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ABSTRACT

Magnetic materials with strong spin-orbit coupling (SOC) are essential for the advancement of spin-orbitronic devices, as they
enable efficient spin-charge conversion, complex magnetic structures, spin-valley physics, topological phases and other exotic
phenomena. 5d transition-metal oxides such as SrIrO; feature large SOC, but usually show paramagnetic behavior due to broad
bands and a low density of states at the Fermi level, accompanied by a relatively low Coulomb repulsion. Here, we unveil
ferromagnetism in 5d SrIrO; thin films grown on SrTiO; (111). Through substrate-induced structural engineering, a zigzag
stacking of three-unit-cell thick layers along the [111] direction is achieved, stabilizing a ferromagnetic state at the interfaces.
Magnetotransport measurements reveal an anomalous Hall effect below ~30 K and hysteresis in the Hall conductivity below
7 K, indicating ferromagnetic ordering. X-ray magnetic circular dichroism further supports these results. Theoretical analysis
suggests that the structural engineering of the IrO, octahedral network enhances the density of states at the Fermi level and
thus stabilizes Stoner ferromagnetism. This work highlights the potential of structurally engineered 5d oxides for spin-orbitronic
devices, where efficient control of SOC-induced magnetic phases by electric currents can lead to lower energy consumption and
improved performance in next-generation device technologies.

1 | Introduction access memories (MRAMs), and they are actively being developed

for future spin-orbitronic devices [1-6]. In particular, there has
Magnetic materials play a crucial role in current information-  been a growing interest in controlling the direction of magneti-
processing devices such as hard disks and magnetic random- zation using electric currents, as this offers significant potential
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for novel devices with low energy consumption [7-9]. A key
factor for the realization of efficient spin-charge conversion is
the presence of strong spin-orbit coupling (SOC), which increases
the spin Hall angle and generates larger spin currents [10].
Ferromagnetic materials with strong SOC allow a perpendicular
magnetic moment to be efficiently switched by an in-plane
current flow without an external magnetic field [11-13].

To achieve a large SOC, materials containing 4d or 5d heavy
elements are usually required. However, these elements have
extended orbitals, which lead to a delocalization of electrons
that weakens electron-electron correlations and often results
in paramagnetic behavior. Aside from conventional exchange
interactions, ferromagnetism in such systems can also arise
from satisfying the Stoner instability criterion, as exemplified
by SrRuO; - a well-known 4d itinerant ferromagnet [14, 15].
Recently, it has been shown that applying an electric current
can change its out-of-plane magnetization direction in thin
films with (001)-orientation [16]. These findings highlight the
importance of designing ferromagnetic materials with strong
SOC for spin-orbitronic device applications.

Here, we report the emergence of ferromagnetism in thin films
of 5d SrIrO; (SIO) with a d° electron configuration when grown
with (111)-orientation on SrTiO;. In contrast, epitaxially stabilized
(001)-oriented SIO films, which are known to adopt a perovskite
structure, exhibit paramagnetic, metallic behavior across various
substrates. For instance, 35 nm-thick films grown on GdScO;
(110)—which is nearly lattice-matched to the pseudocubic lattice
derived from orthorhombic bulk SIO—were found to remain
paramagnetic down to 300 mK [17]. On the other hand, films
on SrTiO; (001) undergo a metal-insulator transition (MIT) at a
critical thickness of four unit cells (uc), that is, toward the 2D
limit when correlations are enhanced. This may be accompanied
by in-plane magnetism arising from canted antiferromagnetic
(AFM) ordering, as suggested by density functional theory (DFT)
calculations [18, 19]. However, their highly insulating nature
would, in any case, limit their suitability for current-driven
devices. Signatures of ferromagnetic phases were observed in
artificial [(SrIrOs),,, SrTiO;] superlattices, but again only in
conjunction with insulating behavior, below m = 3 [20], while
itinerant ferromagnetism, induced by proximity, was reported
in superlattices with the ferromagnetic insulator LaCoO; [21].
Generally, in d° iridates, the large SOC leads to the entanglement
of the spin and orbital degrees of freedom, associated with
the formation of J = 1/2 states. This results in a narrow,
half-filled band, susceptible to Mott localization and favors
superexchange-driven AFM interactions, specifically for corner-
sharing octahedra with 180° Ir-O-Ir bond angles. This typically
stabilizes a robust antiferromagnetic insulating phase that is
difficult to convert into a ferromagnetic state [22, 23].

