
PHYSICAL REVIEW B 110, 014411 (2024)

Spin-flop coupling at La0.5Sr0.5FeO3/La0.7Sr0.3MnO3 interfaces

Ishmam Nihal ,1 Dayne Sasaki ,1 Mingzhen Feng ,1 Christoph Klewe ,2 Padraic Shafer ,3

Andreas Scholl ,2 and Yayoi Takamura 1

1Department of Materials Science and Engineering, University of California, Davis, Davis, California 95616, USA
2Advanced Light Source, Lawrence Berkeley National Laboratory, Berkeley, California 94720, USA

3Brookhaven National Laboratory, Upton, New York 11973, USA

(Received 2 March 2024; revised 11 June 2024; accepted 14 June 2024; published 8 July 2024)

Antiferromagnetic (AFM) spintronics offer several benefits compared to their ferromagnetic (FM) counter-
parts, such as high storage capacity and faster processing speed, however, difficulties in manipulating and
detecting the AFM moments impede their implementation. Spin-flop coupling, the interfacial perpendicular
coupling between FM and AFM moments, can be utilized to control the orientation of AFM moments with
the application of moderate magnetic fields on the scale of tenths of a Tesla. In this work, epitaxial bilayers of
AFM La0.5Sr0.5FeO3 (LSFO)/FM La0.7Sr0.3MnO3 (LSMO) with fixed LSMO thickness (∼85 u.c.) and LSFO
thicknesses varying from 10 to 50 u.c. were investigated to determine the effect of Sr doping and La1−xSrxFeO3

magnetocrystalline anisotropy on the strength of spin-flop coupling. X-ray magnetic linear dichroism demon-
strated that the spin-flop coupling strength decreased with increasing LSFO layer thickness, persisting at a
thickness of 50 u.c. (∼20 nm). Furthermore, photoemission electron microscopy revealed a domain-by-domain
correlation between the FM and AFM domains consistent with the perpendicular orientation dictated by spin-flop
coupling. These results demonstrate that LSFO/LSMO bilayers have the potential to serve as a model materials
system for AFM spin transport measurements.

DOI: 10.1103/PhysRevB.110.014411

I. INTRODUCTION

The incorporation of antiferromagnetic (AFM) materials in
spintronic devices has the potential to offer several advantages
over the use of ferromagnetic (FM) materials, such as high
density of magnetic elements inside the device, low power
consumption, and faster data processing speed arising from
their intrinsic terahertz frequency spin dynamics. However,
the net zero magnetization and low susceptibility of AFM
materials places great challenges for the manipulation and
detection of AFM moments [1]. A way to overcome this
difficulty is to harness exchange interactions at FM/AFM
interfaces. One type of exchange interaction, referred to as ex-
change bias, involves the collinear alignment of the interfacial
FM and AFM moments and is generally observed if the inter-
facial AFM moments are uncompensated [2]. Exchange bias
is already being used in FM random access memories, where
the interfacial AFM moments pin the moments of the refer-
ence FM layer, leading to the horizontal shifting of hysteresis
loops along the magnetic field axis [3]. A second, less com-
mon form of exchange interaction is called spin-flop coupling,
where the FM and AFM moments are coupled perpendicular
to each other and is observed if the interfacial AFM moments
are fully compensated [4,5]. This perpendicular coupling is
maintained upon the application of a magnetic field within the
plane of the interface, allowing a unique means to reorient
the AFM moments indirectly through the exchange interaction
with the FM layer.

Robust spin-flop coupling has been observed at
(001)-oriented interfaces in the AFM La1−xSrxFeO3/FM
La0.7Sr0.3MnO3 (LSMO) system with Sr doping levels of

x = 0 and 0.3 [6–8]. In addition, this effect has been detected
in Fe/FeRh bilayers grown on (110)-oriented W substrates,
and Fe/NiO bilayers deposited on Cr-buffered (001)-oriented
MgO substrates [9,10]. Compared to metallic systems
exhibiting spin-flop coupling, perovskite oxide systems offer
more tunability of their functional properties arising from the
coupling between the spin, charge, orbital, and lattice degrees
of freedom, making them promising candidate materials for
device applications.

