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We investigate an experimental toy-model system of a pseudospin-half square-lattice Hubbard
Hamiltonian in [(StIrO;),/(CaTiO3),] to include both nontrivial complex hopping and moderate electron
correlation. While the former induces electronic Berry phases as anticipated from the weak-coupling limit,
the latter stabilizes an antiferromagnetic Mott insulator ground state analogous to the strong-coupling limit.
Their combined results in the real system are found to be an anomalous Hall effect with a nonmonotonic
temperature dependence due to the competition of the antiferromagnetic order and charge excitations in the
Mott state, and an exceptionally large Ising anisotropy that is captured as a giant magnon gap beyond the
superexchange approach. The unusual phenomena highlight the rich interplay of electronic topology and
electron correlation in the intermediate-coupling regime that is largely unexplored and challenging in

theoretical modeling.
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I. INTRODUCTION

The concept of topology has revolutionized the under-
standing of quantum materials. Successful developments
have been made within the past decade in describing
and discovering a variety of novel topological phases,
symmetry-protected states, and Hall effects in noninteract-
ing electronic systems [1-6]. Electron correlation, on the
other hand, remains a profound and challenging problem,
where rich and fascinating emergent phenomena have
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been known or predicted for a long time and are yet to
be fully understood, such as Mott transition, unconven-
tional superconductivity, and quantum magnetism [7—13].
Fundamental interest arises in systems where both electron
correlation and electronic topology play significant roles
[14-20]. Their interplay in this extensive and largely
unexplored regime could provide not only new routes to
unresolved problems but also opportunities for stabilizing
novel quantum states [21,22].

A key quantity in electronic topology is the Berry phase,
which can be expressed as the gauge-invariant phase
change of the wave function acquired when a particle
circles around a closed loop [4]. This phase change can be
conceptualized as a fictitious magnetic field applied to a
moving charge carrier, giving rise to an anomalous velocity
in transport, such as that causing the anomalous Hall effect
(AHE) [5]. In single-particle band structures, the Berry
phase often concentrates near band crossing, such as Dirac
points, in the momentum space. Many microscopic models
encode these effects using complex hopping parameters,
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with famous examples being the Haldane model [23] and
the Kane-Mele model [24,25] for two-dimensional (2D)
topological band insulators on honeycomb lattices. In Mott
materials, however, electrons are localized in real space and
charge hopping is considered as a perturbation that gives
rise to superexchange interactions [26]. The incompatibility
between these two opposite views of the electronic struc-
ture highlights the challenge in understanding topological
correlated systems [12,14]. Although the magnetic orders
of correlated electrons have been exploited as time-reversal
symmetry-breaking fields for lifting topological bands and
Dirac points [27], this mean-field approach remains an
effective single-particle method and could fail to predict or
account for many-body effects.

An alternative strategy is to experimentally realize toy-
model materials, where the topology-correlation interplay
can be captured and controlled by engineering the complex
hopping as well as the correlation strength. The design
of such systems thus necessarily requires strong spin-orbit
coupling (SOC), which is the source of complex hopping
[4]. A proper symmetry configuration is also essential since
strong SOC itself does not guarantee nontrivial topology.
Meanwhile, the correlation strength should be in the
intermediate-coupling regime, which connects the opposite
limits and provides the reconciliation of the two incom-
patible views. This regime is also the more interesting
and yet challenging regime for theoretical descriptions
due to the proximity to the Mott transition [7,28-32]
and spatial charge-spin fluctuations [7,14,32,33]. To fulfill
these requirements, we designed and realized an artificial
layered iridate [(SrIrOs), /(CaTiOs),] to simulate a single-
orbital square-lattice Hubbard Hamiltonian in the inter-
mediate-coupling regime where SU(2) symmetry-breaking
complex hopping is implemented by symmetry engineering
and the strong SOC of the 5d electrons.

