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Competing interactions at the interface between ferromagnetic oxides revealed by spin-polarized
neutron reflectometry
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We have investigated the magnetization profiles in superlattices composed of the two ferromagnets
Lay7Sro3MnO; and SrRuOj; using spin-polarized neutron reflectometry. In combination with magnetometry,
the neutron data indicate a noncollinear spin configuration where orientation of the Ru moments changes from
in plane at the interface to out of plane deep inside the SrRuOj; layers. The spin structure originates in a
competition between antiferromagnetic exchange interactions of Mn and Ru moments across the interface, and
the magnetocrystalline anisotropy of the Ru moments, and it is closely related to the “exchange spring” structures
previously observed in multilayers composed of ferromagnetic elements and alloys.
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The magnetotransport properties of metallic ferromagnetic
oxides such as Lag7(Sr,Ca)y3sMnO3; and SrRuO3 have been
the subject of a large-scale research effort.'> Recent advances
in the synthesis of oxide-based heterostructures have now
opened up perspectives for the controlled manipulation of
the magnetic properties of these compounds, and for the
transfer of ferromagnetic spin polarization into other mate-
rials. Ferromagnetic oxides have thus been incorporated in
heterostructures with a large variety of materials including
high-temperature superconductors,® multiferroics,”'® and
carbon nanotubes.!' The electronic properties of such het-
erostructures are determined by the complex interplay between
a multitude of parameters including the charge-carrier density,
spin and orbital polarization, lattice distortions, and disorder,
all of which are in general different from those in the
constituent bulk materials. Since these parameters are difficult
to probe in an interface-specific manner, current research
efforts aimed at a quantitative description of the interfacial
electronic properties require simple model systems in which
the influence of individual parameters can be determined
separately.

Recent experiments have identified epitaxial superlattices
(SLs) composed of the two ferromagnets Lag7Sro3;MnO;
(LSMO; bulk Curie temperature TéSMO = 364 K, Ref. 12)
and SrRuO; (SRO; bulk TSRO = 163 K, Ref. 13) as interesting
model systems in which the influence of magnetic interactions
is dominant.'*!> Both materials share the same pseudocubic
lattice structure, and they are metallic and orbitally degenerate
at all temperatures. One therefore does not expect modulations
of the charge-carrier density or interfacial orbital or lattice
polarization to play major roles. Magnetometric measurements
on LSMO/SRO SLs with 2-nm-thick LSMO and 5-nm-thick
SRO layers (henceforth SL2/5) revealed an isotropically
reduced net magnetization for T < TSRO, suggesting anti-
ferromagnetic (AFM) interlayer exchange coupling (Fig. 1).
The out-of-plane magnetization at low temperatures increases
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with increasing thickness of the SRO layers. Data on SL2/8
samples showed a suppressed magnetization for magnetic
fields applied in the SL plane only, whereas the magnetization
in a perpendicular field increases upon cooling below TSRO,
The thickness-dependent magnetic properties have been inter-
preted as evidence of competing magnetic interactions at the
interface. 416

Motivated by these results, we have carried out a specular
polarized neutron reflectivity (PNR) study of the magneti-
zation profiles in SL2/5 and SL2/8, comprising 15 bilayer
repetitions, which were synthesized under identical conditions
as those in Refs. 14 and 15. The uniform magnetization of our
samples was found to be consistent with those of Refs. 14
and 15. The structural properties of the SLs were probed
by x-ray reflectometry with radiation of wavelength 1.54 A.
Figure 2 shows the reflected x-ray intensity as a function of
momentum transfer g, perpendicular to the SL plane, along
with the results of least-squares fits performed with the GenX
code.!” Since previously reported electron microscopy data
showed that the interfaces between LSMO and SRO are
affected by Mn-Ru intermixing over 1-3 unit cells across the
interface,'®20 we used two different structure models: model
1 without and model 2 with intermixing layers between the
LSMO and SRO layers. The fitting parameters were each
layer’s thickness, interface roughness, and scattering length
density (SLD). The SLDs of the LSMO and SRO layers were
constrained to be within 10% from the bulk values, while
the intermixing layer’s value was free to vary. The fitting
parameters for the inner 14 bilayers of LSMO and SRO were
constrained to be identical, while those of the LSMO layer
adjacent to the substrate and of the SRO surface layer were
allowed to vary independently. The figure of merit (FOM)
function is defined by ﬁ > log(Iobs) — log(Icarc)|, where N
is the number of points and Iy, (Icarc) iS the experimental
(calculated) reflected intensity. The layer thicknesses obtained
from the best fits (where each FOM value is less than 0.1)
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FIG. 1. (Color online) Magnetization curves of superlattices
(a) SL2/5 and (b) SL2/8 with 0.1 T.

are listed in Table I. The roughnesses of the topmost layers of
SL2/5 and SL2/8 are 4.6 and 1.9 A, respectively.

