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As a prominent member of the 5d transition metal oxide family, SrIrO3 has emerged as a critical platform for inves-
tigating correlated topological states due to the complex interaction between strong spin—orbit coupling, moderate electron
correlations, and structural flexibility. This review summarizes recent advances in the study of transport properties of
SrIrO3. Both bulk and thin-film forms of this material exhibit a range of transport phenomena, including metallic con-
ductivity modulated by correlation effects, large anomalous Hall effects originating from non-trivial band topology, and
metal-insulator transitions induced by external strain, electric fields, or reduced dimensionality. In heterostructures and
superlattices, in particular, interfacial charge transfer, orbital reconstruction, and proximity effects can give rise to emergent
magnetism and topological transport, such as highly efficient spin—orbit torques. These observed behaviors suggest the
potential realization of a Weyl semimetal or topological crystalline insulator phase in SrIrO3. Recent progress in SrlrO3
underscores the importance of further exploring novel quantum phases within its phase diagram via multi-field control,
clarifying the underlying microscopic mechanisms using advanced characterization techniques, and developing low-power
electronics and spintronic devices leveraging its intertwined topological and correlated properties.

Keywords: 5d iridates, SrlrO3 films, spin—orbit coupling, proximity-induced magnetism
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1. Introduction

Research has shown that transition metal oxide films

U~ 1n recent

exhibit abundant exotic physical properties.
years, the spin—orbit coupling (SOC) effect has again at-
tracted extensive research interest, encompassing phenomena
such as exchange interactions, =’ magnetoelectricity, %! the
spin Hall effect (SHE)!!%!!l and Fermi surface topology.'!?!
The Ruddlesden—Popper series Sr,11r,0O3,41 constitutes a
prototypical class of 5d transition metal oxides. Among
them, the perovskite SrIrO3 (n = oo, hereafter abbreviated as
SIO) is a strongly correlated paramagnetic metal that exhibits
non-Fermi-liquid behavior.['3-1®! In such oxides, rich quan-
tum phenomena emerge from the complex interplay between
charge, spin and orbital degrees of freedom, driven by sub-
stantial electron correlations. Iridium-based 5d systems, in
particular, occupy a central position in condensed matter re-
search due to the coupled spin—orbital/charge—lattice interac-
tions arising from strong SOC, moderate electron correlation
(U) and the spatially extended character of 5d orbitals.!7-20]
The broader radial distribution of 5d electrons (e.g., in It
promotes enhanced hybridization, situating these materials in
a critical regime where the Coulomb repulsion energy is com-
parable with the bandwidth (W). This delicate equilibrium
makes their electronic ground states highly sensitive to exter-

nal perturbations — such as epitaxial strain, interfacial engi-
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neering and electrostatic gating — establishing SIO as a ver-
satile platform for exploring the interplay between strong cor-
relations and topological physics. As a prototypical 5d transi-
tion metal oxide, SIO resides in a regime where U and strong
SOC, stemming from the high atomic number of Ir, are of
comparable magnitude. This intricate interplay, further mod-
ulated by perovskite-related structural distortions and epitax-
ial strain, dictates the material’s band topology and electronic
phase transitions. Consequently, these attributes establish SIO
as an ideal playground for exploring the complex competition
between relativistic effects, electronic correlations and crystal
field environments.

The unique electronic structure of SIO originates from the
delicate interplay between crystal field splitting, strong SOC
(~0.4-0.5 eV), and U =~ 1-2 eV within the IrOg octahedral
framework. 2?21 In this configuration, strong SOC splits the
1 band into a higher-lying Jeit = 1/2 doublet and a lower-
lying Jegr = 3/2 quartet. When electron correlations act on
the Jeif = 1/2 band, a Mott-type gap can open, driving the
system toward an insulating state.>3] The comparable energy
scales of Hund coupling in crystal fields, SOC, and SIO result
in significant mixing between Jgr = 1/2 and Jgr = 3/2 states,
indicating that SIO is located in the Mott—Slater region and
exhibits a rich variety of quantum phenomena.?4-26]

In addition, SIO has been identified as a symmetry-
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protected Dirac semimetal, where the Dirac state is stabilized
by the combination of time-reversal symmetry and nonsym-
morphic space group symmetry.!'827-21 The J ¢ = 1/2 band
crosses the Fermi level, forming a Dirac-cone-type nontriv-
ial band crossing. This band structure is the root cause of
the intrinsic SHE and topological surface states.!?>-3!1 First-
principles calculations by Takayama et al. have confirmed the
formation and topological protection of these Dirac points, 3!
which persist in the presence of strong SOC and structural
asymmetry./?8! Moreover, SIO has characteristics that are lo-
cated at the Mott insulating phase boundary, and it also ex-
hibits strong electronic correlation effects.33! It has also been
theoretically linked to other topological states, including Weyl
semimetallic properties,?*! critical quantum states,?>! and

136

topological non-trivial states.!3®! These intriguing properties

establish SIO as a new paradigm material for spintronics
research, 37411

SIO exists in various crystal structures and polymorphs,
with the orthorhombic perovskite structure SIO being the most
extensively studied. Zhao et al. successfully achieved the epi-
taxial growth of high-quality monoclinic SIO films on SrTiO3
(STO) substrates with perovskite SIO buffer layers.[*?) Syn-
thesizing the perovskite-phase SIO in bulk form has histor-
ically posed considerable challenges. Early work by Longo
et al. determined that under ambient pressure the thermody-
namically stable phase of bulk SIO adopts a monoclinic crys-
tal structure (space group C2/c¢) rather than the perovskite
structure.[*3] Achieving the orthorhombic perovskite phase
(Pbnm) requires high-temperature and high-pressure condi-
tions (typically > 1000 °C and > 4 GPa).[***! Consequently,
epitaxial stabilization in thin-film form has become the pri-
mary trajectory for investigating perovskite SIO. Various de-
position techniques, including pulsed laser deposition (PLD),
molecular beam epitaxy, sputtering, and metal-organic chem-
ical vapor deposition, have been utilized to fabricate SIO thin
films and superlattices.*®] Among these methods, PLD is the
most widely used technique for fabricating high-quality het-
erostructures. Using PLD, thin films can be grown in a two-
dimensional, layer-by-layer mode on perovskite substrates
such as STO, enabling precise thickness control down to the
single-unit-cell level and facilitating the exploration of dimen-
sional confinement effects.*”]

Research has shown that the ground state of SIO can
be highly tunable by applying external stimuli such as epi-

491 and external electric

taxial strain,*8! chemical doping,
fields,P%11 as well as artificial structural design. > These ap-
proaches offer a promising pathway toward engineering un-
conventional functional properties.>3! In this review, we sys-
tematically summarize recent key observations on the growth,
physical properties, and quantum engineering of SIO-based

heterostructures. By organizing the discussion according to

structural dimensionality — from single-layer and bilayer
films to multilayer and superlattice architectures — we aim
to establish a coherent framework for understanding how elec-
tronic behavior is transformed. This dimensional perspective
provides valuable insights for exploiting emergent functional-
ities in strongly SOC 5d oxide systems.

