds to a lower activation energy of the HS states
in the compressively strained LaCoO3 than the unstrained
LaCoO3.

Figure 2(f) displays �σ1 of the LaCoO3/LSAT film.
Apparently, the temperature dependence shows qualitative
differences with respect to the previous cases shown in
Figs. 2(d) and 2(e). For example, the isosbestic point near
the middle of the measured range at EM = 3.3 eV has the
opposite signature, i.e., below EM , the conductivity decreases
with increasing temperature in contrast with Fig. 2(d). The
origin of the differences becomes clear from the temperature
dependence of the low-energy spectral weight Neff (Eg, EM )
shown in Fig. 2(l), which exhibits a clear onset at Tc with the
square root behavior typical for the temperature dependence
of an order parameter of a second-order phase transition.
The optical response of the LaCoO3/LSAT film exhibits clear
signatures of the FM phase transition.

Figure 3 displays in detail �σ1 of the LaCoO3/LSAT film
below Tc. Since in this temperature range the temperature-
dependent changes of nonmagnetic origin are weak, most of
the changes correspond to the formation of the FM phase.
The spectra exhibit isosbestic points at EM = 3.3 eV and
EFM

H = 5.6 eV, as denoted by the arrows. The temperature
dependence forms a butterflylike shape with the isosbestic
point EM in the center with two wings with roughly similar
areas between Eg − EM and EM − EFM

H . The spectral weight
is transferred, with increasing temperature, from the low-
energy wing into the high-energy wing; therefore, the spectral
weight redistribution has the opposite trend as compared
with the one observed in the unstrained LaCoO3 and shown
in Fig. 2(d). Figure 3 shows that the high-energy limit for
the integral shown in Fig. 2(l) was set to track the spectral

weight of the low-energy wing and, thus, the FM-induced
changes.

Note, however, that the FM-related redistribution of
the spectral weight involves significantly different energy
scales than those observed in the nonmagnetic samples. In
the polycrystalline LaCoO3 and the compressively strained
LaCoO3/LaAlO3 film, the main part of the spectral weight
increase at low energies occurs between 0.2 and 1.7–1.9 eV,
see Figs. 2(d) and 2(e). In contrast, in the FM LaCoO3/LSAT
film, the low-energy wing spans the range between 0.2 and
3.3 eV, with the maximum in the interval between 2 and
2.8 eV, where the conductivity changes in the nonmagnetic
samples are only minor. We think that this sizable difference
reflects the FM interaction of the HS states that is absent in the
nonmagnetic samples. We believe that this sizable change in
the involved energy scale is potentially important and should
be explained by a theory aiming at a full understanding of the
strain-induced FM state in LaCoO3.

Figure 2(l) displays the temperature dependence of the
effective number of electrons Neff (Eg, EM ) corresponding to
the low-energy wing. The amount of the spectral weight re-
distributed due to the formation of the FM state �NFM

eff can be
estimated (as shown by the arrow) as the difference between
the value of Neff (Eg, EM ) at 7 K and that right above Tc. We
obtain �NFM

eff = +0.009 elementary charge per Co ion. This
estimate neglects the contribution to the temperature depen-
dence of Neff (Eg, EM ) due to processes unrelated to the FM
ordering. We believe that this contribution is small, and if
considered, this would slightly increase the obtained value of
�NFM

eff .
The value of �NFM

eff can be estimated as well from
�Neff (E ) shown in Fig. 2(i) where, for T = 100 K, the value
of �Neff (E ) near 3.3 eV yields the value of −0.009. Addition-
ally, �Neff (T = 100 K) amounts to −0.001 at EFM

H = 5.6 eV
and, thus, almost reaches zero. It indicates that within the ac-
curacy of ∼10%, the spectral weight of the high-energy wing
compensates for the low-energy wing, and thus, the spec-
tral weight below Tc is essentially conserved below EFM

H =
5.6 eV. In this context, it is interesting to note that, at 260 K,
�Neff (E ) does not exhibit any zero crossing in the measured
range, and at 6.5 eV, it amounts to a sizable value of 0.008.
This demonstrates that, in the tensile strained LaCoO3, the
spectral weight redistribution at temperatures above Tc in-
volves transitions at energies above our measurement limit of
6.5 eV.

