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imperfections.21−25 This hypothesis is further supported by
recent studies on the two-dimensional (2D) nature of FM in
nanosized undoped oxides, including ultrathin films and
nanoparticles, where surface-related oxygen vacancies and
defects play a dominant role in inducing FM, highlighting the
critical influence of nanoscale phenomena on the magnetic
properties of TiO2.

26,27

In this study, the aim is to investigate the structural and
magnetic properties of ultrathin TiO2 films with nanometer-
scale thickness, synthesized by ALD that is a widely recognized
technique for its precise control over film thickness and
composition at the atomic level, making it an ideal technique
for the preparation of ultrathin films. Through this method,
deeper insights are sought to discover how the unique
properties of ultrathin films could influence their magnetic
characteristics. To the best of our knowledge, this is the first
time that the magnetic properties of ultrathin TiO2 films,
synthesized by ALD, have been investigated. Additionally,
experimental investigations are complemented by quantum-
mechanical simulations to explore the effects of an interface
between the LaAlO3 (LAO) substrate and TiO2 ultrathin films,
as well as the impact of oxygen vacancies on the properties of
ultrathin TiO2 films, offering a comprehensive understanding
of the interplay between structural factors and electronic
degrees of freedom in these systems.

■ RESULTS AND DISCUSSION
The work-flow of major individual steps carried out in this
work is schematically illustrated in Figure 1. In particular, the
scheme also indicates the synthetic technique employed�
Atomic Layer Deposition (ALD)�and major characterization

and modeling techniques used in this work. Details are
provided in the Methods part.

The surface morphology of the TiO2 film deposited on the
LAO substrate using 500 ALD cycles is displayed in Figure S1.
Figure S1a exhibits the SEM top-view image of the bare LAO
substrate. Then, in Figure S1b, it is possible to observe the
uniform deposition of 500 ALD cycles of TiO2 on the LAO
substrate. Figure S1c shows the cross-section analysis where
the calculated thickness of 500 ALD cycles of TiO2 deposited
on the LAO substrate is around 25.4 nm, resulting in a nominal
TiO2 growth of 0.051 nm per 1 ALD cycle. This growth rate
was further used to assess the thickness of the main TiO2 films
there were comparably thinner, than this reference film.

Atomic Force Microscopy (AFM) measurements were
carried out in order to evaluate the surface topology and
roughness of the bare LAO substrate as well as the TiO2
ultrathin films, deposited with thicknesses of 5 and 10 nm.
Figure S2a−c show representative AFM topographic images
taken over a 5 × 5 �m 2 scan area. The bare LAO surface
(Figure S2a) exhibits a relatively smooth morphology with
small, randomly distributed features and an RMS roughness of
0.50 nm. After the deposition of 5 nm of TiO2 (Figure S2b),
the surface remains smooth, with a slight decrease in the RMS
roughness to 0.46 nm. A similar trend is observed for the 10
nm TiO2 film (Figure S2c), where the surface displays a
smooth morphology with less features, while the RMS
increases slightly to 0.48 nm.

The statistical analysis of the roughness values is
summarized in Figure S2d, which presents the RMS data in
the form of a box chart. The results clearly demonstrate that
the deposition of ultrathin TiO2 films does not significantly
alter the roughness of the LAO substrate, regardless of the film

Figure 1. Work-flow of the key steps utilized in this work in terms of materials and processes.

Figure 2. X-ray diffraction patterns of (a) bare LaAlO3 and 1, 5, and 10 nm ultrathin TiO2 films deposited by ALD on LAO substrates and (b)
zoom on the dash-lined area shown in part (a).
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thickness. The preservation of low RMS values across all
samples (0.50, 0.46, and 0.48 nm for bare LAO, 5 nm TiO2,
and 10 nm TiO2, respectively) indicates that the ultrathin TiO2
films grow conformally on the LAO surface without
introducing additional morphological irregularities. This
behavior suggests a good interface quality between the TiO2
and LAO substrate, which is an important factor for magnetic
properties, where the surface smoothness and its uniformity are
critical.

