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Abstract: Magnetic nanoparticles embedded into semiconductors have current perspectives for
use in semiconducting spintronics. In this work, 40 keV Fe™ ions were implanted in high fluences
of (0.5 + 1.5) x 107 jon/cm? into an oxide semiconductor and single-crystalline TiO, plates of
rutile structure with (100) or (001) face orientations. Microstructure, elemental-phase composition,
and magnetic properties of the Fe-ion-implanted TiO, were studied by scanning and transmission
electron microscopies (SEM and TEM), X-ray photoelectron (XPS) and Rutherford backscattering (RBS)
spectroscopies, as well as vibrating-sample magnetometry (VSM). The high-fluence ion implantation
results in the formation of magnetic nanoparticles of metallic iron beneath the irradiated surface
of rutile. The induced ferromagnetism and observed two- or four-fold magnetic anisotropy are
associated with the endotaxial growth of Fe nanoparticles oriented along the crystallographic axes
of TiOZ.

Keywords: titanium dioxide; iron; nanoparticles; ferromagnetism; ion implantation; structural
properties; magnetometry

1. Introduction

Dilute magnetic semiconductors (DMSs), obtained by the doping of magnetic elements
into nonmagnetic semiconductors, are promising materials in emerging and evolving fields
of science and technology, such as spintronics and magnetooptical electronics [1-3].

DMSs may be used for next-generation spintronics-based multifunctional devices
due to the presence of room-temperature ferromagnetism and semiconducting proper-
ties [4,5]. Different methods have been developed for the synthesis of DMS systems, such
as pulse laser deposition (PLD), atomic layer deposition (ALD), chemical vapor deposi-
tion (CVD), sputtering and oxygen plasma assisted molecular beam epitaxy (MBE), etc.
Among them, ion implantation is a promising method [6,7]. Ion implantation allows us
to modify almost all physical and chemical properties of the surface layer of an irradiated
solid. During the last decade, ZnO, SnO,, In;O3, and TiO, were among the most stud-
ied DMSs, due to their specific features utilizable in semiconducting and photocatalytic
devices [8-17]. In particular, TiO, has received considerable attention since the pioneer-
ing discovery of ferromagnetism exhibited at approximately 400 K in cobalt-doped TiO,
films by Matsumoto et al. [18], and it has attained a unique position as a host material
for magnetic doping due to its incomparable characteristics (non-toxicity, low cost, high
stability and exotic optical, electronic and magnetic properties). Pure titanium dioxide
without impurities is an optically transparent diamagnetic material. Doping by transition
metals helps in controlling the structural, electrical, optical, and magnetic properties of TiO,
drastically [19]. However, the main challenge in DMS systems is that the doped 3d metals
can segregate to form magnetic clusters or secondary phases. As a result, there are many
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discussions about the intrinsic or extrinsic origin of room-temperature ferromagnetism in
these systems [20].

Many research groups have undertaken numerous efforts to explore the structural,
optical, and magnetic properties of pure or 3d metal-doped TiO; in different possible
prospects, for example [21-25]. It has been established that the structural state of the 3d
impurity and the observed ferromagnetic behavior strongly depend on the fabrication
method and growth conditions of doped TiO;, samples and realize most often the form
of nanoparticles or thin films. In the last decade, the effect of implantation of 3d ions
accelerated to high energies of 150—400 keV on the modification of the structural and
magnetic properties of thin single-crystal films TiO, of rutile or TiO, of anatase [26-35]
has also been intensively studied, including our early investigations of 40 keV energy
implantation with ions of cobalt [36-39], iron [40], nickel [41], or vanadium [42]. Com-
prehensive spectroscopic studies have shown that the 3d dopant in the implanted TiO,
region can be either in the oxidation state +2,+3 in the form of a Ti cations substitution,
or in the neutral state in the form of a dispersion of metallic nanoparticles. In general,
both the microstructure and the magnetic behavior of 3d ions implanted in TiO, strongly
depend on the ion implantation regimes (ion energy, flux, and fluence), the crystallographic
orientation of the TiO, single-crystal substrate, as well as the temperature during ion irradi-
ation and/or post-implantation annealing. In particular, at room temperature, anisotropic
ferromagnetism with in-plane magnetic anisotropy was observed when single-crystal TiO,
samples were implanted with cobalt [25,34,37], iron [30,34,40], or nickel [32,33,41] ions at
high implantation fluences, more than 10'¢ ions/cm?. In most cases, the observed magnetic
anisotropy was related to metal nanoclusters coherently grown in the TiO; crystal lattice,
but not to a solid solution of indirectly exchange-coupled magnetic 3d ions. In fact, the
features of the microstructure that lead to the appearance of in-plane magnetic anisotropy
have not yet been studied in detail and have not been finally established.

