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ARTICLE INFO ABSTRACT

A simple phenomenological approach is used to describe magnetization and magnetoresistance in thin films of
oxygen-deficient rutile titanium dioxide (TiO,). Magnetization curves were successfully simulated by con-
sidering the ferromagnetic (FM) contribution of magnetically interacting oxygen vacancies (VO’s) forming a
single-domain using the Stoner-Wohlfarth (SW) model combined with paramagnetic (PM) contribution of iso-
lated VO’s described by a Langevin function. Whereas approximately half of the VO’s behave as ferromagneti-
cally coupled, rotating coherently with the applied magnetic field, the remaining half of the VO’s tend to align
individually with the local magnetic field overcoming the thermal fluctuation deviations. The conduction me-
chanism is described by variable range hopping (VRH) regime with electron hopping between VO’s centers in the
TiO,_, matrix. The magnetoresistance (MR) curves are consistently simulated through the scaling with square of
PM contribution of magnetization, indicating that resistance depends on the relative orientation of the magnetic
moments associated with non-interacting VO’s dispersed in TiO, matrix at low temperatures. Density functional
theory (DFT) calculations were performed to validate the parametrization of the phenomenological approach
used to described the ferromagnetic groundstate of the Vo network and spin polarization in the VRH regime in
the TiO,_, matrix. Spin-resolved density of states (DOS) calculations consistently reveal that magnetoresistance
can be ascribed to electron hopping from defect-states located immediately below Fermi level to the bottom of
conduction band states with an opposed spin-polarization.
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1. Introduction

Metal oxides are versatile materials and continuing breakthroughs
in their synthesis and modifications in nanoscale have brought new
properties and new applications. Particularly, TiO, is among the most
widely used metal nano-oxides in mature technologies, and so, their
non-conventional ferromagnetism appears as a new and promising
property [1-3].

The magnetic moment formation and their interconnectivity of non-
conventional ferromagnetism observed in oxygen-defective undoped
TiO, films is still debated, but there exists a consensus that it is
straightly related with native point defects, which are mainly titanium
vacancies and oxygen vacancies (VO’s). Experimental findings have
shown that the saturation magnetic moments of TiO, thin films de-
crease as the annealing time increases in an oxygen-rich atmosphere,
whereas vacuum annealing enhances the magnetization. Thereby, it is
suggesting that the spontaneous magnetization in undoped TiO, is
closely related to the O vacancy instead of the Ti vacancy [1-3].

* Corresponding author.

First-principles electronic structure calculations based on DFT in-
dicate that Ti vacancy and divacancy may be responsible for magnetic
moments of 3.5u; and 2.0y, respectively, in undoped anatase TiO,,
where ferromagnetic state is more stable than the antiferromagnetic
state [4]. However, DFT calculations also indicate that VO defects can
induce ferromagnetism in both rutile and anatase TiO, [5]. In this case,
the rutile and anatase TiO, show magnetic moments of 0.22u; and
0.06u; per VO, respectively.

Additional studies suggested that, despite the titanium vacancies
can cause a high-spin defect state and ferromagnetic coupling, and that
VO reduces two Ti** ions into Ti®* to yield a stable antiferromagnetic
state [6], an alternative mechanism involving multi-defects can also
produce local magnetic moments, where the electrons induced by the
VO mediate long-range ferromagnetic coupling [7]. Several experi-
mental findings confirm the ferromagnetism induced by VO in rutile
TiO, [8], and in anatase-rutile mixed phases of undoped TiO, [9-11].
Furthermore, TiO, single crystals irradiated by oxygen ions corroborate
that Ti3* ions on the substitutional sites accompanied by VO provide the
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local moments [12].

These findings indicate that the spontaneous magnetization ob-
served in undoped TiO, material is reasonably described by the VO
concentration. From the electronic transport viewpoint, TiO, is highly
resistive due to high energy gap, even in the presence of VO’s which
nearly full charge compensation generates a n-type semiconducting
behavior. Despite the existence of different titanium oxide polymorphs,
the removal of one neutral lattice oxygen atom leaves two extra elec-
trons (assuming a formal —2 oxidation state of O in TiO,), which will
fill empty states of Ti ions. The localization of excess electrons and
formation of Ti** species in rutile and anatase phase have been ad-
dressed in several theoretical works [13], revealing that it is reasonable
to assume that electron-transport properties in both phases present
qualitatively similar features even if specific activation barriers for
hopping from one to the next Ti site might differ due to structural
differences. Essentially, electrical conductivity processes are mainly due
to hopping via impurity centers [14].

