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ABSTRACT

Purpose: The aim of this review is recapitulating the temperature dependence of FMR/EPR spectra of low
concentration of magnetic nanoparticles and ultralow concentration localized magnetic centers (defects, free
radicals, the lower oxidation state of titanium ions) in different materials.

Design/methodology/approach: Reorientation processes correlated and isolated spin systems during changing
temperature could inform about physical properties of the materials. The FMR/EPR is very usefully method for
characterization novel materials as polymers/copolymers, nanotubes, TiN, TiC, Ti-Si-C-N, TiO,, Me-Fe-V-O,
nFe,05/(1-n)ZnO or an extended free radicals networks.

Findings: The intense almost symmetrical FMR resonance line of low concentration of magnetic nanoparticles
are observed which essential are changed at different temperatures. The EPR spectra of low concentration
localized magnetic nanoparticles is shown that the relaxation processes are different than for magnetic
nanoparticles embed in polymer matrixes. A very low concentration of magnetic nanoparticles and localized
magnetic moments could modify its physical properties (magnetic, conductivity or mechanical).

Research limitations/implications: Composite systems containing magnetic nanoparticles and localized magnetic
moments promise the potential for high-density data storage, biomedical applications, catalysis, building materials,
photovoltaic, metallurgy and nanotechnology sensor materialisation, among other envisaged utilisations.
Originality/value: Continue attempting to decipher the mystery and fruitfulness of magnetic nanoparticle and
localized magnetic nanoparticles distributions.
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1. Introduction

Low concentration magnetic nanoparticles in composite
materials are the subject of intensive research due to their
potential integration in a broad range of technological applications
extending from high-density data storage to biomedicine [1-17].
Previously review was concerning on the study by using FMR
method (ferromagnetic resonance) of different materials with low
concentration of magnetic nanoparticles (a-Fe, Co, Fe;C, y- Fe,0;,
Fe;0,) [12]. There are shown that FMR method is useful for study
physical properties of the copolymers and polymers materials
doped by low concentration of magnetic nanoparticles. Especially
it was very effectively for investigation of critical points
connected with a- B- y- relaxation or melting points which could
be modified by low concentration of magnetic nanoparticles
[18,19].

The following nanocomposite systems have been to-date
investigated:

a) Carbon covered magnetic nickel nanoparticles embedded in

PBT-PTMO polymer [14,20].

b) Magnetic interaction in frustrated systems M-Fe-V-O [21-32].
¢) Magnetic properties of nanocrystalline TiN/C, TiC/C, Ti-Si-C

and Ti-Si-C-N [33-41].

d) Interaction between magnetic agglomerates and extended free

radicals network studied by magnetic resonance [42-44].

e) Influence of annealing and rinsing on magnetic and

photocatalytic properties of TiO, [45,46].

f) Magnetic and electronic properties of multiwall carbon

nanotubes [47-49].

g) Ferromagnetic resonance in

nanocomposites [51-57].

Among various investigated ferromagnetic metals it is the
nickel nanoparticles that have attracted much attention because
they can form different crystal structures with very interesting
magnetic properties, see e.g. [58-64]. Magnetic nickel
nanoparticles could be very useful to be introduced into
nonmagnetic matrices to study their magnetic interactions and
superparamagnetic state.

Multicomponent vanadates M-Fe-V-O (M(Il) = Mg, Zn, Mn,
Cu, Ni and Co) exhibit very interesting physical (structural,
magnetic and transport) and catalytic properties [66-74]. They
belong to a group of useful catalysts used for the reaction of
partial oxidation of organic compounds.

Ti-Si-C-N compounds have been widely investigated, since the
understanding of their physical properties can extend their
application range. One of the binary phases is titanium carbide
(TiC) with electron type of conductivity, a superconducting state at
low temperatures, high hardness (comparable to diamond), low
thermal conductivity, and one of the highest melting points [75-87].

Organic networks derived from assemblies of organic
molecules, such as the class of covalent layered organic materials
resulting from the reaction of cyanuric chloridewith bridging 4,4
bipyridine units, promise applications in different areas of high
technology [88-97]. It has been suggested that the free radicals
could form a correlated spin system at room temperature (RT) [98].

