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The point defects have been produced in the rutile structure by irradiation of a single crystalline
(001)-TiO4 rutile platet wih 40keV Ar™ ions. It is found that Ar-ion bombardment of rutile
results in a large number of positively charged oxygen vacancies and, as a consequence, leads
to a change in the valence of neighbouring Ti cations. Electron paramagnetic resonance (EPR)
of Ar-ion irradiated TiOs rutile is studied in detail. The analysis of angular and temperature
dependences of EPR spectra makes it possible to conclude that EPR signals are associated
with Ti3* ions in the sixfold symmetric environment. In addition to the main signal from even
titanium isotopes, eight equidistant weak lines are observed due to the hyperfine interaction
typical for two titanium isotopes: *"Ti with a nuclear spin I = 5/2 (natural abundance of 7.4%)
and “°Ti with a nuclear spin I = 7/2 (natural abundance of 5.4%). By comparing the g-tensor
components with the reference data it is concluded that these Ti*t-based centers in Ar-ion
implanted rutile were not described before.

PACS: 61.72.Hh, 61.72.Ji, 68.55.Ln

Keywords: electron paramagnetic resonance, rutile, ion implantation, oxygen vacancies,
Ti3* ions, g-factors

1. Introduction

Titanium dioxide (TiO2) is one of the well-studied metal oxides due to its many interesting
applications. TiOs is widely used in heterogeneous catalysis as a photocatalyst, in solar cells,
gas sensor; as white pigment in paints and cosmetic products; as a corrosion-protective, energy-
saving and self-cleaning optical coating; and in electric devices such as varistors [1,2]. Moreover,
as a material revealing the memristive effect [3], TiOy has recently found wide application
prospects for artificial biological systems and non-volatile random access memory [4]. Note that
the technological importance of TiOs is inseparably related to various types of defects such as
oxygen vacancies (Vg), Ti** ions on regular lattice sites, Ti interstitials, crystallographic shear
planes, as well as substitutional impurity atoms introduced by doping into TiOs. Titanium
dioxide crystallizes in three different polymorphic modifications: rutile, anatase, and brookite [1,
5]. Rutile is the most thermodynamically stable crystalline state of TiO2. Rutile has a tetragonal
crystal structure (lattice parameters are a = b = 0.465nm and ¢ = 0.297 nm), in which each Ti
ion is surrounded by an octahedron of O ions, as it is shown in Fig. 1. The stoichiometric rutile,
TiOo, is an insulator with a band gap of 3eV, transparent in the visible wavelength range, and
a diamagnet. It transforms into oxygen-deficient nonstoichiometric rutile TiOs_,, where x is
usually between 10~% and 1072, under high-temperature annealing in a reducing atmosphere
(e.g., in vacuum) or after heavily electron irradiation [1]. The oxygen-deficient reduced rutile
is an n-type semiconductor [5] and a paramagnet [6] due to the point defects such as oxygen
vacancies and paramagnetic Ti%T ions in the rutile structure. Moreover, the reduction of rutile
under heating in ultra-high vacuum leads to visible color changes from colorless to light blue
and, eventually, dark blue hues depending on the level of the oxygen loss (z), hence on the
concentration of oxygen vacancies [1,5,6]. It is important to note that an oxygen vacancy
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has an effective charge of +2. They can act as electron traps and have different charge states
varying from doubly ionized unoccupied (Vng) to singly ionized Vg or even neutral V% states,
respectively, by trapping one or two electrons.

Figure 1. Polyhedral model of the rutile crystal viewed along the [001] axis. Three different types of
Ti?* point defects in the rutile lattice are shown schematically by principal axes of the g-factor
tensor taken from Table 1.

Earlier near-stoichiometric and TiO2_, rutile crystals have been intensively studied by elec-
tron paramagnetic resonance (EPR) [7—11]. The paramagnetic species of different origins were
found in the rutile crystals in the magnetic field region of 320-400 mT in the X-band. All these
centers can be divided into three large groups associated with either Ti®* ions or oxygen vacan-
cies, or with the uncontrolled contamination of rutile samples by paramagnetic impurities, e.g.,
3d ions. EPR reveals a structural Ti** ion surrounded by an octahedron of five oxygen atoms
with a positively charged oxygen vacancy (Type 1 in Fig. 1) and a Ti3* ion located in the in-
terstitial position (Type 2). They are typical Ti-based paramagnetic centers in slightly reduced
TiO2 samples [7-10]. However, the concentration of these paramagnetic Ti centers decreases
fast when the oxygen deficiency in rutile increases [7]. Dark blue rutile crystals with higher con-
centrations of oxygen vacancies are EPR-silent and exhibit extended Ti3*-related bulk defects
such as crystallographic shear planes (not shown in Fig. 1). EPR spectra from singly ionized
Vg with S = 1/2 and neutral V% oxygen vacancies with S = 1 were observed in stoichiometric
or slightly reduced TiO9 samples [9,10]. The centers with g-factors close to the free electron
g-factor of 2.00232 were observed only at low temperature (35K) and under photo-irradiation
with a wavelength close to the band gap.

