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Low-energy orbital excitations in strained LaCoQj; films
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We present 90 meV resolved Co 2p3d resonant inelastic x-ray scattering linear dichroism spectra of strained
LaCoO; films and a LaCoO; single crystal. A polarization-dependent low-energy excitation is observed at
~0.2 eV on the tensile-strained LaCoO3/SrTiO; film, while it is not observed in either bulk LaCoO; or the
compressive-strained LaCoO;/LaAlO; film. Guided by cluster calculations, we are able to distinguish the
spin-state manifolds close to their transition point of Co®" ions in LaCoO; systems. Through a polarization
analysis, we show that the spin state can easily flip from a low-spin ' A, state in an octahedral symmetry to the
high-spin 5B2g or’ E, states with a small tetragonal distortion. A mixture of spin states suggests that the high-spin
Co*t plays an important role in long-range ferromagnetic order on both tensile- and compressive-strained

LaCoOs; films.
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I. INTRODUCTION

The interaction between the charge, orbital, and spin is
important in strongly correlated systems and as such they
determine the physical properties of the 3d transition metal
oxides. An example of a metal oxide with complex mag-
netic behavior is the perovskite LaCoO;. A diamagnetic to
paramagnetic transition at ~100 K has been observed in bulk
LaCoOs3 and discussed as a spin crossover from a low-spin
state (LS, S = 0) to a high-spin state (HS, § = 2) or, alterna-
tively, to an intermediate-spin state (IS, S = 1) [1-6]. Long-
range ferromagnetic order has been observed in epitaxially
strained LaCoOj thin films [7-11], which implies that these
LaCoOs; thin films are ferromagnetic insulators for potential
application in spintronic devices and therefore of technologi-
cal relevance [12,13].

The ferromagnetic order in LaCoOj3 films is still under
debate. It was initially described as being caused by the
exchange interaction between LS and HS Co’* jons [7-10].
Fuchs et al. proposed that the ferromagnetism of the LaCoOs3
thin films is caused by the Co-O-Co bond angle change be-
cause no bond length difference has been found from extended
x-ray absorption fine structure (EXAFS) measurements [7,8].
The tetragonal distortion bends the Co-O-Co bond angle from
~163° to 180° and increases the superexchange interaction
(2Jex). Yet another EXAFS study observed the difference
between in-plane and out-of-plane bond lengths [14]. This
suggests that the octahedron deformation must be consid-
ered together with the octahedron rotation [15]. A tetragonal
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distortion breaks the ground-state symmetry and causes a
competition between LS and HS Co’* ions [14,16-18], as
illustrated in Figs. 1(a)-1(d). Another explanation for the
ferromagnetic ordering in films was proposed by Fumega and
Pardo, where they suggested the presence of ordered oxygen
vacancies (i.e., Co*t ions), which in turn stabilize the ferro-
magnetic ordering [19,20]. This would imply that Co*" ions
are involved in a double-exchange-type interaction between
Co*" and Co**. However, experimental proof of the presence
of Co** ions has not been established. On one hand, the
existence of Co®" ions is consistent with the experimental ob-
servation that the magnetic moment of LaCoOj film increases
with thickness [18,21-23]. On the other hand, transmission
electron microscopy (TEM) studies of structural defects do
not provide a conclusive answer regarding the presence of
oxygen vacancies as the results could be interpreted as both
HS Co** or Co** [23-25]. Furthermore, x-ray absorption
spectroscopy (XAS) and electron energy loss spectroscopy
(EELS) measurements do not find large Co”* concentrations
in LaCoO3 films. We point out as well that it has been found
that a large amount of oxygen vacancies (>10%) strongly
reduces the magnetism [13].

In an effort to contribute to the debate about the origin of
magnetism in LaCoO;, we employ 2p3d resonant inelastic
x-ray scattering (2p3d RIXS) to study the complex electronic
configuration of the Co ions in a LaCoOs; single crystal
and strained thin films. 2p3d RIXS probes both the local
[26-34] and collective excitations [35—42], including small
lattice distortions [43—45]. In the case of LaCoOs;, the 2p3d
RIXS process in the ionic limit can be described as 3d® >
2p°3d’ > 3d° transitions of Co®* ions, which allows us to
distinguish the spin-state manifolds. A bulk LaCoOj3; system

©2019 American Physical Society
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FIG. 1. (a) Octahedral oxygen network surrounding Co in re-
laxed and with in-plane compressive/tensile tetragonal distortions.
(b) The splittings of the ° T»,(Op) state in the tetragonal distortions.
(c) Electronic configurations for the three ground states 'A, <(On),
*Bag(Dan), and *Ey(Dyy,).

