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The number of atomic layers confined in a two-dimensional structure is crucial for the electronic and
magnetic properties. Single-layer and bilayer J.; = 1/2 square lattices are well-known examples where the
presence of the extra layer turns the XY anisotropy to the c-axis anisotropy. We report on experimental
realization of a hybrid SrIrO;/SrTiO5 superlattice that integrates monolayer and bilayer square lattices in
one layered structure. By synchrotron x-ray diffraction, resonant x-ray magnetic scattering, magnetization,
and resistivity measurements, we found that the hybrid superlattice exhibits properties that are distinct from
both the single-layer and bilayer systems and cannot be explained by a simple addition of them. In
particular, the entire hybrid superlattice orders simultaneously through a single antiferromagnetic transition
at temperatures similar to the bilayer system but with all the J.; = 1/2 moments mainly pointing in the ab
plane similar to the single-layer system. The results show that bringing monolayer and bilayer with
orthogonal properties in proximity to each other in a hybrid superlattice structure is a powerful way to
stabilize a unique state not obtainable in a uniform structure.
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The search for new emergent states has been the frontier
of quantum materials research and often achieved by tuning
competing or cooperative interactions among the spin,
charge, orbital, and lattice degrees of freedom [1-3].
Dimensionality is a unique and critical control parameter
for this purpose, since quantum confinement may enhance
electronic correlation [4,5], lead to stronger fluctuations
[6,7], and trigger exotic phenomena beyond mean-field
theory [3,8]. While the effects of dimensionality can be
revealed by driving a system, for example, from the two-
dimensional (2D) limit to the three-dimensional (3D) limit
or the other way around, drastic changes do not necessarily
take the full crossover to arise. Distinct behaviors and
phases could readily occur when one more atomic plane is
added to a 2D quantum confinement structure, e.g., going
from a monolayer system to a bilayer system for the same
material [9-13].

One of the best examples of such dimensionality control
is the Ruddlesden-Popper (RP) series A, B, X3, |, where
A and B are cations, X is an anion, and n controls the
number of BX¢ octahedral layers in the quantum well
confined by the AX layers. For instance, in layered
ruthenates  Sr,,Ru,05,,;, the single-layer Sr,RuQO,
(n = 1) is an unconventional superconductor with potential
p-wave pairing [12,14], whereas the bilayer Sr;Ru,0;
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(n = 2) is a paramagnetic metal with quantum criticality
under magnetic field [11,15,16]. In layered manganese
oxide La,1)(1-x)St(;41):Mn, 03, , the bilayer (n =2)
manganites exhibit colossal magnetoresistance [17], but the
single-layer La;, Sr;_,MnO, does not despite a rich
doping phase diagram [18-21]. Abrupt electronic and
magnetic changes between monolayer and bilayer were
also found in other families, such as lanthanum cuprates
and nickelates [9,22]. While the monolayer-bilayer contrast
has been highlighted in many quantum material families,
what will happen if they are brought in proximity to each
other remains an interestingly open question. However, it is
generally difficult to realize such a hybrid structure in real
materials, because, if the monolayer and bilayer are directly
combined together, they would simply form a trilayer
(n = 3) structure where monolayer and bilayer can no
longer be defined. Thus, it is necessary to let the monolayer
and bilayer interact with each other while maintaining their
physical separation.

Here, we show that oxide heteroepitaxy could provide an
attractive solution in virtual of the layer-controlled synthe-
sis of quantum well structures. We demonstrated this
approach through an artificial superlattice (SL) where we
combined monolayer and bilayer J.& = 1/2 square lattices
by stacking one- and two-unit-cell thick SrIrO; slabs with

© 2022 American Physical Society
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FIG. 1. (a) The schematic diagram of monolayer and bilayer

with orthogonal spin symmetries combined in a HSL structure.
The right side shows a structural schematic of HSL, including
alternative SrIrOj; (olive) and SrTiO; (dark blue) layers. (b) X-ray
diffraction pattern of the HSL film along (0 O L) direction at room
temperature. (c) RSM around the SrTiO; substrate (103) peak.