In this work, we used intense irradiation with high-energy Ar™ ions to generate a large number
of radiation defects (oxygen vacancies, Ti interstitials etc.) in the surface TiOg layer. According
to SRIM (Stopping and Range of Ions in Matter) calculations [12], the concentration of point
defects in the irradiated oxide layer can reach colossal values on the order of 10?2 cm™3. In other
words, there was no need to create oxygen vacancies in TiOy rutile using traditional methods
such as high-temperature annealing in vacuum. Moreover, we developed an original method of
migration of oxygen vacancies under an applied DC electric field (electromigration procedure)
in order to change the concentration of these point defects in the sample. We used EPR to
characterize paramagnetic centers in Ar-ion irradiated rutile.
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2. Experimental details

The single-crystal (001) face-oriented TiOg9 plates of synthetic rutile (Moscow Power Engineering
Institute, Lab. of Prof. A. Balbashov) were irradiated with 40keV Ar" ions on an ILU-3
ion-beam accelerator (ZPTI, FRC Kazan Scientific Center of RAS) at an elevated substrate
temperature of 900 K during ion irradiation. The ion irradiation was carried out to the fluency

2. It is seen clearly in Fig. 2 that

of 1.5 % 107 ion/cm? at an ion current density of 8 uA/cm
initially colorless TiOg plates (a) acquire a sky-blue hue (b) due to the formation of oxygen

vacancies in the surface region (of about 100 nm thickness [12]) of Ar-ion irradiated TiO; rutile.

The chemical element microanalysis using a Carl Zeiss EVO 50 XVP scanning electron micro-
scope equipped with an Oxford Inca Energy-350 EDS spectrometer confirmed the formation of
oxygen vacancies in Ar-ion implanted rutile. The oxygen concentration in the irradiated sample
is reduced by about 3-4 at.% in comparison with the oxygen concentration in the virgin rutile
plate (6667 at.%). No argon was detected in the irradiated sample. Chemically inert argon
does not form chemical bonds with rutile, and after ion irradiation, argon leaves the irradiated
region of rutile due to outward diffusion.

Fast radiation-enhanced electromigration of positively charged oxygen vacancies become vi-
sually observable when the voltage (15V) is supplied to sample under study. As it is shown in
Fig. 2c, after applying the electromigration procedure, the initial sky-blue color of the samples
changed into the dark blue-grey around the negative electrode, while the region around the
positive electrode lost its coloration due to a decrease in the concentration of oxygen vacancies
in this part of a sample.

(a)

(c)

V=15V, I~100 mA

Figure 2. Photos of experimental samples: a) virgin rutile TiOy plate; b) TiOy plate irradiated with
40keV ArT ions to a fluency of 1.5%10'7 ion/cm?; ¢) Ar-ion irradiated TiOg strip with sizes of
10 x 2 x 1.5 mm? after electromigration of positively charged oxygen vacancies to the negative
electrode.

Three samples with different concentration of oxygen vacancies were used in EPR measure-
ments: as-irradiated, dark blue-grey and light blue ones. The dark blue-grey and light blue sam-
ples were prepared by cutting the strip (see Fig. 2c¢) near the negative and positive electrodes,
respectively, after the electromigration procedure. All samples had the form of rectangular par-
allelepipeds with the sizes of 2 x 2 x 1.5mm?®. The angular dependence of the EPR spectra
was measured on a Bruker ELEXSYS E580 EPR spectrometer with an ER4116DM resonator in
the X-band (9.65 GHz) at a temperature of 30 K using an E218-1001 programmable goniometer.

The accuracy of setting the rotation angle was +0.5 degrees. The angular dependence of the
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EPR spectra was measured in three orthogonal (001), (100) and (010) planes of the sample.
The temperature dependence of the spectra was measured in the temperature range from 5 to
100 K using an Oxford flow cryostat ESR 900. Moreover, the light-stimulated EPR. experiment
was carried out at a temperature of 30 K by using a diode laser with a wavelength of 430 nm
and a power of 10mW.