In this work, 40 keV Fe ions were implanted into the single crystal (100) and (001) TiO,
plates at different implantation fluences in order to investigate the evolution of the mag-
netic behavior of rutile with increasing concentrations of iron implant. Previously, we have
investigated this TiO, Fe system using the ferromagnetic resonance (FMR) technique [40].
A strong room-temperature FMR signals with the in-plane magnetic crystalline anisotropy
for both orientations were observed. Below we present the results of our detailed struc-
tural and static magnetic studies of Fe ion-implanted plates of TiO, rutile to establish the
source of the observed anisotropic ferromagnetism and to elucidate the potentials of its
practical applications.

2. Experimental Part

Accelerated to the energy of 40 keV, Fe* ions were implanted into single-crystalline
(100) and (001) face-oriented plates of titanium dioxide (TiO;) with the rutile structure at a
fluence of (0.5-1.5) x 10 ion/cm? at an ion current density of 8 pA. The implantation was
carried out on the ILU-3 ion accelerator at room temperature of the irradiated substrate
in the vacuum of 107> torr. The substrate sputtering induced by the ion irradiation was
controlled and taken into account. A step between the irradiated and intact areas of
the sample was measured by the DektakXT profilometer (Bruker Nano GmbH, Berlin,
Germany). The sputtering coefficient was calculated to be equal to « = 0.77 atoms/ion
considering the step value (~10 nm), density of rutile (9.58 x 10% atom/cm?), and the
fluence value (1.5 x 10 ion/cm?).

Surface morphology and chemical element composition of TiO, samples were in-
vestigated using an EVO 50 XVP scanning electron microscope (SEM) (Carl Zeiss AG,
Oberkochen, Germany) equipped with an energy-dispersive X-ray (EDX) spectrometer
(Oxford Inca Energy-350, Oxford Instruments, Abingdon, UK). The microstructures of the
implanted layers were characterized by high-resolution transmission electron microscopy
(HRTEM) (TITAN 80-300, 300 kV, FEI, Eindhoven, The Netherlands). The distribution
of chemical elements in the samples was examined in scanning (STEM) mode using
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an energy-dispersive X-ray (EDX) detector. TEM samples were prepared in cross-section
by mechanical polishing and subsequent ion thinning. In addition to HRTEM study, depth
profiles of Fe implant distribution were obtained by Rutherford backscattering spectroscopy
(RBS) in random mode of the helium ions probing beam with the energy of 2.0 MeV on the
accelerator complex HVEC EN-Tandem (High Voltage Engineering Europa B.V., Amersfoort,
The Netherlands). The chemical state of the implanted iron and its distribution at different
depths of the sample were studied by X-ray photoelectron spectroscopy (XPS) (SPECS
GmbH, Berlin, Germany) utilizing ion etching. The layer-by-layer etching was carried out
using a 3 keV Ar* ion beam. The depth profile between the etched and non-etched areas
was controlled by the Bruker DektakXT profilometer. The results showed that the average
etching rate was approximately 0.08 nm/s and did not principally depend on the crystal
lattice orientation of the TiO, plates. XPS spectra were recorded after every etching session
using a Phoibos 150 hemispherical energy analyzer (SPECS GmbH, Berlin, Germany) and
the data were processed using CasaXPS software [43]. The binding energy was calibrated to
the carbon Cl1s peak at 284.8 eV and the background subtraction was carried out according
to the Shirley method. The magnetic properties of the samples were studied utilizing the
vibrating sample magnetometry option of the Physical property measurement system (PPMS-9)
(Quantum Design, San Diego, CA, USA). The magnetization curves were recorded by
scanning the magnetic field up to 5 kOe in the plane of the samples (in-plane measurement
geometry) at room temperature. The value of the measured magnetic moment was nor-
malized to the layer thickness and the area of specimens under magnetic study in order
to calculate the magnetization of the composite layer containing iron nanoparticles. The
accurate values of the area were determined using the scanner and the layer thickness
(40 nm) was taken from TEM data. The thermomagnetic curves were registered during
heating of the samples, preliminarily cooled to liquid helium temperature either in zero
(zero-field cooling, ZFC mode) or in a low magnetic field (100 Oe) (field cooling, FC mode).
In addition, angular dependences of magnetic hysteresis loops of the samples giving the
remanence and coercivity fields were recorded at room temperature using an experimental
home-made coercive magnetometer.

