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Interface magnetism and anomalous Hall effect in La, 7Sry ;MnO3/SrIrOj; bilayers
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Epitaxial interfaces combining 3d and 5d transition metal oxides are a fertile playground to examine the
interplay between topology and electron correlations. In this paper, we explore magnetism and transport of
bilayers combining ferromagnetic Lay 7Srp3MnO; and the strong spin-orbit coupling material SrIrO;. We have
found an interfacial magnetic proximity effect driving an intrinsic contribution to the anomalous Hall effect of
topological origin. The interfacial proximity interaction is enabled by the Mn-O-Ir bonding reconstruction and
depends on layer sequence. While bilayers with the Lag 7S1r;3MnO; on top featuring a robust Mn magnetism at
the interface show the intrinsic AHE contribution, it is absent in bilayers with the inverted layer sequence (SrlrO;
layer on top) showing strongly suppressed magnetism at the interface. These results illustrate the leading role of
interfacial atomic reconstructions on the interplay between topology and correlations at 3d/5d oxide interfaces.
This finding may be of interest in future oxide topological spintronics and spin-orbitronics.
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I. INTRODUCTION

Interfaces between correlated oxides have been the focus of
great scientific interest as they feature an attractive platform
to nucleate and manipulate emergent electronic states [1,2].
In particular, the combination of 5d oxides with strong spin-
orbit coupling and magnetic 3d oxides constitutes a fertile
playground to examine the interplay between topology and
correlations, a scenario that has gathered increasing attention
in recent years [1-4]. Epitaxial oxide interfaces can be grown
with atomic perfection [5], and the bonding reconstruction
provides new paths for the superexchange interaction that
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promote exciting magnetic proximity effects [6-8]. In addi-
tion, the interplay between symmetry breaking and spin-orbit
interaction may drive profound changes in the magnetic
states [3]. This has opened exciting avenues for the study
of a variety of interesting new phenomena, such as chi-
ral spin textures, unconventional magnetic behaviors [1-4],
and exotic proximity effects at interfaces resulting from
the Dzyaloshinskii-Moriya interaction and broken inversion
symmetry [3,4,9]. Apart from their fundamental interest
in broadening the knowledge of quantum materials, these
phenomena have a strong technological projection in next-
generation spintronic and spin-orbitronic devices [10,11].
Moreover, the link between topology and electron correlations
may be the seed of new responses of interest in quantum tech-
nologies, where the correlated physics brings a wide manifold
of tunable responses and the topological states their robust-
ness against external perturbations and decoherence.

In this paper, we examine the magnetism of
Lag7Sr93MnO3/SrlrO3 (LSMO/SIO) interfaces.
Lag7Srp3MnOj; is a widely studied correlated oxide [12] with

Published by the American Physical Society
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narrow 3d bands, which owes its half-metallic ferromagnetic
state stability below room temperature to the double exchange
mechanism. SrIrO; is a 5d transition metal oxide where the
large octahedral crystal field stabilizes the five 5d electrons
of the Ir*" ions in a 3, low-spin configuration [13-15].
Angle-resolved photoemission spectroscopy has shown that
the exotic semimetallic ground state results from heavy hole-
and light electron-like bands crossing the Fermi level [16].
SIO features a unique combination of electronic correlations
and strong spin-orbit coupling driven by the delicate balance
between band width (kinetic energy), on-site Coulomb
repulsion, and spin-orbit coupling. These three interaction
terms share similar energy scales (~0.4 eV) after the SO
interaction splits the 5d band, which is otherwise rather
broad. Competing kinetic energy and Coulomb repulsion in a
half-filled band caused by the presence of strong SO coupling
trigger a metal-insulator transition (MIT) in ultrathin films
[17-19]. The coupling between the lattice and electronic
sectors enabled by spin-orbit interaction endows this system
with its large tunability and high sensitivity to external
perturbations. We examine the interplay between the SIO’s
strong spin-orbit coupling and the magnetism of the LSMO
as probed by measurements of the anomalous Hall effect
(AHE), a transport phenomenon driven by magnetism and
by the topological properties of the electronic states [20-23].
Initially ascribed to systems with finite magnetic moment, a
robust AHE has also been shown to exist in antiferromagnets
[24-29]. Here, we have found a surprising dependence of the
AHE on the LSMOY/SIO layer sequence. In LSMO (top)/SIO
bilayers (with LSMO layer on top), an intrinsic component of
the AHE was detected, driven by the topological properties of
electronic states in momentum space (discussed in a previous
publication [30]). This intrinsic contribution to the AHE
was explained considering the proximity-induced magnetism
within the initial 2 nm of SrIrO; at the interface. Intriguingly,
in SIO (top)/LSMO (with the SIO layer on top) with the
inverted layer sequence discussed in this manuscript, the
interfacial intrinsic contribution to the AHE is absent. We
demonstrate that this distinct behavior is governed by a strong
suppression of the magnetic moment in the LSMO layer at
the interface with SIO when the layer sequence is inverted.
Our manuscript explains the counterintuitive result that the
magnetic state of an oxide interface changes drastically by
inverting the sequence of layers, which provides a direct proof
that the intrinsic AHE reported in our previous publication is
triggered by interfacially induced magnetism.