The structural properties of TiO2 ultrathin films (1, 5, and
10 nm) and the LAO bare substrate were determined by XRD
analyses. Figure 2 shows the corresponding patterns. The
results for 1, 5, and 10 nm films exhibited a good crystallinity,
which is particularly visible from the zoomed pattern in Figure
2b. A single anatase phase with (004) orientation, well-
oriented following the orientation of the single crystal LAO
substrate, was revealed. Furthermore, no aligned peaks are
present in the diffractograms. It is worth noting that the (004)
reflection shows a progressive broadening and shift as a
function of thickness. This behavior is attributed to strain
effects induced by the lattice mismatch between TiO2 and
LAO. In the thinnest films, the strain is more pronounced,
leading to a distortion of the out-of-plane lattice parameter and
hence a shift of the peak. With increasing thickness, the films
gradually relax, and the peak approaches the bulk anatase
position. The observed peak broadening is also consistent with
finite-size effects related to the ultrathin nature of the layers,
which reduce the coherent crystallite domain size. These
observations confirm the strong influence of the substrate on
the structural properties of the ultrathin TiO2 films.

HR-TEM images of 5 nm TiO2 films deposited on a LAO
substrate are shown in Figure 3. TiO2 crystals are embedded in

an amorphous mass, which can be seen in additional images in
Figure S3. The inverse FFT (Figure 3b) taken from the filtered
FFT pattern (Figure 3c) revealed the crystal structure with
interplanar spacings of 0.27 and 0.18 nm corresponding to the
d(11 ̅0) and d(200) of the anatase phase, respectively [ICSD
9852]. The filtered FFT pattern can be indexed to confirm Z =
[001] crystallographic orientation. The FFT pattern shown in
Figure S3d also indicates the presence of the TiO2 anatase
crystalline phase. For comparison, Figure S4 also shows the
HR-TEM images focused on the LAO substrate, where the

interlayer distance of 0.21 nm fitted with the LaAlO3 cubic
phase [ICSD 90550], as well as the FFT pattern that confirms
the cubic phase.

The magnetization (M) as a function of the applied
magnetic field (H) at room temperature for the TiO2 ultrathin
films with thicknesses of 1, 5, and 10 nm is displayed in Figure
4. When the magnetic field is applied parallel to the film plane
(Figure 4a), it is possible to observe that the 1 nm film sample
is diamagnetic. This behavior can be attributed to the ultrathin
nature of the TiO2 layer, which is insufficient to completely
mask or dominate the intrinsic diamagnetic response of the
underlying LAO substrate. In contrast, the 5 and 10 nm films
exhibited a clear ferromagnetic response at room temperature.
The saturation magnetization (Ms) measured for the 5 nm film
is notably higher than that of the 10 nm film, approximately 3
times (zoom in Figure S5). Considering the raw Ms data
(before film volume normalization, which is equivalent to
magnetic moment), the values obtained for the 1, 5, and 10 nm
films were −6.0 × 10−6 emu, 7.3 × 10−6 emu and 4.6 × 10−6

emu, respectively. This suggests that the 5 nm TiO2 film
contributes significantly more to the overall magnetic moment
in comparison to other thicknesses. The enhanced magnetic
properties observed in the 5 nm TiO2 film were assumed to be
attributed to defects and vacancies that are located at or below
the surface, within a layer of nanoscales when the confinement
effects are important.19,25−27

Furthermore, when comparing the magnitude of Ms
obtained from these TiO2 ultrathin films grown by ALD
with that of films grown by PLD, the results are of the same
order of magnitude, as previously reported by Hoa Hong et
al.27 This consistency between different growth techniques
further corroborates the robustness of FM in TiO2 ultrathin
films, particularly in the thickness range of 5 to 10 nm,
regardless the technique used for its synthesis.

On the other hand, when the magnetic field is applied
perpendicular to the plane of the TiO2 ultrathin films (Figure
4b), all films exhibit a diamagnetic response, regardless of the
thickness. This indicates that the ferromagnetic behavior in
TiO2 is confined to be in-plane. The pronounced anisotropy
observed in these films suggests that the FM is highly two-
dimensional (2D) in nature, indicating its origin from surface-
related phenomena. Such a significant disparity between the in-
plane and out-of-plane magnetic responses may imply that the
FM must have a preference for its spin alignments. In other
words, if FM is due to vacancies/defects, then those must be
located in some preferred plane.

