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1. Introduction

Magnetic order at interfaces often deviates from that of bulk
materials. For coherent interfaces of perovskite-type oxides ABO3

with metals A and B, the interfacial magnetic order is yet often
unknown. Like at interfaces between metallic ferromagnets,
magnetic anisotropy, exchange, and Dzyaloshinskii–Moriya (DM)
couplings across the interface are essential for the interfacial spin
structure.[1,2] There are, however, more chemical and structural
parameters affecting interfacial magnetic coupling and anisotropy
than in metals. Recently, experimental evidence has been accumu-
lated, revealing a crucial impact of the collective rotations of oxygen
octahedrons (OOR) on interfacial magnetic anisotropy: near an

interface, the rotation pattern can be differ-
ent from both components’ bulk rotation
patterns[3] and cause altered interfacial
magnetic anisotropy.[4,5] The exchange cou-
pling depends on OOR and on the atomic
interface composition (e.g., see the study
by Das et al.[6]). This includes effects of
the chemical termination of both compo-
nents (ABO3-A * B *O3 can be terminated
like AO-B *O2 or BO2-A *O), intermixing
and vacancy accumulation.[7] Strong DM
coupling is expected at interfaces containing
heavier metal ions; it has been suggested for
the SrIrO3–SrRuO3 (SRO) interface.[8,9]

Recently, the control of DM interaction in
SRO by interfacing with ferroelectric BaTiO3 has been sug-
gested.[10] In addition, there are electronic degrees of freedom:
charge transfer across the interface may alter or induce magnetic
moments,[11] and orbital occupation of d orbitals may
deviate from bulk,[12,13] resulting in altered exchange coupling.

These many parameters have, thus far, hampered the devel-
opment of a comprehensive view, enabling the general control
of oxide interfacial spin textures. However, there are a few
well-studied interfaces. The earliest among them was
La0.7Sr0.3MnO3–SrTiO3 (LSMO–STO) between a ferromagnet
and a diamagnet; this interface is essential for magnetic tunnel
junctions with the (near) half-metal LSMO.[14] It shows an unde-
sirable loss of ferromagnetic order at the interface with increas-
ing temperature, related to intermixing and charge transfer.[15]

The latter can induce a magnetic Ti moment.[11] Another well-
studied example is LSMO–BiFeO3,

[16,17] where the magnetoelec-
tric antiferromagnet BiFeO3 is used for an electrically controlla-
ble exchange bias and shows an induced interfacial Fe magnetic
moment antiparallel to Mn.

In this work, the investigated coherent interface is between
two ferromagnets, LSMO and SRO. This interface has received
substantial interest as in previous studies,[6,7,18–23] mostly
because of its very strong Mn–O–Ru exchange coupling which
is antiferromagnetic. There is a strong exchange bias effect
on LSMO switching, which depends—even in sign—on the
“frozen-in” orientation of interfacial Ru magnetic moments.[22]

The freezing of Ru spins results from the strong increase in
SRO magnetocrystalline anisotropy at low temperatures. Early
work assumed collinear ferromagnetic order in both components,
however, an enlarged in-plane Ru magnetic moment at interfaces
has been derived by Kim et al. from neutron depolarization
data.[23] In the bulk of SRO layers grown at the coherent in-plane
lattice parameter of 3.905 Å, Ru has a canted out-of-plane
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The conducting oxide ferromagnets SrRuO3 (SRO) and La0.7Sr0.3MnO3 (LSMO)
form a Ru exchange spring at a coherent low-interdiffusion interface grown on
TiO2-terminated SrTiO3(STO)(001) substrates as SRO(d)/LSMO/STO(001)
bilayers. Field- and temperature-dependent magnetization data with systemati-
cally varied thickness d of SRO from 7 to 18 unit cells (uc) indicate a thickness of
10–14 uc of the exchange spring which governs magnetic switching and causes
thickness-dependent field-cooling effects. Mn L3 edge X-ray magnetic circular
dichroism (XMCD) data reveal the dominating in-plane orientation of interfacial
spins. In low magnetic fields, noncoplanar, topologically nontrivial spin textures
arise and can be switched, driven by the Zeeman energy of the LSMO layer.
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orientation.[24] Therefore, the existence of an interfacial exchange
spring was suggested.[23] Exchange spring formation was also con-
sidered for other oxide interfaces,[24] including LSMO/
La0.7Sr0.3CoO3.