II. EXPERIMENTAL METHODS

A. Sample growth

The bilayers were epitaxially grown from stoichiometric
Lag7S1p3MnO3; (LSMO) and SrlrO; (SIO) targets by high-
pressure pure oxygen sputtering at high pure oxygen pressures
(2.8 mbar, or 280 Pa) and elevated temperatures (650 °C for
SIO and 900 °C for LSMO). Substrates were (001)-oriented
SrTiO;. The high oxygen pressure growth allows for full oxi-
dation and a high degree of thermalization of extracted species
arriving to the substrate. This technique has shown epitaxial
growth of oxides with good epitaxial properties [6-8].

B. STEM EELS

Aberration-corrected scanning transmission electron mi-
croscopy (STEM) and electron energy loss spectroscopy
(EELS) measurements were conducted at the CNME (Na-
tional Facility for Electron Microscopy at U. Complutense
campus). Microscopy was conducted in a JEOL JEM
ARM200cF (Certain commercial products or company names
are identified here to describe our study adequately. Such
identification is not intended to imply recommendation or
endorsement by the National Institute of Standards and Tech-
nology) system operated at 200 kV using a condenser lens
aperture of 1 mm. Cross section samples were prepared by
mechanical grinding and polishing and Ar ion milling at graz-
ing incidence in a Fischione 1010 ion mill. Samples were
prepared in [100] and [110] zone axes. EELS composition
analysis was performed at element-specific absorption edges
(Mn L, 3, La My s, and Ir My 5, St Ly 3) using a Gatan Quan-
tum EEL spectrometer in dual EELS mode. EELS intensities
at element-specific lines were obtained from multiple linear
least squares (MLLS) methods.

C. Transport measurements

The longitudinal and transverse dc resistivities, oy, and
Pxy, Were measured as a function of the magnetic field H (ap-
plied perpendicular to the film plane) in the temperature range
5 K-300 K using a He fridge equipped with a superconducting
magnet [Quantum Design Magnetic Properties Measurement
System (MPMS)]. Hall bars (1250 x 250 mm) were patterned
by optical lithography and ion etching. Voltage offsets were
removed by symmetrizing (longitudinal) and antisymmetriz-
ing (transverse) resistivity signals.

D. X-ray measurements

X-ray absorption spectroscopy (XAS) and x-ray magnetic
circular dichroism (XMCD) measurements were conducted at
the Advanced Photon Source (APS, Argonne National Lab-
oratory). The Ir L, 3 edge was probed at the APS beamline
4-ID-D (hard x-rays), where the partial fluorescence and re-
flectivity signals were measured. The angle of the incident
beam with the sample surface was 1.5-2°, high enough to
ensure that the film thickness was below the x-ray attenuation
length (>250 nm) in this energy range.

E. Neutron reflectometry

Polarized neutron reflectometry was measured at the Spal-
lation Neutron Source at Oak Ridge National Laboratory
(Magnetism Reflectometer, MR) and at the NIST Center for
Neutron Scattering (Polarized Beam Reflectometer, PBR).
Samples were field-cooled and measured in an in-plane
field of 1 T and 0.68 T for MR and PBR, respectively,
and temperatures ranging between 20 K and 300 K. Re-
flectivity data were simultaneously fitted to models of the
depth-dependent scattering length densities of the sample with
temperature-independent nuclear scattering parameters, and
temperature-dependent magnetic parameters using the GenX
software [31,32] that is based on the Parratt formalism [33].
For some datasets, an additional nonmagnetic surface layer
was necessarily included in the model to account for surface
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FIG. 1. Structure and chemistry of the LSMO (top)/SIO, SIO (top)/LSMO interfaces. (a) Low-magnification HAADF image of an LSMO
(15 nm)/SIO (4.4 nm)/LSMO (15 nm) sample. (b) Electron energy loss (EEL) line spectrum acquired across the LSMO/SIO/LSMO interfaces
following the green line over a distance d measured in nm. The yellow arrow indicates the growth direction. (¢) Mn oxidation state along the

green line.

contamination resulting from a slight vacuum leak of the
closed cycle refrigerator holding the sample.

