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Abstract: Iron and nitrogen co-modified titanium diox-
ide nanocomposites, nFe,N-TiO, (where n = 1, 5 and 10
wt% of Fe), were investigated by detailed dc susceptibility
and magnetization measurements. Different kinds of mag-
netic interactions were evidenced depending essentially
on iron loading of TiO,. The coexistence of superparamag-
netic, paramagnetic and ferromagnetic phases was iden-
tified at high temperatures. Strong antiferromagnetic in-
teractions were observed below 50 K, where some part
of the nanocomposite entered into a long range antifer-
romagnetic ordering. Antiferromagnetic interactions were
attributed to the magnetic agglomerates of iron-based and
trivalent iron ions in FeTiO5; phase, whereas ferromagnetic
interactions stemmed from the F-center mediated bound
magnetic polarons.
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1 Introduction

Recently, diluted magnetic semiconductors based on ti-
tanium dioxide (TiO,) doped with transition metal ele-
ments have been attracting particular attention due to the
appearance of room temperature ferromagnetism [1-12],
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which may find applications in the field of spintronic and
magneto-electronic devices. Furthermore, modification of
titanium dioxide with a suitable choice of iron and nitro-
gen can significantly enhance the photocatalytic activity
of titania under visible light [13]. Full understanding of
the origin of room temperature ferromagnetism in TiO,
materials is still lacking. Although bulk pure TiO, is dia-
magnetic, many studies have shown ferromagnetism of
nanoscale TiO, due to the presence of oxygen vacancies
on the surfaces and interfaces of studied samples [5]. In-
corporation of transition metal elements (Fe**, Cr>*, Ni3*,
Co?") in TiO, matrix at Ti*" sites should generate a con-
siderable number of oxygen vacancies. The main question
is whether the observed ferromagnetism is an extrinsic ef-
fect due to direct interaction between the local moments
in magnetic impurity clusters or is it an intrinsic prop-
erty caused by exchange coupling between the spin of the
carriers and the local magnetic moments [7]. As the cre-
ation and distribution of the different concentrations of
defects and formation of secondary ferromagnetic phases
or metal clusters depends on the growth methods and the
processing conditions of sample preparations it could also
explain the inconsistent results obtained by different in-
vestigators. Electron paramagnetic resonance (EPR) and
ferromagnetic resonance (FMR) have been frequently ap-
plied on doped and undoped TiO, to provide insight on the
underlying spin dynamics and their physical properties re-
sponsible for possible applications [14-24]. FMR/EPR in-
vestigation of co-modified Fe,N-TiO, pointed to the coex-
istence of distinct magnetic centers and agglomerates that
could be important for their photocatalytic activity [25].
The aim of this work was to study the static suscepti-
bility and magnetization of three co-modified nFe,N-TiO,
(n=1, 5, 10 wt% of Fe) nanopowders. As the magnetic in-
teractions of agglomerates have an influence on the photo-
catalytic activity - especially in the visible region of electro-
magnetic radiation - the knowledge of magnetic properties
of nFe,N-TiO, might help to unravel the mechanisms that
establish the photocatalytic activity of titanium dioxide.
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2 Experimental

Amorphous titanium dioxide (TiO,/A) from the sulfate
technology supplied by Chemical Factory Police S.A.
(Poland) was used as starting material for the synthesis
of the (Fe,N) - co-modified rutile TiO, photocatalysts, as
previously described [13]. A defined amount of TiO, wa-
ter suspension was stirred for 48 h in a beaker with appro-
priate amount of Fe(NOs), so as the amount of Fe intro-
duced to the beaker was of 1 wt%, 5 wt% or 10 wt% rela-
tively to TiO, content. Subsequently, samples were dried
at 80°C for 24 h in an oven and annealed at 800°C in
NH; flow (co-modified samples denoted as nFe,N-TiO,,
where index n gives the wt% of Fe). The highest photo-
catalytic efficiency under visible light was measured for
n=>5 % nanocomposite, whereas the lowest photocatalytic
performance was obtained for n=10 %. DC magnetization
measurements were carried out using an MPMS-7 SQUID
magnetometer in the 2300 K temperature range and mag-
netic fields up to 70 kOe in the zero-field-cooling (ZFC) and
field cooling (FC) modes.