3. Results

Figure 3 shows the experimental EPR spectra of the as-irradiated sample at an applied magnetic
field B directed parallel to the [100] axis of rutile. Figure 3 shows that one signal is observed
above 60 K. This signal is marked as a background signal because it was also observed in the
virgin TiO9 plate before the irradiation with argon ions. Although the background signal has
some angular dependence and moves towards saturation in lower temperatures of 520K, we
exclude it from further consideration, since it is associated with uncontrolled contamination of
the sample. It is important to note that a new signal with an anisotropic ¢ factor appears
in rutile samples irradiated with Ar ions. This signal is marked as the main one in the EPR
spectra shown in Fig. 3, since its behavior depends on the concentration of oxygen vacancies in
the sample. Namely, in a light blue sample with a reduced concentration of oxygen vacancies,
the intensity of this signal is much lower compared to that of the initially as-irradiated sample.
On the contrary, this signal completely disappears in the dark blue-gray sample with the highest

concentration of oxygen vacancies.

background and main signals

B —
Y

A 4
| 45K

’\,{ 30K

‘A. 15K

T T T T T T
320 340 360 380 400 420
B (mT)

Figure 3. Temperature dependence of EPR spectra of Ar-ion irradiated TiOs sample for magnetic field
B parallel to the [100] axis. For better visibility, the amplitude of main signal in the spectra
taken at temperatures below 60 K was normalized to unity.

In order to establish the origin of the main signal, namely, the structural position and local
symmetry of the paramagnetic center associated with this signal, the angular dependences of
the EPR spectra of as-irradiated sample in various crystallographic planes of rutile were studied
in detail. Figure 4a shows the angular dependence for the (001) plane, the analysis of which
indicates the presence of two magnetically nonequivalent centers in the as-irradiated sample.
Figure 4b shows the angular dependences of the EPR spectra for the (010) plane. In this case,
one center is observed. Note that a very similar angular dependence of EPR spectra was also
observed at the rotation of magnetic field B in equivalent the (100) plane of rutile (not shown).
As follows from the analysis of angular dependences shown in Fig. 4, the EPR lines from two
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Figure 4. Angular dependences of EPR spectra of the Ar-ion irradiated TiO5 sample at the rotation of
magnetic field B in the (001) plane (a) and in the (010) plane (b) at 30 K. lack and red lines
show experimental data and the simulation results, respectively.

background signals

T T T T
350 355 360 365 370
B (mT)

Figure 5. EPR spectrum of the Ar-ion irradiated TiOs sample for magnetic field B is parallel to the
[100] axis at 30K. Black and red lines show experimental data and the simulation results,
respectively. The hyperfine splitting of the simulated spectrum is 57 MHz. T'wo signals around
the central EPR line are the background signals and not hyperfine splitting components of
the central line.

magnetically nonequivalent centers coincide with each other when the magnetic field is directed
along the [100] axis or B rotates in the (010) plane. In this case, the spectrum (Fig. 5) taken
at a small sweep of the magnetic field reveals weak lines due to the hyperfine interaction with
nuclear spins associated with two titanium isotopes: 4"Ti and 4°Ti with a natural abundance
of 7.4% and 5.4%, respectively. The 47Ti isotope has a nuclear spin I = 5/2, and six lines are
to be observed in the spectrum, and the 4°Ti isotope has I = 7/2, in this case, there are eight
lines in the spectrum. At the natural isotopic abundance, the sum of two spectra with different
hyperfine structures and of low intensity is observed, and the intensity of the most extreme lines
in the hyperfine structure is less.
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The observed EPR spectra were described in the spin-Hamiltonian model:
H = 3SgB,

where S = 1/2, § is a Bohr magneton, g is g-tensor, B is a magnetic field. The hyperfine
interaction was not taken into account to describe the angular dependence of the EPR spectra.
The EPR spectra were calculated using the EasySpin software toolbox [13]. The g-tensor values
for the principal axes were determined from the calculation of all observed angular dependences
for both the as-irradiated rutile sample and light blue sample with lower concentration of oxygen
vacancies, and are given in Table 1. Note that previously observed EPR spectra of Ti** in
reduced rutile (similar to those for the light blue sample) were observed only under photo-
irradiation [9,10]. We observed a signal in as-irradiated and light blue samples without photo-
irradiation, and no effect of photo-irradiation on the observed EPR signal was found.

Table 1. Principal values and principal axes of the g-tensor for three types of the Ti?** ions.
The positions of these different Ti* ions in the rutile lattice are shown in Fig. 1.

