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Over the last few years, researches in iridates have developed into an exciting field with the discovery of numerous
emergent phenomena, interesting physics, and intriguing functionalities. Among the studies, iridate-based artifi-
cial structures play a crucial role owing to their extreme flexibility and tunability in lattice symmetry, chemical
composition, and crystal dimensionality. In this article, we present an overview of the recent progress regarding

iridate-based artificial structures. We first explicitly introduce several essential concepts in iridates. Then, we
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illustrate important findings on representative SrIrO;/SrTiO; superlattices, heterostructures comprised of SrIrO5
and magnetic oxides, and their response to external electric-field stimuli. Finally, we comment on existing prob-
lems and promising future directions in this exciting field.

1. Introduction

Due to the strong spin-orbit coupling (SOC), compounds contain-
ing 5d elements have gained increasing attention with the emergence of
enormous exciting findings. Among the extensive collection of materials,
iridates are particularly notable for being a rare playground that covers
plenty of foremost research topics, such as frustrated magnetism, topo-
logical phases of matter, and superconductivity [1-8]. Pioneering works
include those hunting for exotic magnetic states in complex lattice com-
pounds, such as the hyper-kagome iridate Na,Ir;O, [9]. The search of
the quantum spin liquid state is expanded to iridates with a honeycomb
lattice unit, e.g., Na,IrO5 and Li,IrOs, for possible implementation of
the exotic Kiteav physics in t,; compounds [10-12]. In the early stage,
Na,IrO; also attracted attention from the topological physics commu-
nity, and it was proposed that the honeycomb iridate could be effectively
described with the same Hamiltonian [13] as the one used for graphene.
The latter is notable for the realization of the quantum hall effect [14].

Another celebrated thread to realize topological nontrivial phases was
launched through the theoretical studies of the pyrochlore iridate family
A,lIr,0,, where A is yttrium or a lanthanide element. It was suggested
that the compound could be a topological Mott insulator [15,16] or a
Weyl semimetal [17], depending on the delicate balance among lattice
distortion, electron correlation, magnetic structure, etc.

Early outstanding works in the iridates community also include the
exotic electronic structure of SryIrO,, which should be a half-filled non-
magnetic metal in the band picture [18] but turns out to be a good mag-
netic insulator [19]. It was suggested that the insulating nature is driven
by the collective interactions among strong SOC, crystal-field splitting,
and electron correlation, because of which this compound is dubbed as
a spin-orbit Mott insulator [18]. In contrast to the rather complicated
lattice structure of honeycomb or pyrochlore iridates, Sr,IrO, features
a much simpler lattice structure, where square lattices composing of
corner-sharing IrOg octahedra stack alternately with rock-salt SrO lay-
ers. The close analogy in lattice structure between Sr,IrO, and the par-
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ent phase of high-T; cuprates, La,CuQy,, naturally raises a question on
whether the former is a candidate material for pursuing superconduc-
tivity. Indeed, later theoretical works demonstrated that the compound
is a promising platform to realize the half-filled single-orbital spin-1/2
Hubbard model [20]. The potential routes to achieve iridate-based su-
perconductivity eventually boost the research of iridates into a hot stage
[20,21]. Similar to the 2D-limit SryIrO,4, SrIrOj3 is another key member
of the Ruddlesden-Popper series for the strontium iridates, but in the 3D
limit, where an IrOg octahedron shares corners with six nearest neigh-
bors, forming a perovskite lattice structure. Theoretically, a bunch of
nontrivial topological phases were proposed even in this simple per-
ovskite iridate, through certain lattice engineering or external stimuli
[22,23]. Later experimental work indeed demonstrated that while the
perovskite SrIrO5 is a paramagnetic semimetal as expected due to its
enhanced dimensionality, the metallicity, in fact, has a more intriguing
nature [24,25].

Works mentioned above highlight the exotic nature of the emergent
phenomena unveiled from bulk compounds of iridates, which have been
nicely summarized in several early elegant reviews [1-8,26]. These re-
views cover some specific topics, such as topological properties of com-
plex iridates [1], square-lattice iridates [6], and iridates of the 5+ va-
lence state [8]. In complementary to these bulk-sample researches, a
large amount of effort has been invested in integrating iridates with
other transition-metal oxides to build up artificial structures, which are
unobtainable through conventional bulk synthesis. The most commonly
adopted building block is the perovskite SrIrO5, which is mainly due
to its structural analogy with many prototype transition metal oxides
(e.g., manganites, ruthenates) and the availability of appropriate single-
crystal substrates. Thanks to the rapid development of advanced growth
techniques with atomic precision, this field grows rapidly and frequently
delivers emerging phenomena beyond bulk compounds and other ox-
ide heterostructures. In this review, we aim to provide a brief (by no
means exhaustive) overview of recent exciting findings in iridate-based
artificial structures, which is not or only partially covered in previous
reviews [27-31]. We will first briefly introduce several basic concepts
in iridates in Section 2, serving as the ABCs for readers to step into this
exciting field. In Section 3, we discuss emergent phenomena associated
with the energetic charge and spin fluctuations in quasi-2D Jg = 1/2
square lattice built from artificial structures with about-isolated iridates.
In Section 4, we review works on anomalous/topological Hall effects
and magnetic anisotropy in artificial structures with magnetically cou-
pled iridates and various magnetic oxides. Section 5 focuses on emergent
electronic states in the iridate-based artificial structures through ionic
evolution. Finally, we present our future perspectives on this exciting
field in Section 6.