[25] In our recent work,[6] we demonstrate the exis-
tence of different types of LSMO–SRO interfaces in coherent
LSMO/SRO bilayers on TiO2-terminated STO(001) substrates.
They form depending on chemical interface termination and
growth sequence. The case of SRO/LSMO/STO(001) samples
shows dominating MnO2–SRO interface termination and very
strong antiferromagnetic Mn–Ru coupling across the interface,
in agreement with density functional theory calculations. For this
type of bilayer, an exchange spring in SRO at the interface has
been derived. Here, we analyze the exchange spring characteristics
depending on SRO layer thickness using magnetization measure-
ments. We suggest a configuration of the interfacial spin structure
and discuss its impact on magnetic switching as well as further
implications of such spin structures.

2. Results and Discussion

In Figure 1, the spin configuration of the exchange spring
in LSMO–SRO bilayers is presented as a starting point; it had
been derived in our previous work.[6] At the interface, the 180�

antiferromagnetic exchange coupling of Mn and Ru moments
is “rigid” in the applied fields (<5 T). The LSMO layer has a col-
linear ferromagnetic orientation of Mn moments. The SRO
moments are oriented in plane at the interface, whereas with
increasing distance from the interface, the out-of-plane canting
of Ru moments develops, which is typical for strained bulk-like
SRO/STO(001) (a¼ 3.905 Å). The canting angle depends on tem-
perature as a consequence of minimizing the sum of themagneto-
crystalline anisotropy energy and magnetostatic energy.[26] This
“relaxed state” of the exchange spring is present if the applied
in-plane magnetic field (H) is smaller than a switching field
(HS). Upon application of a larger field H>HS (right panel of

Figure 1), the magnetization of LSMO is oriented along the field
direction. Due to the much larger magnetic anisotropy of bulk-like
SRO, the magnetization of the upper part of the (sufficiently thick)
SRO layer is unchanged, apart from a weak rotation toward the
field direction. The interfacial Ru moments remain coupled to
LSMO, forming a twisted exchange spring with the upper
part of the layer. This arrangement of magnetic moments in
the in-plane field is noncoplanar. The required switching field
between the magnetic structures in the left and right panels of
Figure 1, i.e., between relaxed and twisted states of the exchange
spring, is of the order of 10mT.[6] Relaxing or twisting the Ru
exchange spring is driven by the balance of magnetic anisotropy
energy plus the exchange energy in SRO and the bilayer’s Zeeman
energy in the applied field which is dominated by the LSMO layer.
(The latter has negligible magnetic anisotropy energy in compari-
son with SRO.) We note that the presence of an exchange spring
in SRO implies strong suppression of magnetic anisotropy at the
interface, which will be discussed later. Second, the in-plane ori-
entation of Ru moments at the interface will be justified in the
discussion of Figure 6. The interfacial spin order in SRO resem-
bles a Bloch wall with gradually increasing out-of-plane canting
(Figure 1). An interesting question which remains presently unan-
swered concerns possible chirality of the Ru spin rotation in the
exchange spring. Chirality might be induced by Dzyaloshinskii–
Moriya interaction in the interface near SRO.

In the following, the cooling-field-dependent magnetization
behavior resulting from different thicknesses of the SRO layer
is discussed step wise. It is important to be aware of the fact that
the applied magnetic field (<5 T) is not large enough to reach a
domain-free state of the SRO layer. Therefore, the measured
magnitudes of magnetization do not belong to a domain-free
state; hence, all observed changes are smaller than those
expected for a laterally uniform magnetization.