3 Results and discussion

The XRD analysis confirmed complete transformation of
anatase and amorphous phase to rutile as well as the pres-
ence of iron in the modified samples. In these samples iron
is present mostly in the form of FeTiO5; and in case of n=10
% sample - also as Fe30, (see Fig.1). What is more, in n=1
% sample the presence of small amount of TiN phase was
also revealed.

Figures 2 a-c present the temperature dependence of
the dc magnetic susceptibility in the ZFC and FC modes
for the nFe,N-TiO, (n=1, 5 and 10 %) samples measured at
different magnetic fields. For all investigated nanocompos-
ites, behavior of the magnetic susceptibility in ZFC and FC
modes is very similar to what was observed for inhomo-
geneous magnetic agglomerate system comprising a low
concentration of ~-Fe,03 agglomerates in non-magnetic
matrices [26-28]. At low magnetic fields, the ZFC and FC
modes deviate significantly in high temperatures range,
while a broad, field dependent peak is observed at Tpmax
in the ZFC susceptibility. In the case of non-interacting
nanoparticles, this maximum marks the average blocking
temperature of superparamagnetic moments at the time
scale of the measurement, depending on the particle-size
distribution [29, 30]. The dipolar and exchange interac-
tions between nanoparticles could be responsible for the
shift of Tmax towards higher temperatures as well as the
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Figure 1: XRD patterns for three investigated nFe,N-TiO, nanocom-
posites.

broadening of the Mzr¢ peak and flattening of the ZFC/FC
curves above Tmqx, pointing to a dominant magnetic inter-
action effect. At the highest magnetic field of 7 T, a peak of
magnetic susceptibility emerged at 49, 48 and 54 K for the
nanocomposites with n=1 %, 5 % and 10 %, respectively.
This peak was most prominent for the n=10 % nanocom-
posite which was clearly observed even at low magnetic
fields. The temperature dependence of the inverse FC mag-
netic susceptibility (1/x) for all investigated nanocompos-
ites has shown a Curie-Weiss type behavior at high tem-
peratures for all samples. The Curie-Weiss fit of y ~*(T) to
the experimental data allowed to estimate the Curie-Weiss
temperature (0) with negative values higher than 200 K,
indicative of strong antiferromagnetic interactions.
Figures 3 a-b present the hysteresis loops for the three
nanocomposites at 2 K and at room temperatures, and
essential differences were recorded. The loops were fit-
ted with one ferromagnetic and one paramagnetic compo-
nent. The intersections on the field axis at increasing and
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Figure 2: Temperature dependence of the dc magnetic susceptibility
for nFe,N-TiO, nanocomposites in ZFC and FC modes for different
applied magnetic field: (@) n=1%, (b) n=5 %, and (c) n=10 %.
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Figure 3: Field dependence of the dc magnetization for nFe,N-TiO,
nanocomposites at (a) T=2 K and (b) T=300 K.

decreasing fields (H. are H-) in the FC hysteresis loop was
used to estimate the coercive field (Hc) as He=(H.-H-)/2.
Table 1 presents the saturation magnetization (Ms),
coercive field (H;) and remanence (M,) for the three
nanocomposites nFe,N-TiO, at 2 K and 300 K. To make it
more meaningful, the saturation magnetization and rema-
nence are recalculated in Bohr magnetons per Fe ion. The
saturation magnetization increased consistently with the
iron loading and decreased with increasing temperature.
For n=1 % sample the obtained value is equal to that for
a spin only S=5/2 high-spin Fe** ion (~ 6 u ). For sam-
ples with higher concentration of iron loading it is signifi-
cantly smaller. At low temperatures, the coercive filed and
remanence were higher for the nanocomposite with n=19%,
while at room temperature the differences were reduced.
Moreover, sample n=5 % showed the lowest values of H
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Table 1: Saturation magnetization (Ms), coercive field (Hc) and remanence (M) for three nanocomposites nfFe,N-TiO, at two different tem-

peratures.
Sample index n [wt%] Temperature [K] M M H ¢ [Oe]
[ug/Fel [emu/g] [up/Fe] [emu/g]

1 2 6.1(2) 6.1(2) 0.20(2) 0.20(2) 136(2)

300 5.7(2) 5.7(2) 0.11(2) 0.11(2) 70(2)

5 2 1.9(2) 9.3(3) 0.014(5) 0.07(1) 41(2)

300 1.5(2) 7.3(3) 0.016(5) 0.08(1) 34(2)

10 2 1.1(2) 10.9(3) 0.012(5) 0.12(2) 66(2)

