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Ferromagnetism with Strong Perpendicular Magnetic Anisotropy in Epitaxial
SrMny 31ry 7,03 Perovskite Films
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Strong Coulomb repulsion and spin-orbit coupling are known to give rise to exotic physical phenomena
in transition metal oxides. Here, we report magnetic characteristics of a SrMny 31ry ;O3 perovskite thin
film, having both 3d and 5d elements on the B sites, with a strong perpendicular magnetic anisotropy
(PMA), which is rare in perovskite oxide thin films. The SrMng;Iry;Os3 films have been epitaxially
deposited on (001)-oriented SrTiO; single-crystal substrates by pulsed-laser deposition, exhibiting a para-
to-ferromagnetic transition at about 110 K. The average valence of Mn and Ir cations are estimated
as +3.61 and +4.17, respectively, by x-ray photoelectron spectroscopy. X-ray absorption spectroscopy
reveals that Mn e, electrons occupy preferentially the ds>_,> orbital, which produces the observed PMA
in the framework of spin-orbital coupling. The SrMng 31ry 703 thin film shows a large effective anisotropy
constant of about 1.2 x 10° erg cm™3 at 10 K, which is found to decrease with decreasing tetragonality
c/a of the film. First-principles calculations reveal that Mn and Ir cations provide opposite magnetiza-
tions in SrMny 3Iry ;O3 and the Mn e, orbital polarization comes from both lattice distortion and oxygen
octahedron rotation. The SrMng31ry;0; thin film with strong PMA may have applications in future

low-power-consumption oxide spintronic devices.

DOI: 10.1103/PhysRevApplied.18.054083

I. INTRODUTION

Perovskite oxides in the form ABO; have been stud-
ied extensively for all-oxide spintronic applications [1].
The coexistence and competition between strong elec-
tron correlation and strong spin-orbit coupling (SOC) by
combining 3d and 5d elements have attracted much atten-
tion due to their rich physical properties in 3d/5d oxide
films, such as current-induced magnetization switching,
topological Hall effect, and uniaxial magnetic anisotropy
[2—4]. Among these properties, magnetic anisotropy is use-
ful in both fundamental physics and alternative spintronic
applications. In particular, thin films with the magnetic
moments preferentially pointing perpendicular to the film
plane, i.e., with the perpendicular magnetic anisotropy
(PMA), are essential for achieving high-density, high-
stability, and low-power-consumption spintronic devices
[5—8]. Furthermore, competition between PMA and other
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mechanisms, such as the Dzyaloshinskii-Moriya interac-
tion, leads to other spin textures, such as chiral domain
walls, magnetic skyrmions, and other topological phenom-
ena [9—11]. However, due to the strong demagnetization
effect, the magnetic moments of ferromagnetic thin films
tend to lie in plane [12]. It has been extensively studied
to overcome demagnetization and stabilize the PMA in a
variety of films and multilayers [13—15].

In perovskite oxide magnetic thin films and heterostruc-
tures, the magnetic anisotropy is determined by the SOC
and the anisotropy of crystalline structure, including B—O
bond length and bond angle [16,17]. Thus, the magnetic
ground state is coupled to the structural degree of free-
dom and can be manipulated via structure changes by
fine tuning the strain, especially in epitaxial thin films
[18]. Recently, it is found that magnetic anisotropy in
layered iridates can be largely affected by tetragonal dis-
tortion and oxygen octahedron rotation [19]. Lin et al.
achieved switching the magnetic easy axis in SrRuO;
thin films via controlling Ru—O bond angles by LaNiO3
capping layers [20]. 5d elements with strong SOC have
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also been reported to have a great influence on the mag-
netic characteristics in various films. For example, Lu et
al. reported 5d heavy-metal oxides with strong SOC to
enhance and tune the magnetic anisotropy in tricolor 3d/5d
oxide superlattices [21]. Yi et al. reported that magnetic
anisotropy in La;3Sr;3MnOs /SrIrO3; (LSMO/SIO) super-
lattices is associated with the strong SOC from Ir and can
be controlled via interfacial oxygen octahedron rotation
[22].

In this paper, we report magnetic characteristics of
epitaxial SrMny3Iry703 (SMIO) thin films deposited on
(001)-oriented SrTiO; (STO) substrates. The SMIO films
are ferromagnetic below about 110 K and exhibit a
strong PMA with an effective anisotropy constant of about
1.2 x 10°® erg cm ™ at 10 K. By depositing SMIO films on
BaTiO; (BTO) buffer layers of various thickness, SMIO
films with various tetragonality are achieved to decon-
volute the effect of lattice distortion on the observed
PMA. First-principles calculations confirm that both lat-
tice distortion and oxygen octahedron rotation result in the
observed strong PMA.

II. EXPERIMENTAL METHODS

A. Deposition of films

The SMIO films are deposited by pulsed-laser depo-
sition. Before deposition, the (001)-oriented STO sub-
strate is etched in a NHyF buffered HF solution
(NH4F/HF =7:1) for 45 s and annealed at 950°C for
75 min in flowing O; to achieve a TiO,-single-terminated
surface. The SMIO target is prepared by pressing a desired
amount of fully mixed Sr,IrO4 and MnO, powders under
3 GPa for 30 min at room temperature. The ablation is
performed using a 248-nm KrF excimer laser (COMPex-
Pro 205F, Coherent) with an energy flux density about
1.7 J/em? on the target and a repetition rate of 2 Hz.
The oxygen pressure in the chamber is kept at 0.1 mbar,
while the substrate temperature is maintained at 650 °C
for SMIO. The BTO buffer layers are deposited at 750 °C
under 0.01-mbar O, pressure by ablating a ceramic tar-
get prepared by solid-state reaction. For comparison, the
SrMnOj3 (SMO), LSMO, and SIO films are also deposited
by pulsed-laser deposition on (001)-oriented STO sub-
strates. The substrate temperature and the oxygen pressure
are maintained at 650°C and 0.1 mbar for SMO and
LSMO, while those of SIO are kept at 750 °C and 0.1 mbar,
respectively. All of the deposition is monitored in situ
by reflection high-energy electron diffraction to ensure a
layer-by-layer deposition.

B. Structural and magnetization characterizations

Surface morphology of the SMIO films is checked with
an Asylum Research Cypher ES atomic force microscope.
The crystallinity, thickness, and lattice constants of the

films is measured on a Bruker D8 Discover X-ray diffrac-
tometer with Cu Ko radiation (A = 1.54 A). Cross-section
high-angle annular dark field (HAADF) STEM images
are acquired using a FEI Titan3 G2 aberration-corrected
transmission electronic microscope, operating at 300 kV.
The samples are prepared using a Helios G4 CX (Thermo
Fisher) focused ion-beam setup prior to STEM measure-
ments. Magnetic measurements are carried out on a super-
conducting quantum interference device magnetometer
(MPMS XL 7, Quantum Design).