2. Electronic and transport properties of SrIrO;

2.1. Electronic and transport properties of SrIrO; single-
layer films

2.1.1. Substrate-induced strain and lattice mismatch

Discrepancies in the lattice constants between the thin-
film material and the substrate (Fig. 1(a)) induce epitax-
ial strain to satisfy interfacial matching requirements during
growth. Consequently, substrate engineering serves as a piv-
otal mechanism for tuning the lattice mismatch, thereby mod-
ulating the internal stress of the film. The fundamental mech-
anisms of stress regulation and the resulting transport prop-
erties are elucidated in Subsection 2.1.3. As the lattice mis-
match intensifies, the system undergoes a metal—insulator tran-
sition (MIT). (541 In the presence of strong SOC, an increase in
the degree of structural disorder triggers non-Fermi liquid be-
havior, driven by localization effects and enhanced electron—
electron correlations.!'®! Further escalation of disorder may
lead the system into a non-canonical Mott—Anderson—Griffiths
transition, resulting in a strain-dependent MIT,[43-33-361
vealed in Fig. 1(b).

The Jegr = 1/2 band of SrIrOs is a semimetallic band with
an equal number of electrons and holes, making its electronic

as re-

properties highly susceptible to strain modulation. According
to the lattice constants of different substrates, lattice mismatch
strain can be divided into compressive strain and tensile strain.
The band structure of SrIrOs3 is particularly sensitive to com-
pressive strain, which enhances U in StrlIrOs3 thin films, thereby
reducing W and changing the disorder parameter (U /W).[43]
Under sufficiently high compressive strain, the system tran-
sitions into a fully insulating state. Compressive strain also
enhances the asymmetry of electron and hole carrier mobility
in SrlrOj3 thin films, resulting in a transition from nonlinear
to linear Hall behavior accompanied by a decrease in carrier
concentration.'?*! By choosing substrates to generate different
lattice strains, Zhang et al. observed such nonlinear-to-linear
variations in the Hall effect of SrIrOj3 thin films.?” The elec-
tronic band structure of compressively strained SrIrOs films,
calculated using a tight-binding Hamiltonian, is presented in
Fig. 1(c). For SrIrOs thin films on (La,Sr)(AlLTa)O3; sub-
strates, compressive strain shifts the hole branch of the Fermi
level downward, giving rise to a nonlinear Hall effect. In con-
trast, tensile strain exerts only a minor influence on the asym-
metry of electron—hole mobility.

067301-2
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Furthermore, the choice of substrate allows for the de-
sign of distinct spin textures in momentum space. The non-
linear planar Hall effect (NPHE) can be induced in various
materials with strong spin—orbit interaction through epitaxial
strain. Kozuka ef al. compared the NPHE signals in SIO thin
films grown on different substrates.[>8! As shown in Fig. 1(d),
the amplitude of the second-harmonic signal varies markedly
with substrate choice. The strength, sign, and anisotropy of
the signal are modulated by the in-plane symmetry of the
substrate. These nonlinear responses originate from complex
spin textures within two Dirac bands, driven by antisymmetric
spin—orbit interactions, and sensitively reflect the spin-texture
anisotropy of the Dirac bands.
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Fig. 1. (a) Cubic and/or pseudocubic lattice constants of SIO and various sub-
strates. (b) Temperature dependence of the resistivity of SIO thin films grown
on different substrates, showing the MIT. Reproduced with permission from
Ref. [55] from AIP Publishing, Copyright 2015. (c) Electronic band structure
of SIO films under different compressive strains. Reproduced with permission
from Ref. [57] from American Physical Society, Copyright 2015. (d) Second
harmonic planar Hall resistance of SIO films grown on various substrates. Re-
produced with permission from Ref. [58].

2.1.2. Thickness-dependent properties

Through precise control of the critical film thickness, the
electronic structure, lattice strain, and quantum confinement
effects can be effectively modulated. In thin-film physics, re-
ducing the film thickness leads to a reduced coordination num-
ber. This decrease subsequently influences band filling and
narrows W,! while concurrently enhancing U/W.[% Be-
yond intrinsic electronic shifts, reducing the thickness typi-
cally decreases the grain size and increases the density of grain
boundaries.[%! This proliferation of structural defects ampli-
fies the effective disorder, ultimately precipitating a thickness-
induced MIT, 2] Additionally, reducing the film thickness en-
hances lattice strain, increases defects, and induces complex
interactions between the substrate and the film, giving rise to
novel physical phenomena.>%3-%41 Modulating the film thick-
ness not only alters its intrinsic properties but also enables
the emergence of new quantum phenomena and functional
characteristics. [6>-66]

In SIO thin films, the MIT is primarily driven by dis-
order, manifesting as an Anderson-type transition. In the

vicinity of this transition, significant negative magnetore-
sistance (MR) is observed, a hallmark of weak localiza-
tion (WL) effects in the semimetallic regime (Figs. 2(a) and
2(b)).[43¢1 The charge transport mechanism evolves signifi-
cantly with decreasing thickness. In thicker films, the resis-
tivity is dominated by electron—electron and electron—boson
scattering. However, as the thickness decreases and the sys-
tem approaches a localized state, WL effects begin to man-
ifest. Through the fitting analysis of temperature-dependent
resistance as illustrated in Fig. 2(c), it can be found that the
conductive carriers in SIO mainly scatter via electron—boson
interactions.®’! As the film approaches the insulating limit,
the transport behavior shifts toward the variable range hopping
(VRH) model. For ultra-thin films, the conductivity often con-
forms to the two-dimensional Mott VRH equation, signifying
that Anderson localization is the primary conduction mecha-
nism (Fig. 2(d)).[o8! Zhang et al. observed a crossover from
two-dimensional Mott VRH to Efros—Shklovskii VRH at low
temperatures (10 K) as thickness is further reduced. 1691 This
transition highlights the burgeoning role of U in the strongly
localized regime.

