
Academic Editor: Amin Bahrami

Received: 26 March 2025

Revised: 13 April 2025

Accepted: 21 April 2025

Published: 23 April 2025

Citation: Picone, A.; Ciccacci, F.; Duò,

L.; Brambilla, A. Stabilization of

Epitaxial NiO(001) Ultra-Thin Films

on Body-Centered-Cubic Ni(001)-

p(1x1)O. Coatings 2025, 15, 507.

https://doi.org/10.3390/

coatings15050507

Copyright: © 2025 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license

(https://creativecommons.org/

licenses/by/4.0/).

Article

Stabilization of Epitaxial NiO(001) Ultra-Thin Films on
Body-Centered-Cubic Ni(001)-p(1x1)O
Andrea Picone * , Franco Ciccacci, Lamberto Duò and Alberto Brambilla

Dipartimento di Fisica, Politecnico di Milano, Piazza Leonardo da Vinci 32, 20133 Milano, Italy;
franco.ciccacci@polimi.it (F.C.); lamberto.duo@polimi.it (L.D.); alberto.brambilla@polimi.it (A.B.)
* Correspondence: andrea.picone@polimi.it

Abstract: Ultrathin NiO films, ranging from 1 to 16 monolayers (ML) in thickness, have been
stabilized via reactive molecular beam epitaxy on the (001) surface of a metastable body-
centered cubic (BCC) Ni film. Low-energy electron diffraction (LEED) confirms that NiO
grows as a crystalline film, exposing the (001) surface. Auger electron spectroscopy (AES)
reveals a slight oxygen excess compared to a perfectly stoichiometric NiO film. Scanning
tunneling microscopy (STM) shows that at low coverages the film exhibits atomically
flat terraces, while at higher coverage a “wedding cake” morphology emerges. Scanning
tunneling spectroscopy (STS) reveals a thickness-dependent evolution of the electronic
band gap, which increases from 0.8 eV at 3 ML to 3.5 eV at 16 ML. The center of the band
gap is approximately 0.2 eV above the Fermi level, indicating that NiO is p-doped.

Keywords: ultrathin oxide; scanning tunneling microscopy; Ni oxide; metastable BCC Ni

1. Introduction
Metal oxides exhibit an exceptionally diverse range of properties, rivalling those of any

other material class [1–3]. Their electrical behaviour spans from excellent insulators, such as
Al2O3 [4,5] and MgO [6,7], to superconductors like SrTiO3 [8,9]. Some oxides, like BaTiO3,
exhibit ferroelectricity [10], while others, such as WO3, display antiferroelectricity [11].
Their magnetic properties are equally varied, encompassing ferromagnetism (CrO2) [12],
antiferromagnetism (NiO) [13], diamagnetism (MoO3) [14], and even complex mixed
magnetic behaviours [15]. In magnetoelectric oxides, different ferroic orders are coupled,
enabling novel functionalities, such as electric-field-controlled magnetism and magnetic-
field-induced ferroelectricity [16].

Beyond their intrinsic properties, the integration of oxides with metals is of even
greater significance [17]. For example, metal oxides are the most common supports for
dispersed metal catalysts and, in some cases, can profoundly influence the chemisorption
and catalytic behaviour of supported metal particles [18,19]. Additionally, the interfacial
coupling between a ferromagnetic metal and an antiferromagnetic oxide gives rise to the
exchange bias effect, a phenomenon essential for applications in spintronic devices and
magnetic storage technologies [20,21].