II. RESULTS

A. Implementing spin-dependent hopping
via artificial synthesis

The single-orbital square-lattice Hubbard Hamiltonian is
an iconic model of correlated physics with the S = 1/2
CuO, plane being one of the most profound examples
[8,34]. While SOC is small for Cu, it has been recently
recognized that a partially analogous system can be
achieved with the J.z = 1/2 state of Ir** ion on a IrO,
plane [35-40]. A key difference is that, due to the spin-
orbit-entangled J. = 1/2 wave function [37,41], signifi-
cant spin-dependent hopping arises when breaking the local
inversion symmetry [42-45]. The effective Hubbard
Hamiltonian can be written as [42—46]

H==13 3 [l (™) ypeip +Hel+ U Snignyy. (1)
i

(ij) ap

where the first term accounts for the nearest-neighboring
(ij) hopping, cja (c¢;,) 1s the creation (annihilation) operator
of a J = 1/2 electron with spin « on site i, 6 is the vector
of Pauli matrices, and U is the onsite electron-electron
repulsion. The parameter € in the SU(2) gauge field ¢’
[47] controls the imaginary (spin-dependent) and real (spin-
independent) hopping of a Ir—O—Ir bond by the ratio tan 6,
whereas the unit vector d;; depends on oxygen displace-
ment of the bond [46]. @ thus characterizes the size of the
displacement and depends on the bond angle [46,48].
The IrO4 octahedral layer is an ideal building block for
simulating such a Hubbard Hamiltonian not only because
large @ can be afforded by the SOC but also due to the
intermediate-U/t value of 5d electrons [30,33,49,50].
Previous studies have explored the situation where the
spin-dependent hopping preserves the continuous spin
rotational symmetry [33,43], i.e., a SU(2) symmetry which
is hidden but can be revealed when the spin-dependent
hopping of all bonds is removed simultaneously by a gauge
transformation [46]. The interesting open question is what
would happen if the hidden SU(2) symmetry is broken. The
key to realizing such a toy-model material is the control
of the lattice symmetry, which we achieved by growing
[(SrIrO3),/(CaTiO3),] superlattices (SLs) [Fig. 1(a)] with
30 repeats on (001)-oriented SrTiO; single-crystal sub-
strates by pulsed laser deposition (see Sec. III). This design
implements significant octahedral tilt around the two in-
plane axes and lowers the symmetry, which is inspired by
the idea of reducing the effective tolerance factor of the
reported rotation-only [(SrIrOs),/(SrTiO3),] SL [51,52],
by replacing the confining SrTiO; monolayers with
CaTiO;. We defined the reciprocal lattice based on an
a x a x 2¢ supercell, where a = 3.905 A and ¢ = 3.892 A
are the pseudo-cubic in-plane and out-of-plane lattice
parameters, respectively, extracted from x-ray diffraction
(XRD). Figure 1(b) shows the primary (0 O even) film
peaks, which almost overlap with the substrate peaks, as
well as the (0 0 3) satellite reflection that confirms the
layered structure [Fig. 1(a)]. Thus, while each IrO4 octa-
hedral layer can be effectively described by the minimal 2D
model in Eq. (1), a small but nonzero interlayer coupling
exists to stabilize any long-range magnetic order [52].
A fully strained state was also confirmed by reciprocal
space mapping, shown in Supplemental Material, Fig. S1
[53]. The octahedral pattern was verified by measuring a
set of half-order peaks. For instance, the (0.5 1.5 3) peak
[Fig. 1(d)] representing octahedral rotation is observed,
shown also in Supplemental Material, Fig. S3 [53]. Shown
in Fig. 1(c) is a pronounced (0.5 0.5 3) reflection that is
characteristic of a significant octahedral tilt [54].

B. Mott state of intermediate coupling regime

We first established the electronic ground state of the
SL as a Mott insulator by measuring the longitudinal
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FIG. 1. Structure characterization. (a) Crystal structure of the [(SrIrOs),/(CaTiO;3),] SL grown on a SrTiO; substrate. (b) X-ray 6-20
scan pattern of the SL. (c),(d) Room-temperature (RT) synchrotron XRD measured around the (0.5 0.5 3) and (0.5 1.5 3) peaks.

resistivity that increases with lowering temperature  [Fig. 2(a)]. The AFM order in one IrO4 octahedral layer is
[Fig. 2(c)], and confirmed the square-lattice antiferromag-  thus related to another simply by vertical translation.
netic (AFM) order by probing the (0.5 0.5 integer)  The integrated peak intensity recorded as a function of
AFM Bragg peak with resonant x-ray magnetic scattering  temperature reveals 7y ~ 170 K [Fig. 2(b)]. These results
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FIG. 2. Magnetic structure and magnetoresistance effect. (a) L scan across the (0.5 0.5 2) magnetic peak. Dashed line represents the
background signal. Error bar represents statistical error. Inset shows the energy profile at 10 K, where a vertical dashed line indicates the
Ir-L5 absorption edge. (b) Integrated intensity of magnetic peak versus temperature. 7'y is denoted by a black arrow. (c) Temperature
dependence of in-plane resistivity. Inset shows the relation between d(Inp)/d(1/T) and temperature. (d) Temperature-dependent MR
measured under an out-of-plane (red) or in-plane (green) 8 T magnetic field.
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Hall signatures of the topology. (a) Magnetic field dependence of Hall resistivity at different temperatures. The field sweeping

directions are shown as gray arrows. (b) Temperature dependences of the saturated and remnant Hall conductivity. Inset shows the

temperature dependences of o,,/0,, and Sy [53].

conclude that the correlation strength of [(SrIrO;),/
(CaTiOs),]| is sufficiently large to stabilize an AFM
Mott insulating state.

