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a b s t r a c t

High-resolution transmission electron microscopy (HRTEM), X-ray diffraction (XRD) analysis, electron
paramagnetic resonance (EPR), X-ray absorption spectroscopy (XAS), magnetic methods, and density-
functional theory (DFT) calculations were applied for the investigations of Co-doped anatase TiO2

nanoparticles (� 20 nm). It was found that high-spin Co2þ ions prefer to occupy the interstitial positions
in the TiO2 lattice which are the most energetically favourable in compare to the substitutional those. A
quantum mechanical model which operates mainly on two types of Co2þ e Co2þ dimers with different
negative exchange interactions and the non-interacting paramagnetic Co2þ ions provides a satisfactorily
description of magnetic properties for the TiO2:Co system.

© 2020 Elsevier B.V. All rights reserved.
1. Introduction

There are many examples in the literature of the creation of the
ferromagnetic contribution (FM) at room temperature (RT) based
on the diluted semiconductors TiO2, ZnO, SnO2 without or doped
with 3d metals [1,2]. It was discussed using various explanations,
including polaron states, itinerant magnetism, Rudermane Kittele
Kasuya e Yosida (RKKY) approach, the influence of vacancies, etc.
[3e8]. However, these conclusions are mostly presumptive and
have not reliable proofs. In the most of the works, an influence of
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magnetic impurities and the formation of magnetic segregations of
the nanocrystalline materials, for instance, in the particle’s surface,
were not taken into account [9e12]. These factors may be the main
reason for the appearance of a spontaneous magnetic moment in
these systems. In this work we study the ground magnetic and
electronic states of nanocrystalline Co doped TiO2 nanopowders
with dopant concentrations less than 5 at.% of Co. These nano-
powders have the anatase structure in the as-prepared state
without any heat treatment.

Note if the content of 3d dopants is a few percent, then it is most
likely that the exchange interaction will be effective only between
the nearest carriers of the magnetic moments [13e19]. Previously,
magnetic properties of TiO2:Fe were successfully described using a
dimer model that takes into account two types of dimers with the
negative exchange interaction and the paramagnetic contribution
[20]. The present study was undertaken to test the applicability of a
similar model to describe the magnetic properties of cobalt doped
TiO2.

High resolution transmission electron microscopy (HRTEM), X-
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ray diffraction (XRD) analysis, electron paramagnetic resonance
(EPR), X-ray absorption spectroscopy (XAS), and magnetic methods
were used to investigate the structure and the valency states of
cations in thementioned system. The DFTcalculationswere applied
to determine the Co spin state and the character of the band
structure. Moreover, the DFT approach can clarify the type of Co
solid solutions in the TiO2 matrix and allows to establish the most
favourable configurations for Co2þ- Co2þ complexes in the system.
2. Experimental

The conventional hydrothermal method was used for the syn-
thesis of the TiO2:Co nanopowders [21]. The following start com-
pounds were used to produce the nanocrystalline powders: a 15%
solution of titanium chloride (III, Merck) in a 10% solution of HCl,
cobalt (II) chloride hexahydrate CoClCoCl2 � 6H2O, and a 25%
aqueous solution of ammonia grade chemically pure. The synthesis
of the nanocrystalline titanium-dioxide powders doped with cobalt
ions was carried out as follows: the CoClCoCl26H2O powder was
dissolved in TiCl3 in a given molar ratio, then NH4OH was added
dropwise under constant stirring until pH ¼ 9:2 was reached. The
reactive mixture was placed in an autoclave, kept at 160+C for 24 h,
and then cooled down to room temperature under atmospheric
conditions. The resulting product was filtered, washed with water
(until water reaches neutral pH). and dried in air at 50+C. It should
be noted that the purity of the synthesized undoped samples from
these precursors made it possible to obtain samples in which the
concentration of iron (fundamentally important in the context of
our work), determined by the ICP was approximately 0.03 at.%. The
content of cobalt and nickel impurities is an order of magnitude
lower. The chemical compositions of the prepared samples are
shown in Table 1. The acid treatment (HCl etching) was carried out
for all the samples immediately after synthesis just as it was done in
our work [20]. The analysis of the chemical composition of the
samples was carried out by inductively coupled plasma (ICP)
spectrometry.

The magnetic state was controlled by measuring the field
dependence of magnetization at room temperature (RT) with the
Faraday balance. The magnetic measurements in the temperature
range of 2e350 K up to 70 kOe were performed using MPMS-XL
(Quantum Design, USA). MathCad 14 and SciLab 6.0.2 software
were applied to fit the magnetic measurements data. For the study
of the magnetic properties before and after etching, four samples
were used (S0, S1, S2, and S3) as given in Table 1.