(with Co in an octahedral oxygen network) has a LS 'A, ¢(On)
ground state at low temperature, whereas small tetragonal
distortion causes a ground-state change when the crystal-field
energy (10Dq) is close to the crossover point (10Dq)-
as demonstrated in Fig. 1(b). The three possible electronic
configurations in tetragonal (Dy4;) symmetry are, respectively,
'Ajg "B, and E, [Fig. 1(c)]. RIXS measurements on the
single crystal LaCoO3 indicate that the spin-state population is
varying as a function of temperature, which suggests that the
ground state is close to a degeneracy of LS 'A, ¢(Oy) and HS
5T2g(0h) states [42,46]. Furthermore, different composition
mixtures of LS and HS states have been found in the cuboidal
(D2y) and trigonal (D34) distorted LaCoOs films through 2p3d
RIXS [45], which agrees with x-ray diffraction [10].

In this paper, incident photon polarization analysis is pre-
sented to gain deeper insight into the electronic configura-
tions. Guided by simulations, a unit cell volume-conserving
model provides a systematic approach to discuss the strain
effects. The observed RIXS features can be identified using a
polarization-dependent analysis. We show that the dichroism
intensities are related to the ground-state symmetries and
change as a function of the distortion parameters from a
tensile- to a compressive-strained LaCoOs.

II. METHOD
A. Sample preparation and characterization

The distortion effect of LaCoO5; was studied on three dif-
ferent samples: an unstrained LaCoOj3 single crystal, a tensile-
strained LaCoO; film on (001)-SrTiO3, and a compressive-
strained LaCoO3 film on (001)-LaAlO3. The LaCoO; single
crystal was grown in O, gas flow by the floating-zone method

TABLEI. The lattice constants as obtained from x-ray diffraction
(length in A). V refers to the calculated volume of the pseudocubic
unit cell.

Substrate LaCoOs(a) LaCoOs;(c) \'% €
Crystal - 3.83 56.2 -
On SrTiO3 391 3.78 578 2%
On LaAlO; 3.79 3.84 552 —1%

at the department of physics in Tohoku University. It was
prepared from a polycrystalline sample obtained by a stoichio-
metric mixture of high-purity powders of La;O3; and Co3QO4
as described in the Supplemental Material of Ref. [46]. The
LaCoO; thin films were fabricated at the MESA+ Institute
of the University of Twente using pulsed laser deposition
combined with in situ reflection high-energy electron diffrac-
tion to monitor the growth process. The films were grown
under a 0.2 mbar O, background pressure and at a deposition
temperature of 750 °C and a laser fluence of 1.9J/cm?. 55 nm
LaCoOs; films were prepared on, respectively, (001)-SrTiO3
and (001)-LaAlOj3 substrates, where the layer thickness was
determined by x-ray reflectivity.

The lattice constants were determined by the x-ray diffrac-
tions measured along the (00¢) orientation and by the recip-
rocal space maps on the (103) feature, from which the out-
of-plane and in-plane lattice information could be obtained
[Figs. 2(a)-2(c)]. High-resolution scans were performed in
the triple axis configuration with a parabolic x-ray mirror,
four-bounce Bartels monochromator, and Ge analyzer crystal
on a PANalytical X’Pert Pro MRD system with a sealed tube
Cu anode source in line-focus mode. The asymmetric recip-
rocal space maps were obtained from sets of high-resolution
rocking curves collected with an EIGER2 R 500 K area detec-
tor on a Bruker D8 Discover diffractometer. High brilliance
microfocus Cu rotating anode generator, Montel optics, and a
Ge (220) two-bounce monochromator were used in these mea-
surements. To determine the magnetic transition temperature
of both films, field-cooled magnetization measurements were
performed using vibrating sample magnetometry (VSM), see
Fig. 2(d). Both the tensile- and compressive-strained LaCoOj3
films show in-plane ferromagnetism with an onset transition
temperature of ~70 K. The paramagnetic to diamagnetic tran-
sition of the LaCoOj single crystal occurs at ~100 K [46].

Table I lists the lattice constants extracted from the diffrac-
tion results. The pseudocubic lattice constant of the single
crystal LaCoO3 acu, ~ 3.83 A was obtained by projection
from R3C (012) to cubic (001) symmetry. This value shows
good agreement with literature [7,8,47]. For the LaCoO;
films, the out-of-plane lattice constants (cpco) are ~3.78 A
and ~3.84 A on the SrTiO; and LaAlO; substrates, respec-
tively. We note that the absence of the Laue fringes in Fig. 2(a)
might be due to the partial strain relaxation, the surface
roughness, and/or the imperfect crystallinity of the films. In
Fig. 2(a), more than one out-of-plane lattice parameter can
also be observed (indicated by the stars) for the LaCoOs
thin films, which implies the coexistence of strained and
partially relaxed LaCoO; phases in the films. The volume
proportions of the strained component were estimated to be

165148-2



LOW-ENERGY ORBITAL EXCITATIONS IN STRAINED ...

