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ABSTRACT
Epitaxial heterostructures of iron oxide thin films on oxide substrates are promising for spintronic applications. Scaling down
such heterostructures into ordered nanostructures enables integration into functional devices. However, fabricating well-ordered
nanostructures while retaining their structural and functional integrity remains challenging. A bottom-up approach is used
to grow epitaxial Fe3O4 nanodot arrays on Nb-doped SrTiO3(Nb:STO) substrates integrating anodic aluminum oxide (AAO)
templates combined with pulsed laser deposition. Following this method, the lateral confinement of Fe3O4 into 30 and 70 nm
nanodotswith 3D long-range ordering is then confirmed by grazing-incidence small-angle X-ray scattering (GISAXS) and scanning
electron microscopy (SEM). Building on this structural evidence, the Verwey transition is found to be retained, as observed in the
continuous film. To explore its applicability in nanoelectronics, conductive atomic forcemicroscopy (c-AFM) is used to probe local
electrical behavior, and reveals bipolar resistive switching at room temperature in individual nanodots, consistent with behavior
observed in thin films. Together, these results establish the first demonstration of ordered epitaxial Fe3O4/Nb:STO nanodots
with preserved structural, magnetic, and electrical functionalities, providing a generalizable route for nanoscale integration of
complex oxides.
1 Introduction

Transition metal oxides with strongly coupled charge, spin,
and orbital degrees of freedom are of great interest for both
fundamental research and functional applications [1–3]. Among
these, Fe3O4 (magnetite) stands out for its high Curie tempera-
ture (860 K), electronic conductivity, and sensitivity to oxygen
stoichiometry. A key feature of Fe3O4 is its ability to undergo
topotactic transitions to/from FeO or 𝛾-Fe2O3 by controlled
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oxidation or reduction, which allows reversible tuning of its
magnetic and electronic properties while often preserving crys-
tallographic orientation relationships [4–8]. Fe3O4 and 𝛾-Fe2O3
are functionally distinct: Fe3O4 is a mixed-valence conductor
with high saturation magnetization [9, 10], while 𝛾-Fe2O3 is
a ferrimagnetic insulator with a significantly larger bandgap,
resulting from its fully oxidized Fe 3+ state and the presence
of cation vacancies [11]. The transition between these phases is
particularly interesting for tunable oxide electronics, as it allows
its use, distribution and reproduction in any medium, provided the original work is properly
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control over electronic and magnetic states. Both adopt a spinel-
type structure (space group 𝐹𝑑3̄𝑚) and exhibit nearly identical
cubic lattice parameters (8.392 Å for Fe3O4 [12] and 8.362 Å for
𝛾-Fe2O3 [13]), with only subtle differences in Fe site occupancy.
These structural similarities make distinguishing between them
using standard laboratory X-ray diffraction difficult. While this
complicates experimental identification, it also enables topotac-
tic phase transformations with minimal lattice distortion. This
is advantageous for designing reversible, low-strain switching
elements in functional oxide systems [14, 15].

Although high-quality Fe3O4 thin films have been extensively
studied, transferring their structural and functional properties
to ordered nanoscale architectures remains challenging [16, 17].
Integrating epitaxial oxide nanostructures into scalable patterns
requires not only the preservation of crystalline quality, but
also precise control over stoichiometry, magnetic ordering, and
interfacial structure. This is particularly important for magnetite,
as small deviations in oxygen content, cation distribution, or
lattice strain can significantly alter both electronic transport and
magnetic behavior [18, 19]. Previous attempts to scale Fe3O4
into patterned nanostructures using top-down or self-assembly
techniques have often resulted in compromised crystalline qual-
ity, non-uniform stoichiometry, or degraded magnetic perfor-
mance [20–22]. This highlights the need for improved methods
that preserve properties of Fe3O4 at the nanoscale.

To address these challenges, bottom-up approaches such as
template-assisted growth have attracted attention as alternatives
to conventional lithographic methods [23, 24]. Among these,
anodic aluminum oxide (AAO) templates provide a simple and
cost-effective route to highly ordered nanostructures with lateral
feature sizes down to a few tens of nanometers.While AAO-based
nanostructuring has been widely applied to polycrystalline metal
oxides [25, 26], its use in structurally ordered, functionally active
oxide systems remains limited.

Although template-assisted growth enables lateral patterning,
substrate choice and interface engineering remain critical for
maintaining epitaxial quality and functional properties [27]. Nb-
doped SrTiO3 (Nb:STO) not only provides a conductive bottom
electrode but also acts as an active substrate, with tunable surface
chemistry and oxygen exchange properties [28–30]. However,
issues such as the -7.5% latticemismatch between Fe3O4 and STO,
or the formation of interfacial oxides, make it difficult to grow
atomically sharp and stoichiometric interfaces [31, 32].

We employ a bottom-up strategy to fabricate epitaxial Fe3O4
nanodots on Nb:STO using commercial AAO templates and
pulsed laser deposition (PLD). Starting with epitaxially grown
Fe3O4 thin films, we examine the interface oxygen stoichiometry
and phase composition. To accomplish this, we use transmission
electron microscopy (TEM), X-ray magnetic circular dichroism
(XMCD), and polarized neutron reflectometry (PNR). Next, we
scale down the system into nanodot arrays and characterize
the ordering using scanning electron microscopy (SEM) and
grazing-incidence small-angle X-ray scattering (GISAXS). A key
question, we address is whether the film’s main features —
crystallinity, magnetism, and stoichiometry—are preserved at
the nanoscale. Moreover, conductive atomic force microscopy
(cAFM) measurements reveal local conductivity changes under
2 of 13
applied bias, further suggesting that Fe3O4 nanodots could be
used to explore electrically tunable behavior, which has potential
applications in future devices [33].

Overall, our work demonstrates a scalable method for patterning
oxide nanostructures that preserves epitaxial andmagnetic quali-
ties. It also provides a platform to study nanoscale interface effects
and functional properties in confined geometries [34–36].

