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in electronics.[11] Whereas homojunctions 
are prevalent in conventional semicon-
ductor electronics because of a distinct set 
of advantages (including ease of fabrica-
tion and reduced structural and electronic 
disorder), they have received comparatively 
little attention in oxide electronics. How-
ever, recent work on ferroelectric titanate 
homostructures[12] has demonstrated that 
surprisingly complex vortex superstruc-
tures with noncollinear polar moments 
can emerge in structurally and chemically 
simple multilayer systems.

Motivated by these developments, we 
have used spin-polarized neutron reflec-
tometry and diffraction to investigate 
the magnetic structure in La1−xSrxMnO3 
(LSMO) homojunction arrays with alter-
nating composition (x = 0.4 and 0.8). The 
phase diagram of bulk LSMO (Figure  1a) 

has been the subject of numerous investigations especially in 
view of the “colossal” magnetoresistance in the ferromagnetic 
(FM) regime centered at x ≈ 0.3, and ferromagnetic LSMO layers 
are one of the most common components of oxide heterostruc-
tures.[1] Prior studies of LaMnO3–SrMnO3 homojunctions have 
uncovered thickness-induced metal–insulator transitions,[13] spa-
tially modulated ferromagnetism,[14–16] and an enhancement of 
antiferromagnetic order compared to bulk LSMO.[17] Our experi-
ments on La0.6Sr0.4MnO3–La0.2Sr0.8MnO3 homostructures with a 
comparatively small modulation of the doping level have uncov-
ered complex magnetic “fan” superstructures without any ana-
logue in bulk manganites, in qualitative analogy to the ferroelec-
tric vortices in the titanates. These structures are characterized 
by emergent periodicity twice as large as the superlattice unit 
cell, analogous to synthetic antiferromagnetism in elemental 
superlattices,[18] and are fully long-range ordered, despite the 
gradual variation of the doping level created by interdiffusion of 
Sr dopant ions. The high susceptibility of the noncollinear spin 
alignment to external magnetic fields holds promise for appli-
cations in the emerging field of noncollinear spintronics[19] and 
for superconducting spin valves.[20,21]

2. Results

LSMO homojunction arrays were grown by ozone-assisted 
molecular beam epitaxy. The Sr concentration was varied 

Devices with tunable magnetic noncollinearity are important components 
of superconducting electronics and spintronics, but they typically require 
epitaxial integration of several complex materials. The spin-polarized neutron 
reflectometry measurements on La1−xSrxMnO3 homojunction arrays with 
modulated Sr concentration reported herein have led to the discovery of 
magnetic fan structures with highly noncollinear alignment of Mn spins and 
an emergent periodicity twice as large as the array’s unit cell. The neutron 
data show that these magnetic superstructures can be fully long-range 
ordered, despite the gradual modulation of the doping level created by charge 
transfer and chemical intermixing. The degree of noncollinearity can be 
effectively adjusted by low magnetic fields. Notwithstanding their chemical 
and structural simplicity, oxide homojunctions thus show considerable 
promise as a platform for tunable complex magnetism and as a powerful 
design element of spintronic devices.

Research Article

1. Introduction

Oxide heterojunctions exhibit a large variety of charge, spin, and 
orbital reconstructions,[1–10] with multifold potential applications 
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between the nominal values x  = 0.4 (which in the bulk is a 
half-metallic ferromagnet) and overdoped x  = 0.8 (an insu-
lating C-type antiferromagnet, AF, in the bulk), as shown in 
Figure 1b. The thickness of the FM layer, d, was kept constant 
at 9 monolayers (MLs; 1 ML = 3.87 Å), while the thickness 
of the AF layer was varied in the range of n = 2–9 MLs. The 
supercell unit (s.c.u.) composed of the FM layer and the AF 
spacer was repeated ten times, with the exception of sample 
N6 which was repeated eight times. Throughout the article, 
we refer to the samples according to the thickness of their 
spacer layer; for instance, N6 denotes the sample with n = 6.