3. Results and Discussion

Surface morphology and elemental composition of TiO; rutile plates before and after
ion implantation were studied in detail by SEM methods. Analysis of the SEM images (see
Figure S1 of the Supplementary Material) shows that the surface of the rutile plates remains
smooth, without microscale swelling and any neoplasms on the surface after intense ion
irradiation. Moreover, the iron implant is homogenously distributed over the surface of
the implanted TiO, samples according to EDX element mapping taken at submicron scale
(see Figure S1 of the Supplementary Materials). The atomic concentrations of chemical
elements, including the Fe implant, in the studied TiO, samples were estimated from the
EDX microanalysis data, and their values are given in Table 1. The table shows that the
iron content increases monotonously from 5 to 11 at.% by increasing the implantation
fluence. On the contrary, the content of structure-forming oxygen decreases from 70 to
58 at.% with an increase in fluence at an almost constant Ti content (~26-27 at.%) in all
samples. This means that the main radiation defect in the TiO, plates implanted with Fe*
ions with an energy of 40 keV is an oxygen vacancy. A small carbon content (~2—4 at.%) on
the surface is associated with uncontrolled contamination of the samples surface during
ion implantation [44].

It is important to note that the Table shows the mean values of the atomic concentration
of each chemical element, obtained as a result of averaging the thickness of the layer in
which the characteristic X-ray radiation is generated during EDX measurements. According
to our calculations within the framework of the CASINO program [45], for an electron
beam energy of 10 keV used to record the EDX spectra, the thickness of the generation layer
of the K- and L-lines of titanium and iron is approximately equal to 150-200 nm. Taking into
account the thickness of the surface layer modified by implantation (~60-70 nm, as will be
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shown below), the actual values of the iron impurity concentration in the implanted layer
should be two to three times higher. A really high value of the iron impurity concentration
at the maxim level of 30-35 at.% in TiO, samples implanted with the highest fluence of
1.5 x 10'7 ion/cm? has been confirmed by the RBS and XPS measurements presented below.

Table 1. The content of chemical elements both in the original TiO; plate and in the TiO, samples
implanted with Fe ions at different fluences.

Plate Fluence, Elemental Composition, at. % )
No. . . 2 - Fe/Ti
Orientation Ion/cm C (@) Ti Fe