2 Results and Discussion

2.1 Characterization of Fe3O4/Nb:STO Thin
Films: Interface, Structure, and Magnetic Properties

Growing high quality Fe3O4 films on STO has multiple chal-
lenges: non-epitaxy [31], high density of dislocations [32], or
interfacial layers of FeO [37] or 𝛾-Fe2O3 phase [38]. Despite
these challenges, we here demonstrate growth of high-quality
Fe3O4 films on Nb:STO. AFM confirms the smooth surface
morphology of the Fe3O4 film with a root-mean-square (RMS)
surface roughness of 0.45 nm, as detailed in Section S1, while
XRD confirms the out-of-plane (001) orientation onNb:STO (001)
as detailed in Section S2. However, with AFM and XRD, we
cannot probe the oxidation state of the interface. Therefore, we
performed STEM, XMCD, and PNR measurements.

To gain atomic-level insight into the film quality and its interface
with the STO substrate, high-angle annular dark field (HAADF)
scanning transmission electron microscopy (STEM) imaging
was performed. Figure 1a shows a HAADF-STEM image of
the Fe3O4 (001) thin film grown on a Nb:STO(001) substrate.
The image reveals well-aligned atomic columns throughout the
film, indicating high crystalline quality. The brighter atomic
columns, corresponding to Fe, Sr, and Ti due to their higher
atomic numbers, are clearly distinguished from the dimmer O
columns. The thin film layer exhibits a highly ordered structure,
and a representative unit cell of an inverse spinel lattice is
highlighted in the magnified region. This structure is consistent
with Fe3O4, where anti-phase boundaries are frequently reported
as characteristic defects in epitaxial films [39, 40]. In addition,
the presence of nanometer-sized 𝛾-Fe2O3 regions cannot be fully
excluded due to structural similarities.

The selected area electron diffraction pattern (see details in
Section S3) reveals that the Fe3O4 is relaxed with respect to the
Nb:STO, consistent with a lattice mismatch of around 7.5%. The
darker contrast region of approximately 1 nm at the interface
in Figure 1a likely reflects a strained interfacial layer, which
could arise from misfit dislocations or gradual strain relaxation
across the interface. A low-magnification TEM image is shown
in Section S4.

To further investigate the origin of the darker contrast observed
at the Fe3O4/Nb:STO interface, energy-dispersive X-ray spec-
troscopy (EDS) mapping was performed, as shown in Figure 1b.
The corresponding elemental mapping result is provided in
Figure S3c for reference. The EDS elemental maps show a
homogeneous distribution of Fe and O throughout the film and
no evidence of elemental intermixing between the film and
the substrate. In particular, no diffusion of substrate elements
Advanced Materials, 2026
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FIGURE 1 (a) High-resolution STEM-HAADF image of a Fe3O4 (001) thin film grown on aNb:STO(001) substrate. The Fe3O4 lattice is highlighted
in the zoomed-in inset. (b) EDS line profile across the film–substrate interface. The correspondingmapping result is shown in Figure S3c. ElectronEnergy
Loss Spectroscopy (EELS) spectra of the iron oxide thin film at (c) the Fe 𝐿2,3-edge and the O 𝐾-edge. (d) Fe 𝐿2,3-edge XAS spectrum of a 30 nm Fe3O4
thin film measured at room temperature under a 50 mT magnetic field. (e) Corresponding XMCD spectrum, with experimental data fitted to simulate
contributions from Fe ions at different lattice sites. (f) Polarized neutron reflectivity (PNR) data (dots) and corresponding fits (solid lines) obtained using
GenX with the inset of Nuclear and magnetic scattering length density (NSLD and MSLD) profiles derived from the PNR fits.
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(Sr or Ti) into the Fe3O4 layer is observed. Thus, the contrast
cannot be attributed to cation intermixing, although oxygen
exchange cannot be excluded given the limited sensitivity of
EDS to light elements [41]. An overview HAADF image with
the corresponding region selected for EDS line scans, along with
elemental maps of Sr, Ti, O, and Fe, is provided in the Section S3.

Due to their structural similarities, the phases of Fe3O4 and 𝛾-
Fe2O3 cannot be distinguished by TEM imaging or diffraction
alone. To resolve this issue, Electron Energy Loss Spectroscopy
(EELS) was employed to obtain chemical information. Figure 1c
shows the EELS data acquired at the O𝐾-edge and the Fe 𝐿-edge.
The Fe 𝐿-edge spectra display two well-defined peaks at 710 and
723 eV, which correspond to the 𝐿3 and 𝐿2 transitions from Fe 2p
3∕2 and 2p 1∕2 to unoccupied 3d states [42]. Across the series from
FeO to 𝛼-Fe2O3, the peaks shift slightly toward higher energies,
accompanied by an increase in the 𝐿2∕𝐿3 intensity ratio [42,
43]. The measured 𝐿2∕𝐿3 ratio of 5.1 falls within the reported
range for Fe3O4 [42, 44]. This supports the assignment of the
film to this phase. For the O 𝐾-edge, four characteristic peaks
(A–D) can be identified. The measured A/B ratio of 0.63 is close
to the reported value for Fe3O4 (0.69), confirming that the film
corresponds predominantly to the Fe3O4 phase.

The slightly lower A/B intensity ratio compared to the reference
suggests an increased defect density or slight changes in the
oxygen content.
Advanced Materials, 2026
Taken together, the TEM, EDS, and EELS results suggest that
the film is a relaxed Fe3O4 thin layer with an interface region
that accommodates the mismatch via misfit dislocations or an
interface reconstruction. There is no evidence of FeO formation
or significant intermixing at the interface. To distinguish Fe3O4
from possible 𝛾-Fe2O3 contributions and more accurately assess
the film stoichiometry, X-ray absorption spectroscopy (XAS) and
X-ray magnetic circular dichroism (XMCD) measurements were
conducted at the Fe 𝐿2,3-edge.