Even though model 1 generates correct Bragg peak posi-
tions [Figs. 2(a) and 2(b)], it fails to reproduce their intensities,
in particular, for the higher orders which are highly sensitive to
the LSMO/SRO interface. For instance, the fifth-order Bragg
peak should be suppressed if the thickness ratio of the LSMO
and SRO layers is 1:4. The disagreement can be resolved
by including an intermixing layer, as realized in model 2
[Figs. 2(c) and 2(d)]. The thickness of the intermixing layers
is about 6 A, and the obtained SLD of the intermixing layers
is the average value of the SLDs of LSMO and SRO (bottom
rows in Figs. 3, 4 and 5). This is consistent with the electron
microscopy data of Ref. 18, which were taken on small sections
of similar specimens. Our results confirm that intermixing is
present at interfaces throughout the SL sample.

The PNR measurements were performed at the time-of-
flight neutron reflectometer AMOR at SINQ (Paul Scherrer
Institute, Villigen, Switzerland) and the angle-dispersive neu-
tron reflectometer NREX at FRM-II (Garching, Germany). At
AMOR the incidence angles were 0.5°, 1°, 2°, and 4°. At
NREX the neutron wavelength was set to A = 4.32 A and both
polarizer and analyzer were used for observing non-spin-flip
channels (Rt and R~~, which originate from the nuclear
structure and the in-plane magnetic components parallel to the
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FIG. 2. (Color online) Hard x-ray reflectivity data of SL2/5

[(a) and (c)] and SL2/8 [(b) and (d)]. The insets in (b) and (d) show
a magnified view around the fifth SL Bragg peak.

RAPID COMMUNICATIONS

PHYSICAL REVIEW B 86, 180402(R) (2012)

TABLE 1. Layer thicknesses obtained from the fits. Errors are
given in parentheses. The errors are calculated as a 5% increase in
the optimal FOM, which is described in the text.

Model 1 Model 2
(a)SL2/5 (b)SL2/8 (c)SL2/5 (d)SL2/8
Top SRO 47.1(7) 74.4(4) 46.8(8) 68.0(9)
LSMO 24.7(4) 20.6(2) 21.7(4) 18.9(3)
Intermixing 5.9(1) 5.5(2)
SRO 55.8(5) 72.2(2) 47.2(3) 62.8(6)
Bottom LSMO 25.5(5) 25.5(5) 24.8(5) 21.8(3)

applied field) and spin-flip signals (R*~ and R~™, which arise
from the in-plane magnetization perpendicular to the field). For
both measurements, the samples were mounted in closed-cycle
refrigerators, and the external magnetic field H was applied
perpendicular to the scattering plane and parallel to the film
surface [sketch in Fig. 6(f)]. The measurements were carried
outin H = 0.1 T after field cooling in the same magnetic field.
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FIG. 3. (Color online) Polarized neutron reflectivity results on
SL2/5 and SL2/8 at 300 K [(a) and (c)] and 170 K [(b) and (d)]. Red
and blue points indicate the non-spin-flip R** and R~ reflectivities,
respectively. The experimental data are presented by symbols, while
the lines are the results of fits described in the text. The structural
and magnetic depth profiles of one bilayer corresponding to each
temperature are shown below each fit. Dark gray regions indicate the
intermixing layers.
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FIG. 4. (Color online) PNR spectra of SL2/5 at 3 K. Each panel shows the fitting result obtained from the magnetic depth profile of one
bilayer shown below each fit, which is described in the text. The symbols and colors were used in the same way as in Fig. 3.

Figures 3(a) and 3(b) show PNR spectra of SL2/5 at 300
and 170 K. At 300 K, the Bragg reflections in the R*™
and R~ profiles have comparable intensities. At 7 = 170 K
(> TCSRO), a clear difference between the intensities of the
R*" and R~ reflections at the first and second SL Bragg
peaks is observed. We carried out fits, keeping the structural
parameters previously obtained by x-ray reflectivity fixed, with
the magnetic SLD of LSMO being the only free parameter
[Figs. 3(a) and 3(b)]. The values of the moments were restricted
not to exceed 4 per Mn ion. In addition, the total magnetic
moment obtained from all fits was constrained to be consistent
with the magnetometric data at the respective temperature in
Fig. 1 (0.09u5/Mn at 300 K and 2.18u5/Mn at 170 K). The
results indicate that at 300 K, the FM ordered in-plane moment
is small, consistent with TCLSMO ~ 300 K (somewhat reduced
from the bulk value) determined by magnetometry. The
moment increases upon cooling, inducing a clear difference
between the R** and R~ signals at 170 K where SRO is still
paramagnetic.'®1>