StTiO; spacing layers in-between to separate them
[Fig. 1(a)]. Such a layered superstructure is an ideal
prototype because a dimensionality-controlled spin-flop
transition between monolayer and bilayer iridates have
been well established [23-32]. Specifically, while both of
them have the J & = 1/2 antiferromagnetic (AFM) insulat-
ing state cooperatively stabilized by the strong spin-orbit
coupling and the electronic correlation [23,26,33-37], the
XY-anisotropy of the monolayer is turned into the strong c-
axis Ising anisotropy in the bilayer due to the interlayer
coupling [38-42] [Fig. 1(a)]. When the AFM moments
switch from in-plane to out-of-plane or vice versa, the
system must undergo a quantum phase transition [39,42—
45]. Therefore, bringing the monolayer and the bilayer of
perovskite iridates with orthogonal anisotropy together in
one structure would allow the two states at opposite sides of
the quantum critical point to interact. Interestingly, when
they are combined in the RP structure most recently realized
in SrsIr;0yy, i.e., an effective (Sr,IrOy),/(Sr3Ir,0), SL,
the monolayer and the bilayer were found to retain their
respective anisotropy and order at separate temperatures
[46]. A hybrid structure of perovskite SL may provide an
alternative to enforce competition or cooperation between
monolayer and bilayer to achieve new emergent states
[42,47-54].

In this Letter, we report our successful synthesis of a hybrid
SL (HSL) of [(SrIrO3),/(SrTiOs),/(SrIrOs),/(SrTiO;),]
that is designed to combine the supercells in the single-layer
SL of [(SrIrOs),/(SrTiO3),] and the bilayer SL of
[(StIrO3),/(SrTiO3),] as shown in the Fig. 1(a). Such a
hybrid structure can be considered as n = 1.5 member of the

RP series that is analogue to Srs5Ir;Oq; but without the in-
plane half-unit-cell slide between the monolayer and bilayer
slabs [55]. We found that the HSL shows an insulating
ground state with a single AFM transition at 120 K which is
lower than the single-layer SL (150 K) but similar to the
bilayer SL [27,56]. On the other hand, the HSL show a
significantly larger net canted moment than the bilayer SL.
The resonant x-ray magnetic scattering (RXMS) measure-
ment reveals that the AFM moments are not only predomi-
nantly in plane in the monolayer slab but also in the bilayer
slab. These results show that the HSL forces the monolayer
and bilayer to merge electronically and magnetically to form
a new rounded system that behaves distinctively.

The HSL samples were fabricated on (001)-oriented
StTiO; (STO) substrates by pulsed laser deposition with
in situ reflection high energy electron diffraction (RHEED).
The details of the growth conditions can be found in
Refs. [27,28,57,58]. The HSL consists of 20 hybrid super-
cells by monitoring the intensity of RHEED patterns.
Single-crystal x-ray diffraction (XRD) measurements were
carried out on a Panalytical X’pert materials research
diffractometer with wavelength of 1.54 A at room temper-
ature. Synchrotron XRD measurements and RXMS mea-
surements were performed at the 33-BM-C and 4-ID-D
beamlines, respectively, at the Advanced Photon Source of
the Argonne National Laboratory. The in-plane resistivity
and magnetization measurements were performed using the
Physical Property Measurement System and the Magnetic
Property Measurement System from Quantum Design,
respectively.

Figure 1(b) shows the 6-20 scan along the (0 0 L)
direction. In addition to the perovskite peaks, we found
the five SL peaks in one diffraction period of the perovskite
structure, consistent with the fact that the HSL is five times
of a pseudocubic perovskite cell along the ¢ axis [see
Fig. 1(a)]. The indexes of the HSL are thus defined by the
hybrid supercell a x a x 5¢ (a = 3.905 A, 5¢ = 19.77 A).
The well-defined Kiessig fringes suggest sharp substrate-
film interfaces and flat surfaces, indicative of high-quality
epitaxial growth. Figure 1(c) shows the reciprocal space
mapping (RSM) that demonstrates the film hosts the same
in-plane pseudocubic lattice parameter as the substrate,
confirming a fully strained state.

