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Abstract: In this work, we have studied the microstructure and unusual ferromagnetic behavior in
epitaxial tin dioxide (SnO2) films implanted with 40 keV Co* ions to a high fluence of 1.0 x 107
ions/cm? at room or elevated substrate temperatures. The aim was to comprehensively understand
the interplay between cobalt implant distribution, crystal defects (such as oxygen vacancies), and
magnetic properties of Co-implanted SnO: films, which have potential applications in spintronics.
We have utilized scanning electron microscopy (SEM), X-ray diffraction (XRD), X-ray photoelectron
spectroscopy (XPS), vibrating sample magnetometry (VSM), differential thermomagnetic analysis
(DTMA), and ferromagnetic resonance (FMR) to investigate Co-implanted epitaxial SnO: films. The
comprehensive experimental investigation shows that the Co ion implantation with high cobalt con-
centration induces significant changes in the microstructure of SnO: films, leading to the appearance
of ferromagnetism with the Curie temperature significantly above the room temperature. We also
established a strong influence of implantation temperature and subsequent high-temperature an-

nealing in air or under vacuum on the magnetic properties of Co-implanted SnO: films. In addition,
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we report a strong chemical effect of ethanol on the FMR spectra. The obtained results are discussed
within the model of two magnetic layers, with different concentrations and valence states of the
implanted cobalt, and with a high content of oxygen vacancies.
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Semiconducting tin dioxide (SnO2) doped with a magnetic 3D elements is a promis-
ing material for optoelectronic, photovoltaic, and spintronic applications [1,2]. Although
the room temperature ferromagnetism (FM) in transition metal (TM)-doped SnO: was re-
ported earlier ([2,3] and references therein), the origin and the mechanism of long-range
ferromagnetic ordering are still under scrutiny. It is often indicated that the FM strongly
depends on the fabrication method of TM-doped SnO:. Moreover, the presence of oxygen
B vacancies was systematically related to the observed ferromagnetic state [4-6]. Conse-
quently, the undoped SnO: films may also exhibit ferromagnetic response at room tem-
perature [7-10]. The ferromagnetism is originated by the tin or oxygen defects on the
films” surface and the positively charged monovalent oxygen vacancies in the films’ vol-
conditions of the Creative Commons W€ [8]. However, in most cases, this defect-induced magnetism in SnO: films and nano-
Attribution  (CC BY) license  Particles is weak, and is characterized by small values of the coercivity field, although
(https://creativecommons.org/license  Unusually high magnetization (up to 100 emu/cm?) in undoped SnO: films with a thick-
s/by/4.0/). ness less than 100 nm was recently reported [11].
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The ion-beam implantation has been widely used in microelectronics over time as an
effective method of doping classical semiconductors (Si, Ge, GaAs, etc.) with a donor or
acceptor impurity [12]. Therefore, it is interesting to investigate the possibilities of ion-
beam implantation for doping wide-gap oxide semiconductor SnO: with a magnetic do-
pant, i.e., with cobalt, in order to create a material for semiconductor spintronics. Moreo-
ver, this technique allows not only doping materials with any impurity in a wide range of
concentrations, but also generates a large number of oxygen vacancies in oxide structure
during the ion irradiation process [12]. The last is important, because the oxygen vacancies
may play a crucial role in affecting the ferromagnetism in Co-doped SnO, as previously
mentioned.

Ion implantation has already been utilized for doping SnO: films with cobalt impu-
rity in the concentration range of 1-7 at.% to create an oxide-based dilute magnetic semi-
conductor [13-15]. However, up until now, a systematical study of the effect of Co ion
implantation on the structure and magnetic properties of SnO: thin films has been miss-
ing. In this work, Co ions were implanted into epitaxial SnO: films at high concentrations
of the implanted region (more than 12 at.%). Additionally, the impact of the temperature
of SnO: during the high-fluence implantation with cobalt ions on the manifestation of fer-
romagnetism was also investigated.

