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Epitaxial strain in transition-metal oxides can induce dramatic changes in electronic and magnetic properties. A recent
study on epitaxially strained SrCoO3 thin films revealed persistent ferromagnetism even across a metal–insulator transition.
This challenges the current theoretical predictions, and the nature of the local spin state underlying this robustness remains
unresolved. Here, we employ high-resolution resonant inelastic x-ray scattering (RIXS) at the Co-L3 edge to probe the
spin states of strained SrCoO3 thin films. Compared with CoO6 cluster multiplet calculations, we identify a ground state
composed of a mixed high- and low-spin configuration, distinct from the previously proposed intermediate-spin state. Our
results demonstrate that the robustness of ferromagnetism arises from the interplay between this mixed spin state and the
presence of ligand holes associated with negative charge transfer. Our results establish a nontrivial magnetic ground state
and offer new pathways for designing robust ferromagnetic phases in correlated oxides.
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Transition-metal oxides display a wide variety of emer-
gent phenomena due to the delicate interplay between spin,
charge, orbital, and lattice degrees of freedom. A central chal-
lenge in this field is the determination of the spin-state con-
figuration, which directly governs the electronic structure and
emergent properties. In strongly correlated systems, com-
peting spin states can be nearly degenerate due to the in-
terplay of crystal-field splitting, Hund’s coupling, and cova-
lency, making their experimental identification highly nontriv-
ial. Determining spin-state configurations has broad implica-
tions across transition-metal oxides, where spin-state transi-
tions are closely linked to emergent phenomena such as super-
conductivity and Mott transitions.[1–4] Cobalt oxides are par-
ticularly challenging in this regard due to their strong cova-
lency and sensitivity to temperature, doping, and strain.[5–8]

Among them, SrCoO3, a ferromagnetic metal with promising
applications in energy technologies,[9–11] has attracted consid-
erable attention as it has been proposed to host an unusual
intermediate-spin state (S = 3/2) with a d6L configuration.[12]

Its ferromagnetic metallic ground state is highly sensitive to
oxygen vacancies, doping, and lattice strain. Density func-
tional theory (DFT) calculations predict a transition from
the metallic ferromagnetic (FM) state to an antiferromagnetic
(AFM) metallic state at 2% tensile strain.[13] Experimentally,
such a transition has indeed been observed in oxygen-deficient
SrCoO3−δ (δ < 0.2) thin films under tensile strain.[14] How-
ever, isolating the pure effect of strain is challenging because
tensile strain often induces oxygen vacancies in the unstable
stoichiometric SrCoO3 phase.[15]

Recent advances in epitaxial growth and post-deposition
ozone annealing techniques have enabled the synthesis of
stoichiometric SrCoO3 thin films under controlled strain.[16]

Intriguingly, these films exhibit a metal–insulator transition
(MIT) under 2% tensile strain, while retaining robust ferro-
magnetism below a Curie temperature (TC) of 250 K even un-
der strains up to 3%, as confirmed by x-ray magnetic circular
dichroism (XMCD) measurements.[16] This strain-insensitive
magnetism contrasts sharply with theoretical predictions,[13]
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suggesting a non-trivial interplay between electronic corre-
lations and spin states. Resolving the local spin configura-
tion is therefore essential to uncover the microscopic origin
of robust ferromagnetism in SrCoO3. More recent dynamical
mean-field theory (DMFT) calculations point to a complex ad-
mixture of spin and charge states involving fluctuating Co 3d
occupations.[17] These contrasting models underscore the need
for direct experimental evidence to establish the true spin-state
character of SrCoO3.

In this work, we employ high-resolution Co-L3 edge res-
onant inelastic x-ray scattering (RIXS) at beamline ID32 of
ESRF[18] to directly probe the spin states of SrCoO3 thin films
(∼ 30 nm) under varying tensile strains (1%–3%). By tracking
the evolution of local dd excitations across the TC, we observe
a pronounced temperature-dependent change in spectral inten-
sity, which cannot be attributed to magnetic or phonon excita-
tions. Through detailed comparison with multiplet calcula-
tions, we identify the ground state as a mixture of high-spin
and low-spin configurations, in contrast to the previously pro-
posed intermediate-spin state.[12] Importantly, this mixed-spin
state is stabilized by strong hybridization with ligand orbitals
in a negative charge-transfer regime. The local spin-state exci-
tations remain nearly unchanged from 1% to 3% tensile strain,
even as strain drives a metal–insulator transition, demonstrat-
ing a pronounced decoupling between the local magnetic con-
figuration and itinerant charge transport. Our results provide
direct spectroscopic evidence linking mixed spin states and
negative charge transfer to the stabilization of unconventional
ferromagnetism in correlated cobalt oxides.