Titanium dioxide is a very important material, intensely
investigated due to its various technological applications,
especially in the nanoparticles form [99-103]. Whereas mono-
phase anatase photocatalytic activity is generally much greater

nFe;05/(1-n)ZnO
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than mono-phase rutile (due to the rutile phase higher
recombination rate), it was found that especially for UV light
applications the most active are photocatalysts consisting of both
anatase and rutile phases [104-107].

Based on their unique mechanical, electrical and thermal
properties, carbon nanotubes (CNTs) attract particular attention as
filler materials for polymer reinforcement, endowing the polymer
matrix their high strength and stiffness together with their thermal
and electrical conductivity [109,110] Efficient dispersion and
interfacial stress transfer between CNTs and the surrounding
polymer are major challenges for the production of CNT
reinforced nanocomposites [111,112]. Covalent attachment of
chemical groups on the nanotube surface through oxidizing agents
is a frequent processing step utilized to improve interfacial
coupling in CNT-polymer composites [113,114] which is severely
impeded by the atomically smooth CNT surfaces. However, such
functionalization may modify the electronic properties of CNTs
through both charge transfer and defect formation [115] and
compromise the composite’s performance. Static magnetization in
combination with electron spin resonance (EPR) being sensitive
on both the spin and orbital magnetism of the CNT rolled
graphene layers have been profitably exploited to investigate the
electronic properties of pristine and chemically doped CNTs
together with the effects low-dimensionality [116-122].

Zinc ferrite ZnFe,O, (ZFO) belongs to one of the most
important iron oxides with very interesting magnetic properties,
which are intensively investigated from theoretical and
experimental points of view [123-134]. Bulk magnetic ordering
occurs at low temperatures with a critical point that depends
strongly on the ZFO preparation conditions. The structure of spinel
ferrites is constructed by filling one-eighth of the tetrahedral sites
(A) and half of the octahedral sites (B) within the fcc oxygen
sublattice. A normal spinel corresponds to the structure with all the
A sites being occupied by divalent cations (Zn(1l)) and the B sites
by trivalent cations (Fe(Ill)). In the inverse-spinel structure, the
Zn(I) ions occupy half of the B sites, while the other half, as well
as all the A sites, are occupied by Fe(Ill) ions. The bulk ZFO
behaves as antiferromagnetic with a Neel temperature 7y =10.5 K,
as a consequence of the antiferromagnetic superexchange
interaction between Fe cations. In contrast, ZFO in the nanometric
range exhibits ferromagnetic behavior below a blocking
temperature 7p, as it has a mixed spinel structure in which both
Zn(1l) and Fe(Ill) cations are distributed along the A and B sites.
The interaction between Fe(IIl) located in A and B sites is stronger
due to more effective overlap of the orbitals involved in the
superexchange Fe-O-Fe pathway.

The aim of this review is continuing previously work [12] of
the FMR study on low concentration of magnetic nanoparticles in
non-magnetic matrices and EPR investigation of ultra low
concentration localized magnetic centers in different materials.
The FMR/EPR investigation of magnetic nanoparticle and
localized magnetic centers could be a very useful method for
characterisation of different materials.