In the presence of spin-flop coupling, the LSMO mo-
ments, and consequently the La1−xSrxFeO3 moments, can
be reoriented with moderate magnetic fields on the scale of
tenths of a Tesla due to the fact that LSMO is a soft fer-
romagnet [11]. Previously, the spin-flop coupling observed
in La0.7Sr0.3FeO3/LSMO superlattices disappeared once the
AFM and FM layer thicknesses reached 18 u.c., suggesting
that above a critical thickness, the AFM magnetocrystalline
anisotropy energy overcomes the spin-flop coupling strength
[7,12]. In the current study, the Sr doping level in the
La1−xSrxFeO3 layer was increased to x = 0.5 in anticipa-
tion of increasing the critical AFM layer thickness beyond
which spin-flop coupling vanishes. In undoped LaFeO3, Fe
ions have a 3+ valence, leading to AFM ordering of Fe
moments via the superexchange interaction along Fe-O-Fe
bonds [13]. Sr doping in La1−xSrxFeO3 leads to a propor-
tional increase in the Fe4+ ion concentration that disrupts
the superexchange mechanism, thereby lowering the Néel
temperature [14], and as a result, decreasing the magne-
tocrystalline anisotropy energy of the AFM La1−xSrxFeO3.
In order to minimize the epitaxial strain for both LSMO
(pseudocubic lattice parameter, ap = 0.3875 nm [15]) and
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La0.5Sr0.5FeO3 (LSFO) layers (ap = 0.3897 nm [16]), the bi-
layers were grown on (LaAlO3)0.3(SrAl0.5Ta0.5O3)0.7 (LSAT)
substrates (ap = 0.3868 nm), thus accounting for the decrease
in the pseudocubic lattice parameter of La1−xSrxFeO3 with
increasing Sr doping level [16]. As a result, the LSMO and
LSFO layers exist under 0.18% and 0.74% compressive strain,
respectively, compared to prior studies on SrTiO3 substrates
where the LSMO layer was under 0.77% tensile strain, and
the La1−xSrxFeO3 layer was under 0.79% compressive strain
for x = 0, and 0.03% compressive strain for x = 0.3 [6–8].

Soft x-ray absorption magnetic spectroscopy demonstrated
that spin-flop coupling was maintained at (001) interfaces in
LSFO/LSMO bilayers even at a 50 u.c. thickness of the AFM
LSFO layer. In addition, x-ray photoemission electron mi-
croscopy (X-PEEM) revealed domain-by-domain correlation
expected from the perpendicular coupling between FM and
AFM moments dictated by spin-flop coupling. These findings
in combination with the previous studies provide information
about control parameters (Sr doping and epitaxial strain) for
spin-flop coupling in La1−xSrxFeO3/LSMO system which is
crucial to understand the underlying fundamental mechanism
which dictates the spin-flop coupling behavior, and ultimately
bring AFM spintronics further closer to becoming a reality.

II. METHODS

Epitaxial LSFO/LSMO bilayers were deposited on (001)-
oriented LSAT substrates by pulsed laser deposition using a
KrF laser (248 nm). The substrate temperature was maintained
at 710 ◦C. The LSMO layer (thickness ∼85 u.c. or 33 nm) was
deposited using a laser fluence of ∼1.0 J/cm2 with a laser
pulse repetition rate of 1 Hz. Then a fluence of ∼2.5 J/cm2

and a repetition rate of 10 Hz were employed to deposit the
LSFO layer on top of the LSMO layer (thicknesses of 10,
20, 30, 40, and 50 u.c.). The film thickness was varied by
controlling the number of pulses used for each target based on
known deposition rates. After the growth, the bilayers were
cooled slowly to room temperature in 300 torr of O2 to ensure
proper stoichiometry.