C. X-ray photoemission spectroscopy and x-ray
absorption spectroscopy measurements

X-ray photoemission spectroscopy (XPS) is employed
at room temperature to evaluate the valence and com-
position using a Thermo Scientific K-Alpha spectrome-
ter. X-ray absorption spectroscopy (XAS) measurements
around the Mn L edge are collected at 80 K in total
electron yield mode at beamline BLO8U1A in Shanghai
Synchrotron Radiation Facility, and beamlines MCD-A
and MCD-B (Soochow Beamline for Energy Materials)
at National Synchrotron Radiation Facility, China. X-ray
line dichroism (XLD) spectra are measured with linearly
polarized x-ray beams, incident by 0° and 60° to the film
normal, respectively. The spectra intensity is normalized so
that the L3 pre-edge and L, postedge have identical inten-
sities for the two polarizations and the XLD is calculated
as the intensity difference.

D. First-principles calculations

First-principles calculations are performed within
density-functional theory, as implemented in the Vienna
ab initio simulation package [23-26]. An energy cutoff
of 550 eV is used, and the set of projector-augmented
wave potentials is employed to describe the electron-ion
interaction. Valence electron configurations, 4s%4p°®5s? for
Sr, 5d%6s' for Ir, 3s*3p3d4s* for Mn and 2s°2p* for
O are considered. Electronic relaxations converged within
10~7 eV and ionic relaxation is performed until the resid-
ual force is <1 meV/A. We use the PBEsol + U+ SOC
functional (selecting U=2 eV for the Ir and U=3 eV
for Mn) for electronic structure calculations [27]. Super-
cell containing 2 x 2 x 2 ABO; unit cells with six Ir and
two Mn cations on the B sites is used, and a I'-centered
8 x 8 x 8 k-point mesh is adopted.

III. RESULTS AND DISCUSSION

A. Structure characterizations

Figure 1(a) shows a w20 x-ray diffraction (XRD) pat-
tern of the SMIO film deposited on the STO substrate.
Only (00/) diffraction peaks from the SMIO film and
the substrate are observed, indicating a high crystalline
quality with no observable secondary phases. The (002)
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diffraction peak of SMIO at 20 = 45.50° corresponds to an
out-of-plane lattice constant of 3.976 A. The clear Kies-
sig fringes in the x-ray reflection pattern of the SMIO/STO
heterostructure (see the Supplemental Material [28]) indi-
cate a smooth SMIO surface and a sharp SMIO/STO
interface. Thickness of the SMIO film is approximately
20 nm, acquired through fitting the Kiessig fringes [29].
Figure 1(b) shows the x-ray reciprocal space mapping
around the (103) spot of the STO substrate. It is clear
that the (103) reflection of the SMIO film shares the same
in-plane reciprocal vector with the substrate, indicating
that the film is coherently grown and fully strained to the
substrate. With the in-plane lattice constant of 3.905 A,
tetragonality (c/a) of the SMIO film is about 1.018, exhibit-
ing a clear tetragonal distortion. Figure 1(c) shows typical
cross-section HAADF STEM images of the SMIO/STO
heterostructure, recorded along the [010] zone axis. Since
the contrast of a HAADF STEM image is proportional to
the atomic number of the columns by Z2, one can iden-
tify the atoms directly from the contrast. The SMIO layer
shows an obvious brighter contrast than the STO sub-
strate with a clear SMIO/STO interface. The right panel
of Fig. 1(c) shows the intensity profile along the green
arrow. The uniform intensity of the perovskite B sites indi-
cates that Mn and Ir cations are distributed randomly in
the SMIO film. The lattice spacings of SMIO obtained
from the HADDF STEM images are 3.976 A along [001]
and 3.905 A along [100], respectively, which are consis-
tent with the XRD results, indicating again that the SMIO
film is fully strained to the substrate. Figure 1(d) is a typ-
ical atomic force microscope (AFM) image of the SMIO

film surface, showing a clear step-and-terrace morphol-
ogy in agreement with the layer-by-layer deposition. The
SMIO film surface is smooth with the root-mean-square
roughness less than 150 pm over a 3 x 3 um? area. LSMO,
SMO, and SIO films are all in high-quality epitaxy, as indi-
cated by the XRD patterns shown in Fig. S4 within the
Supplemental Material [28].

B. Magnetic characterizations

Figure 2(a) shows the in-plane and out-of-plane
temperature-dependent magnetization (M—T) curves of the
SMIO film. The sample is cooled in a 5-T magnetic field
applied in plane (out of plane) and then measured during
heating with a 0.1 T field applied in plane (out of plane).
There is a clear paramagnetic-ferromagnetic phase transi-
tion in SMIO. The transition temperature is about 110 K, as
estimated from the temperature-dependent magnetic sus-
ceptibility (1/x—T) curve (see the Supplemental Material
[28]). Below T¢, the in-plane magnetization is observed
much smaller than the out-of-plane one. Figure 2(b) shows
in-plane and out-of-plane magnetization-field (M—H) hys-
teresis loops of the SMIO film measured at 10 K, exhibit-
ing a saturated magnetization of approximately 0.80xz per
formula unit (approximately 120 emu cm™>). In the out-
of-plane direction, the magnetization saturates at approxi-
mately 0.5 T, while in the in-plane direction, the saturation
occurs above 5 T. M—H loops and M—T curves reveal that
the magnetic easy axis of the SMIO film is out of plane
along [001]. In other words, the SMIO film exhibits a
PMA, which is rare in oxide thin films due to the demagne-
tization effect that forces the magnetization lying in plane.
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(a) @20 XRD pattern of the SMIO film deposited on (001) STO substrate; (b) reciprocal space mapping of the SMIO film

around the (103) reflection of the STO substrate; (c) cross-section HAADF STEM images of the SMIO film recorded along the [010]
zone axis. The right panel shows the intensity profile along the green arrows in (c); (d) surface morphology of the SMIO film.
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FIG. 2.

(a) Temperature dependence of in-plane (red) and out-of-plane (blue) magnetization of the SMIO film measured after cooling

in 5-T field; (b) in-plane (red) and out-of-plane (blue) magnetization-field hysteresis loops of the SMIO film measured at 10 K; the

inset shows schematically how K is evaluated.