Figure 1d shows the Fe 𝐿2,3-edge XAS spectrum for a 30 nm Fe3O4
thin filmmeasured at room temperature under a 50mTmagnetic
field, which displays a clear pre-edge feature typical of themixed-
alence state in Fe3O4. In Figure 1e, the XMCD spectrum exhibits
a characteristic W shape—a known fingerprint of Fe3O4 [45].
A stoichiometric Fe3O4 bulk sample has intensity ratio between
the main XMCD peaks (associated with the ferromagnetically
coupled Fe 2+

𝑂ℎ
and Fe 3+

𝑂ℎ
sites) around 1.5 [38, 46]. In contrast,

𝛾-Fe2O3 exhibits a significantly lower ratio of about 0.4 due
to the absence of Fe 2+ ions [46]. In our film, this ratio is
approximately 1.23, which deviates slightly from that of bulk
magnetite. To quantify the iron site occupancy and the relative
proportions of Fe3O4 and 𝛾-Fe2O3 phases, the XMCD spectrum
was quantitatively analyzed by fitting it as a linear combination
of reference spectra corresponding to Fe

2+
Oh, Fe

3+
Oh, Fe

3+
Td sites.

These model spectra were calculated using the CTM4XAS 5.5
software [47], with parameter sets adopted from Ref. [48]. The
3 of 13
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resulting ratios of Fe ions at these sites were determined as Fe3+Td ∶
Fe

2+
Oh ∶ Fe

3+
Oh = 33:25:42.

Assuming a homogeneous composition across the film, the
oxidized magnetite phase Fe 3−𝛿 O4 can be described by the
formula:

Fe3+[Fe2+
1−3δFe

3+
1+2δXδ]O4

where 𝑋𝛿 denotes cation vacancies at octahedral sites and the
bracket groups the octahedral-site cations [49]. Here, 𝛿 ranges
from 0 (stoichiometric Fe3O4) to 0.33 (fully oxidized defect spinel
𝛾-Fe2O3) [49].

The Fe 2+/Fe 3+ ratio derived fromXMCD fitting is: Fe
2+

Fe3+
= 25

33+42
=

25

75
. This value can be related to the vacancy parameter 𝛿 through

the equation:

Fe2+

Fe3+
= 1 − 3𝛿

1 + (1 + 2𝛿)
(1)

Solving for 𝛿 yields 𝛿 ≈ 0.09.

To further interpret the extracted 𝛿 value, we estimated the
relative proportions of stoichiometric Fe3O4 and 𝛾-Fe2O3 that
would correspond to the observed composition. Assuming the
film is composed of a mixture of these two phases with volume
fractions 𝑥 and 1 − 𝑥, respectively, the average composition
satisfies:

𝑥 Fe3O4 + (1 − 𝑥) 𝛾-Fe2O3 = Fe3−δO4 (2)

Substituting 𝛿 = 0.09 gives:

3𝑥 + 2(1 − 𝑥) = 3 − 𝛿 ⇒ 𝑥 = 1 − 𝛿 = 0.91

This indicates that the film composition corresponds to approxi-
mately 91% Fe3O4 and 9% 𝛾-Fe2O3 by volume.

This analysis provides a quantitative estimate of the overall
Fe3O4 and 𝛾-Fe2O3 phase fractions in the film. Although XAS
and XMCD provide information about the average volume com-
position, they do not offer spatial resolution across the film’s
thickness. To investigate the distribution of iron oxide phases
throughout the depth of the film, particularly at the interfaces,
polarized neutron reflectometry (PNR) was employed. PNR is
sensitive to both nuclear and magnetic depth profiles, compli-
menting X-ray-based methods by revealing potential variations
in oxygen content and magnetic ordering across the layered
structure [50, 51].

Neutron reflectivity data were collected at room temperature
in a 1 T in-plane magnetic field and were fit using GenX [52].
Figure 1f shows the measured PNR data, with clear oscillations
extending up to Q = 0.12 Å−1, indicating the high structural
quality and smooth interfaces of the thin film. The fitted nuclear
scattering length density (nSLD) profile, shown in the inset of
Figure 1f, reveals that the top layer of Fe3O4 has an nSLD of
6.98 × 10−6 Å−2 and a saturation magnetization of 3.39 𝜇B/f.u.,
which are both in good agreement with reported bulk values for
4 of 13
stoichiometric magnetite (𝑛𝑆𝐿𝐷Fe3O4
= 6.97 × 10−6 Å−2 [53], 𝑀𝑆

= 3–4 𝜇B/f.u. [54, 55]). In order to achieve a good fit to the PNR
data, a thinner interfacial layer with a slightly reduced nSLD
of 6.85 × 10−6 Å−2 was introduced, suggesting a deviation from
ideal magnetite composition. The saturation magnetization in
this region is 2.09 𝜇B/f.u. (from the GenX fit), indicating a change
in the oxidation state at the interface.

The interfacial layer is 3.0 ± 0.7 nm thick and is located between
the Nb:STO substrate and the 26.9 ± 0.7 nm thick Fe3O4 film.
The interfacial layer corresponds to approximately 10% of the
total film thickness. This value closely matches the ≈9% 𝛾-
Fe2O3 fraction derived independently from XMCD analysis.
Taken together, these results confirm that the oxidized 𝛾-Fe2O3
phase is confined near the film–substrate interface, rather than
distributed throughout the film. In the PNR fit, the transition
at the interface appears gradual rather than abrupt. Since the
HAADF-STEM image shows a clean, well-aligned interface, the
broad SLD profile is unlikely to be caused by roughness at
the interface. Rather, it may reflect a combination of chemical
intermixing and strain relaxation near the interface, which can
gradually affect the local composition or density over a few
nanometers.

Based on the results fromPNR,HAADF-STEM, EDS, andXMCD,
the film can be described as a near-stoichiometric Fe3O4 layer
with a partially oxidized interfacial region that is consistent with
𝛾-Fe2O3. XMCD analysis yields 𝛿 ≈ 0.9 for Fe 3−𝛿 O4, and the
persistence of the Verwey transition confirms the presence of
a near-stoichiometric Fe3O4 bulk phase. PNR corroborates this
finding by revealing a layered structure with a 𝛾-Fe2O3–rich
interface. These observations are consistent with our previous
report on Fe3O4/Nb:STO heterostructures using Hard X-ray Pho-
toelectron Spectroscopy (HAXPES) and XMCD [38]. Together,
these results demonstrate that a high-quality magnetite film
with near-bulk magnetization and a defined substrate interface
was successfully grown, offering a solid basis for fabricating
well-controlled nanostructures.