2. Materials and Methods

The experimental samples were obtained in two stages. At the first stage, thin SnO2s
films with the thickness of 140-150 nm were grown on C-cut Al2Os single crystalline sub-
strates (15.0 x 15.0 x 1.0 mm? in sizes) by the reactive (Ar + Oz2) magnetron sputtering of
the elemental tin target (Sn, Purity: 99.915%). Sputtering was conducted in a BESTEC high-
vacuum chamber (Bestec GmbH, Berlin, Germany) at a residual vacuum of 6 x 10 mbar.
The substrate was rotated at 5 rpm and heated to the temperature of 873 K during the
deposition process. The subsequent annealing in air at the temperature of 1323 K for 120
min was performed to recover the oxygen stoichiometry in the films. As a result, epitaxial
SnO: films were obtained. At the second stage, 40 keV Co* ions were implanted into epi-
taxial SnO: films to the fluence of 1.0 x 10" ion/cm?, with an ion current density of 2-3
HA/cm? The implantation was performed using an ILU-3 ion-beam accelerator (ZPTI FRC
KSC of RAS, Russia) at different temperatures of sample during ion irradiation: either at
room temperature (sample CoSO-1) or at the elevated temperature of 750 K (“hot” im-
plantation, sample CoSO-2h). Additionally, an additional SnO: epitaxial film was im-
planted with 40 keV ions of inert gas (argon) to the same fluence at the elevated substrate
temperature (sample ArSO-3h). The last sample was found to be useful to establish micro-
structure changes, without inducing ferromagnetism, to determine the nature of ferro-
magnetism in the Co-ions implanted samples. To consider the SnO: film surface sputter-
ing during intensive ion irradiation, the steps between the implanted and non-irradiated
regions of the films were measured using the DektactXT profilometer (Bruker Nano
GmbH, Berlin, Germany). The sputtering coefficients were calculated as o = 3.78 and 5.16
atoms/ion for the CoSO-1 and CoSO-2h samples, respectively, considering the step heights
of about 45 nm and 62 nm. The small pieces (approximately 3.0 x 3.0 x 1.0 mm? in sizes) of
both CoSO-1 and CoSO-2h samples were annealed first at the temperature of Tann. =873 K
for 30 min in air atmosphere. These samples are designated as CoSO-1a and CoSO-2ha.
After measuring their magnetic properties, these samples were annealed for the second
time in high vacuum (10-¢ Torr) at the same temperature of 873 K for 30 min. These double-
annealed samples are marked by the suffix “av”, as CoSO-1_av and CoSO-2h_av, respec-
tively.

The phase composition and crystal structure of SnO: films before and after Co-ions
implantation were investigated using the X-ray diffraction (XRD) method. The measure-
ments were carried out using a Bruker D8 Advance diffractometer (Bruker AXS GmbH,
Karlsruhe, Germany) equipped with the Cu-Ka X-ray tube (A =0.15418 nm). Additionally,
the surface morphology and elemental composition of both the as-prepared and
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implanted SnO: films were studied 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, England).

The valence state of the elements at various depths of the samples were investigated
using X-ray photoelectron spectroscopy (XPS), employing an ion etching technique. The
step-by-step etching process was conducted utilizing a 2 keV Ar* ion beam. The Bruker
DektakXT profilometer was utilized to control the etching depth. After each etching ses-
sion, XPS spectra were recorded using a Phoibos 150 hemispherical energy analyzer in an
ultra-high vacuum (UHV) chamber (base pressure 5 x 10~ mbar) equipped with an Mg
Ka X-ray source operated at 12.5 kV and 250 W (SPECS GmbH, Berlin, Germany). The
obtained results were analyzed using CasaXPS (ver. 2.3.26) software [16].

Magnetic properties were studied using the vibrating sample magnetometry (VSM),
ferromagnetic resonance spectroscopy (FMR), and the differential thermomagnetic anal-
ysis (DTMA) methods. The magnetization curves were recorded using a homemade rotat-
ing sample magnetometer [17] in a magnetic field up to 5 kOe at room temperature. The
diamagnetic contribution of the Al2Os substrate was subtracted from the data after the
magnetic measurements. The magnetization values were normalized per implanted cobalt
ion.

Ferromagnetic resonance (FMR) spectra were measured on a Bruker ElexsysE580
(Bruker GmbH, Berlin, Germany) X-band spectrometer (9.64 GHz) at room temperature.
The angular dependences of the FMR spectra were recorded by rotating of the applied DC
magnetic field in a plane perpendicular to the sample plane (“out-of-plane” geometry).
As usual, the first field-derivative of microwave power absorption (dP/dB) was recorded
as a function of the static magnetic field (B). The value of the resonant field (Bres) was
determined by the intersection point of the magnetic resonance curve with the baseline of
the empty resonator.

The thermomagnetic curves were measured using the Faraday balance technique [18]
by heating the samples from 300 to 1000 K with the rate of 100 K/min in air in an applied
magnetic field of 500 mT.

3. Results and Discussion
3.1. X-ray Diffraction (XRD) Analysis

The results of the X-ray diffraction studies are presented in Figure 1. The 6-20 scan
of the epitaxial SnO: film grown on a C-cut Al:Os substrate is shown in Figure 1a by the
green curve. The sharp diffraction peaks observed at 20 angles of ~41.9° and ~91° may be
unambiguously attributed to the (0006) and (000 12) reflections from the C-cut Al>Os sub-
strate. Two other peaks at the 20 angles of ~37.9° and ~80.6° were assigned to (200) and
(400) reflections from the SnO: film. The last proves an out-of-plane epitaxial relationship
for SnO: film on the C-cut Al:Os substrate as Sn02(200) || Al203(0006).