Additionally, the temperature dependence of the magnet-
ization for the 5 and 10 nm TiO2 films was determined and is
shown in Figure S6. Both films exhibit an almost constant
magnetization across the entire temperature range (from −100
to 100 °C), with no observable magnetic transition. This
behavior indicates that the ferromagnetic response is stable
well above room temperature and is not strongly influenced by
thermal fluctuations.

XPS analyses were carried out to understand better the
surface chemical state and composition of the TiO2 ultrathin
films deposited on LAO substrates. Figure 5 shows all XPS
results. The presence of C, O and Ti was detected in all
samples, as shown in Figure 5a, demonstrating the successful
ALD coatings. The presence of La and Al stemming from the
substrate was observed in 1 and 5 nm samples, while it was not
revealed for the 10 nm sample. This means that the 10 nm
TiO2 film is at the detection limit of the XPS measurement

Figure 3. TEM analyses of the 5 nm ultrathin TiO2 film deposited by
ALD on LAO substrate. (a) HR-TEM image, (b) inverse FFT pattern
of the yellow dash-line area shown in part (a), (c) corresponding
filtered FFT pattern confirming anatase phase in orientation Z =
[001].
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depth. The Ti 2p high resolution (HR) spectra (Figure 5b)
show the corresponding spin−orbit splitting Ti 2p3/2/Ti 2p1/2
with a similar shape. The spectra were curve-fitted using six
contributions that correspond to three different chemical
environments. Peaks obtained at ∼458.8 and 464.5 eV were
assigned to Ti4+ from TiO2.

28−30 Signals centered at ∼457.6
and 463.3 eV were attributed to Ti3+.28−30 Finally, the last two
contributions at ∼459.8 and 465.5 eV were associated with
nonstoichiometric TiOx.

29,31

The presence of Ti3+ and nonstoichiometric TiOx species is
an indication of defects and/or vacancies in the TiO2 lattice.
Subtle differences in signal intensities of these species can be
observed in the Ti 2p HR spectra at the different film
thicknesses. However, these variations are more clearly
highlighted in the quantification of the Ti atomic concen-
tration [%], shown in Figure 5c. The 5 nm sample is the one
with the highest concentration of Ti3+ and TiOx species.
Excluding the 1 nm sample from consideration (due to its

diamagnetic behavior and the relatively lower concentration of
vacancies/defects), the interaction between the 5 nm film and
the substrate is likely a key factor, contributing to the higher
defect density observed in this sample. Compared to the 10 nm
film, the 5 nm film, being thinner, has more direct and intimate
contact with the substrate interface. This closer proximity
intensifies the interactions between the TiO2 film and the LAO
substrate, potentially inducing a larger number of vacancies/
defects near the interface. In contrast, a great portion of the 10
nm film lies farther from the interface with the LAO substrate
compared to the 5 nm film, leading to weaker substrate film
interactions, which in turn reduces the probability of defect
formation. Thus, the thickness of the film plays a crucial role in
determining the extent of defect creation, with thinner films
exhibiting stronger interactions and higher defect densities, due
to their greater interface contact. However, when the film
becomes too thin, the substrate influence can dominate,
leading to unintended behaviors in the material, as evidenced

Figure 4. Magnetization M versus magnetic field H taken at room temperature for TiO2 ultrathin films with different thicknesses (1, 5, and 10 nm)
deposited by ALD on LAO substrate. The magnetic field was applied: (a) parallel to the film plane and (b) perpendicular to the film plane.

Figure 5. XPS results: (a) XPS survey spectra of TiO2 ultrathin films supported on LAO (1 nm�black, 5 nm�blue and 10 nm�red), (b) XPS Ti
2p high-resolution spectra of 1 nm, 5 nm and 10 nm TiO2, (c) Ti atomic concentration calculated by XPS.

ACS Applied Nano Materials www.acsanm.org Article

https://doi.org/10.1021/acsanm.5c04214
ACS Appl. Nano Mater. 2025, 8, 20105−20114

20108



with the diamagnetic response of the 1 nm film. If the observed
FM is attributed to the vacancies/defects, then these results
would be in good agreement, since the 5 nm film achieved the
best magnetic response and is also the sample with the highest
concentration of defects.