2.2 From Thin Film to Nanodots: Morphology
and Ordering

After successfully growing high-quality Fe3O4 thin films, we
fabricated laterally confined nanodots to study the effect of
nanoscale geometry on their structural, magnetic, and electrical
properties. Even subtle variations in ordering or size reduction
are expected to influence these functional properties [56, 57],
making it essential to first establish uniform, long-range ordered
nanodot arrays.

Figure 2a–c illustrates the fabrication process for Fe3O4 nanodots
using AAO templates. First, an AAO membrane is transferred
onto the Nb:STO substrate (Figure 2a). Then, Fe3O4 is deposited
(Figure 2b). The AAO serves as a physical mask during this
step. After removing the template with Kapton tape, a well-
ordered array of nanodots is obtained (Figure 2c). To study the
impact of lateral confinement at different length scales, two
sets of nanodot arrays were fabricated using AAO templates
with average pore diameters of approximately 30 and 70 nm,
respectively.
Advanced Materials, 2026
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FIGURE 2 Fabrication and SEM characterization of Fe3O4 nanodots on Nb:STO using AAO templates. (a–c) Schematic illustration of the
fabrication steps: (a) AAO membrane on Nb:STO, (b) Fe3O4 deposition through the template, and (c) template removal, leaving ordered nanodots. (d)
Schematic cross-section showing nanodot on the Nb:STO substrate. (e–g) SEM images of the 30 nm sample corresponding to steps (a–c), respectively.
Insets show FFT patterns. (i–k) SEM images of the 70 nm sample corresponding to steps (a–c), respectively. Insets show FFT patterns. (h, l) Diameter
distributions of nanopores (gray) and nanodots (red) extracted from (e, g) and (i, k), respectively, with log-normal fits (dashed lines).
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Themorphology of the samples at different fabrication stages was
examined using SEM. Figure 2e shows a top-view SEM image
of the 30 nm AAO/Nb:STO sample, revealing a well-ordered
array of round pores. The inset shows the corresponding fast
Fourier transform (FFT), which exhibits a sixfold symmetric
pattern. This confirms the hexagonal ordering of the AAO
template on the substrate. To assess uniformity, SEM images
were acquired from multiple regions across the sample. These
images consistently showed similar ordering, which supports the
successful and uniform transfer of the AAO membrane onto the
Nb:STO substrate.

Figure 2f shows an SEM image of the AAO/Nb:STO substrate
after Fe3O4 deposition. The film was deposited using PLD, during
which the AAO template acted as a physical mask. Figure 2g
shows the resulting Fe3O4 nanodots after removing the AAO
template. A close-up SEM image of both the membrane with
the deposited film and the resulting nanodots is shown in
Figure S5. The deposition was carried out under the same PLD
parameters as used for continuous thin films, yielding nanodots
with comparable thickness.

To examine the influence of Fe3O4 deposition on the array
ordering, FFT patterns of the nanopores (Figure 2e), the pore
structure after deposition (Figure 2f), and the resulting nanodots
(Figure 2g) were compared. In all cases, distinct Bragg spots
demonstrate that the hexagonal arrangement is preserved. The
slight variations in intensity and spacing arise naturally from
the transition between imaging pores, filled pores, and nanodots
in addition to the growth process using the PLD. Overall, the
Advanced Materials, 2026
nanostructure array retains its long-range order. SEM images
also reveal rotational domains of the AAO template, which are
transferred to the Fe3O4 nanodots and give rise to domain-like
variations in the FFT pattern.

A histogram was used to quantify the size distribution of the
nanostructures. Over 800 individual nanostructures within the
SEM image were analyzed. The resulting distribution was fitted
with a log-normal function, as shown inFigure 2h. Thenanopores
in the membrane have an average diameter of 37.7 nm ± 0.11 nm,
the resulting nanodots have an average diameter that is slightly
smaller at 31.7 nm ± 0.12 nm. Both follow a log-normal dis-
tribution. The small standard deviations indicate excellent size
uniformity across the array. The reduction in size from pore to
nanodot diameter can be attributed to the shadowing effect of
theAAO template during deposition. This shadowing effect limits
material deposition in the areas directly underneath the edges of
the pore openings [58].

The same methodology was used for a 70 nm-pore-size AAO
template (Figure 2i–k). The SEM and FFT analysis confirm that
the hexagonal ordering is preserved, and that the nanodots have
a regular shape and spacing. The size distribution (Figure 2l) fol-
lows a log-normal form again, albeit with a slightly reducedmean
diameter compared to the pore size, which is consistent with the
30 nm sample. These results demonstrate that the fabrication
method is reproducible across different template diameters.

Although the AAO-assisted fabrication of nanostructures has
been studied previously for creating highly ordered nanodevices,
5 of 13
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FIGURE 3 GISAXSpatterns of 30 nmnanostructures at different fabrication stages: (a)AAO/Nb:STO; (b) Fe3O4/AAO/Nb:STO; (c) Fe3O4/Nb:STO.
(d) Integrated GISAXS intensity along 𝑄𝑦 for the three fabrication stages. The Bragg peaks are indexed assuming a 2D hexagonal lattice with an
interpore/interdot distance of 𝑙 = 63.5 ± 0.5 nm. (e) Left: zoom-in of the experimental GISAXS pattern shown in (f); right: corresponding simulation. (f)
Integrated intensity along 𝑄𝑧 from the experimental and simulated patterns shown in (h).
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the majority of studies depend on characterization techniques
that are very localized, such as SEM, TEM, or AFM [25, 26,
59]. These methods provide qualitative information limited to
small areas, typically on the order of a few square microns. To
overcome this limitation, we performed GISAXS measurements
to probe nanostructures across larger areas of the substrate and
gain further insights into the in-plane lateral ordering of the
nanodots. In our setup, the illuminated area on the sample
surface is approximately 0.7 × 0.7 mm 2. This allows us to average
structural information over an area several orders of magnitude
larger than is typically accessible by SEM or TEM [60].