To quantify the PMA, an effective anisotropy constant K e
is used, defined as the area enclosed between the out-of-
plane and in-plane hysteresis loops, as shown in the inset
of Fig. 2(b). By this definition, K¢g is positive when the
magnetization is preferentially oriented perpendicular to
the film plane. The direct calculation comes to a strong
Ko~ 1.2 x 10% erg cm~3 at 10 K for the SMIO film, com-
parable with that of the STRuQOj film, which is well known
for its PMA with an anisotropic energy above 10° erg cm™3
[30]. M—H loops of the SMIO film are also measured at 30,
50, 70, and 100 K to obtain K¢ as a function of tempera-
ture, as shown in Fig. S3 within the Supplemental Material
[28]. It is clear that PMA occurs in the ferromagnetic phase
and K¢ decreases with increasing temperature, disappear-
ing finally at 7¢ about 110 K. However, ferromagnetic
LSMO thin films, frequently proposed for oxide spintronic
devices, usually exhibit a negative Kt with the Mn spins
lying in plane [31]. Extensive efforts have been made to
overcome the shape anisotropy in order to achieve PMA in
the LSMO thin films. For example, Suzuki ef al. deposited
LSMO thin films on (001)-oriented LaAlO; substrates
with a Ky~ 8.4 x 10* erg cm ™, an order of magnitude
less than that of the SMIO film [32]. Interfacial couplings
in artificial heterostructures were also employed. Han et al.
studied the magnetic anisotropy of LSMO/YBaCo0,0s5
superlattices and reported an interfacial Mn—Co cova-
lent bond induced PMA with a K.y about 4.0 x 10° erg
ecm™ [33]. Yi et al. reported that LSMO/SIO superlat-
tices with desired microstructures may exhibit a K . about
1.5 x 10° erg cm 3 associated with the strong SOC of Ir at
10 K [12]. The giant PMA observed in simple SMIO films
suggests that the SMIO films may have potential applica-
tions in high-density, low-power-consumption perovskite
spintronic devices.

Figure 3(a) shows XPS measurements of the Mn 2p
core level of SMIO at room temperature, in comparison
with those of epitaxial LSMO film and StMnO3 (SMO)
thin films deposited on (001)-oriented STO by pulsed-laser
deposition. The SMO film shows a Mn 2p doublet at 641.5
and 653.1 eV with a spin-orbit split of about 11.6 eV, in
agreement with previous reports of Mn** cations [34,35].
Both LSMO and SMIO thin films show much broader
Mn 2p doublets with the 2p3,, peak at 640.3 eV for
LSMO and 640.8 eV for SMIO, lower by 1.2 and 0.7 eV
than that of SMO, respectively. This indicates that the
Mn valence decreases from SMO to SMIO and further to
LSMO films, which is known to have mixed Mn** and
Mn** cations. By fitting the Mn 2p spectra of LSMO
with multiple Lorentzian-Gaussian peaks, one may decom-
pose the spectra into two 2p3,2/2p 1, doublets, one at the
same binding energies as those in SMO, i.e., 641.5 and
653.1 eV for Mn**, and the other at lower binding ener-
gies 640.1 and 651.6 eV for Mn’* cations, according to
previous reports [36,37]. The Mn** /Mn** atomic ratio in
the LSMO film obtained from the fitting is about 64/36.
Direct calculation of the average Mn valence comes to
+3.36, in good agreement with the nominal Mn valence
of +3.33 in LSMO. The Mn 2p spectra of SMIO can be
well fitted with the same two spin-orbital doublets decom-
posed from the spectra of LSMO. The fitting generates a
Mn** /Mn** atomic ratio of about 39/61, corresponding to
an average Mn valence of about +3.61. Figure 3(b) shows
the Ir 4f core-level XPS of the SMIO film, in compar-
ison with that of a SIO film deposited on (001)-oriented
STO by pulsed-laser deposition. The binding energy of Ir
4f 7,2/4f 5,2 spin-orbital doublet in SMIO appears at 62.6
and 65.5 eV, higher by 0.3 eV than those in SIO. This indi-
cates that SMIO has mixed Ir** and Ir’* cations, showing
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FIG. 3. XPS of Mn 2p (a) and Ir 4f (b) core levels of the

SMIO film in comparison with SMO, LSMO, and SIO films,
respectively, deposited on (001) STO substrates.

a higher average valence than +4 as in SIO. To keep neu-
tral with the +3.61 Mn valence, the average Ir valence in
the SMIO film can be calculated as +4.17. The valences of
Mn and Ir observed here in the SMIO film are reasonable,
because an electron transfer from Ir*+ J.4= 1/2 orbital to
the empty Mn**+ e, orbital has been frequently reported at
the manganite/SIO interface [38,39].

Since Mn and Ir cations are uniformly distributed in the
SMIO thin film, there are three kinds of possible nearest-
neighbor exchange interactions mediated by O anions
(i.e., Mn—O—-Mn, Ir—-O-Ir, and [r—O—Mn). Furthermore,
Mn cations are at +3.61 and Ir cations are at +4.17,
obtained from the XPS measurement. It is well known
that double exchange in mixed-valence Mn**—O-Mn**
favors a parallel alignment of the Mn spins, as observed
in a variety of doped manganites [40—42]. For Ir-O-Ir, the
spin-orbital entangled half-filled J .= 1/2 band renders the
antiferromagnetic behavior observed in various Ir** per-
ovskites, such as SIO and Sr,1rO4 [43—45]. However, in the

SMIO film with mixed-valence Ir**—O-Ir’*, the double
exchange interaction prefers parallel Ir moments, similar
to the Mn>T—O—Mn** [46]. Qasim et al. once reported a
spin-glass behavior with short-range ferromagnetic inter-
actions in Mg-doped SIO with a +4.5 Ir valence [47].
Nichols ef al. have also reported a net Ir magnetic moment
in SIO/SMO superlattices due to the mixed Ir valence and
identified the dominant orbital contribution associated with
strong SOC in Ir cations [38]. For [-O—Mn interactions in
the SMIO film, it is reasonable that Ir and Mn moments
are aligned antiparallel, as experimentally observed at the
interface in many manganite/iridate heterostructures [38,
48]. The average Mn valence in the SMIO film is +3.61
estimated from the XPS results above, suggesting that each
Mn provides a spin of approximately 3.40up [49]. Shapiro
et al. have reported a moment approximately 0.33ug/Ir
with +4 valence measured by neutron-powder-diffraction
[50]. Nichols et al. have reported a moment ~0.08up/Ir
with 4+4.50 valence measured by x-ray magnetic circu-
lar dichroism [38]. A rough estimation, assuming that the
Ir moment decreases proportional to the increase of Ir
valence and becomes zero at +5.00, gives an Ir moment
of about 0.24up/Ir for the +4.17 valence in the SMIO
film, much smaller than the Mn contribution. Direct cal-
culation comes to a magnetic moment of about 0.85up
per formula unit in SMIO films, close to the experimental
value.