The surface roughness and topography of the bilayers were
investigated with atomic force microscopy. X-ray reflectiv-
ity (XRR) and high-resolution x-ray diffraction (HRXRD)
measurements were performed using a Bruker D8 Discover
four-circle diffractometer. The XRR and XRD curves were
fitted using GenX [17] and LEPTOS [18] software, respectively
to characterize the thickness, density, and crystallinity of the
thin films. Both Cu Kα1 (0.154 06 nm) and Kα2 (0.154 44
nm) radiation were used during the XRR analysis, while only
Cu Kα1 radiation was employed for the HRXRD analysis.
The magnetic properties and exchange interactions of the
LSFO/LSMO bilayers were probed at 80 K using soft x-
ray absorption magnetic spectroscopy at beamline (BL) 4.0.2
of the Advanced Light Source (ALS) at Lawrence Berkeley
National Laboratory (LBNL). Two signal detection modes,
namely total electron yield (TEY) and luminescence yield
(LY), were employed. The current required to compensate
for ejected secondary electrons is measured in TEY mode,
which leads to its surface sensitivity (within � 10 nm from
the sample surface). LY mode utilizes the x-ray excited opti-
cal luminescence response of the LSAT substrate and probes

FIG. 1. (a) Mn L-edge XA and (b) XMCD spectra of
LSFO/LSMO bilayers obtained using LY detection. Experimental
geometry is shown in the inset to (b). The coordinate axes indi-
cate substrate crystallographic orientations. (c) Fe L-edge XA and
(d) XMCD spectra obtained using LY detection from the 10 u.c.
LSFO/85 u.c. LSMO bilayer.

the through-thickness sample properties. FM properties were
probed using Mn and Fe L-edge x-ray magnetic circular
dichroism (XMCD) where circularly polarized x rays were
incident upon the sample at a 30◦ grazing incidence angle
from the [010] substrate direction and a magnetic field of
±0.3 T was applied parallel to the x-ray beam [see Fig. 1(b)].
XMCD was calculated as the difference between two x-ray
absorption (XA) spectra obtained with right/left circularly
polarized (rcp/lcp) x rays. AFM properties and the presence of
spin-flop coupling were probed using two different geometries
of Fe L-edge x-ray magnetic linear dichroism (XMLD) mea-
surements. In the first geometry [see Fig. 2(a)], the linearly
polarized x rays were incident upon the sample at a 30◦
grazing incidence angle from the [010] substrate direction.
The x-ray E vector was oriented along the in-plane [1̄00]
substrate direction (s-polarized x rays) or canted out-of-plane
approximately along the [001] substrate direction (p-polarized
x rays) and the XMLD spectra were calculated as the differ-
ence between XA spectra acquired with E[001] − E[1̄00]. The
measurements were performed with and without a magnetic
field of 0.3 T applied parallel to the x-ray beam. In the second
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FIG. 2. (a) Experimental geometry for the grazing incidence measurements (the coordinate axes show the substrate crystallographic
orientations), and possible coupling (collinear and perpendicular) between FM and AFM moments; black and red arrows denote s- and
p-polarized x rays, respectively, used in the measurements, the gold arrow indicates the applied magnetic field direction, purple and green
arrows denote FM and AFM moments, respectively. (b) Fe L-edge XA and (c) XMLD spectra obtained using TEY detection for the 10 u.c.
LSFO/85 u.c. LSMO bilayer.

geometry [see Fig. 3(a)], the linearly polarized x rays were
incident upon the sample at normal incidence and the x-ray
E vector was oriented along the in-plane [1̄00] and [01̄0]
substrate directions. A magnetic field of 0.3 T was applied
with a 10◦ canting angle from the substrate [1̄00] direction and
the XMLD spectra were calculated as the difference between
XA spectra acquired with E[100] − E[010].