Figure 3a–c shows the GISAXS patterns corresponding to dif-
ferent fabrication stages of the 30 nm nanodots, which were
measured at an incident angle of 𝛼𝑖 ≈ 0.2◦. Figure 3a shows the
GISAXS patterns for the AAO/Nb:STO. The Bragg rods along
𝑄𝑦 , confirm that the hexagonal pore arrangement of the AAO
template is preserved after transfer. Figure 3b shows the GISAXS
patterns for Fe3O4/AAO/Nb:STO, where Bragg rods along 𝑄𝑦

remain, indicating that the Fe3O4 film conforms to the lateral
ordering of theAAO template. Additionally, the slight sharpening
of the rods along 𝑄𝑧 suggests that the deposited Fe3O4 film
has a relatively consistent thickness profile over the template.
Figure 3c shows the GISAXS patterns for Fe3O4/Nb:STO. An
overall reduction in intensity is observed in this figure, which
can be attributed to changes in form factor and contrast upon
transformation from pores to nanodots after template removal.
At the same time, the 𝑄𝑧 rods extend to higher 𝑄 values, indi-
cating that the Fe3O4 nanodots are relatively uniform in height.
This leads to enhanced vertical correlation in the scattering
signal which is seen as more well-defined peaks in the GISAXS
pattern.

The integrated intensity plot along 𝑄𝑦 (Figure 3d), around the
Yoneda line (white box) reveals the periodicity is maintained
6 of 13
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throughout all fabrication stages, as seen in the GISAXS pat-
terns (Figure 3a–c). The nanopores/nanodots are arranged in a
hexagonal lattice geometry with an interpore/interdot distance
𝑙 = 63.5 nm, extracted from the first-order Bragg peak. Further
details are given in Section S6. This geometry yields an areal
nanodot density on the order of 1010 cm −2, placing it within
the range of high-density device architectures reported in the
literature [25, 61] (See details in Section S7). Additionally, the
reduction in higher-order peak intensity indicates limited lateral
order, which may be caused by surface roughness or incomplete
coverage introduced during deposition and template removal,
thereby decreasing the constructive interference. TheBragg peaks
were indexed under the assumption of a 2D hexagonal lattice,
and validation is provided in Section S6. GISAXS simulations
of the 30 nm nanodot (Figure 3c) were performed using the
BornAgain software based on the distorted-wave Born approxi-
mation (DWBA) to support the experimental findings [62]. The
nanodots were modeled as truncated nanospheres arranged in
a hexagonal lattice on Nb:STO (see Section S8 for details). The
simulated pattern (Figure 3d) successfully reproduces the main
features of the experimental data, including the discrete Bragg
peaks arising from the lateral hexagonal ordering of the nanodots.
In the integrated intensity plot (Figure 3f), the simulated data
were scaled by a single global intensity factor to enable direct
comparison. No structural parameters were adjusted, which
underscores the robustness of the assumed dot geometry in the
model. Detailed simulation parameters, modeling approach, and
comparisons to experimental data are presented in Section S8.

GISAXS characterization of nanodots fabricated using the 70 nm
AAO template is presented in Section S9. The additional GISAXS
data confirm that long-range lateral ordering is also preserved at
the larger dot diameter. The consistency across different template
sizes demonstrates the robustness of the fabrication approach and
provides a strong foundation for comparing their structure and
Advanced Materials, 2026
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FIGURE 4 Comparison between thin film and nanodot grown under identical conditions: (a) XRD patterns with the inset of calculated out-of-
plane lattice constant 𝑐oop; (b) Temperature-dependent magnetization, with the inset displaying the first derivative d 𝑀 /d 𝑇; (c) Magnetic hysteresis
loops measured at 10 K.
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properties to those of the parent thin film and exploring their
potential in nanoscale functional applications.

In summary, SEM and GISAXS demonstrate that the AAO-
assisted method creates reproducible, long-range ordered Fe3O4
nanodot arrays across different template diameters. The resulting
high-density arrangement can provide an important prerequisite
for the integration of memristive arrays on a larger scale. This
may enable enhanced storage capacity and scalability via nanos-
tructure fabrication, thereby offering a robust platform for further
structural, magnetic, and electrical investigations.

2.3 Comparison of Structural andMagnetic
Properties: Film Versus Nanodots

Significant variations in physical properties can occur when the
dimensionality of a material is reduced from a thin film to
nanoscale structures due to factors such as an increased surface-
to-volume ratio, strain relaxation, or altered magnetic domain
structures [63, 64]. We compared the crystallinity, stoichiometry,
and magnetic response of the Fe3O4 nanodots to the continuous
films to see if they preserve the essential structural and magnetic
characteristics of the continuous films.

X-ray diffraction (XRD) was used to probe crystallinity. As shown
in Figure 4a, the nanodots exhibit the same (001) diffraction
peak as Fe3O4 thin films grown on Nb:STO (001) substrates,
confirming that the out-of-plane crystallographic orientation is
maintained. Using Bragg’s law, the out-of-plane lattice constants
𝑐oop were calculated to be 8.42 ± 0.01 Å for the thin film,
8.35 ± 0.02 Å for the 30 nm nanodots, and 8.40 ± 0.02 Å for
the 70 nm nanodots. These values correspond to out-of-plane
lattice constants averaged over many nanodots through their full
thickness. Both nanodot samples have statistically similar values
to the continuous thin film.

We then examined whether the nanodots chemically retain the
magnetite phase by analyzing the Verwey transition, a well-
known indicator of stoichiometric Fe3O4. The Verwey transition
temperature, 𝑇𝑉 , is a characteristic of magnetite and is highly
sensitive to oxygen content, making it a useful probe to distin-
guish between Fe3O4 and overoxidized phases such as 𝛾-Fe2O3.
For Fe 3−𝛿 O4, where 𝛿 > 0.036, the Verwey transition is not
detectable [65]. The value of 𝑇𝑉 can be determined from zero-
Advanced Materials, 2026
field-cooled magnetization measurements with an applied field
of 500Oe. As shown in Figure 4b, themagnetization as a function
of temperature (𝑀(𝑇)) curves for both the thin film and (30 nm,
70 nm) nanodots with raw data shown in Section S10.