2. Basic concepts of iridates

The fascinatingly rich phase diagram of iridates is usually ascribed
to the intriguing interplay of several essential physical parameters, such
as on-site electron-electron correlation (the Hubbard interaction U),
crystal-field splitting, and on-site SOC, and we note that all these are
comparable at the similar energy scale. It thus would be instructive to
show how the SOC shifts the conventional paradigm from the perspec-
tives of both the atomic- and the many-body- levels. In traditional 3d
transition metal compounds, SOC is typically tiny and can be treated as
a perturbation. The orbital momentum L and the electron spin momen-
tum S are thus decoupled, leading to the |/,, s,) Hilbert space, which is
a direct product of orbital space and spin space. Interestingly, the crys-
talline 5d orbital features an effective Loiz = —1, rather than =2, because
the sizeable cubic field effect splits the atomic d orbital into three t,, or-
bitals and two e, orbitals [18], while the latter is far higher in energy
and can be integrated out safely in most cases [10]. The fact that projec-
tion of the L operator for the d electrons on the t,, orbitals (yz, xz, xy)
have an opposite matrix representation of the L operator in the basis of
p orbitals (py, py, p,), gives rise to the extra negative sign [8]. Subject
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to the spin-conservation restriction, inter-site electron hopping in this
basis is always real and spin-independent.

The eigenstates are changed drastically when SOC is sufficiently
strong to entangle the |/,, s,) states, in which one has to adopt a new
representation defined by |/, m Je//). Here, the effective total angu-
lar momentum Jo4 is the addition of effective orbital momentum Leg
and S. More explicitly, the strong SOC hybridizes the effective orbital
space with spin space, giving rise to a half-filled J.¢ = 1/2 doublet and
Jegr = 3/2 quartet. Notably, the latter J.¢ = 3/2 quartet is lower in energy
and fully occupied by four d electrons in iridates, as shown in Fig. 1la
[32]. Thus, the most relevant states are the J. = 1/2 Kramers dou-
blet, which can be described as a pseudospin one-half due to a peculiar
spin density distribution and quasi-isotropic charge density in the real
space under an equal mixture of t,¢ orbitals, as schematically shown in
Fig. 1b [10]. The central idea of the new wavefunctions is that the elec-
tron hopping between neighboring sites can be pseudospin dependent
and complex, which is the key for realizing nontrivial topological phases
of matter [13]. Schematically shown in Fig. 1c is a representative elec-
tron hopping process leading to a pseudospin-dependent integral in the
presence of octahedral rotation and tilting. One may note that the uni-
form J.¢ = 1/2 state can only be realized in an ideal cubic crystal field,
while octahedral distortions, like tetragonal distortion by stretching or
compressing along the diagonal direction, are mostly inevitable in a re-
alistic material [10]. Nevertheless, later works show that the J; = 1/2
picture is usually a good starting point for studying iridates, while sub-
tle modulation, including octahedral distortions, cross hopping through
the excited Jo¢ = 3/2 state, etc. further enriches the electronic states.

3. Energetic charge and spin fluctuations

Over the past decades, intense researches on layered iridates have
reached a consensus that the 2D pseudospin square lattice is of great
importance in many-body physics and inspired one to further manipu-
late this 2D unit. Representative works along this direction include the
one made by Matsuno et al., who designed and fabricated several super-
lattice (SL) structures composed of perovskite SrIrO3 and SrTiO3; mono-
layers, aiming to produce artificial-crystal analogies to the bulk com-
pounds [33]. The obtained [(SrIrO3)n/(SrTiO3)1] SLs display a metal-
to-insulator transition as a function of the SrIrO; layer number (n),
indeed similar to the Ruddlesden-Popper iridate series. More interest-
ingly, a nonzero spontaneous magnetization emerges in stark contrast
to the about-zero magnetization in the bulk counterparts. Later then,
Hao et al. expanded the SL family [(SrIrO3)n/(SrTiO3)m] to include the
freedom of the SrTiO5 (insulating spacer) thickness further to modu-
late the interlayer magnetic coupling [34]. While all the SLs remain
a spin-orbit Mott insulator, the authors found interesting changes in
the magnetic properties with varying m. The critical role of the SrTiO;
block firstly manifests on the antiferromagnetic (AFM) ordering tem-
perature Ty, which decreases dramatically when m increases from 1 to
2 in [(SrIrO3)1/(SrTiO3)m], suggesting a significantly suppressed inter-
layer coupling. However, Ty is almost unchanged fromm =2tom = 3,
although the latter is supposed to have a weaker interlayer coupling
than the former SL. This observation sets a strong evidence that the
[(SrIrO3)1/(SrTiO3)m] SLs with m > 2 is in the 2D limit, where the in-
terlayer magnetic coupling is no longer dominant in determining Ty.

