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Interfaces of ferroic oxides can show complex magnetic textures which have strong impact on spintronics
devices. This has been demonstrated recently for interfaces with insulating antiferromagnets such as BiFeOs;.

Here, noncollinear spin textures which can be switched in very low magnetic field are reported for conducting
ferromagnetic bilayers of Lag;Sro3MnO3-SrRuO; (LSMO-SRO). The magnetic order and switching are
fundamentally different for bilayers coherently grown in reversed stacking sequence. The SRO top layer forms
a persistent exchange spring which is antiferromagnetically coupled to LSMO and drives switching in low fields

of a few milliteslas. Density functional theory reveals the crucial impact of the interface termination on the
strength of Mn-Ru exchange coupling across the interface. The observation of an exchange spring agrees with
ultrastrong coupling for the MnO, /SrO termination. Our results demonstrate low-field switching of noncollinear
spin textures at an interface between conducting oxides, opening a pathway for manipulating and utilizing

electron transport phenomena in controlled spin textures at oxide interfaces.

DOI: 10.1103/PhysRevB.99.024416

I. INTRODUCTION

Coupling of magnetic layers across interfaces in thin-
film heterostructures is a key property for magnetic sensors,
spintronics, and data storage devices. Both exchange and
Dzyaloshinskii Moriya (DM) interactions can alter the mag-
netic order at interfaces. As a consequence, various func-
tional properties of magnetic interfaces can be controlled
through engineering magnetic interfacial interactions. This
kind of approach is often utilized for interfaces in thin-film
heterostructures of metals and alloys [1,2], while it is yet little
exploited for complex oxides. Recent examples are the selec-
tion of electronic spin polarization in tunnel junctions with a
LaFeOj; barrier [3,4] and the impact of interfacial magnetism
on the exchange bias exerted by magnetoelectric BiFeO;
[5-7]. For both interface types, an insulating antiferromag-
net (LaFeQOj3, BiFeOs3) shows induced in-plane magnetization
at the interface to a ferromagnet (Laj7Srp3MnQOs3). On the
other hand, strong DM interaction has been suggested for the
SrRuOj3/SrlrO; interface where the heavy Ir ion induces sub-
stantial spin-orbit coupling, resulting in the observation of an
(electrically tunable) topological Hall effect (THE) attributed
to the formation of noncoplanar interfacial spin textures [8,9].
The magnetocrystalline anisotropy, the other vital parameter
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governing spin textures, has been revealed to depend on the
coherent rotations of oxygen octahedrons at interfaces of
A BOs;-perovskite-type magnetic oxides (with metals A, B)
[10-16]. In general, it is yet rarely known or predictable,
which magnetic textures arise at coherent oxide interfaces and
how they can be systematically controlled. Here, we present
an investigation on interfaces between two prototype con-
ducting ferromagnets, StfRuO3 and Lag 751y 3MnOs3, which are
often used in device heterostructures. Noncollinear interfacial
magnetism is found to appear in distinctly different forms
depending on the growth sequence of the layers, profoundly
changing magnetic switching and the resulting exchange-bias
characteristics. The Lag7Srg3MnO3/SrRuO; (LSMO/SRO)
interface [17-27] has been a focus of interest for some years
because of the unusually large interfacial antiferromagnetic
coupling. Originally, Ke er al. reported on an exchange-
bias effect in bilayers of the soft ferromagnet LSMO and
the hard ferromagnet SRO [17]. Very large exchange-bias
fields of several teslas and low-temperature magnetization
loops of peculiar shape were found for coherent superlat-
tices of [SRO/LSMO],,/STO(001) with layer thicknesses of
a few unit cells and interfaces showing very low interdif-
fusion [18,20-22]. In such superlattices, a depth-dependent
magnetization reorientation in SRO near the interface with
LSMO was detected in neutron depolarization measurements
and the presence of an exchange spring has been suggested
[24]. We investigate the element-specific magnetic switch-
ing employing x-ray magnetic circular dichroism (XMCD)
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measurements [19,28,29] in bilayers to gain a clearer un-
derstanding of element-specific magnetic order. We analyze
the magnetic hysteresis of Mn and Ru moments derived
from field-dependent XMCD spectra of LSMO-SRO bilayers
grown coherently on SrTiO3(001) in either sequence. Mag-
netic switching and remanent interfacial magnetic textures
are distinctly different for both cases and feature noncollinear
spin orders of either Ru or Mn, respectively. Strikingly, for
the SRO top layer, SRO as hard-magnetic bulk material is
found to form a persistent exchange spring switchable in low
magnetic field of a few milliteslas (mT). Results from density
functional theory indicate strongly different magnitudes of
Mn-Ru interfacial exchange coupling for the two chemical
interface terminations. The appearance of the exchange spring
is in agreement with the case of stronger coupling for the
MnO, /SrO termination. Additionally, the interfacial magnetic
anisotropy of both top layers in the bilayers is altered, con-
tributing to the formation of the noncollinear interfacial spin
textures.