The crystal structure and the phase composition of the as-
prepared samples were checked by powder X-ray diffraction
(XRD) using a Rigaku Dmax-2200 diffractometer with Cu Ka radi-
ation (l ¼ 1:54178 Å). The broadening of X-ray diffraction patterns
due to the microstructural and size effects was analysed by means
of the Rietveld refinement using the TCH pseudo-Voigt peak profile
function [22].

Ti L and Co L X-ray absorption spectra (XAS) were obtained at
Table 1
Chemical compositions of the synthesized TiO2:Co samples before and after etching
with HCl as it was estimated by ICP mass spectrometry.

Samples Co (at.%) Co (at.%) Fe (at.%)

before etching after etching

S0 0.01 0.001 0.03
S1 0.33 0.30 0.03
S2 4.00 1.49 0.03
S3 8.44 5.81 0.03
S4 3.31 e 0.03
S5 1.70 e 0.03
the Russian e German beamline at BESSY II (Berlin) in the surface-
sensitivity total-electron yield (TEY) mode. The spectra were
normalized to the beam current.

Electron paramagnetic resonance (EPR) measurements were
performed on a Bruker ELEXSYS 580 pulse spectrometer in sta-
tionary mode. A powder sample was placed in a special quartz tube
of 4 mm diameter. The spectra were registered at room tempera-
ture with a Super High-Q rectangular resonator. The interval of the
constant magnetic field B was from 480 to 6000 Oe. The level of
microwave power was 4.7 mW and the modulation amplitude was
1 Oe.

High-resolution transmission electron microscopy (TEM) on a
JEM-2100 (JEOL) microscope was performed to determine the
morphology of the synthesized nanopowders.

3. Results

3.1. Electron microscopy

Fig. 1 shows a TEM image of the as-prepared undoped (S0, (a))
and Co-doped (S1, (b)) TiO2 samples. It demonstrates that a disor-
dered (or amorphous) TiO2 lattice (denoted by symbol A) is
detected on the surface of individual nanoparticles in the as-
prepared state for both samples, S0 and S1. The origin of this
disordered layer is unclear.

The TEM structures of samples S0 and S1 (Fig.1 (a,b)) are similar.
The size of nanoparticles was estimated to be about 20 nm (Fig. 1
(a)). The nanoparticles do not have a significant concentration of
defects (Fig. 1 (b,c)). Fig. 1(d) shows a TiO2 particle with a perfect
boundary between twins.

3.2. XRD results

Fig. 2 presents X-ray diffraction patterns of samples S0, S3, and
S4 in the as-prepared state. All the doped samples after synthesis
are in the anatase phase, while XRD picture for the undoped sample
Fig. 1. (Colour online) (a) HRTEM pictures of undoped sample S0 and (b) doped S1
sample; (c) TEM picture of S1 sample at high magnification with the disordered re-
gions denoted by A for all pictures (a,b,c). (d) The twinned particle of the sample S0.



Fig. 2. (Colour online) X-ray diffraction patterns of the TiO2:Co samples in the as-
prepared state. The samples were not etched. The asterisk indicates a pattern of the
brookite phase. (For interpretation of the references to color in this figure legend, the
reader is referred to the Web version of this article.)

Fig. 3. (Colour online) Specific magnetization at RT for samples S1 and S2 after etching
(a) and for sample S3 before and after etching (b). For comparison, for each sample,
calculated sample of the magnetization (Brillouin function with S ¼ 3=2) is given for
non-interacting Co2þ ions in accordance with their actual concentrations in the sam-
ples. (For interpretation of the references to color in this figure legend, the reader is
referred to the Web version of this article.)
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contents traces of the brookite phase (marked with an asterisk).
The average effective coherent domain sizes estimated from the
line width for all the samples are in the range of 15e20 nm which
corresponds to the valued estimated from TEM experiments.

The absence of reflections from foreign phases on X-ray patterns
does not exclude, for example, the formation of segregations con-
taining cobalt and other impurities (e. g., iron), which are not
recorded by X-ray analysis due to their high dispersion. In contrast
to the X-ray diffraction studies, measurements of magnetic sus-
ceptibility allow to register a rather small content of magnetic
impurities in the samples after etching.

3.3. Magnetic characterization

Magnetization curves MðHÞ of all the samples before and after
etching are presented in Fig. 3 (a, b). One can see that magnetiza-
tion of the samples S1 (� 0.3 at.%) and S2 (�1.5 at. %) after etching
was decreased by 2e1.5 times in comparison with that of the
samples in the initial state (Fig. 3 (a)). Relative changes of the
magnetization of the samples before and after etching depend on
the Co content. For the samples with low cobalt content, this
change of the magnetization in the etched samples is less than that
for the samples enriched by Co (e. g., sample S3).