Given that bulk SIO, which adopts a monoclinic distortion of
the hexagonal BaTiO; structure, is a non-Fermi-liquid metal
close to a ferromagnetic instability [24], SIO (111) thin films
offer a promising route to stabilize a hexagonal lattice motif and
potentially realize intrinsic itinerant ferromagnetism. Also, due
to the geometrically frustrated spin configuration in combination
with strain, unexpected magnetic states with potential topological
characteristics could emerge [25]. Both perspectives highlight SIO
(111) films as an intriguing materials platform well worth closer

investigation. However, achieving perovskite SIO (111) films is
known to be challenging, primarily due to the fact that the
bulk monoclinic phase is thermodynamically more stable [26].
Recent studies have demonstrated that monoclinic SIO films can
be epitaxially grown on STO (111) substrates [27, 28], featuring
a thickness-driven transition into a magnetic insulating state
[28]. Furthermore, superlattice engineering has been employed to
realize a well-defined perovskite structure with (111) orientation.
A SIO(6 uc)/STO(4 uc) superlattice exhibits an anomalous Hall
effect under both in-plane and out-of-plane magnetic fields, with
the magnetic easy axis lying in-plane [29]. While these studies
provide intriguing insights into the magnetic state, detailed inves-
tigations of the crystal structure and the spin configuration of SIO
(111) films are still lacking, and the link between structure and
magnetism remains unclear. In this work, we combine structural
and magnetotransport measurements with theoretical analysis to
shed light on the magnetic properties and their microscopic origin
in SIO (111) films.

2 | Results and Discussion

We first explore the structural properties of an SIO (111) film (~ 20
uc thick) grown on STO (111). The thickness of the SIO (111) film,
fabricated by pulsed laser deposition, was determined from the
reflection high-energy electron diffraction (RHEED) oscillations
(see Figure Sla). After finishing the film growth, we carried out in
situ low-energy electron diffraction (LEED), exhibiting a sixfold
structural symmetry (see Figure Sic). X-ray diffraction shows a
single-phase SIO (111) film with a c-axis lattice parameter of about
2.40 A (Figure 1a), which is slightly larger than reported in Ref.
[28] (c = 2.35 A~14.12 A /6) for fully relaxed monoclinic (m-SIO)
films of thicknesses between 5.7 nm and 90 nm. The width of
the rocking curve of the SIO (111) peak is about 0.15° (see inset
of Figure 1a), indicating that the film is of high crystalline quality.

An additional peak between the SIO (111) and (222) reflections,
marked as SL+, is positioned at precisely 1.33 r.l.u. (Figure S2b),
indicating a three-unit-cell periodicity, which is also seen in the
high-angle annular dark field (HAADF) scanning transmission
electron microscope (STEM) image in Figure 1b. While an
analysis of the TEM images along the [11, 12] zone axis in terms of
the tilt angle is not conclusive due to the drift during scanning,
the finding of a slightly elongated c axis in our films suggests
that our thinner films (below 20 uc, i.e., 4.8 nm) may preserve
a strained, hexagonal-like structure rather than adopting the
relaxed monoclinic form as in Ref. [28]. Although this SL+ peak
was previously identified as the (008) reflection of the reported
m-SIO, it is denoted as SL+ in this study to distinguish it from the
strained superstructure. The strained hexagonal superstructure is
presumed to develop from an initial accommodation layer (yellow
box in Figure 1b,d). It has been reported that at polar (111) oxide
interfaces, the initial growth layer accommodates the interfacial
mismatch primarily through local rearrangements of the oxygen
sublattice and distortions of the B-site octahedral network [30].
In this context, we hypothesize that the first IrO; layer of the
SIO (111) film may be locally distorted and partially disordered at
the atomic scale. Such atomic-scale disorder can occur without
complete strain relaxation. Once this initial accommodation
layer is formed, the subsequent layers experience the epitaxial
constraint imposed by the STO (111) substrate and thus recover
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FIGURE 1 | Structural properties of SIO (111) films grown on STO (111) substrates. (a) X-ray diffractogram of a 26— scan. The inset shows a rocking
curve of the SIO (111) diffraction peak. (b), Scanning transmission electron microscopy image along the [110] zone axis. The numbers on the left denote
the atomic rows in the image containing Ir atoms, counted from the interface. The yellow box highlights the region discussed in (d). (c), Arrangement of
Ir atoms, generated from STEM images along three different zone axes, as illustrated in the schematic above. See Supporting information for details. (c),
Arrangement of Ir atoms, generated from STEM images along three different zone axes, as illustrated in the schematic above. See Supporting information
for details. (d), 3D hexagonal crystal structure as inferred from the STEM data. The figure below shows a top view of the crystal structure. The lattice
vectors are specified in relation to the STO substrate. The yellow box corresponds to the projected atomic configuration in (b). (e), The average Ir-Ir
distance in the face-shared (green colored) and the corner-shared (uncolored) octahedra. The atomic row numbers i refer to the numbers in (b) with the
Ir-Ir distance given for each row being determined from the averaged distances of Ir atoms in this row and the next row i-1 to the interface.