At 3 K < TSRO where the magnetic moments in the SRO
layers couple antiferromagnetically to the ones in LSMO,
there are even bigger differences between the R and R™~
signals in a wide range of g, (Fig. 4). For the fit of these
data, the free parameters of the magnetic SLDs of the SRO
and intermixing layers were additionally included, and the

in-plane FM moment amplitude of SRO was restricted not to
exceed 2 g per Ru ion. Also, the total magnetic moment was
constrained to be consistent with 0.06.4 5 per Mn ion obtained
from the magnetometric data at 3 K. As a starting point, we
have constrained the magnetic profiles of SRO and intermixing
layers to be homogeneous. As shown in Fig. 4(a), models
incorporating this constraint provide poor fits especially for
the first Bragg peak. To improve the fits, we allowed the
magnetization of the SRO and of the intermixing layers to
vary. The enhanced magnetization at the LSMO/SRO interface
provides a well matched fit [Fig. 4(b)], while a magnetic model
with a suppressed magnetization near the interfaces [Fig. 4(c)]
and a sizable in-plane magnetization deep inside the SRO
layer failed to yield satisfactory agreement with the data.
To understand the enhanced magnetization at the interface
and to further refine our fit, we used a model with a varied
magnetization within the SRO layer. The SRO layers were
divided into nine sublayers whose thicknesses and magnetic
SLDs were constrained to be symmetric with respect to the
center of a SRO layer. As shown in Fig. 4(d), with increasing
distance from an intermixing layer in this magnetic model,
the magnitude of the in-plane magnetization is reduced to
almost zero within a range of ~15 A around the center of
the SRO layers. Compared to Fig. 4(b), this model provides
an improved fit in the vicinity of the second-order peak. The
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FIG. 5. (Color online) PNR results on SL2/8 at 3 K. The symbols and colors were used in the same way as in Fig. 3. The magnetic depth
profile at each temperature is given in the bottom row. The sketch shows a schematic of the spin configuration below T$RO.
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FIG. 6. (Color online) (a)—(c) Non-spin-flip and spin-flip spectra
(symbols) and fits results (lines) on SL2/8. The symbols and colors
were used in the same way as in Fig. 3. The polarization efficiency
of 98.5% was considered for all fits. (d) Spin-flip data (symbol) and
Gaussian fits (lines) at several temperatures at the first Bragg peaks.
(e) The integral intensities of the spin-flip signal in (d) as a function
of temperature. Red stars show the calculated values described in the
text. (f) Diagram of the scattering geometry.

enhanced magnetization at the interface is thus required to
fully describe the PNR data.

Analogous measurements and data analysis were performed
on SL2/8. As shown in Figs. 3(c) and 3(d), the experimental
PNR data and calculated results at 300 and 170 K show
a similar behavior as those for the SL2/5 system. The
total magnetic moments in the model calculations were
constrained to 0.24 5 /Mn at 300K, 2.21u 5 /Mn at 170 K, and
0.75up/Mn at 3 K [Fig. 1(b)]. To analyze the data at 3 K, we
tested similar magnetization profiles as for the SL2/5 system
shown in Fig. 4. The three models with homogeneous SRO
magnetization produce equally poor fits at the second-order
SL peak, irrespective of the magnetization assumed in the
intermixing layer [Figs. 5(a)-5(c)]. In contrast, this peak is
significantly better fitted by a magnetization profile with an
enhanced magnetization at the interface and a modulation in
the SRO layer [Fig. 5(d)] comparable to SL2/5 [Fig. 4(d)].
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Since the field of 0.1 T applied during the PNR mea-
surements is not enough to saturate the LSMO and SRO
magnetization,'* we have measured the spin-flip signals R+~
and R~ which are sensitive to the in-plane magnetic com-
ponents perpendicular to the applied field. Figures 6(a)-6(c)
show the PNR data up to the third SL Bragg peak. Upon
cooling from room temperature, the intensity of the spin-flip
signal at the first Bragg peak increases, and at 3 K it is
comparable to R**. The spin-flip intensity is proportional
to (3, pjsin ¢; exp/:U~1)2 where p; is the magnetic SLD
of the jth layer and ¢; is the angle between the direction of
the magnetic field and the magnetic vector in the jth layers.
The results of fits with this model are presented as lines in the
figure. Figures 6(d) and 6(e) present the spin-flip signal and
its integrated intensity at the first Bragg peak as a function
of temperature. The stars in Fig. 6(e) represent the calculated
values obtained from the fits with ¢ = 30° in all layers. Despite
its simplicity, this assumption leads to a good fit. This means
that the in-plane magnetic moments of the Mn and Ru ions are
30° canted from the field, and there is no modulation along the
direction perpendicular to the field.

While PNR is only sensitive to the in-plane component
of the magnetic moments, the combination of PNR and
magnetometry data yields a comprehensive picture of the
magnetization profile. We can thus attribute the enhanced out-
of-plane magnetization of both samples at low temperatures to
the inside of the SRO layers, where the in-plane magnetization
vanishes [Figs. 4(d) and 5(d)]. This implies a noncollinear
magnetization profile as shown in the inset of Fig. 5. The
origin of the noncollinearity is the competition between
the antiferromagnetic Ru-Mn exchange coupling across the
interface, which forces the Ru moments to coalign with the
in-plane Mn at the interface, and the magnetocrystalline
anisotropy of the Ru moments, which induces out-of-plane
alignment away from the interfaces. The resulting spin
configuration is similar to the “exchange spring” structures
observed in multilayers composed of ferromagnetic elements
or alloys with different coercivities.?!>* Since the magne-
totransport properties of ferromagnetic SRO have recently
commanded considerable attention,” the ability to generate
and manipulate such structures at epitaxial interfaces opens
up interesting perspectives for spintronic device applications.
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