To analyze atomic-scale properties, which are difficult to
obtain experimentally, we performed a series of quantum-
mechanical calculations. We assessed the properties of the
interface between the TiO2 film and the LAO substrate as well
as the impact of defects in a thin TiO2 film being motivated by
the XPS results discussed above.

Our calculations initially determined the properties of the
individual materials (see Figure 6) independently in their bulk
states. The bulk anatase TiO2 crystallizes in the I41/amd
structure, as is depicted in Figure 6a. In our calculations, the
computational cell of this phase contained 12 atoms and its
Brillouin zone was sampled using a 24 × 24 × 8 k-point mesh.
The calculated lattice parameters, which correspond to the
minimum energy of a static lattice, are equal to a = b = 3.822 Å
and c = 9.724 Å. These values are in excellent agreement with
our experimental values a = b = 3.7820 ± 0.0004 Å and c =
9.5320 ± 0.0004 Å, as stated in our previous work32 and
references therein. Regarding the cubic LAO bulk, we used a 5-
atom cell, see Figure 6e, and its computed equilibrium lattice
parameters are equal to a = b = c = 3.808 Å.

Next, the interface between the TiO2 with the anatase
structure and the LAO substrate was modeled without vacuum
in a composite two-phase cell created as shown in Figure 6b−
d. As the lattice parameters a = b within the (001) plane of
both materials are so similar, we chose this particular
crystallographic interface orientation as there are hardly any
misfit stresses. Considering LAO as a substrate, the lattice
parameters within the plane of the interface were kept constant
in our calculations and equal to those of LAO bulk, i.e., a = b =

3.808 Å. The reciprocal-space Brillouin zone corresponding to
the interface-modeling computational cell in Figure 6c was
sampled using a 10 × 10 × 1 k-point mesh.

Our interface-modeling computational cell was constructed
to contain two interfaces of the same type. The interface type
means the combination of interfacing atomic planes belonging
to TiO2 on one side of the interface and LAO on the other.
The interfaces in Figure 6c are formed by the atomic plane
containing Al and O atoms on the LAO side and three very
close planes on the TiO2 side (particularly, one Ti plane
accompanied above and below by one O plane). The two
interfaces indicated by dashed lines in Figure 6c have the same
type but are rotated by 90° within the interface plane. It is
worth noting that while this computational cell allows for
having two interfaces of the same type, it does not preserve the
stoichiometry of either TiO2 or the LAO.

The stability of the studied interface was tested by applying
shifts within the interface plane and monitoring the energy
changes. This approach is essentially equal to the so-called �-
surface calculations (see, e.g., refs 33 and 34), when one part of
a crystal is shifted along the second one within a specific
crystallographic plane (see, e.g., Figure 6 in ref 35).
Subsequently, after the shift, the atoms are allowed to move
only in the direction perpendicular to the interface to minimize
the energy. The �-surface calculations are performed to
determine the energy barriers which are relevant for, e.g., the
motion of dislocations in crystals.36

Computationally, these shifts can be realized by adding
nonzero components to the vector defining the cell in the z
direction. The unshifted cell has the cell-defining vector in the
z direction with components (0, 0, c). In contrast to that, a
shifted vector has components equal to (Δx, Δy, c). This
change causes a shift of the periodic image in the z direction
with respect to the top of the computational cell below. In this

Figure 6. A schematic figure illustrating the construction of the interface-modeling computational cell. As four (a) unit cells of TiO2 form a (b)
supercell with the size along the [001] direction equal to 38.85 Å, which is very close to the size 38.08 Å of (d) LAO supercell consisting of ten (e)
cubic LAO unit cells, we have created a composite computational cell (c) containing 2 unit cells of TiO2 and 5 unit cells of LAO with two identical
interfaces (only mutually rotated by 90° within the (001) plane). The interfaces are indicated by dashed lines. Note: the periodic boundary
conditions were applied and some atoms are shown together with their periodic images.
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way, the interface in the middle of Figure 7a stays unaltered
but the interface in the upper part of the computational cell
experiences the shifts within the interface plane. Dashed ovals
in Figure 7a exemplify atomic configurations which differ
significantly in such cases; the green dashed oval shows the
configuration at the shifted interface and the blue dashed oval
at the unshifted interface.