Figure 2(c) indicates that the wide-gap dielectric CaTiO;
spacer in the [(SrIrO3), /(CaTiO3),] SL plays virtually the
same role as SrTiO; in confining the SrlrO; monolayer
in the [(SrIrO3),/(SrTiOs),] SL to form the quasi-2D SL
[55], considering their similarity in both the RT resistivity
and the resistivity increase when cooling to 10 K [53].
More importantly, there are clear signatures that the U/t
value of [(SrIrO;),/(CaTiO;),], similar to the [(SrIrO;),/
(SrTiO3),] SL, falls into the intermediate regime, such as a
resistivity kink right below T [Fig. 2(c)], which implies
significant charge fluctuations that are suppressed upon
long-rang AFM ordering [33]. Suppressing these charge
fluctuations by magnetic field results in a positive anomalous
magnetoresistance (MR) with a critical enhancement in the
paramagnetic insulating phase [Fig. 2(d)]. This magneto-
charge transport response above 7'y is due to the fact that the
charge fluctuations are tied with the longitudinal AFM
fluctuations and the external uniform field suppresses them
by acting as an effective staggered field and inducing finite
staggered magnetization. This staggered field effect is due to
the gauge-dependent component of the imaginary hopping
in Eq. (1) [33]. Specifically, the response to the in-plane
field is attributed to the out-of-plane component of the d;;
vectors [56] that originates from the octahedral rotation
and can be gauged away by a staggered rotation trans-
formation around the ¢ axis, as demonstrated in the
[(SrIrO3), /(StTiOs),] SL [33]. The response to the out-
of-plane field, on the other hand, demonstrates that the in-
plane component of the d;; vectors (induced by the tilt) also
contributes to the gauge-dependent imaginary hopping as
shown in Fig. 4(c). All in all, the significant field-tunable
spin-charge fluctuations are unexpected for a strong Mott
insulator but characteristic of the intermediate-coupling
regime where the correlated charge gap allows excitations
into the electron-hole continuum.

C. Hall signature of topology

In addition to the anomalous MR, the charge fluctua-
tions also manifest in the emergence of a spontaneous Hall
effect upon broken time-reversal symmetry in [(SrIrO3),/
(CaTiO3),]. One can see a nonlinear Hall signal with the
out-of-plane field developing around 7'y, and it evolves
into a hysteresis loop with a significant remnant Hall
resistance upon cooling [Fig. 3(a)]. The necessity of
significant octahedral tilting in leading to AHE is corrobo-
rated by the absence of any observable AHE on
[(SrIrO3),/(SrTiO3),] SLs with vanishing octahedral tilt-
ing [30,53]. The temperature-dependent behavior as seen in
Fig. 3(b) is quite unique in that both the extracted saturated
and remnant values of the AHE conductivity start to
decrease with cooling after a sharp increase below T'y.

This behavior is a result of the fact that the thermally
activated charge carriers and the local AFM moments come
from the same group of electrons, and they necessarily
increase at the expense of each other. The AHE conduc-
tivity is thus subjected to a self-competition because it
relies on both the charge carriers and the time-reversal
symmetry-breaking field from the AFM order. Such com-
petition is also captured by the anomalous Hall angle
0.y/0y and the anomalous Hall conductivity coefficient
Sy = 0,,/M; [57] [see the inset of Fig. 3(b)], where M is
the staggered magnetization. The former indicates that the
current is increasingly deflected upon cooling (i.e., the
magnetic order becomes stronger and stronger), while
the latter suggests that the charge carriers contributing to
the transverse channel drop quickly below T,. These
observations highlight the topology-correlation interplay
in the intermediate coupling regime of the Hubbard
Hamiltonian. In other words, the observed AHE is com-
pletely driven by the same group of electrons (i.e., the
Jeig = 1/2 electrons) that form the AFM Mott insulating
state, which is in sharp contrast to the AHE reported in
iridate-manganite, iridate-cobaltite, and iridate-ruthenate
heterostructures, where the strong spin-orbit coupled 5d
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FIG. 4. Spin-dependent hopping of the Hubbard model. A perovskite square lattice with (a) octahedral rotations (p4g wallpaper group
containing a fourfold rotational symmetry and a glide reflection), (b) octahedral tilts (pg wallpaper group containing a glide reflection),
or (¢) octahedral rotations and tilts (pg wallpaper group). Bottom panels show the modulation of d;; vectors (blue arrows). Octahedral
rotation or tilts on neighboring sites are opposite. The finite d (red arrow) in (b) and (c) is perpendicular to the mirror plane (gray) of the
b-glide symmetry. (d) Representative U = 0 band structure for a quasi-2D structure with two layers of square lattice (c) [53].
(e) Schematic diagram of Dzyaloshinskii-Moriya (DM) interactions on the square lattice (c) at the strong-coupling limit U = oo. The