Mn-XMCD hysteresis loops were acquired with rcp/lcp x
rays at a fixed x-ray energy corresponding to the maximum

Mn L3-edge XMCD intensity and the magnetic field was
swept between +/− 0.3 T. Fe-XMLD hysteresis loops were
obtained using the grazing incidence geometry [Fig. 2(a)]
and the x-ray energy was fixed at the maximum Fe L2B-edge
XMLD intensity [i.e., the higher photon energy peak in the Fe
L2 XMLD signal in Fig. 2(c)] and the magnetic field swept
between +/− 0.3 T. At each field, the XMCD and XMLD
values were calculated using the formula | rcp−lcp

rcp+lcp | × 100 and

| s−p
s+p | × 100, respectively. For ease of comparison between

FIG. 3. (a) Experimental geometry for the normal incidence measurements (the coordinate axes show the substrate crystallographic
orientations), black and red arrows denote the s- and p-polarized x rays, respectively used in the measurements, gold arrow indicates the
applied magnetic field direction, the purple and green arrows denote FM and AFM moments, respectively. (b) Fe L-edge XA and (c) XMLD
spectra obtained using LY detection for the LSFO/LSMO bilayers as a function of LSFO thickness.
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samples, the hysteresis loops have been plotted as normalized
intensity values.

FM and AFM domain images were acquired at 110 K with
X-PEEM at BL11.0.1 of the ALS. In this imaging technique, x
rays impinged on the sample at a 30◦ grazing incidence angle
from the [010] substrate direction [see Fig. 6(a)]. For FM
domain imaging, the x-ray energy was fixed to the maximum
Mn L3-edge XMCD intensity, and two images were captured
with rcp and lcp x rays. The ratio between these two images
isolated the FM contrast from topographical and work func-
tion contrast. For AFM domain imaging, two images were
captured at the Fe L2A and L2B photon energies (correspond-
ing to the lower/higher photon energy peaks in the Fe L2

XMLD signal) using s-polarized x rays where the E vector
lies completely on the plane of the sample. An asymmetry
calculation was performed on a pixel-by-pixel basis according
to | L2A−L2B

L2A+L2B
|.

III. RESULTS AND DISCUSSION

A. Surface morphology and structural properties

Representative 5 µm × 5 µm area atomic force microscopy
images of the bilayer samples (see Fig. S1 and Table S1 of the
Supplemental Material [19]) demonstrate that the sample sur-
faces are smooth with surface roughness < 1 nm. Similarly,
clear Kiessig fringes are observed in the XRR spectra (see
Fig. S2) indicating low interfacial roughness of all the bilay-
ers. Due to the similar chemical densities of bulk LSFO and
LSMO (∼6.1 g/cm3 and ∼6.4 g/cm3, respectively), Cu Kα

x rays cannot distinguish between the LSFO and the LSMO
layers, and thus the XRR curves were fit to determine the
total bilayer thickness as tabulated in Table S2. Symmetric
ω-2θ XRD scans (see Fig. S3 [19]) show a clear (002) film
peak from the thicker LSMO layer and Kiessig fringes, in-
dicating the good crystallinity of the bilayers with smooth
interfaces. The peak from the thinner LSFO layers is super-
imposed on top of the LSMO film peak and Kiessig fringes
[19]. The out-of-plane lattice parameters for the LSFO and
LSMO layers were determined by fitting the XRD patterns
using LEPTOS software [18] and are listed in Table S3 [19].
The LSMO out-of-plane lattice parameter remains constant
for all the bilayers, while a weak trend of increasing LSFO
out-of-plane lattice parameter with increasing LSFO thickness
can be observed. Reciprocal space maps (RSMs) around the
asymmetric (103) substrate peak (see Fig. S4) demonstrated
that all the LSMO/LSFO bilayers were epitaxially strained to
the underlying LSAT substrate as substrate and film pseudocu-
bic (103) peaks share the same H value [19].

B. Mn and Fe XA and XMCD spectra

The Mn and Fe L-edge XA spectra for the LSFO/LSMO
bilayers as a function of LSFO layer thickness are shown in
Figs. 1(a) and 1(c), respectively, as well as Fig. 3(b), and they
denote the valence states and local coordination environment
of the Mn and Fe ions in the individual layers. The shoulder
feature of the Mn L3-edge XA curves [upward black arrow
in Fig. 1(a)] is characteristic of mixed Mn3+/Mn4+ valence
states as expected from the Sr-doping level [20]. The similar
shape of all the XA spectra suggests that the Mn valence state

in the LSMO layer (∼85 u.c.) is independent of the LSFO film
thickness. Mirroring the XA spectra, the Mn XMCD spectra
[Fig. 1(b)] demonstrate that the LSMO layers have similar FM
properties regardless of the LSFO layer thickness.