III. RESULTS AND DISCUSSION

In this study, we discuss two sets of samples, namely,
LSMO (top) /SIO bilayers with LSMO top layers and SIO
(top)/LSMO bilayers with SIO top layers. For transport mea-
surements and AHE studies, the LSMO (top)/SIO sample
set had a constant LSMO thickness of 25 nm, and the SIO
thickness varied between 0 and 15 nm. The SIO (top)/LSMO
samples had a constant LSMO thickness of 16 nm, and the
SIO thickness varied between 0 and 15 nm. To protect the
SIO layer from deterioration, samples with SIO on top were
capped with a 3 nm amorphous BTO layer. It is also worth
noting that probing interface magnetism required bilayer sam-
ples with thinner individual layers (see below). The slight
reduction of the LSMO thickness was targeted to minimize
the long-range surface roughness to ensure a good structural
quality of the ultrathin SIO layer.

In a previous publication [30], we reported an intrinsic
component of the anomalous Hall effect in LSMO (top)/SIO
bilayers, which we ascribed to the topological properties of
electronic states in momentum space. In this paper, we exam-
ine the connection between the intrinsic AHE component and
interface structural electronic and magnetic reconstruction.

A. Interface structure

Aberration-corrected scanning transmission electron mi-
croscopy (STEM) was used to examine the structure and
chemistry of both sets of samples. We prepared a trilayer
sample LSMO (15 nm)/SIO (4.4 nm)/LSMO (15 nm), which
allows examining both types of interfaces (LSMO (top)/SIO

and SIO (top)/LSMO) concurrently on the same sample.
Figure 1(a) features a high-angle annular dark field (HAADF)
image obtained from a cross section sample thinned in the
[100]/[001] plane, revealing flat and coherent interfaces. Due
to contrast scaling with atomic number, the heavier Ir atoms
at the B site of the perovskite (IrO, planes) appear brighter
in the SIO, while La/Sr (A site of the perovskite) exhibit less
brightness in the LSMO. Figure 1(b) presents the Mn L, 3, La
My s, Sr Ly 3, and Ir My s integrated signals from an EELS line
spectrum perpendicular to the interface, as indicated by the
green line in Fig. 1(a). By comparing the decay of La M4 s and
Mn L, 3 signals toward the interfaces, it becomes evident that
the bottom interface (corresponding to SIO (top)/LSMO) is
MnO,; terminated, followed by three consecutive SrO planes
at the interfaces [marked with black arrows in Fig. 1(b)],
yielding a MnO,/SrO/SrO/SrO/SrO/IrO, layer sequence (four
SrO planes with three extra SrO planes). An analysis of the
Mn oxidation state from the Mn L, 3 line (chemical) shifts
evidence that, in fact, the extra SrO planes at the interface
have a doping effect on the interfacial LSMO, see Fig. 1(c).
It is important to remark that for a doping level in excess of
x = 3.5, as observed, LSMO is not ferromagnetic (it is in fact
antiferromagnetic) which may explain the magnetic moment
suppression at the interface observed in PNR experiments and
discussed below.

The top interface (corresponding to LSMO (top)/SIO) is
strikingly different. It contains only two consecutive SrO
planes, resulting in a MnO,/SrO/SrO/IrO, layer sequence
(with an additional SrO plane). For both types of interfaces,
the consecutive SrO planes are laterally displaced with re-
spect to one another, as in the rock salt structure. Additional
EELS spectra at different sample locations show that while the
bottom interface (LSMO on top) shows the same termination
in all cases, we consistently observe a larger number of SrO
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layers at the SIO top interface. Yet the number of extra
SrO layers varies between three and four between different
locations. An additional picture of the extra SrO layers is
obtained from larger magnification cross section images of
both interfaces. See Supplemental Material Fig. S1 [34]. In
these images, the brighter spots correspond to the heavier
elements (Ir in SIO and La in LSMO). We have marked the
interfacial planes in the figure. Notice the larger interface
width for the interface with SIO on top, resulting from the
stacking of consecutive SrO planes, which feature a uniform
contrast.