The surface of oxides is critically important for understanding and potentially tuning
their physicochemical properties, as it governs their interaction with the surrounding
environment and the nature of the interfaces they form with other materials. In this context,
the surface science techniques developed over the past decades provide an excellent tool for
characterization of the oxide surfaces at the atomic scale [22,23]. However, most bulk oxide
surfaces are not accessible to electron-based microscopic and spectroscopic techniques, due
to sample charging.
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An effective approach to overcoming this limitation has proven to be the growth
and characterization of ultrathin oxide films on metallic substrates, which has been the
subject of intense research at both experimental and theoretical levels [24–27]. These films,
with thicknesses ranging from a single atomic layer to a few nanometers, serve as model
systems for studying the properties of bulk materials using electron-based spectroscopic
and microscopic techniques without encountering charging issues. Moreover, the interac-
tion with the metallic substrate, combined with vertical confinement, gives rise to unique
physicochemical properties that are absent in bulk systems. These emergent characteristics
can lead to novel electronic, magnetic, and catalytic behaviours [28].

Nickel oxide (NiO) is a widely studied transition metal oxide known for its unique
electrical, optical, and magnetic properties. As a semiconductor with a wide band gap
(~3.6–4.0 eV), NiO finds applications in various fields, including electrochromic devices [29],
gas sensors [30], catalysis [31], and energy storage systems such as batteries and super-
capacitors [32,33]. Its antiferromagnetic nature with high Neel temperature also makes it
a key material in spintronics, particularly in exchange bias systems when coupled with
ferromagnetic metals [34]. NiO ultra-thin films, with thicknesses ranging from one up to
tens of ML, have been stabilized on various metallic substrates made of noble or quasi-
noble metals, such as Ag(001) [35], Au(001) [36], and Pd(001) [37]. In these cases, the
relative inertness of the substrate to oxidation and the favourable lattice mismatch allow
the stabilization of crystalline films with sharp metal/oxide interfaces. NiO has also been
grown on ferromagnetic materials such as Fe(001) [38] and Ni(001) [39]. In the case of
Fe(001), the lattice mismatch is favourable, approximately 3.5%. However, the substrate
oxidation, induced by the oxygen atmosphere employed during Ni deposition, compro-
mises the epitaxial quality of the NiO film and prevents the formation of a well-defined
metal/oxide interface. Conversely, when NiO is grown on a face-centered-cubic (FCC)
Ni(001), substrate oxidation is more limited, but the significant lattice mismatch (higher
than 18%) hinders the epitaxial growth. Notably, metastable BCC Ni films can be grown
on Fe(001) [40,41], adopting the same lattice parameter as the Fe substrate. These films
could serve as ideal templates for the growth of high-quality crystalline NiO films, enabling
the formation of sharp and well-ordered interfaces between the ferromagnetic metal and
the oxide, which is crucial for applications in spintronic and exchange bias systems. In
this paper, we demonstrate the feasibility of growing epitaxial NiO films on BCC Ni and
provide an atomic-scale characterization using advanced surface science techniques.