In order to investigate the nature of the excita-
tions in SrCoO3 thin films, we performed RIXS mea-
surements across the Co L3 edge in 0.25 eV steps for
SrCoO3/La0.3Sr0.7Al0.65Ta0.35O3 (SCO3/LSAT) at 25 K and
270 K [Figs. 1(a) and 1(b)]. The temperature of 270 K (∼ 20 K
above TC) ensures a paramagnetic state while minimizing sam-
ple degradation under x-ray irradiation. The total energy res-
olution was ∼ 50 meV; additional experimental details are
provided in Ref. [19]. Several Raman-like features are ob-
served, characterized by energy-loss peaks that remain con-
stant with varying incident photon energy. To quantitatively
analyze these features, we fitted the RIXS spectra using Gaus-
sian profiles and identified four distinct excitations. At 25 K,
peaks are observed at approximately 0.06 eV, 0.32 eV, 0.70 eV,
and 0.98 eV [Fig. 1(c)]; at 270 K, they shift slightly to 0.06 eV,
0.36 eV, 0.73 eV, and 0.93 eV [Fig. 1(d)]. The higher-energy
excitations between 0.3 and 1.0 eV are consistent with local
dd crystal field transitions,[20,21] whose energies exceed those
of phonons (< 90 meV) and magnetic excitations (≤ 50 meV)
typically observed in cobalt oxides.[22–27]
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Fig. 1. RIXS spectra of SCO3/LAST thin films at 𝑞 = (0.2,0.2,0.2)
using π-polarized incident x-rays. (a), (b) RIXS intensity map versus
energy loss and detuning energy across the Co L3-edge at 25 K and
270 K, respectively. Intensity is shown on a linear color scale. The
green lines are Co L3-edge x-ray absorption spectra with π-polarized
incident x-rays collected at 25 K and 270 K, respectively, measured via
total electron yield (TEY). (c), (d) Selected RIXS spectra of incident-
energy detuning measurements at 25 K and 270 K with 0.5 eV incident
energy interval, respectively. Each spectrum and fitting component are
shifted vertically for clarity. Vertical lines indicate Raman-like features.

To gain further insight into the Raman-like features ob-
served below 0.1 eV, we performed high-resolution RIXS
measurements with an overall energy resolution of ∼ 28 meV.
Momentum-resolved RIXS spectra at the Co L3-edge reso-
nance (781.7 eV) were collected along the two high-symmetry
directions, [101] and [111], as shown in Figs. 2(a) and 2(d),
with full experimental details provided in Ref. [19]. To reveal
the low-energy excitations, the elastic peaks were subtracted
from the spectra. The fits of the RIXS spectra are shown in
Figs. 2(e) and 2(f) and also in the supplemental material.[19]

Two distinct excitations are identified at energies of ∼45 meV
and 80 meV. These features exhibit negligible momentum and
temperature dependence along both measured directions, in-
dicating their local origin. Their intensities increase by ap-
proximately 20%–70% at 270 K relative to 25 K.[19] This be-
havior is not typical of conventional dispersive magnetic ex-
citations reported in related cobalt oxides,[26,28,29] although a
magnetic contribution cannot be excluded solely from the ab-
sence of measurable dispersion, particularly in the presence of
strong damping. Likewise, the strongly asymmetric intensity
enhancement with temperature observed here is incompatible
with phonon excitations, for which thermal population would
increase both Stokes and anti-Stokes signals according to de-
tailed balance, as reflected by the slight enhancement of the
anti-Stokes peak in Fig. 2(f). Structural transitions are also ex-
cluded based on our x-ray diffraction measurements.[19] Taken
together with the multiplet calculations discussed below, these
observations support an assignment of the low-energy features
to local electronic excitations associated with the tempera-
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ture evolution of the mixed-spin ground state, while possible
magnetic or phononic contributions cannot be completely ex-
cluded.
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Fig. 2. (a)–(d) Momentum dependence of low-energy features along
[111] and [101] directions for SCO3/LAST thin films at 25 K and 270 K.
Intensities are normalized to the 1.5–2.5 eV range and displayed on a
linear color scale. The elastic peaks are subtracted. The fit energies
of two peaks are overlaid to the intensity map as green markers. (e),
(f) The representative spectra and their fitting at momentum-transfer
𝑞 = (0.24,0,0.24) at 25 K and 270 K, respectively.