Figure 2(a) shows the temperature-dependent resistivity,
which indicates an insulating ground state of the HSL. This
insulating behavior in comparison is slightly stronger than
the bilayer SL but clearly weaker than the single-layer SL,
suggesting that the conduction of the HSL cannot be simply
viewed in a parallel-resistor-like picture where the mono-
layer and bilayer slabs host conduction completely inde-
pendently. In other words, the finite tunneling across the
STO spacer necessarily contributes to the total bandwidths
and the final gap sizes of all the SLs [27,59]. Note that the
HSL is different from both the monolayer and bilayer SLs
in that the charge is now hopping between two dissimilar
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FIG. 2. (a) and (b) show the temperature dependence of
resistivity and remnant magnetization. The data of single-layer
and bilayer SL are from Ref. [27]. The remnant magnetization
was measured with warming up under zero field after cooling
down to 5 K with 5 kOe. (c) and (d) show the magnetic field
dependence of magnetoresistance and magnetization at 70 K,
respectively. The arrow marked the field sweep direction.

slabs. If the electronic structures of the two slabs are
nondegenerate and they have different individual gap sizes,
the interslab hybridization of the HSL will end up being
suppressed from that of a uniform SL, which could account
for the observed intermediate strength of the insulating
behavior [60].

We also measured the temperature-dependent remnant
magnetization which provides a convenient probe of the
AFM transition in many iridates in virtue of the canted
moment induced by octahedral rotation. The data in
Fig. 2(b) reveal a magnetic transition of the HSL at around
120 K, which is close to the transition temperature of the
bilayer SL. and much lower than the single-layer SL
[27,56]. The size of the in-plane net moment per Ir site
is, however, much bigger than that of the bilayer SL and
about half of the single-layer SL [27]. These results have a
number of important implications. First, they suggest that
the magnetic ground state of the HSL is a canted AFM
order. Second, the observed predominant in-plane canted
moments and the small but finite out-of-plane canted
moments require the AFM moments of at least one of
the two slabs to have an in-plane component. If only one of
them has planar moments, it is most likely to be the
monolayer slab given its own reported XY anisotropy
[28,57]. In the other extreme, if both slabs have and only
have planar moments, the canting angle and/or the averaged
size of the local ordered moments would have to be
considerably reduced from that of the single-layer SL,
unless the two slabs have opposite canting directions. We
ruled out the possibility of having opposite canting direc-
tions by magnetic hysteresis loop measurements of mag-
netoresistance and magnetization, both of which as shown
in Figs. 2(c) and 2(d) exhibit a single coercivity field
consistently. Last but not least, regardless of the anisotropy,

a single AFM transition of the HSL would mean that both
slabs are ordered simultaneously. In other words, since the
interslab coupling is critical to the long-range order
stability of such a quasi-2D system [27,58], the monolayer
slab in the HSL cannot order without the adjacent bilayer
slabs being ordered as well, accounting for the observed
transition temperature. In short, what is already clear from
magnetometry is that the HSL is not just a simple super-
position of the monolayer and bilayer.

