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ABSTRACT

Ferromagnetic insulators (FMIs) have widespread applications in microwave devices, magnetic tunneling junctions, and dissipationless elec-
tronic and quantum-spintronic devices. However, the sparsity of the available high-temperature FMIs has led to the quest for a robust and
controllable insulating ferromagnetic state. Here, we present compelling evidence of modulation of the magnetic ground state in a SrCoO- 5
(SCO) thin film via strain engineering. The SCO system is an antiferromagnetic insulator with a Neel temperature, Ty, of ~550 K. Apply-
ing in-plane compressive strain, the SCO thin film reveals an insulating ferromagnetic state with an extraordinarily high Curie temperature,
Tc, of ~750 K. The emerged ferromagnetic state is associated with charge-disproportionation (CD) and spin-state-disproportionation (SSD),
involving high-spin Co** and low-spin Co** ions. The density functional theory calculation also produces an insulating ferromagnetic state
in the strained SCO system, consistent with the CD and SSD, which is associated with the structural ordering in the system. Transpiring the
insulating ferromagnetic state through modulating the electronic correlation parameters via strain engineering in the SCO thin film will have
a significant impact in large areas of modern electronic and spintronic applications.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0188767
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Ferromagnetic insulators (FMIs) are of significant interest to
the materials science community owing to their wide-range applica-
tions in various modern technologies, such as permanent magnets,’
microwave devices.” In contrast to the ferromagnetic metals, the
FMIs do not suffer from Eddy current losses, which is the key to
their low magnetic damping; hence, FMIs are significant for spin-
wave-based logics.” These are also used as spin-filtering tunneling

barriers in the tunneling magnetoresistance devices."” However,
FMIs are rare as the ferromagnetism usually goes hand in hand
with the metallic conductivity in the 3d transition metal oxides
(TMOs), and therefore, the quest for new FMIs with functional-
ity at room temperature remains a vital topic. Along this line, the
double perovskite oxides, A,BB’Og, where A is alkaline-earth or
rare-earth element and B (and B’) are transition-metal elements,
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show insulating ferromagnetic states with very high Curie temper-
ature (Tc) values, e.g., Sr2Fe11xRe;xOs (Tc = 400 K),® SryFeMoOs
(Tc =415 K),i Sr2CrR606 (Tc =634 K),‘\) SrzCr0506 (Tc =725 K),‘)
and Sr30s0s (Tc = 1060 K),'” although many double perovskites
show an antiferromagnetic or a spin-glass behavior as well.'! In such
oxides, the magnetism is attributed to arise due to the B-site cation
ordering; however, their magnetism is mostly affected by the anti-
site disorder at B/B’ sites. In this respect, the brownmillerite (BM)
Sr,C0,0s5, in short SrCo025 (SCO), is quite interesting as it falls
in between the perovskite and double perovskite structures. It has a
one-dimensional oxygen vacancy channel because of alternate stack-
ing of octahedral (Oy,) and tetrahedral (T,) units along the [001]
direction.'” " It is categorized as a charge-transfer insulator and is
antiferromagnetic with a Neel temperature, Ty ~570 K.'® Recently,
it has been observed that the in-plane compressive strain causes a
drastic modification in the electronic ground state of the SCO thin
film, which placed this system in the insulating negative charge-
transfer energy (A) regime inducing ferromagnetic ordering.”'" In
this regard, a detailed investigation of the electronic comprehension
of the magnetic properties is much needed to better understand the
SCO system. A theoretical modeling of the electronic and magnetic
ground states is indispensable to showcase the physical property
modification with strain in the SCO system. This will improve its
functionality toward practical device applications.

In this article, we have investigated the strain-induced modi-
fication in the electronic and magnetic properties of the SCO thin
film. The unstrained SCO film shows an antiferromagnetic nature
with Tn ~ 550 K, like its bulk counterpart. However, the strained
SCO film reveals ferromagnetic ordering with a remarkably high
Tc ~ 750 K. The induced ferromagnetic state is associated with the
charge-disproportionation (CD) and spin-state-disproportionation
(SSD), involving high-spin (H.S) Co** and low-spin (L.S) Co** ions.
The density functional theory (DFT) calculation also depicts ferro-
magnetic ordering by inducing strain in the system. The different
degrees of structural ordering among the films produce the sharply
contrasted electronic and magnetic properties of the strained vs
relaxed SCO thin films, as realized from experiment as well as from
theory.