blank space with a question mark highlights the extensive and largely unexplored intermediate region among the two limits.

electrons and the 3d (4d) electrons play separate roles in the
physical properties [58—62].

D. Discussion on square-lattice Hubbard model
with broken SU(2) symmetry

The emergence of Berry phases can be captured by
Eq. (1) if the spin-dependent hopping has an SU(2)
symmetry-breaking component. The case of a hidden
SU(2) symmetry mentioned above corresponds to a c-axis
octahedral rotation-only structure, such as the [(SrIrO;),/
(SrTiOs),] SL [51,52], where d,; = (—1)'2 allows the
SU(2) gauge fields of all bonds in Eq. (1) to be gauged
away simultaneously by a staggered frame transformation
[Fig. 4(a)] [35,43,46]. In this scenario, despite € being
finite, the gauge-invariant flux ¢ of hopping around a pla-
quette, i.e., the sum of the phases of the gauge field along
a closed loop, is zero, the same as that when 6 = 0 [5].
Thus, the noninteracting band structure is an ordinary metal

without finite Berry curvature, which is true even with
further-neighbor hopping [43]. ¢ could become finite if the
local bond-inversion symmetry breaking not only turns on
0 but also breaks the hidden SU(2) symmetry [63]. As
shown in Fig. 4(b), the octahedral tilt around a diagonal
axis of the square plaquette removes the fourfold rotation
symmetry [64]. Such a 2D lattice has a pg wallpaper group
[65]. The d;; vectors on the x and y bonds are no longer
along the same axis but rotated by 90° from each other due
to the remaining glide plane, which means that it is no
longer possible to simultaneously gauge away the spin-
dependent hopping of all bonds, i.e., a broken SU(2)
symmetry. The finite ¢ around a plaquette, to the first
order of 6 in expanding e, scales with the gauge-
invariant vector d =) ~d;; (where [J stands for the
consecutive sum over a plaquette), which represents
the SU(2) symmetry-breaking component of the spin-
dependent hopping and is normal to the glide plane
[Fig. 4(b)]. When both rotation and tilt are present as that
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shown in the [(SrIrO;),/(CaTiO;),] SL, the d;; vectors
become noncoplanar [Fig. 4(c)], but dr; remains associated
with the tilt and normal to the glide plane. Therefore, finite
Berry curvatures can be anticipated in the noninteracting
band structure. Indeed, tight-binding Hamiltonian calcu-
lations predicted such a 2D system to be a nonsymmorphic
Dirac semimetal with Dirac points near the X and Y points
of the unfolded Brillouin zone [45], as shown in Fig. 4(d),
and further proposed a quantum anomalous Hall phase
upon breaking time-reversal symmetry [45].

However, breaking time-reversal symmetry with a
spontaneous magnetic order requires a finite U value in
Eq. (1), which means many-body effects may be signifi-
cant. Indeed, while our observation of AHE in Fig. 3 is
qualitatively consistent with the presence of Berry curva-
tures described by the noninteracting band structure, the
observed Mott insulating behavior at temperatures well
above Ty in Fig. 2(c) indicates that the correlation strength
of the SL is too strong for the noninteracting picture. On the
other hand, in the large-U/¢ limit, the Hubbard model has
been studied in a very different perspective, i.e., mapping
Eq. (1) to a Heisenberg-like model with anisotropic super-
exchange interactions described by the Moriya vector
D;; = (42/U)sin20 - d;; [Fig. 4(e)] [66,67]. The SU(2)
symmetry-breaking component of the spin-dependent
hopping would induce an Ising anisotropy along the
axis of the gauge-invariant vector Dp =) oD, =
(412 /U) sin 20 - d [48,66,67], while the SU(2) symmetry-
preserving component is described by the gauge-dependent
Dzyaloshinskii vector D = ZJ.DZ-J- [46,68] and can be
gauged away. It is clear that the consequences of the SU(2)
gauge field are very different in this picture of the strong-
coupling limit [48], where the electrons are fully localized
to form a strong Mott insulator [Fig. 4(e)]. The observed
AHE within the Mott insulating state shows that the
correlation strength of the SL is far from the large-U/t
limit and the topological effect survives in the Hubbard
bands under a moderate electron correlation. It is thus
crucial to further determine whether the topological and
magnetic effects of the SU(2) gauge field could coexist in
the intermediate-coupling regime or in the vicinity of the
transition.