To investigate the effect of epitaxial strain, we measured
the SrCoO3 thin films grown on LSAT, SrTiO3 (STO), and
DyScO3 (DSO) substrates, which impose tensile strains of ap-
proximately 1%, 2%, and 3%, respectively. For comparison,
we also examined an as-grown SrCoO2.5 (SCO2.5) thin film.
The growth procedures and structural characterization of all
films are detailed in Ref. [16]. Figure 3 presents the RIXS
spectra for these samples measured at 25 K and 270 K. In the
SCO2.5 film, the low-energy excitations change only slightly
with temperature. In contrast, all SCO3 films exhibit a pro-
nounced increase by more than 50% in the intensity of low-
energy excitations at 270 K relative to 25 K, while the ex-
citation energies remain essentially constant across all strain
levels. The high-energy dd excitations also show negligible
variation with strain.[19] These results demonstrate that tensile
strain does not substantially alter the local mixed-spin config-
uration, despite driving a pronounced evolution of the elec-
tronic transport and a metal–insulator transition. Strain there-
fore primarily modifies the itinerant electronic sector, while

the local spin state and ferromagnetic order remain largely in-
tact. This decoupling indicates that the robust ferromagnetism
is not governed by itinerant carriers, but is instead supported
by the mixed-spin configuration and ligand-hole-mediated ex-
change. Although SCO2.5 crystallizes in a distinct structure,
its high Néel temperature (∼ 570 K) precludes any magnetic
transition in the measured temperature range, making it an
effective reference to distinguish intrinsic changes associated
with the ferromagnetic transition in SrCoO3 from thermal ef-
fects.
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Fig. 3. RIXS spectra measured at the Co L3-edge resonance (781.7 eV)
at 25 K and 270 K for (a) SCO2.5/LSAT (reference), (b) SCO3/LSAT,
(c) SCO3/STO, and (d) SCO3/DSO with tensile strains of 1%, 2%, and
3%, respectively. The momentum transfer is 𝑞 = (0.2,0.2,0.2). The
elastic and low-energy excitations are marked with the dashed line and
shaded areas.

To interpret our experimental results, we performed mul-
tiplet calculations on a CoO6 cluster within the framework
of ligand field theory,[30] as detailed in the supplemental ma-
terial.[19] Assuming a nominal Co4+ valence state, the clus-
ter contains 15 electrons distributed over 20 spin-orbitals, al-
lowing for three possible total spin configurations: high-spin
(HS, S = 5/2), intermediate-spin (IS, S = 3/2), and low-spin
(LS, S = 1/2). In modeling SrCoO3, we adopted a nega-
tive charge transfer energy, in contrast to the positive charge
transfer energy used for SrCoO2.5 [Fig. 4(a)]. By tuning the
crystal field splitting parameter 10Dq from 0.6 eV to 1.1 eV,
we constructed the energy-level diagram shown in Fig. 4(b).
This diagram indicates that the ground state favors either HS
or LS character, depending on the interplay between crystal
field strength and Hund’s coupling.[31,32] When spin-orbital
coupling (SOC) is included in the Co 3d shell, a crossover
regime emerges in which the ground state exhibits a mixed
HS–LS character. Our calculated phase diagram differs from
previous work reporting a stable IS state over a range of crys-
tal field values,[12] primarily due to stronger CoO hybridiza-
tion in our model. Specifically, we used Veg = 3.25 eV and
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Vt2g = 1.8 eV, almost 67% higher than the values reported
in Ref. [12]. These hybridization strengths are supported by
independent DFT studies[33,34] and are consistent with val-
ues found in other cobaltates featuring a similar CoO6 cluster
geometry.[35]

EF

Co O Co O

SrCoO2.5 SrCoO3

U

IS HS

LS

−∆

∆

10Dq (eV)

Fig. 4. (a) Illustration of energy band of positive charge-transfer (CT)
energy material SrCoO2.5 and negative CT energy material SrCoO3.
The CT energy is defined as the difference between the total energy
with one ligand hole and with a full occupied ligand. As there are av-
erage 0.5 and 1 holes in ligand orbitals, the reference level is chosen at
Fermi level and lower Hubbard band. (b) Calculated energy diagram
of a CoO6 cluster. The gray line indicates the crystal field energy used
in the calculation. The color of energy levels corresponds with the dis-
tribution of total spin, as shown in the triangle. (c) Comparison of Co
L-edge XAS spectrum collected in total electron yield (TEY) mode and
σ polarization to the calculated XAS with different spin states. (d) Ex-
perimental RIXS spectra (top), simulated spectra using the crystal-field
parameters indicated by the dashed line in panel (b) (middle) at 270 K
(HT) and 25 K (LT), and simulated spectra assuming an intermediate-
spin (IS) configuration (bottom). All spectra are shown after subtraction
of the elastic contribution.