To unambiguously distinguish the different scenarios
discussed above, it is vital to resolve the AFM structure of
the HSL, especially the moment orientation. However,
directly probing the AFM structure and transition is
challenging as the limited volume of ultrathin film samples
precludes many methods applicable to the bulk, such as
neutron scattering [24]. RXMS offers an ideal solution
thanks to its resonant enhancement and high photon energy
in the hard x-ray regime. Figure 3(a) shows the spectrum of
the (—0.5 0.5 17.5) peak observed under the vertical
scattering geometry in the ¢ — 7z’ channel, which shows
a typical magnetic line shape at the Ir L5 edge [27,29,61—
63]. Magnetic peaks at half order of H and K are character-
istic of a nearest-neighbor AFM order within the ab plane,
consistent with the expected magnetic ground state of a
pseudospin-half square lattice. Figure 3(b) shows the
temperature dependence of the intensity, which reveals
the transition temperature 7, = 120 K. This is also the
only observed transition, consistent with the magnetization
result. Interestingly, including (—0.5 0.5 17.5), magnetic
peaks are only found at the half-order positions of L as
shown in Fig. 3(c), suggesting that the magnetic cell
consists of two hybrid supercells that are magnetically
out of phase from each other along the ¢ axis. To probe the
AFM moment direction, we measured the (1.5 1.51.5)
magnetic peak under the horizontal geometry with polari-
zation analysis. Figures 3(d) and 3(e) show that the peak
only has intensity in the z — #’ channel but no intensity in
the © — ¢’ channel, suggesting that the AFM moments of
the entire HSL are predominantly in-plane and the c-axis
component is weak (if not zero) [46,64].

The most important implication of this result is that the
AFM moments of the two slabs are not orthogonal unlike
those in their individual systems [27-29,56]. To confirm
this, we simulated the L modulation of the (—0.5 0.5 L)
magnetic peaks [65] because the relative change in the
magnetic structural factors at different L positions is
primarily driven by the included angle of the moments
between the monolayer and bilayer slabs. We assumed the
same moment sizes for both slabs and compared two simple
scenarios: (i) AFM moments in ab plane for monolayer and
along the ¢ axis for bilayer; (i)) AFM moments in the ab
plane for both monolayer and bilayer with a parallel
alignment. The former has a 90° included angle, while
the latter’s is zero. Comparing these two scenarios not only
captures the impact of the included angle but also takes into
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FIG. 3. (a) Energy scan at the (—0.50.5 17.5) magnetic

reflection near the Ir L3 edge at 8 K. (b) Temperature dependent
intensity of the (—0.5 0.5 17.5) peak. (c) L scans of magnetic
diffraction along the [—0.5, 0.5, L] direction. (d) Energy scans
at (1.51.51.5) in # = and 7 — ¢ channel. (¢) L scan of
magnetic diffraction along L direction in z — 7’ and 7 — o
channel. The intensity is calculated from the intensity difference
at 11.216 and 11.20 keV. (f) Calculated L dependence of intensity
along [-0.5 0.5 L]. The black line is calculated with moments
along the c axis in the bilayer slab, and the red line is calculated
with moments in the ab plane. They are shifted AL = £0.1 for
clarity.