2. Experimental Details
The experiments have been performed in an ultra-high vacuum (UHV) chamber, at a

base pressure of 10−10 mbar. The samples were prepared by growing a 500 nm thick Fe film
on a MgO(001) crystal substrate using molecular beam epitaxy (MBE) at room temperature
(RT). The samples have a square shape with a side of 1 cm. The Fe(001) surface was then
exposed to 30 L (1 L = 1.33 × 10−6 mbar·s) of molecular oxygen immediately after being
annealed at 700 K, followed by a flash heating process at 900 K. This procedure resulted
in the well-characterized Fe(001)-p(1x1)O surface, where each surface unit cell contains a
single oxygen atom occupying the fourfold symmetrical hollow site of Fe [42,43]. A 5 ML
thick metallic Co buffer layer was subsequently deposited onto the Fe(001)-p(1x1)O surface
(where 1 ML of Co corresponds to a thickness of about 0.14 nm). In this thickness range, Co
is known to grow pseudomorphically on the Fe substrate [44], adopting a BCC structure
with the same in-plane lattice parameter as bulk Fe (aFe = 0.287 nm). The growth of thin
Co films on Fe(001)-p(1x1)O follows a layer-by-layer mode, as demonstrated in previous
studies and confirmed by our STM observations [45]. The Co layer was deposited at RT
via MBE using an electron-beam evaporator in UHV, followed by annealing at 200 ◦C for
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approximately 5 min. An additional 5 ML buffer layer of Ni was deposited on top of the
cobalt film (1 ML of BCC Ni corresponds to a thickness of about 0.14 nm). We did not
directly grow Ni on the Fe(001)-p(1x1)O substrate because the Ni buffer layer is unable
to protect the Fe(001) surface from oxidation, as demonstrated in previous studies [46].
In contrast, the cobalt buffer layer preserves the metallic Fe substrate [47]. NiO was then
grown at 150 ◦C by reactive deposition of metallic Ni in a pure O2 atmosphere at a partial
pressure of pO2 = 1 × 10−6 mbar, with thicknesses up to approximately 16 ML (where
1 ML of NiO corresponds to about 0.2 nm). The exposure of the buffer layer to the oxygen
atmosphere during growth causes its partial oxidation. Based on AES measurements, we
estimated that approximately 3 ML of the Ni buffer layer are transformed in 2 ML of NiO
during the reactive deposition. Therefore, the thicknesses considered in this paper are
obtained by summing the nominal ML of NiO deposited and the 2 ML of NiO resulting from
the oxidation of the Ni buffer layer. The chemical composition of the samples was analysed
in situ using Auger Electron Spectroscopy (AES), with an Omicron SPECTALEED system
equipped with a retarding field analyser (total acceptance angle: 102◦), operated with a
3 kV, 20 µA primary electron beam and a 3 V peak-to-peak modulation amplitude. The same
instrument was used to record LEED patterns. The STM/STS measurements have been
performed using an Omicron Variable Temperature VT-STM in a UHV chamber connected
to the preparation system. STM images have been acquired at room temperature in constant-
current mode with home-made electrochemically etched W tips. STS spectra (i.e., dI/dV
curves) for the investigation of the sample have been acquired at room temperature, using
a lock-in amplifier with a modulation amplitude of 70 mV.

3. Results and Discussion
Figure 1 presents AES spectra and LEED patterns acquired for the Fe(001)-p(1x1)O

substrate, as well as after the sequential deposition of 5 ML of Co [5 ML Co(001)-p(1x1)O
sample] and 5 ML of Ni [5 ML Ni(001)-p(1x1)O sample]. The AES spectrum of Fe(001)-
p(1x1)O (Figure 1a) displays three characteristic Fe LMM peaks, along with the O KLL
transition, indicating the presence of a surface oxygen monolayer. The corresponding
LEED pattern (Figure 1b) exhibits a well-defined square lattice, consistent with the Fe(001)-
p(1x1)O crystal structure. Upon deposition of 5 ML of Co, the AES spectrum (Figure 1c)
reveals the emergence of Co LMM peaks, which partially overlap with the attenuated Fe
peaks. Notably, the O KLL peak remains unchanged, indicating that the oxygen monolayer
floats on top of the surface. The LEED pattern (Figure 1d) retains the same square symmetry
as Fe(001)-p(1x1)O, confirming that Co adopts the metastable BCC structure, in agreement
with previous studies [44,45]. Similarly, for the 5 ML Ni(001)-p(1x1)O sample, the AES
spectrum (Figure 1e) displays characteristic Ni LMM peaks, while the O KLL signal remains
unaffected. The LEED pattern (Figure 1f) remains unchanged from the previous cases,
demonstrating that the surface consists of a BCC Ni film covered by an oxygen monolayer.

Figure 2 illustrates the surface morphology of the 5 ML Ni(001)-p(1x1)O sample.
Figure 2a reveals large, atomically flat terraces separated by well-defined monoatomic
steps. The topographic profile measured along the white line in Figure 2a is shown in
Figure 2b, indicating a step height of approximately 140 pm. This value aligns with the
expected step height for a pseudomorphic BCC Ni structure on Fe(001), confirming its
structural compatibility with the substrate. In contrast, if Ni had adopted an FCC structure,
the expected step height would be around 175 pm, significantly larger than the observed
value, further supporting the stabilization of the metastable BCC phase.