The calculated energy differences associated with the shifts
are shown in Figure 7b. They are computed with respect to the
energy of the unshifted interface. These energy differences are
all positive and quite high in value. It means that the shifts
result only in an increase of energy and the unshifted interface,
on which we focus in our calculations, is stable and represents
the energy minimum. It is worth noting that the energy
differences shown in Figure 7b are displayed only for the range
of values of the shifts up to 1 Å. This value is only about one-
quarter of the lattice parameter within the interface, which is
equal to a = b = 3.808 Å. Our decision to show only this
narrower range is related to the fact that computed energies,
corresponding to the shifts close to the half of the lattice
parameter a = b = 3.808 Å, are so high that it is highly
improbable that they would be relevant. For the second half of
the range, we expect the same but inverted trends due to the
symmetry.

Next, we studied ultrathin films of TiO2. As the properties of
defect-free TiO2 are well-known, we computed properties of
TiO2 with defects, in particular, TiO2 with quite a high number
of oxygen vacancies leading to the off-stoichiometric TiO1.8125.
The computed oxygen-deficient off-stoichiometry was moti-
vated by the XPS results with stoichiometry around TiO1.8 (see
Figure 5). The actual value of TiO1.8125 was further affected by
the number of O atoms in our computational cell, which we
can possibly remove, and their ratio with respect to the number
of Ti atoms in our computational cell. A detailed explanation
follows below.

The ultrathin TiO2 films with defects were modeled by a
slab-type computational cell containing two newly added
features. First, a 21.16 Å wide vacuum layer was added above
the surface of TiO2. To mitigate long-range interactions across
the vacuum between periodic images in the slabs, we applied
monopole, dipole, and quadrupole corrections to the total
energy (IDIPOL = 3 in the VASP INCAR file), along with
corrections to the potential and forces (LDIPOL enabled).
Additionally, an extra support grid (ADDGRID enabled) was
employed to evaluate the augmentation charges.

Second, vacancies were introduced. In order to model the
vacancies, the cell in Figure 6c was quadrupled, in particular,
multiplied in the 2 × 2 × 1 manner, see Figure 8a. The increase
in the size of the surface-modeling computational cell was
motivated by the fact that there are only two oxygen atoms in
every atomic (001) plane in TiO2 in the case of the
computational cell shown in Figure 5c and the removal of
the oxygen atom from such a small cell would lead to quite a
high planar density of vacancies equal to 50%. By multiplying
the cell in Figure 6c in the 2 × 2 × 1 manner, the number of O
atoms within each (001) plane of TiO2 increased to eight.
Removal of a single O atom then results in the planar density
of vacancies equal to 12.5%, i.e., a more realistic value close to
the experiments. To construct the computational cell shown in
Figure 8, six vacancies were distributed in several (001) atomic
planes of TiO2. The positions of the six O vacancies are shown
as gold spheres in Figure 8a and these atomic sites are
completely empty in Figure 8b. The computed off-
stoichiometry TiO1.8125 is determined as follows. The whole
computational cell in Figure 8b contains a total of 190 atoms,
in particular 32 Ti atoms, 118 O atoms, 20 La atoms and 20 Al
atoms. Some of these atoms are used to model the LAO
substrate, for example, the computational cell in Figure 8b
contains 20 LAO formula units, i.e. 20 times LaAlO3, meaning
20 La atoms, 20 Al atoms and 60 O atoms which are used to

Figure 7. �-Surface calculations: (a) an example of the interface-modeling computational cell with a nonzero applied shift within the interface plane.
Dashed ovals point to atomic configurations which differ significantly; the green dashed oval shows the configuration at the shifted interface and the
blue dashed oval at the unshifted interface, (b) energy differences related to the shifts along the x and y directions within the interface expressed
with respect to the energy of the unshifted interface (in eV per cell containing 49 atoms).
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model the substrate. The remaining 32 Ti atoms and 58 O
atoms result in the off-stoichiometry Ti32O58, i.e., TiO1.8125.
The k-point mesh associated with the computational cell
shown in Figure 8 was equal to 3 × 3 × 1.