To confirm the epitaxy of the synthesized SnO films, the ¢-scan of the (101) reflection
was recorded under the tilt angles of { = 56.2° and 20 = 33.7° (see inset in Figure 1b). In
this pattern, the six-fold symmetry was observed, which contradicts the tetragonal rutile
structure, since a two-fold symmetry should be characteristic for (101) reflections. This
six-fold symmetry may be associated with the formation of three equivalent domains dur-
ing the growth of the SnOz films. Such a result has been previously reported [19]. In Figure
1b, the 6-20 scan of the pristine SnO: film under fixed angles of { = 56.2° and ¢ = 79.9°
further confirms the phase purity and the epitaxy of the synthesized SnO: films.

The XRD pattern of the CoSO-1 sample implanted with Co ions at room substrate
temperature is depicted in Figure 1a by the blue curve. It is observed that that the positions
of the SnO»-related reflexes are slightly shifted toward higher 20 angles. Furthermore, dis-
tinctive shoulders appeared in the lower angle sides of the (200) and (400) reflexes. A qual-
itatively similar XRD pattern (red curve in Figure 1a) was observed for the CoSO-2h sam-
ple implanted with Co ions at the elevated substrate temperature of 750 K. The more
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detailed XRD profiles of the investigated samples are shown in Figures 51-S3 in the Sup-
plementary Materials.
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Figure 1. XRD patterns of the epitaxial SnO2 film on C-cut Al2Os substrate before (green curve) and
after (blue and red curves) Co-ion implantation with the fluence of 1 x 10'7 ion/cm?. Left panel (a)
shows 020 scans taken in normal Bragg-Brentano parafocusing geometry for as-prepared SnO:
film, CoSO-1, and CoSO-2h samples, respectively, and right panel shows (b) 620 scan taken under
fixed tilt angles of { = 56.2° and ¢ =79.9° for as-prepared SnO:2 film before implantation. The inset
in (b) shows the ¢-scan of the (101) reflections for the as-grown film at 20 = 33.7° and { = 56.2°. The
¢-scans for CoSO-1 and CoSO-2h samples are shown in the Suplementary Materials.

The following model is proposed to explain the observed XRD patterns. Under the
high-fluence implantation, initially uniform SnO: films were separated into two layers.
The highest concentration of the implanted cobalt is found in the first layer, located closer
to the film surface. This is confirmed by the analysis of XPS depth profiles of cobalt con-
centration, as shown below. A notable portion of the implanted cobalt atoms forms pre-
cipitates in this layer, leading to possible stretching of the SnO: matrix and an expected
enhancement in lattice spacings. Thus, the shoulder-like reflexes in the lower angle sides
of the SnO: reflexes may be originated by the cobalt precipitates. In the second deeper
layer, cobalt impurity is found to be in the 2+ valence ionic state, according to the XPS
results. These Co? ions may substitute Sn* cations in the SnO: structure in the low-spin
state [20,21]. Note that the ionic radius of the low-spin Co?* ion is smaller than that of the
Sn* jon in the six-fold oxygen environment (0.65 A and 0.69 A, respectively [22]). There-
fore, such substitution should decrease the lattice parameters and reduce the lattice spac-
ings. This leads to the shift of the XRD reflexes towards higher angles. On the other hand,
a decrease in lattice parameters may be caused by a decrease in film thickness due to sur-
face sputtering during ion implantation. Indeed, a decrease in lattice parameters with de-
creasing film thickness has already been reported for epitaxial SnO: films on C-cut AL2Os
[19].

3.2. Scanning Electron Microscopy (SEM)

The surface topography and elemental composition of both the as-prepared and the
implanted SnO:2 films were studied in detail by SEM methods. The SEM analysis reveals
significant changes in the morphology of the SnO: films upon cobalt (or argon) ion im-
plantation. The as-prepared SnO: films have a smooth and compact surface (see Figure S4
in the Supplementary Materials). In the contrast, the cobalt-implanted films exhibit the
presence of neoplasms scattered uniformly on the surface. As demonstrated in Figure 2,
these neoplasms have a semi-spherical form, with sizes ranging from 40-120 nm. It is im-
portant to note that the formation of neoplasms cannot be attributed to the precipitation
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EHT =10.00 kV
WD = 8.5mm

of cobalt impurities on the surface of Co-implanted samples, since the exact same neo-
plasms are observed on the surface of SnO: film implanted with argon ions (see Figure S5
in the Supplementary Materials). Furthermore, this cannot be attributed to metallic tin
nanoparticles. Both XPS analysis and Mossbauer studies show that the tin atoms in the
SnO: films are in a 4+ valence state before and after ion implantation (Figures S7 and S8 in
the Supplementary Materials). Moreover, EDX element mapping at a submicron scale (see
Figure 54 in the Supplementary Materials) demonstrates that both cobalt implants and tin
are homogenously distributed over the surface of the implanted SnO: films, without any
regions exhibiting a higher content of either chemical element. Consequently, the ob-
served morphological changes have been associated with radiation defects and structural
distortions in the SnO:2 lattice, leading to microscale swelling of the surface. The formation
of a developed relief on the surface of oxide materials as a result of high-fluence implan-
tation is a characteristic occurrence [23], often associated with the processes of releasing
gaseous elements (specifically oxygen) from the surface region of the irradiated material
[12]. The same changes in the surface morphology as a result of Co ions implantation were
also detected in the atomic force microscopy images (see Figure S6 in the Supplementary
Materials).