Fig. 3 (b) shows the field dependencies of the magnetization at
room temperature (RT) of sample S3 (about 8.4% of Co in the as-
prepared state) before and after etching. A spontaneous magnetic
moment of the as-prepared sample (S3, 8.4 at.% of Co) is observed
(Fig. 3 (b)). Since magnetic cobalt oxides do not exist at RT, iron-
containing segregations (about 0.03 at.% of Fe) can probably form
a ferromagnetic contribution (FM) on the surface of as-prepared
samples. In the process of the sol-gel synthesis, this contribution
probably can be appeared due to the formation of magnetite or
maghemite (or mixed oxides such as iron-cobalt ferrite). In the case
of the appearance of Fe3O4 or g-Fe2O3. the specific magnetization
should be equal� 0:02 emu/g. It corresponds to the Fe content of�
0:03 at.% which is defined for all the samples (see Table 1). These
data illustrate a very common experimental fact that the appear-
ance of the ferromagnetism is determined only by magnetic con-
tributions, which are formed mainly on the surface of the TiO2
nanoparticles with 3d impurities.

In etched sample S3, the ferromagnetic contribution completely
disappears (see Fig. 3 (b)). The paramagnetic contribution for
sample S3 is decreased approximately by 1.6 times as a result of
etching of paramagnetic Co2þ-ions as well. After etching of the
samples some content of cobalt (Co2þ) and iron (Fe3þ) remains as a
solid solution in the TiO2 lattice. The paramagnetic contribution of a
solid solution of Co2þ in the samples is calculated, assuming that
the magnetization is determined by non-interacting cobalt ions
only. It can be seen that the magnetization of the paramagnetic
contribution of cobalt ions with S ¼ 3=2 at room temperature
significantly exceeds the experimental value for all the samples (S2
and S3) with the exception of the sample with the low cobalt
concentration. For sample S1 (0.3 at.% of Co), the magnetization is
satisfactorily described mainly by a paramagnetic contribution in
accordance with the Brillouin function. So, even at RT, we should
propose the existence of the AFM contribution to explain the
magnetization decrease.

3.4. EPR results

Electron paramagnetic resonance (EPR) spectroscopy is an
effective probe for detection and characterization of paramagnetic
centers and of a short-range magnetic order. It is known that the
detection of a EPR signal from paramagnetic cobalt at RT, unfor-
tunately, fails. However, these data can provide a very important
information about some paramagnetic ions and defects (vacancies
and radical oxygen) in Co-doped samples.

Fig. 4 shows normalized EPR spectra of the samples in the scale
range of 300 Oe. The EPR spectrum contains a relatively wide
central line, which presumably can be attributed to both oxygen
vacancies and to, for example, radical oxygen and Fe3þ impurities
[23]. The difference of g factors of this line for the undoped (g ¼
1:997) and Co-doped samples (g ¼ 2:001) are observed, but the
nature of that is not clear. For the undoped sample (S0), signals



Fig. 4. (Colour online) Normalized EPR spectra of samples S0, S2 (1.49 at.% of Co), and
S3 (5.81% of Co) with the field scan of 300 Oe. (For interpretation of the references to
color in this figure legend, the reader is referred to the Web version of this article.)

Fig. 5. (Colour online) Ti L2;3 X-ray absorption spectra of TiO2:Co (S5) and TiO2 (S0)
nanopowders. . (For interpretation of the references to color in this figure legend, the
reader is referred to the Web version of this article.)
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from Ti3þ can be also observed. Note, the intensity of the central
peaks with g factor of 1.997 (sample S0) and g ¼ 2:001 (doped
samples S2 and S3) remains almost unchanged with an increase in
the cobalt content in the TiO2 lattice by almost 4 times from
1.49 at.% of Co (sample S2) up to 5.81 at.% of Co (S3) (Fig. 4). The
width of the central peak is about 40 Oe, which is significantly
larger than that for a vacancy: the line width of Fþ vacancy ac-
cording to Ref. [24] does not exceed 5e6 Oe. In our opinion, the
width and the intensity of the central peak are determined mainly
by the presence of Fe3þ ions. The traces from Fe3þ are also visible in
the field region of approximately 1600 Oe with gx 4:3 corre-
sponding to rombohedral distorsion near Fe3þ [23] (not shown).
The intensity of the central peak for undoped sample S0 is the same
as for the samples doped with cobalt (Fig. 4). Hence, we should
conclude that the all features of the EPR spectra can be explained by
the existence only of the Fe3þ impurities in the samples. A
reasonable explanation of the absence of changes in the width and
the intensity of the central peak for all samples with different cobalt
contents is that the Co2þ ions forming a solution prefer to occupy
interstitial positions in the TiO2 lattice rather than substitutional
sites. Probably, in the case of TiO2 doped with Co2þ ions, the for-
mation of a substitutional solution should require too high energy
to create vacancies. The location of Co ions in the interstitial sites
does not require the creation the oxygen vacancies to provide the
charge balance.
Fig. 6. (Colour online) Co L3 X-ray absorption spectra of the TiO2 and TiO2:Co nano-
powders (sample S5). Charge-transfer multiplet calculations for Co2þ ions in the ox-
ygen octahedral (Oh) and tetrahedral (Td) environments are shown. (For interpretation
of the references to color in this figure legend, the reader is referred to the Web version
of this article.)
3.5. X-ray absorption spectroscopy

