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Magnetic Domain Texture in Fe3O4 Thin Films on SiO2
Nanospheres

Mai Hussein Hamed,* Yifan Xu, Hebatalla Elnaggar, Mohamed Zaghloul,
Antonio M. Mio, Alicia Backs, Annika Stellhorn, Vitor de Oliveira Lima, Chenyang Yin,
Connie Bednarski-Meinke, Nina-Juliane Steinke, Oleg Petracic, Thomas Brückel,
Thomas Saerbeck, and Asma Qdemat*

Topographically complex interfaces offer a promising route to engineer
magnetic textures in oxide thin films, with potential implications for
next-generation spintronic and neuromorphic devices. Here, Fe3O4 thin films
are grown on self-assembled SiO2 nanospheres to investigate how local
curvature, together with polycrystalline morphology, influence magnetic
behavior compared to flat films. STEM and GISANS confirm connected
growth with preserved lateral ordering, while XMCD-PEEM reveals in-plane
magnetic domains that extend across both nanosphere-patterned and flat
regions. Despite the low net magnetization of the Fe3O4 caps, their domain
orientations align with neighboring flat areas, indicating correlated domain
behavior across structurally different regions. These findings demonstrate
how nanoscale topography and morphology can be leveraged as design
parameters to modulate magnetism in complex oxides.

1. Introduction

The emerging field of curvilinear spintronics explores how
geometric curvature and topology to modulate magnetic
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properties beyond what is possible in
flat films.[1,2] Recent studies have shown
that placing magnetic materials into 3D
geometries–such as spheres, cylinders,
coils, or helical surfaces–induces novel
magnetic effects.[3,4] These include domain
wall pinning, magnetization reversal, and
curvature-induced anisotropy.[5,6] Addi-
tionally, curvature-induced morphological
modifications–strain, thickness gradients,
and modified exchange interactions–can
stabilize unique spin textures, such as
skyrmions, and vortex states, offering
significant advantages for energy-efficient
computing.[7–9] Curvature has also been
shown to influence exchange bias, interfa-
cial magnetic coupling, and spin transport,
enhancing the tunability of magnetoelectric
and magneto-optic functionalities.[7,10,11]

While such effects have been demonstrated across a wide range
of material systems, including transition metal oxides, per-
ovskites, and magnetic multilayers[12–14]–the role of geometry in
oxide-based thin films remains relatively unexplored.
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In conventional flat in-plane magnetic oxide thin films, re-
search has primarily focused on enhancing the magnetic prop-
erties through interface engineering, aiming to optimize elec-
tric and magnetic switching mechanisms, strain, or interfa-
cial polarization for use in tunable neuromorphic computing
systems.[15,16] However, recent work suggests that geometric de-
sign is a powerful parameter in curvilinear spintronics, where
curvature-induced magnetic modulation can enhance the perfor-
mance and functionality of spintronic devices.[6,7,17] This is espe-
cially relevant for neuromorphic computing systems, which re-
quire low-power, re-configurable, and stable operation.[18] Within
this context, curvedmagnetic films present a particularly promis-
ing platform by integrating intrinsic material properties with
curvature-induced effects such as strain modulation, spin tex-
ture stabilization, and domain wall engineering, offering en-
hanced tunability for next-generation spintronic and neuromor-
phic technologies.[19–21]

Among these magnetic oxides, magnetite (Fe3O4) is of partic-
ular interest due to its high spin polarization and tunable elec-
tronic and magnetic properties.[22–24] Fe3O4 features an inverse
spinel structure in which Fe2 + and Fe3 + ions occupy distinct lat-
tice sites, giving rise to its ferrimagnetic and half-metallic prop-
erties. It has a Curie temperature of 860 K and a saturation
magnetization of 4𝜇B per formula unit,[25] making it an attrac-
tive candidate for room temperature oxide spintronics. While flat
Fe3O4 thin films have been widely studied, the influence of three-
dimensional nanoscale curvature on their magnetic properties
remains largely unexplored. Our previous work has shown that
oxide interfaces in Fe3O4-based systems can be tuned magneti-
cally and electrically via the surface chemistry supported by the
active role of the oxide substrate,[26–28] pointing to strong sensitiv-
ity to local structure environment. With these findings as a start-
ing point, we now look at how nanoscale topographic complexity
can affect magnetic properties in Fe3O4-based systems.
In this study, we investigate how nanoscale topography mod-

ulates magnetism in Fe3O4 thin films grown on self-assembled
SiO2 nanospheres supported by Nb-doped SrTiO3 substrates.
These nanospheres provide a periodic, quasi-3D surface topog-
raphy that introduces lateral thickness variations and local cur-
vature, while maintaining epitaxial growth in surrounding flat
regions that significantly impact magnetic domain formation,
interfacial coupling, and magnetization reversal mechanisms.
Using advanced structural and magnetic characterization tech-
niques, we systematically examine how these three-dimensional
surface features influence (1) thickness variation, (2) magnetic
and chemical interface structure, and (3) induced domain texture
through correlated domain behavior. By studying the interplay
between nanoscalemorphology andmagnetism, our findings ad-
vance the understanding of geometry-mediated effects in oxide-
based magnetic materials and identify nanosphere-templated
films as promising platforms for geometry-driven magnetic en-
gineering in curvilinear and neuromorphic spintronics.

2. Results and Discussion

To investigate the effect of nanoscale topography on themagnetic
and structural properties of Fe3O4 films, we grow 24±2 nm thick
films on both flat Nb-doped SrTiO3 (Nb:STO) substrates and self-
assembled SiO2 nanospheres (174±7 nm diameter) using pulsed

laser deposition (PLD). The growth conditionswere chosen based
on our previous studies[26–28] to ensure the formation of the mag-
netite (Fe3O4) phase. For detailed growth parameters and film
characterization techniques, see Section 4: Experimental Details.