In addition to the intriguing change in the coupling magnitude, sign
modulation of the interlayer coupling was also established. As schemat-
ically shown in Fig. 2a, the interlayer coupling is positive/negative if m
is odd/even. Furthermore, the sign switching of interlayer coupling is
always conjugated with the modulation of octahedral rotation patterns,
leading to the alignment of spin-canting induced net magnetic moments
in each SrIrOj layer and thus a nonzero spontaneous magnetization in
the whole SL series. The enriched diversity in terms of lattice structure
and physical properties of the [(SrIrO3)n/(SrTiO3)m] SLs renders them
as a fertile platform to host various research topics, as introduced below.
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Fig. 1. Basic concepts of iridates. (a) 5d-orbital level splitting due to the cubic crystal field and strong SOC. (b) Density profile of a J & = 1/2 pseudospin (isospin
up) state. (c) A representative inter-site electron hopping mediated by oxygen ligands. Local inversion symmetry breaking leads to pseudospin dependent hopping
as schematically shown in the bottom panel. Panel (a) adapted from Ref. [27]. Panel (b) adapted from Ref. [10].

One of the most puzzling observations in earlier layered iridates stud-
ies (including those of artificial structures) is the presence of a resis-
tivity anomaly around the AFM transition [33,35]. While this feature
was typically ascribed to an inter-coupling between electronic prop-
erty and magnetic order, a closer inspection is necessary to achieve a
deeper understanding. Hao et al. then carried out a case study on the
[(SrIrO3)1/(SrTiO3)1] SL [36], considering the simplicity of its lattice
and magnetic structures. In this case, one can view the SL as a sim-
ple stack of equally separated pseudospin square lattice with identi-
cal magnetic and lattice structures. The resistivity anomaly of the SL
is in fact a sharp upturn of resistivity when cooling through Ty. After
applying an in-plane magnetic field, the resistivity increases dramati-
cally around Ty and this upturn is gradually smeared. The extracted
magnetoresistance (MR) effect is positive and displays a diverging-
like behavior, similar to the magnetic susceptibility, as shown in
Fig. 2b.

The energetic charge response indicates that substantial charge fluc-
tuations exist even above Ty, and couple with AFM fluctuations to re-
spond to the external magnetic field. To cope with this intriguing pic-
ture, an effective 2D half-filled Hubbard model was employed based on
the fact that the SL is dominated by a half-filled J.& = 1/2 band around
the Fermi level [33]. The theoretical analysis unveils that while the insu-
lating ground state is expected at zero temperature independent of elec-
tron correlation, spin-charge fluctuations above Ty is the strongest in
the case with moderate electron correlation. Explicitly speaking, while
the electron correlation can support an insulating state above Ty, it is
far from the strong limit to completely freeze the charge degree of free-
dom. Therefore, the charge fluctuations strongly entangle with longitu-
dinal spin fluctuations, as evidenced by the large positive in-plane MR.
Upon suppressing the spin fluctuations with a magnetic field by virtue
of staggered field effect, the density of effective charge carriers is re-
duced, giving rise to the anomalous MR effect that characterizes the spin
longitudinal susceptibility (Fig. 2c). It is clear that the effective carrier-
density driven MR effect is fundamentally different from conventional
MR effects that usually originates from the change of carrier mobility
under magnetic field.

It is worthy mentioning that quantum materials can be generally
categorized into three regimes according to the strength of electron-
electron correlation, i.e. the weak-coupling regime with negligible cor-
relation, the strong-coupling regime with large correlation, and the in-
termediate regime between these two limits. In contrast to the well-
studied weak-coupling regime using the band-structure language and
the strong-coupling regime as exemplified by high-Tc cuprates, the inter-
mediate regime is largely unexplored from both the theoretical and the
experimental points of view [39]. To further explore this regime, Yang
et al. performed an epitaxial strain study on the [(SrIrO3)1/(SrTiO3)1]
SL, aiming to modulate electron correlation in the effective 2D Hubbard
model through the intermediate regime [38]. Experimentally, a series of
[(SrIrO3)1/(SrTiO3)1] SLs were prepared on different substrates to im-
pose various compressive strain states. A systematic suppression of the
insulating state with increasing compressive strain was observed, sug-
gesting a gradual reduction of electron correlation. More interestingly,
an emergent metallic state at high temperaturess was established in the
mostly compressed SL. By probing the magnetic properties of the SLs, it
is found that the insulating strength scales with the magnitude of AFM
order parameter with an almost constant factor. This feature is reminis-
cent of a Slater insulator, where reduced translation symmetry due to
AFM ordering opens up simultaneously a charge gap, and in turn, the
charge gap melts at exactly the AFM ordering temperature. However,
the SLs also have features of the strong-correlation for Mott limit, such
as a robust insulating state above Ty.