The multiplet structure of the Fe L-edge XA spectra
[Figs. 1(c) and 3(b)] is indicative of a mixed Fe3+ and Fe4+
valence state [21]. Figure 3(b) shows that as the LSFO layer
thickness increases, the L3B peak shifts towards higher en-
ergy by 0.089 eV and both the L3A and L3B peaks become
broader, indicating a small increase in Fe4+ ion concen-
tration [21]. One possible explanation for this trend is the
Mn3+ + Fe4+ → Mn4+ + Fe3+ charge transfer previously re-
ported at (001)-oriented La0.6Sr0.4FeO3/La0.6Sr0.4MnO3 [22]
and La0.7Sr0.3FeO3/LSMO [7] interfaces. The Fe3+ ion con-
centration will appear the highest in the LY signal in the
bilayer with the thinnest LSFO layer as the interfacial vol-
ume is substantial compared to the total volume of the LSFO
layer, and the proportion of this interfacial volume decreases
with increasing LSFO layer thickness. The lack of Fe L-edge
XMCD signal [Fig. 1(d)] indicates the absence of uncompen-
sated Fe moments at the LSFO/LSMO interface.

C. Fe-XA and XMLD spectra

The presence of spin-flop coupling in LSFO/LSMO bi-
layers was probed using two different Fe-XMLD geometries
[see Figs. 2(a) and 3(a)]. In the absence of a magnetic field,
the grazing incidence geometry shown in Fig. 2(a) probes
the AFM nature of the LSFO layers as indicated by the
nonspherical nature of the electron density around the Fe
ions. Due to the cubic symmetry of the LSAT substrate, it
is expected that an equal population of AFM domains exists
with the AFM Néel vector oriented along the in-plane [100]
and [010] directions. For the experimental geometry depicted
in Fig. 2(a), the s-polarized x rays are parallel to the [100]
AFM domains, while p-polarized x rays provide sin(30◦) and
cos(30◦) components with the [010] and [001] AFM domains,
respectively. As a result, the x-ray linear dichroism (XLD)
signal predominantly arises from the [100] AFM domains,
while the contribution from [010] AFM domains is propor-
tionally smaller [23]. Figure 2(c) shows that the Fe-XMLD
signal for the 10 u.c. LSFO/85 u.c. LSMO bilayer maintains
the same spectral shape but increases by a factor of ∼2 upon
the application of the magnetic field. This result confirms the
presence of spin-flop coupling as the magnetic field causes the
reorientation of the AFM Néel vector in the [010] domains to
the [100] direction, resulting in a single domain AFM state
and an increase in the Fe-XMLD intensity. In contrast, if
the Fe and Mn moments were collinearly coupled (i.e., [010]
AFM domains), then the XMLD signal would change sign
compared to the XLD signal.

Fe-XMLD acquisition with the second geometry
[Fig. 3(a)] is necessary to prove that spin-flop coupling
persists regardless of the orientation of the applied magnetic
field. The similar shape of the Fe-XMLD curves from both
XMLD geometries [compare Figs. 2(c) and 3(c)] proves the
presence of spin-flop coupling because in both cases the
XMLD spectrum was calculated as the difference between
XA spectra with E � AFM axis − E � AFM axis. On the
other hand, if the Fe and Mn moments were collinearly
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FIG. 4. (a) Fe L2B − Fe L2A XLD and XMLD intensity obtained from the grazing incidence measurement as a function of LSFO thickness,
(b) Fe L2B − Fe L2A XMLD intensity obtained from the normal incidence measurement as a function of LSFO thickness.

coupled, the XMLD spectrum would have the opposite sign
compared to Fig. 3(c) at both Fe L3 and L2 edges.