Next, we have demonstrated that a simple and standard minimiza-
tion energy procedure can be successfully used to describe the field- and
temperature-dependent magnetization. In addition, the same magneti-
zation treatment based on the configuration of VO’s is used to simulate
a large negative magnetoresistance observed at high bias voltage in low
temperature.

2. Experimental

TiO, thin films were prepared by pulsed laser deposition from
nominal TiO, targets with a base pressure of 10~ mbar on the native
thin oxide layer on commercial Si(100) wafers kept at room tempera-
ture. A pulsed excimer KrF laser (1 = 248 nm, 7 = 20 ns) was used at a
fluence of about 3J cm ™2 and a repetition rate of 2 Hz. The distance
between the substrate and the target was 5 cm. Transmission electron
microscopy (JEM 2100F microscope operating at 200 kV) was used to
determine the predominant rutile crystalline structure in the films with
some portions of amorphous regions which can be qualified as rutile-
like. The composition of the TiO,_, matrix were investigated by elec-
tron energy loss spectroscopy, indicating the composition of TiO; 510,05
for the matrix. More details on the TiO,_, films can be found in the
references [15-17].

Magnetic measurements were carried out using a superconducting
quantum interference device (SQUID) magnetometer (Quantum Design
MPMS-5S) with the applied magnetic field parallel to the film surface.

Resistance and magnetoresistance measurements were performed
with magnetic field applied in the film plane along the current lines
using a Physical Property Measurement System (PPMS 6000) system.
The two terminal electrical contacts made by silver paint that were
spaced by about 3 mm each other.

3. Results and discussion
3.1. Magnetization of TiO, matrix

The non-conventional ferromagnetism of the undoped TiO,_, films
exhibits moderately open magnetic hysteresis loops for which satura-
tion magnetization is almost temperature independent in the tem-
perature range between 5K and 300 K. In this study, the non-conven-
tional ferromagnetism is modelled within an extended SW model for the
case of a ferromagnet with a tetragonal anisotropy. The extended SW
model for tetragonal FM is represented by a single magnetic domain
with magnetization, MFM, which coherently rotates in an externally
applied static magnetic field, H (see Fig. 1). This magnetization a priori
corresponds to a cluster of VO’s, which are magnetically coupled with
each other. The total energy density is the sum of a tetragonal aniso-
tropy energy density [18], E4 = Kjcos?(6) + Kycos*(6), and the Zeeman
energy density, E; = —ﬁpM~ﬁ , where K; and K, are the lowest order
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Fig. 1. Illustration of the variables used in the Stoner-Wohlfarth model. The
angles 64 and 6 are defined for the easy axis (EA) of the single domain with
magnetization M with respect to the magnetic field H applied in the film plane,
whereas OP is the normal out-of-plane direction.

terms of the energy density along with hard magnetic axis (directions of
greatest energy) and intermediate magnetic axes (intermediate energy).
Thus energy per unit volume can be expressed as:

E = EA + EZ:
- o
K]COSZ(Q - QEA) + KzCOS4(9 - eE‘A) - MFMH (1)

where E4 is minimum (zero) when 6 = 64 for K; < 0 and K, > 0. Once
the easy axis (EA) is determined, the angle that the magnetic field
makes with the EA is denoted as Og4.

The standard minimization procedure [19-21] to obtain the mag-
netization were performed using Maple 2017. At equilibrium, the fer-
romagnetic component of magnetization points along a direction de-
fined by an angle 6,,;, that minimizes the total energy per unit volume.

In addition to the FM component of magnetization (Mpy), we con-
sider a PM component (Mpy) of magnetization which takes into account
the presence of free magnetic moment associated with isolated VO
centers within the TiO, matrix. Such a PM contribution is taken as
proportional to a simple Langevin function, Lpy(x). Therefore, the total
magnetization of TiO, matrix can be expressed as:

