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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 SrMn0.3Ir0.7O3 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 SrMn0.3Ir0.7O3 films have been epitaxially
deposited on (001)-oriented SrTiO3 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 eg electrons occupy preferentially the d3z2−r2 orbital, which produces the observed PMA
in the framework of spin-orbital coupling. The SrMn0.3Ir0.7O3 thin film shows a large effective anisotropy
constant of about 1.2 × 106 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 SrMn0.3Ir0.7O3 and the Mn eg orbital polarization comes from both lattice distortion and oxygen
octahedron rotation. The SrMn0.3Ir0.7O3 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 ABO3 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 SrRuO3
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 La2/3Sr1/3MnO3/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 SrMn0.3Ir0.7O3 (SMIO) thin films deposited on
(001)-oriented SrTiO3 (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 × 106 erg cm−3 at 10 K. By depositing SMIO films on
BaTiO3 (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 NH4F buffered HF solution
(NH4F/HF = 7:1) for 45 s and annealed at 950 °C for
75 min in flowing O2 to achieve a TiO2-single-terminated
surface. The SMIO target is prepared by pressing a desired
amount of fully mixed Sr2IrO4 and MnO2 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/cm2 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 O2 pressure by ablating a ceramic tar-
get prepared by solid-state reaction. For comparison, the
SrMnO3 (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 Kα1 radiation (λ = 1.54 Å). 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 BL08U1A 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 L2 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, 4s24p65s2 for
Sr, 5d86s1 for Ir, 3s23p63d54s2 for Mn and 2s22p4 for
O are considered. Electronic relaxations converged within
10−7 eV and ionic relaxation is performed until the resid-
ual force is <1 meV/Å. 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 × 2 × 2 ABO3 unit cells with six Ir and
two Mn cations on the B sites is used, and a �-centered
8 × 8 × 8 k-point mesh is adopted.

III. RESULTS AND DISCUSSION

A. Structure characterizations

Figure 1(a) shows a ω–2θ x-ray diffraction (XRD) pat-
tern of the SMIO film deposited on the STO substrate.
Only (00l) 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 2θ = 45.50° corresponds to an
out-of-plane lattice constant of 3.976 Å. 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 Å,
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 Å along [001]
and 3.905 Å 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 × 3 μm2 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/χ–T) curve (see the Supplemental Material
[28]). Below TC, 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 0.80µB per
formula unit (approximately 120 emu cm−3). 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.

(a) (b)

(c) (d)

FIG. 1. (a) ω–2θ 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.

054083-3



PENGXIANG HOU et al. PHYS. REV. APPLIED 18, 054083 (2022)

(a) (b)

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 Keff is evaluated.

To quantify the PMA, an effective anisotropy constant Keff
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, Keff is positive when the
magnetization is preferentially oriented perpendicular to
the film plane. The direct calculation comes to a strong
Keff ∼ 1.2 × 106 erg cm−3 at 10 K for the SMIO film, com-
parable with that of the SrRuO3 film, which is well known
for its PMA with an anisotropic energy above 106 erg cm−3

[30]. M–H loops of the SMIO film are also measured at 30,
50, 70, and 100 K to obtain Keff 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 Keff decreases with increasing temperature, disappear-
ing finally at TC about 110 K. However, ferromagnetic
LSMO thin films, frequently proposed for oxide spintronic
devices, usually exhibit a negative Keff 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 et al. deposited
LSMO thin films on (001)-oriented LaAlO3 substrates
with a Keff ∼ 8.4 × 104 erg cm−3, 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/YBaCo2O5+δ

superlattices and reported an interfacial Mn—Co cova-
lent bond induced PMA with a Keff about 4.0 × 106 erg
cm−3 [33]. Yi et al. reported that LSMO/SIO superlat-
tices with desired microstructures may exhibit a Keff about
1.5 × 106 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 SrMnO3 (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 Mn4+ cations [34,35].
Both LSMO and SMIO thin films show much broader
Mn 2p doublets with the 2p3/2 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 Mn3+ and
Mn4+ cations. By fitting the Mn 2p spectra of LSMO
with multiple Lorentzian-Gaussian peaks, one may decom-
pose the spectra into two 2p3/2/2p1/2 doublets, one at the
same binding energies as those in SMO, i.e., 641.5 and
653.1 eV for Mn4+, and the other at lower binding ener-
gies 640.1 and 651.6 eV for Mn3+ cations, according to
previous reports [36,37]. The Mn3+/Mn4+ 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
Mn3+/Mn4+ 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 Ir4+ and Ir5+ cations, showing
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(a)

(b)

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 Ir4+ J eff= 1/2 orbital to
the empty Mn4+ eg 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 Ir–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 Mn3+–O–Mn4+

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 eff= 1/2 band renders the
antiferromagnetic behavior observed in various Ir4+ per-
ovskites, such as SIO and Sr2IrO4 [43–45]. However, in the

SMIO film with mixed-valence Ir4+–O–Ir5+, the double
exchange interaction prefers parallel Ir moments, similar
to the Mn3+–O–Mn4+ [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 et 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 Ir–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 3.40µB [49]. Shapiro
et al. have reported a moment approximately 0.33μB/Ir
with +4 valence measured by neutron-powder-diffraction
[50]. Nichols et al. have reported a moment ∼0.08µB/Ir
with +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 0.24µB/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 0.85µB
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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(a) (b) (c)

(d) (e) (f)

(g)

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) Keff 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 0.80µB per for-
mula unit. Keff, 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). Keff 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 c/a = 1 on the 60-
nm-thick BTO buffer layer, the SMIO film still exhibits a
positive Keff of about 4.0 × 105 erg cm−3. 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
Keff of about −1.5 × 105 erg cm−3, indicating an in-plane
magnetic easy axis.