E. Emergent Ising anisotropy

The spontaneous Hall conductivity indicates that the
mirror of the glide plane symmetry must be broken by
the magnetic order, which is actually consistent with the
expectation in the strong-coupling limit that the AFM
spin axis is along the Dy vector perpendicular to the
glide plane [Fig. 4(e) and inset of Fig. 5(b)] [48,66,67].
While D originates from the gauge-invariant component
of the imaginary hopping [46,68], the gauge-dependent
component D necessarily introduces spin canting of the
AFM order [48]. However, the D” vector alone does not
specify a canting direction because of the rotational

invariant nature of the Dzyaloshinskii-Moriya (DM) inter-
action. The canting direction and angle are instead deter-
mined by D x DP [48]. Under the implemented rotation
and tilt, D and D” are normal to each other [Fig. 4(e)],
which should give rise to both in-plane and out-of-
plane canted moments. Our magnetization measurement
[Fig. 5(a)] indeed shows both in-plane and out-of-plane
remnant magnetizations below 7'y. Given this weak ferro-
magnetic component, the anomalous Hall coefficient
R, =p,,/M_ with p,, and M, being the Hall resistivity
and out-of-plane magnetization at zero field, respectively,
can be extracted [inset of Fig. 5(a)], and it increases with
decreasing temperature. Interestingly, the size of R, at the
level of 1 mQcm/T is quite large compared to other
ferromagnetic oxides [69,70]. This enhancement is a
combined result of the primary magnetic order parameter
being AFM and the charge carriers originating from
thermal excitation in a Mott insulating state.

While correctly capturing the symmetry of the magnetic
structure, we found that the superexchange approach is,
however, insufficient to account for the strength of the
Ising anisotropy, which we evaluated through resonant
inelastic x-ray scattering (RIXS) measurements at the Ir L5
edge. The technique has been widely used to measure
magnon excitations in iridates [71-75], including thin films
[75] and artificial SLs [76,77]. To map the dispersion
of magnetic excitations, RIXS spectra were collected at
multiple @ points. Indeed, we found that the overall
magnon dispersion in [(SrIrO;),/(CaTiO;),] is similar
to other single-layered iridates [53] and characteristic of
a square-lattice Heisenberg antiferromagnet except near the
AFM wave vector (z, ) [76,78,79]. Figure 5(c) shows the
energy-loss spectra at (z, x), displaying a sharp elastic peak
at 0 eV and a broad bump centering at ~0.65 eV due to the
overlap of spin-orbit excitation and particle-hole continuum
[76,78,79], which is similar to other iridates. From 0.05 to
0.14 eV, a prominent magnon excitation is well separated
from the elastic peak. For comparison, the spectrum of
[(SrIrO3),/(SrTiO3),] at the same Q point is overlaid to
highlight the difference due to the breaking of the hidden
SU(2) symmetry by the implemented tilt distortion.

As shown in Fig. 5(b), the extracted dispersion from
the magnon peak at (z,7) gives a giant spin gap
A,, ~85£5 meV. Such a strong magnetic anisotropy is
also responsible for the large coercive field in the AHE
measurement [Fig. 3(a)]. Given a Heisenberg J ~ 50 meV
in most iridates [76—79], this large value of A,, would yield
D ~ 160 meV in the linear spin wave theory, which
effectively requires U/t~ 1 and invalidates the super-
exchange approach that assumes a large-U/¢ limit [53].
It again points to the fact that the system is in the
intermediate-coupling regime, and the giant spin gap is a
nontrivial and direct result of the spatial spin fluctuations
through the SU(2) symmetry-breaking hopping. A theo-
retical estimation of the spin gap should be done directly
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FIG. 5.