For the bilayer with the thinnest SRO top layer [7 unit cell (uc)
SRO and 9 uc LSMO], the magnetic hysteresis loop M(H)
measured along an in-plane [100] direction at 10 K after field cool-
ing in 3 T and the temperature-dependent magnetization M(T )
warming curve after cooling in 0.5 T or 3 T are shown in
Figure 2. The hysteretic behavior of M(H) is weak (Figure 2a),
with small coercive fields of 10� 2mT (inset of Figure 2a). No
transition in larger fields up to 5 T has been observed. The hori-
zontal line marks the saturated magnetic moment expected
for 9 uc LSMO with collinear ferromagnetic order (3.7 μB/Mn).
The M(H) loop can be understood in a way that the Ru spins
reversibly, rotating toward the field direction, whereas the inter-
face retains the antiferromagnetic coupling of SRO and LSMO.
After reduction of the field, the rotation of Ru spins is fully revers-
ible. Reversibility is also shown in temperature-dependent data,
irrespective of the cooling field (0.5 or 3 T); subsequently mea-
sured M(T ) warming curves are identical within the error range
(Figure 2b). This again indicates the absence of any “frozen-in”
spins which is in contrast to the case of thicker SRO layers
(discussed next). M(T ) presents another surprising feature: no
transition at the Curie temperature of SRO (below 150 K) is
detectable. The ordering of Ru spins may occur rather gradually
in a temperature interval. According to density functional theory
calculations of the exchange coupling strength between Ru and
Mn,[6] the MnO2–SrO-terminated interface has an extremely large
next-neighbor coupling constant of J¼ 13meV, comparable

Figure 1. Scheme of the exchange spring at the SRO (top, red)/LSMO
(bottom, blue) interface in an in-plane magnetic field. The relaxed state
in small fields below the switching field HS (left) and the twisted state
in fields above HS.
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with the internal coupling in LSMO. We speculate that this may
drive Ru spin ordering at the interface first, possibly even above
the bulk Tc of SRO. Subsequently, it gradually extends into the
SRO layer during cooling.

The case of the next-thicker SRO layer (10 uc) is shown in
Figure 3. While the M(H) loop up to 5 T shows again weak
hysteresis and nearly coincides with the loop for 7 uc SRO
(Figure 2a), coercive fields are slightly larger and, now, an impact
of the cooling field is clearly visible (Figure 3a). Cooling in 5 T
(�5 T) aligns the majority of Ru spins with the in-plane field,
causing an exchange-bias field of μ0HEB¼ 7.5mT (�8.1 mT)
for the reversal of LSMO magnetization (plus the coupled inter-
facial SRO). In contrast, the cooling field of 1 T (�1 T) is not
sufficient to align most Ru spins in the field direction, but
they align antiparallel to Mn spins and the applied field, causing
an exchange-bias field of μ0HEB¼�17mT (16.8 mT), i.e., of
opposite sign. These findings qualitatively agree with the
cooling-field-dependent exchange bias reported by Ke et al. in
bilayers of larger thicknesses.[22] The coercive fields coincide with
the switching fields Hs for relaxing the exchange spring after
application of a large field. In agreement with the presence of
frozen-in Ru spins, the M(T ) measurements (Figure 3b) reveal
an impact of the cooling field, too. The magnetization was mea-
sured both during cooling in several different fields, shown in
Figure 3b, and during subsequent warming in 0.1 T. The TC
of SRO is visible as the splitting point of cooling and warming

curves near 140 K. There is a kink in warming curves near
T2� 80 K where all warming curves meet. (This cannot be the
SRO Curie temperature, as will be clearer below: samples with
thicker SRO layers show both anomalies at T2 and Tc