The synergy between Mott-type correlation and
Anderson-type disorder leads to a localized state characterized
by an increased effective mass and suppressed kinetic energy,
further bolstering the U /W ratio. Owing to the suboptimal
sample quality in previous studies, the MIT induced by stress
and other factors may be extrinsic. Remarkably, Groenendijk
et al. systematically reduced the thickness of SIO films and
observed that the MIT occurs between 4 unit cells (u.c.) and
3 u.c., with the system transitioning from a semimetallic state
to an antiferromagnetic (AFM) insulating state.!”” This trans-
formation into an intrinsic, thickness-driven quantum phe-
nomenon marks the evolution of SIO from a three-dimensional
semimetallic state to a two-dimensional confined system. It
is closely linked to the theoretical prediction of topological
state transitions. That study, by achieving atomically flat in-
terfaces and precise control over the unit cell structure, is the
first to eliminate non-intrinsic scattering and explore the in-
trinsic quantum transport behavior. As shown in Fig. 2(e),
the calculated results further suggest that the emergence of
long-range magnetic order is accompanied by the opening of
an energy gap.!’%! Consistent with the behavior of perovskite
SIO, the study by Zhao et al. demonstrates that monoclinic
SIO thin films undergo an MIT as the thickness is reduced.
Upon reaching a critical thickness, a thickness-driven mag-
netic phase transition occurs, with the system evolving from a
paramagnetic semimetal into a magnetic insulator. [4?]

Film thickness can be controlled by adjusting the growth
time and growth rate. Additionally, growth kinetics (e.g.,
growth rate) play a crucial role in tuning the carrier density.
Yang et al. demonstrated that suppressing the carrier den-
sity can quench WL-induced negative MR, instead promoting
weak antilocalization — a phenomenon fundamentally driven
by the strong SOC inherent in the Ir 5d orbitals.[”!]
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Fig. 2. (a) Temperature dependence of the resistance of SIO thin films with different thicknesses grown on GdScOs substrates. Reproduced with
permission from Ref. [45] from AIP Publishing, Copyright 2014. (b) Temperature-induced sign transition of MR in SIO thin films. Reproduced with
permission from Ref. [56] from Elsevier, Copyright 2017. (c) Temperature dependence of the sheet resistance of SIO thin films with varying thicknesses
grown on LaAlOj substrates. Reproduced with permission from Ref. [67]. (d) X-ray scan results of SIO thin films with varying thicknesses on STO
substrates. Reproduced with permission from Ref. [68] from AIP Publishing, Copyright 2019. (e) Energy dependence of the density of states for SIO
films of different thicknesses on STO substrates. Reproduced with permission from Ref. [70] from American Physical Society, Copyright 2017.

2.1.3. External modulation of transport properties

Multiple approaches have been developed to modulate
the transport characteristics of SIO thin films, among which
electric fields constitute one of the most versatile and widely
used control parameters. Electric fields can regulate trans-
port behavior either through conventional electrostatic tun-
ing or by modifying polarization states. More importantly,
they can drive the migration of oxygen ions (or oxygen va-
cancies) in oxide lattices, offering an effective route to induc-
ing topological phase transitions via oxygen incorporation or
depletion.”2) PbMg; ;3Nb, 503-PbTiO3 (PMN-PT) is a well-
established piezoelectric material capable of generating large,
reversible strain under applied electric fields. Owing to lat-
tice matching and epitaxial coherence, efficient strain trans-
fer can be achieved across the SIO/PMN-PT interface. Li
et al. demonstrated that applying an electric field along the
thickness direction of the PMN-PT substrate in SIO/PMN-PT
heterostructures enables continuous tuning of the electronic
transport properties of SIO. This modulation originates from a
combination of non-180° ferroelectric domain rotation, intrin-
sic piezoelectric deformation and the rhombohedral to tetrag-
onal phase transition in the PMN-PT layer. Concurrently, the
MR of the SIO thin film exhibits pronounced electric field
dependence, as illustrated in Fig. 3(a), highlighting electric
field-controlled lattice strain as a powerful and straightforward
means for probing strain—transport coupling in 5d iridate thin
films. 73]

In condensed matter physics, strain serves as a fundamen-
tal lever for engineering the crystal field environment. By al-
tering lattice constants, strain can lift the degeneracy of energy
levels, reconstruct orbital configurations and tune the strength

of SOC and electron—phonon coupling. These microscopic
modifications culminate in macroscopic phenomena, such as
the MIT and paraelectric to ferroelectric transitions.[*4] As
discussed previously, biaxial strain — imposed by selecting
substrates with varying lattice constants — can profoundly
reshape the physical properties of SIO.["?! Specifically, com-
pressive strain has been shown to enhance resistivity and pre-
cipitate a MIT.5%74] Therefore, stress is a very effective means
of regulating the physical properties of oxide thin films.
First-principles calculations by Yuan et al. on tetrago-
nal SIO under epitaxial strain qualitatively elucidate magnetic
transitions using the Stoner model. Their lattice dynamics
simulations revealed phonon instabilities under both compres-
sive and tensile regimes (Figs. 3(b) and 3(c)), pointing to-
ward a potential polar metallic state — a rare phase where in-
version symmetry is broken in a conducting medium.[”> Be-
yond uniform strain, Gu et al. identified a stress gradient at
the SIO/NdGaO3 interface. This gradient induces a continu-
ous evolution of the lattice constant across successive layers
(Fig. 3(d)), which breaks the vertical inversion symmetry be-
tween adjacent SIO planes. This symmetry breaking facilitates
significant spin-splitting of the bands, ultimately generating
highly anisotropic spin textures in momentum k-space. %!
Tuning the oxygen partial pressure during post-annealing
represents another effective strategy for regulating both lattice
parameters and transport properties in perovskite oxide thin
films.[7”-781 Following film growth, particularly for PLD, post-
annealing is widely employed to optimize crystalline qual-
ity and precisely control oxygen stoichiometry. The oxygen
partial pressure during annealing governs the exchange equi-
librium between the film and the surrounding atmosphere,
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thereby enabling controlled manipulation of oxygen-vacancy
concentration. As a prevalent point defect, each oxygen va-
cancy nominally donates two electrons, acting as an effective
electron dopant that shifts the Fermi level and modifies car-
rier density and type.!”®! In addition to charge doping, oxygen
vacancies induce local lattice distortions and charge redistribu-
tion, which can generate defect-related localized states. [80-81]
Surta et al. reported that both the growth mode and lattice
constants of SIO exhibit a pronounced dependence on oxygen