the strained hexagonal configuration. Furthermore, the small
substrate miscut of less than 0.1° suppresses defect formation
and island growth, thereby facilitating the stable growth of
strain-preserved SIO (111) films [31].

The in-plane lattice parameter obtained from TEM images along
different zone axes, namely [110] and [112], shows that the film
is well strained to the STO substrate (see Figure S2). To confirm
the sixfold structural symmetry from the LEED measurement,
we compare STEM images from three other lamellae, cut at

different angles as sketched in Figure 1c, top. From these data,
we determined the Ir positions with pm-scale precision, which
are marked by green, red, and blue dots, corresponding to the
lamellae with angles of 0°, —60°, and 60° with respect to the
[112] axis, respectively (Figure S2d). The Ir atomic positions from
the different lamellae coincide well with each other, indicating
a sixfold symmetry as seen by LEED (Figure 1c, bottom). This
implies that the SIO (111) film shows a hexagonal superstructure.
By combining all TEM images, we obtain the 3D crystal structure
depicted in Figure 1d. The interface between twinned stacks
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exhibits a face-shared octahedral structure, whereas the interior
of the stacks consists of corner-shared octahedra as in a perovskite
structure. The average distance between Ir-Ir ions in the face-
shared octahedral arrangement is determined to be 2.7 A, whereas
in the corner-shared octahedral arrangement, it measures 3.9 A
(Figure 1e).

To explore the electric transport properties, we first investigate
the sheet resistance of SIO (111) films of different thicknesses
using van-der-Pauw geometry (see Figure 2a; Figure S3a with
a reduced sheet resistance range for better discernibility of the
curves). The SIO (111) films exhibit a thickness-dependent MIT
at a critical thickness of 5 uc. Below this critical thickness, the
SIO (111) films only feature corner-shared octahedra and display
insulating behavior. On the other hand, the SIO (111) films above
the critical thickness begin to show a zigzag atomic arrangement
and the formation of corresponding interfaces with face-shared
octahedra. The interactions between these face-shared and the
corner-shared octahedra are expected to alter the film’s electronic
band structure, likely contributing to its metallic behavior. Above
the critical thickness, the films display a metal-insulator crossover
upon cooling, with the crossover temperature decreasing with
increasing thickness and reaching about 50 K for thicknesses
above 12 uc (Figure S3b).

As a representative system for a strained and highly conducting
sample, we choose a 9 uc thick SIO (111) film comprising
two interfaces with face-shared octahedra to exemplarily study
its magnetoelectric transport properties R(B)/R(0) (Figure 2b),
where R(B) and R(0) are the sheet resistances at a finite B-
field and without B-field, respectively. The sudden drop near
B = 0 at 2 K may partly originate from magnetoelastic effects.
An applied magnetic field can realign domains and induce
magnetostrictive strain, which modifies magnetic anisotropy and
transiently lowers the resistance [32]. With increasing field,
relaxation of the accumulated strain may cause a partial recovery
of resistance.

In order to gain a deeper understanding into the relative strengths
of SOC and electron-electron correlations, we fit the magneto-
conductance data below 10 K using the Maekawa-Fukuyama
(MF) formula (Figure 2c) [18]:

Ac (B) 1 B, 3 1 By +Bso 1 1 By
%o -‘“’<z+§ et )Yt
_lm B(p +BSO +1 B(p +BSO _AKU(O)BZ
B, 2 B, a0

where ¥ is the digamma function, o, = ¢*/7his the quantum
conductance, and the parameters B,, B, and By, are the mag-
netic fields associated with the elastic, inelastic, and spin-orbit
relaxation lengths, respectively.B, and By, are obtained from
transport measurements and related to the relaxation lengths
I, and I, via B, = h/4el; and By, = h/4eli,. The last term
is included for considering a classical Drude contribution to
the magnetoconductance with the Kohler coefficient A, which
scales quadratically with the mobility [33]. B, can be expressed
as B, = h/4el?, where the elastic length, l,, is given by I, =
ho(37°n)"*/ne? and n is the carrier density. Since SIO can host
both holes and electrons, it is difficult to directly determine the

total carrier concentration. However, by comparing the fitting
errors for various B, values, we find that the best fit is obtained
for B, = 1.4. This value is comparable to the previously reported
B, = 1.2 for SIO (001) films (Figure S4).