Such interface reconstructions have not been reported in
other manganite iridate superlattices [35-39] grown by pulsed
laser deposition (PLD) and, thus, result probably from the
kinetics rather than from the thermodynamics of the growth.
However, they are frequently observed at interfaces between
perovskites involving different members of the Ruddlesden-
Popper series [40-42].

Energetically stable structures with several rock salt layers
can be found, for example, in cuprates where double, triple,
or quadruple rock salt layers are frequently found [43,44] or
engineered on purpose at titanate interfaces by layer-by-layer
thin film growth [45]. The formation of additional SrO planes
can be discussed in connection with Ruddlesden—Popper non-
stoichiometric defects as (SrO)2 faults have a lower formation
energy than that of a point defect [46] or with strain relaxation,
which is denounced by varying distances between consecutive
SrO planes in blocks with an arbitrary number of SrO planes
[45]. Charge imbalance can be ruled out as SrO blocks are
charge neutral and do not contribute to layer polarity.

Similar to other manganite-based heterostructures [42], the
interfacial SrO planes will profoundly impact the electronic
structure. Moreover, the presence of a different number of in-
terfacial SrO planes in bilayers with both stacking sequences
impacts the bonding structure, thus deeply modifying the elec-
tronic and magnetic structure.

B. Polarized neutron reflectometry

Polarized neutron reflectometry (PNR) was measured with
the incident neutron polarization parallel (R™) and antiparal-
lel (R7) to the magnetic field for a LSMO (5 nm)(top)/SIO
(4 nm) [see Figs. 2(a) and 2(b)] and an SIO 4
nm)(top)/LSMO (5 nm) bilayer with an amorphous BaTiO3
capping layer [Figs. 2(c) and 2(d)]. The small thickness of
the individual layers ensures large interface sensitivity and
allows comparison with the x-ray absorption spectroscopy
measurements of the next section. Samples were field-cooled
and measured in a saturating in-plane magnetic field in the 1
T range and at 7 or 8 temperatures ranging between 20 K and
300 K, see Sec. II.

Reflectivity spectra at T = 20 K are displayed in Fig. 2(a)
for LSMO(top)/SIO and Fig. 2(c) SIO (top)/LSMO samples.
The PNR spectra were fit using an iterative Parratt algo-
rithm [31-33] to obtain the nuclear and magnetic scattering
length densities (SLD) as a function of the height above
the STO substrate. The magnetic SLD is proportional to
the layer magnetization. Reflectivity data measured at dif-
ferent temperatures were simultaneously fit to a model with
temperature-dependent magnetic SLDs, but a single nuclear

SLD profile describing the sample, allowing for a robust
determination of the SLD profiles. The SLD profiles, corre-
sponding to the fits of the spectra in Figs. 2(a) and 2(c), are
shown in Figs. 2(b) and 2(d), respectively. Notice that when
SIO is the top layer [Fig. 2(d)], the magnetization of LSMO is
drastically suppressed from 0.53 x 10° to 0.03 x 10% A/m at
the interface over a thickness of 1.3 nm. In contrast, when
LSMO is the top layer, there is only a weak reduction of
the magnetization from 0.62 x 10° to 0.51 x 10° A/m at the
interface over 0.6 nm.

Although the Q-range of the data for the SIO (top)/LSMO
sample [Fig. 2(c)] is limited, the fit of data collected at T =
100 K, that extends up to Q = 1.8 nm~' shows the same
strong suppression of the magnetization at the interface (see
Supplemental Material Fig. S2, panels (a), (c), and (e) [34]). If
the magnetization of LSMO is constrained to be homogeneous
throughout the entire layer, the fits deviate significantly from
the data, even within the limited Q-range of the 20 K dataset
(see Supplemental Material Fig. S2 panels (b), (d), and (f)
[34]). The suppression of LSMO magnetization observed at
the SIO (top)/LSMO interface can be related to the doping
effect of the extra SrO planes discussed above, which brings
the oxidation state of Mn at the interface well above 3.5, the
limit above which the manganite becomes an antiferromagnet
[47,48].