Figure 4(c) shows the calculated XAS spectra for HS,
LS, IS, and mixed HS–LS (MS) states, alongside the exper-
imental data. The Co L3 edge features a main peak with a
lower-energy shoulder, and the L2 edge displays a broad sin-
gle peak. Although prior work suggested good agreement with
the IS state,[12] the subtle spectral differences make it difficult
to reach a definitive conclusion based on XAS alone. To re-
solve this, we computed the RIXS spectra, shown in Fig.4(d),
using the crystal field parameter indicated by the dashed line
in Fig.4(b). The red and blue curves correspond to low and
high temperatures, respectively, with identical parameters ex-
cept for a small exchange field applied at low temperature to
simulate ferromagnetic spin alignment. Both spectra show
similar excitation energies but differing intensities. The pro-
nounced enhancement below 0.1 eV arises from the transitions
between LS states split by SOC, matching the experimental

low-energy feature. Our calculations on RIXS spectra reveal
significant intensity for the spin-flip processes including from
LS to IS and HS to IS states due to the strong SOC on the
Co 2p core shell but negligible RIXS intensity for HS to LS
excitations.[19] For comparison, the calculated spectrum for
an IS ground state using the parameters of Ref. [12] exhibits
pronounced peaks near 0.2 eV and 0.3 eV but little spectral
weight between 0.4 eV and 1.0 eV, in clear disagreement with
the experimental line shape. Moreover, a purely IS ground
state cannot account for the observed temperature dependence
of the d–d excitations. Although the comparison does not ex-
clude every possible IS admixture, it strongly disfavors an IS-
dominated ground state within the physically relevant parame-
ter regime and instead supports a mixed HS–LS configuration
in SrCoO3.

Previous DMFT calculations[17] identified a distribution
of spin states on Co 3d orbitals in SrCoO3, with the d6 high-
spin (HS, S = 2) configuration dominating at approximately
40%, followed by the intermediate-spin (IS, S = 1) state at
approximately 20%. Our cluster calculations, which consider
the total spin of the full CoO6 cluster, including the contri-
butions of the ligands, provide an extended perspective. We
find a broad distribution of charge states, with d5, d6, d7, and
d8 configurations occurring with probabilities of 22%, 52%,
23%, and 2%, respectively. Within the dominant d6 compo-
nent, the total-spin probabilities are 33% for S = 2, 15% for
S = 1, and 4% for S = 0. These results are consistent with
the DMFT trends but underscore the critical role of ligand
hybridization and spin–charge entanglement in stabilizing the
mixed-spin ground state.

The metal–insulator transition in SrCoO3 occurs without
any accompanying magnetic phase transition, highlighting the
unusual decoupling between charge and spin degrees of free-
dom in this system. In contrast, the related positive charge
transfer compound SrCoO2.5 exhibits robust G-type AFM or-
der up to 570 K.[36] Similarly, in iron oxides, the positive
charge transfer compound Sr2Fe2O5 exhibits AFM order up
to ∼ 690 K.[37] These results suggest a critical role for charge
transfer energy in determining the magnetic ground state and
its stability. To elucidate the origin of magnetic coupling in
SrCoO3, we constructed a model including 3d orbitals of two
cobalt sites and their corresponding ligand orbitals, allowing
us to compute the ground state evolution as a function of
charge transfer energy.[38] Following the same approach as in
our single-site analysis, the model includes twenty Co 3d or-
bitals and twenty ligand orbitals, formed from linear combi-
nations of the 2p orbitals of eleven surrounding oxygen atoms
that directly hybridize with Co. We computed the 48 lowest-
energy eigenstates (Fig. 5) and analyzed both the local spin
distribution on a single Co site and the total spin of the en-
tire cluster to determine the spin state and magnetic exchange
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interaction. For charge-transfer energy ∆ > 0.8 eV, the Co
ions adopt high-spin configurations, yet the total cluster spin
remains small, indicating antiferromagnetic (AFM) coupling.
In the intermediate regime −1.6 eV ≤ ∆ ≤ 0.8 eV, the total
spin increases, signifying ferromagnetic (FM) coupling. No-
tably, in the range −1.6 eV ≤ ∆ ≤ −1.0 eV, the Co ions ex-
hibit mixed spin states. At more negative values of ∆ , the
Co ions transition into low-spin states, and the system be-
comes paramagnetic. These results are compared with the
single-site cluster model (inset of Fig. 5(b)), which shows
a narrow mixed-spin regime (< 0.1 eV), in contrast to the
much broader range (∼ 0.6 eV) observed in the two-site clus-
ter. These results demonstrate the intrinsic stability of mixed-
spin configurations in SrCoO3 and underscore the important
role of negative charge-transfer energy and persistent ligand
holes in mediating ferromagnetic interactions. Such ligand-
hole-stabilized spin states and ferromagnetic couplings shed
light on the complex behavior of related systems, including
the unusual layer order in high-valence double-perovskite iron
oxides,[39] the strongly frustrated nearest-neighbor superex-
change in perovskite nickelates,[40,41] and the anomalously
weak intralayer magnetic interactions in the bilayer nickelate
superconductor,[42] which may play an important role in de-
termining the pairing symmetry.[43]