Epitaxial SCO films of thicknesses 30 and 150 nm were grown
on SrTiO; (STO) (001) substrates by pulsed laser deposition (PLD)
using a KrF excimer laser (Coherent, USA), X = 248 nm, pulse
width 20 ns, assisted by the in situ reflection high energy elec-
tron diffraction (RHEED) (Staib Instruments, USA). A well-sintered
dense pallet of SrCoO, 5, prepared using a solid state reaction route,
was used as a target for thin film deposition. The deposition para-
meters are as follows: substrate temperature 750 °C, oxygen partial
pressure during the deposition 100 mTorr, laser fluence at the tar-
get 2 J/cm?, and target-to-substrate distance 5 cm. After deposition,
the thin films were cooled at the same 100 mTorr of O, partial pres-
sure. The surface topography of the thin films was studied using an
atomic force microscope (AFM) [Nanoscope E AFM from DI, USA
(RV)]. The energy dispersive x-ray (EDX) compositional analysis of
the thin films was performed with an FE-SEM NOVA Nano SEM-
450 by FEI. The x-ray absorption spectroscopy (XAS), x-ray linear
dichroism (XLD), and x-ray magnetic circular dichroism (XMCD)
studies across the Co L3 ,-edge were carried out at room temperature
(300 K) in the total electron yield (TEY) mode at the beamline BL-01,

pubs.aip.org/aip/apm

Indus-2 at RRCAT, Indore, India. The estimated energy resolution
of the XAS was ~300 meV. The normalization of the XAS/XLD spec-
tra was performed so that the L3 pre-edge region was set to zero, in
addition to the L, post-edge region being set to one. The magneti-
zation measurements were performed by using a 7T SQUID-VSM
system (Quantum Design, USA).

Electronic structure calculations were performed within the
framework of DFT using the projector augmented wave method
implemented in the Vienna Ab initio Simulation Package (VASP)
package.”” We used a 650 eV plane wave energy cutoff as
exchange-correlation functional, and we used the generalized gradi-
ent approximation (GGA) method”’ with intra-site Hubbard energy
U =7 eV and Hund’s coupling Jy = 0.15U on Co-3d electrons.”’
We have used the experimental structure for our calculations, and
the total energy was converged to 1078 eV with a Gaussian-smearing
method. We performed the calculations using a 4 x 8 x 8 I'-cantered
k-mesh with 256 k-points in the Brillouin zone.

The structural characterizations involving out-of-plane 6-20
x-ray diffraction (XRD), oblique angle 6-20 XRD, and XRD rocking
curves of the films were presented elsewhere.!” These data revealed
that the 30 nm film is under 0.4% in-plane compressive strain and
the 150 nm film is relaxed.'” In addition, we have also investigated
the surface topology of the thin films with atomic force microscopy
(AFM) as shown in Fig. S1, which shows similar surface roughness
of both the films. The estimated root mean squire (rms) roughness
is of the order of 0.5-0.7 nm in both films. Along with this, we also
performed energy dispersive x-ray (EDX) compositional analysis of
the thin films. We observed an almost similar composition of Sr and
Co and only a ~1% difference in oxygen content among the films.
Figure 1(a) shows the isotropic (i.e., the angle between the beam
polarization and the sample surface is 45°) XAS of the SCO films
along with the bulk SCO reference. The Co L-edge spectrum con-
sists of spin-orbit split components L, (Co-2p1» —Co-3d) and L3
(Co-2p3;, »Co-3d).”* The spectral shape and the L3, peak positions
of the 150 nm film are like those of the bulk SCO, implying the Co®*
charge state of the 150 nm film. However, the spectrum of the 30 nm
film shows CD features S1 and S2 corresponding to 3-8 and 3+8
charge states of Co and negative A features R1 and R2, as discussed
in the literature, including our studies.'>! 1%