The coexistence of the Slater and Mott features demonstrates that
the SLs should be described in the regime of the Slater-Mott crossover
regime. In this context, the emergence of the metallic phase is a strong
evidence for the SL being across the Slater-Mott crossover regime to
the weak-limit side, as shown in Fig. 2d. The primary driving force for
the modulation of electron correlation was unveiled to be the enhanced
hopping integral between planar oxygen and Ir ions due to the compres-
sive strain. One should note that while previous models predict a similar
correlation modulation with epitaxial strain [40-42], the important en-
ergetic behaviors at high temperatures were not captured, because the
many-body physics was largely overlooked in the theoretical protocols.
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Fig. 2. Energetic charge and spin fluctuations in quasi-2D J4 = 1/2 square lattice. (a) Modulation of magnetic interlayer coupling and octahedral rotation
pattern in the [(SrIrO5)1/(StTiO5)m] SLs (m = 1, 2, 3). Spin canting of the J = 1/2 (black arrows) AFM ground state induces a net magnetic moment as illustrated
with the orange arrows [34]. (b) Temperature-dependent MR under various magnetic fields for the [(SrIrO5)1/(StTiO3)1] SL. (c) Schematic diagram from top to
bottom, illustrating the AFM insulating ground state, the excited state with substantial longitudinal spin fluctuations and charge fluctuations, and the suppressed
spin-charge fluctuations under the application of a staggered magnetic field. (d) Phase diagram of the compressively strained [(SrIrO;)1/(SrTiO5)1] SL. The green,
white and red regions denote AFM-insulating, nonmagnetic (NM)-insulating and metallic- states, respectively. (e) Top panel is the staggered frame transformation of
a rotation-only square lattice. Bottom panel is a cartoon illustrating the effect of the SU(2)-preserved DM interaction on the AFM order parameter. (d) Temperature-
dependent magnetic scattering intensity under various fields of the [(SrIrO5)1/(SrTiO3)2] SL [37]. Panels (b) and (c) adapted from Ref. [36]. Panel (d) adapted from
Ref. [38]. Panel (e) adapted from Ref. [37]. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

This difficulty is particularly serious in the intermediate regime, where
multiple physical parameters are comparable in the energy scale, and
a small variation of the parameters employed could lead to a dramatic
difference during the calculations [39].

Under the strong correlation limit, the 2D Hubbard model can be pro-
jected on a 2D Heisenberg AFM model under the mean-field approxima-
tion. The [(SrIrO3)1/(SrTiO3)2] SLs thus represent an excellent material
platform for studying the 2D quantum magnetism considering the strong
correlation and the negligible interlayer coupling, as mentioned earlier.
At first sight, a large Dzyaloshinskii-Moriya (DM) interaction and sym-
metric anisotropy interaction will break the spin isotropy. Nevertheless,
it is shown that the two anisotropy terms can be gauged away simul-
taneously by a staggered frame transformation on the square lattice
(Fig. 2e) [43]. The total Hamiltonian in the staggered local frame thus
can be written as a single effective exchange term, which is isotropic,

unveiling a so-called hidden SU(2) symmetry [10]. In other words, the
pseudospin behaves essentially the same as a simple spin in the SL (i.e.,
while pseudospin-dependent hopping is not necessarily forbidden in a
distorted lattice, it happens to be zero on the octahedral rotation-only
square lattice). The [(SrIrO3)1/(SrTiO3)2] is thus expected to feature ex-
treme spin fluctuations due to the 2D effective spin isotropy according
to the Mermin-Wagner theorem [44].

An even more interesting situation arises when considering the Zee-
man effect in the local staggered frame, which generates a large stag-
gered field that allows one to drive the AFM order parameter with a uni-
form magnetic field. After applying an in-plane magnetic field to exploit
the SU(2)-preserved DM interaction in the quasi-2D Heisenberg antifer-
romagnet, it was demonstrated that the extreme spin fluctuations can
be significantly suppressed with a small magnetic field, giving rise to a
drastic increase of the AFM ordering temperature, as shown in Fig. 2f.
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as revealed by half-order x-ray diffractions. Panels (a) and (b) adapted from Ref. [45]. Panel (c) adapted from Ref. [49]. Panel (d) adapted from Ref. [56]. Panel (e)

adapted from Ref. [58]. Panel 3(f) adapted from Ref. [57].