As mentioned above, the positions of the oxygen vacancies
are shown as goldish-color spheres in Figure 8a. Figure 8b
visualizes the structural changes induced by O vacancies both
close to the surface of TiO1.8125 and deeper under the surface.
The structural distortions are quite significant for this
concentration of O vacancies. These findings qualitatively
agree with our HRTEM results that identify deformations in
the studied thin films, see Figure S7.

The computed TiO1.8125 film turned out to be practically
nonmagnetic. There were a few small local magnetic moments
induced by O vacancies on Ti atoms, but their magnitude was
close to the expected error bar of our calculations. As
suggested above, when discussing our experimental data, the
computed TiO1.8125 thin film, with the thickness of about 2 nm,
was likely too thin to exhibit a ferromagnetic state.
Calculations of thicker films, e.g., with the thickness of 5 nm,
are unfortunately beyond our current computational means
(the computational cell in Figure 8 contained already 190
atoms and our quantum-mechanical calculations require time
and computational resources, which grow as either the second
power, or even the third power of the number of electrons in
atoms in the computational cell, depending also on the number
of k-points).

■ CONCLUSIONS
In summary, this study investigated the structural, chemical,
and magnetic properties of ultrathin TiO2 films (1, 5, and 10
nm thick), grown on LaAlO3 substrates using ALD. The
conformal and smooth deposition of TiO2 ultrathin films was
demonstrated by AFM. XRD confirmed that TiO2 ultrathin
films exhibit a well-crystallized anatase phase. As well as HR-
TEM and FFT of 5 nm TiO2 film confirmed the presence of
crystalline anatase phase embedded in amorphous mass.
Magnetic measurements revealed a thickness-dependent
behavior, where the 5 and 10 nm films showed ferromagnetism
at room temperature, while the 1 nm film remained
diamagnetic. The 5 nm film exhibited the highest saturation
magnetization (Ms), suggesting that the ferromagnetism is
strongly influenced by interface effects and defect density. XPS
analysis confirmed the presence of Ti3+ and nonstoichiometric
TiOx species, with the 5 nm film showing the highest defect
concentration, reinforcing the role of oxygen vacancies in
inducing magnetism into TiO2. Quantum-mechanical calcu-
lations supported these findings by confirming the stability of
the TiO2/LaAlO3 interface and highlighting the structural
distortions caused by oxygen vacancies. The minimal magnet-
ization in the computed TiO1.8125 thin film further suggests that
a critical thickness and defect density are necessary to sustain
strong ferromagnetic behavior. Overall, the results demonstrate
that a 5 nm TiO2 film provides an optimal balance between the
structure, interface interactions and defect concentration,
leading to the strongest magnetic response. These insights
contribute to a better understanding of defect-induced
magnetism in oxide semiconductors and highlight the potential
of ALD-grown TiO2 films for next-generation magnetic devices
applications.

■ METHODS
Ultrathin TiO2 Films by Atomic Layer Deposition. LaAlO3

substrates were coated by an ultrathin TiO2 coating using a
commercial ALD tool (TFS200, Beneq). The process was carried
out at 300 °C using TiCl4 (electronic grade 99.9998%, STREM) as
the Ti precursor and Millipore deionized water (18 MΩ) as the
oxygen source. High-purity N2 (99.9999%) was the carrier and
purging gas at a flow rate of 400 standard cubic centimeters per
minute (sccm). Under these conditions, one ALD growth cycle is
defined by the following sequence: TiCl4 pulse (500 ms)−N2 purge
(3 s)−H2O pulse (500 ms)−N2 purge (4 s). ALD processes were
conducted by applying 20, 100, and 200 ALD cycles to obtain ∼1, 5,
and 10 nm thin films of TiO2, respectively. The nominal growth rate
per 1 cycle (1 c) of the TiO2 ALD process is 0.055 nm according to
our previous studies and reference measurements described else-
where.37−39 Nevertheless, an additional run applying 500 ALD cycles
of TiO2 was done to obtain the substantial thickness on the LAO
substrate for the scanning electron microscopy (SEM) inspection and
thickness measurement, enabling the growth rate calculation.