1 (100) - 1.88 7036 2775 - -

2 (100) 2.85 65.84 27.20 4.11 0.15
0.5 x 1017

3 (001) 2.13 65.1 28.18 4.6 0.16

4 (100) 4.68 61.68 26.03 7.61 0.29
1.0 x 107

5 (001) 3.07 61.04 27.39 8.5 0.31

6 (100) 4.12 58.77 26.7 10.4 0.39
1.5 x 1077

7 (001) 2.63 58.81 26.9 11.66 0.43

Figure 1 shows depth distribution profiles of iron impurity in the TiO, plates implanted
with the fluence of 1.5 x 10 ion/cm? which were obtained from the analysis of RBS and
XPS spectra. For comparison, the depth profile of the impurity distribution calculated using
the SRIM (stopping and range of ions in matter) algorithm [46] and substrate sputtering
during ion implantation is presented in the form of a continuous dotted curve. The substrate
sputtering effect was taken into account according to Equation (11) from reference [39]. The
calculated SRIM profile has a Gaussian shape with the maximum concentration ~38 at.% at
the peak position (R,) at a depth of 17.5 nm.
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Figure 1. Depth distribution profiles of the iron impurity in (a) (100)- and (b) (001)-TiO, plates
implanted with the fluence of 1.5 x 10" ion/cm? calculated from the RBS (black squares) and XPS
(red circles) spectra. The blue dotted line shows the theoretical impurity distribution profile calculated
using the SRIM algorithm, taking into account sputtering of the substrate during ion irradiation.

As it can be seen from the RBS and XPS distribution profiles for the odd orientation of
the substrate (see Figure 1a), the positions of the iron concentration maxima almost coincide
as can be seen in the case of the calculated value of R, within the framework of the SRIM
algorithm. In the case of the (001)-oriented rutile, the impurity concentration maxima are
shifted deeper into the sample compared with the calculated SRIM profile. In general, most
of the implanted iron is localized in the surface region with a thickness of approximately
50-60 nm for both orientations of the irradiated rutile plates. The extended tails are also
observed in the XPS distribution profiles, up to a depth of 90 nm and 120 nm for the (100)-
and (001)-oriented samples, respectively. This trend indicates impurity diffusion deep into
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the substrate bulk during the high-fluence implantation. Note that the tails can also be
detected by RBS depth profiles which exhibit a tendency of slow decreasing to a depth
of approximately 60-70 nm. This is the measurement limit in the RBS method for these
samples due to the overlap of deeper iron energy channels with the spectral channels from
the surface titanium.

Figure 2 shows high-resolution XPS spectra for samples implanted with a fluence of
1.5 x 10'7 jon/cm? at different depths of the analysis. Fe 2p peaks were fitted with a set of
components considering curve-fitting parameters (binding energy, line shape of peak, full
width at half maximum, and others [47]). For the sake of clarity, only the Fe 2p3,, region of
binding energies is presented.
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Figure 2. The Fe 2p XPS spectra of (a) (100)- and (b) (001)-oriented TiO, implanted with a fluence
of 1.5 x 107 ion/cm? as a function of the etching depth. Experimental spectra (black points) were
deconvoluted into the components (colored lines) which are related to the different valence states of
iron: Fe®—black, Fe>*—blue, and Fe>*—green lines, respectively. The overall fit of the components is

shown by the red line.

For all spectra shown in Figure 2, the main peak can be found at ~706.6 eV which is
attributed to metallic iron [47]. The second peak, which appears at a binding energy of
~709.6 eV, can be referred to as the Fe?" state of the implant. The third peak is found only
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for the XPS spectrum recorded in the tail of iron distribution at the depth of 70 nm. The
binding energy value of the third peak is ~711.1 eV and is related to the Fe3* state [47].
As can be seen in Figure 2, most of the implanted impurity is in the metallic state since
the Fe’ component is dominant in all presented spectra. On the other hand, a part of the
iron implant is in the Fe?* oxidized state on the surface of the sample or at the maxima
of the impurity depth distributions, as shown in Figure 1. This trend persists for both
orientations of TiO, substrates with implanted iron impurity. The oxidized part of the
implanted iron seems to be directly related to the presence of a large number of oxygen
atoms knocked out from the rutile lattice sites during ion irradiation. Note that oxidation
cannot be associated with the diffusion of atmospheric oxygen into the surface layer of the
samples, since, as shown by our magnetic studies presented below, the magnetic parameters
of the iron-implanted TiO, plates do not change for a long time (more than three years)
while samples have been stored under ambient conditions. Finally, our deconvolution
of the XPS spectra shows that a small fraction of the impurity located in the tail of the
depth distribution is in the Fe®* state for both orientations of the TiO, plates. This is due
to the presence of paramagnetic Fe>* ions in the lattice sites of rutile, which was earlier
established by magnetic resonance studies of TiO, samples implanted with Fe ions [40].