II. EXPERIMENT

Lag7Srp3MnO3; (LSMO) and SrRuO; (SRO) layers have
been grown on SrTiO3(001) substrates by pulsed laser de-
position (PLD) using an excimer laser with a 248-nm wave-
length and a PLD chamber (Surface GmbH) with high-
pressure reflection high-energy electron diffraction (RHEED)
facility. The single-crystalline SrTiOz (STO) substrates were
terminated with TiO,. The growth temperature, laser energy
density, and oxygen pressure were 700°C, 0.3J/cm?, and
0.2 mbar, respectively. After growth, samples were annealed
for 1 h in oxygen of 200 mbar. (More details on sample
growth are described in the Supplemental Material [30]; also
see Refs. [31,32].) Coherent growth of both layers, LSMO
and SRO, on STO(001) with an in-plane lattice parame-
ter of a =3.905A has been confirmed by x-ray diffrac-
tion and high-resolution scanning transmission electron mi-
croscopy (STEM). STEM using high-angle annular dark field
(HAADF) Z contrast and electron energy loss spectroscopy
(EELS) have been applied to analyze the atomic interface
structure. The XMCD experiments were performed at the
BL29 BOREAS beamline at the ALBA synchrotron radiation
facility. The x-ray absorption was measured using circular
polarized light with the photon spin parallel (o) or antipar-
allel (o~) with respect to the magnetic field. The spectra
were collected with the beam in grazing incidence (20° to
the film surface and with H || to the incoming x-ray beam)
and in normal incidence (x-ray beam and H_L film surface)
[28]. The degree of circular polarization delivered by the
Apple II-type elliptical undulator was 70% for the Ru L edge
and close to 100% for the Mn L edge. The spectra were
recorded using the total electron yield method (by measuring
the sample drain current) in a chamber with a vacuum base
pressure of 2 x 1071 mbar. The XMCD data were measured
at T = 60 K after cooling the samples in a field of 3 T. The
Ru-XMCD hysteresis loops were obtained by measuring the
Ru L3 edge XMCD spectrum for each value of magnetic field
and integrating the XMCD signal. The Mn-XMCD hysteresis
loops were obtained by measuring, as a function of applied
field, the Mn L3 edge XMCD signal at the energy where
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FIG. 1. Magnetization of SRO/LSMO/STO(001) bilayers with
varied SRO layer thickness (7 — 18 unit cells). (a) Field-dependent
hysteresis at 20 K in magnetic field H||[100]. The dashed line marks
the nominal LSMO magnetization derived from 3.7 ug/Mn. Inset:
Schematic spin orientations in an in-plane field. Note the Ru spin out-
of-plane canting with growing SRO thickness. (b), (c) Temperature-
dependent magnetization of two bilayer samples measured during
warming in 0.1 T after cooling in different cooling fields. In (c), the
magnetization during cooling is also shown.

the XMCD signal is maximum. Magnetization measurements
were conducted in a superconducting quantum interference
device (SQUID) magnetometer.