C. X-ray absorption spectroscopy

Although SIO is a paramagnetic compound, the bond-
ing reconstruction at the interface can be the source of
proximity-induced Ir magnetism through superexchange in-
teraction along a Mn-O-Ir path. Interfacial Ir magnetism was
investigated using x-ray absorption spectroscopy (XAS) and
x-ray magnetic circular dichroism (XMCD) at the Ir L3
edges in the same LSMO (top)/SIO and SIO (top)/LSMO
bilayers used for the PNR experiments. Figure 3 illustrates
the Ir L3 edge XAS (top) and XMCD (bottom) for the LSMO
(5 nm)/SIO (4 nm) bilayer and the SIO (4 nm)/LSMO (5
nm) bilayer with an amorphous BaTiO3 capping layer at 20
K and 55.5 mT. XMCD spectra in partial fluorescence yield
(PFY) mode displayed clear evidence of an Ir magnetic mo-
ment for the LSMO (top)/SIO bilayer. In contrast, the SIO
(top)/LSMO bilayer with SIO on top does not exhibit an Ir
magnetic moment. The origin of the Ir magnetic state found
in LSMO(top)/SIO bilayers, which as reported earlier extends
over 2 nm from the interface [30], can be discussed in rela-
tion to the magnetic moment of the interfacial LSMO. On
the other hand, the absence of Ir magnetic moment in the
SIO (top)/LSMO bilayers may be attributed to the suppressed
LSMO magnetism at the interface resulting from the atomic
reconstruction of the interface uncovered by the STEM-EELS
experiment.

Induced magnetism in iridates has been reported in
manganite/iridate superlattices with various interface recon-
structions [34-38,49], although significant differences arise
from our unique LSMO/SIO interface reconstruction, as dis-
cussed below. The small values of the spin and orbital
magnetic moments found in application of the sum rules
[30,50] using L, and L3 edge data at 20 K (spin moment
(S;) = 0.003 up and orbital moment (L,) = 0.018 up), which
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FIG. 2. (a), (c) Polarized neutron reflectivity data (markers) and fits (lines) as a function of momentum transfer Q,, measured at 20 K in
saturating in-plane magnetic fields, 1 T, after field cooling for a LSMO(S nm)(top)/SIO (4nm) [panel (a)] and for a SIO (4 nm)(top)/LSMO(5
nm)(bottom) bilayer with a BaTiO; capping layer [panel (c)]. The fits are calculations of the reflectivity based on the scattering length density
(SLD) profiles shown in panels (b) and (d). (b), (d) Nuclear and magnetic scattering length density as a function of the height above the STO
substrate surface for a LSMO (5 nm)(top)/SIO (4nm) (panel b) and for a SIO (4 nm)(top)/LSMO(5 nm)(bottom) bilayer with a BiTiO; cap
[panel (d)]. The right y-axis provides the magnetization calculated from the magnetic scattering length density.

were aligned antiparallel to the Mn moment, are typical
of a canted antiferromagnetic state. We attribute the origin
of the small induced magnetic moment in the SIO layer
(observed in the LSMO (top)/SIO interface) to canting of
the interfacial SIO-214 unit cell resulting from the pres-
ence of a single extra SrO plane at the interface. In this
scenario, the canted antiferromagnetic (AFM) ordering would
be driven by the Dzyaloshinskii-Moriya interaction [51-54],
which is dominant when the local Coulomb repulsion U on
Ir d states exceeds ~1 eV [30]. Le., the LSMO in proxim-
ity to SIO-214 induces the canted antiferromagnetic state in
a way driven by enhanced electron correlations. Given the
small energy difference between various canted AFM states
(less than ~10 meV/Ir), the weak superexchange interaction
[6,8,55,56] across the double SrO layers, as evidenced by
the antiferromagnetic alignment of the Mn and Ir moments
[30], is sufficient to produce the observed magnetic state.
It is noteworthy that this superexchange interaction across

double SrO layers has been observed in La; g5Srp 15CuQOy4
(LSCO-214) cuprate/manganite interfaces [42], where it also
results in an antiferromagnetic (Cu-Mn) state. It is also worth
mentioning that this weak ferromagnetism has been shown
to survive in SIO/STO superlattices with one unit cell thick
SIO layers [50-53]. The suppressed Mn magnetism at the
SIO (top)/LSMO interface naturally explains the absence of
an induced Ir moment.

D. Transport

The temperature dependence of the longitudinal resistivity
measured on 16 and 25 nm LSMO control samples displayed
the same values for both thicknesses. The effect of adding
the SIO layers was an overall increase in the longitudinal
resistivity due to the contribution of the more resistive SIO
layers.
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FIG. 3. Ir L; XAS (lines, top panel) and XMCD (markers, bot-
tom panel) partial fluorescence yield PFY spectra measured at T = 20
K under a saturating magnetic field of 55.6 mT applied in the [100]
direction of a samples LSMO(5nm)/SIO(4nm) (red circles) and SIO
(4 nm)/LSMO (5 nm) with a BiTiO3 capping layer (blue squares).