Coatings 2025, 15, 507 4 of 12Coatings 2025, 15, x FOR PEER REVIEW 4 of 13 
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circles highlight the diffraction points of the first Brillouin zone. AES spectra were measured with 
an electron beam energy (BE) of 3 keV, while LEED images were obtained at BE = 125 eV. 
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Figure 2. Panel (a): STM constant current image acquired on the 5 ML Ni(001)-p(1x1)O surface.
Tunneling parameters are I = 1 nA and V = 1 V. Image size 150 × 150 nm2. Panel (b): topographic
profile measured along the white line drawn in panel (b).
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Figure 3 illustrates the evolution of AES spectra, recorded after incremental depositions
of NiO, in the O KLL and Ni LMM spectral regions. For NiO thicknesses between 3 and
8 ML, the peak attributed to the underlying cobalt film remains visible at approximately
660 eV, while at a NiO thickness of 16 ML, only the LMM Ni peaks are present. Table 1
presents the ratios between the intensities of the O KLL peak and the Ni LMM peak at
850 eV (IO/INi) as a function of NiO thickness, which can be used for the estimation of
the stoichiometry of the NiO film. The average value of IO/INi is 3.26, with a standard
deviation of 0.11. We can extract the relative concentration of Ni (CNi) and O ( CO) from
these data by using the following formula [48]:

CNi =

INi
SNi

INi
SNi

+ IO
SO

where SNi (SO) is the sensitivity factor of the Ni (O). By considering SNi = 0.2 and SO = 0.5,
we obtain CNi = 0.43 and CO = 0.57. These concentrations slightly deviate from those
expected for a perfectly stoichiometric NiO film, revealing an excess of oxygen relative to
Ni. This excess oxygen may result from molecular oxygen adsorbed on the surface during
the deposition of NiO, as reported by Valeri in the case of CoO grown on BCC Co [49].
However, another possibility is that surface defects, such as steps and dislocations observed
in the STM images below, induce an imbalance between cations and anions, promoting
Ni-deficient configurations. This interpretation is further supported by the observation of
p-type doping in the films, as reported below.

Coatings 2025, 15, x FOR PEER REVIEW 6 of 13 
 

 

 

Figure 3. AES spectra acquired on NiO films with nominal thicknesses of 3 ML (black), 4 ML (red), 
6 ML (green), 8 ML (blue), and 16 ML (light blue). The primary electron beam energy is 3 KeV. 

Table 1. ratios between the O KLL peak and the Ni LMM peak at 850 eV measured for increasing 
thicknesses of NiO. 

NiO (ML) OKLL/Ni850 
3 3.16 
4 3.10 
6 3.45 
8 3.39 

16 3.20 

Figure 4 presents the AES spectra measured at low energy in the Ni MVV spectral 
region. A single feature with a maximum at approximately 53 eV and a minimum at 61 
eV characterizes the spectrum acquired on a reference metallic Ni sample (black). The 
spectrum obtained from a 5 ML Ni(001)-p(1x1)O film (red) reveals the superposition of 
two features: the metallic Ni signal and a second feature attributed to NiO, which appears 
at lower energies. The NiO-related peak has a maximum at around 47 eV, while its mini-
mum is not discernible, because of the partial overlap with the maximum of the metallic 
Ni. This spectrum indicates that the Ni(001)-p(1x1)O surface already exhibits the chemical 
characteristics of a single NiO layer. After depositing 3 ML of NiO, the metallic feature is 
suppressed, while the oxide feature becomes clearly distinguishable. Finally, in the sam-
ple covered with 16 ML of NiO, only the oxidized Ni peak remains, with a maximum at 
47 eV and a minimum at approximately 58 eV. 