III. RESULTS AND DISCUSSION

A. Magnetization

Figure 1(a) shows in-plane magnetization loops measured
at 10 K, H||[100] of bilayer samples with 9-uc LSMO
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bottom layer (uc denoting pseudocubic unit cells) and varied
SRO top layer thickness of dsgo = 7—18 uc. In order to high-
light the effect of increasing SRO thickness, the total magnetic
moment is plotted and compared to the value expected for
collinear LSMO [dashed line in Fig. 1(a)]. For 7 and 10 uc of
SRO, the magnetization loops are free of hysteresis and show
no saturation up to 5 T. The magnetic moment is below that
of a single LSMO layer at 0.5 T and larger than that at 5 T,
reflecting a gradual reversible rotation of Ru spins in the field
[as depicted in the inset of Fig. 1(a)]. Note that a breaking
of the antiferromagnetic Mn-Ru interfacial coupling would
reveal itself as a transition associated with irreversibility.
Hence, the magnetic moment of Ru appears to be rigidly
coupled to the Mn moment at the interface in magnetic fields
below 5 T. This behavior is characteristic of the field-induced
reversible rotation in an exchange spring [33-35]. Upon in-
creasing the SRO thickness, a hysteretic transition appears
in all bilayers with dsgo > 14 uc [Fig. 1(a)]. With increasing

dsgro, the transition field decreases from ~2 T to lower values.
This is in agreement with field-driven reversal of an upper part
of the SRO which is exchange coupled to the fixed interfacial
SRO layer. (The transition does not result from reversing the
magnetization of the complete SRO film—an interpretation
found in all previous studies where collinear SRO magnetic
order was assumed.) Hence, an interfacial SRO layer of about
10 uc thickness seems to form an exchange spring pinned to
the adjacent LSMO layer. Thicker SRO contains an exchange
spring layer (ESL) and a part about 10 uc away from the
interface which appears to behave similarly to coherently
strained SRO on STO(001) and is exchange coupled to the
ESL. This interpretation is consistent with the temperature-
dependent magnetization measured during warming in 0.1 T
after field cooling in different fields [Figs. 1(b) and 1(c)].
The bilayer with 7-uc SRO has even no detectable anomaly
at the Curie temperature of SRO (not far from bulk 72RC ~
150 K), suggesting that the order of Ru magnetic moments
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FIG. 2. Element-resolved magnetic hysteresis of a STRuOs(14 uc)/Lag 7Sry3MnO3(9uc)/SrTiO;(001) bilayer. X-ray absorption spectra at
the Ru L3 and the Mn L, 3 edges in grazing incidence (a) and normal incidence (b) configurations recorded at 60 K in 0.2 T. Ru in-plane (c)
and out-of-plane (e) hysteresis loops and Mn in-plane (d) and out-of-plane (f) hysteresis loops. Intensities are normalized to the maximum
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appears or vanishes gradually with temperature. In contrast, a
distinct anomaly at 728 and a peculiar field-cooling effect is
observed for dsgo = 14—18 uc [Fig. 1(c), for 14 uc]. A larger
cooling field causes smaller total magnetization after removal
of the field at 20 K. Based on the exchange-spring model,
this can be understood as follows. The magnetocrystalline
anisotropy of SRO at 20 K is large enough to pin the top
part of the SRO layer in the positive field direction. The Ru
exchange spring relaxes itself by reversing the soft-magnetic
LSMO layer after removal of the field, leading to the observed
drop of magnetization. The efficiency of this process depends
on the fraction of the SRO top part that was aligned in the
cooling field.