In Figure 2d we show the inelastic and spin-orbit relax-
ation lengths as obtained from the fit analysis. The spin-orbit
relaxation length, Iy, remains nearly temperature independent
because it is governed by elastic scattering processes arising from
the intrinsic spin—orbit coupling and the static scattering poten-
tial landscape, such as lattice potential, impurities, or interface
roughness [34]. These factors are weakly affected by temperature.
From the fitting analysis, we find Iy, ~25 nm, a value slightly
larger than that of SIO (001) (~20 nm). The Iy, value of SIO (111)
is comparable to that of Au thin films (~30-50 nm), significantly
shorter than that of weak-SOC metals such as Ag (~650 nm), and
longer than that of strong-SOC metals such as Pt (~12 nm) [35, 36].
This comparison indicates that SIO (111) exhibits a moderate but
substantial spin-orbit coupling strength. The inelastic relaxation
length, [, is determined by inelastic scattering processes such
as electron-electron and electron-phonon interactions. These
inelastic processes destroy the quantum mechanical phase of the
electron wavefunction. Therefore, the inelastic relaxation length
directly sets the characteristic distance over which coherence
is maintained. Furthermore, [, exhibits a strong temperature
dependence. As the temperature increases, the rates of electron-
electron and electron-phonon inelastic scattering are enhanced,
leading to a decrease of L,. Conversely, at lower temperatures,
inelastic processes are suppressed, and the phase coherence
length becomes longer [37]. The fact that Iy, > lyimplies that
electrons lose their phase coherence before spin—orbit scattering
becomes significant, leading to constructive interference along
time-reversed paths, a hallmark of weak localization. When a
magnetic field is applied, this interference is suppressed, resulting
in negative magnetoresistance. Since SOC is relatively weak in
this regime, the spin-orbit-induced Berry curvature (QuA?/(E,,
— E,)?) and its contribution to the anomalous Hall effect are
reduced, suggesting that magnetism becomes relevant for the
observed Hall response.

The magnetoresistance (Ry; — Ryr)/Ryr, plotted in Figure 2e,
shows a sudden change from an increasing to a decreasing
behavior approximately at 20 K and a sign change from negative
to positive at about 7 K. Below 7 K, in the low B-field regime
(below ~ 1 T), in addition, a hysteresis loop appears, a typical
hallmark of magnetic materials. If ferromagnetic domains in the
SIO (111) films align with the field, the reduction of magnetic
fluctuations/magnons when approaching saturation can lead to
a negative magnetoresistance, as for instance in magnetic 3D
topological insulators [38-40]. As the field increases and the
magnetization saturates, a further increase in the field’s strength
leads to orbital effects caused by the Lorentz force, which bends
the paths of charge carriers and increases scattering, thereby
increasing the resistance [38]. This results in a crossover to
positive MR at high magnetic fields, which is observable even at
2 K in a sufficiently strong field of 14 T (Figure S7a). Noticeably, a
comparison between the magnetoresistance of SIO (001) and (111)
films (see Figure 2c) reveals that, unlike the (111) films, SIO (001)
films consistently exhibit positive MR at fields of +9 T across the
entire temperature range (see Figure S5) [17, 41, 42]. To further
explore the electronic carrier properties in SIO (001) and (111)
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FIGURE 2 | Magnetotransport properties. (a), Temperature-dependent resistance for films with different thicknesses. A metal-insulator transition

occurs at 5uc. (b), MR of a 9 uc thick film. (c), Maekawa-Fukuyama formula fitting (red lines) on magnetoconductances. (d), Fitting parameters of Igq
and ly. (e), MR ratio of a SIO (001) (empty dots) and a SIO (111) (filled dots) film, with the MR ratio given as a percentage of the average of (Ror —
Ror)/Ro7 and (R_gr — Ro7)/Ror. The error bars are calculated from the difference of these two values. (f), Anomalous Hall conductivity, calculated as