The superlattices (SLs) were initially characterized by X-ray 
structural depth profiling. Figure  1c shows a representative 
X-ray reflectivity (XRR) curve for sample N6. The main observa-
tion, common to all samples, is the presence of superstructural 
Bragg peaks, denoted as (00n)SL, which arise from the periodic 
modulation of the Sr-concentration. Using a model-based fit, we 
obtain the depth profile of the scattering length density (SLD) 
shown as a solid line in Figure  1d. Comparison between two 
models with different values of interfacial diffusion clearly dem-
onstrates the gradual change of the Sr-concentration between 
x = 0.4 and 0.8 (Figure 1c,d). The depth profile indicates Sr-dif-
fusion with a characteristic length scale of 3–4 MLs (≈15 Å).

Polarized neutron reflectometry (PNR) experiments were 
performed to study the depth dependent magnetic proper-
ties of the SLs through the detection and analysis of non-spin 
flip (NSF) and spin flip (SF) scattering in different magnetic 
fields H (see Experimental Section  for details). Figure  2a dis-
plays a representative reflectivity curve of the sample N5 at the 
lowest temperature in the field-saturated state (T = 3 K and H =  
4.5 kOe). The strong superlattice Bragg peak (001)SL is a 
common feature of all samples. In contrast to XRR, however, it 
arises mostly from magnetic contrast rather than the modula-
tion of the Sr concentration, which only results in a marginal 
(<3%) modulation of the neutron SLD.

By fitting the PNR curves to a model that includes the 
nuclear SLD profile attained via XRR, we retrieve the magnetic 
depth profiles (Figure  2b). For the field-saturated sample, the 
magnetization along the applied magnetic field (Mx) shows a 
clear modulation, while the perpendicular component (My) is 
pinned to zero, indicating that the spins are fully aligned along 
the magnetic field direction, as shown by the black arrows 
in Figure  3a. The depth profile of Mx is asymmetric at the 
upper and lower interface, similar to prior observations.[15] It 
is notable that the magnetization does not fall to zero at any 
depth, although no net magnetization is expected a priori in the 
center of the spacer layer, where the nominal doping x  = 0.8 
corresponds to C-type AF order.

The most striking feature was found at low fields (H  = 
100 Oe) and intermediate temperatures (T = 140 K), where a SF 
peak emerges at momentum transfer Q ≈ 0.055 Å−1 (Figure 2c). 

Its momentum-space position, (0 0 
1

2
)SL, indicates a period 

doubling of the magnetic structure. Since this feature appears 
exclusively in the SF channels, we can rule out the formation 
of a collinear synthetic ferri- or antiferromagnet. The corre-
sponding magnetic SLD profile (Figure 2d) shows that the peri-
odicity of the noncollinear component of the magnetization, 
My, is twice the periodicity of the collinear component Mx. The 
data thus imply a noncollinear magnetic structure where the 
spin directions of adjacent FM layers subtend an angle α (black 
arrows in Figure 3b).
Figure  4a compares the SF reflectivities of different sam-

ples at the same magnetic field and temperature. We observed 

(0 0 1

2
)SL peaks in samples N5 and N6, but not in the other 

samples. This is in sharp contrast to the results from SQUID 
magnetometry, where all samples show a similar trend at 
intermediate temperatures (Figure  S1a, Supporting Informa-
tion), highlighting the unique ability of PNR to detect magnetic 

Adv. Mater. 2022, 34, 2202971

Figure 1.  Phase diagram and structural characterization of LSMO homojunctions. a) Bulk phase diagram of La1−xSrxMnO3 with data points taken from 
ref. [22], where m/i stands for metallic/insulating, and PM/FM/AF indicate paramagnetic/ferromagnetic/antiferromagnetic phases. b) Schematic dia-
gram of the SLs and definition of a s.c.u., where the zero is set in the center of the FM layer. c) Measured XRR profile of the sample N6 (light blue), 
best fit curve obtained with a Sr-diffusion model (black), and simulated curve assuming no Sr-diffusion (dashed black). d) SLD depth profile of one 
s.c.u. corresponding to the profiles with (solid black) and without (dashed black) Sr diffusion.
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Figure 2.  Selected PNR data for sample N5. a) PNR of N5 measured at temperature 3 K and in the saturation field of 4.5 kOe, together with the results 
of fits described in the text (solid lines). The SF channels, showing background signal only, are omitted. The inset shows a sketch of the coordinates 
used to describe the experimental setup. b) Magnetic depth profile over 2 s.c.u. at 3 K and 4.5 kOe, showing the component of magnetization Mx 
pointing along the applied field H (blue), and the component My perpendicular to H (red). c) PNR of sample N5 measured at T = 140 K and H = 100 Oe, 
together with fit curves (solid lines). d) Magnetic depth profile over 2 s.c.u. at 140 K and 100 Oe, showing the total magnetization profile (green), as 
well as Mx (blue) and My (red).