PHYSICAL REVIEW B 100, 165148 (2019)

_10°H@) 503y Lacoos § Lanos
8-, B (002) (002) (002)
NG 10°F — Crystal
= - —On SrTiO3
g 102 = —On LaAIO3
)
i
—10°
LaCo03(002) LaCoO3(002)
lAAAAlAAAAlAAAAlotptlTalAlotqltgr‘tlsrTitotqtAAAlAAAAlAAAAl
45 46 47 48 49 5
20 (degree)
2.5
5
2 &
o,
1.5<
L
o
-
3,
05<
30.2

i Field-cooled 7 e

I (d) (50 mT) ( )
— On LaAlO3 ]
—— On SrTiO3 1

“
o
N

o
o
(n\®) @ouaiayip ABisug

3
Q
z
=
g 0.2t
(]
IS
Q
k5
c
(@]
®©
=

Co%(3d"z=27) -0.1
[ —e—Ds—e—Dt—e—Dq\_
0.0 1 : 1 —Dert 0.2
0 50 100 150 1.90 2.00 2.10

Temperature (K) Equatorial bond (A)

FIG. 2. (a) The x-ray diffraction patterns (6-26 scans) of the
(002) feature of the LaCoOs; single crystal and the 55 nm LaCoO;
films. The red arrow is for the LaCoOj; single crystal. The blue and
green arrows indicate the substrate peaks of SrTiO; and LaAlOs;.
The dark green and dark blue arrows indicate the (002) feature of
LaCoOs; films on the LaAlO5; and SrTiO; substrates, respectively.
The stars indicate the partially relaxed LaCoO; component in the
films. (b), (c¢) The two-dimensional reciprocal space map of the (103)
feature for (b) the LaCoO3/SrTiO3 film and (c) the LaCoO3/LaAlO3
film. (d) The in-plane field-cooled VSM measurement in 50 mT as
a function of temperature. (e) The crystal-field parameters of the
tetragonal distorted Co®* ion, derived from a model calculation in
a volume-conserving cluster.

~T73% strained film on the SrTiOs substrate and ~90% on
the LaAlO; substrate (see Appendix A). In other words, the
majority of the film is strained coherently for both substrates,
where we note that the values are model dependent with
an uncertainty of ~10%. This coexistence between strained
and partially relaxed fractions is also supported by the two-
dimensional reciprocal space maps along the in-plane (Qjqp)
and the out-off-plane (Qqo, ) orientations. The strained fraction
of the film has the same in-plane momentum as the substrate
and can therefore be found vertically above [in the case
of SrTiOs, Fig. 2(b)] and below [in the case of LaAlOs,
Fig. 2(c)] the substrate peak in the reciprocal space maps.
The match of the in-plane momentum magnitude implies that
the in-plane lattice constants (ar,co) are identical to the lattice
constants of the substrates, which are 3.91 A and 3.79 A for
the films on SrTiO3; and LaAlOj substrates, respectively. The

partially relaxed fractions of the film are those that have a
different in-plane momentum. Both thin films are in the elastic
deformation limit (—1% < € < 2%), where € is defined as
€ = (a — acup)/acup [8,18,48-50]. The diffraction results also
show that the difference in unit cell volume between the thin
film samples and the single crystal is less than 3%, which
implies that the unit cell volume is approximately conserved
in the strained samples.

B. Simulation model

Cluster calculations were performed including charge
transfer and tetragonal distortion using the program QUANTY.
This program can solve the many-body problem, including
configuration interactions [51-53]. The Hamiltonian of a sin-
gle cluster is written as

H = Hinic + Ve + Hpix, (1)

where H,yic describes the intra-atomic interactions, such as
the Coulomb interaction and the spin-orbit coupling. The
operator H,x calculates the interaction between the three
configurations d”, d"*'L, and d"+2L? using the single impu-
rity Anderson model [51,54]. This configuration interaction
mimics the charge transfer effect. The symmetry characteristic
of the cluster is considered in the operator Vg, which also
determines the crystal-field energies. For tetragonal distorted
clusters, the 3d orbitals split into the a;, by, e, and b, states.
The energy splitting of these states can be determined by
the additional parameters Dt and Ds in comparison with the
unstrained cubic crystal in the simulation [51]. It induces
more degrees of freedom in the parameters to simulate the
electronic structure.