SRO in a
distinct way, as shown in Figure 4b.) As a general observation
from M(T ), the larger the cooling field, the lower the magneti-
zation at 10 K after reducing the field to 0.1 T. This is a
consequence of the frozen-in Ru spins aligned with the field
during cooling: the 10 uc SRO layer is thick enough to keep
its upper part aligned due to the large magnetic anisotropy at
10 K, whereas the exchange spring relaxes and reverses the
low-anisotropy LSMO layer. This also leads to the origin of
the T2 anomaly: when starting the warming measurement at
T< T2, the LSMO magnetization points to a negative direction
after cooling in large fields (3 T), whereas at the meeting point
with the 0.1 T curve, it must be back to the positive direction
which is present in the low-field (0.1 T) measurements during
cooling and warming. Hence, a 180� reorientation of LSMO takes
place below T2, driven by the Zeeman energy and the drop of SRO
magnetic anisotropy with increasing temperature. This hypothesis
is further supported as follows, where T2 depending on the warm-
ing field is analyzed (Figure 5b). Note again that domains must be
present in addition to the interfacial exchange spring, because the
magnitude of the switching magnetization is much too small for a
laterally uniform layer magnetization; the described mechanism

Figure 2. a) Field-dependent and b) temperature-dependent magnetiza-
tions (along an in-plane 100 direction) of a sample with 7 uc SRO. The
dashed red line marks the saturated magnetization of the 9 uc LSMO layer
alone.

Figure 3. a) Field-dependent and b) temperature-dependent magnetiza-
tions after field cooling in the indicated fields (along an in-plane
100 direction) of a sample with 10 uc SRO. b) contains data measured
during cooling, too (dashed lines). For 0.1 T, cooling and warming curves
coincide.
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takes place in a fraction of the bilayer volume. Finally, we consider
the even thicker SRO top layer of 14 uc (Figure 4). M(T ) curves
resemble those of the 10 uc SRO sample (Figure 3b). In addition,
a clear kink is now visible at the SRO Curie temperature of
�140 K. The second anomaly appears at T2¼ 105 K.

Figure 5a,b shows data on the reorientation transition at
T2 for the impact of the SRO layer thickness (Figure 5a) and
the magnetic field (HW) applied during M(T ) warming runs
(Figure 5b). For 7 uc SRO, no T2 exists (T2¼ 0). For 14–20 uc
SRO, T2 seems to saturate near 115 K in 0.1 T for 9 uc
LSMO. We insert an additional point with slightly thinner
LSMO of 8 uc to visualize the possible scattering of T2 values
among samples; naturally, the T2 value for 8 uc LSMO must be
larger than for 9 uc. For 10 uc SRO, the exchange spring is dis-
tinctly weaker than for thicker SRO, allowing Zeeman energy to
drive the LSMO reorientation at lower temperature (�85 K). As
T2 saturates above 14 uc (5.5 nm) SRO, it seems to be the maxi-
mum thickness of the exchange spring. In agreement with the
Zeeman energy argument, a larger measuring field reduces T2
linearly within a certain range of field and temperature
(Figure 5b). This linear trend cannot go on to low temperatures
(like 10 K), as it does not include the growth of SRO magnetic
anisotropy. The slope of T2(HW) is larger, the thicker the
LSMO layer is, in agreement with the Zeeman energy change.
Curves for the same SRO thickness (of 10 uc) and different
LSMO thicknesses meet at the same point for HW¼ 0, as the

SRO exchange spring is identical. In contrast, the thicker SRO
layer (14 uc) has a larger extrapolated T2 forHW¼ 0. These obser-
vations are consistent with our interpretation given earlier.

X-ray magnetic circular dichroism (XMCD) magnetization
loops of Mn recorded at 60 K perpendicular to the film plane
(along [001]) (Figure 6a) and in “grazing incidence” (20�) “along”
[100] (Figure 6b) for a 14 uc SRO/9 uc LSMO sample support the
exchange spring configuration introduced earlier. (Ru XMCD
hysteresis loops have been reported in the study by Das
et al.[6]) The out-of-plane loop (Figure 6a) is essentially that of
Mn spins rotating out of the film plane in the vertical field.
As a consequence of the dominating positive Ru spin direction
after field cooling in 3 T, the Mn hysteresis loop runs with oppo-
site sense, showing a small negative remanence. The remanent
out-of-plane magnetization is very small, below 10% of the satu-
rated value. As the remanence of Ru spins is large[6] and Mn and
Ru are rigidly coupled at the interface, domains can be excluded
as the source of the small out-of-plane Mn remanence. Therefore,
Mn spins lie essentially in the film plane. This allows us to con-
clude on interfacial Ru spins whichmust lie in the film plane, too,
as a consequence of the very strong antiferromagnetic Mn–Ru
coupling. For the in-plane Mn hysteresis (Figure 6b), one notes
the very narrow loop at 60 K, with coercive fields of <10mT,
which is below the error of the field measurement. The Mn spin
reversal occurs when the field-dependent Zeeman energy of
LSMO is not large enough to keep the exchange spring twisted.