This magnetic response is giant considering the fact that the magnetic
field is more than three orders of magnitude smaller than the exchange
coupling, while the ordering temperature was increased as large as 50%.
Since this intriguing phenomenon allows for switching between a triv-
ial disordered state and an AFM order state in temperatures well above
Ty it offers a new strategy to design AFM spintronics complementary
to conventional routes, which define logic bits based on spin direction
in the AFM ordering state. Nevertheless, future works such as enabling
the electrical probe of the AFM switching, further optimizing the switch-
ing efficiency, and resolving the switching dynamics, chart the roadmap
towards the applications.

4. Anomalous/Topological hall effects and magnetic anisotropy

Given the strong SOC in the 5d transition metal oxides, their inter-
faces with magnetic oxides provide vivid platforms to explore emergent
magnetic phenomena and functionalities that could not be realized in
the heterostructures comprised of either 3d or 4d complex oxides. Re-
cent research endeavors have been mainly focused on two types of het-
erostructures, i.e., (i) the heterostructure of 5d SrIrO; and 4d SrRuO5
[45-54] and (ii) the heterostructure of 5d SrIrO; and 3d La;_,Sr,MnOg
[55-68].

Due to the intermediate electron correlation and SOC of 4d Ru
cations, StTRuOj is an iterant ferromagnet with Curie temperature (T,)
around 160 K and large magneto-crystalline anisotropy energy [69]. The
research interests in SrRuO3/SrIrO; heterostructures were initially in-
spired by the discovery of the topological Hall effect (THE) by Mat-
suno et al. (Fig. 3a) [45]. As shown in Fig. 3b, the field-dependent Hall
signals of the heterostructures consist of three contributions, i.e., the
ordinary Hall effect that is linearly proportional to a magnetic field,
the anomalous Hall effect (AHE) that is proportional to the magneti-
zation, and THE that shows a characteristic hump feature. It is noted
that THE has been previously observed in magnetic materials that host

skyrmions or with noncoplanar spin structures [70,71]. Therefore, it
was deduced that the observation of THE indicates the emergence of
chiral magnetic textures in SrRuO3/SrIrO; heterostructure, which is
proposed to be stabilized by the interfacial DM interactions across the
4d/5d interfaces. Later on, Ohuchi et al. demonstrated that both AHE
and THE of the SrRuO3/SrIrO; heterostructures could be controlled by
applying electric fields, which attracts further research attention due to
the potential to manipulate chiral magnetic textures by an electric field
[47].

Motivated by these discoveries, a great number of studies have
been devoted to understanding the underlying mechanism of THE in
SrRuO,/SrIrO3, which, however, revealed controversial conclusions.
Firstly, it was found that heterostructures without SrIrOj, such as
SrRuOj films on SrTiO5 or BaTiO3, can also exhibit THE, which thereby
raises doubts regarding the roles of 5d oxides with large SOC [72-
74]. More importantly, the correlation between THE and chiral mag-
netic textures in the heterostructure remains elusive. Some results sup-
port the conclusion that THE is due to the chiral magnetic textures
such as skyrmions (Fig. 3a) in ferromagnetic StRuOs3, by studying the
temperature-, field- and thickness- dependences of THE with various ex-
perimental methods, including magnetotransport and magnetic imaging
[48,52,72,73]. By contrast, other studies imply that the “so-called” THE
is probably due to the supposition of AHE signals from two conducting
channels of SrRuO; that have different signs of AHE as well as differ-
ent coercivity (Fig. 3c), which are likely arising from inhomogeneity of
SrRuOj; or the changes of Berry curvature by interfaces [49,51,53,74].
So far, this question is still under debate, and more direct evidence, such
as atomic-scale imaging of magnetic textures are strongly demanded to
fully resolve this issue. Nevertheless, the manipulation of Berry curva-
ture of SrRuO; through heterointerfaces (e.g. SrRuO3/SrirO3) and epi-
taxial strain has been established both theoretically and experimentally
[49,53,74,75], which could be employed to engineer materials for mag-
netic applications.



JID: FMRE

L. Hao, D. Yi, M. Wang et al.

Besides the observation of THE, the SrRuO;/SrIrO5 interfaces also
exhibit other interesting phenomena, such as the spin-glass states and
the tuning of perpendicular magnetic anisotropy energy [46,50]. Fur-
thermore, Nelson et al. demonstrated that the metallic state is preserved
down to one unit-cell of SrIrO; when interfacing with SrRuO5 by using
angle-resolved photoemission spectroscopy [54]. This is in stark con-
trast to the dimensionality-driven metal-insulator transition typically
observed in complex oxides and signifies the critical roles of reconstruc-
tion of electronic states through the heterointerface.

The 3d manganite oxides, as exemplified by the chemical formula
La; Sr,MnOg, provide another family of magnetic oxides with rich elec-
tronic and magnetic properties depending on their stoichiometry and
crystal structure [76]. Since the SOC is relatively weak in 3d Mn cations,
the heterointerfaces with 5d oxides could potentially show emergent
phenomena that are dramatically different from the parent constituents
with the ingredient of SOC. Recent studies have revealed many interest-
ing results in this material system.