2. Experimental

Samples of Ni/C nanomaterial were prepared by carburization
of nanocrystalline nickel with ethylene. At first, a solution
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containing nickel (II), calcium and aluminum nitrates was used to
obtain nanocrystalline nickel. A solution of 25% NH3.aq was
added to obtain pH equal to 8 to precipitate metal hydroxides. The
obtained deposit was washed with water, filtered and dried at
340 K. The next preparation step was calcination at 770 K for 1 h
to obtain the nanocrystalline nickel precursor- nickel oxide (with
a small amount of structural promoters - CaO and Al,0O3). The
role of structural promoters was to stabilize the nanocrystalline
nickel structure at the elevated temperatures. The chemical
composition of samples was determined using the Inductively
Coupled Plasma Atomic Emission Spectroscopy (ICP-AES, JY
238 Ultrace, Jobin Yvon). Nickel precursor samples containing
0.8% CaO, 3.6% Al,O; were received. A sample of 1 g of this
starting material was put into a quartz crucible. The crucible was
placed in a high-temperature oven and next reduced (in order to
transform nickel oxide into metallic nickel) under a pure
(99.999%) hydrogen flow (20 dm*/h). The reduction process was
carried out in the temperature range of 300-980 K, with the
heating rate of 15 K/min. The temperature of 980 K was kept for
1 h. The mass loss due to the reduction process was about 20.5%.
Next, the hydrogen was replaced by ethylene (99.9%, 20 dm*/h).
The carburization process was carried out for 1 h. Next, the oven
was cooled to 570 K under a flow of argon. The mean carbon
content in the prepared samples was 10.2 gC/gNi. The block
copoly(ether-ester)s ~ (PBT-block-PTMO)  containing  Ni/C
magnetic nanoparticles (0.1 and 0.25 wt%) were synthesized by
melt polycondensation of dimethyl terephtalate (DMT), buthylene
glycol (BG), and poly(tetramethylene glycol) (PTMEG) in the
presence of tetrabutyl orthotitanate as a catalyst and with phenol
derivative IRGANOX 1010 (Ciba Geigy) as an antioxidant. The
Maghemite in BG was grinded and stirred for 5 min at 20 000
rpm, and next, the dispersion was sonicated (Sonoplus -
Homogenissator HD 2200) for 5 min and the procedure was
repeated. The materials were dispersed for 30 min to ensure a

homogeneous distribution of Ni/C nanoparticles in a glycol matrix.

All substrates were introduced into the reactor, where a two-stage
process of a PBT-block-PTMO synthesis proceeded with
continuous mixing. Full details of the polymer nanocomposites in
situ preparation have been presented previously [135].

Polycrystalline samples of M,FeV;0;.4 MID=Mg(Il),
Zn(Il)) were obtained by using the solid state reaction method
with a stoichiometric mixture of the Fe,Os;, V,05 oxides and
3 MCOs;. M(OH),3 H,0 [136]. The samples were repetitively
mixed, pressed into pellet and calcinated in air at 550°C for
24 hours (twice) and than at 600 °C for 24 hours (twice).

Polycrystalline M;Fe V0,4 (M(II)=Mg(II), Zn(II), Mn(II)
and (C(II)) samples were prepared by the solid-state reaction
method using a stoichiometric mixture of the ZnO, V,0s and
Fe,0; oxides, according to the following reaction [137]: 3ZnO +
3V,0s + 2Fe,03 = M3Fe,VOy4. The compound was respectively
mixed, pressed into pellets and calcinated in air at 560°C for 20 h,
580°C for 20 h and 780°C for 20 h (twice).

The organotitanium gel precursor preparation was described
in detail in [138]. The gel samples were heated in a furnace in
insert and/or reactive atmospheres depending on the desired
products. The heating was carried out in gas atmospheres which
contained argon and/or nitrogen, hydrogen and ammonia, under
the atmospheric pressure in the temperature range from 293 K to
1273 K. The reactions of the TiC and TiN phases proceeded at
temperatures below 800 K during these processes. The parameters
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of manufacturing of TiC and TiN with or without carbon as
powders are subject to the patenting procedure.

Nanocrystalline powder samples of TiC+SiC+20%C and
Si3Ny+Si(CN)+Ti(C,N)+1%C were prepared using a non-
hydrolytic sol-gel organotitanium precursor technique [139].

Cyanuric chloride was recrystallized from hexane. A layered
network was prepared by condensation of cyanuric chloride with
bridging paraphenylenediamine in the following way. A fine
slurry of cyanuric chloride was prepared by adding a solution of
1.11 g (6.00 mmol) of cyanuric chloride in 20 ml of acetone to
well stirred ice-water (30 ml). Solutions of 0.972 g (9.00 mmol)
of 1,4 = phenylenediamine in 20 ml of acetone and 0.756 g
NaHCOs in 10 ml of water were then added and the mixture was
refluxed for 1 h. The white solid was filtered off and washed with
water. The wet precipitate was divided into two parts and 0.456 g
(2 mmol) of ammonium persulfate in 10 ml of water was added
while stirring to one of them, dispersed in 30 ml of water. A dark
blue precipitate was formed. Stirring was continued for 24 h to
ensure complete oxidation, following which the solid was isolated
by centrifugation, washed with water and air-dried. Similarly, the
other half was oxidized using 0.820 g (2.00 mmol) of ferric nitrate.
Following the addition of ferric nitrate, the mixture was stirred for
48 h. Finally, a other sample was prepared by a similar procedure
but using 2.10 g (5.00 mmol) of ferric nitrate and stirring the
mixture for 48 h [140].