For the theoretical formulation of the CD and its associated
spin-states, we have used the charge transfer multiplet for x-ray
absorption spectroscopy (CTM4XAS) program”® under the ligand
field and the charge transfer multiplet approach. The simulation
was done by varying the crystal-field splitting energy 10Dg, charge-
transfer energy A, d-d Coulomb repulsion energy U,;, core hole
potential Upy (~1.2 times of Ugyy), and O 2p—-Co 3d hybridization
strength \/3(pdo). The hopping integral between the Co-3d and
O-2p orbitals was calculated for the various Co-O bond lengths
according to Harrison’s descriptions.”” The values of 10Dq were
tuned to match the experimental spectra. The values of these para-
meters, which offer the best match with the experimental spectra,
are listed in Table I. The simulation pattern obtained for the 150 nm
film (and/or bulk SCO) yields an H.S Co® state [Fig. 1(a)], consis-
tent with the earlier reports.l‘\)‘m However, the R1 and R2 features in
the experimental spectrum of 30 nm film can be generated in the the-
oretical spectra only by considering the negative values of A for H.S
Co*" and L.S and intermediate spin (L.S) states of Co'** charge states
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FIG. 1. (a) Co L-edge XAS of the 30 and 150 nm SCO films and bulk SCO reference at 300 K along with the simulated spectrum for the H.S Co®* state.'”'” The negative
A features (R1 and R2) and the CD features (S1 and S2) are indicated by the vertical arrows. (b) (Lower panel) Simulated XAS for the Co?* H.S, Co** L.S, and Co** .S
states. (Upper panel) Comparison of the Co®*H.S + Co**L.S and Co?*H.S + Co**1.S theoretical spectra with the experimental spectrum of the 30 nm SCO film.

[lower panel, Fig. 1(b)]. The upper panel of Fig. 1(b) suggests that the
best match with the experimental spectrum occurs when we consider
a linear combination of H.S Co®* and L.S Co** simulated spectra.
This is a crucial finding since it indicates that in the 30 nm film,

TABLE 1. Values of 10Dg, A, Ugy, Uy, and /3(pdo) parameters were used to
simulate the Co L-edge spectra for the different charge states.

Charge state

(Spin state) 10Dq (eV) A (eV) Ugg (eV) Upq (eV) /3(pdo) (eV)
Co** (H.9) 1.4 3 6.2 7.3 2.0
Co** (H.9) 1.3 -1 45 6.3 24
Co** (L.S) 2.1 -85 10 14 3.6
Co** (1.S) 1.7 -5.0 6.5 8 3.2

along with CD, spin-state-ordering or spin-state-disproportionation
(SSD), associated with the H.S Co** and L.S Co** charge states, also
occur. Thus, it is inferred that the H.S Co®* state in the relaxed
150 nm film (and/or bulk SCO) is charge as well as spin-state dis-
proportionated into H.S Co** and L.S Co** states in the strained
30 nm film; 2Co>* (H.S) — Co** (H.S)+Co** (L.S).

In the present case of the SCO system (both bulk and thin
films), all the cations exist in both the O, and Ty units. Thus, in
our theoretical formulation of Co L-edge XAS through CTM4XAS,
apparently, we should consider both the O, and T, units. Under
the protocol of the simulations,” it is observed that whether we
consider Oy, or T; symmetry, besides the variations in the overall
spectral intensity, all the features remain the same. Thus, although
both the O}, and T4 symmetries are present in the SCO system (both
bulk and thin film), its L-edge spectra can be simulated considering
either of the Oy and T, symmetries. Therefore, to avoid the compli-
cacy of considering four individual theoretical spectra [two charge
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states (Co?™ and Co*") and each with both the O, and T; units] to
theoretically generate the spectrum and compare it with the experi-
mental spectrum, we only consider Oy, units for the XAS simulation.
In addition, it is to be noted that the crystal field energy (10Dg) and
all the electronic correlation parameters, e.g., A, Ugg, Upy, and pdo,
are different depending on whether the metal cations are situated
in the Oy or T, units. As we need to accommodate the structural
distortion effect due to the presence of T units, we put slightly dif-
ferent values of the electronic correlation parameters as compared to
the usual in our simulation to match with the experimental L-edge
spectra.

The metal cation with a fixed charge-state can have different
peak positions in the L-edge XAS depending on whether it is situated
in the Oy, or T units, as is well-known for the Fe3;O4 compound,
where the Fe** ions occupy both the O}, and T, coordination.”””!