Firstly, while SrIrO; is a paramagnetic metal in bulk, it was
found to exhibit emergent magnetic ordering when interfacing with
La; ,Sr,MnOj3. In SLs comprised of ferromagnetic Lag ,Sry 3MnO5 and
SrIrO,, Yi et al. observed a clear XMCD signals at the x-ray absorption
edges of Ir cations, revealing a net ferromagnetization in Ir antiparal-
lel to that of the Mn counterpart [55]. Subsequent magnetic scattering
measurement by Kim et al. revealed the emergent AFM ordering as devi-
ation from ideal J ¢ = 1/2 states in the ultrathin SrIrO; in the SLs [59].
It is noted that similar results have also been observed in SLs of SrirO4
and manganite with other stoichiometry, such as LaMnO5 [65]. There-
fore, these results demonstrate a universal approach that the magnetic
ground states of 5d SrIrO5 can be effectively manipulated by interfacial
hybridization with other oxides.

Secondly, a clear charge transfer has been observed at the interfaces
of SrIrO5 and La,_,Sr,MnOg, especially the manganite with empty e; or-
bitals (e.g. SrMnO3). Nichols et al. observed emergent ferromagnetism
in the SLs comprised of AFM SrMnO3 and SrIrO5 (Fig. 3d) [56]. This
effect is ascribed to the transfer of electrons from Ir to Mn cations at
interfaces due to orbital hybridizations (Fig. 3e) [58]. Further studies
also revealed that this interfacial charge transfer depends on many fac-
tors, such as the epitaxial strain [58], the stoichiometry [57], as well
as the interfacial polar discontinuity [60]. Besides the emergent ferro-
magnetism, it is noted that the [(SrMnO3)1/(SrIrO3)1] SLs also exhibit
a strong perpendicular magnetic anisotropy (PMA) with an out-of-plane
easy axis, leading to an emergent AHE signal with a large anomalous
Hall conductivity (Fig. 3d). A recent study on SrIrO;/La;_,Sr,MnOj5 bi-
layers by Yoo et al. revealed that the large AHE signals is likely arising
from the proximity-induced magnetism in the SrIrO; with strong SOC
[66].

Moreover, the observation of out-of-plane easy axis in the
[(SrMnO3)1/(SrIrO3)1] SLs implies that the strong PMA is induced by
the interfacial coupling since both the shape anisotropy energy and mag-
netostrictive energy would otherwise favor easy-plane anisotropy. By
carefully studying the [(La; Sr,MnO3)1/(SrIrO3)1] SLs with different
X, a correlation between PMA strength and oxygen octahedral rotations
at interfaces has been established (Fig. 3f) [57]. Additionally, it has been
shown that this interface-driven PMA strength could be further levitated
by using epitaxial strains. As a result, heterostructures with strong PMA
and high Curie temperature were realized by tuning the competition
between bulk-like contribution and interfacial contribution to the mag-
netic anisotropy energy [67].

Given the tunable PMA strength, interfacial DM interactions and in-
version symmetry breaking, chiral magnetic textures might also exist at
the manganite-iridate interfaces, which has been theoretically demon-
strated by using Monte Carlo technique [62]. The THE signals have been
observed in bilayers and SLs of SrIrO; and La; ,Sr,MnO; [61,63]. In ad-
dition, Skoropata et al. found that the magnitudes of THE signals can be
tuned by engineering the interfacial inversion symmetry at the atomic
scale, suggesting that this effect is strongly correlated to the interfaces
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[63]. However, similar to the debates in SrRuO5/SrIrO; heterostruc-
tures, the correlation between THE and chiral magnetic textures has yet
to be demonstrated.

Besides the two model systems above, investigations on heterostruc-
tures of SrIrO; and other 3d complex oxides with partially filled d elec-
trons have also emerged recently. Liu et al. studied the LaNiO5/SrIrO5
heterostructure and observed a significant interfacial charge transfer
(about a full electron per cation at the interface), along with a signif-
icant structural and electronic reconstruction that leads to the break-
down of the SOC picture [77]. Jaiswal et al. studied the LaCoO3/SrIrO,
heterostructure and observed a pronounced AHE signal. Differing from
metallic manganites or ruthenates, the insulating nature of ferromag-
netic LaCoO5 reveals the strong correlation between AHE signals and
induced ferromagnetism (perhaps canted antiferromagnetism) in SrIrO5
[78]. This conclusion is further verified in the heterostructure of SrIrO,
and insulating AFM LaFeO4 by the same research group [79]. It remains
intriguing to explore the rich physics and potential functionalities in a
wide range of 3d-5d and 4d-5d heterostructures.