Oane = Panr!(ans’ + Px), of a9 uc thick film after subtracting the linear component for the ordinary Hall effect. Below about 30 K, the AHE appears

and increases with decreasing temperature. Distinct hysteresis loops can be seen below 7 K. (g), Magnitudes of the anomalous Hall conductivity, as
obtained from the average of the saturated values o455(6T) and o4p(— 67). (h), Coercive field of the AHE as a function of temperature. Plotted is the
average of the magnitudes of the magnetic field at which an anomalous Hall conductivity of zero is observed for each polarity.

films, we conducted anomalous Hall effect (AHE) measurements.
Unlike the SIO (001) film, which exhibits linear Hall resistance
and electron-dominated transport down to low temperatures,
the SIO (111) film shows hole-dominated transport across the
entire temperature range (Figure S6). A previous study reported
that a 5.7-nm-thick m-SIO film exhibits in-plane magnetization
but shows no evidence of an AHE [28]. Our strained SIO (111)
films display a clear AHE with pronounced hysteresis at low

temperatures under an out-of-plane magnetic field, signifying the
emergence of out-ot-plane magnetic moments.

To further analyze the AHE, we isolate its contribution by
subtracting a linear component, that is, the ordinary Hall effect,
in the region where AHE is observed. We plot the anomalous Hall
conductivity in Figure 2f using the equation ;5 = Pans/(OanEs’
+ pyw’), Where p, . is the transverse resistivity corresponding
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to the AHE and p,, represents the longitudinal resistivity. The
resulting conductivity reaches values up to about 2 Q~'cm™,
among the highest values reported for oxides and comparable
to those in strained pyrochlore iridates such as Nd,Ir,0, [43,
44]. The AHE begins to show hysteresis around 7 K, becoming
more pronounced as the temperature decreases. The coercive
field of the hysteresis loops scales linearly with the logarithmic
temperature (see Figure 2f). This behavior is attributed to fer-
romagnetic domain motion, where the minimum coercive field
required to overcome domain wall pinning is proportional to
exp[—(l%T)], with k; and U, being the Boltzmann constant and

the characteristic energy, respectively [45].

The AHE arises from both intrinsic and extrinsic mechanisms:
the intrinsic contribution stems from a finite Berry curvature,
while the extrinsic part originates from the magnetic scattering
of electrons in ferromagnetic materials [46]. In our data, the
Hall conductivity exhibits saturation accompanied by hysteresis,
consistent with ferromagnetic behavior. Notably, even prior to the
onset of hysteresis, the Hall conductivity reaches values close to
saturation between 10 and 25 K, suggesting that intrinsic effects
contribute to the AHE alongside ferromagnetism.

At high magnetic fields, angle-dependent Hall measurements
reveal unusual behavior in the in-plane configuration (Figure
S8b,c). While the AHE signal is typically expected to grad-
ually vanish as the magnetic field tilts toward the sample
surface, we observe a butterfly-shaped AHE under tilted magnetic
fields. This likely results from the saturation field not being
reached at the field orientations other than perpendicular to
the surface, as it exceeds the maximum experimentally available
field of 14 T. Nevertheless, the ferromagnetic-like hysteresis
in the AHE under out-of-plane magnetic field indicates fer-
romagnetic ordering with a preferential out-of-plane magnetic
anisotropy.

To independently verify ferromagnetism in SIO (111) films, we
performed X-ray magnetic circular dichroism (XMCD) measure-
ments at the Ir M; edge (3ds,, — 5f or 6p) in the energy range
from 2040 to 2070 eV in normal incidence geometry at the
DEIMOS beamline at the SOLEIL synchrotron facility (France)
[47]. The 5f orbital has a larger radial extension than the 4f orbital,
which results in stronger spatial overlap with the 5d orbital.
This suggests that the 5f-5d interaction can be significantly
stronger than the 4f-5d interaction. Although no calculations
have been reported for Ir, studies have been conducted on typical
5f systems, that is, actinide compounds. For example, in ThO,
(Th**, 5f° configuration), 5f and 5d orbitals share the same
principal quantum number and have similar radial distributions,
leading to substantial orbital overlap [48]. Ab-initio Hartree-Fock
calculations yield large positive values for the Slater integrals
of actinide ions, indicating a strong and positive exchange
interaction [49, 50]. As a result, when an electron is excited into
an empty 5f orbital, when its spin is parallel to the spin-polarized
5d valence electrons, the total energy of the system is lowered.
Conversely, antiparallel spin alignment is resulting in a higher
energy state.