ARTICLE pubs.aip.org/aip/apm

Therefore, it can be assumed that the S1 and S2 features in the exper-
imental Co L-edge spectrum of the 30 nm SCO film arise due to the
Co** ions occupying the O, and T units and not due to the Co**
and Co™* charge-disproportionation. However, the S1 and S2 fea-
tures appear symmetrically on the lower and higher energy sides
of the Co®* charge-state position, respectively [Fig. 1(a)], which
indicates that the charge states correspond to the SI and S2 fea-
tures are Co’>" and Co**, respectively, and not due to some other
multiplets. Moreover, the O, and T, units are also present in the
150 nm SCO film as well as in bulk SCO, which do not depict
such S1 and S2 features. As the 150 nm SCO film (and/or bulk
SCO) does not depict any fine spectre features, it indicates that
the spectrum is not a superposition of two spectra. Hence, we
preclude the affinity of S1 and S2 features with the Oj, and T,
symmetries.

H = 1000 Oe 29" I (K)
1.2 A 30 nm (a) 1.1 i;(m
0.6 300
3 400
1.0 1 _’é«.or 500
= 0.4 700
~ i ~
= 0.8 3.4x10%4 = 02
Rl o]
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FIG. 2. (a) M-T behavior of (main) 30 nm; inset: 150 nm SCO films. (b) T-dependent M—H hysteresis behavior of the 30 nm SCO film. (Lower inset) Zoomed view of the M-H
curves. (Upper inset) T variation of Ms and M;. () (Lower panel) Simulated XMCD spectra for the Co?* H.S and Co** L.S states. (Upper panel) Comparison of the Co?*H.S
+ Co**L.S theoretical spectrum with the experimental XMCD spectrum'” of the 30 nm SCO film. The insets show Co?* and Co** parallel alignments, causing ferromagnetic

ordering in the system.
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The magnetization measurements are shown in Figs. 2(a) and
2(b). The 150 nm film reveals antiferromagnetic ordering with
Tx ~ 550 K [inset, Fig. 2(a)], close to that reported for the bulk
SCO (Tx = 570 K).'° Interestingly, the 30 nm film depicts ferro-
magnetic (or ferrimagnetic) ordering with an exceptionally high
Tc ~ 750 K [Fig. 2(a)]. The magnetization-field (M-H) hysteresis
behavior recorded at different temperatures (T), ranging from 5 to
800 K, is shown in Fig. 2(b). The lower inset of Fig. 2(b) displays
the zoomed-in view of the M-H curves, showing the clear hystere-
sis behaviors. The obtained values of the saturation-magnetization
(M) and the remanent-magnetization (M;) from the M-H curves
are plotted against T in the upper insets of Fig. 2(b), which shows
that M, decays more rapidly than M,. The M; arises because of
the anisotropic response of the magnetic moments in the increas-
ing and decreasing field cycles of the M-H measurements. There is a
competition between anisotropy energy and thermal energy. In the
strained SCO film, at higher temperatures (600 K or above), the ther-
mal energy dominates the anisotropy energy; hence, M; decreases
rather rapidly, although the system still reveals a soft ferromagnetic
nature. A similar behavior is also observed in other soft ferromag-
nets, such as Sr30sOg thin film,'” Fe oxide nanoparticles,”” and
GaMnAs/GaAs superlattices.”” We also observe a signature of the
short-range magnetic correlations from the non-vanishing M; above
Tc. The isoelectronic LaCoOs thin film is also known to depict a
strain-induced ferromagnetic (or ferrimagnetic) insulating state in
an otherwise paramagnetic insulating bulk counterpart.’”

At 300K, the 30 nm film reveals a finite XMCD signal, confirm-
ing its ferromagnetic (or ferrimagnetic) nature, whereas the 150 nm
film does not show any XMCD signal, consistent with its antiferro-
magnetic nature.'” To know the electronic state contribution to the
ferromagnetic ordering in the 30 nm film, we have further simulated
the Co L-edge XMCD spectra for different charge and spin-states of
Co [lower panel, Fig. 2(c)], considering the same input parameters
as used for the XAS simulations. The Co**H.S + Co**L.S combined
spectrum shows a good match with the experimental XMCD spec-
trum [upper panel, Fig. 2(c)], further validating our charge as well as
spin-state disproportionation concept. The significance of the above
analysis implies the contributions of CD and SSD states in producing
the ferromagnetic ordering in the 30 nm SCO thin film.