The high-fluence implantation with iron ions significantly changes the phase compo-
sition of the implanted rutile. Analysis of the cross-sectional HRTEM and STEM images
(see Figure 3) clearly indicates the formation of nanoparticles of the a-phase metallic iron
in the surface region of the TiO, plates implanted with the fluence of 1.0 x 107 ion/cm?.
Namely, the nanoparticles of x-phase iron with sizes of 12-18 nm were clearly observed
in the surface layer with the 20 nm thickness in the (100)-oriented TiO, plate (Figure 3a).
As follows from the analysis of the fast Fourier transform (FFT) patterns shown in the
insets, these nanoparticles (NPs) are embedded into the rutile lattice in two orientations
rotated relative to each other at an angle of 54.7° in the (100) plane (see the left and right
nanoparticles on the HRTEM image in Figure 3a). For the planes perpendicular to the
surface of rutile plate, the following relations are fulfilled:

Fe [-112] | | TiO; [010] for left nanoparticle (minority, 33% of the observed NPs).

Fe [1-10] | | TiO, [010] for right nanoparticle (majority, 67% of the observed NPs).
Fe (110) | | TiO, (100) for both nanoparticles.

The growth of nanoparticles with a wide size distribution in the range of 4-12 nm
was observed in a TiO; plate in the (001) orientation (Figure 3b). It was noted that iron
nanoparticles with large sizes of 10-12 nm are located closer to the surface, while smaller
particles with sizes of 4-8 nm are located in a deeper layer at a distance of 20-40 nm from
the sample surface. As follows from the analysis of the FFT patterns, all ion-synthesized
nanoparticles have the same growth orientation relative to the rutile lattice at the following
axis ratios:

Fe [010] I | TiO, [110] and Fe [100] | | TiO, [001].

The depth distribution of iron implants in implanted TiO, samples was examined in
the STEM scanning mode using an energy dispersive X-ray (EDX) detector. Analysis of the
STEM images clearly shows that large iron nanoparticles (white spots on STEM images)
are located in the 20 nm thick surface layer of the (100)-TiO, sample (Figure 3c), while for
the (001)-TiO,, smaller nanoparticles in a wide range of sizes are observed in a layer with a
thickness of approximately 40 nm (Figure 3d). The EDX line scan profiles of the (100)-TiO,
and (001)-TiO; samples show that the iron implant is distributed non-monotonically from
the surface down to a depth of 60-70 nm (see inset in Figure 3¢ and also Figure S2 of the
Supplementary Material). Note that the EDX depth mapping of iron is in an agreement
with the depth profiles of iron obtained by XPS and RBS.
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Fe + (100)-TiO: | ~ Fe+(001)-TiO:

{100)

(b)
Fe + (001)-TiO2

(d)

Figure 3. Panels (a,b)—cross-section HRTEM images of (100)-TiO, (a) and (001)-TiO, (b) plates
implanted with iron ions to the fluence of 1.0 x 10!7 ion/cm?. Crystallographic orientation of the
cross-section in panel (a) is (001) for TiO, matrix, as well (1-11) or (001) for left or right nanoparticles
with corresponding FFT patterns (see insets); for (b) cross-section orientation is (1-10) for TiO, and
(001) for the selected group of Fe nanoparticles. Panels (c,d)—cross-section STEM images of the same
Fe ion-implanted (100)-TiO; (c) and (001)-TiO; (d) plates. Inset on panel (c) shows the STEM-EDS
depth profile of iron distribution taken along the [100]-direction, where the zero position of the profile
corresponds to the sample surface. The four characteristic regions of TiO, with different iron contents
are marked by the numbered circles 14, respectively.