s.182] Manca et al. further

partial pressure and film thicknes
demonstrated that in SIO, oxygen vacancies and their associ-
ated distorted regions serve as efficient scattering centers in the
parabolic bands of a notched Dirac cone, significantly reduc-
ing carrier mobility and mean free path.(®3! The influence of
oxygen vacancies on electronic bandwidth has also been eluci-
dated. Suresh er al. showed that decreasing the oxygen partial
pressure during annealing reduces the Ir—O-Ir bond angle as-
sociated with vacancy formation, leading to a narrowing of the
Jeff = 1/2 bandwidth and enhanced metallic behavior within
the WL regime. Moreover, electron-boson scattering in SIO
films exhibits strong sensitivity to oxygen-vacancy concen-
tration, underscoring the intricate interplay between defect-
induced disorder and electron—phonon coupling.!®* Density
functional theory (DFT) calculations further corroborate these
observations, revealing a systematic reduction in the partial
density of states at the Fermi level with increasing oxygen-
vacancy concentration (Fig. 4(a)).
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Fig. 3. (a) MR as a function of magnetic field H for 60 nm thick SIO thin
films at different temperatures and gate electric fields. Reproduced with per-
mission from Ref. [73] from AIP Publishing, Copyright 2023. (b), (c) Cal-
culated phonon dispersion relations of tetragonal SIO under —1% and 5%
strain, respectively; the presence of imaginary phonon frequencies indicates
unstable phonon modes. Reproduced with permission from Ref. [75] from
Elsevier, Copyright 2021. (d) Out-of-plane lattice parameter (red) and the
strain-gradient value obtained from Williamson—Hall plots (blue) as a func-
tion of SIO thickness. The gray dashed lines represent the fully strained and
fully relaxed limits. Reproduced with permission from Ref. [76].

Chemical doping provides an effective route to modulate

carrier concentration in SIO thin films, thereby profoundly in-
fluencing charge transport, MR, and magnetic responses. In
SIO, doping can shift the Fermi level, induce lattice distor-
tions or oxygen-octahedral tilts, and reconstruct the electronic
band structure, potentially leading to band-gap opening, en-
hanced disorder, and Anderson-type MIT. Moreover, by mod-
ifying the effective SOC strength, doping alters Berry curva-
ture distributions, enabling regulation of anomalous Hall ef-
fects (AHEs) and MR. Beyond single-particle effects, dop-
ing also reshapes electron correlations in SIO, driving Mott-
like insulating behavior, magnetic ordering, or Kondo physics.
The specific magnetic nature of dopants plays a crucial role:
magnetic-ion doping (e.g., Co?") tends to promote ferromag-
netic (FM) correlations and enhance AHE responses, whereas
AFM dopants (e.g., Cr’*) may suppress long-range magnetic
order, giving rise to negative MR. Overall, the transport be-
havior of doped SIO thin films emerges from the synergistic
interplay between carrier density, lattice structure, electronic
correlations, and strong SOC, greatly enriching the accessi-
ble physical phases. Precise control over dopant species and
concentration enables continuous tuning from a Dirac-node
semimetal to an insulating state, as well as transitions from
trivial to topological electronic phases, providing a versatile
platform for designing quantum materials and devices. 3! For
instance, Cheng et al. prepared 20% Sn-doped SIO by sub-
stituting Ir*+ with nonmagnetic Sn** ions and observed a
temperature-driven MIT accompanied by weak FM, demon-
strating that Sn doping induces spin-order-related band-gap

(86] Subsequent studies by Cui e al. revealed that

opening.
the AFM transition in Sn-doped SIO does not follow a con-
ventional Mott scenario.3788! Instead, Sn** substitution en-
hances octahedral distortion, strengthens spin—spin exchange
interactions, reduces SOC, and stabilizes G-type AFM order-
ing below the Néel temperature. The resulting weak itiner-
ant magnetism lowers structural symmetry and opens an elec-
tronic gap at the Brillouin zone boundary, consistent with a
Slater-type mechanism.!® In addition to aliovalent sub-
stitution, isovalent and heterovalent B-site alloying provides
further tuning flexibility. As discussed in Subsection 2.1.1,
Biswas et al. investigated uniform SrRuO3 (SRO) doping into
SIO, % showing that modifications of the B-O—B bond angles
increase the bandwidth and SOC, thereby enabling systematic
control of the correlation ratio U/W. Notably, a pronounced
cusp in the zero-field-cooled magnetization at approximately
25 K (Fig. 4(b)) indicates spin-glass behavior, suggesting that
the perovskite Srlrg sRug 503 (SIRO) occupies an intermediate
regime between non-Fermi-liquid and coherent Fermi-liquid
states. Beyond electronic transport, doping also expands the
functional landscape of SIO. Zhao ef al. demonstrated that
Co-doped SIO exhibits significantly enhanced catalytic activ-
ity for the oxygen evolution reaction,*°! attributed to unsatu-
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rated IrO, active sites generated through the dynamic dissolu-
tion of Co/Sr bimetallic ions. This result highlights the broader
relevance of doping strategies in SIO for multifunctional ap-
plications spanning quantum transport, magnetism, and elec-
trocatalysis.

Optical modulation using light fields has emerged as a
powerful approach for controlling quantum materials, yield-
ing substantial advances in the time domain, frequency do-
main, and detection sensitivity. Ultrafast laser excitation en-
ables the transfer of energy, momentum, and angular mo-
mentum to condensed-matter systems, driving nonequilibrium
dynamics of charge, spin, and lattice degrees of freedom.
Such interactions can induce ultrafast phase transitions, photo-
driven magnetization or demagnetization, and transient lat-
tice expansion, providing unique access to light-induced quan-
tum states beyond thermal equilibrium. Consequently, laser-
field modulation has become an essential tool for probing in-
terfacial transport phenomena in thin films and for design-
ing optically addressable quantum devices.[””! Optical con-
trol of emergent quantum phenomena is now widely employed
across quantum materials. For example, Liu ef al. achieved
a photoinduced Mott-type metal-insulator transition in per-
ovskite SRO.°!l However, comparable studies in SIO thin
films remain relatively limited. In this context, Sen et al.
utilized laser-field modulation combined with polarization-
resolved Raman scattering to investigate electron- and hole-
carrier dynamics in strain-relaxed SIO films grown on DyScO3
(101) substrates.?!! Their results demonstrate that the electron
Raman response is well captured by marginal Fermi-liquid
phenomenology (Fig. 4(c)), indicating that electron carriers
— typically dominant in transport measurements — possess
higher mobility than hole carriers. These findings highlight
the potential of optical probes and light-matter coupling for
revealing nonequilibrium transport properties and correlation
effects in SIO-based heterostructures.