Commercial amorphous titanium dioxide supplied by
Chemical Plant “Police” S.A. (Poland) with BET surface area of
238 m?/g was used as a pristine material (TiO./pristine). The
crude TiO,/pristine from sulfate technology, containing also
significant amount of anatase phase and around 3.5% of rutile
phase, was modified with gaseous ammonia (NH;) as follows.
A defined amount - about 20 g of water suspension of TiO,,
containing around 35% of titanium dioxide and around 8% of
sulfuric acid in relative to TiO, content, was placed in the melting
pot and introduced into the tubular furnace. Then samples were
calcined in NH; atmosphere for 4 h. After heating the furnace was
slowly cooled down to room temperature, then at room
temperature rinsed with Ar for 0.25 h. Subsequently, some part of
such prepared materials were rinsed with 5 dm® of water and then
dried for 24 h in a muffle furnace [45,46].

The samples were synthesized using wet chemistry method.
The mixture of zinc and iron hydroxides was obtained by an
addition of 26% ammonia solution to the 20% solution of zinc
nitrate (V) hexahydrate and iron(IIl) nitrate (V) tetrahydrate. The
obtained residue was filtered, dried and calcined at 573 K for 1 h.
A detailed method of preparation is described elsewhere [51,141].

The FMR/EPR spectra were recorded using a standard X-
band Bruker E 500 (m = 9.5 GHz) spectrometer with magnetic
field modulation of 100 kHz. The magnetic field was scaled with
a NMR magnetometer. The measurements were performed In the
4-295 K temperature range using an Oxford flow cryostat.

3. Results and discussion

3.1. Ni/C PBT-block-PTMO

The PBT-block-PTMO copolymers doped by magnetic
nanoparticles 0.25 wt.% and 0.1 wt.% of Ni/C have shown an
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interesting combination of properties, such as higher melting
temperature (7},) with lower concentration, low glass transition
temperature (7,) in both doped polymers, the greater
crystallization temperature for polymers with higher concentration
[19]. Similar tendency was observed in polymers doped by
magnetic nanoparticles y-Fe,O; [19].

Figure 1 presents the FMR spectra of 0.25% wt nickel
nanoparticle covered by carbon in PBT-block-PTMO polymer in
the range temperatures. The FMR spectra is dominated by very
intense and broad slightly asymmetrical resonance line similar as
for magnetic nanoparticles y-Fe,O; [10,13].

0,010
0,005

0000 f ———

dy"/dH [Arb. units]

oos | 110k 70K 40K i
-0,010 - -
_0’015 1 n 1 n 1 n 1 n

1000 2000 3000 4000 5000

Magnetic field H [Gs]

Fig. 1. Temperature dependence of the FMR spectra of 0.25 % wt
Ni/C nanoparticles in PBT-block-PTMO

For analyzing FMR spectra could be used procedure proposed
propose by Koksharov at al. [3,4]. The resonance line are centered
is centered at g.;=2.287(1) (ges=2.253(1) for 0.1%) with peak-to-
peak linewidth AH,,=69.3(2) mT (AH,,=67.0(2) mT for 0.1%) at
room temperature. The FMR resonance lines of 0.1% and 0.3% -
Fe,03; magnetic nanoparticles in polymer matrix are centered at
Ze=2.259(1) (AH,,=121.3(5)) and ge=2.199(1) (AH,,=137.7(5)),
respectively [142]. The g.s is connected with changing resonance
conditions:

hV:guB(Hapl"_Hint) (1

with h being Planck constant, v is the resonance frequency, g is
Bohr magneton, H,,, is the externally applied magnetic field, and
H;,, the considered effective internal magnetic field which is
formed by correlated spin system. The opposite behave of g.
could be connected by reorientation processes where the linewidth
by dipole-dipole interactions. The covered nickel ions by carbon
could be caused two processes, the first decreasing concentration
of magnetic nanoparticles and the second changing viscoelastic
properties of materials on the localized at magnetic nanoparticles
Ni/C [14]. Characteristic properties of the FMR resonance line of
magnetic nanoparticls or clusters is decreasing amplitude with
decreases temperatures. Owing to the analyses of the magnetic
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resonance spectra registered in the 4-300 K temperature range it
was possible to determine the thermal behavior of important
parameters of the FMR spectra: the resonance field, the linewidth
and the signal amplitude. A comparison of the studied Ni/C
nanoparticles embedded into PBT-block-PTMO polymer with the
previously studied maghemite nanoparticles in the multiblock
poly(ether-ester) copolymer showed the presence of larger
AH/AT (H; - resonance field) gradients in the former nanosystem,
especially at low temperature region. This difference might be
caused by different physical properties of both matrices affecting
the dipole-dipole interaction between nanoparticles or
agglomerates. Additional, introducing low concentration magnetic
nanoparticles Ni/C in copolymer have shown that parameter
AH,/AT essential changing in different region of temperatures
than system with maghemite nanoparticles in the multiblock
poly(ether-ester) copolymer [10,13,14,20].

3.2. MEFEV3D1 1-d and M3F94V6024-d
MUD=Culil), Zn(l), Mglll) and
Mn(in

The both systems are constructed by multimagnetic
sublattices (Fe(Ill) ions form two positions) [143-147]. The
observed differences in site population of specific metal ions
between the samples with different methods of preparation had an
impact on various physical properties. Earlier this has been seen
in observation of temperature dependence of the EPR spectra of
these materials. It had been proposed that two processes could
have an influence on the dynamical spin relaxation processes. One
was assumed to be connected with the sample oxygen deficiency
and the other with the distribution of the M and Fe atoms in the
M(1), M(2), M(3) sites. The magnetic properties of the
M,FeV;0;,4 and M;Fe V40,44 vanadate, characterized by a
disordered distribution of diamagnetic M(II) and high-spin Fe(II)
ions, are studied using electron paramagnetic resonance (EPR)
measurements. Figure 2 shows representative EPR spectra of
Zny)FeV;0,, 4 at different temperatures. A single, broad resonance
line in the g = 2.0 region dominates the spectra in the whole
temperature range, while a much weaker and narrow resonance
line is observed at g = 2.02(1), most probably due to paramagnetic
defects. The similar is observed for both vanadate systems at
room temperature. To explore the origin of the resonance line of
Zn,FeV;0,4 sample, the EPR susceptibility x(EPR) was
estimated by double integration of the absorption derivative over
a field range of 10 A4Hpp (peak-to-peak linewidth) at 260 K and
comparison to that of weighted CuSO45H,0 reference samples
[144]. The value of 0.008(3) emu/mole is found for yEPR at 260
K, which corresponds to about 70% of the static susceptibility
x(260 K) = 0.0118(1) emu/mole and approximately 5.5(3) x 1020
spins/g assuming the presence of Fe(III) ions in the high-spin state
(S = 5/2) [21]. To evaluate the temperature variation of the EPR
parameters, the derivative spectra were fitted to a full Lorentz line
comprising the tail of the resonance absorption at negative field, a
consequence of the linearly polarized rf field that is important
when the width becomes comparable to the resonance field. The
integrated intensity a continuous was decreased in accordance
with the Curie-Weiss law at higher temperatures with well
defined peak is observed at 7'~ 55 K for Zn,FeV;0;,4, T= 50 K
for Mg2F6V3011_d, T = 40 K for Mg3Fe4V6024_d, T = 40 K for
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Zn3Fe,VOypyq samples [21,25,28,32]. Moreover, a clearly
detectable temperature variation of the g-factor that reaches a
minimum value close to 55 K, is also observed. Such a
temperature variation of the EPR parameters is frequently
observed near magnetic phase transitions for ordinary
antiferromagnets [149] or spin-glasses [150], due to the slowing
down of spin fluctuations and the growth of internal fields.

dy"/dB [arb. units]

40K

T T T
0 200 400 600 800 1000
Magnetic field B [mT]