2.1. Local Surface Structure: SEM

To analyze the surface morphology and ordering of the
nanospheres before and after film deposition, scanning electron
microscopy (SEM) images were taken from several locations on
the sample under various magnifications. The SEM images cho-
sen here, shown inFigure 1a–c, represent part of the surface char-
acteristics of SiO2 nanospheres on Nb-doped TiO2-terminated
SrTiO3 (001) (Nb:STO) substrate. The SEM images reveal that the
top surface primarily exhibits a 2D hexagonal arrangement, with
occasional square patterns highlighted in yellow in Figure 1b.
This hexagonal ordering is further confirmed by the distinct pat-
tern of sharp spots in the Fast Fourier Transform (FFT) inset of
Figure 1a.
SEM images acquired after the growth of the Fe3O4 film are

shown in Figure 1d–f. The FFT in the inset of Figure 1d shows
a transition from a highly ordered nanosphere arrangement to a
structure with reduced local order. This is attributed to the Fe3O4
film filling the gaps between the spheres. However, the overall
structure remains largely intact, with hexagonal arrangements
still dominating. Furthermore, the contrast variation in Figure 1f
indicates the formation of Fe3O4 caps on the top surfaces of the
nanospheres. These caps are formed as a result of the deposi-
tion process, where the film conforms to the curved surface of
the nanospheres.
While SEM of Fe3O4 film on the SiO2 nanospheres re-

veals the surface morphology of the system, it cannot resolve
the interfacial atomic structure between the Fe3O4 film and
the nanospheres. To gain this information, we applied scan-
ning transmission electron microscopy (STEM), which provides
atomic-resolution cross-sectional images of the film at various in-
terface regions, as discussed in the next section.

2.2. Local Depth-Resolved Structure: STEM

A scanning transmission electron microscopy (STEM) micro-
graph using Low-Angle Annular Dark Field (LAADF) of a cross-
section of the Fe3O4 film on SiO2 nanospheres deposited on
Nb:STO substrate sample is shown in Figure 2a. It offers a de-
tailed view, showing variations in Fe3O4 film thickness on a single
SiO2 nanosphere. A uniform cap with a roughly smooth surface
is forming on the nanospheres with a thickness variation from
the top of the spheres to the edges. Some other parts of the Fe3O4
film are directly deposited on the Nb:STO substrate in exposed
substrate areas between the nanospheres. Other parts of the film
are deposited in the space between adjacent nanospheres to form
a continuous coverage of Fe3O4 film on the nanospheres.
In the selected area electron diffraction (SAED) of Area 2 in

Figure 2c), the Fe3O4 film on the Nb:STO (100) substrate exhibits
a single-crystal structure aligned along the <100 > direction as
demonstrated by the diffraction patterns which shows double-
peak formation refer to the epitaxial growth of the film on the
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Figure 1. SEM images of (a–c) SiO2 nanospheres and (d–f) Fe3O4 film on SiO2 nanospheres with different magnifications, insets represent Fast Fourier
Transform (FFT) of the images.

substrate, where the substrate diffraction is shown in Figure 2b.
No diffraction spots are observed in Area 3 (Figure 2d), confirm-
ing the amorphous nature of the nanospheres. The Fe3O4 film on
the amorphous SiO2 nanospheres in Area 4 (Figure 2e) is poly-
crystalline, where diffraction spots indicate the absence of align-
ment.
Figure 2f shows a High-Angle Annular Dark Field (HAADF)

STEM micrograph of the Fe3O4 film on SiO2 nanospheres (for
comparison with a flat Fe3O4 film on Nb:STO, see Figure S2,
Supporting Information). In the nanosphere region, the micro-
graph shows a combination of bright and dark contrast at the in-
terface between the film and the spheres. Since HAADF is sensi-
tive to the atomic number (Z), and Fe has a higher atomic num-

ber, the Fe3O4 appears brighter than SiO2. This contrast could
suggest structural, chemical or morphological intermixing at the
interface. However, given the 3D geometry of the nanospheres
and the projection nature of STEM imaging, it is also possible
that the observed contrast arises from superposition of signals
from the front and back surfaces of the TEM lamella cutting the
curved spheres. This effect is noticeable near the edges of the
nanospheres, as seen in Figure 2a. Therefore, the observed con-
trast at the interface may result from either material intermixing
or 3D projection artifacts introduced by the spherical morphol-
ogy.
Taken together, plane-view SEM and cross-sectional STEM

demonstrate that the Fe3O4 film forms polycrystalline nanocaps

Figure 2. Cross-sectional micrographs of Fe3O4 film on SiO2 nanospheres: a) LAADF STEM micrograph of SiO2 nanospheres coated with the Fe3O4
film, b–e) Diffraction patterns from the regions marked in (a) in the SrTiO3 [001] zone axis: Area 1 SrTiO3 substrate, Area 2 single crystalline Fe3O4 film
on SrTiO3 (100) with epitaxial growth, Area 3 Amorphous SiO2 nanospheres, and Area 4 polycrystalline Fe3O4 film on SiO2 nanospheres. f) HAADF
STEM micrograph of Fe3O4 film on SiO2 nanospheres.
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Figure 3. a) Magnetization vs. temperature curve at a magnetic field of 0.05T for Fe3O4 film deposited on SiO2 nanospheres on Nb:STO substrate and
reference Fe3O4 film on flat Nb:STO substrate with inset showing the first derivative for the magnetization curve to determine the Verwey transition.
b,c) Magnetization vs magnetic field for Fe3O4 film deposited on SiO2 nanospheres on Nb:STO substrate and reference Fe3O4 film on flat Nb:STO
substrate at temperatures of 300 and 10K, respectively.

interconnected by interstitial bridges (Figures S5 and S6, Sup-
porting Information). This quasi-continuous cap-and-bridge net-
work, with local gaps at the curved–flat interfaces, spans both flat
substrate regions and curved nanosphere surfaces, rather than
an ensemble of isolated nanoparticles. This morphology is there-
fore more accurately described as an almost continuous thin film
with local curvature variations, where both curvature and poly-
crystalline grain structure contribute to the observed structural
and magnetic properties.
These structural insights provide a foundation for understand-

ing how the local morphology and crystallinity of the Fe3O4
film influence its magnetic properties. To correlate these struc-
tural features with the magnetic response of the system, we now
turn to magnetic and scattering measurements, including vibrat-
ing sample magnetometer (VSM), polarized neutron reflectiv-
ity (PNR), and polarized grazing-incidence small-angle neutron
scattering (GISANS) analyses, which will be discussed in the fol-
lowing sections.