Ionic liquid gating (ILG) has emerged as an effective
strategy for modulating transport characteristics in thin films
by enabling extreme carrier doping through the formation of

92931 Upon application of a

an electrochemical double layer.!
gate voltage, ultrahigh charge densities can be accumulated at
the film surface, leading to pronounced modifications of the
electronic structure, correlation strength, and SOC.°Y Un-
der sufficiently strong electric fields, ion migration and de-
fect formation may also occur, driving electronic and magnetic
phase transitions such as metal—insulator and paramagnetic—
FM transitions.®> At high carrier concentrations, electro-
static screening can effectively weaken SOC, thereby reshap-
ing topological band structures and modulating transport re-
sponses, including AHE and MR. As a result, ILG provides a
powerful means to simultaneously manipulate electron corre-
lations, lattice degrees of freedom, and topological properties

in SIO through the combined effects of extreme carrier dop-
ing and interfacial coupling. Gallego et al. demonstrated that
in ultrathin SIO films, the strong electric fields generated dur-
ing ILG couple intimately to the electronic structure, inducing
substantial orbital reconstruction.”® As shown in Fig. 4(d),
the emergence of an AHE and the gate-induced modulation
of orbital hybridization pathways, accompanied by inversion-
symmetry breaking, account for the anomalous band splitting
observed near the MIT. By lifting spatial inversion symme-
try, the electric field opens new orbital hybridization channels,
offering a distinct and efficient route for tuning correlation
strength and transport behavior in SIO-based heterostructures.
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Fig. 4. (a) Computed partial density of states of a SIO thin film with
oxygen vacancies on a STO substrate. Reproduced with permission
from Ref. [84]. (b) Temperature dependence of the magnetic intensity
of SIRO thin films grown on STO substrates measured under an applied
magnetic field of 1000 Oe. Reproduced with permission from Ref. [55]
from AIP Publishing, Copyright 2015. (c) Raman spectroscopy mea-
surements of SIO films grown on DyScOj3 substrates, together with fits
based on the Fermi-liquid mode. Reproduced with permission from
Ref. [21]. (d) Anomalous Hall resistivity of SIO thin films measured
from 2 K to 40 K. Reproduced with permission from Ref. [96].

2.2. Interface-driven phenomena in bilayer and multilayer
heterostructures

2.2.1. Anomalous Hall effect and Rashba—Dresselhaus
effect

Extensive research has focused on designing interfaces by
controlling the interfacial oxide layer and harnessing interface
charge transfer, thereby exploiting interface effects to modu-
late the magnetic and transport properties of composite oxide
heterostructures. Experimental study shows that STO protec-
tors are an effective encapsulation material that can provide
stability without compromising SIO film performance.®’!

Prominent manifestations of the coupling between charge
and spin degrees of freedom include the AHE, anisotropic MR,
and magnetic resonance effects. Traditionally, the AHE was
perceived as a signature of spontaneous magnetization in fer-
romagnets. However, the advent of 5d transition metal ox-
ides has shifted this paradigm; in AFM iridates, the combina-
tion of strong SOC and broken time-reversal symmetry (often
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associated with non-collinear magnetic structures) induces a
substantial AHE. This phenomenon, which bridges topolog-
ical physics and magnetism, is discussed in extensive detail
by Yang et al.[! In perovskite SIO, the influence of extrin-
sic mechanisms on the AHE, such as disorder-induced skew
scattering and side-jump processes, is minimal. Instead, the
AHE is primarily intrinsic, arising from the Berry phases asso-
ciated with the electronic band structure.®®! However, in cer-
tain bilayer structures, such as SIO/NiCo,O4 heterostructures,
the AHE results from the combined effects of intrinsic mech-
anisms dominated by Berry curvature and extrinsic mecha-
nisms stemming from impurity scattering.!'% Jaiswal ez al.
fabricated SIO/LaFeO3 heterostructures to induce robust in-
terfacial magnetism in the SIO layer.[!°!! They observed char-
acteristic AHE resistance and butterfly-shaped MR hysteresis
loops, providing unambiguous evidence of emergent magnetic
ordering at the interface. Using LaCoO3; (LCO)/SIO bilayers
and LCO/STO/SIO trilayer architectures, Jaiswal et al. iso-
lated the transport properties of a single SIO layer.!!%? Their
findings revealed a strong, positive intrinsic AHE driven by
interfacial charge transfer, as shown in Fig. 5(a), directly con-
firming the FM nature of the SIO interface. Yoo et al. utilized
the Lag7Srg3MnO3z (LSMO)/SIO interface to induce mag-
netic proximity-induced symmetry breaking (Fig. 5(b)).[1%]
By leveraging the strong SOC of the iridates, they synergis-
tically generated Berry curvature hotspots at the intersections
of nodal lines and energy bands. This minimal AHE model
demonstrates that hole doping can further amplify topological
enhancement, offering a viable strategy for the external regu-
lation of topological states. Following the successful synthe-
sis of (111)-oriented SIO on STO by Anderson ef al., Lim et
al. further explored the system’s magnetic phenomena. 1041031
They discovered that the shortened Ir—Ir bonds suppress effec-
tive SOC and bolster the density of states, thereby promoting
Stoner ferromagnetism. This unique interplay allows strong
SOC and ferromagnetism to emerge in tandem. The resulting
compound exhibits marked magnetic anisotropy and a large
Berry curvature, culminating in a distinct AHE.

The Rashba—Dresselhaus effect arises from the equiv-
alent magnetic field generated by interface inversion asym-
metry, leading to band splitting and enhancing the intrin-
sic spin—orbit scattering mechanism. This effect induces
anisotropic transport of conducting electrons under exter-
nal fields.['%! Chakraborty and Ganguli observed a strong
anisotropic Rashba—Dresselhaus effect in LaAlO3/SIO/STO
polar/nonpolar heterostructures (Fig. 5(c)) and calculated the
pseudo-spin texture using DFT+U+SOC.['Y71 Ganguli et
al. systematically investigated the intrinsic correlation be-
tween the Rashba and Dresselhaus effects in this heterostruc-
ture through spin texture analysis (Fig. 5(d)), confirming
that reciprocal space inversion symmetry breaking is the

key source of the Rashba effect, while tilting distortion of

IrOg octahedra introduces additional Dresselhaus-type split-

ting components. 108!
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Fig. 5. (a) Magnetic-field dependence of the AHE conductivity in LCO/SIO
bilayer films measured at different temperatures, together with fits us-
ing a Heaviside step-function model. Reproduced with permission from
Ref. [102]. (b) Hall transport properties of LSMO and SIO monolayers,
as well as the LSMO/SIO bilayer, measured at 100 K. Reproduced with
permission from Ref. [103]. (c) Calculated energy—momentum dispersion
of the anisotropic Rashba—Dresselhaus effect. Reproduced with permission
from Ref. [107] from American Physical Society, Copyright 2020. (d) Iso-
energy contours and spin textures calculated from the Rashba—Dresselhaus
coupling model. Reproduced with permission from Ref. [108] from Ameri-
can Physical Society, Copyright 2025.