Magnetic structure and low-energy magnetic excitations. (a) Temperature-dependent out-of-plane (red) and in-plane (blue)

remnant magnetization (M opnane)- Inset shows the temperature dependence of R;. (b) Extracted magnon peak dispersion across the
Brillouin zone. The errors are statistical from the fitting with dashed line as a guide to the eye. Inset shows the ground-state magnetic
pattern of the SL. The J.; = 1/2 magnetic moments are represented as black arrows. (¢) RIXS spectra at Q = (r, z) of the SL (red) and
[(StIrO3),/(StTiO3),] (green) measured at 35 K. The magnon excitation feature is indicated by an ellipse. Inset shows the expanded

view of the magnon feature.

with the Hubbard model and indeed suggests U/t ~ 2.5 for
such a large magnon gap [80]. A similar conclusion was
recently reached in the bilayer iridate Sr3Ir,O,; where the
large spin gap should be accounted with the Hubbard
model instead of an effective spin Hamiltonian due to the
intermediate U/t value [81,82]. The difference is that the
large spin gap there is achieved with a large bilayer
interaction [83,84]. What is also different is that the c-axis
collinear AFM order in Sr3Ir,O; preserves the point group
mirror symmetry perpendicular to the ab planes [85],
whereas the Ising anisotropy in the [(SrIrOs),/(CaTiOs3),]
SL forces the AFM order to break the point group mirror
symmetry. This difference enables AHE in the latter but not
in the former since mirror symmetry of a 2D system forbids
spontaneous transverse current [86].

To conclude, we have experimentally realized a quasi-
2D anomalous Hall Mott insulator, which is designed to
incorporate correlated and topological effects in the square-
lattice Hubbard Hamiltonian with a frozen SU(2) gauge
field. The results show that the gauge-dependent and
gauge-invariant components of the SU(2) gauge field lead
to distinct consequences that coexist in the intermediate
correlation regime. In particular, the gauge-invariant com-
ponent gives rise to an emergent spontaneous Hall effect,

which is a signature of Berry curvatures in the electro-
nic structure of a Mott state derived from a Dirac semi-
metallic phase. The electron correlation of the Mott state in
turn renders the spontaneous Hall effect a nonmonotonic
temperature-dependent behavior as the AFM order is nec-
essarily stabilized at the expense of the spatial charge
fluctuations that the Hall effect relies on. On the other hand,
the spin axis of the AFM order is determined by the gauge-
invariant component, which creates a surprisingly strong
Ising anisotropy beyond the conventional superexchange
approach based on the Moriya vector. The intertwining of
phenomena that are usually captured in drastically different
pictures of the electronic state highlights the rich and
complex interplay between correlation and topology in the
intermediate-coupling regime.

III. MATERIALS AND METHODS

A. Sample preparation

During the sample growth, the substrate temperature and
laser fluence (KrF excimer laser beam, 4 = 248 nm) were
optimized to be 600°C and 2 J/cm?, respectively. The
growth pressure was maintained to be 0.1 mbar with a
constant oxygen flow. A reflection high-energy electron
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diffraction unit was adopted to accurately control the
stacking sequence and SL thickness (30 SL unit cells).

B. Experimental methods

The crystalline quality and lattice structure of the
obtained SL were characterized on a Panalytical X Pert
MRD diffractometer. Electric transport measurements
were carried out on a physical properties measurement
system (Quantum Design). High-field (30 T) Hall meas-
urement was performed on the Steady High Magnetic Field
Facilities, High Magnetic Field Laboratory, Chinese
Academy of Sciences. Measurements of magnetization
were performed on a vibrating sample magnetometer
(Quantum Design). Synchrotron x-ray diffraction experi-
ments were performed at the 33BM beam line in the
Advanced Photon Source (APS) of Argonne National
Laboratory. X-ray absorption measurements were per-
formed at the 4IDD beam line, APS. The magnetic resonant
X-ray scattering experiment was carried out at the 6IDB
beam line, APS. A polarization analyzer was utilized to
increase the signal-to-noise ratio. The reciprocal lattice
notation is defined based on a a x a x 2¢ superlattice cell,
where a and ¢ are the pseudo-cubic in-plane and out-of-
plane lattice parameters, respectively. The interlayer coher-
ence length can be extracted to be ~64c¢ from Fig. 2(a),
indicating that the quasi-2D ordering spans over the entire
SL. RIXS experiments were conducted at the 27IDB beam
line, APS, with a grazing incidence geometry. The recip-

rocal space resolution is ~0.12 A~! with a mask used.
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