To reduce the number of the parameters, we applied
constraints by assuming that the local cluster preserves its
volume. This assumption is based on the diffraction results,
which indicate a <3% difference in volume (Table I) of the
pseudocubic unit cell (CoOg cluster). Model calculations were
performed using the program MULTIX [52], where the energy
levels can be calculated with a spherical Wigner local density
approximation atomic radial function in an electric field po-
tential with point charges [52,53]. We simulated the distortion
effect for the case of a single electron in a 3d shell (3d')
by assuming that it is independent of the electron-electron
interaction. In this model calculation, the metal-ligand bond
(d) was set to 2 A for a nondistorted cluster (d~ 1.9A for
SrTiO3) [8]. The volume restriction is fixed atd, x dy x d, =

8 10\3, where d,, d,, and d, are the bonds along the x, y, and z
axes. Based on the values of the energy levels, the crystal-field
parameters Dq, Ds, and Dt can be extracted [51]. We introduce
an effective 10Dq (10Dq) parameter, which is defined as
the energy difference between the average energy of the e,
and ty, states. The values of Dq, Dq.4, Ds, and Dt of the
model calculation are indicated in Fig. 2(e) as a function of
the equatorial bond (d, = d,). The following conclusions can
be drawn: (i) A negative Ds and Dt values are found for an
elongated d, related to the tensile-strained LaCoOs; film on
SrTiO;. (ii) Comparing the values Dt and Ds, we find a Dt
to Ds ratio ~0.15 for the Co ion. (iii) 10Dq; is approxi-
mately constant [gray lines, Fig. 2(e)]. In our simulation, we
applied the optimized values of the Slater integrals and 10Dq
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for the unstrained LaCoOs crystal [46], and used the unit
cell volume-conserving approach for the films. This method
allows us to investigate the distortion effect systematically
varying only the Ds parameter.

C. The 2p3d RIXS experiment

The XAS and RIXS results were carried out at the 05A1
RIXS beamline in Taiwan Light Source, where the AGS-AGM
system provides a 90 meV (in full width half maximum,
FWHM) experimental RIXS resolution at the cobalt L3 edge
[55]. The incident photon energy broadening is determined by
the gap of the slit after the monochromator. In the RIXS mea-
surements, the value of slit gap was 100 um, which provides
an incident energy broadening ~1 eV (FWHM). Thanks to
the energy compensation principle, the wide incident energy
broadening will not change the experimental RIXS resolution
[56]. Partial fluorescence yield XAS was also collected using
a silicon photodiode to calibrate the incident photon energy.
During XAS measurements, the incident photon energy res-
olution was ~0.6 eV FWHM (slit gap ~50 um), which is
smaller than the linewidth of the L3 edge of LaCoO; [6]. All
incident energies were identified with respect to the maximum
of the L3 edge. The precision of the energy calibration is
not changed upon increasing the gap of the slit to obtain
more flux in the RIXS experiment. The intensity of the RIXS
spectra is influenced by the ion concentration, the exposed
area of the sample, and the probing path, which implies that
different samples cannot be directly compared to each other.
To compare the spectra acquired from different samples in a
consistent approach, we normalized the experimental spectra
according to both the exposure time and the area of the
fluorescence profile. Further details of the experiments can be
found in the Supplemental Material of Ref. [42].

III. RESULTS AND DISCUSSIONS

A. Experimental results

Figure 3(a) compares the fluorescence yield XAS spectra
acquired from two orthogonal linear polarized incident beams.
The linear vertical (V) and horizontal (H) polarized beams
are defined by the electric field orientation as illustrated in
Fig. 3(b). During the measurements of the crystal and the
films, the (001) and (010) orientations of the samples were
placed in the scattering plane. The XAS results [Fig. 3(a)]
show that the shoulder above the edge (at ~783.5eV) is
higher in the case of the LaCoQOj3 single crystal, which can
be attributed to the LS 1A1g(0h) ground state [6,20]. The
isotropic ]Alg(Oh) state also implies that there is no po-
larization dependence in the dipole transition, as confirmed
by the overlap of the two polarization-dependent spectra. In
addition, bulk sensitive fluorescence yield XAS spectra show
no characteristic features of Co>" ions [33,44].