C. Effects of lattice distortion

Lattice distortion is well known to have a great effect
on the PMA of manganite thin films, since magnetic
anisotropy is sensitive to the ligand field as functions of
bond lengths and bond angles [51]. To elucidate whether
and how the PMA observed in the SMIO film varies with
lattice distortion, epitaxial SMIO thin films are deposited
on BTO buffered (001)-oriented STO substrates with the
same thickness as deposited on bare (001)-oriented STO
substrate. Thin compressively strained BTO layers can
be deposited coherently to the STO substrate lattice. But
the BTO lattice partially relaxes when the layer thick-
ness exceeds a critical value, below which the chemical
energy gain compensates for the increase of the elastic
energy [52—-54]. By carefully controlling the BTO buffer
layer thickness, a series of substrates with increasing in-
plane lattice constants are achieved. The XRD patterns
of these films exhibit a high crystalline quality with no
observable secondary phases (see the Supplemental Mate-
rial [28]). The thickness of all SMIO films are kept at
about 20 nm. Figures 4(a)4(c) show reciprocal space
mappings around the (103) spot of STO for SMIO thin
films deposited on 25-, 60-, and 80-nm-thick BTO buffer
layers, respectively. It is observed that the (103) spot
of BTO shifts toward upper left with increasing thick-
ness, indicating the relaxation with increasing in-plane
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FIG. 4. Reciprocal space mappings (a)—(c) around the (103) spot of SMIO/BTO heterostructures and corresponding in-plane (red)
and out-of-plane (blue) magnetization-field hysteresis loops (d)—f) measured at 10 K with 25- (a),(d), 60- (b),(e), and 80-nm- (c),(f)

thick BTO buffer layers. (g) K¢ as a function of tetragonality.

but decreasing out-of-plane lattice constants, and that the
(103) spot of each SMIO film shares the same in-plane
reciprocal vector with that of BTO buffer, indicating that
the SMIO films are coherent and fully strained to the
BTO lattices. Accordingly, the tetragonality of the SMIO
film decreases with increasing BTO buffer thickness, from
1.018 in absence of the buffer to 0.988 with the 80-
nm-thick buffer. Note that the SMIO film deposited on
the 60-nm-thick BTO buffer shows identical in-plane and
out-of-plane lattice constants, generating c/a=1, i.e., a
cubic lattice. Cross-section HAADF STEM image of the
SMIO film deposited on the 80-nm-thick BTO buffer layer
demonstrates the coherent SMIO/BTO interface (see the
Supplemental Material [28]). Figures 4(d)4(f) show in-
plane and out-of-plane M—H curves of the SMIO films
deposited on 25-, 60-, and 80-nm-thick BTO buffer lay-
ers, respectively. It is clear that all the SMIO films show
the same saturated magnetization of about 0.80up per for-
mula unit. K., as the area enclosed between the in-plane
and out-of-plane M—H curves, are plotted as a function
of SMIO tetragonality in Fig. 4(g). K. decreases linearly
with the increase of BTO buffer thickness and the decrease
of tetragonality, in agreement with previous results that
PMA is enhanced in compressively strained manganites
with a large c/a [30]. However, with ¢/a=1 on the 60-
nm-thick BTO buffer layer, the SMIO film still exhibits a
positive K. of about 4.0 x 10° erg cm™. It is only when
deposited on the 80 nm thick BTO buffer layer that the
SMIO film with a tetragonality of 0.988 shows a negative
K of about —1.5 x 103 erg cm ™3, indicating an in-plane
magnetic easy axis.

According to the Bruno model, in manganite films, pref-
erential occupancy of the ds._,> (d,2_,2) orbital leads to
out-of-plane (in-plane) magnetic easy axis through SOC
[55]. XAS is used to investigate the orbital occupation.
The L3 and L, edges originate from electron transition
from 2ps3,, and 2p,,, orbitals to the empty 3d orbitals,
respectively. X-ray photons linearly polarized in-plane and
out-of-plane excite electrons into different e, orbitals. X-
ray linear dichroism is defined as the difference between
the absorption intensities to photons polarized in plane and
out of plane. As is well documented, the integration of
the XLD spectrum around the L, absorption peak gives a
direct measure to the occupation of the e, orbitals [56,57].
Negative (positive) value corresponds to a preferential
occupancy of the d2_,» (ds,2_,2) orbital. Figure 5 shows
normalized Mn L-edge XAS and corresponding XLD mea-
sured at 80 K for the SMIO film deposited on bare STO,
and the 60- and 80-nm-thick BTO buffered STO, respec-
tively. It is observed that the XLLD are positive around the
L, edge for the SMIO films with PMA, as shown in the
bottom panel of Figs. 5(a) and 5(b), indicating preferential
occupancy of the d;,2_,» orbital. Figure 5(c) shows that the
XLD of the SMIO film deposited on the 80-nm-thick BTO
buffer, which exhibits an in-plane magnetic easy axis, is
negative as expected, corresponding to a preferential occu-
pancy of the d»_ > orbital. Figure 5(d) shows the XLD
as a function of the SMIO tetragonality. The XLD value
decreases with the increase of BTO buffer thickness and
the decrease of tetragonality by an approximately linear
relation, similar to the trend of K¢, as shown in Fig. 4(g).
The XLD measurement indicates that the observed PMA
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FIG. 5.
STO, measured with photons polarized in-plane and out-of-plane,

Normalized XAS spectra for the SMIO films deposited on bare STO (a) and 60- (b) and 80-nm- (c) thick BTO buffered

respectively. Bottom panels in (a)~(c) are the corresponding XLD

spectra. (d) XLD, integrated around the L, edge from 650 to 658 eV, as a function of SMIO tetragonality.

in SMIO films is indeed correlated with the preferential
occupancy of the Mn d;,2_,» orbital.

D. Discussions

In a tetragonal lattice with c¢/a > 1, the stronger in-plane
crystal field drives the electrons to preferentially occupy
the Mn 3d;.>_,» orbital, in favor of PMA. And the PMA
can only be observed as long as the tetragonality is strong
enough to overwhelm the shape anisotropy that favors an
in-plane magnetization. However, in SMIO thin films, it is

more complex since there is still notable PMA observed
even when c/a=1. Oxygen octahedral rotation has been
reported to be useful in tuning magnetic anisotropy in
terms of bond angles [25,26]. We assume that K. can be
divided into three parts as

K = Kshape + Kip + Koor, (1)

where Kpape is from shape anisotropy, Kip from lattice
distortion, and Koor from oxygen octahedral rotation.
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(a) Sketch of the SrMn »51ry 7503 supercell for first-principles calculations with the two Mn cations as nearest neighbors;

(b) PDOS of Mn 3d and Ir 5d orbitals from the calculations with SOC.

In SMIO thin films, Kgape is negative due to the shape
anisotropy that favors an in-plane moment. As shown in
Fig. S7 in the Supplementary Material [28], K¢ indeed
decreases with decreasing SMIO film thickness from 20
to 5 nm. But the reduction in Kg is very limited, indicat-
ing that Kg,pe does not play a dominant role. Therefore,
it is reasonable to assume that SMIO films at the same
thickness have the same Khape. K1, as discussed above,
depends on the anisotropy of crystal fields, which depends,
in turn, on the lattice distortion, i.e., tetragonality. When
c/la=1, Kip is assumed to be zero. The observed pos-
itive Ko in the SMIO film with c¢/a=1 suggests that
K oor must be positive, which prefers a magnetic easy axis
perpendicular to the film plane.