EHT =10.00 kV Spot Size = 120 Signal A = SE1
WD = 75 mm Mag = 100.00 K X Chamber = 3.28x10° mBar |

Fe =
Spot Size = 300 Signal A = SE1

Mag = 100.00 K X Chamber = 2.93x10* mBar
T i % = # 5

(b)

Figure 2. SEM image of the surface of SnO film after implantation of Co ions with the fluence of 1
x 1017 ion/em? (a), and SEM image of same film at the 70° position (b).

The chemical element content in the studied SnOz samples was estimated from the
EDX microanalysis data, and their values are given in Table 1. It is important to note that
Table 1 shows the mean values of the atomic concentration of each chemical element, ob-
tained by averaging the thickness of the layer in which the characteristic X-ray radiation
is generated during EDX measurements. Based on our calculations within the CASINO
program [24], for a 5 keV electron beam, the thickness of the generation layer of the K-
lines (Al and O) and L-lines (S5n and Co) is approximately 110-120 nm. This value is close
to the thickness of the implanted SnO: films (~100 nm) taking into account the film sput-
tering during ion implantation.

EDX elemental microanalysis confirms the successful implantation of cobalt into the
SnO: films, with an average cobalt concentration of 12-14 at.%. The chemical formula of
Co-ion implanted samples can be written as Sna - yCoxOz-s. The concentration ratio of
cobalt to tin (column Co/Sn) allows for the determination of the cobalt dopant content (x)
in the films, as x = 0.38 in the sample implanted at room temperature and x = 0.33 in sample
implanted at a high temperature of 750 K. As follows from the Table data, the content of
the structure-forming elements, tin (Sn) and oxygen (O), is significantly reduced in Co- or
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Ar-ion-implanted SnO: films when compared with the as-prepared SnO: film. These data
confirm the occurrence of film sputtering during ion implantation. The sputtering process
of SnO: film during ion irradiation is also indicated by a significant decrease in the con-
centration ratio of tin to aluminum (column Sn/Al). The Sn/Al ratio decreases from 36.0 in
as-prepared film to 7.4 in Co-implanted films and 9.8 in the Ar-implanted sample. Here,
the EDX signal from Al comes from the corundum substrate (Al2Os) used for SnO: film
growth. Moreover, the Sn/Al ratio continues to decrease in the samples after high-temper-
ature annealing. The last result indicates the evaporation of the implanted SnOz material
after double annealing.

Table 1. Chemical element content in both the as-prepared SnOz film and SnO: films implanted with
Co (or Ar) ions at the fluence of 1 x 10'7 ion/cm?. Here, Timp and Tann in the second column show the
values of the implantation temperature and temperature of subsequent double annealing in air and
then under vacuum, respectively.

Timp./Tann. Co Sn Al o
Sample (Lo, at.%) (Lo at%) (Ko at%) (Ko ato%) OWAL  CofSn
SnO» 1273 - 28.8 0.8 70.4 36.0 -
CoSO-1 300/- 141 2.1 3.0 60.8 7.4 0.6
CoSO-1_av 300/873 12.4 20.8 54 61.4 3.9 0.6
CoSO-2h 750/- 12.1 2.9 3.1 61.9 7.4 0.5
CoSO-2h_av 750/873 115 21.7 3.9 62.9 5.6 0.5
ArSO-3h 750/- 3.4 (A1) 25.5 26 68.5 9.8 -

3.3. X-ray Photoelectron Spectroscopy (XPS)

The results of the XPS measurements of SnO: films implanted with cobalt ions at
room temperature (CoSO-1 sample) or the elevated substrate temperature (CoSO-2h sam-
ple) are illustrated in Figure 3. The experimental depth profiles of the cobalt concentration
and XPS spectra taken at the different depths are shown in the upper (a,b) and lower (c,d)
panels, respectively. The dashed lines in (a,b) are the theoretical profiles of cobalt concen-
tration calculated by using the SRIM algorithm [25] and considering the different values
of the film sputtering during the ion irradiation [26]. The calculated SRIM profiles exhibit
a half-bell-shaped distribution, with concentration maxima (~26 or 19 at.%) on the surface.
The experimental profile of the cobalt concentration in the CoSO-1 sample (Figure 3a) ex-
hibits almost the same depth distribution, differing only by a shift in depth (4 nm) of the
concentration maximum and its higher (~32 at.%) value when compared to the SRIM pro-
file. In contrast, “hot” implantation (CoSO-2h sample, Figure 3b) leads to much wider
depth distribution (up to 60 nm) of cobalt impurity and a notably lower peak concentra-
tion (~14 at.%). We associate these experimental findings with diffusion blurring of the
depth distribution profile, causing the diffusion of the Co implant in the film bulk during
implantation at high substrate temperatures.