2.3. Global In-Plane Magnetic Domains: VSM

To examine how the nanospheres curvature changes the mag-
netic properties of the Fe3O4 film,magnetization vs. temperature
(M(T)) curves in zero-field cooling (ZFC) mode and hysteresis
loops (M(H)) at different temperatures with an applied in-plane
[100] magnetic field were conducted using vibrating samplemag-
netometer (VSM).
The M(T) curves, shown in Figure 3a, are used to detect the

Verwey transition (TV). This transition, which reflects changes
in the crystallographic and electronic structure of Fe3O4 is
highly sensitive to oxygen content, strain, and domain size
variations.[28–34] Both the M(T) curves of Fe3O4 film on SiO2
nanospheres and a film grown epitaxially on a flat Nb:STO sub-
strate show a drop in the magnetization at TV. However, the
transition temperature shifts from 120±5 K (flat substrate) to
104±12 K (nanospheres) as shown by the first derivative of the
magnetization ∂M/∂T (inset of Figure 3a). The bulk reference
value of 120 K is indicated by the dashed blue line. The lower
TV observed in the film grown on the nanospheres can be at-
tributed to: (1) oxidation state: slight changes in stoichiometry,

with 𝛿 < 0.045 in Fe3 − 𝛿O4, are known to suppress the Verwey
transition when 𝛿 values exceeding 0.045.[29] (2) polycrystallinity:
the polycrystalline growth on amorphous spheres leads to grain
boundaries and antiphase boundaries (APBs), which leads to a
lowerTV.

[35] (3) finite-size effects: reduced film thickness can sup-
press long-range charge ordering, further lowering TV;

[32,33] (4)
strain: lattice distortions arising from mismatch strain can shift
TV,

[29,32,36–38] and (5) surface or interfacial roughness: variations at
the Fe3O4/substrate or Fe3O4/nanosphere surface/interface can
locally disturb the lattice or the electron hopping, lowering or
even suppressing TV.

[28]

Hysteresis loops (M(H)) measured at 300 and 10 K provide
additional insights into the magnetic response (Figure 3b,c).
At 300 K, the M(H) curve for the film grown on the
nanospheres shows a reduced saturation magnetization around
≈2.5 ±0.2 𝜇B/f.u. compared to 3.0±0.2 𝜇B/f.u. for the flat film.
Normalizing the M(H) curve for the film on nanospheres is a
challenge due to the variation of film thickness, which covers the
nanospheres, and the film not only covers the nanospheres but
also extends into the cracks between the nanospheres. Therefore,
we assume that the total deposited material is the same as in
the flat film since identical growth rate, energy, and deposition
time were used, hence, we normalize the magnetization curve
using our reference film deposited on flat Nb:STO. The lower
saturation magnetization of the film on the nanospheres com-
pared to the flat film is likely due to defects introduced by the
nanospheres, a smaller grain size,[39] textured or polycrystalline
structure[35] or partial oxidation of Fe3O4 to 𝛾-Fe2O3

[28] which has
a lower saturation magnetization.
At 10 K, below the Verwey transition, significant differences

emerge. As observed at 300 K, the saturation magnetization of
the nanosphere-grown film remains lower than that of the flat
film. However, the coercivity of the nanosphere-grown film in-
creases significantly at 10 K. This drastic change in coercivity
and saturation magnetization is attributed to the polycrystallinity
of the films on the nanospheres vs. the single crystal epitaxial
state. The polycrystallinity introduces random local anisotropy
and a higher density of pinning sites.[40,41] Furthermore, struc-
tural defects and grain boundaries caused by the curvature of
the nanospheres further contribute to these magnetic changes.
Curvature-induced thickness variations and magnetic reduced
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Figure 4. a,d) XRR and scattering length density profile (SLD) from the fit of XRR of 24±2 nm thick Fe3O4 film deposited on 174±7 nm diameter SiO2
nanospheres. b,e) PNR at room temperature and magnetic field of 0.93 T, and scattering length density profiles (nuclear SLD and magnetic SLD) from
the fit of the PNR of reference Fe3O4 film deposited on flat Nb:STO substrate. c,f) PNR at room temperature and magnetic field of 0.93 T, and scattering
length density profiles (nuclear SLD and magnetic SLD) from the fit of the PNR of Fe3O4 film deposited on SiO2 nanospheres. The solid lines show the
fit of the data.

domain size also play a crucial role in modifying the magnetic
properties.[28,32]

While VSM measurements provide an average magnetic mo-
ment over the sample volume, they cannot resolve lateral mag-
netic fluctuations. To investigate the magnetic depth profile and
the in-plane magnetic lateral distribution in Fe3O4 nanocaps,
PNR and polarized GISANS measurements were conducted, of-
fering complementary insights into the curvature-induced mag-
netic structure.