B. XMCD

The element-specific magnetic switching of a sample with
a 14-uc SRO top layer and a 9-uc LSMO bottom layer has
been investigated by measuring field-dependent x-ray mag-
netic circular dichroism (XMCD) at the Mn L,3; and Ru

L, 3 edges with a monochromatic photon beam at grazing
incidence (in-plane component H ||[100]) or normal incidence
(H||[001], out of plane). Figure 2 presents in-plane and
out-of-plane Mn and Ru magnetic hysteresis loops. Most
strikingly, LSMO shows pronounced soft-magnetic reversal
of Mn moments in the plane of the film with a coercive
field of <10mT [Fig. 2(d); we note that the resolution of
magnetic fields below 10 mT is not accurate]. This resembles
the behavior of single LSMO/STO(001) films with in-plane
easy axes [36,37]; however, LSMO is strongly coupled to
SRO here. In the framework of the exchange-spring model,
the easy reversal of LSMO (and the connected Ru ESL) is
rather natural, since the Ru exchange spring relaxes after
removal of an applied field, reversing the rigidly coupled
LSMO Ilayer. Before addressing the Ru hysteresis loops,
we recall the characteristics of SRO/STO(001) single-layer
films: Ferromagnetic loops with large remanence are obtained
in plane and out of plane due to a strong canting of the
Ru moments [28,38]. In the bilayer, the in-plane Ru loop
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FIG. 3. Magnetic hysteresis loops at 60 K of the Lag 7Sro3MnO3(9 uc)/SrRuO;(14 uc)/SrTiO3(001) bilayer. X-ray absorption spectra at
the Ru L3 and the Mn L, 3 edges in grazing incidence (a) and normal incidence (b) configurations recorded at 60 K in 0.2 T. Ru in-plane (c)
and out-of-plane (e) hysteresis loops and Mn in-plane (d) and out-of-plane (f) hysteresis loops. Intensities are normalized to the maximum
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FIG. 4. Noncollinear magnetic order in the LSMO-SRO bilayers during the sweeping of an in-plane magnetic field (H ||[[100]) from large
positive to negative values. Switching fields at 60 K taken from Figs. 2 and 3. Arrows indicate spin orientations, with graded color marking a
gradual spin rotation. Note the stable antiferromagnetic Mn-Ru interfacial coupling in the case of Ru exchange spring. Ru spins are canted out
of plane like in single films on STO(001), apart from the interface region in the upper panel.

[Fig. 2(c)] exhibits a peculiar shape: Starting at the posi-
tive maximum value at 3.5 T, a gradual decrease appears
during the decrease of the field, followed by an increase
when the magnetic field turns negative. In the framework of
the exchange-spring model, this loop shape naturally results
from interfacial Ru moments rigidly coupled antiparallel to
Mn moments. Switching the Mn moments to the negative
orientation brings the interfacial Ru moments back to positive
orientation in a very small field, while the top part of the SRO
aligns only when a larger field of ~1T is applied. The
corresponding Mn out-of-plane hysteresis loop [Fig. 2(f)] has
a very small remanence; hence, the out-of-plane canting of
Mn moments is negligible. Based on the strong 180° antiferro-
magnetic Mn-Ru coupling, this reveals an in-plane orientation
of Ru spins directly at the interface. The reversed character
of the out-of-plane Mn hysteresis loop is a consequence of
the antiferromagnetic exchange coupling to the SRO layer.
The Ru out-of-plane hysteresis loop [Fig. 2(e)] is nearly
rectangular with large remanence, revealing substantial out-
of-plane canting of the SRO top part. The element-resolved
magnetic switching data confirm that the magnetic structure
of the 14-uc-thick SRO top layer is not collinear ferromag-
netism, and instead agree with the suggested exchange-spring
model.

A fundamentally different behavior is found if lay-
ers are coherently grown in the reversed sequence of
LSMO/SRO/STO(001), keeping all other parameters fixed.
Figure 3 presents XMCD data like those of Fig. 2 for the
reversed-layer sample type. Here, the Ru in-plane [Fig. 3(c)]
and out-of-plane [Fig. 3(e)] magnetization loops are typi-
cal ferromagnetic ones with a large remanence, indicating
canted out-of-plane orientation of Ru moments. Besides the
larger coercive fields attributed to the antiferromagnetic in-
terfacial coupling to LSMO, the Ru switching is consistent
with previous magnetization [38] and XMCD [28] data of
single-layer coherently grown SRO/STO(001) films. The Mn
in-plane hysteresis loop [Fig. 3(d)] has an inverted character;
i.e., it shows negative remanence after application of +3.5 T.