To explore the LSFO thickness dependence, Figs. 4(a) and
4(b) plot the maximum XLD and XMLD values at the Fe
L2-edge (i.e., Fe L2B − Fe L2A) obtained using the grazing
incidence [Fig. 2(a)] and normal incidence [Fig. 3(a)] geome-
tries, respectively as a function of LSFO layer thickness. The
grazing incidence Fe-XLD and XMLD plots are included in
Fig. S5 [19]. As the LSFO thickness increases, the dichroic
strength of the XLD/XMLD spectra from both geometries
decrease. The decrease in the dichroic strength with increasing
LSFO thickness measured in the grazing incidence geometry
suggests either (1) an increase in the population of AFM do-
mains with their Néel vector oriented along directions which
are not probed in this measurement geometry (i.e., 〈110〉
substrate directions or with an out-of-plane canting angle
[24,25]) or (2) a decrease in the AFM moment. For the normal
incidence XMLD geometry, an additional factor consists of
an increase in the magnetocrystalline anisotropy energy of
the AFM layer which gradually dominates over the spin-flop
coupling strength with increasing thickness. Since the mag-
netization of ultrathin perovskite oxides have been shown
to increase with increasing film thickness [26], case (2) is
considered unlikely. The weak change in out-of-plane lattice
parameter for the LSFO layer as a function of thickness could
be indicative of an evolution of the orientation of the AFM
Néel vector and will be the subject of future work. Regardless,
spin-flop coupling persists in LSFO/LSMO bilayers even at 50
u.c. LSFO, which surpasses the previously reported critical
AFM layer thickness in La0.7Sr0.3FeO3/LSMO superlattices
with lower Sr doping [7]. The data in Fig. 4 were fit with
parabolic functions and the fits to both measurement geome-
tries predict that the dichroic strength of the Fe-XLD/XMLD
spectra disappear at a common LSFO thickness ∼61 − 65 u.c.
The fitting parameters and the associated goodness of the fits
are included in Table S4 [19].

D. XMCD and XMLD hysteresis loops

Further information on the nature of the coupling between
the FM and AFM moments in the LSFO/LSMO bilayers can
be determined using Mn-XMCD and Fe-XMLD hysteresis
loops shown in Fig. 5. Saturating magnetic fields result in a
single FM domain configuration, and as a consequence, the
spin-flop coupled AFM domains reach a monodomain state
to maintain perpendicular relationship with the FM moments,
thus the XMCD and XMLD values saturate. At the FM co-
ercive field values, the net magnetization of the FM layer is
zero due to formation of domains with their magnetization
oriented along their easy directions. The easy magnetization
direction of LSMO in these bilayers on LSAT substrates was
found to be along 〈100〉 directions in this study (see the
X-PEEM imaging section). Consequently, spin-flop coupled
AFM moments will also be distributed evenly between [100]
and [010] domains to maintain their perpendicular orientation,
thus the XMLD intensity values will deviate furthest from
their saturation values. In Fig. 5, the saturation of XMLD
values at positive and negative saturating field of XMCD loops
indicates a complete reversal of AFM moments with reversing
FM magnetization direction irrespective of LSFO thickness.
However, the peaks of the XMLD loops do not coincide pre-
cisely with the coercive fields of the XMCD hysteresis loops,
but rather lie slightly within the XMCD hysteresis loops (by
∼0.005 T for bilayers with 10 and 20 u.c. LSFO and ∼0.002
T for bilayers with 30 and 40 u.c. LSFO). It was previously
reported that the peaks of the XMLD hysteresis loops coin-
cide with the coercive fields of the XMCD loops in spin-flop
coupled (111)-oriented interfaces in La0.7Sr0.3FeO3/LSMO
superlattices with 9 and 18 u.c. sublayer thicknesses [27].
Thus, in these LSFO/LSMO bilayers, an even distribution
of [100] and [010] AFM domains are achieved by apply-
ing fields that are slightly lower than LSMO’s coercive
field.
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FIG. 5. Normalized Mn-XMCD (black curves) and Fe-XMLD (red curves) hysteresis loops obtained with LY detection from the
LSFO/LSMO bilayers with (a) 10 u.c. LSFO, (b) 20 u.c. LSFO, (c) 30 u.c. LSFO, and (d) 40 u.c. LSFO.