In order to get insight into the spin polarization of the
Mn e, orbitals, first-principles calculations are performed.
For ease of modeling, we consider a supercell composed
of 2 x 2 x 2 ABO; perovskite unit cells with six Ir and
two Mn on the perovskite B sites. The composition of the
supercell, i.e., StMny »5 Irg 7503, is close to the SMIO film
experimentally studied. In the calculations, three configu-
rations of Ir and Mn cations are considered in line with the
random distribution observed, as shown in Fig. 6(a) and
in Fig. S6 within the Supplemental Material [28]. How-
ever, all the three distributions give similar results and we
show only the results with the two Mn cations as the near-
est neighbors in the supercell, as shown in Fig. 6(a). The
results of the other two distributions are reported in Fig. S6
within the Supplemental Material [28]. Calculations show
that the ground state of SMIO consists of parallel align-
ment of Ir moments, parallel alignment of Mn moments,
but antiparallel alignment of Ir and Mn moments (see the
Supplemental Material [28]). Figure 6(b) shows the pro-
jected density of states (PDOS) for Mn 3d orbitals in the
top panel and Ir 5d in the bottom panel. For Mn 3d orbitals,
the Fermi level crosses e, states while the 7, orbitals are

clearly split near the Fermi level, indicating that three d
electrons occupied the three #,, orbitals and the e, orbitals
are also partially occupied. This is consistent with the mea-
sured average Mn valence. For Ir 5d electrons, the
orbitals split into orbitals of J.g=3/2 and Jg=1/2 due
to the strong SOC. The e, orbitals of Ir are also par-
tially filled. Okamoto et al. have proposed that molecular
orbitals form among e, orbitals of neighboring Mn and Ir
cations across the SMO/SIO interface and electrons trans-
fer from the Ir J 4= 1/2 orbital to the bonding molecular
orbital [58]. Our calculations are in agreement with this
molecular orbital scenario.

As calculations reveal that the SMIO perovskite struc-
ture adopts a~a~¢t oxygen octahedral rotation pattern
(Glazer notation [59]), the effect of oxygen octahedral rota-
tion on the orbital occupation in Mn e, orbitals in the
SIMO film when c/a =1 are further investigated. The oxy-
gen octahedral rotation angles around [100], [010], and
[001] axes are calculated to be 8°, 8°, and 6°, respec-
tively, for the supercell shown in Fig. 6(a). Figure 7(b)
shows the Mn dy.»_,» and d,2_,» PDOS of the SMIO
film with the a—a~¢* oxygen octahedral rotation pat-
tern, and those decomposed into the a’a’c* pattern with
the 6° out-of-plane tilting and the a~a~c® pattern with
8° in-plane tilting. It is observed that both d5._,» and
d_,» orbitals are all partially occupied. The electron
occupancy of d; 2,2 ("d322—r2) and dxz_yz orbitals (”dxz_yz)

is 1.13:1, 1.17:1,

and 1.02:1 for the a—a~c*, aa’c*, and a—a~c’ pattern,
respectively. The large occupancy ratio of the a%a’c*
pattern suggests that the out-of-plane octahedral rotation
favors more occupancy of the d;,»_,» orbital. The oxygen
octahedron rotation may result in the magnetic easy axis
perpendicular to the film plane even in SMIO film with
ca=1.

are calculated. The rationg , ,:n4, ,
3z4—r xX“—y
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FIG. 7. (a) Sketch of structures with oxygen octahedral rotation pattern a’a’c* and a~a=c?. (b) PDOS of Mn 3d-e, states with

a~a~ct,a’a’*, orama"c’. d;2_panddo

IV. CONCLUSION

In summary, magnetic characteristics of SMIO thin
films epitaxially deposited on (001)-oriented STO sub-
strates and BTO buffers by pulsed-laser deposition are
studied systematically. Ferromagnetic behavior and strong
PMA with a large effective anisotropy constant approx-
imately 1.2 x 10 erg cm™3 at 10 K are observed. XPS
measurements reveal a +3.61 valence state of Mn and
+4.17 valence state of Ir. Mixed valence states of Mn
and Ir cations account for the ferromagnetism. With the
help of first-principles calculations, the magnetization is
revealed to come from antiparallel coupling of Ir and Mn
moments, which are aligned ferromagnetically for them-
selves. The origin of strong PMA is found to be the
preferential occupancy of the Mn d;.»_,> orbital induced
by anisotropy of the lattice distortion and the oxygen
octahedron rotation, which is confirmed by XLD measure-
ments and first-principles calculations. Our work provides

» orbitals are marked in blue and red colors, respectively.

a perovskite system that may have potential applications
in high-density, and low-power-consumption perovskite
spintronic devices with strong PMA.

ACKNOWLEDGMENTS

This work is jointly sponsored by National Natural Sci-
ence Foundation of China (Grants No. 51725203, No.
U1932115, No. 51721001, and No. 52003117) and the
Natural Science Foundation of Jiangsu Province (Grant
No. BK20200262). Beamline BLOSUIA at Shanghai
Synchrotron Radiation Facility and beamlines MCD-A
and MCD-B (Soochow Beamline for Energy Materials)
at National Synchrotron Radiation Facility are greatly
acknowledged for providing the beam time and techni-
cal assistance on XAS measurements. We are grateful
to the HPCC resources of Nanjing University for the
calculations.

054083-9



PENGXIANG HOU et al.

PHYS. REV. APPLIED 18, 054083 (2022)

(1]

(2]

(3]

(4]

(3]

(6]

(7]

(8]

(9]

[11]

[13]

M. Bibes, J. E. Villegas, and A. Barthélémy, Ultrathin oxide
films and interfaces for electronics and spintronics, Adv.
Phys. 60, 5 (2011).

L. Liu, Q. Qin, W. Lin, C. Li, Q. Xie, S. He, X. Shu, C.
Zhou, Z. Lim, J. Yu, et al., Current-induced magnetization
switching in all-oxide heterostructures, Nat. Nanotechnol.
14, 939 (2019).

A. Manchon, H. C. Koo, J. Nitta, S. M. Frolov, and R. A.
Duine, New perspectives for Rashba spin-orbit coupling,
Nat. Mater. 14, 871 (2015).

Y. Li, L. Y. Zhang, Q. H. Zhang, C. Li, T. Y. Yang, Y.
Deng, L. Gu, and D. Wu, Emergent topological Hall effect
in Lag7Srg3MnO3/SrlrO3 heterostructures, ACS Appl.
Mater. Interfaces 11, 21268 (2019).