Based on this, XMCD at the Ir M; edge provides evidence of
magnetism. Owing to the limited studies on XMCD at the Ir

M edges and the lack of established sum rules, a quantitative
estimation of the magnetic moment is not possible. However,
in Figure 3a, we plot the absorption spectra for left- and right-
circularly polarized light recorded at 5K and 6 T, which only show
subtle differences, indicating tiny magnetic moments, oriented
perpendicular to the SIO (111) film surface. As shown in Figure 3b,
the XMCD signals for + 6 T and —6 T are inverted relative to
each other, which indicates that the magnetic moments align
with the external field and change direction when the magnetic
field is reversed. The normalized XMCD areas can be regarded
as a measure of the magnetization. When plotted as a function
of magnetic field over a cycle from —6 T to +6 T and back
(see Figure 3c; Figure S8, for the XMCD signals), a hysteresis-
like loop as a characteristic of ferromagnetism is obtained. The
extracted coercive field is about 0.5 T, which agrees well with the
value that can be obtained from Figure 2d at the corresponding
temperature.

We further examine the temperature dependence of the normal-
ized XMCD integral, that is, the magnetization, after the SIO (111)
film was magnetized at —6T, in zero field, that is, in remanence,
starting from 5 K up to 200 K (see Figure 3d). One can clearly
see an increase below 50 K (see also Figure S9), supporting that
the appearance of MR and AHE approximately below 30 K, as
discussed above, is connected to the emergence of a magnetic
state. Above 50 K, the XMCD signals and thus the normalized
integrals become too weak to be reliably evaluated, with values
close to zero. This suggests that the out-of plane magnetization
vanishes above this temperature.

To understand the nature and the origin of the ferromagnetic
state of the SIO (111) films, we investigated the electronic band
structure by DFT calculations including on-site Coulomb repul-
sion (DFT + U) and X-ray photoelectron spectroscopy (XPS).
The crystal structure, which was used as input for the ab initio
calculations, was constructed from the analysis of TEM images
(Figure 1), with considering spin orientations along the x-, y-,
and z-axes. Also, both magnetic and nonmagnetic states were
examined to determine the spin configuration with the lowest
energy. Our DFT results show that the spins in the ground state
are aligned along the z-axis, that is, perpendicular to the surface,
consistent with our experimental findings (Figure 4a). The small
energy differences between competing magnetic states imply a
small transition temperature T.

To investigate whether the different structural connectivity of the
octahedra in the 3uc thick layers and at their interfaces plays a role
in the emergence of magnetism, we performed further analysis.
Indeed, the DFT calculations show a higher density of states
(DOS) at the Fermi energy Ep associated with the Ir 5d-orbitals
for model structures featuring both face- and corner-shared
octahedra, as in our films. In contrast, in the case of orthorhombic
SrIrO;, which contains solely corner-shared octahedra, a dip at Eg
is found, indicative of a bandgap opening caused by strong SOC
(Figure 4d). As a result, the latter situation does not fulfill the
Stoner criterion and a paramagnetic metal is obtained, whereas
in the former case, the larger DOS at E; does satisfy the Stoner
criterion. Moreover, the existence of face-shared octahedra every
3 uc reduces the effective SOC, thereby preventing the system
from turning into a Mott insulator [51]. Together, these effects
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FIGURE 3 | Magnetic properties. (a), X-ray absorption spectroscopy (XAS) spectra at the Ir M5 edge, measured at 5 K and 6 T with circularly right

(red curve, ut) and circularly left polarization (blue curve, p~). (b), X-ray circular dichroism (XMCD), ut—u~, at 5 K and magnetic fields of 6 and —6
T. (c), M-H hysteresis loop at 5 K. Each data point represents the integral over the corresponding XMCD signal. (d), XMCD integral as a function of
temperature, recorded in remanence after magnetization in a field of —6T. The error bars are estimated from the scatter of repeated measurements.

lead to an itinerant ferromagnetic state, with the DFT calculations
yielding a net magnetic moment of 0.03 u/Ir (Figure S10).

Further analysis of the partial density of states associated with the
Ir 5d-orbitals reveals that both corner- and face-shared octahedra
contribute to the large DOS at Eg, with the dominant contribution
arising from the former (Figure 4e). This suggests that primarily
the d orbitals of the corner-shared octahedra drive the Stoner
instability. On the other hand, the face-shared octahedra play a
more significant role in reducing the effective SOC and enabling
the structural rearrangement. Additional theoretical results—
presented in the Figures S11 and S12 - highlight the presence
of semi-Dirac points without magnetization arising from non-
symmorphic symmetries, the emergence of Weyl points with
finite magnetization that enhance the AHE, and the Fermi
surfaces.