We measured the temperature dependence of the trans-
verse resistivity py,. Figure 4 shows the transverse resistivity
measurements between 20 and 100 K for LSMO/SIO and
SIO/LSMO bilayers for different thicknesses of the SIO layer.
The contributions of the ordinary Hall effect (OHE) and of
the anomalous Hall effect (AHE) (p, = O™ + pp*) can
be readily identified. Notice that the OHE is proportional to
the magnetic field (H;), while the AHE is proportional to the
magnetization (M) perpendicular to the film plane.

Hall effect measurements on control LSMO (16 and 25 nm
thick) and SIO individual layers at temperatures T < 100 K
are presented in Fig. 5. The sign of the OHE in LSMO (hole
carriers) is opposite to that in SIO (electron carriers).

The AHE contribution can be isolated by correcting mea-
surements for the linear OHE contribution. For pristine LSMO
films with a ferromagnetic ground state, pf;,HE becomes con-
stant once M. is saturated by the applied field H, (red line in
Fig. 5).

On the other hand, in the SIO films, which have a param-
agnetic ground state, a null pg,HE is found. From the excess
value (A ph"") of p M at magnetic saturation (marked by the
green arrows in Fig. 5) we can quantify the anomalous Hall
conductivity. Notice that although LSMO samples of different
thicknesses behave qualitatively similarly, larger values of
AppHE (by a factor of 3) are obtained for the thicker 25 nm
sample, a difference which cannot be attributed to different
resistivity. In manganite single crystals [57] or thick epitaxial
films [58], AHE is negligibly small below 100 K and increases
rapidly with temperature when the MIT is approached. In thin
films, the low-temperature AHE is typically nonzero and its

value changes substantially from sample to sample in a way
(to our knowledge) that is not well understood.

We next examine the AHE A p\M* for both sets of samples
(LSMO (top)/SIO and SIO (top) /LSMO) for T < 100 K, a
temperature range where saturation magnetization remains es-
sentially constant. We have measured SQUID magnetometry
of an LSMO sample 20 nm thick (representative of the LSMO
layers of both series of samples with special attention to the
temperature dependence of the saturation magnetization. Sup-
plemental Material Fig. S3 [34] gathers M(T) for in-plane and
out-of-plane fields [panel (a)] and M(B) loops under in-plane
[panel (b)] and out-of-plane [panel (c)] magnetic fields. It can
be observed that below 100 K magnetization shows a weak
temperature dependence. Thus, since AHE is proportional to
magnetization and to AH conductivity, changes in AHE for
temperatures T < 100 K can be attributed to changes in the
anomalous Hall conductivity. At higher temperatures, despite
the decrease of magnetization, it displays a strong increase
when the metal-to-insulator transition is approached; the ori-
gin is not addressed in this work.

Plots of Ap/ 5 (T') against p} (T') for the two bilayer sets,
SIO/LSMO [Fig. 6(a)] and LSMO/SIO [Fig. 6(b)] for differ-
ent values of the SIO thickness (ds), are displayed in Fig. 6.
For both sets, a linear scaling is observed over the entire range
of dg, including the sample without SIO (ds = 0):

AP = |o | - p2 (T). (1

Xy

This finding suggests that the anomalous Hall conductivity,
O’SHE, is independent of the scattering rate, and thus, the
observed AHE is of intrinsic origin, i.e., driven by the topo-
logical properties of electron states in reciprocal space [21] as
discussed previously [30]. In fact, o} can be expressed as
the integral of the Berry phase curvature over occupied states
in the Brillouin zone [20,22,23].

Notice that the lines corresponding to the pristine LSMO
samples have smaller slopes for the SIO /LSMO (16 nm)
bilayers than for the LSMO (25 nm)/SIO ones, reflecting the
smaller values of the anomalous Hall resistivity Ap2AHE and
correspondingly lower values of the anomalous Hall conduc-
tivity. In addition, the relative change of the slopes when the
SIO thickness is increased is considerably larger in the LSMO
(25 nm)/SIO samples, suggesting a different contribution to
the anomalous Hall conductivity for both sets of samples.
Figure 7 displays the dependence of the anomalous Hall con-

ductivity o 2HE on SIO thickness (obtained from the slopes of

xy
the ApAHE vs p2 of Fig. 6) for both the SIO (top)/LSMO and
LSMO (top)/SIO bilayers. Since the difference in the AHE
resistivity for both sets of samples yields differences in the
anomalous Hall conductivity for the pristine (25 and 16 nm)
LSMO samples, to compare the effect of increasing the SIO
thickness on the anomalous Hall conductivity (Fig. 7), both
sets have been normalized to the (respective) plain manganite
values. The value of the AH resistivity of pristine LSMO
layers is very small in the T < 100 K range and might be
prone to sample variation and data processing. Notice that
while the oA1'* for the LSMO/SIO bilayers displays an abrupt
decrease when dg is increased, followed by a quick saturation,
the SIO/LSMO bilayers exhibit a more gradual, weaker, and
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LSMO/SIO