To understand the nature of magnetism in Co-doped TiO2
nanopowders, it is very important to know oxidation states of Co-
cations and its oxygen coordination environment. With this aim,
we used soft X-ray absorption spectra. Ti L X-ray absorption spectra
(XAS) of Co-doped (S5) and undoped (S0) TiO2 nanopowders
measured in total-electron yield mode are shown in Fig. 5. These
spectra correspond to the Ti 2p/Ti 3d transition and are deter-
mined by the valence state of metal atoms. Spectral features
labelled A e E are related to the Ti L3 lines. The Ti L2 lines consist of
features F and G. The Ti L3 and L2 lines are split in the crystal field in
t2g (features A, B, C, and F) and eg (features D, E, and G). The distance
between t2g and eg related peaks in Ti L2;3 XAS spectra does not
exactly equal the crystal field splitting 10Dq since these spectra are
strongly affected by correlation effects [25]. The pre-edge features A
and B are due to 2p e 3d multiplet interactions [26].

The degree of oxidation of cobalt impurity ions in TiO2:Co
nanopowder can be estimated from Co L X-ray absorption spectra.
Fig. 6 shows a Co L3 spectrum of TiO2:Co. For interpretation of this
spectrum, we used the CTM4XAS computer program taking into
account the Coulomb and exchange interactions between 2p holes
and 3d electrons, the splitting by the crystal field, spin e orbit
interaction, and charge-transfer effects [27]. The results of calcu-
lations are shown in Fig. 6 also. In the calculations, the crystal field
parameters 10Dq for the octahedral and tetrahedral environments
were taken equal to 0.8 eV and �0:6 eV, respectively. The experi-
mental spectrum is in good agreement with the calculation per-
formed for Co2þ ions in a tetrahedral environment. Note, the Co2þ

ions in a tretrahedral environment are in a high-spin spin state S ¼
3=2 only.

Summarizing the soft XAS results, one can conclude that both
Ti4þ and Co2þ ions in TiO2:Co nanopowders are tetrahedral coor-
dinated by oxygen ions. Tetrahedrally coordinated Co2þ ions can be
located in the both sites, interstitial and substitutional. Further,
using density-functional theory calculations, we intend to show
which tetrahedrally coordinated cobalt (interstitial or substitu-
tional) is energetically favourable in the anatase lattice.
3.6. Theoretical calculations of exchange interactions within Co-
pairs on DFT-based model

Density-functional theory (DFT) calculations were performed
using the SIESTA pseudopotential code [28] as had been used
successfully for related studies of impurities in bulk and thin-film
morphologies of TiO2 [29]. The calculations were made employ-
ing the Perdew e Burke e Ernzerhof variant of the generalized



Fig. 8. (Colour online) (a) Calculated formation energies for various types of Co con-
figurations as function of the distance between Co atoms. Results for non-collinear

A.Y. Yermakov et al. / Journal of Alloys and Compounds 826 (2020) 154194 5
gradient approximation (GGA e PBE) [30] for the exchange-
correlation potential. After that, the calculated atomic positions
were completely optimized. The ground electronic state was
consistently found during optimization using norm-conserving
pseudopotentials [31] for the cores, and a double-x plus polariza-
tion basis of localized orbitals for Co, Ti, and O. The forces and the
total energies were optimized with an accuracy of 0.04 eV/Å and
1.0 meV, respectively for all discussed systems. All calculations
were carried out with an energy mesh cut-off of 300 Ry and a k-
point mesh of 6� 6� 4 in the Monkhorst e Pack scheme [32]. For
our calculations, we used TiO2 supercell of 96 atoms (see 6a,b,c). In
our model, we consider a different combination of the Co ions such
as substitutional (S) and interstitials (I) in the absence or in the
presence of oxygen vacancies (vO). The calculations of the forma-
tion energies (Eform) were based on the following formula:

Eform ¼ ½Etotal �ðEmatrix�mETi þnECoÞ�
.
m; (1)

where Etotal is the total energy of TiO2, m is the number of cobalt
impurities added in the supercell, and n is the number of Ti atoms
removed from the supercell, Ematrix is the total energy of pure
supercell, and ECo and ETi are the total energies per atom of bulk Co
and a-Ti, respectively. The value of exchange interactions are ob-
tained within the Heisenberg model [17]:

EFM � EAFM ¼ �2S1S2J; (2)

where EFM and EAFM are the total energies of the same systemwith
parallel and antiparallel orientations of spins on cobalt impurities
and Si is the value of the spins. Because the range of the exchange
interactions in this system is rather long (Fig. 7 (b)), a spin of one
atom in a supercell is also connected via exchange interaction with
another Co-centre in a next supercell. For taking into account this
effect, we introduce a factor two in formula (2). Note that in this
approach, we calculate not an exact exchange between two Co-
centers but an effective exchange for this configuration.