To examine the role of face-shared octahedra with respect to
the electronic band structure in light of our theoretical findings,
we recorded XPS valence band spectra of SIO (001) and (111)
films. The SIO (111) film comprises both face- and corner-shared
octahedra, while the SIO (001) film consists solely of corner-
shared octahedra. Indeed, the Ir 5d derived DOS near Ey. is found
to be significantly higher for the SIO (111) film (Figure 4b) in
good agreement with the theoretical calculations in Figure 4d.
In addition, the shorter Ir-Ir distance within the interfaces of
face-shared octahedra leads to a stronger orbital overlap than for
the corner-shared octahedra and thus a slightly larger bandwidth
(Figure 4b). Valence band spectra for SIO (111) films with varying
thickness (Figure 4c) confirm this picture. If the thickness is too
small for the film to form an interface with face-shared octahedra,
that is, at a thickness of 3 uc, the DOS is significantly reduced
compared to the films with a thickness of 6 and 9uc. In addition,
a MIT with a gap opening occurs, probably due to the electron
confinement along the z direction and the associated reduction
in the kinetic energy with respect to potential energy due to
short-range Coulomb repulsion.

3 | Conclusions

Our work presents a material system in which an out-of-plane
magnetic state is realized in a strongly spin—orbit coupled oxide
via structural engineering. In contrast to the commonly observed
in-plane magnetism in SIO (111) films, we show that a distinct
magnetic anisotropy arises when the bulk monoclinic SIO phase
is strained to an STO (111) substrate. This strain stabilizes a
hexagonal, twinned superstructure featuring coexisting face- and
corner-shared IrO4 octahedra, providing a new platform for
engineering spin orientation in 5d transition-metal oxides.

The emergence of ferromagnetism is confirmed spectroscopically
by XMCD. DFT + U calculations show that the underlying main
mechanism is a Stoner instability driven by a large DOS at Eg,
originating from the combined existence of corner- and face-
shared octahedra. We argue that the shortened Ir-Ir distance
in the interfaces with the face-shared octahedra weakens the
effective SOC and enhances the DOS to promote Stoner ferro-
magnetism. The magnetic moment is estimated to be as small as
~0.03 uB. We expect that the magnetic moment can be further
enhanced and tuned by engineering the DOS to enhance N(Ey)
through strain imposed by suitable substrates and electrostatic
gating.

The strong SOC in this ferromagnetic compound generates a
Berry curvature as evidenced by the pronounced AHE observed
between 10 and 20 K without hysteresis. Band structure cal-
culations further indicate the existence of Weyl points close
to the Fermi energy, suggesting that the material may host a
ferromagnetic Weyl semimetal phase.

In spin-orbitronic devices, the SOC is a crucial ingredient both
for realizing the spin Hall effect and for manipulating the
spin orientation by heterointerfacing with ferromagnets. In this
context, our results on SIO(111) films are particularly compelling
as they integrate strong SOC and ferromagnetism within the
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for spin orientations along x, y, and z axes (S, S, and S;). The energies are referred to the energy of the S, state. (b) Angle-integrated valence band
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states and decomposition into partial density of states for Ir in corner- and face-shared octahedra.

same material system. When incorporated into all-oxide architec-
tures, SIO(111) layers have the potential to serve as an essential
functional building block for spin-orbitronic devices, marking an
important step forward in both fundamental research and the
development of next-generation oxide electronics.

4 | Experimental Section/Methods

4.1 | Growth of SIO Thin Films and X-Ray
Diffraction

The pellets were prepared by stoichiometrically mixing SrCO,
(99.9%) and IrO, (99.9%) powder (Sigma-Aldrich) and applying
high pressure to obtain disk-shaped pellets with a diameter of
1 inch. The pellets were calcinated at 850°C for 12 h under an