Now, we try to correlate the electronic and magnetic properties
of the SCO thin films. The 150 nm film (and/or bulk SCO) is in a
Co>" H.S state, which leads to the Co>"-0-Co>" super-exchange
interaction, producing antiferromagnetic ordering. However, the
H.S Co®" (S = 3/2) and L.S Co** (S = 1/2) disproportionated states
in the 30 nm film cannot bring antiferromagnetic ordering because
of their unequal effective spins, and therefore, the system should
be either ferromagnetic or ferrimagnetic. Furthermore, by summing
the theoretical XMCD spectra of Co®" and Co*" states, we produce
the experimental XMCD spectrum of the 30 nm film, divulging the
parallel spin alignment in the system [schematic view, upper inset,
Fig. 2(c)] and ruling out the possibility of ferrimagnetic ordering
in the system. The ferromagnetic interaction between the H.S Co**
and L.S Co*" ions can be understood from the lowest energy virtual
charge fluctuation between these ions. When virtual charge fluctua-
tion has taken place from the H.S Co®" site, the spin does not need
to flip to the L.S Co** site [schematic view, lower inset, Fig. 2(c)],
explaining a ferromagnetic interaction in the system.

pubs.aip.org/aip/apm

Figures 3(b) and 3(c) display the polarization-dependent Co L-
edge XAS and XLD spectra of the 30 and 150 nm SCO films, respec-
tively. The experimental geometry for the polarization-dependent
XAS measurements is schematically shown in the upper panel of
Fig. 3(a). It is evident that if the electric field vector of the syn-
chrotron radiation (E) is parallel to the sample surface, the spectrum
(I,p) gives the information of the in-plane orbitals (x* - y2 and xy).
Meanwhile, for E perpendicular to the sample surface, the spectrum
(L) gives the information of the majority of the out-of-plane orbitals
(322 - 1%, vz, and zx). The average positive {or negative} XLD sig-
nal, defined as (I;-I,;), will reveal the in-plane (ab-plane) [or the
out-of-plane (c-axis)] orbital polarization. The negative XLD sig-
nal is observed in both the SCO films [Figs. 3(b) and 3(c)], which
divulges their out-of-plane orbital polarization, indicating relatively
higher energy positions of the in-plane orbitals than the out-of-plane
orbitals. Therefore, the electrons mostly prefer to occupy the out-of-
plane orbitals and the holes are left behind in the in-plane orbitals,
causing the out-of-plane orbital polarization in both the SCO films,
as schematically shown in the middle panel of Fig. 3(a).

It is interesting to note that the 150 nm film depicts orbital split-
ting, as can be seen from the difference in I, and I, peak positions
by ~200 meV in both the L3,-edges [inset of Fig. 3(c)], which is not
the case for the 30 nm film [inset of Fig. 3(b)]. Such an orbital split-
ting in the polarization-dependent XAS of perovskite TMOs arises
due to the disorder in the TMOg octahedra, such as octahedral rota-
tion or bending.‘%“‘%’" Thus, in the present case, the occurrence of
orbital splitting in the 150 nm film and its absence in the 30 nm film
indicate that the former possesses a higher degree of CoOs Oy, and
CoQOy4 T, distortions compared to the latter. The obtained results
from Figs. 3(b) and 3(c) are schematically illustrated in the middle
panel, Fig. 3(a), which divulges that the energy separation between
the in-plane and out-of-plane orbitals is larger in the 150 nm film
because of its higher degree of structural distortion than the 30 nm
film.

The larger energy separation in the 150 nm film causes a higher
electron population difference between the in-plane and out-of-
plane orbitals, as can be obtained from the stronger XLD signal in
the 150 nm film than the 30 nm film, as displayed in the lower
panel of Fig. 3(a). In the relaxed 150 nm film, the electronic con-
figurations of H.S Co’* are t2g4€g2 and eg3t2g3 in the O, and Ty
symmetries, respectively. Thus, both the ty, orbitals (in O, sym-
metry) and e, orbital (in Ty symmetry) are likely to participate in
the XLD signal because of their partial field orbitals. In the strained
30 nm film, considering the O, symmetry, the H.S Co** and L.S
Co*" have ty, e,” and tag°e,” configurations, respectively. Consid-
ering the T, symmetry, the H.S Co** and L.S Co** have e;*t5,” and
eg*tre! configurations, respectively. Since the e state is either half-
filled or empty in the Oy, symmetry (or completely filled in the T,
symmetry), only the t,, orbital is likely to participate in the XLD
signal. Therefore, we have compared the separation between the in-
plane and out-of-plane components of the f,; orbitals of the films
only, as the f5¢ orbitals participate in the XLD signals in both the 30
and 150 nm films [middle panel of Fig. 3(a)].