Figure 3.  Visualization of the noncollinear magnetic structure. a) Model of the magnetic configuration in sample N5 at 3 K and 4.5 kOe. Each arrow 
represents the average magnetic moment direction of one ML, with black arrows indicating the FM layers, and green and blue arrows the canted AF 
spacer. The projections of the magnetic SLD profile parallel to the applied field Mx (perpendicular to the applied field My) are represented on the left 
(right) wall as blue (red) lines. b) Model of magnetic configuration in sample N5 at 140 K and 100 Oe, showing the doubling of the magnetic structure 
along the y-direction (red line). The definitions of the fan opening angle α and canting angle γ are shown as projections on the bottom plane.
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superstructures. The shape of the (0 0 
1

2
)SL peak provides addi-

tional information on the correlation length of the superstruc-
ture. In sample N5, the peak width is identical to the other 
superstructure peaks, implying complete, long-range correla-
tion between all FM layers. For N6, on the other hand, the peak 
is clearly broader, indicating a degradation of these correlations. 
PNR simulations suggest that only a part of this sample (5 
out of 8 FM layers) is in the fan-like configuration (Figure S2, 
Supporting Information). The presence of uncorrelated FM 
layers is consistent with small steps observed in the hysteresis 
loop of N6 at 140 K (green points in Figure  S1a, Supporting 
Information).

We now focus on sample N5 which displays the sharpest 

(0 0 
1

2
)SL peak. We find that the noncollinear structure is quite 

sensitive to external magnetic fields and shows a remarkable 
dependence on cooling history. The noncollinear alignment 
emerges spontaneously upon zero-field-cooling below Tfan  = 
200 K (Figure 4c). At T = 140 K, the SL peak intensity (Figure 4b) 
and the angle α extracted from the full PNR curves (Figure 4d) 
decrease continuously with increasing field, and a field-aligned 
collinear state is recovered for H ≳ 1 kOe. Field cooling below 
Tfan in 4.5 kOe and subsequent field release to 100 Oe also gen-
erates the noncollinear state, but only for temperatures above 
100 K, where the macroscopic hysteresis loops show soft mag-

netism and small coercivity (Figure  S1a, Supporting Informa-
tion). For field cooling to lower temperatures, the collinear state 
is preserved even when the field is ramped to zero (Figure 4c). 
Finally, Figure  4e shows that the angle α at fixed field also 
depends sensitively on the thickness of the overdoped layer. 
The temperature, field, and composition dependence thus offer 
multifold tuning parameters for the magnetic structure.

3. Discussion

To fully elucidate the nature and origin of the magnetic 
superstructure, we first discuss the origin of the net mag-
netic moment in the AF spacer. PNR data on all SLs under 
saturation conditions (Figure  S3, Supporting Information) 
show that the spacer magnetization approaches zero only for 
the thickest overdoped layers, in samples N8 and N9, while 
it remains nonzero for the remaining samples. This obser-
vation can be partially explained by the interdiffusion of 
dopants between x = 0.4 and 0.8 layers, which spreads out the 
Sr-concentration at the interface. However, chemical inter-
mixing alone is insufficient to explain the nonzero magnetic 
moment of the spacer, because the SLD profile attained from 
XRR (see Figure  S4, Supporting Information) indicates that 
the Sr-doping level at the center of the overdoped layer varies 
between 0.6< x <0.8 for all samples. In bulk LSMO, the A- and 

Adv. Mater. 2022, 34, 2202971

Figure 4.  Characterization of the magnetic superstructure by PNR. a) SF channel measured on different samples at T = 140 K and H = 100 Oe, showing 

the emergence of the (0 0 
1
2

)SL peak for samples N5 and N6. The wave vector Q is quoted in reciprocal superlattice units. The curves are vertically shifted 

for clarity. The solid lines are the results of fits to a model based on stacked FM and AF units. b) Magnetic field dependence of the (0 0 
1
2

)SL peaks of 

samples N5 and N6. c) Temperature dependence of the (0 0 
1
2

)SL peak intensity of sample N5 after cooling in a field of 4.5 kOe (FC) and releasing the 

field to H = 100 Oe (empty circles), and after zero field cooling (ZFC) in a neutron guiding field of H = 5 Oe (full circles). Peak intensities in (b) and 
(c) are defined above background level and normalized to the maximum value found for sample N5. d) Field dependence of the opening angle α for 
N5. e) α versus overdoped layer thickness at 140 K and 100 Oe. The light lines in (b–e) are guides-to-the-eye.
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C-type AF order corresponding to these doping levels do not 
exhibit a net magnetization.