Principal value | Principal-axis direction Type of th‘e pos1t.1on References
in the rutile lattice
g1 = 1.9572 [100]+3.1°
g2 = 1.9187 [010]£3.1° structural, Type 1 [10]
g3 = 1.8239 [001]
g1 = 1.9526 [100]+4°
g2 = 1.9117 [010]£4° structural, Type 1 [9]
g3 = 1.8132 [00T]
g1 = 1.9746 [100]£26°
g2 = 1.9780 [010]£26° interstitial, Type 2 [7]
gs = 1.9414 (001]
g1 = 1.9766
g2 = 1.9738 not defined structural [11]
g3 = 1.9408
gz = 1.922 [100]
gy = 1.896 [010] structural, Type 3 | this work
g. = 1.791 [001]

4. Discussion

Based on the observation of hyperfine splitting in the EPR spectrum (Figure 5), it can be
argued that this spectrum is associated with paramagnetic Ti** ions. EPR of Ti*t ions in
oxygen-deficient non-stoichiometric TiOo_y rutile was previously observed and discussed within
the structural model, where the substitutional Ti** ions are accompanied by the nearest oxygen
vacancies forming the defect Ti3+—VJ(5 complexes [8,10,11]. The EPR spectra of these substitu-
tional Ti*T ions were observed at temperatures below 30 K and under photo-irradiation only.
Another possibility is to observe EPR spectra from Ti%** ions in rutile for the interstitial position
of Ti3*. However, for the interstitial position of Ti*T ions, the fourfold splitting of the Ti%*+
EPR lines is usually observed when the magnetic field orientation varies from the [001] axis to
the [110] axis [7]. In our case, there is the twofold splitting of the Ti** EPR lines in the (001)
plane, which is characteristic of the substitution of Ti** ions in rutile. The simulation of the
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angular dependences of the EPR spectra convincingly indicates that the Ti*t ion is in the struc-
tural position of the rutile lattice. In the rutile lattice, Ti ions are surrounded by an octahedron
of six oxygen atoms. In this case, the titanium ion should have the Ti** valence state. The
large number of positively charged oxygen vacancies in a sample irradiated with Ar ions can
lead to a decrease in the titanium valence due to nonlocal charge compensation. In our case,
the EPR spectrum is observed at low temperatures, the same as in the cases mentioned above
for oxygen-deficient rutile TiO2_ [8,9], but without photo-irradiation. From the simulation of
the EPR spectra, it was found that the principal values of g-factors along the equivalent [100]-
and [010]-crystallographic axes are slightly different. This difference can be explained either by
the Jahn-Teller effect [14] or by mechanical stresses in the rutile plates after intense ion irradia-
tion [12]. Each of these processes leads to a slight distortion of the local structure and a decrease
in the local symmetry of the Ti*t ions from tetragonal to rthombic one. For the blue sample
with a low concentration of oxygen vacancies, the local environment of the Ti** ion did not
change, and the EPR spectrum is very similar to the EPR spectrum of the as-irradiated sample.
The high concentration of oxygen vacancies in the dark blue-gray sample leads to an increase in
the concentration of Ti3T ions and the formation of antiferromagnetic exchange-coupled pairs
Ti3*t-Ti3* [15,16]. In this case, the EPR spectrum would not be observed.

5. Summary

Summarizing the obtained results, we can conclude the following. The intense irradiation of
rutile, TiOs, with high-energy Ar™ ions results in the coloration of crystals in blue hues and
the formation of a large number of positively charged oxygen vacancies in the rutile structure.
The concentration of oxygen vacancies in a given spatial region of the irradiated rutile is easily
controlled using the applied electric field (electromigration procedure). A new paramagnetic
center associated with Ti*t ions is found in TiOj rutile heavily irradiated with Ar ions. The
principal values of the g-tensor and the directions of the principal axes of the g-tensor of this
center have not been reported before. We proposed a structural model of this center, in which
paramagnetic Ti3T ions occupy lattice sites surrounded by an octahedron of six oxygen anions.
The high concentration of positively charged oxygen vacancies in the irradiated region of rutile
ensures the charge neutrality of the TiOs crystal and the thermodynamic stability of these EPR
active Ti** ions in the rutile lattice. Finally, unlike the earlier published data, we observed
the EPR spectra of Ti*t ions located in lattice sites of rutile without photo-irradiation of the
sample under study. Moreover, there was no any effect of additional photo-irradiation on the
intensity and linewidth of the observed EPR signal.
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