Figure 3. AES spectra acquired on NiO films with nominal thicknesses of 3 ML (black), 4 ML (red),
6 ML (green), 8 ML (blue), and 16 ML (light blue). The primary electron beam energy is 3 KeV.

Table 1. Ratios between the O KLL peak and the Ni LMM peak at 850 eV measured for increasing
thicknesses of NiO.

NiO (ML) OKLL/Ni850

3 3.16

4 3.10

6 3.45

8 3.39

16 3.20
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Figure 4 presents the AES spectra measured at low energy in the Ni MVV spectral
region. A single feature with a maximum at approximately 53 eV and a minimum at
61 eV characterizes the spectrum acquired on a reference metallic Ni sample (black). The
spectrum obtained from a 5 ML Ni(001)-p(1x1)O film (red) reveals the superposition of two
features: the metallic Ni signal and a second feature attributed to NiO, which appears at
lower energies. The NiO-related peak has a maximum at around 47 eV, while its minimum
is not discernible, because of the partial overlap with the maximum of the metallic Ni.
This spectrum indicates that the Ni(001)-p(1x1)O surface already exhibits the chemical
characteristics of a single NiO layer. After depositing 3 ML of NiO, the metallic feature is
suppressed, while the oxide feature becomes clearly distinguishable. Finally, in the sample
covered with 16 ML of NiO, only the oxidized Ni peak remains, with a maximum at 47 eV
and a minimum at approximately 58 eV.
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Figure 4. AES spectra acquired on metallic Ni (black), 5 ML Ni(001)-p(1x1)O (red), and after deposition
of 3 ML (blue) and 16 ML (pink) of NiO.

Figure 5a displays the LEED pattern acquired on the 3 ML NiO, where intense spots
arranged in a square lattice are visible, indicating that the (001) surface is exposed. Figure 5b
presents a topographic image of the 3 ML NiO surface, characterized by atomically flat
terraces, with nanometer-sized islands scattered across them. Figure 5c provides a magnified
view of the surface, revealing a single-layer NiO island approximately 200 pm in height, as
measured by the topographic profile displayed in Figure 5d.

Figure 6 presents an atomically resolved image acquired on the 3 ML NiO surface,
where a square atomic lattice is clearly visible. The inset of Figure 6 shows the correspond-
ing Fourier transform of the STM image, revealing the first-order diffraction spots. Such
measurements are in agreement with the LEED pattern shown in Figure 5, confirming that
the NiO film is crystalline and exposes the (001) face.

Figure 7 displays a series of STM images acquired for NiO thicknesses of 4 ML
(Figure 7a), 6 ML (Figure 7b), 8 ML (Figure 7c), and 16 ML (Figure 7d). Each sample
exhibits a morphology characterized by terraces covered by NiO islands 1 ML high. At
a thickness of 16 ML, the morphology evolves into a “wedding-cake” shape, which is
generally attributed to the three-dimensional growth of the film due to kinetic limitations
in mass transport [42]. The LEED patterns shown in the insets of each panel confirm that
the samples are crystalline and reveal the square lattice of the NiO(001) surface. To quantify
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the topographical features of the surface, we extracted from the STM images the Root Mean
Square Roughness (RMS), defined as the square root of the mean of the squared deviations
of surface heights from the mean plane. The results, summarized in Table 2, show that
the RMS roughness remains nearly constant at about 0.14 nm up to a thickness of 8 ML,
slightly increasing to 0.17 nm at 16 ML.
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for panels (b) and (c) are I = 0.5 nA and V = 2 V.

Coatings 2025, 15, x FOR PEER REVIEW 8 of 13 
 

 

size 20 ൈ 20 nmଶ. (d) Topographic profile acquired along the dotted white line drawn in panel (c). 
Tunneling parameters for panels (b) and (c) are 𝐼 ൌ 0.5 nA and 𝑉 ൌ 2 V. 