2.4. Structural and Magnetic Depth Resolved Analysis: XRR and
PNR

X-ray reflectivity (XRR) measurements were performed to exam-
ine the thickness, roughness, interface quality, and the structural
uniformity of the Fe3O4 film deposited on SiO2 nanospheres as-
sembled on a Nb:SrTiO3 (001) substrate. As shown in Figure 4a,
the XRR profile shows prominent Kiessig fringes up to high Qz
values, whereQz is the momentum transfer perpendicular to the
sample surface. This indicates low surface roughness, sharp in-
terfaces, and a film thickness 24±2 nm.
To investigate the depth-dependent magnetic structure, polar-

ized neutron reflectivity (PNR) measurements were performed
at room temperature under an in-plane [100] magnetic field of
0.93 T for the Fe3O4 film on a flat Nb:STO substrate (Figure 4b)
and for the Fe3O4 film on SiO2 nanospheres assembled on
Nb:STO substrate (Figure 4c). In both samples, R+ andR−, the re-
flectivities of neutrons with spins polarized parallel and antipar-
allel to the applied magnetic field, respectively, show clear split-
ting, and strong oscillations confirm in-plane magnetization and
high-quality film growth. For the nanosphere-based film, a re-
duction in scattering intensity at low Q is observed, attributed to

diffuse scattering from the SiO2 nanospheres, as evident in the
2D detector images (see Figure S7, Supporting Information). De-
spite the surface corrugation introduced by the nanospheres, the
overall reflectivity profile closely resembles that of the flat film,
suggesting that the dominant contribution to specular reflectiv-
ity originates from the flat regions between the nanospheres,
consistent with the STEM images (Figure 2a) which show that
the Fe3O4 film on the nanosphere sample consists of areas de-
posited directly onto the flat substrate and others deposited on
the nanospheres.
The regions where film was deposited on the nanospheres

mainly contributed to diffuse scattering, reducing the total spec-
ular intensity. Based on reflectivity fitting, approximately 70% of
the signal arises from the flat regions. Therefore, the data are
modeled using a simple flat-film structure, as illustrated in the
schematic inset in Figure 4f, which consists of a SrTiO3 as a
substrate and a flat Fe3O4 layer. This model successfully repro-
duces both the PNR and XRR results, and we note that an al-
ternative model incorporating the curvature of the nanospheres
was also tested (see Section S4, Supporting Information). These
more elaborate curvature-sensitive models produced fits consis-
tent with the flat-film approach, reinforcing that the dominant
contribution to the specular signal originates from the flat re-
gions between the nanospheres.
In principle, the reflectivity of the nanosphere-templated film

could be described by a two-domain weighted model, combin-
ing the flat reference reflectivity with an effective cap contri-
bution scaled by the SEM-derived surface fraction. In prac-
tice, however, the caps scatter predominantly into diffuse/off-
specular channels, so their specular signal is too weak to al-
low a reliable decomposition from the present dataset. More-
over, such an incoherent two-domain average would only be valid
if flat and nanoparticle-covered regions were laterally separated
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on length scales much larger than the beam coherence length
(hundreds of micrometers). Since in our samples the domains
are intermixed on nanometer–micrometer scales, the specular
reflectivity instead reports a lateral average dominated by the
flat regions.
To estimate the magnetization of the Fe3O4 film on the

nanosphere sample, we analyzed the scale factors from the PNR,
which normalize the calculated reflectivity to match the mea-
sured data. For the flat film sample, the scale factor was set to
1.0, representing a complete magnetically and structurally co-
herent film. In contrast, the nanosphere-based sample required
a reduced scale factor of ≈ 0.72, indicating that only a fraction
of the sample contributes coherently to the specular reflectivity.
This implies that the flat regions behave magnetically like a con-
tinuous film, while the curved caps contribute mainly to diffuse
scattering and are weakly detected in PNR.
Magnetically, by fitting PNR, both the flat film and the

nanospheres-based films show a moment of approximately 3.4–
3.7𝜇B/f.u., consistent with room-temperature VSM measure-
ments of the film. This supports the conclusion that themagnetic
signal detected by PNR originates primarily from the flat regions
of the Fe3O4 film.
This finding is consistent with the distinct measurement sen-

sitivities of PNR and VSM. VSM measures the total magnetic
moment of the entire sample, including both the flat regions
between the nanospheres and the curved Fe3O4 caps. In con-
trast, PNR predominantly detects coherent scattering from later-
ally uniform layers. As such, the specular PNR signal is primarily
sensitive to the flat film regions, with minimal contribution from
the curved caps.
To further quantify the magnetic contribution from the curved

Fe3O4 caps, we compared PNR and VSM results (Figure 3b).
VSM measurements yield a magnetization of 3.0±0.2𝜇B/f.u. for
the flat film and 2.5±0.2𝜇B/f.u. for the nanosphere-based film.
Using the PNR-derived area fraction of flat film contribution
(≈ 0.72), we apply a weighted average:
Mtotal = fflat.Mflat + fNS.MNS,
Where fflat = 0.72 is the area fraction of the flat film re-

gions contributing to the reflectivity, fNS = 0.28 is the area frac-
tion of the Fe3O4 caps, Mflat = 3.0±0.2𝜇B/f.u. is the magne-
tization of the flat film as obtained from VSM, and Mtotal =
2.5±0.2𝜇B/f.u. is the total magnetization for the nanospheres
based film, and MNS is the magnetization of the Fe3O4 caps.
From solving theMNS, we find it to be approximately 1.66𝜇B/f.u.,
suggesting that the curved Fe3O4 caps possess a weaker mag-
netization compared to the flat film. This reduction may result
frommagnetic disorder or the limited sensitivity of PNR to these
curved regions due to their contribution to diffuse rather than
specular scattering.
In conclusion, XRR and PNR measurements mainly re-

flect the properties of the flat Fe3O4 film regions, with min-
imal contribution from the film on the nanospheres. Due to
the averaging nature of both techniques, local variations in
the magnetic and structural properties of the curved caps re-
main unresolved. To overcome this limitation, laterally sensi-
tive techniques such as GISANS and XMCD-PEEM are em-
ployed to probe nanoscale magnetic states and possible oxida-
tion effects in the curved Fe3O4 regions, as discussed in the
following sections.