In this regard, it is worthwhile to mention that the structural
ordering is ascribed to the reason for high T¢ ferromagnetic order-
ing in the double perovskites.” '’ For instance, the recently reported
ferromagnetic Sr3OsOg thin film reveals the highest T¢ (~1060 K)
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FIG. 3. (a) (Upper panel) Experimental geometry of the polarization-dependent XAS measurements. (Middle panel) Schematic illustration of the orbital polarization and
orbital splitting caused by CoOg O, and CoOy4 T distortions and their variation with strain in the SCO films. The electrons and holes are represented by arrows and circles,
respectively. The energy separations between the in-plane and out-of-plane orbitals are defined as Atyg. (Lower panel) Comparison of the XLD signals of the SCO films. The
polarization-dependent XAS and XLD signals of the (b) 30 and (c) 150 nm SCO films. The inset shows the comparison of the L3 » peak positions of the |, and | spectra of

the films.

among the TMOs.'" However, the isoelectronic CazOsOg system is
antiferromagnetic with Ty ~ 50 K.** The difference in their mag-
netic ground state is attributed to the different crystal structures,
where Sr30sOg is cubic with a high degree of OsOs O), ordering; in
contrast, CazOsOg is monoclinic with tilted OsOs O, '"*® In addi-
tion, the degree of Oy, distortion is also ascribed to be associated
with the sharply contrasted magnetic ground states in another pair of

isoelectronic perovskite systems, SrRuO; (pseudo-cubic, ferromag-
netic metal) and CaRuO; (orthorhombic, paramagnetic metal).”
Although the global structures of both the studied SCO films are
orthorhombic-BM,"” the different degrees of structural ordering at
the local level could be associated with the sharp dissimilar mag-
netic properties of the studied strained vs relaxed SCO thin films.
Although the different degrees of local structural ordering are visu-
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alized qualitatively from the polarization-dependent XAS study,
a quantitative understanding of it through high-resolution trans-
mission electron microscopy will provide more insights into the
structural ordering, which needs to be further studied.

Using experimental parameters, we have performed DFT calcu-
lations on SCO systems. In the absence of strain, our results indicate
the antiferromagnetic (AFM) configuration as the ground state. A
compressive in-plane stain (e) and tensile out-of-plane stain (2€)
combine to make the ferromagnetic (FM) configuration the ground
state. Figure 4(a) demonstrates the effect of in-plane compressive
strain on the difference in energy of two distinct configurations
(Earm-rm); the phase transition occurs at in-plane compression
€ ~ 0.7% in our calculation, while the experimentally measured
compressive strain is 0.4%.

Figure 4(b) displays the calculated crystal structures in the
unstrained AFM and strained FM states of the SCO systems. The
crystal structure at the AFM state is more disordered as compared
to the same in the FM state, as can be visualized from the horizon-
tal and vertical straight dashed lines in this figure. Both the apical
and basal oxygens, shown by the red spheres, are at longer dis-
tances from the vertical and horizontal straight dashed lines in the
unstrained AFM structure as compared to the strained FM structure.
For instance, the Co-O-Co bond angles between the O, geometries
are found to be 174.62° and 177.66° for unstrained and strained
cases, respectively. The same between Oj and T; geometries are
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found to be 167.34° and 170.63° for unstrained and strained cases,
respectively. This divulges a higher degree of rotation and bending
in CoOg Oy and CoO4 Ty, units in the unstrained AFM structure
than the strained FM structure. This further supports the structural
ordering facilitated magnetic ordering in SCO systems, in excellent
agreement with our polarization-dependent XAS/XLD analysis.

We have computed the Bader charge difference of cobalt atoms
between various O, and T, units. The Bader charge difference (e)
is determined by calculating the difference in charges between two
cobalt atoms that are part of separate Oy, and T; units [charge differ-
ence (e) = (site charge of Col — site charge of Co2)oyr4]. Our DFT
calculated Bader charge differences for unstrained and strained SCO
films are 0 for both the Oy, and T; units and 0.19¢ and 0.15e in O},
and T units, respectively (Table II), which is in excellent agreement
with the presence of CD on alternate Co sites in strained SCO, which
is absent in relaxed SCO.

We also observed a difference in the calculated band structure
and density of states (DOS) between the strained and unstrained
SCO systems, which is presented in the supplementary material (Fig.
S2).