5. Emergent electronic states induced by ionic control

The chemical substitution is a critical approach to manipulating the
electronic states in complex oxides through electron filling, leading to
the discovery of high-temperature superconductivity, colossal magne-
toresistance, etc. However, this approach is hindered in 5d oxides due
to their high melting temperatures, poor chemical solubility as well as
strongly distorted octahedral complex. Over the last few years, the con-
trol of ionic evolution has developed rapidly as a promising pathway to
manipulate the electronic states in complex oxides. In complementary
to controlling atomic stacking through chemical substitution by growing
materials at high temperatures, the ionic evolution approach modulates
the chemical composition, lattice structure, and valance state at room
temperature with soft-chemical approaches, demonstrating a unique op-
portunity to generate a series of metastable phases.

One of the effective pathways is the ionic liquid gating (ILG) method
[80], which was developed several decades ago to achieve large elec-
trostatic modulation, while an unintended electrochemical reaction is
largely employed nowadays. As shown in Fig. 4a, under the application
of an external electric field, small ions (for instance, Ht and 0%~ stem-
ming from the electrolyzed H,O molecules) can be generated within
the ionic liquid and intercalated into or de-intercalated from the ox-
ide films [81-85]. Due to the principle of charge neutrality, the inter-
calation of every H* (or O%) ion leads to the injection of one elec-
tron (or two holes) into the transition metal d orbitals [86], hence
dramatically altering the corresponding electronic states. Yi et al. ex-
ploited ILG on La;_,Sr,MnO3 and SrIrO; single phase films, as well as
La;_,Sr,MnO;/SrIrO5 SLs (Fig. 4b) [87]. They revealed that, compared
with the single-phase materials, the SLs with ordered 3d-5d stacking fa-
vor the diffusivity of oxygen/hydrogen ions into the lattice, due to their
tolerable octahedral distortion and cation-oxygen bonding. In stark con-
trast, both La; ,Sr,MnO; and SrIrO5 are readily decomposed during the
ILG with large voltage. Thus, the artificial SLs show great advantages as
a platform to realize 5d band manipulation through ILG-induced ionic
evolution.

Wang et al. carried out studies on the [(SrIrO3)1/(SrTiO3)1] SL [88],
which is considered as a spin-orbit Mott insulator, with the analogy
to the Sr,IrO,, as shown in Figs. 4c and 4d [33,89]. Prior theoreti-
cal studies proposed that the 2D IrO,-plane with appropriate electron
doping could host a high-temperature superconducting state [20,21],
which, however, is hindered by the instability of reduced Ir3*, as well
as low solid solubility in solid-state doped Sr,IrO, [90,91]. As a mat-
ter of fact, a complete phase diagram as a function of electron dop-
ing for this system was still lacking. Ravichandran et al. exploited ILG
technique on Sr,IrO,, which, however, only shows a minimal electron
doping effect [92]. Wang et al. utilized the [(SrIrO3)1/(SrTiO3)1] SL
as the platform and demonstrated ILG-induced hydrogen intercalation
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Fig. 4. Electrical-control of ionic evolution in iridate SLs. (a) Schematic of ILG method that induces the ionic transfer between oxide films and ionic liquid (DEME-
TFSI). (b) Modulation of out-of-plane lattice constant (Ac/c) of a series of samples with the application of external voltage during ILG. SS refers to Sr(Mn, 5Ir, 5)O5
and SL refers a La, ,Sry gMnO/SrIrO; SL. The single-phase materials were damaged with increasing gating voltage, while the SL shows a reversible lattice evolution
[87]. Lattice structures of Sr,IrO, (c), and [(SrIrO3)1/(SrTiO3)1] SL (d). (e) Schematic illustration of band alignment near Fermi level for the [(SrIrO3)1/(SrTiO5)1]
SL according to the Mott-Hubbard model. (f) Temperature-dependent resistance of [(SrIrO5)1/(SrTiO3)1] SL during ILG. (g) Phase diagram of the hydrogenated
[(SrIrO4)1/(SrTiO5)1] SL as a function of gating voltage. PM-I, PM-M, LWI, WFM, and AFM-I refer to paramagnetic-insulator, paramagnetic-metal, localized weak
insulator, weak ferromagnetism, and antiferromagnetic-insulator phases, respectively [88]. Panels (e) and (g) adapted from Ref. [88].

with continuous electron doping into the upper Hubbard band (UHB),
as shown in Figs. 4d and 4e [88]. Fig. 4f shows the temperature depen-
dence of resistance with variable gating voltage. The electron doping in
the SL shows a rich phase diagram as shown in Fig. 4g. Explicitly, with
increasing doping level, the parent Mott-insulator is first tuned into a lo-
calized metallic state with gradually suppressed magnetic ordering, then
evolved into a nonmagnetic band insulating state with fully-occupied
UHB. First-principles calculations indicate that the intercalated hydro-
gen ions prefer to form OH group with the equatorial oxygens of the IrO,,
planes. The intercalation in turn enhances lattice distortion and impurity
scattering, which may account for the absence of a pure metallic state
and a potential superconductivity [88]. Nevertheless, this work identi-
fies that hydrogen doping could be a productive pathway for searching
emergent electronic states in SLs, and replacing the SrTiO3 with other
band insulator to stabilize the SL lattice at higher symmetry (with re-
leased distortion) is a promising approach to pursue more intriguing
electronic states.