Figure 6 presents an atomically resolved image acquired on the 3 ML NiO surface, 
where a square atomic lattice is clearly visible. The inset of Figure 6 shows the correspond-
ing Fourier transform of the STM image, revealing the first-order diffraction spots. Such 
measurements are in agreement with the LEED pattern shown in Figure 5, confirming that 
the NiO film is crystalline and exposes the (001) face. 

 

Figure 6. Atomically resolved constant current STM image acquired on the 3 ML NiO sample. Tun-
neling parameters are 𝐼 ൌ 5 nA and 𝑉 ൌ 0.8 V. Image size 33 ൈ 25 nmଶ. The inset shows the Fourier 
transform of the image, where the spots corresponding to the first-order diffraction are clearly visi-
ble. 

Figure 7 displays a series of STM images acquired for NiO thicknesses of 4 ML (Fig-
ure 7a), 6 ML (Figure 7b), 8 ML (Figure 7c), and 16 ML (Figure 7d). Each sample exhibits 
a morphology characterized by terraces covered by NiO islands 1 ML high. At a thickness 
of 16 ML, the morphology evolves into a “wedding-cake” shape, which is generally at-
tributed to the three-dimensional growth of the film due to kinetic limitations in mass 
transport [42]. The LEED patterns shown in the insets of each panel confirm that the sam-
ples are crystalline and reveal the square lattice of the NiO(001) surface. To quantify the 
topographical features of the surface, we extracted from the STM images the Root Mean 
Square Roughness (RMS), defined as the square root of the mean of the squared deviations 
of surface heights from the mean plane. The results, summarized in Table 2, show that the 
RMS roughness remains nearly constant at about 0.14 nm up to a thickness of 8 ML, 
slightly increasing to 0.17 nm at 16 ML. 

Figure 6. Atomically resolved constant current STM image acquired on the 3 ML NiO sample. Tunneling
parameters are I = 5 nA and V = 0.8 V. Image size 33 × 25 nm2. The inset shows the Fourier transform
of the image, where the spots corresponding to the first-order diffraction are clearly visible.



Coatings 2025, 15, 507 8 of 12Coatings 2025, 15, x FOR PEER REVIEW 9 of 13 
 

 

 

Figure 7. Constant-current STM images were acquired for NiO films of 4 ML (a), 6 ML (b), 8 ML (c), 
and 16 ML (d). The tunneling parameters for all images were set to I = 0.5 nA and V = 2.2 V. Each 
image covers an 80 × 80 nm² area. The insets display the corresponding LEED patterns, revealing a 
well-defined square diffraction pattern. LEED measurements in panels (a–c) were obtained at a 
beam energy of 125 eV, while the measurement in panel (d) was acquired at 150 eV. 

Table 2. Root Mean Square Roughness (RMS) as a function of NiO thickness. 

NiO (ML) RMS (nm) 
3 0.12 
4 0.15 
6 0.13 
8 0.14 

16 0.17 

Figure 8 shows the differential conductance spectra dI/dV acquired for different NiO 
thicknesses. Each of these curves was obtained by averaging several spectra collected at 
the center of the NiO terraces. In these curves, which are proportional to the local density 
of states (LDOS) of the surface, the zero energy corresponds to the Fermi level of NiO, 
while the positive (negative) energies indicate the empty (occupied) electronic states of 
the NiO surface. At a thickness of 3 ML (black curve), the LDOS is flat within a 0.8 eV 
range around the Fermi level, indicating the presence of an electronic band gap. This band 
gap increases with the film thickness, reaching 2.5 eV for 6 ML (red curve) and 3.6 eV for 
16 ML (blue curve). Table 3 reports the band gap values for the film thicknesses considered 
in this study, along with the valence and conduction band edges. Notably, the band gap 
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Table 2. Root Mean Square Roughness (RMS) as a function of NiO thickness.