At the first step of our modelling, we examine which configu-
ration of Co atoms is predominant in the studied samples. Results of
Fig. 7. (Colour online) (a, b) Optimized atomic structure of TiO2 supercell with inter-
stitial atoms (I) at different distances, (c) substitutional (S) and cobalt interstitial atoms
(I) in vicinity of the oxygen vacancy (vO). (For interpretation of the references to color
in this figure legend, the reader is referred to the Web version of this article.)

calculations are shown by lines with symbols. The values at the distance 1.2 nm are
corresponding to single Co ions. (b) Calculated difference between antiferromagnetic
and ferromagnetic orientations of Co-spins as function of distance for the three most
probable types of Co defects configurations. The colors on panel (b) are corresponding
to the colors on panel (a). (c) The total densities of states of the supercell with the most
energetically favourable pair of Co-impurities from the probable types of configura-
tions (I þ I þ vO; I þ I; S þ I þ vO). (For interpretation of the references to color in this
figure legend, the reader is referred to the Web version of this article.)
the calculations (Fig. 8 (a) demonstrate that formation of the sub-
stitutional (S) 3d dopants is very energetically unfavourable.
Probably due to the fact that when a divalent Co2þ ion is introduced
into the lattice, an interstitial solution rather than substitutional
one is preferably formed.

The presence of the oxygen vacancy decreases formation en-
ergies but it remains quite high. Note that in contrast to substitu-
tional iron dopants in TiO2 [20], cobalt ions do not demonstrate any
tendency to the formation of pairs at the substitutional sites.

The most energetically favourable are interstitial positions
(Iþ I). This type of Co-ions dimer (Iþ I) demonstrates a tendency of
the formation of pairs with Co e Co antiferromagnetic exchange
interactions of a value from �10 to �10 meV (Fig. 8 (a, b)). The
presence of oxygen vacancies in vicinity of one of Co-impurities
makes formation of these pairs less energetically favourable and
turn exchange to ferromagnetic. Note that one of the energetically
favourable I þ I þ vo pairs corresponds to robust FM interactions.
Thus, in the studied system, both types of magnetic interactions
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(AFM and FM) present. Another type of defects that can be realized
in the studied system is the combination of substitutional and
interstitial defects at distance 0.43 nm in vicinity of an oxygen
vacancy nearby substitutional impurity. Formation of other types of
defects requires energies above 1.2 eV that makes formation of
these configurations unprobable. Because cobalt has significant
spin-orbital interactions, we also performed the calculation of the
formation energies in non-collinear mode. Results of the calcula-
tions evidence the negligible contribution from spin-orbit coupling
in the energetics of Co-ion formation (Fig. 8,(a)). This means that
the reason for the decrease in magnetization compared to the
magnetization of isolated Co2þ ions (S ¼ 3=2) cannot be related to
the influence of Co2þ anisotropy, which can complicate the
magnetization process in high fields. To check possible non-
collinearity of magnetic moments on Co-impurities on the sur-
face, we have performed the calculations of the pair of substitu-
tional and interstitial impurities on the (001) TiO2 surface. Results
of the calculations evidence that magnetic moments on both types
of Co-defects are collinear even on the surface.

Thus, based on the results of the calculations, we can conclude
that at the lowest concentrations, two different types of Co-pairs of
interstitial sites (Fig. 7 (a) and 8 (a)) will prevail. Further increasing
of the Co content should provide formation of the pairs for sub-
stitutional and interstitial Co atoms in vicinity of the oxygen va-
cancy (Fig. 7 (c), 8 (a)).

In contrast to the TiO2:Fe where exchange interactions change
steeply with increasing of the distance [20] in this system and
especially in the case of configurations with interstitial Co atoms,
magnetic interactions are varying unpredictable and remain non-
negligible at long distances (Fig. 8 (b)). The cause of this differ-
ence is the appearance of Co-defect states in vicinity of Fermi level
(Fig. 8 (c)) that makes magnetic properties extremely sensitive to
the changes of electronic structure. Note that the larger magnitude
of varying of the exchange interactions is observed for S þ I þ vO
configuration (see Fig. 8 (b)) which has the states closest to Fermi
level. It follows from the analysis of the calculation of the electronic
structure that the TiO2:Co systemwith cobalt is a semiconductor for
he three representative highly probable configurations of defects
(Fig. 8 (c)). Note that despite difference in type of defects and the
absence or the presence of vacancies, the electronic structure of
defect states remain almost the same. Thus, we can conclude that
coordination and oxidation states of Co-impurities play decisive
role in the electronic structure of defect states.