This reflects the antiferromagnetic Mn-Ru interface coupling,
since Ru moments have positive remanence and drive Mn
moments to the negative in-plane direction at zero field.
More strikingly, the out-of-plane Mn hysteresis [Fig. 3(f)]
has substantial remanence, revealing an out-of-plane canting
of Mn moments. Single coherently strained LSMO/STO(001)
films have magnetic in-plane easy axes [36,37]. Hence, the
magnetic anisotropy of the LSMO layer has been altered in
this sample type as a consequence of interfacial coupling
to SRO. It is likely that far from the interface the mag-
netic anisotropy of LSMO is identical to coherently strained
single-layer LSMO/STO(001). Thus, Mn spins experience a
disturbance of the collinear ferromagnetic order at this type
of LSMO-SRO interface. Note that the XMCD intensity of
Mn comes close to the same saturated value of 40%—-45%
in a large field in Figs. 2 and 3, reflecting the restoration of
the collinear ferromagnetic order of Mn moments in large
fields. There is a weak (stronger) dip of the Mn-XMCD signal
in Fig. 3(d) [Fig. 3(f)] where Ru spins are switched. This
indicates a slight canting away of Mn spins from the field
direction due to the antiferromagnetic coupling with Ru spins.
We find no evidence for a Mn ESL in this bilayer type: The
XMCD results can be accounted for considering a variable
canting of Mn moments. Interestingly, both bilayer cases have
in common that the interfacial magnetic anisotropy of the fop
layer is distinctly different from that of a coherently strained
single film (further discussed below).

The magnetic structure of the LSMO-SRO bilayers in a
magnetic field applied in plane (H |[[100]) and swept from
+3.5 T to —3.5 T is schematically summarized in Fig. 4. In
case of the SRO top layer, a Ru exchange spring is formed.
Antiferromagnetic interfacial coupling is stable in the applied
field range. Hence, switching occurs inside the Ru exchange-
spring layer (ESL). At remanence, the exchange spring is
relaxed, and the relaxation happens in a very small field
(£10mT). In the case of the LSMO top layer, Mn shows
variable canting at the interface, dependent on the orientation
of Ru spins. Antiferromagnetic interfacial coupling is weaker
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FIG. 5. Density functional theory of layer-resolved magnetic moments, spin densities, and charge transfer at the interface for MnO, /SrO
termination (left) and RuO,/La 75130 termination (right). (a), (b) Structure model used as a periodic superlattice for calculations. (c), (d)
Layer-resolved magnetic moments. Inset: atomically resolved spin density distribution with red/blue denoting spin-up and spin-down densities.
Note the higher spin density in (c) at the oxygen ion between Mn and Ru. (e), (f) Interfacial excess charge (in positive elementary charges per

atom) for all involved metal ions. Colors agree with (a), (b).

and overcome near —1 T at 60 K. Interface-far parts of the
top layers return to the magnetic order of coherently strained
(sufficiently thick) single films.

C. Density functional theory

The appearance of an exchange spring in STRuO3 which is
hard magnetic in its bulk form is quite striking and implies
the fulfillment of two preconditions: (i) Interfacial Mn-Ru
exchange coupling is strong and (ii) interfacial magnetic
anisotropy in SRO is low enough. The magnetic coupling at
the LSMO-SRO interface has been studied using ab initio
electronic structure calculations based on density functional
theory (described in more detail in the Supplemental Material
[30], also see Refs. [39-43]). A Green’s function method
within a multiple scattering theory has been used for cal-
culating magnetic moments and exchange coupling [39,44].