E. X-PEEM imaging

The presence of spin-flop coupling among the FM and
AFM domains in the absence of any external magnetic

field were investigated using X-PEEM imaging (Fig. 6). The
XMCD intensity is proportional to the cosine of the angle
between the helicity vector of the circularly polarized x rays

FIG. 6. (a) Experimental geometry; black arrow denotes the orientation of E vector of s-polarized x rays used for AFM domain imaging
(the coordinate axes show the substrate crystallographic orientations). (b) Mn-FM domain image acquired with circularly polarized x rays and
(c) Fe-AFM domain image acquired with s-polarized x rays for the 20 u.c. LSFO/85 u.c. LSMO bilayer. The purple and green arrows denote
FM and AFM moments, respectively. The red lines highlight the correlation between the FM and AFM domains.
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and the magnetization vector of the FM domains [28]. As-
suming a uniform magnetization throughout the sample, the
bright/dark FM domains of Fig. 6(b) have their magnetization
vectors parallel/antiparallel to the in-plane projection of the
x-ray propagation direction, i.e., the [01̄0] direction, while the
magnetization vectors of the gray FM domains are oriented
perpendicular to the x-ray propagation direction, along the
[100] or [1̄00] directions. Figure 6(c) shows the AFM domain
image captured using s-polarized x rays, where the x-ray E
vector lies completely in the plane of the sample as shown
with the black arrow in Fig. 6(a). The XMLD intensity is
proportional to the cosine squared of the angle between the E
vector and the AFM axis [23]. Therefore, the AFM moments
of the bright and dark AFM domains have an in-plane projec-
tion along [100] and [010] directions, respectively. Elongated
FM domains with alternating dark/bright and gray contrast
are observed in Fig. 6(b) with their long axes approximately
parallel to the [100] substrate direction. Direct correlation
exists between the striped FM and AFM domains shown in
Fig. 6. The AFM domains with bright contrast correspond
to FM domains with dark/bright contrast while the AFM
domains with dark contrast correspond to the FM domains
with gray contrast. Therefore, it can be ascertained that the
FM and AFM domains maintain the perpendicular orientation
as expected for spin-flop coupling.

IV. CONCLUSION

This study showed the presence of spin-flop coupling
at (001)-oriented interfaces of strained LSFO/LSMO bilay-
ers. By increasing the Sr doping from x = 0.3 to 0.5 in

La1−xSrxFeO3, spin-flop coupling was found to persist beyond
a LSFO thickness of 50 u.c. and is predicted to vanish at ∼65
u.c. In contrast, for x = 0.3, spin-flop coupling was found
to disappear before the La0.7Sr0.3FeO3 thickness reached 18
u.c. [7]. The strength of spin-flop coupling in LSFO/LSMO
bilayers decreased with increasing LSFO thickness, possibly
due to the fact that the magnetocrystalline anisotropy strength
of the LSFO layer increases with thickness and gradually
dominates over spin-flop coupling. Mn L2,3 XA spectra re-
vealed that the valence state of the Mn ions and FM properties
of the LSMO layer were not affected by the thickness of
the AFM LSFO layer. Fe L2,3 XA indicated a small increase
in Fe4+/Fe3+ ratio in the AFM layer with increasing LSFO
thickness. X-PEEM imaging showed domain-by-domain cor-
relation between the FM and AFM moments dictated by
spin-flop coupling. The FM and AFM domains had striped
patterns with the long axis oriented along one of the in-plane
〈100〉 substrate directions. Understanding of the domain struc-
tures and valence states of Mn and Fe ions in spin-flop coupled
LSFO/LSMO bilayers together with high critical AFM thick-
ness for spin-flop coupling makes LSFO/LSMO a promising
system to conduct spin transport measurements through the
AFM layer which is crucial for developing AFM spintronics.
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Korecki, and T. Ślęzak, Spin-flop coupling induced large
coercivity enhancement in Fe/FeRh/W(110) bilayers across
ferromagnetic–antiferromagnetic phase transition of FeRh al-
loy, J. Magn. Magn. Mater. 498, 166258 (2020).
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