2.2.2. Spin—orbit torques and spin—charge conversion

The integration of FM layers with SIO-based SOC lay-
ers has proven to be a highly efficient architecture for gen-
erating large spin—orbit torques (SOTs). Nan et al. demon-
strated that the spin Hall torque ratio can be precisely engi-
neered by manipulating the octahedral tilting of the SIO lat-
tice, enabling the design of anisotropic SHEs.[!%! Building
on this, Huang et al. realized strong effective magnetization
and high SOT efficiency in LSMO/SIO heterostructures, as
shown in Fig. 6(a), characterized by a significantly reduced
current shunt factor.[''%! The practical utility of SIO for non-
volatile memory applications is further highlighted by its per-
formance at room temperature. Li ef al. achieved current-
induced magnetization reversal in CoFeB/SIO bilayers at low
critical current densities, reporting an exceptionally high SOT

U Fyrthermore, Wang et al. inves-

efficiency (Esor ~ 1.4).!
tigated SIO bilayers with Co,Tb;_, alloys exhibiting perpen-
2] They found that the spin-to-

charge conversion efficiency (6sy) is primarily governed by

dicular magnetic anisotropy.!

the SIO/Co,Tb;_, interfacial properties and remains robust
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against epitaxial strain and lattice distortions induced by thick-
ness or substrate variations.

The interface between SIO/FM bilayers often hosts com-
plex magnetic ground states due to spin-glass-like behaviors
and frustrated interactions. Yu et al. explored the exchange
bias effect in the two-dimensional electron gas at the inter-
face between the FM and AFM layers of SIO/LSMO bilayer
films, observing a coercivity enhancement of approximately
70 times that of single-layer LSMO.!'!3] This dramatic in-
crease is attributed to the formation of an interfacial spin-glass
state, which arises from the strong magnetic coupling between
the iridium 5d spins and the manganese 3d spins.
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Fig. 6. (a) Dependence of the SOT efficiency on SIO thickness in LSMO/SIO
heterostructures with a fixed LSMO thickness of 50 u.c. Red and blue symbols
represent SOT efficiencies extracted using different analysis models, while
pink symbols denote the SOT efficiency of SIO/Py bilayers. Reproduced with
permission from Ref. [110] from Wiley, Copyright 2021. (b) Temperature
dependence of the magnetization of SIO and LSMO monolayers, as well as
the SIO/LSMO bilayer, measured under an in-plane magnetic field of 100 Oe.
Reproduced with permission from Ref. [113] from Elsevier, Copyright 2019.
(c) Electric-field dependence of the out-of-plane lattice parameter ¢ of PMN-
PT and SIO under an electric field applied to the PMN-PT substrate. Re-
produced with permission from Ref. [115] from AIP Publishing, Copyright
2021. (d) Magnetic hysteresis loops of SIO/Py/Al multilayer films measured
under an in-plane magnetic field at different temperatures. Reproduced with
permission from Ref. [116] from AIP Publishing, Copyright 2020.

The high SHE in SIO has its microscopic origins in the
spin Berry curvature associated with near-degenerate elec-
tronic spectra around nodal lines. This theoretical framework,
analyzed by Patri et al. using linear response theory and tight-
binding models, explains the high spin Hall conductivity ob-
served in SIO/Py (permalloy layer, NiggFesq) structures.!!!4]
Utilizing SIO as a highly efficient spin-to-charge converter,
Cui et al. fabricated Py/SIO/PMN-PT heterostructures to de-
tect spin currents pumped from the Py layer via the inverse
spin Hall effect (ISHE).!'!>! By applying an external electric
field to the piezoelectric PMN-PT substrate, they successfully

modulated the ISHE voltage by approximately 50%. The re-
sulting ISHE voltage exhibited a butterfly-shaped hysteresis
loop, as depicted in Fig. 6(c), mirroring the strain—voltage
curve of the substrate and underscoring the critical role of
strain-mediated coupling in tuning spin transport.

The integrity of the FM/SIO interface is paramount for
demonstrated that the
presence of an interfacial oxide layer significantly impedes the

efficient spin injection. Suraj et al.

spin pumping effect in Py/SIO heterostructures.!!'®! Broad-
band FM resonance measurements revealed a sharp increase
in Gilbert damping below 50 K, which was linked to enhanced
spin fluctuations near the AFM ordering temperature of the in-
terfacial oxide, as shown in Fig. 6(d). Notably, the insertion
of an ultra-thin NbN buffer layer effectively suppresses this
oxidation, facilitating more efficient spin current transport and
damping control.

2.2.3. Topological Hall effect and chiral spin textures

The electronic band structure of SIO can be effectively
reconfigured by external polarization fields. Ren et al. uti-
lized the ferroelectric polarization of PbZrg,TipgO3 (PZT)
to modulate the Dirac/Weyl physics in SIO/PZT bilayers. 34!
They observed an extraordinary MR effect originating from
the topological band crossings, alongside a distinct negative
MR at specific orientations, which is a hallmark of the chi-
ral anomaly in Weyl semimetals (Fig. 7(a)). Similarly, the
interface between nickelates and SIO provides a fertile plat-
form for unconventional spin states. In NdNiO3 (NNO)/SIO
structures, Li ef al. reported suppressed negative MR, spin-
glass behavior, and a hump-like nonlinear Hall effect, suggest-
ing the emergence of complex interfacial spin textures.!'”) In
LaNiO3; (LNO)/SIO heterostructures, a Kondo-induced MIT
was observed, as shown in Fig. 7(b), likely driven by inter-
facial charge transfer and the Dzyaloshinskii—-Moriya interac-
tion (DMI) fostered by the robust SOC of iridium.!'!8] The
DMI, which arises from structural inversion symmetry break-
ing at interfaces, is a cornerstone of topological electronics.
DMI promotes scalar spin chirality, leading to the formation
of Néel-type magnetic skyrmions. These textures are typi-
cally detected via the topological Hall effect (THE), which
originates from the emergent magnetic field experienced by
electrons traversing a non-coplanar spin arrangement. Mat-
suno et al. investigated the THE in SRO/SIO bilayers, find-
ing that the magnitude of the THE decreases rapidly with
increasing SRO thickness.!'!”) This confirms that the DMI
is localized at the interface. Subsequent studies by Meng

et al. observed the zero-field THE and imaged skyrmions

(120 Using spin-polarized scanning tun-

as small as 10 nm.
neling microscopy, Corbett et al. directly resolved ultrasmall
(3 nm) Néel skyrmions on SIO islands.!"" Their DFT cal-
culations revealed that the SrO termination layer plays a crit-