S. Mangin, D. Ravelosona, J. A. Katine, M. J. Carey, B. D.
Terris, and E. E. Fullerton, Current-induced magnetization
reversal in nanopillars with perpendicular anisotropy, Nat.
Mater. 5, 210 (2006).

S. Ikeda, K. Miura, H. Yamamoto, K. Mizunuma, H. D.
Gan, M. Endo, S. Kanai, J. Hayakawa, F. Matsukura, and H.
Ohno, A perpendicular-anisotropy CoFeB-MgO magnetic
tunnel junction, Nat. Mater. 9, 721 (2010).

L. Q. Liu, C. F. Pai, Y. Li, H. W. Tseng, D. C. Ralph, and
R. A. Buhrman, Spin-torque switching with the giant spin
Hall effect of Tantalum, Science 336, 555 (2012).

S. Emori, U. Bauer, S. M. Ahn, E. Martinez, and G. S.
D. Beach, Current-driven dynamics of chiral ferromagnetic
domain walls, Nat. Mater. 12, 611 (2013).

N. Romming, C. Hanneken, M. Menzel, J. E. Bickel, B.
Wolter, K. Bergmann, A. Kubetzka, and R. Wiesendanger,
Writing and deleting single magnetic Skyrmions, Science
341, 636 (2013).

P. J. Hsu, A. Kubetzka, A. Finco, N. Romming, K.
V. Bergmann, and R. Wiesendanger, Electric-field-driven
switching of individual magnetic skyrmions, Nat. Nan-
otechnol. 12, 123 (2017).

R. D. Desautels, L. DeBeer-Schmitt, S. A. Montoya, J. A.
Borchers, S. G. Je, N. Tang, M. Y. Im, M. R. Fitzsimmons,
E. E. Fullerton, and D. A. Gilbert, Realization of ordered
magnetic skyrmions in thin films at ambient conditions,
Phys. Rev. Mater. 3, 104406 (2019).

D. Yi, H. Amari, P. P. Balakrishnan, C. Klewe, A. T.
N’Diaye, P. Shafer, N. Browning, and Y. Suzuki, Enhanced
Interface-Driven Perpendicular Magnetic Anisotropy by
Symmetry Control in Oxide Superlattices, Phys. Rev. Appl.
15, 024001 (2021).

J. Zhang, F. Han, W. Wang, X. Shen, J. Zhang, H. Zhang, H.
Huang, H. Zhang, X. Chen, S. Qi, et al., Perpendicular mag-
netic anisotropy in La;_,Sr,Co0O;s.5/Lay/35r;;3MnO3/
La;_,Sr,Co0; 545 trilayers (x =0.05-0.5), Phys. Rev. B
100, 094432 (2019).

W. Lin, B. Yang, A. P. Chen, X. Wu, R. Guo, S. Chen,
L. Liu, Q. Xie, X. Shu, Y. Hui, ef al., Perpendicular Mag-
netic Anisotropy and Dzyaloshinskii-Moriya Interaction at
an Oxide/Ferromagnetic Metal Interface, Phys. Rev. Lett.
124, 217202 (2020).

J. Walter, S. Bose, M. Cabero, G. Yu, M. Greven,
M. Varela, and C. Leighton, Perpendicular magnetic
anisotropy via strain-engineered oxygen vacancy order-
ing in epitaxial La;_,Sr,CoO;_s5, Phys. Rev. Mater. 2,
111404(R) (2018).

[16]

[17]

[18]

[19]

[20]

[21]

[22]

(23]

[24]

[25]

[26]

[27]

(28]

[29]

054083-10

Z. Guo, D. Lan, L. L. Qu, K. X. Zhang, F. Jin, B. B. Chen,
S. W. Jin, G. Y. Gao, F. Chen, L. F. Wang, and W. B.
Wu, Control of ferromagnetism and magnetic anisotropy
via tunable electron correlation and spin-orbital coupling in
Lag 67Cag33MnO;/Ca(Ir, Ru)Os superlattices, Appl. Phys.
Lett. 113, 231601 (2018).

H. N. Peng, N. P. Lu, S. Z. Yang, Y. J. Lyu, Z. W. Liu,
Y. F. Bu, S. C. Shen, M. Q. Li, Z. L. Li, L. Gao, et al., A
generic sacrificial layer for wide-range freestanding oxides
with modulated magnetic anisotropy, Adv. Funct. Mater.
32,2111907 (2022).

S. B. Hu, C. Cazorla, F. X. Xiang, H. F. Ma, J. Y. Wang,
J. B. Wang, X. L. Wang, C. Ulrich, L. Chen, and J. Seidel,
Strain control of giant magnetic anisotropy in metallic per-
ovskite SrCoO;_; thin films, ACS Appl. Mater. Interfaces
10, 22348 (2018).

J. W. Kim, Y. Choi, J. Kim, J. F. Mitchell, G. Jackeli, M.
Daghofer, J. van den Brink, G. Khaliullin, and B. J. Kim,
Dimensionality Driven Spin-Flop Transition in Layered
Iridates, Phys. Rev. Lett. 109, 037204 (2012).

S. Lin, Q. H. Zhang, M. A. Roldan, S. Das, T. Charlton, M.
R. Fitzsimmons, Q. Jin, S. S. Li, Z. P. Wu, S. Chen, et al.,
Switching Magnetic Anisotropy of SrRuO; by Capping-
Layer-Induced Octahedral Distortion, Phys. Rev. Appl. 13,
034033 (2020).

Z.Lu,J. Liu, L. Wen, J. Feng, S. Kong, X. Zheng, S. Li, P.
Jiang, Z. Zhong, J. Zhu, et al., Lateral modulation of mag-
netic anisotropy in tricolor 3d-5d oxide superlattices, ACS
Appl. Electron. Mater. 3, 4210 (2021).

D. Yi, J. Liu, S. L. Hsu, L. P. Zhang, Y. S. Choi, J. W.
Kim, Z. H. Chen, J. D. Clarkson, C. R. Serrao, E. Aren-
holz, et al., Atomic-scale control of magnetic anisotropy via
novel spin-orbit coupling effect in La,3Sr; ;3MnO3/SrlrO;
superlattices, Proc. Natl. Acad. Sci. U. S. A. 113, 6397
(2016).

G. Kresse and J. Furthmiiller, Efficient iterative schemes for
ab initio total-energy calculations using a plane-wave basis
set, Phys. Rev. B 54, 11169 (1996).

G. Kresse and J. Hafner, Ab initio molecular dynamics for
liquid metals, Phys. Rev. B 47, 558 (1993).

Z. Liao, M. Huijben, Z. Zhong, N. Gauquelin, S. Macke,
R. J. Green, S. Van Aert, J. Verbeeck, G. Van Ten-
deloo, K. Held, et al,, Controlled lateral anisotropy
in correlated manganite heterostructures by interface-
engineered oxygen octahedral coupling, Nat. Mater. 15, 425
(2016).