M = Mgy + Mpy = Mgy + MpL(x) 2

where My = No 4, is the total magnetization of the non-interacting VO
centers dispersed in the matrix, No is the number density, u, is the
magnetic moment of dispersed and isolated VO’s, and
L(x) = coth(x) — 1/x with x = u,(H + H,y)/(kgT) the ratio of the total
Zeeman energy of the isolated moments in the effective magnetic field
to the thermal energy given by kT, where kj is the Boltzmann con-
stant), and H,y ~ N,y Mgy corresponds to an effective local field exerted
on the VO’s due to the magnetized state of the matrix. Here, Ny is the
effective demagnetizing factor of the matrix. Each magnetization term,
either FM or PM, contributes to the total magnetization and can be
properly weighted in the simulations of the magnetic hysteresis. Even if
the values of moments could differ in the diluted and percolated limits
of VO concentration, a single magnetic moment value can be assumed
for Mgy and Mg to reduce the number of free parameters. The best
simulation result for total magnetization of TiO,_, film at 298K is
shown in Fig. 2. In this fitting we obtain Mgy = 7.0 emu/cm® and small
values for anisotropy constants of K; = —1.1 x 103erg/cm® and
K, = 2.0 X 102 erg/cm®. The EA was found making an angle of 20° with
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Fig. 2. Experimental (black spheres) and simulation (red lines) results for
magnetic hysteresis loop of the TiO,_, film at temperatures (a) 10K and (b)

300 K. The inner part of the hysteresis loops is shown as inset in the bottom
panel.
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the normal direction of the film plane, indicating that exists an out-of-
plane component of the total magnetization, Mgy,. Notably, both ani-
sotropy constants are too small and particularly K, does not improves
significantly the adjustment of the magnetization in the magnetic field
intervals between coercive and saturation fields. The Mgy value re-
sulting from the fitting is close to the value of 7.0 emu/cm?® in agree-
ment with values reported in the literature [2].

From the simulated magnetization curve with value of
My = 7.0 emu/cm® shown in Fig. 2 results Np = 1.6 x10%/cm® for
TiO;9s. The adjustment of experimental data performed with these
parameters leads to that Mgy, and M, contribute on the equal footing for
the total saturation magnetization. Therefore, we can conclude that
50% of the Vo, sites present in the sample exhibits ferromagnetic be-
havior and the other 50% contributes to the paramagnetic response,
described by the Langevin function. In other words, half of the total
moment is due to a magnetically interacting cluster of VO’s, whereas
the remaining half corresponds to magnetically non-interacting VO’s
dispersed in the matrix. Surprisingly, the coercive field, Hc, that is often
greatly affected by extrinsic factors can be appropriately described in
this modeling. The following equation [20,22] describes the coercive
field, H¢, obtained from the SW model for small deviations of the hard
axis:
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o’ ] sin(26,), @
where 8y = 7/2 — 6g4 and 45° < 6, < 90°. By applying the ferromag-
netic constants above-defined, one finds Hc ~ 70 Oe, which is in good
agreement with experimental data at 300 K.

We have also simulated the hysteresis loops measured at 10 K. The
same parameters used to simulate the hysteresis loops of the TiO,_, film
at 298 K were used to obtain simulation loops at 10 K. In this case,
simulated and experimental loops exhibit slightly larger deviations.
However, the qualitative adjustment is still reasonably well, as shown
in Fig. 2(a). As expected in the present approach, only magnetization
PM component described by the Langevin function is the one that
contributes most to the magnetization changes with temperature. In
spite of our computational efforts, neither changes in the values of
magnetizations nor changes in the anisotropy constants K; and K,
promote significant improvements in the simulations at low tempera-
ture. We believe that thermal stability of eletronic structure is behind of
the robustness of the non-conventional ferromagnetism at low tem-
peratures.

3.2. DFT calculations

To better understand and validate the simulation results, DFT cal-
culations were performed using the all-electron full-potential linearized
augmented-plane-wave (FP-LAPW) method, as implemented in the ELK
code [23]. In this study, GGA + U exchange-correlation functional
within the PBEsol approximation [24] for the non-collinear spin-po-
larized calculations was used. As pointed out by Shibuya et al. [25],
GGA + U calculations can satisfactory describe the DOS of this system.
For these calculations we have used U = 5eV. Such U value is a con-
ciliatory for general features observed in the calculated electronic
structure when correlation effects are considered [26]. A grid of
4kx 4kx 6k points in the Brillouin zone was used for the integration
in reciprocal space. The total energy and the Kohn-Sham potential
convergences were better than 10~ Ha and 107 Ha, respectively. Fig. 3
shown below was made using the VESTA software [27].