For determination of relations between theory and experiment,
we performed the calculations of exchange integrals in the dimers.
The data are summarized in Table 2.

As can be seen from Table 2 and Fig. 8 (a), the most energetically
favourable configurations for the formation of dimers are the (I þ I)
configurations where interstitial atoms are situated at distances of
approximately 0.27 nm and 0.77 nm. It also turns out that tetra-
hedral positions can be the most advantageous positions in these
sites that is confirmed by XAS studies. Thus, the resulting inter-
stitial solution based on TiO2 leads to dimerization, but with a large
Table 2
Calculated formation energies (Eform), magnetic moments (M) of Co ions, exchange
integrals (J), and distances D between Co atoms for different configurations.

Configuration Eform (eV) DCo�Co (nm) M (mB) J (K)

I þ I � 0:710 0.77 2.857 � 33
I þ I � 0:709 0.27 2.851 � 71
I þ I � 0:536 0.36 2.891 � 34
I þ I þ vO � 0:339 0.54 2.879 � 13
I þ I þ vO � 0:270 0.36 2.999 þ96
S þ I þ vO þ1.159 0.43 3.345 (S), 2.886 (I) � 15
set of energetically favourable dimers. Presumably, a larger amount
of dimers types may be required to describe magnetic properties
compared with the TiO2:Fe system. Moreover, for favourable con-
figurations (I þ I þ vO) for TiO2: Co, both positive and negative
exchange interactions can be observed in dimers. However, the
concentration of this configuration is limited from above by the
content of vacancies in TiO2 and may be only a few percent or even
less. Therefore, the fraction of dimers with a positive exchange
interaction is very small, but it cannot be completely excluded. It
should be underlined that there is no necessity to attract the va-
cancy to form different negative exchange interactions inside the
dimers.

So, it should be emphasised that cobalt atoms, presumably, like
iron atoms [20], are not distributed randomly over the TiO2 lattice,
but prefer to form dimers in interstitial sites. The value of the
negative exchange interaction in the dimers is quite close, including
dimers with the positive exchange interaction. At the same time,
the results of experimental and theoretical studies completely
exclude a ferromagnetic contribution in the refined TiO2:Co
samples.

It was found in a previous work on the analysis of the magnetic
properties of the TiO2: Fe system, that some part of iron atoms
occupying titanium ions in octahedral positions form dimers in the
TiO2 matrix [20]. We are recognised that the model we used based
on a mixture of single Fe ions and two types of dimers with
different negative exchange interactions is probably a simplifica-
tion and iron ions form not dimers, but more complex complexes
(clusters), remaining at the sites of the anatase lattice. However, we
still have no opportunity to carry out calculations for the cluster
model, and we will try to use the same dimer model to describe
magnetic properties of TiO2:Co. As we can see below, an analysis of
magnetic properties of the TiO2:Co system in the frame of the
dimer model gives a satisfactorily description of the experimental
data.

4. Results of magnetic studies and discussion

4.1. Magnetic results

Field dependencies of the magnetization for samples S0, S1, S2,
and S3 measured at low temperatures are shown in Fig. 9 (a, b).
According to the chemical analysis, sample S0 contains about
0.03 at.% Fe, while the fraction of cobalt is less than 0.001%. Hence,
the magnetism of sample S0 will be determined by the iron content
only. Fig. 9 (a) shows themagnetization curve for sample S0 and the
temperature dependence of the magnetic moment per iron atom
with the mentioned concentration. The experimental value of the
magnetic moment is approximately 4mB, which didnot much differ
from the expected value of 5mB for an Fe3þ ion presented by the
Brillouin function (blue line) in Fig. 9 (a). A decrease of themagnetic
moment of the iron ion may be due to the existence of Fe3þ e Fe3þ

dimers, as it was shown in Ref. [20] which can be formed in the
TiO2:Fe system even at low iron content. Thus, sample S0 contains
probably a mixture of non-interacting iron ions and dimers with a
negative exchange interaction with an approximate ratio of non-
interacting Fe3þ magnetic carriers to the number of dimers as
80 : 20. Even in sample S0, the influence of dimers remains high
enough.

Since iron is present in the samples S1, S2, and S3 doped with
cobalt (about 0.03 at.% Fe), a correction of the magnetization was
fulfilled for the all samples taking into account the mentioned iron
content. Obviously, this correction of themagnetization (about 20%)
is significant for sample S1with a lowcobalt content (0.3 at.%)while
for the other samples (S2, S3) this correction does not exceed 5%.