We consider superlattices consisting of 8 uc of LSMO, 8
uc of SRO, and 4 uc of STO [Figs. 5(a) and 5(b)] in or-
der to account for a potential impact of the STO substrate.
In particular, the effect of MnO,/SrO or RuQO,/Lagy7Sry30
interface terminations on the strength of exchange coupling
has been addressed. (In the periodic superlattice, all interface
terminations have been changed accordingly; i.e., only full
unit cells of each material appear.) We find that the calculated
next-neighbor coupling constant J between Mn and Ru across
the interface is larger by a factor of about 3 for the MnO, /SrO
termination (Table I). The value of J = —13.3 meV obtained
for this interface is even similar in magnitude to the (positive)
J value derived for the interior of LSMO. This supports the
idea of a rigid Mn-O-Ru coupling at a MnO, /SrO-terminated
interface. Additionally, the difference of the total energy (AE)
between the states with antiferromagnetic or ferromagnetic
coupling of the LSMO and SRO layers across the interface has
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TABLE I. Termination-dependent exchange coupling between
Lag7Srp3MnO; and SrRuO; from density functional theory. Differ-
ence AE = Eapy—Epy of the total energy for ferromagnetic (Egy)
or antiferromagnetic (Eapm) coupling across the interface, and next-
neighbor exchange coupling constant J between Mn and Ru.

Termination AE (meV) J (meV)
MnQO,/SrO —71.5 —13.3
RuO,/Lag 781030 —15.1 —4.5

been determined (Table I). The even fivefold value of AFE for
the MnO, /SrO termination confirms the much higher stability
of the antiferromagnetic coupling for this termination. These
results suggest that the antiferromagnetic coupling is consid-
erably stronger for the interface terminated as MnO,/SrO.
Further, the transferred electronic charge at the interfaces has
been evaluated [Figs. 5(e) and 5(f)]. The charge transfer does
not exceed 0.15 elementary charges for each metal cation
(Mn, Ru, Sr, La) at both interfaces and causes weak changes
of magnetic moments. On the other hand, our calculation
indicates that the spin density at the oxygen ion between Ru
and Mn is considerably larger at the MnO, /SrO-terminated
interface than at the RuQO;/Lag7Sry3O-terminated interface
[Figs. 5(c) and 5(d)], pointing towards a plausible origin of
the strong coupling. In conclusion, our DFT results suggest
a strong impact of the atomic interface termination on the
interfacial exchange coupling. In particular, the presence of
very strong antiferromagnetic coupling is derived for the

@O e0
o
c

STO(001)

MnO, /SrO-terminated LSMO-SRO interface. It is interesting
to emphasize, in the light of these results, that the experimen-
tal demonstration of the appearance of two distinct exchange
coupling strengths in a LSMO-SRO bilayer by Solignac et al.
[23] might be related to a coexistence of both interfacial
terminations in their sample.

D. STEM

The DFT results have revealed a strong sensitivity of the
actual antiferromagnetic coupling strength with respect to the
atomic composition of the LSMO-SRO interface. Several of
our samples have been investigated by STEM using both mass
contrast (HAADF-Z contrast [22]) and EELS for characteriz-
ing the interface composition with atomic layer resolution. In
HAADF-Z contrast, the intensity at an atomic column grows
approximately with the square of the atomic number Z. Since
atomic numbers are 38 (Sr) and 51 (Lag;Srp3) for A site
atoms and 25 (Mn) and 44 (Ru) for B site atoms, elemental
Z contrast for the LSMO/SRO interface is strong for both
A and B sites, allowing one to derive meaningful data for
interfacial intermixing from HAADF contrast. We note that
interdiffusion occurs only within the same sublattice in the
present system because of the strongly different ionic radii
at A and B sites. The bulk intensity values of Mn, Ru, Sr,
and Lag7Srp3 columns have been estimated by averaging
intensities at atomic positions in a distance of more than 3 uc
from the interface (Fig. 6, dashed lines). For SRO grown
on LSMO (Fig. 6, left panel), the intensity profile along a

STO(001)