The Verwey transition temperature is extracted from the maxi-
mum of the first derivative of magnetization, 𝜕𝑀∕𝜕𝑇 as shown
in the inset of Figure 4b. Both the thin film and the nanodots
exhibit the Verwey transition at 𝑇𝑉 = 114 K, indicating that all
materials are near-stoichiometric. This value is slightly lower
than the bulk Verwey transition temperature of 𝑇𝑉,theo ≈ 124 K.
This reduction can be attributed to several factors: (1) thickness
effects, where reduced film thickness causes the formation of
anti-phase boundaries (APBs) and lowers 𝑇𝑉 [18, 66]; (2) lattice
mismatch between Fe3O4 and STO (-7.5%) exacerbates APB
formation [18, 67, 68]; and (3) slight stoichiometric variations
in oxygen content, where slight deviations from stoichiometry
can decrease 𝑇𝑉 [69, 70]. The agreement in Verwey transition
temperatures confirms that both the nanodots and the thin film
have similar Fe3O4 stoichiometry. The width of the transition
𝛿𝑇𝑉 for the nanodots is 15 K, which is broader than the 10 K
observed for the thin film. A broader Verwey transition has been
observed in smaller nanostructures or thin films with multi-
crystalline domains [19, 71]. In our case, the broadening might
also result from a distribution of domain sizes or the presence
of grain boundaries within the nanodots, which can smear out
the transition.

Hysteresis loops were measured using VSM to determine the
coercivity (𝐻𝑐) and remanent magnetization (𝑀𝑟) of the Fe3O4
thin films and nanodots. Measurements were recorded at various
temperatures and normalized as discussed in Section S11. In
Figure 4c, the hysteresis loops at 10 K for the thin film, 70 nm
nanodots, and 30 nm nanodots are compared. The shape of
the loop evolves from a rectangular form in the thin film to
an 𝑆-shaped loop in the nanodots. To quantify the magnetic
anisotropy and ease of magnetization reversal, the squareness of
the hysteresis loop, defined as the ratio 𝑀𝑅∕𝑀𝑆 , was extracted.
The squareness is found to be 0.85 ± 0.02 for the thin film, 0.61 ±
0.05 for the 70 nm nanodots, and 0.58 ± 0.04 for the 30 nm nan-
odots, averaged over the temperature range of 10–300 K. Given
that both the nanodots and thin film have a similar thickness
(≈30 nm), differences in behavior can be attributed primarily to
geometry and interface effects rather than thickness effects. The
observed reduction in squareness with decreasing dot diameter
7 of 13
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suggests a decrease in magnetic coherence across the array and
is in line with the expected transition toward single-domain
behaviorwithin individual nanodots due to size confinement [72–
74]. As the nanodot size approaches the critical single-domain
dimension of Fe3O4 (approximately 80 nm [75]), magnetization
reversal occurs predominantly by coherent rotation, resulting
in the smoother, 𝑆-shaped hysteresis. While each nanodot can
behave as a single magnetic domain, the overall array may still
show variation in magnetization direction from dot to dot. In
addition, when the nanodot volume is sufficiently large, dipolar
interactions between neighboring dots become significant [76],
which may also contribute to the gradual 𝑆-shaped reversal [76,
77].

In summary, although scaling down to nanodots leads to minor
differences compared to the continuous film, such as a modified
magnetic loop shape, the main structural and magnetic charac-
teristics of the magnetite phase are well preserved. The nanodots
retain the same crystallographic orientation as the parent Fe3O4
thin film, and remain stoichiometric and ferrimagnetic, making
them suitable for further functional exploration.

2.4 Resistive Switching in Thin Films and
Nanodots

We investigated the electrical behavior of Fe3O4/Nb:STO het-
erostructures to explore their potential for resistive switching
applications. Previous studies on this system have consistently
reported rectifying current–voltage (𝐼−𝑉) characteristics, which
were attributed to Schottky barrier formation at the interface.
However, none of these studies demonstrated resistive switching
behavior at room temperature or across the Verwey transition
range [31, 32, 78, 79]. In most of those cases, the films were
polycrystalline or grown to minimize interfacial oxidation and
secondary phases, which may have limited their ability to induce
or observe switching.

In contrast, the continuous epitaxial Fe3O4 layer in our system
exhibits clear bipolar resistive switching, as shown in Figure 5a.
The (𝐼−𝑉) curves from the Fe3O4 film on Nb:STO, which
includes a thin 𝛾-Fe2O3.interfacial layer, demonstrate a gradual
transition between high and low resistance states. Stable behavior
is observed over 100 consecutive switching cycles. Switching
occurs without an abrupt forming step and is polarity-dependent,
indicating a stable and forming-free bipolar switching behavior.

To evaluate the effects of scaling, we performed readouts at -
0.3 V for different contact areas (2500–40000 𝜇m 2) in the initial,
low resistance state (LRS), and high resistance state (HRS). As
shown in Figure 5b, the resistance in the initial state decreases
with increasing area, with a slope of approximately –0.86 in the
log–log plot. This is consistent with homogeneous conduction
through the film. After switching, however, the resistance shows
a stronger dependence on contact area, with fitted slopes of –2.34
(LRS) and –2.97 (HRS).

Having evidenced resistive switching behavior in the thin film,
we next tested whether this behavior persists at the nanoscale
by measuring I–V curves on individual nanodots. In this study,
we focused on the 30 nm nanodot sample, which offers a
8 of 13
higher degree of ordering, well-separated features, and a more
pronounced nanoscale confinement effect than the 70 nm
nanodot sample.