Taking into account the experimental results of TEM, as well as XPS and RBS studies
in implanted TiO, samples, four characteristic regions can be distinguished (marked with
numbered circles 1-4 in Figure 3c,d). The first region, a surface layer with a thickness of
approximately 20 nm, is an almost completely amorphized rutile matrix containing both
structure-oriented x-Fe nanoparticles (most) with large sizes of 10-18 nm and fine magnetite
nanoparticles, Fe3O4 (a smaller part), since our XPS data unambiguously indicate the
oxidized state of some of the implanted iron impurities. This fact was partially confirmed
by a detailed analysis (not shown) of the FFT patterns from individual small nanoparticles
in the surface layer, which shows that their point reflections can be attributed to the crystal
structure of Fe3O4. The second region (layer), located at a depth of 20 to 40 nm, is a
partially disordered rutile lattice with an increased iron content, either in the form of small
Fe nanoparticles (4-8 nm in size) or in the form of a dispersion of iron atoms (Fe¥) and
ions (Fe?* or Fe®*). Further, a third deeper region (40-70 nm) is clearly visible, where the
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rutile lattice is in a stressed state according to the analysis of the positions of rutile point
reflections in the FFT pattern corresponding to this region (see inset in the middle part of
Figure 3a). The iron impurity content (Fe’ atoms or Fe** ions) in this region is minimal,
less than 5 at.% according to XPS data for the iron depth (see Figure 2). Finally, the fourth
region is an unmodified titanium dioxide substrate, where there is no iron impurity at a
depth of more than 100 nm.

From the microscopic data presented above, an obvious question arises: how are
structure-oriented iron nanoparticles formed in the first, almost completely amorphous,
surface layer of implanted rutile? Although the mechanism of coherent growth of iron
nanoparticles with a given crystallographic orientation is not entirely clear, we will discuss
two possible scenarios. In the first case, the process of nucleation of x-Fe precipitates
oriented along the rutile axes can occur at the initial stage of ion implantation, when
the implanted surface layer is still in the crystalline state. With a subsequent increase in
the implantation fluence, a homogeneous growth of precipitates with an already-defined
crystalline structure occurs due to the diffusion of implanted iron atoms to the nuclei of the
new phase, while the TiO, crystalline matrix passes into an amorphous state as a result of
intense ion irradiation. In the second scenario, when the first layer is already amorphous,
the formation of oriented iron nanoparticles can occur due to the epitaxial growth of iron
crystallites on the TiO, crystalline regions located in the second, deeper layer. Such TiO,
crystalline regions, which are in close contact with iron nanoparticles, have been observed
using HR TEM (see Figure S3a in the Supplementary Materials). In addition, analysis of
the FFT pattern taken from a selected region, containing both the iron nanoparticles from
the first surface layer and the TiO; crystal region from the second deeper layer, confirms
that the lattices of the iron nanoparticles and rutile matrix match each other closely (Figure
S3b in the Supplementary Materials).

Evolution of the magnetic response with increasing the implantation fluence of iron
at room temperature of measurements is presented in Figure 4. At the lowest fluence of
the implantation, 0.5 x 107 ion/cm?, the samples exhibit superparamagnetic behavior.
With a further increase in the amount of implanted iron, the magnetic response becomes
stronger, and the samples exhibit ferromagnetic properties, characterized by a wide mag-
netic hysteresis loop. Finally, in the case of the irradiation fluence of 1.5 x 107 ion/cm?,
the strongest ferromagnetic response was recorded. It is clearly seen that the hysteresis
loops are much wider (i.e., the coercive field is higher) for the (100)-oriented samples rather
than (001)-oriented ones. This aspect is probably related to the presence of a part of the iron
oxide phase on the surface and in the depth of the sample, according to XPS measurements.

54 54
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5 2] 5 29
= <
x 14 X 13
c c
2 0 S o
® ®
N -14 N -14
224 229
o Fe+(100)-TiO, o Fe+(001)-TiO,
S _34 17 2 I -3 17 2
= v 0.5x10" ion/cm = v 0.5x10" ion/cm
-4 e 1.0x10" ion/cm? -4 e 1.0x10" ion/cm?
5] = 1.5x10" ion/cm® 5] = 1.5x10” ion/cm?
— T —— T
6 5 4 3 2 -1 0 1 2 3 4 5 6 6 5 4 3 2 -1 0 1 2 3 4 5 6
Magnetic field, kOe Magnetic field, kOe
(a) (b)

Figure 4. Evolution of the magnetic response with increasing the implantation fluence for the Fe
ion-implanted TiO, plate with (100) and (001) face orientations, (a,b), respectively. Here, the magnetic
field was applied along the [010]-axis of TiO; for both orientations of rutile plates.