Next, we discuss possible interpretations of the observed
FM-induced transfer of spectral weight �NFM

eff = +0.009. Let
us first recall the restricted or tight-binding sum rule [35–38].
Consider the Hubbard model on a cubic lattice with the
single-particle tight-binding component of the Hamiltonian
involving nearest-neighbor hopping terms only. The effective
λ-axis kinetic energy Kλ, i.e., the expectation value of the part
of the single-particle component containing hopping terms
along the λ axis (λ ∈ {x, y, z}) per unit cell, is connected to
the total optical spectral weight:

Nλ
eff = 2mV

πe2

∫ ∞

0
σλ

1 (ω) dω, (2)
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as follows:

Kλ = − h̄2

ma2
0

Nλ
eff . (3)

Here, σλ
1 (ω) is the real part of the λ-axis conductivity of the

model, and a0 is the lattice parameter. Equation (3) is the
restricted sum rule. Note that, in contrast with the common
sum rule mentioned below Eq. (1), Nλ

eff of Eq. (2) is not tem-
perature independent. The strength of the restricted sum rule
in Eq. (3) lies in the fact that it allows one to obtain, at least in
principle, the temperature-dependent changes of Kλ using op-
tical data; for a relevant example, see Ref. [39]. A transparent
proof of Eq. (3) for the case of the two-dimensional (2D) one-
band Hubbard model can be found in Sec. IV B 2 of Ref. [38];
extensions to three-dimensional (3D) and multiband Hubbard
models are straightforward. For a metal, Nλ

eff contains the
spectral weight of the Drude part of σλ. For an insulator,
both Kλ and Nλ

eff can be expressed as sums over contribu-
tions of individual optical transitions (bands), Kλ = ∑

n Kλ
n ,

Nλ
eff = ∑

n Nλ
eff,n, and Kλ

n = − h̄2

ma2
0
Nλ

eff,n [40]. For an isotropic
system, the total effective kinetic energy K = Kx + Ky + Kz

is equal to 3Kλ with λ arbitrary.
In our case, we follow the temperature dependencies of

the bands α, β, and γ . As discussed above, these bands
likely originate from transitions between Co 3d bands. In-
deed, the orbital resolved densities of states presented in
Ref. [2] suggest that the O 2p → Co 3d transitions have
an onset near 3.2 eV and should peak at ∼4 eV, that is,
above the low-energy wing of Fig. 3. It is thus meaningful
to discuss the temperature dependence of Nx

eff,α + Nx
eff,β +

Nx
eff,γ ≈ Neff (Eg, EM ) in terms of the effective kinetic energy

of the Co 3d bands K3d . Here, x denotes the axis in the
plane of the sample surface accessible by the experiment.
Using the formalism outlined above, we obtain the FM-
induced change of the effective kinetic energy of the α, β,
and γ bands as �(Kx

α + Kx
β + Kx

γ )FM = − h̄2

ma2
0
�NFM

eff , where

�NFM
eff = �Neff (Eg, EM )|FM was determined above. Using

further the assumption that the material is essentially optically
isotropic and the assumption that the three bands cover most
of the spectral weight of Co 3d → 3d transitions, we obtain
�(K3d )FM = − 3h̄2

ma2
0
�NFM

eff that amounts to ∼13 meV.
Note that the spectral weight shift is qualitatively the

same as in insulating antiferromagnetic LaMnO3 (observed
for the electric vector polarized in the direction b with the
FM correlations), where the HS absorption band (located at
low energies) grows below the ordering temperature on the
expense of the LS absorption band (located at higher ener-
gies) [39]. It was emphasized in Ref. [40] that the (transition
dependent) sum rules provide a unified picture linking the
optical and magnetic properties in various materials including
manganites [39,41], vanadates [42], and ruthenates [43]. We
believe that the same picture applies even in the present case
of a strain-induced FM state in insulating cobaltites despite
the possible differences in microscopic details of the FM
interaction as compared with the other materials.