oxygen flow of 0.5 L/min. After calcination, the pellets were
grounded to a fine powder again and pressed and calcinated as
before to obtain the final targets for pulsed-laser deposition. To
prepare STO substrates (CrysTec GmbH) with Ti termination, the
substrates were successively cleaned with acetone, isopropanol,
and deionized water and then immersed in buffered hydrofluoric
acid (1:6) for 30 s. The STO substrates then were then heated
at 1000°C for 3 h in an oxygen flow of 0.5 L per minute. SIO
thin films were deposited on Ti-terminated STO (111) and (001)
substrates by pulsed laser deposition using a KrF excimer laser
(A =248 nm). The substrate temperature during film growth was
held at 600°C (STO (111)) and 680°C (STO (001)) in an oxygen
environment of 0.08 mbar. Laser fluence and repetition rates were
set to ~2 J cm™2 and 3 Hz, respectively. All films were in situ
cooled down to room temperature at a rate of 50°C min~' in an
oxygen atmosphere of 0.08 mbar. The c-axis lattice parameters of
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the as-grown SIO thin films were characterized using a four-circle
X-ray diffractometer (Bruker D8 Discovery) with Cu K, radiation.

4.2 | X-Ray Photoelectron Spectroscopy

Angle-integrated valence band spectra of SIO (001) and (111) films
were recorded in situ at room temperature by X-ray photoelectron
spectroscopy with an Al Ka source (1486.6 eV) (Scienta Omicron
GmbH). The spectra were taken in normal emission geometry.

4.3 | Transmission Electron Microscopy (TEM)

High-resolution scanning TEM (HR-STEM) was carried out using
a TF Titan® 80-300 probe-corrected instrument (Thermo Fisher
Scientific Inc., USA) operated at 300 kV acceleration voltage.
Scan images were recorded with a high-angle annular dark-
field (HAADF) detector at a camera length of 73 mm (collection
angle 80-200 mrad), a probe semi-convergence angle of 21.5
mrad, a pixel size of 12.6 pm, and a dwell time of 6 ps. In
order to fit the atom positions of the HAADF-STEM images with
pm-scale precision, the coarse positions were first determined
using a spatial band-pass filter, that is, the so-called difference
of Gaussians (DoG) method [52]. Then, both the higher local
contrast of the Ir atoms and their approximate distances were
used to distinguish them from the other atomic species. Finally,
the precise Ir atom centers were obtained by means of 2D
Gaussian peak fitting.

4.4 | Electrical Transport Measurement

Magnetotransport measurements were carried out using a Quan-
tum Design Physical Property Measurement System (PPMS-9T)
with resistivity option, by applying an AC current of 10 pA.
As-grown samples (5 mm x 5 mm) were mounted on PPMS-
sample pucks. Electrical connections in van-der-Pauw geometry
were made with Al wires that were bonded directly to the
sample surface and to the metal pads of the sample pucks
using an ultrasonic wire bonder. A magnetic field was applied
perpendicular to the sample surface. Magnetoresistance and Hall
measurements were performed from the lowest temperature of 2
K up to 300 K in 20 steps of a logarithmic temperature increase.

4.5 | XAS and XMCD Measurements

X-ray absorption spectroscopy (XAS) and X-ray magnetic circular
dichroism (XMCD) measurements at the Ir M5 edge were carried
out at the DEIMOS beamline at the SOLEIL synchrotron facility
(France) [40]. All samples were transferred into an ultrahigh
vacuum suitcase (base pressure ~107'° mbar) to prevent degra-
dation in air. As the signal, the total electron yield (TEY) was
measured with a drain current detector, while the incident X-
ray intensity was monitored by the photocurrent of a gold mesh
with 25% transmission. A large beam spot size of 800 X 800
pum? on the sample was used to avoid radiation damage. All
samples were measured in a single sequence with alternating
polarizations (u*u*u-p~u*), with the initial p* spectrum being
excluded from the XMCD analysis. To isolate the XMCD signal, a

Shirley background was subtracted to account for the absorption
into the free-electron continuum. (Figure S5)

4.6 | Calculation of Electronic Band Structure

DFT calculations were performed using the VASP ab initio
simulation package [53], employing the projector-augmented
wave (PAW) method [54] within the generalized gradient approx-
imation (GGA). The revised Perdew-Burke-Ernzerhof (PBEsol)
[55] functional was used, both with and without the inclusion
of spin-orbit coupling (SOC). The plane-wave cutoff energy for
expanding the Kohn-Sham orbitals was set to 400 eV. Brillouin-
zone integration was carried out using a Monkhorst-Pack [56]
k-point mesh of 10 X 6 x 4, centered at the M-point. On-
site. Hubbard Coulomb repulsion and Hund’s exchange were
incorporated using the DFT+U method with realistic values
which best fit the experimental data of bulk orthorhombic SrIrO;.
These electronic parameters were determined to be U = 0.8 eV
and J; = 0.15U [57].
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