FIG. 6. STEM Z contrast images obtained in high-angle annular dark field (HAADF) mode. The red line in the upper panels marks the
position of the line scans shown in the lower panels. Dashed lines indicate averaged interface-far values (explained in the text). The left
interface is MnO, /SrO terminated; the right interface is RuO, /Laj 751y 3O terminated.
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line (indicated in red) crossing all types of atomic columns
clearly shows a MnO,-SrO-terminated interface. Mn and Sr
intensities at the interface are in agreement with the bulk
intensity values within the error range (~10%). For LSMO
on top of SRO (Fig. 6, right panel), a RuO,-(La,Sr)O inter-
face is clearly visible, even though it shows some moderate
interdiffusion. The Mn peak next to the interface is larger
than in the bulk, while the Ru site at the interface is slightly
reduced in intensity, both indicating some Mn/Ru intermixing.
Intermixing at the A sites is below the resolution limit in
these HAADF images. Averaging over parallel lines crossing
the interface in different places confirms the results shown in
Fig. 6. Summarizing our HAADF data, they indicate conser-
vation of the B site termination from the Ti-terminated sub-
strate to the respective LSMO-SRO interface, with a varying
degree of interdiffusion which is low enough not to destroy
the type of termination. This implies MnO, /SrO termination
for SRO/LSMO/STO(001) and RuO,/Lay7Srp30 termina-
tion for LSMO/SRO/STO(001). We note that the experimen-
tally found RuO;/Lay7Srp30 termination is not expected,
since SrO termination has been reported for the surface of
SRO/STO(001) films as a result of a termination conversion
in the initial growth stage of SRO on STO(001) [45]. In
general, the chemical stability of an interface may differ from
that of a free surface, and this may even depend on growth
conditions. We are aware of a report of a different termina-
tion of LSMO/SRO/STO(001) at the LSMO/SRO interface
in the work of Yu et al. [46]. On the other hand, Ref. [21]
finds the same interface terminations as in our work in a
Pry7Cap3MnO;3/SRO superlattice.

The RuO;/Lag 75130 termination of our bilayers is also
confirmed by electron energy loss spectroscopy (EELS) data
collected across the interfaces in another sample pair grown
at the same growth conditions. Detailed measurements have
been performed on the aberration corrected Titan QuantEM
microscope of the EMAT laboratory in Antwerp, Belgium;
the microscope was operated at 300 kV for imaging and
120 kV for EELS spectroscopy. Figure 7 shows represen-
tative element-specific line scans for both sample types ob-
tained from the indicated spectrum images. The composi-
tion of atomic planes at the LSMO-SRO interface in the
SRO/LSMO/STO(001) sample (upper panel) is as follows:
The last MnO, plane contains about 25 4= 5% Ru, and the
subsequent SrO plane is rather equally mixed with La like in
Srp.sLagsO. Hence, stronger interdiffusion is notable in this
sample than in that one used for the HAADF image where
clear MnO,/SrO termination had been confirmed (Fig. 6).
The substrate interface in this sample shows substantial in-
termixing: The first MnO; plane contains around 50% of Ti
diffused into the growing film, and Ti is still notable in the
second MnO; plane. This might be the reason for the stronger
intermixing of subsequent interfaces. The composition of
atomic planes in the LSMO/SRO/STO(001) sample (lower
panel) is as follows. At the interface to the top LSMO layer,
Sr and La peaks are very well defined and indicate a low level
of A site interdiffusion. In the intermediate B site plane, Ru
dominates and contains around 25 £ 5% Mn. This confirms
the RuO; termination for this interface type with moderate
Mn admixture. The substrate interface again shows some Ti

diffusion into the growing (SRO) film, but it is weaker than
in the other bilayer type. Profiles in Figs. 7(c) and 7(f) are
the results of two-dimensional (2D) Gaussian fitting of each
atomic column intensity averaged line by line over 30 unit
cells from a HAADF image taken in the same region as
the EELS measurement. These are in perfect agreement with
the EELS chemical profile proving that the line-scan EELS
measurement is representative of the sample over a large
region.