In Fig. 9 (b), the magnetization of the TiO2:Co samples is



Fig. 9. (Colour online) (a) Experimental magnetization curveMðmB =FeÞ of sample S0 at
T ¼ 2 K (dark red circles) and the calculated Brillouin function for high spin state the
Fe3þ ions with S ¼ 5=2 (violet solid line). In inset, the temperature dependence of the
magnetization MðmB =FeÞ of the S0 sample, H ¼ 50 kOe is shown. (b) The experimental
magnetization curves MðmB =CoÞ vs field at 2 K for samples S1, S2, and S3 and the
calculated Brillouin function for the high-spin Co2þ ions (S ¼ 3= 2, 3mB= CoÞ. (For
interpretation of the references to color in this figure legend, the reader is referred to
the Web version of this article.)

Table 3
Themodel parameters to describe the experimental magnetization curvesmeasured
for S1, S2, S3 samples at low temperature (2 K) and room temperature (300 K). The
following fitting parameters were used: content of dimers (nd1) with small exchange
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represented in the Bohr magnetons per cobalt atom MðmBÞ= Co,
which allows us to directly estimate a deviation of the experi-
mentally measured magnetic moment from the calculated value
given by the Brillouin function for isolated high-spin Co2þ ions with
magnetic moment of 3mB. It seems, that the experimental value
significantly less than the expected magnitude of the magnetic
moment equal to 3mB, which corresponds to the Co moment in the
high-spin state. The deviation of the experimental value of mag-
netic moments from value 3mB significantly depends on the
composition. For sample S3, these values is differed by 5 times (see
Fig. 9).

This deviation cannot be explained by the presence of low-spin
cobalt ions, since a low-spin state for Co3þ ions is impossible for
tetrahedral coordination, which is established by the X-ray ab-
sorption spectra and by the DFTcalculations. Themost likely reason
for the relatively low magnetization, similar to the TiO2:Fe system
[20], is the possible existence of cobalt dimers in TiO2:Co com-
pounds. So, we can assume that dimers with the negative exchange
interactions can make a significant contribution to the magneti-
zation process.
interaction J1, content of dimers (nd2) with high exchange interaction J2, total con-
tent of singles ns , and coefficient of determination R2 for MðHÞ fitting at 2 K.

Samples J1 (K) J2 (K) nd1 (%) nd2 (%) ns (%) R2

S1 12 ± 2 e 49.2 ± 0.2 e 51 ± 0.2 0.9985
S2 15 ± 2 200 ± 20 49.2 ± 0.5 14.7 ± 0.2 36 ± 0.5 0.9865
S2 15 ± 1 200 ± 20 42.1 ± 0.6 37.8 ± 0.4 20 ± 0.2 0.9865
4.2. Dimer model

It turns out that the description of the magnetic properties of
this system will be satisfactory when considering in the first rough
approximation two types of dimers only in accordance to the
previous paper [20]. As we suppose that two types of dimers are
distinguished by values of exchange integrals J1 and J2, for
simplicity jJ2j> jJ1j [20]. The total moment per one 3d ion is
described by the equation

MtotalðB; TÞ¼
1
N

�
gmBnsBsðB; TÞþnd1MðJ1;B; TÞþnd2

MðJ2;B; TÞ
�
;

(3)

where Bs is the Brillouin function, nd1 and nd2 are the content of
dimers with different exchange, respectively. The parameters of the
spin model using the two types of dimers (Co2þ e Co2þ) and a
paramagnetic contribution of Co2þ ions, which are required to
describe with reasonable accuracy the magnetic properties of all
samples (magnetization curves at different temperatures, at 2 and
300 K) and the temperature dependence of the magnetization at
the field of 10 kOe are presented in Table 3.

Fig. 10 (a, b) shows the experimental magnetization curves of
samples S1, S2, and S3 measured at 2 K and 300 K and the calcu-
lated curves in the model of thr two pairs and the paramagnetic
contribution. As can be seen, a rather rough approximation by
mainly two dimers satisfactorily describes the magnetization
curves of all samples.

Fig. 11(a and b) shows the dependence MðTÞ in the field of
10 kOe and the inverse relationship 1=MCoðTÞ for samples S3 and
S2, which is also satisfactorily described in the proposed model
with the same two pairs and paramagnetic contribution (see
Table 3). There is a good agreement between the Curie e Weiss
constant qwhich is determined from the experiment for sample S3
(in a field of 50 kOe) and from dimermodel: q ¼ �40 K and q ¼ �39
K, respectively (Fig. 11 (b) anf Table 3). A reasonable agreement
between the calculation of q in the dimer model (q ¼ �19 K) and
the experiment (q ¼ �19 K) is also observed for sample S2 (Fig. 11
(b); Table 3).