2.5. In-Plane Lateral Structural and Magnetic Ordering: GISAXS
and GISANS

For investigating the in-plane lateral ordering of the SiO2
nanospheres and assessing the impact of Fe3O4 thin film growth
on the degree of nanospheres ordering, Grazing incidence small-
angle X-ray scattering (GISAXS) measurements were performed
at an incident angle of 𝛼i ≈ 0.23° for the SiO2 nanospheres
deposited on the Nb:STO substrate before and after the Fe3O4
film growth.
Figure 5a,b shows the GISAXS patterns of the SiO2

nanospheres before and after film deposition, respectively. Peri-
odic Bragg peaks appear in both GISAXS patterns along the Qy
direction (lateral, in-plane), indicating long-range periodic order
of the nanospheres, as shown in the SEM images in Figure 1,
forming a 2D hexagonal pattern before and after film deposi-
tion. However, some peaks from the hexagonal lattice are hidden
within the shoulders of other peaks.
The intensity integration between the two marked red lines

from the GISAXS patterns in Figure 5a,b along Qy is shown in
Figure 5c. The Bragg peaks are more intense and sharper be-
fore film deposition (red line, Figure 5c). After film deposition
(black line, Figure 5c), the Bragg peaks become smeared and
slightly shifted compared to the bare silica nanospheres, indicat-
ing altered characteristic length scales. The smearing is primar-
ily attributed to a loss of long-range order caused by the Fe3O4
deposition, which may disrupt the periodic arrangement of the
nanospheres through partial filling of the gaps between them.
Additional surface roughness and inhomogeneities introduced
by a non-uniform Fe3O4 film further contribute to peak broad-
ening. The observed shift in peak positions suggests a modifica-
tion of interparticle spacing, potentially resulting from compres-
sion or material buildup during deposition, as reported in real-
time GISAXS studies during metal island growth, where peak
movement indicated growth-driven changes in lateral length
scales during indium deposition.[42] Moreover, the high scatter-
ing length density contrast between Fe3O4 and SiO2 alters the
overall scattering profile, contributing to the changes observed
in the GISAXS pattern. To further study the effect of curvature
on the lateral magnetic fluctuations of the film, GISANS mea-
surements have been conducted.
Polarized GISANS with full polarization analysis was con-

ducted using the D33 instrument. Neutrons were polarized ei-
ther parallel (+) or anti-parallel (-) to the applied in-plane mag-
netic field. The GISANS patterns were recorded with an applied
in-plane magnetic field along the beam parallel to the [100] direc-
tion.
Figure 6a shows the 2D GISANS pattern at 300 K for I++ chan-

nel,measured at an applied field of -1.2 T, which is around the sat-
uration field of the flat ferrimagnetic film.[28] The pattern shows
a specular peak at Qz = 0.18 nm−1 with an incident angle of 0.5°

and peaks distributed along Qy give insight into the lateral mag-
netic and structural ordering, where the magnetic signal shows
up as the difference pattern I++-I−−.
At both temperatures, 300 and 10 K (Figure 6b,c), a visible

difference is observed between I++ and I−− specular peak and
the GISANS peak intensities. This result is due to in-plane mag-
netism (for comparison Figure 4c). A non-zero spin asymmetry
(I++ - I−−) within the GISANS peaks suggests in-plane lateral
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Figure 5. GISAXS patterns of SiO2 nanospheres at an incident angle of 0.23° a) before film deposition b) after deposition of Fe3O4 film. c) Integrated
intensity between the two marked red lines in maps (a) and (b).

magnetic fluctuations with a non-zero average magnetization.
From the lateral peak positions, we extract the real-space struc-
tural and magnetic periodicities from the GISAXS and GISANS
data. The peaks are separated by ΔQ = 0.04±0.004 nm−1, corre-
sponding to a real-space periodicity of d = 157 ± 16 nm, in good
agreement with sphere diameter. This confirms that the mag-
netic periodicity of the Fe3O4 caps mirrors the structural peri-
odicity imposed by the nanospheres. Since the structural contri-
bution is present in both the I++ and I−− channels, it is effectively
canceled in the difference plot, isolating the magnetic signal.
The GISANS peaks along Qy in the NSF measured at 300

and 10 K (Figure 6b,c) remain at the same positions, indicating
that the structural periodicity of the nanospheres and the mag-
netic Fe3O4 layer is preserved during cooling through the Ver-
wey transition. This suggests that no significant structural rear-
rangements or morphological changes occur with temperature
variations, which is expected, as atomic rearrangements within
the Fe3O4 layer in the Angstrom scale would not influence the
nanospheres arrangements in the nanometer range.
However, no scattering intensity was observed in the SF chan-

nels (I+− and I−+) (Figure S11, Supporting Information) at 300
and 10 K. The absence of SF scattering peaks confirms that
there is no detectable out-of-plane magnetic periodicity within
the sensitivity of themeasurement. This suggests predominantly
in-plane magnetic ordering. It is worth noting that GISANS is
generally less sensitive to out-of-plane moments compared to in-
plane components, especially perpendicular to the applied field
direction. Therefore, if the system is near magnetic saturation,
as expected under the applied field, any perpendicular magnetic
components would be minimal or absent.

GISANS patterns reveal a strong correlation between the
lateral magnetization of the Fe3O4 films and the underlying
nanosphere arrangement. The magnetic periodicity follows the
same lateral structural ordering imposed by the nanospheres,
and remains stable even at a small field of 0.15 T (Figure S10,
Supporting Information).
To further probe the microscopic magnetic domain structure

of the Fe3O4 film on the SiO2 nanospheres, XMCD-PEEM mea-
surements were performed, as discussed in the following section.