300 1.1(2) 10.8(3) 0.013(2) 0.13(2) 63(2)

and M; at both temperatures among the three nanocom-
posites. These results are very similar to what was ob-
served in the case of Cr doped TiO, nanoparticles [5]. Thus
our results could also be explained by invoking the same
F-center mediated bound magnetic polarons (BMP) the-
ory [31]. Substitution of Fe* ion at Ti** site produces oxy-
gen vacancy and connected with it localized electron (F
center). Electron spin of an F center interacts with that of
the spins of the neighbouring Fe** ion. Overlap of BMPs
leads to the long range ferromagnetic order in the lattice of
doped TiO, [5]. For small concentration of Fe3* ions, the in-
crease of iron loading leads to increase in magnetization,
but for larger iron concentrations not all Fe* ions are as-
sociated with oxygen vacancies. Some could be involved
in Fe**-02~-Fe3* bonds or even could form iron clusters.
These interactions lead to antiparallel (antiferromagnetic)
alignment of the spins and in result to effective reduction
in magnetization for higher iron loadings.

According to the XRD analysis, all nFe,N-TiO,
nanocomposites crystallized in the rutile TiO, phase after
calcination at 800°C under NH3 flow [13], together with the
formation of the FeTiO3 secondary phase as the iron load-
ing increased in n=5 % and 10 % samples. Additionally, the
presence of TiN and magnetite Fe3 0, was identified for the
composites with n=1 % and n=10 %, respectively. Introduc-
tion of iron in the sublattice of transition ions in TiO, could
result in appearance of ferromagnetic state as predicted
by BMP theory [31]. FMR measurements have shown that
Fe30, could lead to the formation of small concentration
of magnetic cluster acting like small nanoparticles [25, 32].
It is possible that magnetite was not identified by XRD for
the nanocomposites with n=1 % and n=5 % because of the
limited sensitivity of this method at low phase contents.
Thus the magnetic properties of the nFe,N-TiO, nanocom-
posites could be accordingly attributed to the contribution
of the external (the presence of FeTiO3, Fe304 phases) and
internal factors (BMP centers). In particular, Fe;0, forms a
superparamagnetic state, whereas FeTiO; forms paramag-

netic state. The hysteresis loop arises from the doped TiO,
as the value of the remanence is very low. The main contri-
bution to the bulk magnetization comes from iron ions in
the ferromagnetic and paramagnetic phases. The iron ions
of the FeTiOs; phase are coupled to an antiferromagnetic
long range ordered state below 50 K (Fig.2). Because the
amount of the FeTiO3; phase increases with the increase
of iron loading, the presence of the corresponding peak is
most evident for the n=10% nanocomposite. In that case,
the saturation magnetization is almost the same at low
and high temperatures (Table 1) because long range anti-
ferromagnetic ordering in the FeTiO; essentially decreases
its contribution to the magnetization at low temperatures.
Magnetic measurements on ilmenite have recorded a Neel
transition temperature, which ranged from 56 K to 57.7 K
and the authors have suggested the coexistence of super-
paramagnetic and ferromagnetic states [33].

Concentration depended magnetic properties of Fe-
doped TiO, have been recently investigated by ac magne-
tization and Mossbauer spectroscopy [9]. The results have
shown the presence of ferromagnetic and paramagnetic
interactions at room temperature. The saturation mag-
netization, unlike coercivity, of the ferromagnetic phase
increased with the increase of the concentration of iron
atoms, as in the present case. The decrease of the effective
magnetic moment with iron loading was also observed and
attributed to the precipitation of Fe rich antiferromagnetic
structures.

4 Conclusions

The dc susceptibility and magnetization of three co-
modified nFe,N-TiO, (n=l, 5, 10 % of Fe) nanocomposites
have been investigated and the results have shown the co-
existence of different magnetic phases. A ferromagnetic
phase was assigned to the iron doped titanium dioxide in
form of F-center mediated bound magnetic polarons. The



82 —— N.Guskosetal.

bulk magnetization was dominated by the contribution of
superparamagnetic and paramagnetic states with strong
antiferromagnetic interactions arising from magnetic ag-
glomerates and the FeTiO3 ilmenite phase. The spins of il-
menite couple to a long range antiferromagnetic ordered
state at about 50 K. The phase transition temperature and
amounts of paramagnetic phases essentially depend on
the concentration of iron ions.
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