The observed ferromagnetic state in the strained SCO film in
the present study is markedly different from the study on the same
system (SCO/STO) by Jeen et al., where the authors observed an
antiferromagnetic state in the strained SCO film, same as the bulk
SCO.'* However, the possibility of the difference in the electronic
and magnetic properties in this system was predicted by the same
group’’ based on the different local crystal structures. In addition,
the reason for such differences is verbosely addressed elsewhere.!”
It is worthwhile to note that we have investigated the charge and
spin states of the films only at 300 K. However, there is a possibility
of spin-state transition of Co*" from L.S state toward LS or H.S by
increasing temperature, similar to the temperature-driven spin-state
transition in LaCoO3,"" ** which needs to be further studied.

The charge-disproportionation also leads to the bond-
disproportionation of short-bond (compressed octahedra) and long-
bond (elongated octahedra) in RNiO3 (R: rare-earth ion), CaFeOs,
and BaBiO; systems.”" " The systems accommodate the alter-
nate short and long bond ordering by minimizing the octahedral
rotation or bending, i.e., by minimizing structural disorder. For
example, the LaNiO3/LaAlO3 superlattice on the STO substrate
reveals charge-disproportionation and shows lesser structural dis-
order relative to the non-disproportionated LaNiO3/LaAlO3 super-
lattice on the LaAlOs substrate.”® We also observed that the charge-
disproportionated 30 nm film has a lesser structural disorder than
the non-disproportionated 150 nm film. Thus, it can be stated

TABLE Il. DFT calculated Bader charges on Co sites for unstrained and strained SCO
systems in both the O, and Ty units.

Site charges (e)

System (Units) Col Co2 Charge difference (e)
SrCo0Oz2s SrCo02s5

FIG. 4. (2) The change | ate due fo the ino e stain i Unstrained SCO (O,) 7.43 7.43 0

. 4. (a) The change in energy state due to the in-plane compressive strain in Unstrained SCO (T 755 755 0
the SCO system. (b) Calculated crystal structures for the unstrained SCO (left) and Strrljilr;glgco © () a) 747 766 0.19
strained SCO (right) systems. The vertical and horizontal straight dashed lines are . h : : :
guides to the eye. Strained SCO (T,) 7.57 7.72 0.15
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that the charge-disproportionated state is more likely to form in
the structurally ordered state rather than the structurally distorted
state. It was also observed that the 30 nm film has a stronger O
2p-Co 3d hybridization strength than the 150 nm film (and/or
bulk SCO)."” The stronger O 2p-Co 3d hybridization is also con-
sistent with the observed higher degree of CoOs O, and CoO4
T, ordering in the 30 nm film relative to the 150 nm film since
the structural disorder deteriorates the hybridization strength.*’
Tuning the magnetic ground state by altering the electronic corre-
lation parameters shows a way to modulate the magnetic state via
applying an electric field” besides strain engineering, which pro-
vides a new route toward energy-efficient spintronics in SCO-based
systems.”’ In this line, modification of physical properties by fer-
roelectric/piezoelectric strain through substrate’s lattice parameter
modification via electric field enables an engineering method that
allows for the creation of tailored states similar to manganite thin
films on Pb(Mg1/3Nb,/3)O3-PbTiO3 substrates.””

In summary, we observed the insulating ferromagnetic state
with exceptionally high T¢c ~ 750 K in the strained SrCoO, 5 thin
film in an otherwise antiferromagnetic insulator (Tx ~ 550 K) in
its unstrained (and/or bulk) counterpart. The emerged ferromag-
netic state is associated with charge-disproportionation and spin-
state-disproportionation, involving high-spin Co?* and low-spin
Co™* states. Along with the charge-disproportionation and spin-
state-disproportionation, local structural ordering in the strained
SrCo0O,;5 film provides the necessary condition of the ferromag-
netic state akin to the structural ordering facilitated ferromagnetism
in double perovskites, as observed from experiment as well as
theory. Inducing such a high temperature sustainable insulating
ferromagnetic state in the strained SrCoO,s thin film makes it
a promising candidate for future energy-efficient electronic and
quantum-spintronic device applications.

The supplementary material contains atomic force microscopy
(AFM) images of the thin films. It also contains strain dependent
band structures and density of states (DOS) calculations for the thin
films.
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