∆ (eV) ∆ (eV)

Fig. 5. The energy diagram for a double-site cluster of SrCoO3. (a) The
color assigned to each energy level denotes the total spin of the entire
cluster. Specifically, red, green, and blue colors correspond to approxi-
mate total spin values of 0.5, 2, and 3.5, respectively. (b) The spin state
on one Co atom as Fig. 4(b) in the main text. The yellow shaded area
indicates the range of mixed spin state and the dashed line indicates the
charge transfer energy in XAS and RIXS spectra calculation. The inset
shows the energy diagram of the one site ligand field model.

Our RIXS measurements show that the local electronic
structure in SrCoO3 thin films remains largely insensitive to
epitaxial strain, consistent with previous XAS and XMCD
studies.[16] Our calculations yield a local magnetic moment
of the CoO6 cluster of approximately 2.8 µB in the low-
temperature limit, in good agreement with the experimen-
tally reported saturation moment of ∼ 2.5 µB from magnetiza-
tion measurements.[44] In the negative charge-transfer regime,
the nominal Co4+ state has substantial d6L character, with
holes residing predominantly in strongly hybridized O 2p–
Co 3d states. Hopping of these ligand holes between neigh-
boring CoO6 units lowers the kinetic energy when the Co

moments are aligned, producing an oxygen-hole-mediated,
double-exchange-like ferromagnetic interaction. Unlike con-
ventional mixed-valence double exchange between distinct
Co3+ and Co4+ sites, the relevant carriers here are ligand
holes. Their persistence under tensile strain allows the fer-
romagnetic alignment to survive even when coherent charge
transport is strongly suppressed. Although the mixed-spin
state is relatively unaffected by strain, alternative tuning pa-
rameters, such as chemical doping or electrostatic gating, can
shift the high-spin–low-spin balance (HS–LS) and stabilize
emergent magnetic phases. For example, ionic liquid gat-
ing enables a reversible transformation between SrCoO2.5 and
SrCoO3 by modulating oxygen vacancies.[45,46] On the other
hand, substituting Sr with La dopes electrons and stabilizes the
low-spin (S = 0) ground state at low temperatures.[20,47] The
combined control of oxygen stoichiometry and carrier den-
sity therefore provides a powerful route to engineer magnetic
ground states, as demonstrated in recent studies.[48]

In summary, by combining high-resolution RIXS mea-
surements with multiplet cluster calculations, we identify
the ground state of strained SrCoO3 thin films as a mixture
of high-spin and low-spin configurations. This mixed-spin
ground state, stabilized by strong Co–O hybridization and
negative charge transfer energy, accounts for the persistence
of ferromagnetism across the strain-induced metal–insulator
transition and rules out the previously proposed intermediate-
spin scenario. Strain substantially modifies charge transport
but has little effect on the local mixed-spin configuration, indi-
cating that the robust ferromagnetism is governed primarily by
spin–ligand entanglement and ligand-hole-mediated exchange
rather than by strain-induced changes in the local spin state.
More broadly, these results highlight the important role of
strong p–d hybridization and the additional degrees of freedom
provided by persistent ligand holes in stabilizing unconven-
tional ground states in negative-charge-transfer and strongly
hybridized materials. This insight points to new strategies
for engineering strain-resilient magnetic states by tuning spin–
ligand entanglement, for example via electrostatic gating or
chemical substitution.
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