2
LSMO (25.3 nm) / SIO (0 nm)

Py (10 cm)

SI0/LSMO

SIO (0 nm) / LSMO (16 nm)

0.2 ) L | —— 100 K|
T4 2 0
toH (T)

2 : : :
SIO (5 nm) / LSMO (16 nm)

FIG. 4. Transverse Hall resistivity p,, vs out-of-plane magnetic field, H,, at temperatures between 20 K and 100 K in bilayers LSMO/SIO
(left panels) and bilayers SIO/LSMO (right panels) for different thicknesses of the SIO layer.

steadier decrease of o' as the thickness (ds) of the SIO
layer is increased.

The dependence of the anomalous Hall conductivity of the
bilayers on the SIO layer thickness was analyzed, using a
parallel layer model which describes the transverse pfyHE and
longitudinal p,, resistivity of a multilayer in terms of their
values for the individual layers [59,60]. As the AHE conduc-
tivity scales as o\"F = ApAHE/p2 , to model its behavior in
the heterostructure, we need to describe the total longitudinal

resistivity, p,r, and anomalous Hall resistivity, A ,ofyHE, as a
function of the contributions of the different layers. AHE

conductivity oA

xy,i

pxx B Ztr‘l:l di

Here, ApfyHE and p,, represent the anomalous Hall
and longitudinal resistivity expected in measurements on a

B ApAHE B Z?:l di OAHE

@)

15 : . : , : 10

(a) 3.0 = (b) 1 (c)
101 Ap pliE pQIE ] )
0.5 Pxy 1 15 _— 5

0.0

Pry (10770 cm)

0.0 - ' /M 0
// W’\M At Ay Ay

0.5 a5 1 5
0l smoterm) | 5. lsMo@snm) | | SIO(Gnm)
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HoH (T) toH (T) toH (T)

FIG. 5. Transverse Hall resistivity p,, vs out-of-plane magnetic field, H, (black lines) of LSMO 16 nm (a), LSMO 25 nm (b), and SIO 5
nm (c) control samples measured at T = 100 K. Ordinary Hall resistivity, o0, (blue lines) and anomalous Hall resistivity, pA"™, (red lines)

contributions to the transverse resistivity have been separated. A pA/E

(in green) indicates the value of pAHE at magnetic saturation.

xy
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FIG. 6. Dependence of the AHE at saturation, ApAHE on the longitudinal resistivity, p?, at temperatures below 100 K for LSMO (25

Xy

nm)/SIO bilayers (right) and SIO/LSMO (16 nm) bilayers (left) for different thicknesses of SIO (see legend). Data of the LSMO (25 nm)/SIO

bilayer are taken from Ref. [30].

heterostructure composed of n different layers, with each
layer having a thickness d; and anomalous Hall conductivity
UQ,I;IE = Apfyl"}E / ,o?x.i. This analysis is described in detail in
Ref. [30].

If we assume that both materials retain their intrinsic AHE
resistivity when combined in the heterostructures—i.e., only
LSMO displays a finite UA{}EE while the SIO layer has UQEE =
0 are as depicted in Fig. 5—and considering that LSMO and
SIO layers have thicknesses that di, dg respectively, then

dL

AHE AHE

: = —)0,,7 - 3
Xy lL /’S xy,L ( )

For the SIO (top)/LSMO bilayers, we find that Eq. (3)
accounts well for experimental results (purple dotted line in

10} e -
08 . - -
06 | I N .

o4l -

0.2

ool
0 5 10 15
dg (nm)

FIG. 7. Normalized values of the AHE conductivity, o1, vs
thickness of the SIO layer, for SIO/LSMO (purple symbols) and
LSMOV/SIO (pink symbols) bilayer samples. Values of the Hall con-
ductivity have been obtained from the linear fits of Fig. 3. The purple
dashed line indicates the calculated oA using the parallel layer
model described below, Eq. (3). The pink dashed line indicates the
calculated o,"F AHEXy using a trilayer model, Eq. (4).