The maximum of the Co L3 edge [E;,, Fig. 3(a)] was
selected for the RIXS measurements. The experiments were
aligned at a grazing incident geometry (6 ~ 10°) with the
spectrometer at 90°. Two types of features are identified from
the results [Fig. 3(c)]: sharp excitonic peaks between 0 and
3 eV and the broad fluorescence feature above 3 eV. This
broad feature was used for normalization purposes. At 20 K,
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FIG. 3. (a) The fluorescence yield XAS results. E;, indicates the
maximum of the L; feature for the RIXS measurement. (b) Illus-
tration of the experimental geometry. (c) Polarized RIXS spectra
at the L; edge for LaCoO; crystal and LaCoO; films. The dark
and light color circles indicate the spectra of V- and H-polarization
beams, respectively. The black, red, and blue arrows refer to the
elastic peak, the characteristic features of LaCoOj; single crystal,
and the characteristic features of LaCoQj3 film on SrTiO; substrate,
respectively. The gray arrows indicate the mixture of spin states.
(d) The comparison of H-polarization spectra between low temper-
ature (color) and high temperature (gray). The measurements are
performed at a temperature 150 K for the films and 300 K for the
single crystal.

the excitations of the LaCoO3 single crystal are located at
about 0, 0.4, 0.8, and 1.3 eV [arrows in Fig. 3(c)]. These
features behave differently in the films. The 0.8 eV and 1.3 eV
features (red arrows) become weaker or disappear in both
films. In addition, the LaCoQO3/SrTiO3 film [Fig. 3(c)] shows
two extra features at 0.2 eV and 1.1 eV (blue arrows) while
the LaCoO; crystal and the LaCoO3/LaAlO; film do not
exhibit these features. In particular, the 0.2 eV feature shows
a strong polarization dependence. The feature marked with
gray arrows in Fig. 3(c) might be the contribution of spin-
state mixtures between HS and LS LaCoOs, which will be
discussed later.

Figure 3(d) compares the measurements below and above
the magnetic transition temperature (~70K). The high-
temperature measurements were performed at 150 K for
the films and at 300 K for the single crystal. The LaCoOs3
single-crystal RIXS spectra change with temperature due to
the transition from a pure LS 'Alg(Oh) state to a mixture
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FIG. 4. The calculation of (a) the energy diagram and (b) the
RIXS spectra as a function of the distortion parameter Ds. The
red, blue, and green arrows refer to the characteristic features of
the LS 'A;,(Oy), HS *By(Dyy), and HS *E(Dyy) ground states,
respectively. The incident energy was selected at the maximum of
the L; feature.

between the LS 'A, ¢(Oy) and HS 5T2g(0h) states. In contrast,
in the strained LaCoOj films, no spectral difference is visible
except for the elastic peak, implying that the spin state does
not change in this temperature region. The elastic peak is
enhanced because of the thermal population of lattice vibra-
tion excitations (<20meV) [57,58] or the excitations from
thermally excited states within the same *Bog(Day,)/ E(Day,)
manifold (<50 meV) [46]. These quasielastic features cannot
be distinguished due to the resolution limit. We point out that
the experimental temperature difference between the single
crystal and the films will not influence the discussion, because
both the temperatures at 150 K and at 300 K are well above
the crossover temperature of the single crystal (~100K).
Tomiyasu et al. have shown that the HS T, (O,,) state starts
to dominate the contribution to the spectra of the single crystal
above 150 K [46].

B. Distortion dependent calculations

Figure 4(a) presents the energy diagram as a function
of the tetragonal distortion parameter Ds. The charge trans-
fer parameters were implemented as follows: U = 6.5 eV,
Q=75eV, T, =1.8¢eV,and T, = 3.118 eV [46]. The in-
traatomic Slater integrals of the 3d states were 92.5% from the
atomic values (Ff]d =9.371 eV and Ff,d = 5.859 eV) and the
3d spin-orbit coupling was 55 meV. The charge transfer effect
decreases the ionic 10Dq value to 0.595 eV. Figure 4(a) shows
that the *Byg(D4;) and °E,y(Dyy) splitting of the 3Ta,(0j)
excited state changes the ground state when the distortion is

applied. The *T14(0y,) excited state splits into *E(Da;) and
3B1g(D4h) states. This 3T1g(0h) excited state is located at
about 0.4 eV and does not show strong tetragonal distortion
dependence. In contrast, the 3ng(Oh) excited state is more
sensitive to the distortion effect and splits into 3Eg(D4h) and
3By (Dyy) states.