Characterization Methods. The study of the morphology and
the cross-sectional evaluation of the TiO2 thin film on LAO and
substrate were conducted by a field-emission scanning electron
microscope (SEM, JEOL JSM 7500F). The surface topography of the
TiO2 thin films deposited on LAO was determined in air by an
NTEGRA (NT-MDT) AFM using tapping mode with a HA-HR tip
(ScenSans) and a step of 8 nm. The surface roughness values were
obtained as the root-mean-square of 10 measurements of a scanned
area of 5 × 5 �m 2. The structural studies of TiO2 ultrathin films were
done by X-ray diffraction (XRD, SmartLab 3 kW from Rigaku, Japan)
at room temperature. Additional morphological investigations were
carried out using high-resolution transmission electron microscope
(HR-TEM) Titan Themis 60-300 cubed (working at 300 kV) and
Talos F200i (working at 200 kV). Samples for TEM were prepared by

Figure 8. Structural properties of the surface-modeling slab induced
by oxygen vacancies in TiO2 resulting in the off-stoichiometric
TiO1.8125: (a) the positions of oxygen vacancies indicated by spheres
with a goldish color, (b) the equilibrium structure found by the
energy minimization. Please note that some atoms, including the
vacancies, are shown with their periodic images.
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scraping the TiO2 films to an ethanol drop placed on the investigated
layer. The ethanol drop with the flakes of those films was taken with a
pipette and dropped onto a commercial TEM copper grid, covered
with the amorphous holey carbon layer and dried in ambient
conditions. The HR-TEM micrographs, including their fast Fourier
transform (FFT) patterns, were evaluated with the Gatan Digital
Micrograph software, TIA software (Thermo Fisher Scientific) and
JEMS software by P. Stadelmann. The crystallographic data were
taken from the ICSD-Inorganic Crystal Structure Database (version
1.9.8), FIZ-Karlsruhe. The measurement of magnetic moment (M)
versus magnetic field (H) from 0 to 0.5 T, taken at room temperature,
was performed via vibrating sample magnetometry (VSM) using a
Quantum Design Versalab magnetometer. The magnetic field was
applied either parallel or perpendicular to the film plane. The surface
chemical composition was evaluated by X-ray photoelectron spec-
troscopy at room temperature (XPS, ESCA 2SR, Scienta Omicron)
using a monochromatic Al K� (1486.7 eV) X-ray source. The X-ray
source was operated at 200 W. The binding energy scale was
referenced to adventitious carbon (284.8 eV). A charge neutralizer
(CN-10) was used during the measurements at 5 �A and 1 eV.
CasaXPS software (Casa Software Ltd.) was used to analyze the data
and the quantitative analysis was performed using the elemental
sensitivity factors provided by the manufacturer. Ti 2p spectra were
fitted with Shirley background and a mixed Gaussian−Lorentzian
function GL (30). Also, the area ratio and binding energy distance
constraints between the spin−orbit splitting (Ti 2p3/2 and Ti 2p1/2),
2:1 and 5.7 eV, respectively, were taken into account.

Computational Methodology. Quantum-mechanical calcula-
tions were performed by the Vienna ab initio simulation package
(VASP) which implements the density functional theory (DFT).40,41

The projector-augmented-wave (PAW) pseudopotentials were
utilized.42,43 Specifically, we used a 10-electron Ti_pv potential
(including 3p electrons as valence), a 6-electron O potential, an 11-
electron La potential (with a [core = Kr 4d] configuration), and a 3-
electron Al potential. The exchange−correlation energy was treated
using the generalized gradient approximation (GGA). Based on prior
findings from the Materials Project database (mp-390_TiO2), we set
the plane-wave energy cutoff to 520 eV. To ensure the reliability of
our results, we performed convergence tests, confirming that the
computational accuracy was sufficient for our study. In calculations,
nonspherical contributions arising from the density gradient within
the PAW spheres were accounted by enabling the LASPH parameter
in VASP.
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