However, achieving reliable electrical contact with nanoma-
terials using conventional probe stations remains inherently
challenging. We used conductive atomic force microscopy (C-
FM, Omicron VT SPM) to map morphology and conductivity

simultaneously, enabling local electrical characterization of indi-
vidual Fe3O4 nanodots. Figure 5c presents the topography, while
Figure 5d shows the corresponding current map, acquired at a
bias of +1V. The distinct arrangement of nanodots is consistent
with the SEM and GISAXS observations. The current map
reveals brighter intensity on the nanodots, while the Nb:STO
substrate shows lower intensity, suggesting a higher current
on the nanodots than that of the substrate [80]. To further
analyze the correlation between topography and conductivity,
the topography scan profile extracted from the blue line in
Figure 5c is plotted together with the current profile extracted
from the dashed orange line in Figure 5d, as shown in Figure 5e.
The nanodot height ranges from 20 to 30 nm, with possible
influence from tip–sample convolution, in agreement with XRR
measurements (Section S16), while the current peaks fall between
100 and 150 nA. The current profile follows the same phase as
the topography scan, confirming that the current is primarily
dominated by the Fe3O4 nanodots.

To demonstrate the resistive switching of a single nanodot,
additional electrical characterization was performed, as shown in
Figure 5f. The (𝐼−𝑉) curve, averaged over three sweeps within
±2 V on the green dot in Figure 5c, is obtained with a current
compliance of 10 nA to ensure tip stability. The results show
SET behavior under negative voltage and RESET under positive
voltage, i.e., by biasing the Fe3O4 nanodot to -2 V, the nanodot
is set to a low resistance state (LRS), while a +2 V bias resets
to a high resistance state (HRS). These results establish that the
resistive switching behavior observed in the continuous film is
preserved at the single-nanodot level. The ON/OFF resistance
ratio in our Fe3O4/Nb:STO system is of the same order as that
reported for other Fe3O4 based systems. A detailed comparison
of reported ON/OFF ratios is provided in Section S13.

2.5 Discussion of Resistive Switching in
Fe3O4/𝜸-Fe2O3/Nb:STO

Based on the experimental observations, the resistive switching
behavior of the thin film and nanodot structures may be ratio-
nalized in a qualitative manner. From the structural analysis, it
was observed that a layered structure of a (half-metallic) Fe3O4
top layer and interfacial 𝛾-Fe2O3 layer is established, forming
a nanometer-thin insulating barrier close to the thin-film-to-
substrate interface (Figure 6). Due to the good conductivity of
the Fe3O4 top layer, it is expected that the applied potential
mainly drops in this region, implying that the total resistance
is determined by the insulating interfacial layer. Here, we note
that we consistently observed ohmic contact between the Au
top electrode and the Fe3O4 layer (details in Section S12) in
the standard MIM structures, supporting that the switching
process originates at the buried 𝛾-Fe2O3 layer rather than at the
film surface.
Advanced Materials, 2026
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FIGURE 5 (a) Current–voltage (𝐼−𝑉) characteristics over 100 cycles, (b) Area-dependence of resistance for initial states, LRS, and HRS plotted in
log–log scale of a 30 nm-thick Fe3O4 film on Nb:STO; Conductive AFMmeasurement of the 30 nm-diameter Fe3O4 nanodots. (c) Topography of 400 nm
by 400 nm area using 1nN force for scanning. (d) The current map acquired simultaneously with the topography (c) at a bias of +1 V. (e) Topography
and current scan-profiles of the blue line in (c) and the dashed orange line in (d), showing the current response spatially fit to where the nanodots are.
(f) I–V sweep of the nanodot indicated by a green dot in (c).

FIGURE 6 Schematic illustration of the layered Fe3O4/𝛾-
Fe2O3/Nb:STO structure, showing resistive switching behavior. The
moving direction of oxygen (vacancies), V ∙∙

𝑂
, driven by the applied bias

polarity, hints towards oxygen exchange across the Nb:STO/𝛾-Fe2O3
interface.

 15214095, 2026, 10, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/adm

a.202517938 by Synchrotron Soleil, W
iley O

nline L
ibrary on [27/03/2026]. 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
The switching polarity observed both in the MIM structures
as well as in the cAFM-based nanodot experiments indicates
a transition from high resistance state (HRS) to low resistance
state (LRS) at negative polarity of the applied potential, while a
positive bias results in a transition from LRS to HRS. Therefore,
a negative applied potential apparently reduces the insulating 𝛾-
Fe2O3 layer toward more conductive Fe3O 4−𝑥 , resulting in an
overall lowered resistance (LRS). Based on the moving direction
of oxygen (vacancies) under this bias, this may indicate that
the switching is related to oxygen insertion from the 𝛾-Fe2O3
layer into theNb-doped substrate (i.e., oxygen (vacancies)moving
downwards (upwards) in Figure 6).

In turn, positive polarity may reoxidize the interfacial layer
toward the insulating 𝛾-Fe2O3, thereby increasing the overall
resistance (HRS). In this case, the moving direction of oxygen
Advanced Materials, 2026
(vacancies) may indicate that oxygen is re-inserted from the
substrate into the interfacial layer (i.e., oxygen (vacancies) mov-
ing upwards (downwards) in Figure 6). Based on this oxygen
exchange, both the insulating 𝛾-Fe2O3layer aswell as the resulting
contact resistance to the Nb:STO substrate may be modulated,
further contributing to the observed resistance change [81].

As an alternative scenario, one may consider a direct oxygen
exchange between Fe3O4 top layer and the interfacial 𝛾-Fe2O3
layer, potentially involving the reported topotactic phase transi-
tion between the two phases [82–84]. In this case, however, a
negative bias would primarily reduce the conducting Fe3O4 layer
(oxygen vacancies moving ‘upwards’), leading to an increased
resistance, rather than the observed LRS, making this scenario
less likely (or less pronounced).

Based on the cAFM measurements, it is indicated that at the
nanoscale, each of the 30 nm-sized nanodots (Section S14 for
70 nm nanodots) may serve as an individual memristive device,
as the resistive switching is preserved at the single-dot level, with
bipolar SET/RESET transitions observed locally (Figure 5f). This
offers the ability to reversibly switch single nanodots, underscor-
ing the potential for using individual nanodots as addressable
resistive switching units.