Spin structures like that in the twisted exchange spring
(Figure 1, right panel) may induce topological andmagnetoelectric

Figure 4. a) Field-dependent and b) temperature-dependent magnetiza-
tions after field cooling in the indicated fields (along an in-plane 100 direc-
tion) of a sample with 14 uc SRO. Data measured during cooling are
included as dashed lines. For 0.1 T, cooling and warming curves coincide.

Figure 5. Spin reorientation temperature T2 as a function of a) SRO thick-
ness and b) magnetic field during temperature-dependent magnetization
measurement.
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phenomena. The twisted spin configuration fulfills the
criterion of Nagaosa et al. for being topologically nontrivial,
which requires neighboring spins to be noncoplanar, i.e.,
(Si� Sj)·Sk 6¼ 0.[27] Electrical transport effects like the topological
Hall effect might occur. At present, the question on chirality of
the twisted exchange spring is open; sufficient spin–orbit coupling
in SRO would be able to induce DM interaction associated
with chirality. There is increasing evidence for substantial DM
interaction in SRO in the recent study by Wang et al.[10] and refer-
ences therein. We note that the magnitude of the field required to
twist the exchange spring can be tuned by the thickness of the
coupled LSMO layer which drives the switching by Zeeman
energy. In contrast, the twisted exchange spring would be associ-
ated with electric polarization according to the relation introduced
by Katsura et al., P∝ eij� (Si� Sj) with the electric polarization
vector P, neighboring spins Si and Sj, and their connecting unit
vector eij.

[28] This is one of the well-known driving mechanisms
of type II (bulk) multiferroics. A Bloch wall-type spin arrangement
causes no polarization, but the additional gradual out-of-plane
canting of Ru spins results in nonzero polarization. As SRO is
a good conductor, polarization screening is expected to occur.
This hampers polarization control by an electric field in the
present samples, but if an insulating oxide ferromagnet would
form a similar exchange spring, this may open another pathway
for electric control of interfacial spin structures.

Why does SRO form an exchange spring? One necessary
precondition is strong interfacial exchange coupling. Density
functional theory calculations have shown a decisive impact of
the chemical interface termination on coupling strength, with

very strong coupling at an (interdiffusion-free) MnO2-terminated
interface and moderate coupling at an ideal RuO2-terminated
interface.[6] Hence, depending on chemical composition of the
interface, the coupling between layers varies substantially. Our
SRO/LSMO/STO(001) films show dominating MnO2 termina-
tion with moderate intermixing,[6] providing the strong coupling
needed for an exchange spring. The second precondition is suf-
ficiently small magnetic anisotropy in the interface near SRO.
This is in striking contrast with the large bulk magnetocrystalline
anisotropy of SRO. Therefore, the logical consequence is a
strongly reduced interfacial anisotropy in SRO. We speculate that
a structural instability of SRO between an orthorhombic and a
tetragonal phase is involved such that SRO has a tetragonal
structure at the interface and reduced anisotropy in an elastic
“crossover range,” connecting the orthorhombic top part of
thicker (≥14 uc) SRO films. The difference between the two
structural phases manifests itself in the OOR.[29,30] These rota-
tions are likely to evolve gradually from the interface into the
depth of the SRO layer, supporting the idea of a range with weak
anisotropy, as easy axes change directions between the two
phases. The tetragonal SRO phase is well known to appear in
the following cases: 1) under a coherent tensile strain of
�1%,[29] 2) under a volume increase of 1–2%,[31] and 3) in super-
lattices with ultrathin SRO layers and Pr0.7Ca0.3MnO3 as the
second component.[32] The coherent strain of SRO in our bilayers
is weakly compressive on STO(001), excluding case (1). An inter-
facial increase in the unit cell volume by 1–2% is easily possible,
if some vacancies exist at the interface. Transfer of octahedral
rotations between LSMO and SRO, probably underlying case (3),
is another possibility. A better understanding of this last mecha-
nism, which is generally active at oxide interfaces, is necessary to
identify the true source of interfacial tetragonal SRO symmetry
in our samples.