An additional effect that greatly influences the properties of 
oxide homo- and heterojuntions is the transfer of mobile charge 
carriers between adjacent layers.[16,23,24] This effect is expected 
to drain holes from the overdoped spacer and to diminish its 
effective hole-doping, thus gradually transforming the nomi-
nally C-type AF (blue region in Figure 5) into an A-type AF state 
(green) and ultimately into a FM state (red) with decreasing 
thickness of the spacer. We can explain the reduced magnetic 
moment in the spacer of samples N5 and N6 if we assume a 
canting of moments in the A-type AF, as previously reported for 
both bulk manganites[22] and thin films[14,25] around x ≈ 0.5 and 
attributed to competing double-exchange and superexchange 
interactions. The canting angle γ, defined as the angle between 
the moments of two adjacent MLs, was shown to depend on 
the Sr-doping level in thin films[14] such that it varies between 0 
(FM order) and 180° (AF order) for 0.4<x <0.6.

To directly probe canted AF in the thin overdoped spacer, 
we have carried out reference measurements on a 50 nm-thick 
LSMO film with x  = 0.5. Polarized neutron diffraction (PND) 
data at T = 100 K and H = 5 kOe revealed a pronounced peak 

at Q = 0.83 Å−1 corresponding to the (0 0 
1

2
) reflection of LSMO 

(Figure  6a). This peak emerges only in the SF channels, and 
thus signifies the perpendicular orientation of spins with respect 
to the applied field. The clear difference of the R−− and R++ 
channels (Figure  6b) indicates the presence of a net moment, 

directly confirming a canted AF state. Model simulations of this 
PNR curve allowed us to retrieve the net collinear component of 
0.8 µB/Mn atom. Based on a total moment of ≈3.7 µB/Mn atom 
corresponding to the Mn3+/Mn4+ ratio at x = 0.5,[26] this trans-
lates into a canting angle γ = 155°.

Adv. Mater. 2022, 34, 2202971

Figure 5.  Magnetization in the center of the overdoped layer, retrieved 
from PNR data fitting, versus spacer thickness. Colors encode the domi-
nant magnetic order of the spacer. The error bars correspond to a 5% 
increase in the figure of merit of the fit. Inset: Definition of Mmin in the 
magnetic depth profile.

Figure 6.  Reference measurements on the LSMO thin film with x = 0.5. a) AF peak measured by PND in the SF channel at T = 100 K and H = 5 kOe. 
b) PNR profiles at T = 100 K and H = 5 kOe, together with fit curves based on the magnetization profiles in (c). c) Comparison of magnetic depth profiles 
at H = 5 kOe of the N5 superlattice at T = 140 K and of the LSMO film at T = 100 K. d) Comparison of the temperature dependence of the normalized 

intensity of the (0 0 
1
2

)SL peak in N5 and of the (0 0 
1
2

) peak in the LSMO reference film. The curves are vertically shifted for clarity. The dotted lines 

are guides-to-the-eye, the dashed line indicates the Néel temperature, TN, of the LSMO film.
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In Figure  6c, we compare the magnetic profile of the film 
with x = 0.5 and the SL N5 at the same temperature and mag-
netic field. The minimum value of Mx in N5 coincides with 
the one of the single layer, strongly suggesting the presence 
of a canted A-type AF state in the overdoped spacer of the SL. 
Additional evidence comes from the closely similar tempera-

ture dependences of the (0 0 
1

2
)SL reflection of the N5 sample 

and the (0 0 
1

2
) reflection of the x  = 0.5 layer (Figure  6d). In 

particular, the close match between the Néel temperature of 
the AF film, TN  ≈ 225 K, and the onset temperature of the 
fan structure, Tfan, in the SL underscores the common origin 
of both phenomena. Taken together, these findings imply that 
canted A-type antiferromagnetic correlations are present in the 
homojunctions, and that they are intimately related to the for-
mation of the magnetic superstructure. Coupling between FM 
and AF layers via interfacial exchange interactions is expected 
on general grounds, because the A-type AF state is composed of 
monolayers that are ferromagnetically aligned in the SL plane. 
Such a coupling is consistent with a small negative exchange 
bias, which appears below 20 K after field cooling (Figure S1c, 
Supporting Information). In the absence of external magnetic 
fields, these interfacial interactions force the FM layers to 
follow the canted antiferromagnetism in the spacer layers, thus 
generating a period-two superstructure for spacer thicknesses 
for which the net coupling between adjacent FM layers is AF.