2.6. Local Lateral Magnetic Domains: XMCD-PEEM

Several questions remain about the microscopic mechanisms re-
sponsible for the modified magnetic properties. To investigate
these, we employed elemental-specific X-ray photoemission elec-
tron microscopy (XPEEM). Before conducting X-ray magnetic
circular dichroism photoemission electron microscopy (XMCD-
PEEM)measurements, we applied an external in-planemagnetic
field of 1.2 T parallel to the sample edge (along the [100] di-
rection). The measurements were then recorded in the rema-
nent state.
XMCD-PEEM was used to obtain the magnetic contrast. This

was generated by measuring X-ray absorption (XAS) with right-
and left-circular polarization multiple times at the same energy
(XMCD = (XASCL - XASCR)/(XASCL+XASCR)) as illustrated in
the inset of Figure 7a. The contrast variations in the image indi-
cate magnetization directions parallel or antiparallel to the wave
vector as dictated by sum rules.[43] The XMCD-PEEM image at
the L3 resonance (E = 705.5 eV) is shown in Figure 7a. We can

Figure 6. GISANS measurements of Fe3O4 film deposited on SiO2 nanospheres with in-plane [100] magnetic field of -1.2 T: a) 2D image at room
temperature of I++ spin channel with red square marks the integrated intensity area used for calculating I++, I−− and I++ − I−− b) at room temperature,
and c) at 10 K.
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Figure 7. a) XMCD-PEEM image (E = 705.5 eV), b–d) threshold masks identifying three regions of magnetic domains in the image e–g) Fe L2, 3-edge
XAS and XMCD spectra of the three magnetic domains identified by the mask.

identify three types of domains in the image, which are: posi-
tive XMCD domains in red, negative XMCD domains in blue and
zero XMCD domains in yellow. The XMCD signals of the three
identified magnetic domains were obtained using a threshold in-
tensity mask as shown in Figure 7b–d (For more details, see Sec-
tion S6, Supporting Information). The first is the positive XMCD
domains and are color-coded in red (Figure 7b). The magnetic
moment of these domains is mainly oriented antiparallel to the
orientation of the X-ray beam. The second is the negative XMCD
domains and are color-coded in blue (Figure 7c). The magnetic
moment of these domains is mainly oriented parallel to the ori-
entation of the X-ray beam. Finally, zero XMCD signal domains
can also be seen and are color-coded in yellow (Figure 7d). These
domains either have nomagnetic moment or their magnetic mo-
ment is oriented perpendicular to the X-ray beam and can not be
detected which is the likely scenario.
To reveal more details about the chemical and magnetic struc-

ture of each domain, wemeasured the full X-ray absorption spec-
troscopy (XAS) and XMCD spectra by recording a series of im-
ages at different photon energies across the Fe L2, 3-edge using
CR and CL polarized light. In Figure 7e–g, the CR and CL XAS
spectra of each domain were obtained by averaging the inten-
sity from each domain separately using the masks shown in
Figure 7b–d. The resulting XAS spectra for the three domains

are very similar and exhibit Fe L2, 3-edge features, reflecting the
mixed contributions of Fe2 + and Fe3 + in the octahedral sites and
Fe3 + in the tetrahedral sites. By comparing the XAS spectra of
the Fe3O4 film on the SiO2 nanospheres to a reference Fe3O4
film on a flat Nb:STO substrate sample (Figure S13, Supporting
Information), slight differences in the pre-edge peak intensities
and the L3 peak-to-shoulder ratio are observed. These variations
hint at a minor deviation from stoichiometry in the Fe3O4 film
on SiO2 nanospheres sample. On the other hand, a clear XMCD
signal can be seen (bottom row in Figure 7e–g) for the positive
and negative domains, which inverts, referring to the magnetic
orientation within the domains.
The XPEEMmeasurements have been performed on a region

of the sample that includes both: the Fe3O4 film deposited on
SiO2 nanospheres and the film on the flat Nb:STO substrate, as
shown in the SEM image Figure 8a. To correlate the magnetic
texture with the underlying morphology, we generated struc-
tural masks (Figure 8b–d) using the images contrast measured
before the Fe absorption edge. At this energy, the contrast in
the image relates mainly to the morphology with lower inten-
sity regions corresponding to Fe3O4 film on the Nb:STO sub-
strate (Figure 8b) and higher intensity regions corresponding to
Fe3O4 on nanospheres (Figure 8c) (For more details about the
calculated masks, see Section S6, Supporting Information). In
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Figure 8. a) SEM image of Fe3O4 film on SiO2 nanospheres in a region with partial coverage. b–d) Masks identifying three structural regions in the
image: (b) Fe3O4 deposited on the flat Nb:STO substrate, (c) Fe3O4 deposited on the SiO2 nanospheres, and (d) border region in between. e–g) XMCD
contrast for the three structural regions as identified in (b–d): Red domains are positive XMCD regions, blue are negative XMCD, and yellow are zero
XMCD regions for the specific mask applied.

addition, the border region between both is identified and
masked in Figure 8d. The multiplication of both the magnetic
and structural masks identifies magnetic domains correspond-
ing to the Fe3O4 film on the Nb:STO substrate (Figure 8e), on
nanospheres (Figure 8f), and in the border regions between
them (Figure 8g). In the nanospheres-covered region, we observe
micrometer-scale patches with a meandering pattern. One exam-
ple patch is highlighted in Figure 8e–g, where the magnetic ori-
entation at the edge of the nanosphere island aligns with that
of the neighboring Fe3O4 film on the flat substrate, suggesting
continuity of magnetic domains (e.g., red neighboring red). This
magnetic domain alignment extends across the border region
(Figure 8g), indicating that the Fe3O4 film on the nanospheres
and that on the substrate aremagnetically coupled rather than be-
having as independent regions. This finding is unexpected, as the

polycrystalline Fe3O4 film on the nanospheres is not anticipated
to exhibit a preferred magnetization direction, in contrast to the
epitaxial Fe3O4 film on the Nb:STO substrate, which has a known
easy axis along the [100] direction.[38] The Fe3O4 layer remains al-
most continuous across the nanospheres and the flat substrate,
connecting neighboring caps through the planar film. This con-
tinuous network allows for exchange-mediated correlations be-
tween the nanocaps and the flat regions. Therefore, the observed
domain continuity suggests that magnetic texture from the epi-
taxial flat film may be transferred to the nanosphere region via
correlated domain behavior across flat and curved regions. As a
reference, the Fe3O4 film deposited on a continuous flat substrate
shows single-domain behavior (Figure S14, Supporting Informa-
tion), further supporting the conclusion that both the nanosphere
and flat regions can influence and even reverse domain