With the purpose of further study of the impact of the implantation fluence on the
magnetic properties, temperature dependences of the magnetic moment of the samples
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were recorded in the ZFC and FC modes. Figure 5 shows thermomagnetic curves for (100)-
and (001)-oriented TiO, samples implanted with different implantation fluences of iron
ions. It is clearly seen that the ZFC curves for the samples implanted with the low fluence
of 0.5 x 10'7 ion/cm? reveal distinct peaks (shown by arrows in Figure 5) at characteristic
temperatures of Ty, = 50 K or Ty, = 26 K for the (100)- and (001)-TiO, samples, respectively.
Here, T}, is the so-called blocking temperature of a magnetic single-domain nanoparti-
cle [48]. At temperatures below T}, the magnetic moment of the nanoparticle is “blocked”
in random (or along the applied magnetic field) directions during measurement, and a
difference is observed between the ZFC and FC curves. On the contrary, at temperatures
above T}, magnetic single-domain nanoparticles are in the superparamagnetic regime
with a Langevin-like temperature dependence on the magnetic moment for both the ZFC
and FC modes. In our case, the observation of peaks in the ZFC curves unambiguously
indicates the formation of an ensemble of superparamagnetic «-Fe nanoparticles in TiO,
samples implanted at a low implantation fluence. Furthermore, a broaden peak of the
ZFC curves indicates the size distribution of these nanoparticles. Measurements of the
magnetization curves of TiO, samples implanted with low-fluence confirm their transition
from superparamagnetic to ferromagnetic state as the temperature decreases from 300 to
10 K (see Figure 5S4 in the Supplementary Materials).
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Figure 5. Thermomagnetic curves taken in ZFC (blue line) and FC (black line) modes at a low
magnetic field of 100 Oe for TiO, samples implanted with Fe ions at different implantation fluences.
Here, the blocking temperature (T7,) is marked by the arrow.

Knowing the value of the blocking temperature (T},), we can calculate the average
diameter (d) of ion-synthesized iron nanoparticles using the well-known relation [48,49]:

KoV =25 kg Ty,

where the effective anisotropy constant Keg, = K; /4 for single-domain particles with the
first order cubic anisotropy constant K; > 0 (as it is for the bulk Fe a-phase), kg is the
Boltzmann constant, and V = 71d®/6 is the (spherical) nanoparticle volume, respectively.
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Taking the experimental values T}, = 50 K and 26 K and the cubic anisotropy constant of
K; =5.5 x 10* J/m3 [50] for the bulk Fe a-phase at low temperatures, the mean diameters
of iron nanoparticles d are found to be approximately 13 nm and 10 nm in (100)- and
(001)-TiO, samples, respectively. Note that these nanoparticle size estimates are consistent
with our aforementioned TEM study.

Furthermore, with an increase in the implantation fluence to a value of 1.0 x 10 jon/cm?,
the blocking temperature on the ZFC curves becomes much higher, above 300 K. As it was
shown in Figure 4, these samples exhibit ferromagnetic behavior at room temperature with
a clearly observed magnetic hysteresis loop. It is also worth noting that the FC curves
for these samples have a more or less monotonic behavior depending on temperature,
which is typical of ferromagnetic materials. These experimental observations mean that
with an increase in the implantation fluence, the concentration of iron nanoparticles in the
implanted surface layer increases too, and they either begin to interact with each other
through magnetic dipole—-dipole interactions or they agglomerate into large clusters. The
effect of interparticle interactions on the value of T}, and the shape of thermomagnetic
curves has been repeatedly discussed in the literature [see Ref. [49] and references therein].
It has been reliably established that with an increase in the concentration of magnetic
nanoparticles and/or their agglomeration, the peak temperature (T7,) shifts towards higher
values, and at the same time, the ZFC curve broadens and becomes flatter, as is observed in
our thermomagnetic measurements. TiO; plates implanted with a maximum fluence of
1.5 x 107 jon/cm? demonstrate stronger ferromagnetic ordering since the values of the
total magnetic moment on the FC curve increase significantly and, at the same time, the
ZFC curve does not tend to zero by decreasing the observation temperature. However,
small inflection points in the ZFC curves in the low temperature region of 25-100 K for the
TiO, plates implanted with the fluence of (1.0 + 1.5) X 10" ion/cm? indicate the presence
the superparamagnetic iron nanoparticles that are not included in the ferromagnetic order.