Figure 3c,d shows the Co 2ps2 binding energy regions of the Co 2p XPS spectra taken
at the sample surface, as well as at the maximum and the tail of the depth profile of cobalt
distribution. The experimental XPS spectra can be decomposed into two components cor-
responding to different valence states of the implant. The values of the binding energies
of the components are typical: 777.9 eV for the metallic state of Co® and 781.1 for the ionic
state of Co?* [27,28]. Moreover, the observation of a satellite line in the spectra of Co 2p at
~786 eV allows for the unambiguous determination of the oxidation state of cobalt as 2+.
A comprehensive analysis of all XPS data recorded at different depths allows for the es-
tablishment of the depth distributions of both cobalt components, as shown by the red
and green shaded areas in Figure 3a,b. It is clear that the implanted cobalt is represented
by a mixture of metallic and oxidized divalent states in the CoSO-1 sample. The metallic
Co® component dominates at the maximum (~5 nm) cobalt distribution. Consequently,
herein, the implanted impurity obviously occurs in the form of nanoparticles of metallic
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Concentration, at.%

cobalt due to the high atomic concentration of cobalt. Conversely, a significant part of the
cobalt is in the oxidized divalent state in the tail of the impurity distribution. In the case
of “hot” implantation (Figure 3b), the Co?* component is dominant throughout the entire
depth of the impurity distribution. Thus, the main portion of cobalt in the CoSO-2h sam-
ple can be found in the form of a solid solution of Co?  ions, which substitute Sn* sites in

the SnO2 matrix.
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Figure 3. Depth distribution profiles of the cobalt implant (a,b) and high-resolution XPS spectra (c,d)
taken at the different depths of analysis for the CoSO-1 (a,c) and CoSO-2h (b,d) samples, respec-
tively. The dashed lines in (a,b) show the theoretical profiles of the implant distribution, calculated
using the SRIM algorithm [25], and the substrate sputtering during the ion irradiation [26]. The cir-
cles in (c,d) correspond to experimental data, whereas color lines—to the fitting curves (blue lines)
and spectral components (green, red, and magenta lines).
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It should be noted that according to both the Sn 3ds2 XPS spectra and our “Sn Mdss-
bauer results, tin atoms preserve their 4+ state in the SnO: film after implantation (see
Figures S7 and S8 in the Supplementary Materials). The XPS spectra of oxygen are also
presented in Figure S8 of the Supplementary Materials. The analysis of XPS data shows a
broadening of the Ols XPS peak and the appearance of a distinctive shoulder on the
higher energy side of the spectrum in the Co-implanted samples compared to the spec-
trum of the as-prepared SnO: film. The latter can be attributed to oxygen vacancies formed
in the oxide material as a result of ion irradiation [11].

3.4. Magnetic Properties

Magnetic measurements of as-prepared epitaxial SnO: films reveal diamagnetic be-
havior at room temperature, as shown in Figure S9 of the Supplementary Materials. How-
ever, the implantation of cobalt in the SnO: films results in an appearance of ferromag-
netism with the Curie temperature significantly above room temperature. Figure 4a shows
the magnetic hysteresis loops recorded at room temperature for the CoSO-1 and CoSO-2h
samples implanted with cobalt ions at different substrate temperatures. It is clear that both
samples show a pronounced ferromagnetic response. On the other hand, the SnO: film
implanted with Ar ions at the same conditions (ArSO-3h sample) exhibits only a paramag-
netic slope in the field dependence of the magnetic moment (black curve in Figure 4a).
Thus, the Ar+ ions exhibit a mass close to that of the Co+ ions, and the implantation with
inert argon results in a comparable radiation damage to that of the SnO:lattice [12]. There-
fore, radiation defects (including oxygen vacancies) cannot explain the observed room
temperature ferromagnetic response, and Co implantation is the main source of the ferro-
magnetism in the Co-ion-implanted SnO: films.
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Figure 4. (a) Room temperature ferromagnetic hysteresis loops for SnOz films implanted with Co
ions, with the substrates at room temperature (CoSO-1 sample, blue squares) and elevated temper-
ature (CoSO-2h sample, red circles). The paramagnetic curve of the SnO: film implanted with Ar
ions at elevated substrate temperature is shown by black rhombs (AeSO_3h sample). (b) DTMA
curves for the same Co-ion-implanted samples. Patterned regions in (b) show the specific oxidation
conditions for the various sources of ferromagnetism established in the studied samples.