Adv. Mater. 2025, e13849 e13849 (9 of 13) © 2025 The Author(s). Advanced Materials published by Wiley-VCH GmbH
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Figure 9. Schematics of the Fe3O4 film/SiO2 nanospheres/Nb:SrTiO3 substrate and three possible cases for the structural and magnetic distribution
across the Fe3O4 caps: (1) thickness variation, (2) interfacial chemical and magnetic structure, and (3) induced domain texture.

orientations in their immediate neighbors, reflecting the corre-
lated domain behavior between these two regions.
In conclusion, while the resolution of the experiment does

not allow for resolving magnetic textures at the scale of in-
dividual nanospheres, the almost continuous growth of the
Fe3O4 film across both the nanospheres and the valleys between
nanospheres likely facilitates the interactions between these two
regions. This correlation is presumed to contribute to the coher-
ent magnetic texture observed across the nanosphere and flat re-
gions. XMCD demonstrates correlated domain behavior across
flat and curved regions, while the underlying mechanism may
involve a combination of partial structural continuity and dipo-
lar coupling. A definitive distinction between these contributions
would require further studies, such as micromagnetic simula-
tions or tomography-based structural characterization, which we
propose for future work.

2.7. Discussion

After characterizing the Fe3O4 film/SiO2 nanospheres sample us-
ing a combination of techniques, we found that the Fe3O4 film
conforms to the nanospheres, forming dense, curved nanocaps.
Based on our observations, three possible mechanisms may gov-
ern the distribution of structural and magnetic domains: (1)
thickness variation, (2) interfacial chemical and magnetic struc-
ture, and (3) induced domain texture, as shown in Figure 9.
(1) Thickness Variation
STEM measurements reveal that the film thickness varies

along the curved surface of individual nanospheres. This local
variation can significantly influence magnetic domain forma-
tion, as shown in our earlier work, demonstrating that reduc-
ing film thickness alters both the magnetic and chemical proper-
ties of Fe3O4 .

[28] Such variations may contribute to the deviation
observed in the XMCD spectrum from the characteristic “W”-
shaped profile typically associated with Fe3O4.
(2) Interfacial Chemical and Magnetic Structure
STEM images suggest the presence of a structural, chemical,

or morphological mixing region between the Fe3O4 film and the
SiO2 nanospheres, however, its origin and chemical or magnetic
structure remain uncertain. Depth-resolved PNR lacks the sen-
sitivity to distinguish local variations in the curved film regions
and thus does not provide information about the interface be-
tween the Fe3O4 film and the SiO2 nanospheres, as reflectivity
from curved regions contributes to diffuse scattering. XAS spec-
tra extracted from XPEEM data show slight chemical and struc-

tural differences between the curved Fe3O4 film and the reference
Fe3O4 film, but no definitive evidence of significant changes, ei-
ther chemical or magnetic, at the interfaces was observed. How-
ever, the XMCD signals of both the curved and flat regions exhibit
distinct differences in comparison to the reference thin film (see
Section S6, Supporting Information) and to previously reported
spectra in the literature.[44] Further studies are needed to disen-
tangle geometric effects from potential interfacial intermixing.
(3) Induced Domain Texture
Combined PNR and VSM measurements indicate that the

magnetic response of the nanosphere-based film originates
mainly from the flat film regions, with smaller total magneti-
zation from the curved caps. GISANS measurements confirm
that the Fe3O4 film conforms to the nanosphere curvature and
possesses an in-plane magnetic structure, with no out-of-plane
magnetic moments detected. XMCD-PEEM images reveal the
presence of reversed magnetic domains across the nanosphere-
covered regions, which appear continuous with those in the
neighboring flat Fe3O4 film on the substrate. However, the mag-
nitude of the XMCD signal of the Fe3O4 on nanosphere curvature
is nearly half of that from the flat Fe3O4 film, confirming that the
main magnetic response originated from the Fe3O4 film. This is
further supported by the STEM data, which shows that the Fe3O4
film grows continuously over the nanospheres and into the val-
leys between them with local gaps at the curved–flat interfaces.
Such partial structural continuity likely facilitates correlated do-
main behavior between the nanocaps and the surrounding flat
regions, giving rise to an induced, correlated magnetic domain
texture across the entire film. Additionally, both curvature and
polycrystallinity play complementary roles in the magnetic do-
main texture: polycrystallinity (with its associated grain bound-
aries and random anisotropy) most strongly affects the magneti-
zation magnitude and coercivity, while curvature primarily gov-
erns the lateral arrangement and domain shape. To quantify both
contributions, this would require systematic studies across differ-
ent nanosphere diameters and controlled epitaxial vs. polycrys-
talline growth, which are important directions for future work.

3. Conclusion

Understanding and tailoring the magnetic and atomic struc-
tures of geometrically complex oxide films is a crucial step to-
ward unlocking new functionalities for oxide spintronics. In
this study, Fe3O4 thin films were grown on self-assembled SiO2
nanospheres supported by Nb:SrTiO3 substrates to explore how
nanoscale morphology influences magnetic behavior. The film

Adv. Mater. 2025, e13849 e13849 (10 of 13) © 2025 The Author(s). Advanced Materials published by Wiley-VCH GmbH

 15214095, 0, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/adm

a.202513849 by U
niversitatsbibliothek R

W
T

H
 A

achen U
niversity, W

iley O
nline L

ibrary on [29/01/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.advmat.de


www.advancedsciencenews.com www.advmat.de

conforms to the nanosphere template, forming polycrystalline
caps with varying thickness, while maintaining epitaxial growth
in the flat regions. This structural variation leads to reduced net
magnetization in the nanosphere-covered areas, as confirmed by
VSM and PNR. However, XMCD-PEEM reveals continuous in-
plane magnetic domain textures that span both curved and flat
regions, indicating correlated domain behavior across topograph-
ically different areas. Our findings therefore reflect the com-
bined influence of local curvature and polycrystalline morphol-
ogy within a quasi-continuous cap-and-bridge film, rather than
curvature effects in isolation. These findings establish nanoscale
morphology as a tool for modulating magnetism in oxide thin
films, which contribute to the emerging field of curvilinear spin-
tronics.