Note that the direction (or sign) of the observed FM-
induced spectral weight redistribution is the same as in the
double exchange FM state of metallic cobaltites [5]. In the

latter case, similarly, as in metallic FM manganites [44], the
FM-induced increase of the Drude peak can be directly as-
signed to the decrease of the total effective kinetic energy of
the conducting electrons [29,38]. For the metallic cobaltites,
it was found that the FM-induced reduction of this effective
kinetic energy is about twice as large as kBTc [5]. Surprisingly,
a similar ratio of �(K3d )FM/kBTc of ∼2 is observed here
for the strain-induced FM in the insulating LaCoO3. Note,
however, that in the present case, the effective kinetic energy
covers all Co 3d bands, including eg, whereas in the case
of the metallic cobaltites, the effective kinetic energy related
to the Drude peak corresponds most likely to t2g bands [5].
Since the penetration depth in LaCoO3 in the whole measured
range is larger than the thickness of the films (∼22 nm),
our optical measurements provide an average response of the
films. Our findings, therefore, show that the strain-induced
FM state is pronounced and probably occurs in the whole film
or at least in a large fraction of the film.

Finally, we briefly discuss the spectral weight redistribu-
tion in the context of the model proposed by Sotnikov et al.
[10]. Provided that the spectral weight of the low-energy
wing Neff (Eg, EM ) is proportional to the population of the HS
states, its temperature changes, shown in Fig. 2(l), can be
qualitatively understood as follows. Above Tc, the concentra-
tion of the HS states is expected to decrease with decreasing
temperature as the thermally populated HS states relax into
the LS states. Below Tc, the HS states get stabilized by the
FM interaction, and thus, their concentration increases with
decreasing temperature. An alternative/complementary view
uses an argument involving the effective kinetic energy. In the
model of Sotnikov et al. [10], the FM order originates from
a superexchange-type interaction between two immobile HS
biexcitons via virtual mobile IS states. The FM ordering of
the HS states located at the diagonal positions allows them to
fluctuate between two relevant configurations (see Fig. 2(e) in
Ref. [10]), which leads to a lowering of their kinetic energy.
We speculate that the latter effect yields the observed reduc-
tion of the effective kinetic energy of the 3d bands whose
magnitude is expressed by �(K3d )FM.

IV. SUMMARY

Using spectroscopic ellipsometry, we have measured the
optical conductivity of LaCoO3 with various degrees of strain.
The optical response of the compressively strained LaCoO3

film grown on LaAlO3 substrate is qualitatively similar to
that of the unstrained LaCoO3 polycrystalline sample. With
increasing temperature, they both exhibit a transfer of spectral
weight from high energies (3.5–6 eV) to lower energies (0.2–
1.9 eV). This redistribution of spectral weight is most likely
related to the thermal excitation of the HS states.

The optical response of the FM tensile strained
LaCoO3/LSAT film exhibits clear signatures of the FM
state. Below the Curie temperature Tc = 82 K, the spectral
weight is transferred with increasing temperature from low
energies (0.2–3.3 eV) to high energies (3.3–5.6 eV). The
temperature dependence of the low-energy spectral weight
(0.2–3.3 eV) can be understood in the framework of the
HS biexciton model as being due to an increase of the
concentration of the HS states below Tc. The amount of
spectral weight redistributed due to the formation of the FM
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state is sizable and amounts to 0.009 elementary charge per
Co ion. It corresponds to the decrease of the effective kinetic
energy of the Co 3d bands by 13 meV.
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[20] V. Křápek, P. Novák, J. Kuneš, D. Novoselov, D. M. Korotin,
and V. I. Anisimov, Spin state transition and covalent bonding
in LaCoO3, Phys. Rev. B 86, 195104 (2012).

[21] A. Sotnikov and J. Kuneš, Field-induced exciton condensation
in LaCoO3, Sci. Rep. 6, 30510 (2016).