NiO (ML) RMS (nm)

3 0.12

4 0.15

6 0.13

8 0.14

16 0.17

Figure 8 shows the differential conductance spectra dI/dV acquired for different NiO
thicknesses. Each of these curves was obtained by averaging several spectra collected at the
center of the NiO terraces. In these curves, which are proportional to the local density of
states (LDOS) of the surface, the zero energy corresponds to the Fermi level of NiO, while
the positive (negative) energies indicate the empty (occupied) electronic states of the NiO
surface. At a thickness of 3 ML (black curve), the LDOS is flat within a 0.8 eV range around
the Fermi level, indicating the presence of an electronic band gap. This band gap increases
with the film thickness, reaching 2.5 eV for 6 ML (red curve) and 3.6 eV for 16 ML (blue
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curve). Table 3 reports the band gap values for the film thicknesses considered in this study,
along with the valence and conduction band edges. Notably, the band gap width can be
tuned by adjusting the film thickness. Furthermore, the center of the band gap does not
align with the Fermi level but is instead positioned closer to the conduction band by about
0.2 eV, indicating that all the films exhibit p-type doping. The observation of a naturally
p-doped NiO film aligns with the general trend reported in the scientific literature [50].
Furthermore, it corresponds to the Ni deficiency identified through AES measurements.
The measurements reported in Table 1 show that the Ni deficiency remains approximately
constant across the considered thicknesses, in agreement with the fact that the band gap
offset is also constant. The dependence of the band gap on thickness deserves a more
in-depth discussion. The band gap width can be influenced by several factors, including
strain [51], quantum size effects [52], and image charge screening [53]. In the present case,
the observed increase in band gap with thickness suggests that image charge screening
plays a dominant role. Specifically, at the interface between an insulator and a metal, image
charge screening induced by the polarizability of the metallic substrate tends to reduce the
band gap of the insulator. Therefore, increasing the thickness of the oxide film is expected
to suppress this effect, allowing the band gap to approach its bulk value.
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Table 3. Valence band (VB) and conduction band (CB) edges measured from the STS spectra acquired
on NiO films with different thicknesses. The energy gap is reported in the last column.

NiO (ML) VB (eV) CB (eV) Energy Gap (eV)

3 −0.2 0.6 0.8

4 −1.2 0.8 2

6 −1 1.5 2.5

8 −1.2 1.8 3

16 −1.5 2 3.5

4. Conclusions
In this study, we have successfully stabilized high-quality epitaxial NiO films with

thicknesses ranging from 1 ML to 16 ML on a metastable BCC Ni(001)-p(1x1)O surface. The
analysis of LEED patterns confirms that the NiO films adopt a well-ordered crystalline
structure, growing with the (001) surface exposed. To further investigate the chemical
composition of the oxide, we performed AES measurements, which reveals a slight excess
of oxygen compared to the nominal stoichiometry. This subtle deviation suggests the
presence of oxygen-rich conditions during growth, which may influence the electronic
and magnetic properties of the material. Interestingly, STS measurements indicate that the
electronic band gap of NiO varies as a function of film thickness. This observation suggests
a potential route for tuning the electronic properties of the system by carefully adjusting
the thickness of the oxide layer. Such tunability is particularly relevant for applications
in oxide electronics, spintronics, and correlated electron systems. The epitaxial NiO films
synthesized in this work provide an excellent platform for exploring the fundamental
properties of ferromagnet/antiferromagnet interfaces. Their well-defined crystallinity
and controllable electronic characteristics make them ideal candidates for investigating
interfacial magnetic coupling, exchange bias effects, and other emergent phenomena in thin-
film heterostructures. Future studies may focus on probing the spin dynamics and magnetic
ordering at these interfaces, further expanding the potential technological applications of
these systems. To enable scalability toward industrial applications, the deposition rate of
NiO films on Fe(001) may be enhanced, or alternatively, the process could be transitioned
to a more accessible and industry-compatible technique such as sputtering.
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