4. Experimental Details
Magnetite (Fe3O4) thin films of 24±2 nm thickness were deposited us-

ing pulsed laser deposition (PLD) on two types of surfaces: 1) epi-polished
Nb-doped TiO2-terminated SrTiO3 (001) (Nb:STO) substrates, serving as
a reference, and 2) arrays of silica nanospheres with an average diameter
of 174±7 nm as obtained from SAXS measurement (Figure S1, Support-
ing Information), first deposited on Nb:STO substrates using a simple
drop-casting method, as outlined in Qdemat et al.[45] Both types of sam-
ples were transferred to the PLD chamber for the growth of magnetite thin
films. The deposition was performed using a rotating target of Fe2O3 with
the substrates held at a temperature of T = 500°C. During the growth,
the oxygen background pressure was kept at 2 × 10−6 mbar, and the laser
fluence and repetition rate were set to 1.5 J/cm2 and 5Hz, respectively.
These parameters have been chosen based on our previous studies[26–28]

as they result in thin films of magnetite on STO with superior crystalline
and magnetic properties. In pulsed laser deposition, the ablation plume
has a broad angular distribution, which enables deposition both on the
nanosphere tops and around their sides. This geometry naturally leads
to local thickness variations, and small gaps are likely to persist near the
interfaces between the nanosphere and the underlying flat film on the sub-
strate.

The Fe3O4 films deposited on SiO2 nanospheres arrays on Nb:STO
substrates were first characterized by scanning electronmicroscopy (SEM,
Hitachi SU8000) to examine the ordering of the nanospheres before and
after film deposition. The cross-sectional structure of the sample with
atomic resolution has been investigated by means of transmission elec-
tron microscopy (TEM) and scanning transmission electron microscopy
(STEM). A JEOL JEM-2010F microscope, equipped with a Schottky field
emission gun and operating at 200 keV, was used to conduct conventional
TEM (CTEM) investigations in parallel beam and selected area electron
diffraction (SAED). STEM analyses have been performed by using a JEOL
ARM200F Cs-corrected microscope, which is equipped with a cold-field
emission gun and operating at 200 keV. Micrographs were acquired in Z-
contrast mode by High-Angle Annular Dark Field (HAADF) and in diffrac-
tion contrast by Low-Angle Annular Dark Field (LAADF).

Magnetic properties, i.e., saturation magnetization and Verwey transi-
tion of the magnetite films on SiO2 nanospheres as well as on the Nb:STO
substrate, were investigated by a vibrating sample magnetometer (VSM)
using a Quantum Design Dynacool physical properties measurement sys-
tem (PPMS). Magnetic moment versus temperature was measured in
zero-field cooling (ZFC) mode with an applied field of 500 Oe. Hysteresis
loops were recorded at amagnetic field of±5T along the in-plane [100]-axis
at temperatures of 10 and 300 K.

To explore the structural depth profile of Fe3O4 film on SiO2
nanospheres, X-ray reflectivity (XRR, Brucker D8) was measured with Cu
K𝛼 (𝜆 = 0.154 nm) radiation to obtain the surface roughness and film
thickness. To study the depth profile of magnetism at the interface, the in-
terfacial magnetic configuration, and the stoichiometric gradient change
across the Fe3O4 film and the interface with the SiO2 spheres, we used a

depth-sensitive polarized neutron reflectivity (PNR) technique. PNR mea-
surements were carried out at D17, at the Institut Laue-Langevin (ILL),
Grenoble, France[46] at room temperature and under an applied in-plane
[100] magnetic field of 0.93 T. The data has been automatically corrected
for polarization efficiency using TOF-NR.[47]

Grazing incidence small-angle X-ray scattering (GISAXS) measure-
ments were performed to investigate the in-plane lateral ordering of
the nanospheres. GISAXS measurements were carried out at the diffrac-
tometer Gallium Anode Low-Angle X-ray Instrument GALAXI[48] using a
monochromatic X-ray beam with a wavelength of 𝜆 = 0.1314 nm and a
beam with a cross-section at the sample of 0.7 × 0.7 mm2. These mea-
surements were carried out at incident angle 𝛼i of 0.23° and the scattering
pattern is recorded by a Pilatus 1M 2D position sensitive detector with 169
× 179 mm2 active area at a sample-detector distance of 3528 mm.

For an investigation of in-plane magnetic lateral correlations and mag-
netic domain formation, polarized grazing-incidence small-angle neutron
scattering (GISANS) with full polarization analysis was performed at the
D33 beamline (proposal no. 554404) at the Institut Laue-Langevin (ILL),
Grenoble, France.[49] The measurements were conducted at 300K and 10K
using neutrons of a wavelength 𝜆 = 6 Å at an incident angle of 0.5°. Data
were taken for three different magnetic states with in-plane [100]-axis mag-
netic field: (i) in magnetic saturation (1.2 T), (ii) at 0.15 T from +1.2 T, and
(iii) at 0.15 T from –1.2 T. We have used a supermirror polarizer and a
3He-cell analyzer for the polarization analysis of neutrons. All data have
been reduced considering the 3He-cell time-dependence and all polariza-
tion component efficiencies.

In order to analyze microscopic magnetic domain configurations, X-ray
magnetic circular dichroism photoemission electron microscopy (XMCD-
PEEM) was conducted on the HERMES beamline[50] at the SOLEIL syn-
chrotron, Paris, France. The XMCD measurements were performed at
room temperature across Fe L2, 3-edge with an angle of 𝜃 = 16° between
the beam axis and the surface plane of the sample and beam size of
50*50 μm2, enabling the capture of remanent magnetic domain structures
in the absence of an external magnetic field with estimated spatial resolu-
tion of 100 nm, using films that were pre-magnetized ex-situ with in-plane
[100] magnetic field of 1.2 T.

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