However, there are notable differences in the parameters of the loops for SnO: films
implanted with Co ions at different substrate temperatures. The saturation magnetization
value of the CoSO:-2h sample obtained at the elevated substrate temperature is higher
than for the another CoSO-1 sample implanted at room temperature (~0.95 s per im-
planted Co ion (us/Co) vs. ~0.55 ps/Co). At the same time, the coercivity behaves differ-
ently, with its value being lower in the case of the Co implantation into the SnO: film at



Condens. Matter 2024, 9, 27

Magnetization, p/Co

the elevated substrate temperature than in the case of the implantation at room tempera-
ture (~400 Oe and ~2500 Oe, respectively). The coercivity for the SnO: film implanted with
Co ions at room temperature is very high, and to our knowledge, similar values have not
yet been reported for Co-doped SnO: systems. We speculate that this unexpectedly large
coercivity is due to the formation of oriented metallic Co nanoparticles, and possibly due
to the shape anisotropy of these particles. However, high-resolution transmission electron
microscopy studies are required to confirm our assumption. In addition, the hysteresis
loops recorded in both the in-plane and out-of-plane geometries of the magnetic field
sweep are shown in Figure 510 in the Supplementary Material. The strong difference in
the shapes of the loops associated with the strong easy-plane magnetic anisotropy is
clearly manifested in the studied samples. This magnetic anisotropy was also observed in
the ferromagnetic resonance studies, which will be discussed in the next section.

In Figure 4b, the thermomagnetic curves for both samples are shown. It is evident
that the thermal behavior of the samples differs significantly. In the curve for the CoSO-1
sample implanted with Co ions at room temperature (the blue curve), two steps of the
“magnetization removal” can be observed in the regions of ~570-730 K and ~730-900 K.
Meanwhile, for the second CoSO-2h sample, there is only a single step, located mainly in

the first temperature region.

Air and vacuum thermal annealing of the Co-implanted SnO: samples were per-
formed to investigate the role of oxygen vacancies (Vo) in the manifestation of ferromag-
netism. Due to the low formation energy of oxygen vacancies [29], their number in the
sample can be easily controlled by changing the annealing environment. It is well known
(see e.g., [30]) that the oxidizing atmosphere of air compensated the oxygen vacancies in
the SnOz-based nanomaterials, while the vacuum annealing resulted in the increase in the
concentration of oxygen vacancies. Figure 5 shows the magnetization curves of both as-
implanted samples (CoSO-1 and CoSO-2h) and the same samples annealed in air and sub-
sequently, under vacuum. The annealing in air at 873 K almost totally suppresses ferro-
magnetism in both samples. At the same time, the ferromagnetism may be recovered in
these samples after the subsequent second annealing under vacuum at 873 K. However,
the magnetic characteristic of the recovered ferromagnetic loop for the CoSO-1 samples
implanted with cobalt with the substrate at room temperature is strongly different when
compared with those observed in the initial state, i.e., the coercivity is ~70 Oe after the
vacuum annealing as compared to the ~2500 Oe in the initial state. Considering the CoSO-
2h sample implanted at the elevated substrate temperature, the magnetic characteristics
of this sample after vacuum annealing are almost comparable with the values in its initial
state. Thus, the above results of our magnetic measurements indicate the crucial role of

oxygen vacancies in producing ferromagnetism in Co-implanted SnO: films.
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Figure 5. Room temperature ferromagnetic hysteresis loops for CoSO-1 (a) and CoSO-2h (b) sam-
ples, recorded in the initial as-implanted state of the samples (blue curves) after annealing at 873 K

in air (red curves) and after subsequent vacuum annealing at 873 K (black curves).
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3.5. Ferromagnetic Resonance (FMR)
3.5.1. FMR Spectra

Figure 6a,b show the magnetic resonance spectra recorded at room temperature and
at different values of the polar angle 0 in the CoSO-1 and CoSO-2h samples, respectively.
Three FMR signals are clearly observed in the magnetic resonance spectra at the limiting
value of O = 0° when the magnetic field is perpendicular to the sample plane. The first two
FMR signals, marked with a blue triangle and a red circle in Figure 6a,b, reveal a strong
out-of-plane angular dependence of the FMR signal positions. Namely, these two signals
quickly shift from the high-field portion to the low-field portion of the magnetic spectrum
and broaden when the value of polar angle O is increased. On the other hands, the third
signal marked with a black square has a weak angular dependence in the CoSO-2h sample
implanted with Co ions at the elevated substrate temperature. The angular dependence of
the third signal is totally absent in the CoSO-1 sample, as seen in Figure 6c.

70
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e o S B A e S e — T . . . , : T : . : T . )
0 200 400 600 80 1000 1200 1400 g s00 | 40 €80 B0 | {000 4260
(a) (b)
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() (d)

Figure 6. Upper panel —room temperature FMR spectra for various orientations of the magnetic
field in CoSO-1 (a) and CoSO-2h (b) samples. Here, O is polar angle between a magnetic field and
the normal to sample plane (“out-of-plane” geometry). The black and the red dashed lines show
experimental and simulation spectra, respectively. Three FMR signals observed in the spectra
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marked with blue triangles, red circles and black squares. Lower panel —angular dependences of
resonance fields (Bres) for three FMR signals in CoSO-1 (c¢) and CoSO-2h (d) samples, respectively.
The experimental data are shown by symbols, and the color solid lines used as guide for eyes.