D. Kan, R. Aso, R. Sato, M. Haruta, H. Kurata, and Y. Shi-
makawa, Tuning magnetic anisotropy by interfacially engi-
neering the oxygen coordination environment in a transition
metal oxide, Nat. Mater. 15, 432 (2016).

J. P. Perdew, A. Ruzsinszky, G. I. Csonka, O. A. Vydrov,
G. E. Scuseria, L. A. Constantin, X. Zhou, and K. Burke,
Erratum: Restoring the Density-Gradient Expansion for
Exchange in Solids and Surfaces, Phys. Rev. Lett. 100,
136406 (2008).

See Supplemental Material http://link.aps.org/supple
mental/10.1103/PhysRevApplied.18.054083  for more
details of structural and electronic state characterizations.
M. Bjorck and G. Andersson, GenX: an extensible X-
ray reflectivity refinement program utilizing differential
evolution, J. Appl. Crystallogr. 40, 1174 (2007).


https://doi.org/10.1080/00018732.2010.534865
https://doi.org/10.1038/s41565-019-0534-7
https://doi.org/10.1038/nmat4360
https://doi.org/10.1021/acsami.9b05562
https://doi.org/10.1038/nmat1595
https://doi.org/10.1038/nmat2804
https://doi.org/10.1126/science.1218197
https://doi.org/10.1038/nmat3675
https://doi.org/10.1126/science.1240573
https://doi.org/10.1038/nnano.2016.234
https://doi.org/10.1103/PhysRevMaterials.3.104406
https://doi.org/10.1103/PhysRevApplied.15.024001
https://doi.org/10.1103/PhysRevB.100.094432
https://doi.org/10.1103/PhysRevLett.124.217202
https://doi.org/10.1103/PhysRevMaterials.2.111404
https://doi.org/10.1063/1.5045786
https://doi.org/10.1002/adfm.202111907
https://doi.org/10.1021/acsami.8b03553
https://doi.org/10.1103/PhysRevLett.109.037204
https://doi.org/10.1103/PhysRevApplied.13.034033
https://doi.org/10.1021/acsaelm.1c00658
https://doi.org/10.1073/pnas.1524689113
https://doi.org/10.1103/PhysRevB.54.11169
https://doi.org/10.1103/PhysRevB.47.558
https://doi.org/10.1038/nmat4579
https://doi.org/10.1038/nmat4580
https://doi.org/10.1103/PhysRevLett.100.136406
http://link.aps.org/supplemental/10.1103/PhysRevApplied.18.054083
https://doi.org/10.1107/S0021889807045086

FERROMAGNETISM WITH STRONG PERPENDICULAR ...

PHYS. REV. APPLIED 18, 054083 (2022)

[30]

[31]

[32]

(33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

Z. X. Lu, Y. J. Yang, L. J. Wen, J. T. Feng, B. Lao, X.
Zheng, S. Li, K. N. Zhao, B. S. Cao, Z. L. Ren, et al.,
Cooperative control of perpendicular magnetic anisotropy
via crystal structure and orientation in freestanding SrRuO;
membranes, npj Flex. Electron. 6, 9 (2022).

Y. Wu, Y. Suzuki, U. Riidiger, J. Yu, A. D. Kent, T. K. Nath,
and C. B. Eom, Magnetotransport and magnetic domain
structure in compressively strained colossal magnetoresis-
tance films, Appl. Phys. Lett. 75, 2295 (1999).

Y. Suzukia, H. Y. Hwang, S. W. Cheong, T. Siegrist, R.
B. van Dover, A. Asamitsu, and Y. Tokura, Magnetic
anisotropy of doped manganite thin films and crystals, J.
Appl. Phys. 83, 7064 (1998).

F. Han, X. Chen, J. Wang, X. Huang, J. Zhang, J. Song,
B. Liu, Y. Chen, X. Bai, F. Hu, et al., Perpendicular mag-
netic anisotropy induced by La; 3511 3MnO3-YBaCo,0s. s
interlayer coupling, J. Phys. D: Appl. Phys. 54, 185302
(2021).

G. C. Allen, S. J. Harris, J. A. Jutson, and J. M. Dyke, A
study of a number of mixed transition metal oxide spinels
using x-ray photoelectron spectroscopy, Appl. Surf. Sci. 37,
111 (1989).

B. J. Tan, K. J. Klabunde, and P. M. A. Sherwood, XPS
studies of solvated metal atom dispersed (SMAD) cata-
lysts. Evidence for layered cobalt-manganese particles on
alumina and silica, J. Am. Chem. Soc. 113, 855 (1991).

L. Yin, C. B. Wang, L. Li, Q. Shen, and L. M. Zhang, Large
room temperature magnetoresistance in LaggSrg;MnO;
thin films, J. Alloy. Compd. 730, 327 (2018).

Y. F. Chen, G. M. Wang, Z. F. Sun, S. G. Wang, Y. W.
Mao, Q. R. Deng, and J. J. Yang, Magnetic characteris-
tics of LaMnOs;s thin films deposited by RF magnetron
sputtering in an O, /Ar mixture gas, Mater. Res. Express 8,
016101 (2021).

J. Nichols, X. Gao, S. Lee, T. L. Meyer, J. W. Freeland,
V. Lauter, D. Yi, J. Liu, D. Haskel, J. R. Petrie, et al.,
Emerging magnetism and anomalous Hall effect in iri-
date—manganite heterostructures, Nat. Commun. 7, 12721
(2014).

Z.S. Lim, C. J. Li, Z. Huang, X. Chi, J. Zhou, S. W. Zeng,
G. J. Omar, Y. P. Feng, A. Rusydi, S. J. Pennycook, et
al., Emergent topological Hall effect at a charge-transfer
interface, Small 16, 2004683 (2020).

W. Niu, W. Q. Liu, M. Gu, Y. D. Chen, X. Q. Zhang,
M. H. Zhang, Y. Q. Chen, J. Wang, J. Du, F. Q. Song, et
al., Emergent ferromagnetism: direct demonstration of the
emergent magnetism resulting from the multivalence Mn in
a LaMnOs epitaxial thin film system, Adv. Electron. Mater.
4, 1800055 (2018).

Y. Sun, X. J. Xu, W. Tong, and Y. H. Zhang,
Double-exchange ferromagnetism and magnetoresistance
in LaMn;_,Cu,O;3 (x <0.3), Appl. Phys. Lett. 77, 2734
(2000).

G. M. Zhao, Double exchange and the cause of ferro-
magnetism in doped manganites, Phys. Rev. B 62, 11639
(2000).

M. A. Zeb and H. Y. Kee, Interplay between spin-orbit cou-
pling and Hubbard interaction in SrIrOs3 and related Pbnm
perovskite oxides, Phys. Rev. B 86, 085149 (2012).