According to the Bruno model, in manganite films, pref-
erential occupancy of the d3z2−r2 (dx2−y2) 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 L2 edges originate from electron transition
from 2p3/2 and 2p1/2 orbitals to the empty 3d orbitals,
respectively. X-ray photons linearly polarized in-plane and
out-of-plane excite electrons into different eg 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 L2 absorption peak gives a
direct measure to the occupation of the eg orbitals [56,57].
Negative (positive) value corresponds to a preferential
occupancy of the dx2−y2 (d3z2−r2) 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 XLD are positive around the
L2 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 d3z2−r2 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 dx2−y2 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 Keff, as shown in Fig. 4(g).
The XLD measurement indicates that the observed PMA
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(a) (b)

(c) (d)

FIG. 5. Normalized XAS spectra for the SMIO films deposited on bare STO (a) and 60- (b) and 80-nm- (c) thick BTO buffered
STO, measured with photons polarized in-plane and out-of-plane, respectively. Bottom panels in (a)–(c) are the corresponding XLD
spectra. (d) XLD, integrated around the L2 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 d3z2−r2 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 3d3z2−r2 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 Keff can be
divided into three parts as

Keff = Kshape + KLD + KOOR, (1)

where K shape is from shape anisotropy, KLD from lattice
distortion, and KOOR from oxygen octahedral rotation.
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(a) (b)

FIG. 6. (a) Sketch of the SrMn0.25Ir0.75O3 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, K shape is negative due to the shape
anisotropy that favors an in-plane moment. As shown in
Fig. S7 in the Supplementary Material [28], Keff indeed
decreases with decreasing SMIO film thickness from 20
to 5 nm. But the reduction in Keff is very limited, indicat-
ing that K shape does not play a dominant role. Therefore,
it is reasonable to assume that SMIO films at the same
thickness have the same K shape. KLD, as discussed above,
depends on the anisotropy of crystal fields, which depends,
in turn, on the lattice distortion, i.e., tetragonality. When
c/a = 1, KLD is assumed to be zero. The observed pos-
itive Keff in the SMIO film with c/a = 1 suggests that
KOOR 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 eg orbitals, first-principles calculations are performed.
For ease of modeling, we consider a supercell composed
of 2 × 2 × 2 ABO3 perovskite unit cells with six Ir and
two Mn on the perovskite B sites. The composition of the
supercell, i.e., SrMn0.25 Ir0.75O3, 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 eg states while the t2g orbitals are

clearly split near the Fermi level, indicating that three d
electrons occupied the three t2g orbitals and the eg orbitals
are also partially occupied. This is consistent with the mea-
sured average Mn valence. For Ir 5d electrons, the t2g
orbitals split into orbitals of J eff= 3/2 and J eff= 1/2 due
to the strong SOC. The eg orbitals of Ir are also par-
tially filled. Okamoto et al. have proposed that molecular
orbitals form among eg orbitals of neighboring Mn and Ir
cations across the SMO/SIO interface and electrons trans-
fer from the Ir J eff= 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−c+ oxygen octahedral rotation pattern
(Glazer notation [59]), the effect of oxygen octahedral rota-
tion on the orbital occupation in Mn eg 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 d3z2−r2 and dx2−y2 PDOS of the SMIO
film with the a−a−c+ oxygen octahedral rotation pat-
tern, and those decomposed into the a0a0c+ pattern with
the 6° out-of-plane tilting and the a−a−c0 pattern with
8° in-plane tilting. It is observed that both d3z2−r2 and
dx2−y2 orbitals are all partially occupied. The electron
occupancy of d3z2−r2 (nd3z2−r2 ) and dx2−y2 orbitals (ndx2−y2 )

are calculated. The ratio nd3z2−r2 : ndx2−y2 is 1.13:1, 1.17:1,

and 1.02:1 for the a−a−c+, a0a0c+, and a−a−c0 pattern,
respectively. The large occupancy ratio of the a0a0c+
pattern suggests that the out-of-plane octahedral rotation
favors more occupancy of the d3z2−r2 orbital. The oxygen
octahedron rotation may result in the magnetic easy axis
perpendicular to the film plane even in SMIO film with
c/a = 1.
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(b)

(a)

FIG. 7. (a) Sketch of structures with oxygen octahedral rotation pattern a0a0c+ and a−a−c0. (b) PDOS of Mn 3d–eg states with
a−a−c+, a0a0c+, or a−a−c0. d3z2−r2 and dx2−y2 orbitals are marked in blue and red colors, respectively.

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 × 106 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 d3z2−r2 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

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