The angular dependences were analyzed by fitting the experimental spectra with the
sum of three independent FMR lines. The observed lines were described by the Dyson
shape line [31]. To fit the experimental spectra, a program was written in Python using the
SciPy library [32]. Through fitting the FMR spectra, resonance field values were obtained
for three lines at different orientations of the samples in the magnetic field. The angular
dependencies of the resonance fields are presented in Figure 6c,d for the Co-implanted
SnO: films implanted with Co* ions at room and high temperatures, respectively. A de-
tailed analysis of the observed angular and temperature dependences of the ferromagnetic
resonance spectra, as well the determination of the spectroscopic and magnetic parame-
ters of the samples, such as the values of the g-factor, magnetization, and magnetic ani-
sotropy constants, is the subject of a separate article. At this stage, however, it can be noted
that the angular dependences of the resonant field of the first two FMR signals presented
in Figure 6c,d are typical for thin granular magnetic films with strong magnetic anisotropy
[33,34]. In contrast, the weak angular dependence of the third signal is characteristic of
isotropic bulk ferromagnetic materials. Thus, FMR studies indicate the formation of two
different magnetic phases in the Co-ion-implanted SnO: films.

3.5.2. Chemical Effect of Ethanol on FMR Spectra

In this study, the strong influence of ethanol media on the FMR was observed for the
first time. This chemical effect of ethanol is observed in the example of the influence on
the FMR spectrum of storage of the Co-implanted SnO: film in ethanol media. It should
be noted that this effect was observed for samples subjected to double annealing, first in
air and then under vacuum, at a temperature of 873 K for 30 min. The FMR spectrum of
the CoSO-2h_av sample is shown in Figure 7. For this spectrum (in Figure 7, labeled as
“Initially”), an angular dependence was observed similar to that observed in the as-im-
planted CoSO-2h sample (Figure 6b). After maintaining the sample in ethanol for more
than 2 h, the FMR spectrum totally disappeared (in Figure 7, labeled as “After Ethanol”).
Then, when the CoSO-2h_av sample was annealed under vacuum again, the FMR spec-
trum was recovered (in Figure 7, labeled as “Recovery”), for which an angular dependence
was also observed. However, the “Recovered” spectrum differs from the “Initial” exam-

ple.

Initially
— After Ethanol
Recovery

0 200 400 600 800 1000 1200
B (mT)

Figure 7. Room temperature FMR spectra of CoSO-2h_av sample for the orientation of the magnetic
field perpendicular to the sample plane, recorded before (black curve) and after (blue curve) storage
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of the sample in ethanol medium. The green curve represents the FMR spectrum after the vacuum
annealing of the sample stored in ethanol.

3.6. Two Magnetic Phases in Co-Ions Heavily Implanted SnO: Films

Based on the abovementioned peculiarities in the magnetic properties of Co-ion-im-
planted SnO: films at various temperatures of substrates, along with the XRD and the XPS
results, we propose the following explanation of the experimental data. The difference in
the magnetic properties of the CoSO-1 and CoSO-2h samples is due to the various sources
of ferromagnetism in each. Indeed, according to the XPS results, after the implantation at
room temperature, the cobalt atoms exist predominantly in the metallic state, i.e., they
form metallic nanoparticles, which are responsible for the room temperature ferromag-
netism, with large coercivity, in CoSO-1 sample.

At the same time, after the implantation at the elevated temperature, the content of
metallic Co atoms is sufficiently lower, and the implanted cobalt ions mainly occur in the
2+ valence state. We assume that these ions form a magnetically ordered solid solution in
the SnO2 host, and the room temperature ferromagnetism of the corresponding CoSO-2h
sample is mainly originated by this solid solution. Since all our samples are in a highly
insulating state (surface resistance more than 50 MQ), the mechanism of the magnetic or-
dering of the Co?* ions in this solid solution cannot be associated with carrier-mediated
exchange, such as the RKKY—Zener type interaction [35]. For insulating rutile-type oxide
materials, such as SnOz and TiO, the F-center-mediated (FC) exchange between paramag-
netic 3D metal ions is often discussed to explain the high Curie temperature ferromag-
netism [4,5,14,36,37]. In the FC exchange model, the localized spins of the magnetic do-
pants (e.g., Co?* ions in a low spin state with S = 1/2) interact with each other by an indirect
ferromagnetic exchange through electrons trapped by neighboring oxygen vacancies.
Thus, the presence of a certain concentration of oxygen vacancies plays a crucial role in
producing ferromagnetism, according to FC exchange mechanism.

The above-suggested model of two magnetic phases in Co-ion heavily implanted
5nO: films can explain the influence of the annealing environment on the magnetic prop-
erties of the samples. When annealed in air, the Co*-based magnetic solid solution is oxi-
dized at temperatures around 570-730 K, but this state can be recovered by subsequent
annealing under vacuum. Thus, the initial state may be almost completely restored, even
after the ferromagnetic response has been suppressed by annealing in air, in the case of
SnO: film implanted with Co ions at elevated temperature (CoSO-2h sample). The mag-
netic Co nanoparticles are oxidized at higher temperatures, approximately 730-900 K, but
they cannot be recovered under vacuum annealing. Therefore, in the case of the implan-
tation with Co ions at room temperature, the ferromagnetism in the CoSO-1 sample after
the annealing in air cannot be fully restored because it is impossible to recover the oxi-
dized Co nanoparticles under the experimental conditions of vacuum annealing.