Another interesting feature was observed in the angular dependences of parameters
of the magnetic hysteresis loops (remanence and coercivity field) for rutile plates implanted
with the middle or highest fluences (Figure S5 of the Supplementary Materials). For exam-
ple, Figure 6 shows the experimental values of the ratio of the remanent magnetic moment
(Jr) to the saturation moment (Js) taken at various orientations of the scanning magnetic
field applied in the plane of the TiO, plates with respect to the principial axes of sample
under study.
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Figure 6. In-plane dependence of the ratio of the remanent magnetic moment (Jr) to the saturation
moment (Js) on the azimuth angle ¢ for the (100)- and (001)-TiO, plates implanted with Fe ions to the
fluence of 1.5 x 10'7 ion/cm?.

Namely, in Figure 6, the orientations of the applied magnetic field were changed from
the [010]-axis (azimuthal angle ¢ = 0°) to the [001] crystallographic direction (¢ = 90°),
and so on in the case of the (100)-TiO, substrate, and from the [100]-axis to the [010]
direction, and so on in the case of the (001)-TiO, plate, respectively. It is clearly seen that the
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(100)-oriented samples reveal the two-fold symmetry of the ferromagnetic response, while
the (001)-oriented plates of TiO, show four-fold magnetic anisotropy. Taking into account
the tetragonal symmetry of rutile, in which [100] and [001] are the axes of second and fourth
order symmetry, respectively, we can conclude that the ion-synthesized nanoparticles are
coherently embedded into the rutile matrix.

4. Conclusions

The microstructure and magnetic response of the single-crystalline TiO, plates heavily
implanted with iron ions were investigated in detail. Most of the Fe implant was found in
the metallic state in the form of «-Fe nanoparticles. The iron-implanted samples exhibit first
a superparamagnetic behavior at room temperature followed by a ferromagnetic behavior
while increasing the fluence of iron ions. Furthermore, two- or four-fold magnetic crystalline
anisotropy was observed in the (100)- and (001)-planes of the TiO, plates, respectively.
The induced ferromagnetism and the observed anisotropy are referred to the coherent
growth of iron nanoparticles oriented along the particular crystallographic axes of the
tetragonal structure of rutile TiO,. As a consequence, the growth of the iron nanoparticles
oriented towards the crystal structure of the host oxide matrix and the observed in-plane
magnetocrystalline anisotropy of the samples reflect the symmetry of the crystal structure
of rutile substrates. High-resolution TEM measurements support these findings. Iron
nanoparticles are embedded in the rutile lattice primarily in two orientations: Fe (110),
[1-10] I' I TiO, (100), [010] for the (100) face-oriented TiO, plate and Fe (100), [010] | | TiO,
(001), [110] for the (001)-oriented TiO,, respectively. At last, the possibility to create an
endotaxial structure of Fe with anisotropic magnetic behavior within the semiconductor
TiO, matrix by ion implantation has particular interest for spintronics applications [3].

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/cryst13020355/s1, Figure S1. SEM images and EDX spectra of the
surface of (100)-TiO, plate before and after implantation with Fe ions; Figure S2. Cross-section STEM
image with EDX elemental mapping of the (001)-face oriented TiO, plate implanted with Fe ions;
Figure S3. Cross-section HR TEM and STEM images with FFT pattern of (100)-TiO, plate implanted
with Fe ions; Figure S4. In-plane magnetization curves measured at different temperatures for
(100)-TiO, and (001)-TiO; plates implanted with Fe ions to the different fluences; Figure S5. In-plane
magnetization curves measured with the magnetic field applied along different crystallographic
directions of the TiO, plates implanted with Fe* ions to the fluence of 1.5 x 10'7 ion/cm?.
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