The Ds value for the LaCoQO3/SrTiOj3 film was determined
to be ~—0.12 eV, according to the 0.2 eV feature using the
energy diagram [blue dashed line in Fig. 4(a)]. The Ds value
for LaCoO3/LaAlO; film was estimated at ~0.06 eV (cf.
Table I) using linear extrapolation. These values are slightly
larger than the values estimated from our volume-conserving
approach [Ds ~0.04 eV for a 1% mismatch, cf Fig. 2(e)],
which is partly caused by the symmetry breaking of the oc-
tahedral charge transfer. Considering the hopping parameters
Ta» To,» Te, Ty, (Dgy) instead of only using T, , Ty, (Op)
introduces an additional state splitting, which leads to larger
Ds values. Figure 4(b) displays the calculation of the 2p3d
RIXS spectra with respect to different distortion values. We
applied 0.05 eV Lorentzian broadening convoluted with a
0.10 eV Gaussian broadening in FWHM to the final state
energy. The broadening of the incident energy was simulated
by a convoluted broadening of 0.3 eV Lorentzian broadening
and 1.0 eV Gaussian broadening in FWHM to simulate the
wide incident energy window of the AGM-AGS system.
The calculated spectra in Fig. 4(b) have been performed at
the maximum of the L3 resonant edge of V-polarized incident
beam and all the intensities were normalized to the total
intensity of the charge-transfer features.

An important observation is that positive and negative Ds
exhibit different polarization dependence for the excitons. In
Fig. 4(b), the peak of zero energy loss indicates the transition
back to the ground state. The features corresponding to the
3T14(0p), *Ta,(0y), and 'T;,(0y) excited states originating
from an 'A, ¢(Op) ground state can be observed (red arrows)
with weak polarization dependence. For a 5B2g(D4h) ground
state, the 5Eg(D4h) excited state at ~0.2 eV is enhanced by the
H-polarized incident photon. Another noticeable feature is the
B, ¢(Day) excited state, which shows similar polarization se-
lectivity as the *Bo,(Day,) ground state. In contrast, a *E4(Duy,)
ground state shows a strong polarization dependence of the
zero energy loss peak. Weak polarization dependence appears
at ~1.3 and ~1.5 eV, related to the >A4(Da4;) and *B4(Day,)
excitations. The dichroic intensity of the *Bi4(Daj,)/*E¢(Day)
and *Byg(Dy;)/ E,(Dyy,) excitations are weak [Fig. 4(b)].

C. Comparison of L; edge results

The simulation in Fig. 4(b) overestimates the polarization
dependence of the *By,(Da;) to “Big(Dyy) excitation, which
is likely related to a mixture of spin states. The spin-state
mixture has been observed in the tensile Dy, and Ds; dis-
torted LaCoO3 and explained as the LS-HS spin state or-
dering [9,10,45]. Such frozen electron configuration provides
long-range ferromagnetic order [9,10,59]. We note that we
can identify the spin-state characteristics according to the
polarization-dependent feature in the energy region between
0 and 500 meV, but the relatively high noise level of the RIXS
spectra of the LaCoOs3 films makes a detailed quantitative
interpretation difficult. According to the XRD results, the
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FIG. 5. The comparison of the dichroism spectra excited at Ej,.
(a) Experiment and (b) simulation. The red, blue, and green arrows
refer to the characteristic features LS 1Alg(Oh), HS 3 Bsg(Dy,) and
HS 3 E,(Dy4) ground states, respectively. The gray arrows indicate
the possible of spin state mixture as discussed in the text.

LS-HS spin-state ratio is approximately 3:7 (~73% HS state)
and 1:9 (~90% HS state) for the tensile- and compressive-
strained LaCoOj films, respectively.

Figure 5 compares the experimental dichroism spectra to
the simulations. The spectra of the LaCoOj; single crystal at
20 K can by simulated well by a pure A, ¢(Op) state [6,45,46].
For the tensile-strained LaCoO3/SrTiOs film, ~70% of the
5 By,(Dyy,) state is included. The dichroism feature at ~0.2 eV
is reproduced, but the dichroism intensity of the 5B1g(D4h)
state is larger in the calculations. Comparing the RIXS dichro-
ism spectra on LaCoO3/LaAlOj; film, we observed no feature
at about 0.2 eV, which is in agreement with the simulation.
The intensity discrepancy on the LaCoO3/SrTiO3 film might
be because of the fitting uncertainty of the XRD features,
where the LS state population can be underestimated. By
increasing the LS state population, the dichroism intensity of
the B, ¢(Da4y,) state will be reduced and the dichroism intensity
in the energy region between 0.2 and 1.0 eV (gray arrows) can
also be improved.