Rutile TiO, crystalline structure containing one VO per tetragonal
unit cell with the experimental values for lattice parameters
a = 0.45937 nm and c = 0.29587 nm were used in the calculations. A
ferromagnetic ground state is found with most of magnetic moment
centered at Ti atomic sites with predominance on the first VO neigh-
bors, denoted as T1 with 0.02u;, and next-nearest VO neighbors, de-
noted as T2 with 0.01u;. The interstitial magnetic moment is 0.03 u;
and remaining magnetic moment per cell is divided among the oxygen
sites (—0.01 y;) and is oriented in the opposite direction. Hereafter,
superscripts 1 and 2 indicate the first and second VO neighbors, re-
spectively. Another important result is that an anisotropic magnetic
moment distribution (MMD) contour can be visualized on both Ti
atomic sites. Such an anisotropic contour for MMD corroborates with
the presence of two different axes of preferential magnetization, one
that stays along the crystalline direction [110] and other that is found
about 20°-off the normal of this plane. Therefore, DFT calculations for
TiO, with high density of VO corroborate with the small magnetic an-
isotropy observed in our simulations of the magnetic hysteresis loops
using free magnetic energy minimization procedure.

Finally, DFT calculations also reveal a significant value of interstitial
magnetic moments. This result support the robust ferromagnetism ex-
perimentally observed. According to DFT calculations, the magnetic
moment per unit cell is approximately 0.05 u, which is in good
agreement with value obtained from the simulated of the M versus H
curves. Therefore, our simple phenomenological model not only re-
produce reasonably well the experimental data but also contains phy-
sically consistent elements supported by results of DFT calculations.

The calculated partial DOS for TiO, are shown in Fig. 4a—c. Partial
spin-resolved DOS of Ti and O sites first (T1 and O1) and next-nearest
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Fig. 3. Representative contour of the magnetic moment distribution (MMD) around atomic sites in the 2 x 2x 2 supercell of rutile TiO,_, with one V, per unit cell.
Blue and red spheres are Ti and O atoms, respectively. The 0.0008 e/Bohr? isosurfaces on yellow are shown. The details show the (110) plane view of the MMD
contribution exhibiting an anisotropy contour for the so-called T1 and T2 sites for Ti atoms.
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Fig. 4. Calculated DOS for TiO,_, with one VO per unit cell: (a) partial DOS of
Ti 3d corresponding to T1 (heavy curves) and T2 (shadowed curves) sites, (b)
partial DOS O 2p corresponding to O1 (heavy curves) and O2 (shadowed
curves) sites, and (c) interstitial and total DOS.

(T2 and O2) VO neighbors are shown in Fig. 4(a) and (b). Besides, in-
terstitial (IDOS) and total (TDOS) density of states are shown in
Fig. 4(c).

In TiO,, the electrons left behind from released oxygen are dis-
tributed in the neighboring titanium sites (from Ti** to Ti®") leading to
a ground state with Ti3d - O2p hybridization due to this redistribution
of charges. As a result, the nearly residual charge distribution generates
an interstitial moment around vacancies. In this way, the place occu-
pied by the O~ 2 anion in the regular lattice is taken by one or two
“free” electrons in the defective matrix, which minimize the energetic
cost of the VO formation. These electrons located on the VO states have
a direct effect on the electronic structure of TiO, by forming a donor
level below the Fermi level. Clearly, the energy level of localized donor
states originating from VO is located at 0.1-0.8 eV below the Fermi
level (Er = 0). Moreover, the removal of neutral oxygen atoms to form
VO’s cause the redistribution of the excess electrons among the nearest

neighboring Ti atoms around the VO site, and form shallow donor states
below the conduction band originating from Ti 3d. These donor states
increase with increasing VO, and can even overlap the conduction band
in the case of highly defficient matrix [28].

Notably, the more energetic electrons in the defect states have spin
polarization inverted in relation to the more accessible states of the
bottom of conduction band. This implies that a negative magnetore-
sistance, as will be seen in the next subsection, in hopping regime can
be expected for TiO,_, films at low temperatures, which is indeed ex-
perimentally observed.

3.3. Magnetoresistance

To a further exploration of our theoretical approach the electronic
transport measurements in TiO,_, films performed with and without
the application of an external magnetic field is considered. Basically,
the VO magnetic centers embedded in an insulating matrix can be
treated as an analogue of a granular system; i.e., a granular magnetic
system which often exhibits tunneling magnetoresistance described in
terms of the resistance changes when the relative orientation of the
magnetization between grains changes by increasing external magnetic
field. At low temperature, the conductance of TiO, films is described in
terms of the variable-range hopping (VRH) conduction theory instead
of a simple thermally activated hopping [14]. The VRH conduction
process occurs between localized states within “grains” that can be
described as VO centers, including the surrounding Ti** ionic sites,
which locally form a polaronic structure.