Although all exchange-coupled pairs at high temperature
should be decay, correlations between the spins in the pairs are
preserved. So the paramagnetic susceptibility of the system can be
the sum of the susceptibility of individual Co ions and the sus-
ceptibilities of dimers of all types. The susceptibility of the dimer at
high temperatures is described by a simple equation

cdðJ; TÞjT/∞ ¼ 2C
T �QðJ; sÞ; (4)

QðJ; sÞ¼ Jsðsþ 1Þ
3kB

; (5)

where J is the exchange interaction in the dimer, s is the spin value
of Co, andQ is the Weiss constant. This means that in the region of
very high temperatures (kT[jJmaxj), susceptibility is described by
the sum of the Curie law and the Curie e Weiss laws. Therefore,
c�1ðTÞ should be a smooth function close to a straight line that
slowly bends with decreasing temperature (see Fig. 11(a and b)).



Fig. 10. (Colour online) Experimental curves (dots) and calculated magnetization
curves (solid lines) of samples S1, S2, and S3 at 2 K (a) and 300 K (b) in the two-dimers
model. The parameters of dimers and the value of paramagnetic contribution are given
in Table 3. (For interpretation of the references to color in this figure legend, the reader
is referred to the Web version of this article.) Figure 11. (Colour online) The temperature dependence of magnetic moment of Co

atom at magnetic field of 10 kOe (experiment and model description (two pairs and
singles) marked by black and red lines, respectively) are shown for sample S3 (a) and
S2 (b). Cyan line is the Brillouin function for spin S ¼ 3=2 for both samples. The
reciprocal of 1=MCoðTÞ for samples S3 and S2 are presented on the insets. The pa-
rameters of dimers and the paramagnetic contribution are given in Table 3.
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This deviation of c�1ðTÞ from the straight line is due to the fact that
as T decreases, the average values of the dimer spins with large jJj at
J <0 gradually decrease so that their contributions to the system
magnetization change. Therefore, the experimentally obtained
value of the Weiss constant determines a certain average value of
the exchange interaction parameter in a system with dimers with
different exchange values. The average exchange in dimers was
estimated to be Jx� 30 K for s ¼ 3=2 from equation (3). This
experimental value, taking into account the averaging, is close to
the theoretical estimates given in Table 2.

As expected, the content of paramagnetic Co2þ ions increases as
the cobalt concentration decreases and reaches almost 51% for
sample S1 (Table 3). So, even for this sample with small content of
Co (sample S1) the magnetic behavior can be more or less satis-
factorily described by the paramagnetic contribution and a rather
high fraction of dimers (about 49%) with only one exchange
parameter J of the order of �12 K (Table 3).

As can be seen from the data presented in Table 3, the content of
dimers and the value of exchange interactions in dimers which are
required to describe the samples depend on the Co content in TiO2.
So, an analysis of the properties in a very rough approximation
(only two types of dimers plus isolated paramagnetic Co ions) gives
a satisfactorily quantitative description of the magnetic properties
of the TiO2:Co.
5. Conclusions

In summary, we applied complementary methods for the
studies of the refined Co-doped TiO2 nanopowders synthesized by
the hydrothermal method. It was established that the Co2þ ions
have the high-spin state and located in the tetrahedral surrounding.
It was shown by DFT calculations, that Co2þ ions prefer to occupy
the interstitial positions in the TiO2 lattice which are the most
energetically favourable in compare to the substitutional sites. A
substitutional replacement of Ti4þ for Co2þ requires high energy to
create vacancies needed for the charge balance. It was shown by the
EPR studies that there are no signals from vacancies (e. g., Fþ cen-
ters) at Co doping.

Thus, the TiO2:Co system may be presented by non-interacting
paramagnetic centers (Co2þ ions) and by a combination of various
types of Co dimers, which are located, mainly, in the interstitial
sites. The appearance of small amounts of dimers with positive
coupling in the (Iþ Iþ vO) configurationwas found on the base DFT
calculations The ratio of the paramagnetic Co2þ ions and dimers
content estimated from the magnetization curves at low temper-
ature using the proposed model is strongly depend on the Co
content in the samples. In any case the contribution of the dimers is
a substantial part of the system even for the sample with relatively
small Co content in the TiO2 matrix. It was demonstrated that the
quantum-mechanical model suggesting the paramagnetic Co2þ

contribution and only two types of dimers Co2þ e Co2þ with the
different exchange interaction satisfactorily describes both the
magnetization curves and the temperature dependence of
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magnetization for all samples.
In the future, some experimental efforts should be undertaken

to obtain direct experimental evidence of the existence of magnetic
dimers (or clusters) in the TiO2 matrix doped with 3d metals.
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