B. J. Kim, H. Jin, S. J. Moon, J. Y. Kim, B. G. Park,
C. S. Leem, J. Yu, T. W. Noh, C. Kim, S. J. Oh, et al.,

[45]

[46]

[47]

[51]

[54]

[55]

[56]

[59]

054083-11

Novel Jeg= 1/2 Mott State Induced by Relativistic Spin-
Orbit Coupling in Sr;IrO4, Phys. Rev. Lett. 101, 076402
(2008).

K. K. Wolff, S. Agrestini, A. Tanaka, M. Jansen, and
L. H. Tjeng, Comparative study of potentially Jeg=0
ground state Iridium(V) in SrLaNilrOg, SrLaMglrOy, and
SrLaZnlrOg, Z. Anorg. Allg. Chem. 643, 2095 (2017).

W. K. Zhu, M. Wang, B. Seradjeh, F. Yang, and S. X.
Zhang, Enhanced weak ferromagnetism and conductivity
in hole-doped pyrochlore iridate Y,Ir,O7, Phys. Rev. B 90,
054419 (2014).

1. Qasim, B. J. Kennedy, and M. Avdeev, Stabilising the
orthorhombic perovskite structure in SrlrO; through chem-
ical doping. Synthesis, structure and magnetic properties
of Srlr;_ Mg, O3 (0.20 <x > 0.33), J. Mater. Chem. A 1,
13357 (2013).

S. Bhowal and S. Satpathy, Electronic structure and anoma-
lous Hall effect in the ferromagnetic 3d-5d superlattice
SrMnQO3 /SrlrOs, Phys. Rev. B 99, 245145 (2019).

J. B. Goodenough, Theory of the role of covalence in the
perovskite-type manganites [La, M (I[)]MnOs3, Phys. Rev.
100, 564 (1955).

M. C. Shapiro, S. C. Riggs, M. B. Stone, C. R. de la Cruz, S.
Chi, A. A. Podlesnyak, and I. R. Fisher, Structure and mag-
netic properties of the pyrochlore iridate Y,Ir,O7, Phys.
Rev. B 85, 214434 (2012).

M. Kobayashi, L. D. Anh, M. Suzuki, S. K. Takada, Y.
Takeda, S. Fujimori, G. Shibata, A. Tanaka, M. Tanaka, S.
Ohya, and A. Fujimori, Alternation of Magnetic Anisotropy
Accompanied by Metal-Insulator Transition in Strained
Ultrathin Manganite Heterostructures, Phys. Rev. Appl. 185,
064019 (2021).

T. Zhao, F. Chen, H. B. Lu, G. Z. Yang, and Z. H. Chen,
Thickness and oxygen pressure dependent structural char-
acteristics of BaTiO; thin films grown by laser molecular
beam epitaxy, J. Appl. Phys. 87, 7442 (2000).

K. Terai, M. Lippmaa, P. Ahmet, T. Chikyow, T. Fujii, H.
Koinuma, and M. Kawasaki, In-plane lattice constant tun-
ing of an oxide substrate with Ba;_,Sr,TiO3 and BaTiO;
buffer layers, Appl. Phys. Lett. 80, 4437 (2002).

H. Terauchi, Y. Watanabe, H. Kasatani, K. Kamagaki,
Y. Yano, T. Terashima, and Y. Bando, Structural study
of epitaxial BaTiO; crystals, J. Phys. Soc. Jpn. 61, 2194
(1992).

P. Bruno, Tight-binding approach to the orbital magnetic
moment and magnetocrystalline anisotropy of transition-
metal monolayers, Phys. Rev. B 39, 865 (1989).

F. M. F. de Groot, J. C. Fuggle, B. T. Thole, and G. A.
Sawatzky, L,3 x-ray-absorption edges of d° compounds:
K*, Ca**, Sc**, and Ti** in O, (octahedral) symmetry,
Phys. Rev. B 41, 928 (1990).

D. Pesquera, G. Herranz, A. Barla, E. Pellegrin, F. Bondino,
E. Magnano, F. Sanchez, and J. Fontcuberta, Surface
symmetry-breaking and strain effects on orbital occupancy
in transition metal perovskite epitaxial films, Nat. Com-
mun. 3, 1189 (2012).

S. Okamoto, J. Nichols, C. Sohn, S. Y. Kim, T. W. Noh,
and H. N. Lee, Charge transfer in Iridate-Manganite super-
lattices, Nano Lett. 17,2126 (2017).

A. Glazer, The classification of tilted octahedra in per-
ovskites, Acta Crystallogr. Sect. B 28, 3384 (1972).


https://doi.org/10.1038/s41528-022-00141-3
https://doi.org/10.1063/1.124995
https://doi.org/10.1063/1.367570
https://doi.org/10.1088/1361-6463/abdeff
https://doi.org/10.1016/0169-4332(89)90977-X
https://doi.org/10.1021/ja00003a019
https://doi.org/10.1016/j.jallcom.2017.09.283
https://doi.org/10.1088/2053-1591/abd6a3
https://doi.org/10.1038/ncomms12721
https://doi.org/10.1002/smll.202004683
https://doi.org/10.1002/aelm.201800055
https://doi.org/10.1063/1.1320021
https://doi.org/10.1103/PhysRevB.62.11639
https://doi.org/10.1103/PhysRevB.86.085149
https://doi.org/10.1103/PhysRevLett.101.076402
https://doi.org/10.1002/zaac.201700386
https://doi.org/10.1103/PhysRevB.90.054419
https://doi.org/10.1039/c3ta12326j
https://doi.org/10.1103/PhysRevB.99.245145
https://doi.org/10.1103/PhysRev.100.564
https://doi.org/10.1103/PhysRevB.85.214434
https://doi.org/10.1103/PhysRevApplied.15.064019
https://doi.org/10.1063/1.373007
https://doi.org/10.1063/1.1484242
https://doi.org/10.1143/JPSJ.61.2194
https://doi.org/10.1103/PhysRevB.39.865
https://doi.org/10.1103/PhysRevB.41.928
https://doi.org/10.1038/ncomms2189
https://doi.org/10.1021/acs.nanolett.6b04107
https://doi.org/10.1107/S0567740872007976

	I. INTRODUTION
	II. EXPERIMENTAL METHODS
	A. Deposition of films
	B. Structural and magnetization characterizations
	C. X-ray photoemission spectroscopy and x-ray absorption spectroscopy measurements
	D. First-principles calculations

	III. RESULTS AND DISCUSSION
	A. Structure characterizations
	B. Magnetic characterizations
	C. Effects of lattice distortion
	D. Discussions

	IV. CONCLUSION
	ACKNOWLEDGMENTS


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile ()
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 5
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /PDFX1a:2003
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    33.84000
    33.84000
    33.84000
    33.84000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    9.00000
    9.00000
    9.00000
    9.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames false
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks true
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo true
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