Figure 3 schematically illustrates the complete, fan-like spin 
arrangement of the N5 superlattice, comprising both canted 
FM and canted A-type AF correlations that are coupled by inter-
facial exchange interactions. The FM (canted AF) moments are 
represented by black (blue and green) arrows, respectively, and 
their amplitudes are assumed to be identical for simplicity. The 
AF region extends over the nominal thickness of 2–3 MLs at 
each interface of the spacer, consistent with the modulated pro-
files obtained from X-ray and neutron reflectometry. Following 
the observations of Santos et  al.,[14] we have assumed that the 
canting angle γ in the AF region varies in accordance with the 
Sr-profile, which implies γ  ≈ 50° at the interface with the FM 
layers and γ ≈ 155° at the core of the spacer layer. Direct experi-
mental information on the spatial variation of γ within the AF 
layer will have to await comprehensive PND measurements, 
which are outside the scope of the present study.

In the presence of a magnetic field, the additional Zeeman 
interaction leads to gradual tilting of the spins toward 
the field direction. The field dependence of the angle α 
(Figure  4d) can thus be understood as the result of com-
petition between Zeeman and exchange interactions. This 
competition can be used as a tuning parameter for the non-
collinearity of the fan structure, in contrast to the canted 
modulated spin structure found by Santos et al.[14] which was 
shown to be stable up to at least 8.2 kOe. A similar tunable 
noncollinearity was reported for nickelate/manganite het-
erojunctions by Hoffman et  al.,[27] where the helical order 
in the nickelate spacers also leads to period-doubling of the 
magnetic structure. Remarkably, we have demonstrated that 
such complex long-range order can form in a homojunction 
array with a comparatively minor, gradual modulation of the 
doping level.

In sample N6, the canted-AF alignment of FM moments 
in adjacent supercells is only short-range ordered, and coex-
ists with ferromagnetically aligned supercells (Figure  S2d, 
Supporting Information), whereas the field-saturated state is 
completely ordered (Figure S2a, Supporting Information). The 
simplest mechanism for such a coexistence is a variation of the 
thickness of the canted-AF spacer layer across the sample, in 
combination with the delicate combination of exchange interac-
tions that gives rise to the period-two superstructure. Indeed, 
the effective interfacial width extracted from XRR is somewhat 
larger in sample N6 than in most other samples (Figure S4, Sup-
porting Information), possibly due to inhomogeneous broad-
ening by 1–2 unit cells. However, we cannot rule out intrinsic 
mechanisms (such as magneto-static effects) promoting the 
coexistence of different magnetic supercell arrangements. In 
any case, the data on sample N6 indicate that the period-two 
superstructure is generic to homojunctions with intermediate 
spacer thickness, whereas those on sample N5 demonstrate 
that it can be stabilized uniformly over the full volume of a 
superlattice, despite its complex internal spin texture.

Based on these findings, we now discuss our observation that 
the magnetic superstructure is only present in samples with 
spacer thickness in the range 4 < n ≤ 7 (samples N5 and N6). 
In these samples, the overdoped layer hosts a canted A-type 
AF state, which induces the fan-like noncollinear order. For 
n ≤ 4, on the other hand, the spacer thickness is smaller than 
the charge diffusion length, so that mobile charge carriers can 
leak into the spacer layer and enhance the FM double-exchange 
interaction. The entire SL thus behaves as a FM with slightly 
modulated magnetization. Finally, when n ≥ 8, the overdoped 
layer presumably exhibits C-type AF, at least near its center 
which is well away from the interfaces (Figure 5). As this type 
of order exhibits antiferromagnetic correlations in the plane, 
there is no net coupling between adjacent FM layers so that a 
magnetic superstructure does not form.