The four-point technique is the correct procedure to eliminate the
contact resistance present in the two-point technique for measuring
resistance of a thin film [29]. However, it is often not possible to make a
four-point measurement in highly resistive materials, such as TiO, at
low temperatures, when high voltages are needed to get any measur-
able current flowing through these materials.

In particular, we reinforce that our measurements were performed
at low temperatures (from 5K to 30K), when the behavior of con-
ductance follows a VRH regime. In this case, another important point is
the number of degree of freedoms which must be controlled during
measurements. Four-point measurement of resistance between voltage
sense probes is obtained when a current is supplied via two in-
dependent probes. The voltage necessary to obtain a measurable cur-
rent is high and, its value is left free to be whatever is need. Therefore,
both temperature and voltage can change during resistance
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Fig. 5. Logarithm of conductance R™' (black spheres) versus logarithm of
temperature T obtained by applying a bias voltage of U = 200V in the film. The
upper (lower) inset shows the characteristic half- (quarter-) power allometric
scaling of R™! T (R™! T-/2) in a considerable temperature range below 30 K
(above 50 K). Experimental data (black circles) and adjustments (red line) are
shown.

measurements. Otherwise, two-point technique keeps voltage fixed,
enabling make an spectroscopic scanning of the electronic states around
the Fermi level (rigorously, electrochemical potential). This is quite
important for determining the typical distance an electron hops.

According to Fig. 5, temperature dependence of the conductance
R°! plotted as In R°! against InT exhibits a crossover from Mott (M) to
Efros-Shklovskii (ES) VRH regime in temperature range between 30 and
50K; i.e., conductance scales with T~/2exp(—T/T) /* for T < 30K
and T~ lexp(—Tgs/T)"/? for T > 50K. In both VRH regimes, the char-
acteristic temperatures (T, and Tgs) depend on the electronic density of
states (DOS) at Fermi level and the localization length, £, of the relevant
electronic wavefunction of the donors. Our values of Ty; = 1.4 x 108K
and Tgs = 54.8 K differ only by a factor two from the values found for
those samples.

It is worth of note that, the contact resistance in series with sample
resistance is certainly small. Notably, the voltage/current slope is al-
most linear (ohmic) even at 5K. In addition, our resistance value at
room temperature (8 Ohm-cm) is comparable to values reported by
other groups for TiO, samples with similar stoichiometry (1-20 Ohm-
cm) [14,30]. For these reasons, we can presume that measured re-
sistance is mostly due to the electric current lines in the sample slab,
which does not significantly disturb estimate values neither for hopping
distance nor for magnetoresistance ratio.

The most probable hopping distance, Rpgpping, and hopping energy,
Whopping, €an be estimated as Ryopping = i & (Tgs/T)V? and Whopping ~ % kg
T (Tgs/T)'/2, where the electronic localization length, £, refers to the
relevant donors and kg is the Boltzmann constant. Since the carrier
density in TiO, films mostly corresponding to oxygen vacancies, it is
quite reasonable to assume ¢ between 2.4 nm and 3.1 nm [14]. There-
fore, one finds Rygpping & 1.7-2.1nm and Wy,pping ~ 718.6 meV.

The characteristic current versus voltage (I versus U) curve is shown
in Fig. 6. The threshold for increasing current is around 90-100V for
H = 0. When H = 10 kOe is applied the increase of current starts at
higher voltage values and their magnitude is significantly lower. This
behavior is consistent with ES VRH regime, as expected from the be-
havior of the resistance as a function of temperature. DC hopping
conductance in insulating samples at moderately large magnetic fields
commonly shows a field-dependence in both Tzs and localization
length. Essentially, the typical distance an electron hops, with average
hopping energy Wigpping, is much larger than the average distance
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Fig. 6. Characteristic I versus U curve measured at 5K by scanning voltage U
with and without applying a magnetic field along the current flow. Upper inset
shows a resistance R versus magnetic field H curve measured maintaining a
fixed bias voltage of 200 V. Lower inset shows detail of the total DOS shown in
Fig. 4(c) around Fermi level Ex = 0 eV. Occupied defect-states below Er are
represented by filled area of the curves, whereas empty conduction states are
given as unfilled area of the curves above Er. The averaged hopping energy,
Whopping is also shown around Ep.

between localized states. Thus, in the course of tunneling between the
localized states, an electron undergoes multiple elastic scatterings and
magnetic-field correction to the localization length could becomes quite
appreciable [31].