3 Conclusion

We present a bottom-up approach to fabricate high-quality Fe3O4
thin films and nanodots onNb:STO substrates. X-ray and neutron
techniques suggest the formation of a thin interfacial layer of
9 of 13
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𝛾-Fe2O3. The combination of pulsed laser deposition and AAO
templating enable the growth of laterally confined nanodots with
well-defined morphology and long-range ordering. Comprehen-
sive structural and magnetic characterization shows that the
nanodots preserve key features of the continuous film, including
epitaxial quality and the Verwey transition, confirming that the
essential properties of magnetite are maintained upon scaling.
The successful transfer of film properties to nanoscale structures
highlights the robustness of this fabrication method and its
suitability for exploring correlated oxide systems in confined
geometries. Local electrical measurements further establish that
resistive switching persists down to individual 30 nm nanodots,
demonstrating that single nanodots can act as memristive ele-
ments. This provides a solid basis for advancing functionality
toward nanoscale memory arrays and for exploring additional
coupled properties, such as magneto-electronic or spintronic
effects, in confined geometries.

4 Experimental Methods

4.1 Deposition of Fe3O4 Thin Films

Fe3O4 thin films were deposited using pulsed laser deposi-
tion (PLD) with a rotating Fe2O3target. The Nb:STO substrate
(Shinkosha Co., Ltd.) was pretreated to obtain TiO 2-termination
prior to deposition (details in Section S1) and kept at a tem-
perature of 450 ◦ C during deposition. The oxygen background
pressure was set to 2 × 10 −6 mbar, with a base pressure of 1 ×
10 −7 mbar. The laser fluence was set to 1.5 J ⋅ Cm −2, and the
repetition rate was 5 Hz. To ensure uniform deposition, the target
was aligned directly in front of the heater during deposition. A
deposition time of 16 min at these parameters results in a 30 nm
thick film.

4.2 Fabrication of Fe3O4 Nanodots

Fe3O4 nanodots were fabricated on 10 ×10× 0.5 mm 3 Nb:STO
substrates using anodic aluminum oxide (AAO) templates as
physical masks, as illustrated in Figure 2. Commercial AAO
membranes (Shenzhen Topmembranes Technology Co., Ltd.)
with nominal pore diameters of ≈30 or ≈ 70 nm, interpore
distances of≈ 65 or≈125 nm, and a thickness of 100 nmwere pre-
coated with a PMMA support layer to aid transfer. The templates
were transferred onto the substrates (see Section S15 for details),
and Fe3O4 was deposited via PLD using the same parameters
as for the continuous film. After deposition, the templates were
removed using Kapton tape, resulting in a well-ordered nanodot
array.

X-ray reflectivity measurements (XRR) confirmed that the nan-
odots have a thickness of approximately 30 nm, comparable
to the thin film grown under identical conditions (detailed in
Section S16).

4.3 Characterization Techniques

X-ray reflectivity measurements (XRR) and X-ray diffraction
(XRD) measurements were carried out on both Fe3O4 thin films
10 of 13
and nanodot samples using a Bruker D8 diffractometer with Cu
K 𝛼 radiation to obtain crystallographic information and phase
purity. Scanning electron microscopy (SEM, Hitachi SU8000)
and grazing incidence small-angle X-ray scattering (GISAXS)
were used specifically on the nanodot samples to examine
their surface morphology, spatial distribution, and long-range
ordering. GISAXS measurements were carried out using the
Gallium Anode Low-Angle X-ray Instrument (GALAXI) with a
monochromatic X-ray beam of 𝜆 = 0.13414 nm [85].

A TEM cross-section of the thin film sample was prepared with a
Thermo Fisher Scientific FEI Scios Dual Beam FIB/SEM system.
2 keV was used for final polishing of the TEM lamellae to mini-
mize surface damage. The TEM study was performed at a probe
correctedThermoScientific Titan at 300 kVequippedwith ahigh-
performance super-X energy-dispersive X-ray spectroscopy (EDS)
system, which was used to map the elemental distribution. The
EELS spectra were acquired at the same TEM, using the Gatan
Imaging Filter (GIF Quantum).

The magnetic properties of both the thin film and nanodots
were investigated using a vibrating sample magnetometer (VSM)
within a Quantum Design Physical Properties Measurement Sys-
tem (PPMS-Dynacool). Temperature-dependent magnetization,
𝑀(𝑇), was measured under zero-field cooling (ZFC) conditions
with an applied magnetic field of 500 Oe. Hysteresis loops were
recorded at room temperature under an applied magnetic field of
±2 T along the in-plane [100] axis.

X-ray absorption spectroscopy (XAS) and X-raymagnetic circular
dichroism (XMCD) measurements were conducted on the thin
film at the DEIMOS beamline at SOLEIL [86], with magnetic
fields of ±2 T applied. Measurements were taken using both
circular right (CR) and circular left (CL) polarized light, and
detected in total electron yield (TEY) mode.

Polarized neutron reflectometry (PNR) measurements were per-
formed on the thin film at room temperature with an applied in
plane field of 0.7 T at the D17 beamline at ILL [87].

Current–voltage (I–V) measurements were performed on the
thin film using a Keithley 2611A source measurement unit and
a PM5 probe station with two micromanipulators. Gold top
electrodes with varying contact areas were deposited through
a shadow mask and contacted using a gold coated tungsten
needle. The Nb:STO substrates, serving as bottom electrodes,
were mounted on Pt-coated Si wafers using silver paint to ensure
good electrical contact. I–V sweeps of the Keithley 2611A were
typically conducted with a voltage step size of 30 mV s−1 and a
delay time of 20 ms between steps.

Morphological and electrical characterizations of the nanodots
were carried out using conductive atomic force microscopy
(cAFM) with an Omicron VT Scanning Probe Microscope (VT-
SPM) at room temperature. Super-sharp conductive single-crystal
diamond probes (Bruker AD-2.8-SS) were employed for both
topographic imaging and single-point I–V measurements. The
nominal apex radius of the conductive diamond tip was less
than 5 nm. To prevent tip damage from excessive current, a
current compliance was applied via the sourcemeter Keithley
2401.
Advanced Materials, 2026
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