The mixed spectrum shows better agreement, which im-
plies the existence of spin-state mixtures and suggests that
the HS Co*" can be the trigger of long-range ferromagnetic
order. Some other discrepancies remain related to the fact that
(i) 10Dq.4 was constrained to a constant in all the cases, while
the position of high-energy excitations are changed when
different 10Dq.; values are applied; (ii) although the 1A1g
ground state does not split, the tetragonal symmetry splits
the 3T4(0;) excited state into the *Bj,(Dsy,) and *E,4(Duy)
states, which can yield different dichroism intensity with
respect to the excitation in octahedral symmetry; (iii) the zero
energy loss features are lower in the experiments than in

55 nm LaCoO,/SrTiO4 nm LaCoO,/LaAlO;
(a) LaCoOy/SrTiO, (@20K) |(P)[ 55 nm LaCoO,/LaAlO; (@20K)
——V o H -V o H
~ Ly+2 4%
£ £
o o
£ £
2 2
8 8 Ls
£ £
Ly-2 Ly-2
20 0 T2 0
Energy loss (eV) Energy loss (eV)
(c)| Simulation ~ — v (d)| Simulation — v
1, 5. .. H 1 5 _ 4. H
Atg: Bog= 3:7 AtgEg=1:9
—/\\A—/\/\J\M
: g
o o
£ £
= =
E’ Ls E Ls
£ £
v_M/\/\/“/L-2 d/\i
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Energy loss (eV) Energy loss (eV)

FIG. 6. (a), (b) The energy-dependent RIXS spectra of 55-nm
LaCoO; films on the (a) SrTiO; substrate and (b) LaAlO; substrate.
(c), (d) The simulation for the mixture of (c) ' A, and *By, states and
(d) 'Aj, and °E, states.

the calculations due to the energy-dependent self-absorption
effect, as discussed in Appendix B.

D. Energy-dependent RIXS spectra

Figure 6 shows the experimental and simulated spectra
excited at L3 edge and L3 4= 2 eV using the same theoretical
models. The fine structures are more pronounced at L3 —2 eV
due to the suppressed fluorescence features experimentally
[46], but the pre-edge RIXS spectrum is sensitive to the small
resonant features which bias the adjustment of the energy
in the simulation. These resonant features are hidden in the
tail of the absorption maximum and modify the calculations.
Such difficulty can also be found in the high-quality XAS
results [6]. For better determination of the energies, to discuss
more precise simulation parameters, a fine step energy map is
required. In the Fig. 6(a), a feature at 0.2 eV appears which
is always enhanced by the H-polarized incident photon. This
observation agrees with the simulation results [Fig. 6(c)]. In
addition, when we excite at the absorption maximum (L3
edge), the feature of the 5B1g(D4h) excited state is enhanced
by V-polarized incident photon and pronounced at about
1.1 eV in the experiment and 1.3 eV in the simulation. The
energy discrepancy could be compensated by manipulating
the 10Dq,, which is constrained to a constant in our model.
Whereas, the LaCoO3;/LaAlOj3 film [Fig. 6(b)] shows similar
RIXS dichroism intensity of the 1.3 eV feature to the bulk
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FIG. 7. (a) The energy diagram of 'A;,(O;,) and *Ta,(0),) states
as a function of 2J. rotation angle along z axis, where |2J| is fixed
at 2 meV. (b) The energy diagram of ' A;,(0;,) and >Ta,(0,,) states as
a function of 2J., value.

sample but no feature at ~0.2 eV. The presence of the 1.3 eV
feature in the LaCoO3;/LaAlOj3 film might be contributed by
two sources of 1Alg(Oh) ground state as well as 5Eg(D4h)
ground state. It suggests a mixture of spin states as previously
discussed, which matches the simulation [Fig. 6(d)].

E. Effects of rotation

It has been suggested that the angle between two octahedra
in the perovskite is important for the magnetic order [7,15].
We hereby investigate the octahedron rotation effect by off-
aligning the direction of 2J. Figure 7(a) presents the energy
diagram as a function of 2J. rotation angle along z axis,
where |2J| is fixed at 2 meV. We find that the energy splitting
is independent of the orientation of 2J. in our mean-field
calculation. A way to change the ground-state symmetry is
by increasing the value of |2J|. Figure 7(b) indicates that for
a change of the ground-state symmetry, a |2J.| value larger
than 8 meV is required. It suggests that another mechanism
might be involved to enlarge the |2J| value, which is beyond
the ability of our calculation treatment.

Although the octahedron rotation does not change the
ground-state symmetry, the combined effect of octahedron
rotation and octahedron deformation might reflect on the
polarization dependence of the spectra. We show in the Ap-
pendices that the rotation mismatch will change the dichroism
intensity [see Fig. 9(b)]. By including the off-aligned tetrag-
onal field, both the elastic and the 5B1g(~1.3 eV) features
decrease in intensity, which brings the simulated result of the
LaCo03/StTiO; film closer to the experiments.