ical role in stabilizing these columnar skyrmionic structures.
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It is widely accepted that hump-like features in anomalous
Hall resistance loops, reminiscent of THE signatures, indicate
DMI-driven skyrmion formation. Lim ef al. confirmed the
existence of these Hall humps, showing that the peak field re-
mains invariant as the magnetic field rotates away from the
surface normal, consistent with micromagnetic simulations of
Néel skyrmions.[>2] While Hall humps are often attributed to
skyrmions, recent studies suggest that alternative mechanisms
must be considered. The sign of the DMI can be modulated
by the tilting of oxygen octahedra, which plays a decisive role
in the evolution of these Hall features. However, Yang et al.
investigated SRO/SIO systems under conditions unfavorable
for DMI and still observed prominent hump-like features, as
illustrated in Fig. 7(c).!'?3 This suggests that such anomalies
may not be exclusively linked to skyrmions but could instead
arise from multichannel transport. In this scenario, structural
inhomogeneities or variations in the local anomalous Hall co-
efficient across the film create independent conduction paths
whose superposition mimics the THE signal. This finding un-
derscores the need for direct imaging to definitively correlate
transport anomalies with topological spin textures. In this re-
gard, Hao et al. have provided a comprehensive overview of
recent advances in SRO/SIO and LSMO/SIO heterostructures,
synthesizing key experimental and theoretical findings within

these interfacial systems. [!?4]
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Fig. 7. (a) Negative MR and oscillations observed in SIO/PZT thin films.
Reproduced with permission from Ref. [34] from AIP Publishing, Copyright
2021. (b) Temperature dependence of sheet resistance of the 10 u.c. thick
LNO film and the (LNO);¢/(SIO), heterostructure. Reproduced with per-
mission from Ref. [118] from American Chemical Society, Copyright 2019.
(c) AHE resistance (black) and magneto-optic Kerr effect rotation angle (red)
measured at 80 K for SIO/[SRO/SIO]; and SIO/[SRO/SIO]g samples. Re-
produced with permission from Ref. [123] from American Physical Society,
Copyright 2021.
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In addition, SIO has important applications in fast and ef-
ficient information transmission for neuromorphic computing
in the field of electronic synapses. Wu et al. simulated various
important synaptic plasticity functions through electrical stim-
ulation of electronic synapses based on SIO epitaxial thin films

125

by introducing PZT layers.!'>>! Due to the enhanced modula-

tion of the SIO/Nb:STO interface potential barriers by polar-
ization fields, PZT/SIO/Nb:STO devices exhibit large synaptic
weights and a wide conductivity dynamic range.

2.3. Engineered quantum states in SrlrQ;-based superlat-
tices

The complexity of superlattices often makes it challeng-
ing to distinguish the contributions of individual layers to the
observed properties, particularly when the layers are only a
few atomic layers thick. However, the favorable ground state
and properties of atomically thin SIO layers provide a solid
foundation for the construction of more complex structures
with SOC.!2%] The investigation of iridate-based superlattice
structures represents a burgeoning and dynamic frontier in
condensed matter physics. By achieving atomic-scale preci-
sion in chemical composition, layer thickness and stacking se-
quences, researchers can artificially engineer heterointerfaces
and periodic architectures with unprecedented control. These
systems offer a rich array of functional tuning knobs, including
structural parameters, interface chemistry, epitaxial strain and
external fields (electric, magnetic and optical). Such degrees
of freedom enable the manifestation of novel quantum states
and emergent properties that remain elusive in their bulk or
single-phase counterparts.

The synthesis of complex superlattices enables the arti-
ficial manipulation of electronic structures with unit-cell pre-
cision. Nelson et al. systematically elucidated the electronic
landscape of SIO/SRO superlattices. Their work provided a
detailed mapping of interfacial charge transfer, doping pro-
files, and the spatial evolution of the effective carrier mass,
offering a microscopic understanding of the emergent trans-
port properties at these complex heterointerfaces.!'>”! Build-
ing upon the foundational work of Yang ez al.,l'?*! Zheng et
al. systematically investigated hump-shaped anomalies in the
Hall resistivity of a [(SRO),/(SIO),/(STO)4]5 superlattice, as
shown in Fig. 8(a).[>8! Their findings reveal that the strong
SOC of the Ir 5d bands near the Fermi level at the SRO/SIO
interface generates a Berry curvature that counteracts the con-
tribution from the SRO layer. As depicted in Fig. 8(b), this
dual-channel model — characterized by opposing Berry cur-
vatures — dominates the Hall response. Crucially, this mech-
anism provides compelling evidence that such transport fea-
tures in S5d-based heterostructures can arise from topological
band effects rather than exclusively from magnetic skyrmions.
In summary, the observed hump-like anomalies in Hall resis-
tivity in various SIO heterojunctions can be attributed to two
primary mechanisms. The first is the intrinsic THE, which
originates from the non-trivial topological magnetic structure
of skyrmions. This structure generates a local Berry curva-
ture, influencing the movement of electron carriers and pro-
ducing non-zero Hall resistance signals.!'?>) However, this ex-
planation cannot account for the observation of hump-type
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Hall signals in SIO superlattice symmetric structures that do
not exhibit skyrmions.[>3 The second explanation is based on
the phenomenological multi-channel anomalous Hall transport
model, in which Hall signals from multiple transport chan-
nels may differ due to impurities, defects, or other non-ideal
effects. Considering the interactions between these channels
and the scattering processes of electrons, a hump-shaped fea-
ture can emerge in the overall Hall signal.!'?8] However, this
model may not fully explain the hump-type Hall signal in ma-
terials that lack obvious impurities or defects. Both mecha-
nisms offer partial explanations for the hump-type Hall signals
observed in SIO heterostructures, and it is possible that they
coexist.!'?* Future research, including more precise experi-
mental measurements and theoretical analyses, will be neces-
sary to further elucidate and quantify the contributions of these
two effects.
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Fig. 8. (a) Crystal structure and basic physical properties of the

[(SRO),/(SIO)2/(STO)4]5 superlattice. Reproduced with permission from
Ref. [128] from American Chemical Society, Copyright 2021. (b) AHE
minor-loop measurements of [(SRO)g/(SIO)2/(STO)4]s superlattices with
maximum applied magnetic fields of 8.2 kOe and 2.7 kOe. Reproduced
with permission from Ref. [128] from American Chemical Society, Copy-
right 2021. (c) Temperature dependence of the residual resistivity ratio (RRR),
defined as R(T')/R(300 K), for [1,/M,],, superlattices, together with the func-
tional relationship between the crossover temperature 7¢ross and the layer num-
ber n. Reproduced with permission from Ref. [129] from American Chemi-
cal Society, Copyright 2022. (d) Fully relaxed structures of (SIO),,/STO su-
perlattices. Side and top views for m = 1 (left) and m = 3 (right) illustrate
thickness-dependent variations in octahedral rotations. Reproduced with per-
mission from Ref. [130] from American Physical Society, Copyright 2021.