Fig. 7), indicating that these samples preserve their intrinsic
AHE conductivity when assembled in a heterostructure. Le.,
the AHE probe does not detect any modification of the topo-
logical properties of electronic states in momentum space. In
contrast, for the LSMO (top)/SIO bilayers, fitting the data
requires including a magnetic SIO layer at the interface, as
we described in our previous paper [30]. Assuming that the
magnetic SIO layer has a thickness dj, we can write the fol-
lowing expression for the anomalous Hall conductivity:

AHE _ dLG;\y,}zE +d; USEE
o MHE = . 4
Y dp +dg

and that d; ~ 2nm was independently obtained from the de-
pendence of the interfacial Ir magnetic moment (determined
from XMCD spectra at the Ir L-edge) on the thickness of the
SIO layer [30], we can estimate the anomalous Hall conduc-
tivity of magnetic SIO layer, o}/", by fitting the data using
Eq. (4) (see pink dotted line in Fig. 7). Thus, our analysis
using the three-layer model identifies an intrinsic contribution
to the AHE conductivity, ofF ~ —60 (2 cm)™', which is
negative and nearly independent of dg as reported earlier [30].
The large absolute value of a)ﬁ,f}[E along with its scattering rate
independence, strongly suggests its intrinsic origin—namely,
the topological nature of the Bloch states in SIO in momentum
space, specifically the Berry curvature of the occupied states
[21]. It is worth pointing out that such a high value of o A1F is
comparable to that found for StTRuO3 [61] MnSi [62,63], and
the noncollinear antiferromagnets Mn3Sn [26] or CoNb3;Sg
[64] with topologically nontrivial bands. However, it is much
larger than the values found in LSMO with topologically
trivial bands, where carriers acquire a real-space Berry phase
due to noncollinear spin structures, predominantly near T¢
[57,65].

A final comment is in order regarding the smaller
thickness of the individual layers necessary to probe in-
terface magnetism with x-ray absorption and PNR. Al-

though the transport experiments are done in bilayers with

Given that dy , dg, UQHE, and oA are known parameters,
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thicker layers well above the thickness where dead layers
may trigger modifications in the LSMO layer magnetism,
we checked that bilayers with these smaller thicknesses
show the same modulation of the intrinsic anomalous
Hall effect by proximity-induced magnetism at the in-
terface. Supplemental Material Fig. S4 [34] shows that
even for very thin LSMO (3.5 nm) and SIO (2.4 nm),
the strong suppression of the anomalous Hall conductiv-
ity in LSMO (top)/SIO bilayers (oagg = 0.081 Q7 'em™)
with respect to plain 3.5 nm thick LSMO (oapg = 0.456
Q 'em™!) is more pronounced than in SIO (top)/LSMO
(oaue = 0.28 Q2 'cm™'), where current splitting between
layers is expected to be the dominant mechanism. Moreover,
notice that this value (oapg = 0.28 2 'em™!) is very close
to the expected from the layer thickness ratio according to
Eq. (3).

This intrinsic contribution to the anomalous Hall conduc-
tivity found at the LSMO (top)/SIO interface is not observed
in the SIO (top)/LSMO bilayers, and it is thus connected to
the presence of magnetism in the interfacial LSMO, and con-
sequently of the induced magnetism in the first 2 nm of SIO
[30]. Only the induced magnetism in Ir, characteristic of the
LSMO (top)/SIO interface, allows for the interplay between
topology and correlations in which the large intrinsic AHE
emerges despite the small values of the magnetic moment
induced by the interfacial proximity interaction.

IV. CONCLUSIONS

In summary, we have found an intriguing magnetic prox-
imity effect at Lagy7Sro3MnOs/SrlrOs resulting from the
chemical and bonding reconstruction at the interface, driven
by the nucleation of a rocksalt (SrO), block at the interface
and by the superexchange interaction across it. An emergent
AHE is found in Lag 751 3:MnO3/SrlrO; bilayers with LSMO
on top, where LSMO magnetism is preserved down to the
interface plane, allowing for induced magnetism in the iridate.
This AHE contribution is absent in bilayers with the opposite
layer sequence (SIO layer on top), where LSMO magnetism
is suppressed at the interface and, consequently, the magnetic
proximity interaction is absent. The intrinsic AHE of topolog-

ical origin uncovers an exciting scenario of interplay between
topology and correlations at the 3d/5d interface, enabled by
magnetic proximity interaction, and may open new avenues
to future topological spintronics and spin orbitronics.
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