IV. CONCLUSION

2p3d RIXS dichroism spectra can be used to determine
the nature of the ground state. A theoretical approach is
proposed where a unit cell volume-conserving model reduces
the parameters for systematic discussion. Using linear dichro-
ism analysis, we show that the Co®" ions are dominated
by the lAlg(Oh) state in a LaCoOj3 single crystal, whereas,
the tensile- and compressive-strained LaCoO; films on
SrTiO; and LaAlO; contain contributions from the By, (Day,)
and 5Eg(D4h) states, respectively. A 0.2 eV excitation was

250F 250F
_ (a) — On LaAlO3 . (b) — On srTiO3
£ ogot  — fitting sum @ o0l ~ — fitting sum
5 relaxed feature | 5 relaxed feature
5 150} M strained feature S 150F m strained feature
< <
2 100p 2> 100}
z z
L 50+ L2 50t
£ £

™~
1 1 n 0 n

n 1 n
48.0

n n n n n n 1
47.0 47.5 47.5
2 0 (degree)

2 6 (degree)

FIG. 8. Quantifications of the x-ray diffraction results for the
LaCoOs films on the substrate (a) LaAlO3 and (b) SrTiO;.

observed in the tensile-strained LaCoO3 /SrTiOj3 film by 2p3d
RIXS, which is attributed to an orbital excitation from the
5B2g(D4h) to the 5Eg(DM,) state. No feature appeared at this
energy region in the compressive-strained LaCoO3;/LaAlO3
film. The spectra of the films show no temperature depen-
dence, implying that the spin state does not change above
the transition temperature (~70 K). The composition mixture
agrees with the existing picture of strain-induced differences,
where we note that the discrepancies and the noise level of the
dichroism intensity limit the quantitative interpretation. Bulk
sensitive fluorescence yield XAS shows no Co*T features,
therefore the data suggests that the HS Co’' can be the
trigger of long-range ferromagnetic order due to the possible
existence of quantum-chemical mixed spin states.
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APPENDIX A: QUANTIFICATIONS OF THE
X-RAY DIFFRACTION RESULTS

The volume proportions between the strained and par-
tially relaxed LaCoO; fractions on different substrates were
estimated by performing fits to the 6-26 scans, where the
Voigt function is used as the model function of a feature.
The fitting results are presented in Fig. 8. By comparing the
ratio between the areas of the strained and partially relaxed
features, we found that ~73%(~90%) of the LaCoO; film
on SrTiO3(LaAlOs) is fully strained, as indicated in Table II.
Qualitatively, we conclude that the majority of the LaCoOj3
film is strained coherently on the LaAlO3, whereas there is a
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TABLE II. Quantifications of the x-ray diffraction results for the
LaCoOs; films. The intensity unit is given in the ratio percentage of
the two components. The angle position and feature width are in
degrees.

On LaAlO; On SrTiO;
Strained Relaxed Strained Relaxed
Intensity 90+ 1 10£1 73+ 10 27+10
Position 47.28 +0.01 47.55+0.01 47.96+£0.01 47.66 £ 0.01
Width 0.35+0.01 0.15+£0.01 028=+£0.01 0.52+0.08

significant part which is partially relaxed for the film on the
SrTiOs.

APPENDIX B: SATURATION OF THE ELASTIC PEAK

The RIXS intensity near the zero loss region is lower in the
experiments than in the calculations. A possible reason for this
discrepancy is the energy-dependent self-absorption effect.
The RIXS intensity is influenced by the absorption factor of
the incident and the emitted photon. For a larger absorption
factor, the spectra will be more saturated. Figure 9(a) shows
the simulation of this state-dependent saturation effect. The
zero energy line of the L3 edge RIXS spectra has an emitted
photon energy equal to the maximum of the L3 edge, which
shows the strongest intensity saturation due to self-absorption.
In contrast, the high-energy-loss region features show less

— Pure
30% 30°off
— 30% 60°0off

gl
o
=}

(a) —— Normal (b)
—— Saturated

Intensity (arb. units)
R

Intensity (arb. units)
Red

A P I T R VRS T PN

3 2 1 0
Energy loss (eV)

TN T T T I N Y T [ S B

1 0
Energy loss (eV)

FIG. 9. The comparison of the simulated dichroism spectra
(a) with considering the saturation and self-absorption effect and
(b) with considering off-aligned fractions with an angle of 0° (pure),
30° (30%), and 60° (30%) from global z axis. The calculation is
tested for the optimized case Ds = —0.12 eV.

saturation effect. This also implies that normalizing to the
fluorescence feature is a valid approach. Another reason
for the discrepancy between the experimental data and the
calculations can be that all the CoQOg clusters are assumed to
be well aligned to the pseudocubic orientation (002), which
provides maximum dichroism intensity. Experimentally, not
all the CoOg clusters will be aligned exactly to the pseu-
docubic orientation. For instance, the strain-induced rotational
modifications observed by TEM will introduce some rota-
tional variations. These rotational variations lead to the mix-
ture of different polarization dependent effects, see Fig. 9(b).
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