The competition between U and SOC represents another
critical dimension in superlattice physics. Gu et al. explored
this landscape through the metal-nonmetal crossover (MNC)
in [(SIO),/(CaMnO3),)],, superlattices.!'?’! As illustrated in
Fig. 8(c), reducing n and modulating the superlattice period-
icity simultaneously bolsters U while attenuating SOC. The
resulting competition between U and SOC drives the system
into the WL regime, thereby precipitating the observed MNC

phenomenon. Jeong et al. have provided a comprehensive
synthesis of recent advances in stabilizing long-range mag-
netic order within SIO-based heterostructures. Their review
highlights the effective use of superlattice engineering to inter-
leave SIO with various magnetic compounds, thereby inducing
collective magnetic states.[!%6]

Furthermore, structural parameters such as the stacking
sequence provide a potent means to tailor orbital anisotropy.
By analyzing Ir 5d t;,—O 2p orbital hybridization, Huang
et al. demonstrated that decreasing the SIO layer number
m in (SI0),,/STO superlattices suppresses IrOg octahedral
tilting while enhancing tetragonal distortion (Fig. 8(d)).[!30]
This evolution increases the volume fraction of the interfa-
cial SIO layer, leading to a monotonic enhancement of or-
bital anisotropy. Such results underscore that the spatial exten-
sion of charge-transfer-induced metallic layers and their elec-
tronic profiles can be precisely regulated via epitaxial strain
and structural design.

Hao et al. provided a systematic synthesis of how epitax-
ial strain, layer thickness, and other structural degrees of free-
dom dictate the interlayer coupling in SIO/STO superlattices.
Furthermore, they summarized recent breakthroughs in tuning
the electronic landscapes of these superlattices via ILG.!1?4

In mismatched perovskite heterostructures, dislocations
are not merely inevitable defects but serve as primary mech-
anisms for strain relaxation and functional tuning. Beyond
stress relief, dislocations can accelerate ionic transport, in-
duce bending polarization, and even trigger magnetic phase
transitions, such as inducing ferromagnetism in antiferromag-
nets. In [(SIO),/(BaTiOs3)gls superlattices, Saghayezhian
et al. demonstrated that the formation of edge disloca-
tions is governed solely by the critical thickness in high-
mismatch systems, independent of octahedral tilt or rotation
mismatches.['3! This finding supports a novel defect engi-
neering paradigm: utilizing localized strain from dislocations
in high-mismatch layers to purposefully induce structural dis-
tortions in adjacent, low-mismatch layers.

Modifying superlattice periodicity allows for the addi-
tive design of interfacial inversion symmetry breaking, pro-
viding a direct pathway to regulate magnetic transport. Yi
et al. observed the emergence of novel spin—orbit states
and magnetization-axis reorientation in SIO by modulating
its dimensionality within LSMO/SIO superlattices, thereby
achieving high-precision control over magnetic anisotropy, as
shown in Fig. 9(a).[!3%133] Through the elaborate design of
SrTaO3/SIO superlattices, Zhang et al.

the Ta**/Ta>" mixed-valence state can induce ferromagnetism

demonstrated that

in the SrTaOs layer.!'3* This ferromagnetism is further ex-
tended into the SIO layer through interfacial magnetic prox-
imity effects. Combined with the strong SOC inherent in the
5d elements, this configuration breaks time-reversal symme-
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try and yields a pronounced AHE, effectively realizing a plat-
form where ferromagnetism and topological transport prop-
erties coexist within a single superlattice system. Similarly,
in StMnO3/SIO superlattices, Nichols et al. identified a sig-
nificant proximity-induced AHE that scales inversely with the
SrMnOj3 layer thickness (Fig. 9(b)).[13]

The emergence of chiral magnetism and non-trivial spin
textures is fundamentally tied to the DMI. Skoropata et
al. found that periodic control of the A-site sub-lattice at

the LMO/SIO interface effectively tunes the DMI strength
(Fig. 9(c)), where the stability of chiral phases depends on
the delicate competition between DMI, collinear ferromag-
netic interactions, and magnetic anisotropy.!!3®! Finally, Liu
et al. designed an SIO/LCO superlattice where the exception-
ally large DMI, driven by the strong SOC of SIO, dominates
over proximity-induced ferromagnetism. This manifests as the
THE (Fig. 9(d)), while the itinerant ferromagnetism of SIO is
simultaneously modulated via interfacial charge transfer.[!37]
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Fig. 9. (a) Thickness dependence of magnetic anisotropy in SIO superlattices. Reproduced with permission from Ref. [133]. (b) AHE measured
under an in-plane magnetic field in short-period (n < 6) SMO/SIO superlattices at 2 K. Reproduced with permission from Ref. [135]. (c) Hall
resistivity measured at 10 K for superlattices with different interface configurations and a fixed period of n = 5 u.c. Reproduced with permission
from Ref. [136]. (d) AHE and THE measurements of SIO/LCO superlattices, together with the corresponding fitting results. Reproduced with
permission from Ref. [137] from American Chemical Society, Copyright 2022.

3. Conclusion and perspectives

We have reviewed the current research on the trans-
port properties of SIO. Experimental studies have revealed a
rich set of physical properties in this correlated semimetal,
arising from the strong interaction between SOC, moderate
correlations, and structural flexibility. Theoretically, bulk
SIO has been proposed as a candidate system for hosting
a Weyl semimetal or topological crystalline insulator phase.
The correlation-modulated Jeir = 1/2 state underpins poten-
tial topological phases, with supporting evidence provided by
observations of large anomalous and nonlinear Hall effects.
The synthesis of high-quality epitaxial thin films and superlat-
tices has enabled precise control over the physical dimension-
ality of SIO. Research has demonstrated that strain engineer-
ing effectively influences key transport parameters, including
resistivity, MR, and the MIT temperature. Furthermore, exter-

nal fields such as pressure and gate voltage enable reversible

tuning across the phase diagram. Recent efforts have increas-
ingly focused on integrating SIO with other functional oxides.
In such heterostructures, charge transfer, orbital reconstruc-
tion, and proximity effects can give rise to emergent properties
that are absent in the individual bulk materials. Despite these
advances, a direct and definitive correspondence between the
observed topological transport signatures and the underlying
electronic structures remains to be established through spec-
troscopic measurements. Theoretical models also often fall
short in accurately describing the complex interplay of strong
correlations, strong SOC, and electron—lattice coupling. Most
investigations to date have relied on macroscopic transport
measurements, which generally lack the time and spatial res-
olution needed to probe dynamical processes during phase
transitions or under non-equilibrium conditions. Thus, it will
be essential to combine advanced spectroscopic techniques
with extreme-condition transport studies to directly correlate
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the microscopic electronic structure with macroscopic observ-

ables. Additionally, further development of theoretical frame-

works capable of simultaneously handling strong correlations,

topology, and disorder is also needed. Ultimately, more work

will be necessary to realize practical applications for next-

generation spintronics based on SIO systems.
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