[22] R.-P. Wang, A. Hariki, A. Sotnikov, F. Frati, J. Okamoto, H.-Y.
Huang, A. Singh, D.-J. Huang, K. Tomiyasu, C.-H. Du et al.,
Excitonic dispersion of the intermediate spin state in LaCoO3

revealed by resonant inelastic x-ray scattering, Phys. Rev. B 98,
035149 (2018).

[23] A. Hariki, R.-P. Wang, A. Sotnikov, K. Tomiyasu, D. Betto,
N. B. Brookes, Y. Uemura, M. Ghiasi, F. M. F. de Groot, and
J. Kuneš, Damping of spinful excitons in LaCoO3 by thermal
fluctuations: Theory and experiment, Phys. Rev. B 101, 245162
(2020).

[24] D. Fuchs, E. Arac, C. Pinta, S. Schuppler, R. Schneider, and H.
v. Loehneysen, Tuning the magnetic properties of LaCoO3 thin
films by epitaxial strain, Phys. Rev. B 77, 014434 (2008).

[25] A. Herklotz, A. D. Rata, L. Schultz, and K. Dorr, Reversible
strain effect on the magnetization of LaCoO3 films, Phys. Rev.
B 79, 092409 (2009).

235151-7

https://doi.org/10.1103/PhysRevB.58.R1699
https://doi.org/10.1038/srep06124
https://doi.org/10.1103/PhysRevB.75.144402
https://doi.org/10.1103/PhysRevLett.111.257203
https://doi.org/10.1103/PhysRevB.97.045137
https://doi.org/10.1103/PhysRevLett.111.027206
https://doi.org/10.1103/PhysRevLett.112.087202
https://doi.org/10.1103/PhysRevB.91.144418
https://doi.org/10.1103/PhysRevMaterials.3.074406
https://doi.org/10.21468/SciPostPhys.8.6.082
https://doi.org/10.1103/PhysRevB.42.5459
https://doi.org/10.1103/PhysRevB.54.5309
https://doi.org/10.1103/PhysRevB.66.020402
https://doi.org/10.1103/PhysRevLett.93.136401
https://doi.org/10.1103/PhysRevB.69.134409
https://doi.org/10.1103/PhysRevLett.97.176405
https://doi.org/10.1103/PhysRevB.67.172401
https://doi.org/10.1103/PhysRevLett.97.247208
https://doi.org/10.1103/PhysRevB.82.174416
https://doi.org/10.1103/PhysRevB.86.195104
https://doi.org/10.1038/srep30510
https://doi.org/10.1103/PhysRevB.98.035149
https://doi.org/10.1103/PhysRevB.101.245162
https://doi.org/10.1103/PhysRevB.77.014434
https://doi.org/10.1103/PhysRevB.79.092409


ABADIZAMAN, MUNZAR, KIABA, AND DUBROKA PHYSICAL REVIEW B 110, 235151 (2024)

[26] V. V. Mehta, M. Liberati, F. J. Wong, R. V. Chopdekar, E.
Arenholz, and Y. Suzuki, Ferromagnetism in tetragonally dis-
torted LaCoO3 thin films, J. Appl. Phys. 105, 07E503 (2009).

[27] A. D. Rata, A. Herklotz, L. Schultz, and K. Dorr, Lattice struc-
ture and magnetization of LaCoO3 thin films, Eur. Phys. J. B
76, 215 (2010).

[28] W. S. Choi, J.-H. Kwon, H. Jeen, J. E. Hamann-Borrero,
A. Radi, S. Macke, R. Sutarto, F. He, G. A. Sawatzky, V.
Hinkov et al., Strain-induced spin states in atomically ordered
cobaltites, Nano Lett. 12, 4966 (2012).

[29] D. N. Basov, R. D. Averitt, D. van der Marel, M. Dressel, and K.
Haule, Electrodynamics of correlated electron materials, Rev.
Mod. Phys. 83, 471 (2011).

[30] By Alineason Materials Technology GmbH, Germany.
[31] Handbook of Ellipsometry, edited by H. G. Tompkins and E. A.

Irene (William Andrew, Inc., Norwich, 2005).
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