account the in-plane moments in at least one slab according
to the magnetization data. As can be seen in Fig. 3(f),
scenario (ii) clearly reassembles the observed modulation
much better than (i). In particular, the intensity at L = 17.5
is strongest in (ii), whereas L = 16.5 and 18.5 are the two
largest ones in (i), in sharp contrast to the experiment. Their
distinct behaviors are due to the fact that the form factors of
the two slabs are destructively superimposed at L = 16.5
and 18.5 and constructively added up at L = 17.5.
Therefore, relative to the peak at L = 15.5 where the
superposition is neither constructive nor destructive, having
a strong peak at L = 17.5 and a weak peak at L = 16.51isa
signature that the two slabs have similar form factors and
hence a small included angle. While including more
variables and subtle modifications to the magnetic structure
may further improve the agreement of the simulation with
the experiment [65], this analysis demonstrates that the
HSL cannot be regarded as a simple addition of the two
subsystems.
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FIG. 4. (a) Magnetic structure of HSL. The purple arrows
indicate the moment directions. Half-order peaks at (0.5 1.5 L)
(b) and (0.5 0.5 L) (c) arising from the octahedral rotation and
tilt. The inset in (b) shows the rotation axes in perovskite. The red
line is calculated with 9° rotation angle and 4° tilt angle [65].
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Figure 4(a) shows the complete magnetic structure of the
HSL considering the AFM order in scenario (ii) and the
finite net moment from the spin canting. In particular, since
the in-plane AFM moments are out of phase between the
two hybrid supercells inside the magnetic cell, the only way
for their canted moments to be in phase is to have the
octahedra rotated out of phase as well from one hybrid
supercell to another around the ¢ axis. This could be
achieved by a perovskite ¢~ rotation (Glazer’s notation)
[73], given the total odd number of perovskite layers in the
hybrid supercell. We verified this structural distortion by
measuring the corresponding half-order structural peaks at
(0.5 1.512.5) and (0.5 1.5 17.5) as shown in Fig. 4(b). No
peak associated with ¢t rotation was detected. We esti-
mated the rotation angle (y) to be about 9° which is similar
to the single-layer and bilayer SLs [56,65]. This suggests
the canting angle is also similar to the individual SLs,
which indicates that the reduced canted moment of the HSL
compared with the single-layer SL is mainly caused by a
decrease of the local ordered moment size. A reduced order
parameter signifies weaker charge localizations or stronger
charge fluctuations in the HSL due to a relatively larger
effective bandwidth [28,57], which is actually consistent
with the resistivity data as well as a smaller T'y.

In addition to the rotation peaks, we also measured the
half-order structural peaks associated with the octahedral
tilting around the a and b axes, since buckling the vertical
Ir—O—Ir bond has been shown to decrease the bilayer c-
axis anisotropy [29,51]. As shown in Fig. 4(c), we observed
the (0.5 0.512.5) and (0.5 0.5 17.5) peaks that are char-
acteristic of the a~ and b~ tilting [73] and yield the tilt
angles (a and f) about 4°. It is much larger than the single-
layer SL but smaller than the bilayer SL [29,65], indicating
that the octahedral tilting is not the primary reason for the
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significant planar component in the bilayer slab of the HSL.
Instead, it points to the fact that the HSL structure puts the
two slabs of different confinement dimensions together in a
unique environment, forming a new integrated system with
properties distinct from each slab individually. This result
can be understood from comparison with the situation where
the two slabs maintain the orthogonal moment directions,
and the interslab exchange coupling energy gain would
vanish, making it difficult for either of them to stabilize long-
range order due to the long-wavelength fluctuations at 2D
[6,7]. In reality, they compromise with each other by
adapting a primarily planar order in the bilayer and a lower
Ty for the monolayer. Such that both slabs are ordered at the
same time. This sharp contrast to the RP SL [46] is likely due
to the inherent half-unit-cell slide of RP structure, which
significantly reduces the interslab coupling between mono-
layer and bilayer. A planar AFM order in the bilayer is
interesting, because even applying high pressure only
stabilizes a paramagnetic state instead of in-plane spin
orientation [74]. Compared to c-axis moments in the bilayer,
it may host a different soft excitonic longitudinal mode
known as “Higgs” mode, since the hopping strength
between the Ir layers is spin dependent [44,45].

In conclusion, we have engineered a HSL that combines
single-layer and bilayer J.; = 1/2 square lattices which
are known to have orthogonal anisotropy individually. Our
systematic study shows that the HSL has an a~a ¢~
octahedral pattern and hosts a nearly planar canted AFM
order through a single transition below 120 K. Compared to
the single-layer and the bilayer SLs, the HSL stabilizes a
new distinct state that cannot be described by the simple
addition of the monolayer and bilayer properties since the
proximity forces them to couple with each other electroni-
cally and magnetically. The results show that bringing
monolayer and bilayer 2D systems with orthogonal proper-
ties close to each other in a hybrid superlattice structure is a
powerful way to obtain unique states that cannot be
achieved in a uniform structure, opening a way to search
for new quantum states in layered materials.
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