Concluding from the STEM results, our LSMO/
SRO/STO(001) bilayers have a dominating RuO,/
Lag7Srp30 termination of the LSMO-SRO interface, with
varying degree of intermixing depending on sample specifics.
This interface termination has been predicted by DFT to show
moderate antiferromagnetic coupling. In agreement with that,
we observe exchange-bias characteristics and breaking of the
interfacial coupling in a field of the order of 1 T (at 60 K,
Fig. 4). SRO/LSMO/STO(001) bilayers have a dominating
MnO,/SrO termination of the LSMO-SRO interface, again
with a varying degree of intermixing among samples. This
interface termination induces a very strong antiferromagnetic
coupling according to our DFT results. This agrees with the
presence of an exchange spring in this type of bilayer. On the
other hand, one expects the actual level of interdiffusion to
affect the exchange-spring formation.

IV. FURTHER DISCUSSION AND CONCLUSIONS

Regarding the second precondition for the formation of
an exchange spring, the sufficiently low magnetic anisotropy
energy, an altered interfacial SRO magnetic anisotropy, must
be present. Nonbulklike anisotropy is observed in both re-
spective top layers at the interface with the bottom layer:
The SRO top layer shows in-plane interfacial magnetization,
whereas the LSMO top layer has canted interfacial Mn mo-
ments. The weakening of the interfacial magnetic anisotropy
in SRO is likely to be linked to an orthorhombic/tetragonal
structural instability of SRO which occurs at a tensile strain
of ~1% [47-49] (not realized here) or as consequence of a
volume expansion of 1%-1.5% [50]. Such volume expansion
is possible as a result of light cation interdiffusion or an
interfacial oxygen vacancy concentration [51]. Alternatively,
the transfer of octahedral rotations [10-16] from the bot-
tom into the top layer may be the driving mechanism. To
discriminate between these potential mechanisms requires
more extended STEM work or an improved general un-
derstanding of the interfacial transfer of oxygen octahedral
rotations.

For devices of oxide spintronics, the presence of an
exchange-spring layer is vitally important. For instance, the
exchange-bias function can be completely suppressed, as is
obvious in the easy switching of the LSMO soft-magnetic
layer coupled to hard-magnetic SRO for the exchange-
spring case (Fig. 2). Further, the interfacial spin texture
affects electrical transport with regard to electronic spin
polarization and effects caused by topologically nontrivial
spin arrangements (see below). The reported general fea-
tures are unlikely to be restricted to the LSMO-SRO inter-
face, since strong exchange coupling may occur at further
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FIG. 7. STEM electron energy loss (EELS) spectroscopy of both interface types. Upper panel: SRO/LSMO/STO(001); lower panel:
LSMO/SRO/STO(001). The indicated spectrum image (a), (d) is used to derive the element profiles shown in the right panel (b), (e),
respectively. Dashed orange lines mark the interface positions. Panels (c), (f) present the results of a 2D Gaussian fitting of each atomic
position over a 30 unit cell region for the A site atomic columns (black and red curves) and the B site atomic columns (blue and green).

oxide interfaces. Indeed, exchange-spring behavior had al-
ready been suggested in Lay 7Sty 3MnOj3 /Lag 7Srg3Co05 [52]
and Fe;04/CoFe;04 [53]. On the other hand, noncollinear
interfacial spin textures are highly promising for spintron-
ics functionalities. For the studied system with a SRO top
layer, a spin valve can be envisaged where a magnetic field

of a few mT can set the SRO spin texture into four dif-
ferent states, exploiting the biaxial in-plane easy axes of
LSMO and the large switching field of the hard-magnetic
top SRO part. Such a device can serve for fundamental in-
vestigations of the electron transport through switchable non-
collinear spin textures in strongly correlated electron systems.
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Some of the resulting Ru spin textures are noncoplanar and
thus have nonvanishing scalar spin chirality [54]. Hence, a
topological Hall effect is expected to occur. In agreement
with this expectation, a recent report on the Hall effect of
LSMO-SRO bilayers shows features tentatively attributed to
the THE [27]. In the future, understanding and manipulat-
ing interfacial spin textures in oxides offers tremendous po-
tential for designing domain walls and magnetic skyrmions
like in metallic heterostructures [1,2], but with the addi-
tional control parameters offered by complex oxides (like
electric-field control for lower energy consumption) and faster
operation.
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