The measurements of the resistance R vs H in a fixed bias voltage U
is shown in the upper inset of Fig. 6. A large increase of the resistance
with increasing magnetic field is observed. This negative magnetore-
sistance can be understood by DFT calculations recalling the spin-re-
solved total DOS around Fermi shown in the lower inset of Fig. 6. In
fact, a negative magnetoresistance is quite plausible under a suitable
bias voltage at low temperature to promote electrons hops from spin-up
defect states to spin-down conduction states.

Magnetoresistance ratio, defined as ARTR =1- % =1-1m under
a bias voltage Up;s = 200 V maintained fixed in the temperature of 5K,
is shown in Fig. 7 after stripping of a small Hall effect signal of raw
data. Clearly, a negative magnetoresistance ratio of about 80% is ob-
served.

Experimental 200 V Simulation

-0.2
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AR/R

-0.6
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-7500

-5000

-2500 0 2500 5000 7500
H(Oe)
Fig. 7. Longitudinal magnetoresistance curve measured at bias voltage

U =200V at 5K for TiO,_, film. Experimental data (solid spheres) and best
adjustment (Red solid line) obtained with Helmen-Abeles model are shown.
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A direct interplay with our simple approach is possible re-
membering that mechanism is similarly to the tunneling magnetore-
sistance observed in granular metal systems with electron hopping
through the insulating barrier between localized states associated with
VO centers. According to Inoe-Maekawa model [32] a magnetor-
eisistance ratio given by P> m?/ (1 + P? m?), where P is the spin po-
larization and m is the relative magnetization of the system, is expected.
However, these model explain well the positive magnetoresistance
observed on several magnetic granular films. To describe the negative
magnetoresistance we recall the earlier work of Helman-Abeles [33].
This work incorporates in the same formalism an extra magnetic en-
ergy, E,,, defined as the difference between the magnetic energies of an
electron as it tunnels from one grain to another, since when an electron
is added to a magnetic grain, the Coulomb interaction between elec-
trons increases both charging and magnetic energies. In this case, there
is a magnetoresistance term which is a linear function of the polariza-
tion P of the tunneling electrons and from which a negative magne-
toresistance can occur. Thus, we consider that magnetoresistance ratio
can be expressed as [33]:

AR 5 2

R - A = m) @
where A = P (J/4kpT), P is the polarization of the tunneling electrons
with J their effective exchange coupling constant within the ferro-
magnetic grain centers, kg is the Boltzmann constant, and m = L(y) in
which y = Mp H/kgT + 3 (T,,,/T) L(y) with y ~ 3(T,,/T) for H~ 0, since
FM contribution provides an extra local field that can orientate the
dispersed VO’s when the partial intergrain magnetic ordering is taking
place. In the above expressions T, = E,,/kz corresponds to a char-
acteristic temperature of the intergrain magnetic ordering.

According to Fig. 7, we note that our approach reasonable well
reproduces, with two adjustable parameters (PJ and T,), the main
features and the magnitude of the magnetoresistance over a wide
magnetic field range. The peak of magnetoresistance at H, = 240 Oe
enable us to make an estimate of using the relation T,,~ Mo Qo H,/3ks,
where My, is the total magnetization of the paramagnetic centers and Q,
is the average volume of an isolated VO. Using My = 7.0 emu/cm® and
Qo ~ 62 A , one finds T, ~ 2.5 K, which explain why the magnetoresis-
tance is observed only at low temperatures. If we consider spin-polar-
ization of the magnetic centers having P = —1, the effective exchange
energy J becomes about three times the thermal energy at 5 K. There-
fore, the large negative magnetoresistance observed at low tempera-
tures and high bias voltage can be reasonably explained within our
simple approach and our parametrization can be supported by calcu-
lated DOS.

4. Conclusions

In summary, we demonstrated that quite reasonable and simple
phenomenological approach can be used to understand non-conven-
tional ferromagnetism and magnetoresistance in TiO,_, films.

The standard minimization method of the free magnetic energy
leads to magnetization curves and simple linear approximation of
magnetoresistance in VRH regime uses a minimal number of free
paramaters which are consistently supported by calculations performed
within density functional density theoretical framework.

Our present results encourage the application of simple and stan-
dard procedures to describe non-conventional ferromagnetism in others
oxygen-defective metal oxide systems, whose multifunctional
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properties are promising for several technological applications.
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