The chemical effect of alcohol on FMR spectra, as we suppose, is due to the high
content of atomic oxygen in chemical molecular solutions such as alcohol, toluene, and
acetone [38]. When a sample is kept in alcohol, oxygen atoms from the solution diffuse
into the implanted SnO2 film and fill oxygen vacancies in the crystal lattice. Consequently,
ferromagnetism is suppressed, since oxygen vacancies act as mediators of indirect ex-
change between Co? ions and play a dominant role in establishing long-range magnetic
order, according to the FC exchange model. It should be noted that subsequent pumping
of the sample in a vacuum chamber does not restore ferromagnetism. This means that
oxygen atoms from the alcohol media, when penetrating the SnO: film, interact with tin
atoms and form a chemical bond with them. Ferromagnetism in the Co-implanted film
can only be recovered by heating the sample in a vacuum at temperatures above 450 °C
(720 K). We hypothesize that under these conditions, the chemical bond of oxygen with
tin is loosened, and the oxygen atoms may be removed from the matrix by back diffusion
from the film into the vacuum.
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4. Conclusions

In summary, epitaxial SnO2 thin films with a rutile structure were grown on C-cut
AlOs substrates using reactive magnetron sputtering and subsequent high-temperature
annealing in air. Then, 40 keV Co* ions were implanted into SnO: films, at different sub-
strate temperatures, with a high concentration reaching a mean level of 12-14 at.%. The
microstructure and magnetic properties of the Co-ions heavily-implanted SnO: films were
investigated in detail. The Co implant was found to be in the mixed valence state, both in
the form of metal Co® atoms and Co?* ions; they are distributed non-homogenously in the
implanted region of the SnOz films. All Co-implanted SnO: films reveal room-temperature
ferromagnetism, with clearly defined magnetic hysteresis loops at in-plane geometry. It
was shown that both the saturation magnetization (Ms) and the coercive field (Hc) strongly
depend on the substrate temperature during implantation. In particular, unusually wide
magnetic hysteresis loops for Ms ~ 0.55 ps/Co and He ~ 2.5 kOe were observed in the SnO:
films implanted with cobalt when using the substrate at the room temperature. To the best
of our knowledge, such values of Hc have not yet been reported for Co-doped SnO:2 sys-
tems. Moreover, the disappearance and then recovery of ferromagnetism are observed as
a result of the sequential annealing of Co-implanted films in air and then under vacuum.
In addition, the strong chemical effect of ethanol on the FMR spectra were shown for the
first time. These observations indicate a crucial role of oxygen vacancies in the establish-
ment of ferromagnetism in the Co-implanted SnO: films. A model of the formation of two
magnetic phases (Co nanoparticles and a magnetically isotropic solid solution of Co?*
ions), located at different depths in the Co-ions heavily-implanted SnO: films, was pro-
posed to explain the complex of the observed magnetic phenomena. However, additional
investigations using high-resolution transmission electron microscopy are needed to ver-
ify the proposed two-phase model of ferromagnetism in Co-implanted SnO: films.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/condmat9020027/s1, Figure S1: The 6-20 scan of the SnO2
film before implantation under fixed angles and the ¢-scan of the (101) reflex; Figure 52: The 6-20
scan for the CoSO-1 sample under fixed angles and the ¢-scans of the (110) and (101) reflexes; Figure
S3: The 6-20 scan for the CoSO-2h sample under fixed angles and the ¢-scans of the (110) and (101)
reflexes; Figure S4: SEM images and EDX spectra of the surface of the SnO:2 film, before and after
implantation of Co ions, with the fluence of 1.0 x 107 ion/cm?; Figure S5: SEM image of the surface
of the SnO: film after implantation of Ar ions with the fluence of 1.0 x 10'” ion/cm?; Figure S6: AFM
images of the surface of the SnO: film, before and after implantation of Co ions, with the fluence of
1.0 x 10" ion/cm?; Figure S7: 1°5n Mossbauer spectra of the epitaxial SnO: film on the C-cut Al2Os
substrate, before and after the implantation with 40 keV Co+ ions, with the fluence of 1.0 x 10V
ion/cm?; Figure S8: High-resolution XPS spectra of Sn3d, Ols, and Co2p binding energy regions for
both as-prepared and Co ions implanted SnO: films; Figure S9: The room temperature magnetiza-
tion curves of as-prepared epitaxial SnO: films, as well the same films after annealing in high vac-
uum or after Ar+ ions implantation; Figure 510: The room temperature magnetic hysteresis loops
recorded in the in-plane and out-of-plane geometries for the CoSO-1 and CoSO-2h samples.
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