In conclusion, we investigated coherent interfaces between
two oxide ferromagnets, LSMO and SRO, of the specific type
where an exchange spring is present and governs magnetic
switching. The exchange spring enables low-field switching
of topologically nontrivial spin textures. In an insulating
oxide, such interfacial spin structures would induce electrical
polarization like in type II multiferroics. One of the parameters
responsible for the formation of the exchange spring is the very
strong Mn–O–Ru exchange coupling at the MnO2-terminated
interface.[6] The moderate interfacial magnetic anisotropy of
SRO required for an exchange spring is suggested to result from
a symmetry change of SRO from tetragonal at the interface to
orthorhombic away from the interface. Provided there is suffi-
ciently strong exchange coupling (and, if required, a structurally
supported anisotropy suppression), other oxide interfaces may
show similar interfacial spin structures. For device operation,
such interfacial spin structures are a challenge, as they funda-
mentally alter magnetic switching, exchange bias, and the spin
of tunneling electrons, among others. As a promising aspect,
they offer a yet little explored terrain for topology-based or
magnetoelectric functionalities of oxide interfaces.

3. Experimental Section
LSMO and SRO layers were grown on STO(001) substrates by pulsed

laser deposition (PLD) in the sequence of SRO/LSMO/STO(001) using

Figure 6. Mn-XMCD magnetization loops measured at 60 K along the
a) out-of-plane [001] direction and an b) in-plane [100] direction (under
20� tilt) at the Mn L3 edge absorption maximum. Intensity normalized
to the value at the absorption maximum.
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an excimer laser with 248 nm wavelength and a PLD chamber (Surface
GmbH) with high-pressure reflection high-energy electron diffraction
(RHEED) facility. The single-crystalline STO substrates were terminated with
TiO2. The growth temperature, laser energy density, and oxygen pressure
were 700 �C, 0.3 J cm�2, and 0.2mbar, respectively. After growth, samples
were annealed for 1 h in oxygen of 200mbar. Coherent growth of both
layers, LSMO and SRO, on STO(001) with in-plane lattice parameter of
a¼ 3.905 Å was confirmed by X-ray diffraction. LSMO–SRO interfaces
showed very low intermixing, as characterized by high-resolution scanning
transmission electron microscopy (STEM) in a previous study.[6]

Magnetization measurements were carried out in a superconducting quan-
tum interference device (SQUID) magnetometer. The strong diamagnetic
substrate contribution was eliminated from field-dependent magnetization
M(H) through the following procedure: the high-field slope dM/dH deter-
mined between 4 and 5 T was assigned to the diamagnetic susceptibility χ,
and Msub¼ χH was subtracted from magnetization data. (This procedure
also eliminated a high-field response from the film.) In temperature-
dependent magnetization curves, the constant diamagnetic contribution
was determined above 300 K and substrated. The XMCD experiments were
carried out at the BL29 BOREAS beamline at the ALBA synchrotron radiation
facility. X-ray absorption wasmeasured using circular polarized light with the
photon spin parallel (σþ) or antiparallel (σ�) with respect to the magnetic
field. The field direction was equal to the beam direction. Spectra were
collected with the beam in normal incidence (along the pseudocubic 001
direction) and along the 100 in-plane direction with a 20� out-of-plane
tilting.[33] 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� 10�10mbar at T¼ 60 K, after the samples had been cooled
in a field of 3 T. The Mn-XMCD hysteresis loops were obtained by measur-
ing, as a function of applied field, theMn L3 edge XMCD signal at the energy
where the XMCD signal was maximum.
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