Beyond the ILG-controlled H* /03 evolution in 3d-5d SLs, it is im-
portant to note that Li* can also be employed as the shuttling ion to
design new phases. Kuriyama et al. grew the spinel Li,Ir,O, films and
employed de-intercalation of Li ions to obtain a previously undiscovered
A-phase IrO, [93]. This new iridate shows a frustrated Ir-Ir tetrahedral
geometry, which is identical to that in pyrochlore iridates, while the
complicated/elusive f-electrons from rare-earth elements is eliminated
[94]. In contrast to the metallic ground state observed in the rutile IrO,
[95], the A-phase IrO, shows a weak insulating behavior with a narrow
Mott gap. Along this vein, the ion intercalation/de-intercalation repre-
sents an efficient route to tailor the crystal structure as well as electronic

state of the iridate-based artificial structures, in order to obtain novel
phases as well as exotic functionalities.

6. Outlook

As exemplified by this short review, there is no doubt that SrIrO5-
based artificial structures afford unprecedented pathways to achieve
emergent phenomena for the 5d electron systems. However, a com-
prehensive understanding in the thermal dynamics of the epitaxial
growth of iridates is still lacking. This renders the search for an opti-
mal growth condition that is suitable for both iridate and other con-
stituents in preparing high-quality iridate-based artificial heterostruc-
tures a grand challenge. Developing a robust epitaxial growth recipe
for iridates is thus critical to prompt the research progress on iridate-
based artificial structures and is necessary for synthesizing artificial
structures using iridates with complex lattice structures such as the py-
rochlore iridate. The latter leads to extra possibilities in exploiting emer-
gent phenomena in the iridate-based artificial structures. For example,
it was recently shown that SLs of Sr,IrO,/StTiO; and Sr,IrO,/BaTiO5
feature an emergent magnetoelectric phase transition with artificially
designed ferroelectricity by virtue of an exotic interfacial DM inter-
action on the non-equivalent interface [96]. By stacking Sr,IrO, and
Sr3Ir, O, into a new superstructure, Kim et al. argued the realization of
a model two-dimensional quantum Heisenberg antiferromagnet [97]. A
robust growth recipe also underlies the experimental investigation of
fascinating theoretical proposals based on sophisticated lattice design,
with a profound example as the topological semimetal phase with heli-
coid surface states, predicted on a [(SrIrO3)2/(CalrO3)2] SL. The exotic
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quantum Hall effect predicted in SrIrO3-based SLs growing along the
(111)-direction [98,99] is another attractive yet challenging candidate
on the long list of theoretical proposals waiting for experimental inves-
tigation.

While the weak coupling limit studies render iridates an elegant can-
didate for exploring topological nontrivial states, it would be even more
interesting to study how or to what extent the band topology would be
altered by the electron correlation. In fact, iridates are believed to be a
rare platform where electronic topology and electron correlation coex-
ist and interact in an intriguing manner. Considering the controllability
of both the spin-dependent hopping-governed electronic topology and
spin-independent hopping-dominated effective electron correlation, as
offered by artificial lattice design, iridate-based artificial structures may
hold the key to resolving the elusive interplay between topology and
correlation. A compelling route towards this end is to build toy-model
materials to directly capture all these essential elements [100]. Pro-
found questions, like, how nontrivial spin-dependent hopping affects the
correlation-driven Hubbard band in square-lattice materials and how
different topological nontrivial states would evolve under the electronic
correlation, are expected to be answered by carefully designing crystal
symmetry and chemical composition within the framework of iridate-
based artificial structures. By utilizing advanced experimental protocols
under extreme conditions such as ultra-low temperatures and ultra-high
magnetic fields, one may gain additional insights from the emergent
phenomena of artificial structures. For example, an anomalous MR was
recently detected on a heterostructure composed of nonmagnetic con-
ducting Bi,Ir, O, and insulating spin ice Dy, Ti, O, upon breaking the ice
rule at sub-K temperatures [101]. Considering the fact that most frus-
trated magnets are insulating, the achieved electronic probe represents
an essential step towards electronic device designing by utilizing exotic
magnetic states of localized magnetic moments. Furthermore, utiliza-
tion of electric-driven external stimuli, like proton-injection during ILG
and in-situ strain/stress enabled with piezo-strain cells and freestanding
membranes, on the iridate-based artificial structures is still in the early
stage, which however would showcase the great application potential
of these emergent phenomena.
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