4. Conclusions

We have discovered remarkably complex, highly noncollinear 
superstructures in a series of all-manganite homojunctions 
with modulated Sr concentration, and we have shown that 
these emergent structures can be long-range ordered despite 
the gradual variation of the doping level created by charge 
transfer and chemical intermixing. Analogous magnetic struc-
tures have been observed at interfaces of elemental rare earths 
and transition metals[28] and at heterointerfaces of complex 
magnetic oxides,[27,29–32] but their surprising appearance in 
simple homojunction arrays greatly lowers the barriers for 
their integration in electronic devices. We have also shown 
that the degree of noncollinearity is tunable via low magnetic 
fields, H ≲ 1 kOe. With further development, oxide homojunc-
tions may thus serve as powerful components of spintronic 
devices that rely on modulation of spin arrangements by 
external fields[33] or spin-transfer torques.[34] Epitaxial integra-
tion with oxide high-temperature superconductors will fur-
ther expand the range of possible applications, for instance 
as all-oxide triplet spin-valve structures in superconducting 
spintronics.[35–37]

Adv. Mater. 2022, 34, 2202971
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5. Experimental Section
Synthesis: Ozone assisted molecular beam epitaxy was used to 

grow homostructures of nominal composition 10× [La0.6Sr0.4MnO3(d)+ 
La0.2Sr0.8MnO3(n)], where d and n are the number of monolayers (MLs) 
for the different building blocks, on (LaAlO3)0.3(SrAl0.5O3)0.7 (LSAT) 
substrates of dimensions 10 × 10 mm2. The substrates were annealed 
at 630 °C for 30 min in an (O2+O3) atmosphere with a pressure of 
1.7 × 10−5 Torr. The same temperature and pressure were maintained 
during growth. The substrate temperature was measured by a radiation 
pyrometer with wavelength 8–14 µm, and the (O2+O3) pressure was 
measured with a residual gas analyzer. To control the thickness and 
crystallinity of the epitaxial layers, the layer-by-layer deposition was 
monitored in situ by reflection high energy electron diffraction (RHEED) 
(Figures  S5 and S6, Supporting Information). The high quality of the 
substrates and the absence of Sr-segregation after the annealing were 
confirmed by RHEED images taken prior to the deposition (Figures S5a 
and S6a, Supporting Information).

Characterization: The lattice structure was characterized at room 
temperature by X-ray reflectometry at the KARA synchrotron in Karlsruhe, 
Germany, with wavelength 1.238 Å. The magnetic properties of the SLs 
were studied between 5 and 295 K by SQUID-VSM magnetometry, using 
a MPMS3 magnetometer (Quantum Design). The magnetic field was 
applied in the SL plane.

Neutron Reflectometry and Diffraction: The PNR measurements were 
carried out on the angle-dispersive neutron reflectometers NREX[38] in 
Garching, Germany, and Super-ADAM[39] in Grenoble, France. Using 
different configurations of spin polarizers, spin flippers, and analyzers, 
SF neutrons were detected in the channels R−+ and R+−, and NSF 
neutrons in the R−− and R++. The indices +− indicated the polarization of 
the neutron spin before and after the reflection. Nonmagnetic scattering 
was detected in the R++ and R−− channels, magnetic scattering from 
moments aligned parallel to the external field H was detected as the 
difference between R++ and R−−, and moments transverse to H were 
detected in the R+− and R−+ channels. The coordinates used to describe 
the experimental geometry were defined as shown in the inset of 
Figure 2a, with z normal to the surface of the film, and x and y parallel to 
the surface. A closed-cycle cryostat was used at NREX, and a continuous-
flow cryostat was used at Super-ADAM to generate temperatures in the 
range between 3 and 300 K. Magnetic fields between 5 and 5000 Oe were 
applied in-plane along the x-direction. All PNR and XRR curves were 
analyzed with the GenX software.[40] The Super-ADAM reflectometer was 

also used for polarized neutron PND measurements, where the (0 0 1
2

) 

reflections of the A-type AF order in a LSMO thin film were detected, in 
the same field and temperature conditions as described above.

Statistical Analysis: The PNR and XRR data were normalized to 
the counting time. The error bars of these data corresponded to the 
standard deviation of the count rate. The PNR and XRR data were fitted 
by numerically minimizing the logarithmic-difference figure of merit.[40] 
The error bars of the fit parameters were estimated via a 5% increase of 
the figure of merit.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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