Fig. 2. The EPR spectra different temperature regions in
Zn3Fe, V0,4 compound

Replacing diamagnetic ions (M(II)) with magnetic ions in
M;FesVg0i4.¢ (M(ID=Cu(ll) and Mn(Il)) compounds could be
given the magnetic interactions and relaxation processes more
complicated [30,32]. Figure 3 presents the FMR spectra in
Mn3FesV0y4.q compounds where in lowered temperature is
appeared additional resonance line arising from manganium (II)
ions.
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o
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Fig. 3. The EPR spectra different temperature regions in
Mn;Fe V0,4 compound
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All the samples a transition to a spin-glass-like state is
observed at low temperatures, indicating appreciable spin
frustration. EPR measurements verify the presence of strong
aniferromagnetic coupling of the Fe(Ill) spins from high
temperatures, while a distinct change of the temperature variation
of the EPR parameters is observed at low temperatures,
complying with the mean-field energy scale provided by the
Curie-Weiss temperature of the system. The concomitant
magnetic inhomogeneity is attributed to the presence of small
amounts of oxygen deficiency that modifies the superexchange
paths between magnetic Fe,Oy dimeric units and leads to an
inhomogeneous magnetic ground state at low temperatures.

Both the resonance field and the integrated intensity of the
EPR spectrum have shown a minimum at ~220 K [24,29]. It is
very surprising that replacement of different M(II) ions in the
multicomponent vanadates system produces such similar
behaviour in the high temperature range. Coexistence of two
subsystems of magnetic iron(Ill) ions in the multicomponent
vanadates compounds M-Fe-V-O (M(Il) = Zn(II), Mg(II), Cu(II)
and Mn(I)) has lead to the competition of magnetic interactions
forming a frustrated system that prevented creation of an
magnetic ordered state at high temperatures. It is very surprising
that replacement of different M(II) ions in the multicomponent
vanadates system produces such similar behaviour in the high
temperature range. Replacing the M(II) ions by “strong” magnetic
ions (Ni(Il)) or lead ions could even lowered crystallographic
structure and are given very interesting magnetic properties
[27,151,152].

3.3. Nanocomposites TiN/C, TiC/C,
Ti-Si-C and Ti-Si-C-N

Figure 4 displays the EPR spectra of magnetic localized
centers in TiC+SiC+20%C and SizN4+Si(C,N)+Ti(C,N)+1%C are
taken at different temperatures. In both samples a very narrow
EPR line arising from magnetic localized centers could be
observed. At room temperatures a narrow line dominates the
spectrum, centered at g,;=2.0036(2) with peak-to-peak linewidth
AH,~=14(1) G and at g, =2.0029 with 4H,=1.7(1) G in
TiC+SiC+20%C and Si3Ng+Si(C,N)+Ti(C,N)+1%C
nanocomposites, respectively. The both nanocomposites in the
high temperature region the line is asymmetric the best fit is
obtained by using Dysonian lineshape function. In contrast,
almost symmetric resonance line is recorded in the low
temperature region for both samples and a good fit is made by
applying Lorentzian lineshape function. Fitting of experimental
spectra to Lorentzian and Dysonian lines are presented in [40].
Generally, Dysonian line consists of absorption 4 and dispersion
D terms:

_2
+D1x

(1+x2)2

dle 2x
dH (I+x2)2 @)

where x=(H-H,)/AH,,, H, is the resonance field and AH,, the
peak-to-peak linewidth. The D/A ratio is connected with the
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asymmetry of the resonance line. The asymmetry increases with
increase in temperature indicating on the increasing role of
sample conductivity [41]. For nanocomposite
Si3Ny4+Si(C,N)+Ti(C,N)+1%C was recorded a more intense EPR
signal than the other at room temperature while opposite is
observed in the low temperature region. The thermal annealing
plays a significant role in the formation of additional
paramagnetic centers or could essentially change the conducting
properties of materials. Dysonian lineshape of the resonance
lines suggests the existence of an appreciable electric
conductivity in both nanocomposites samples, much bigger in
TiC+SiC+20%C.

Essential changes of EPR parameters was recorded [41]. The
position of the resonance line shifts towards low magnetic fields
with decreasing temperature. Similar behavior was observed for
previously studied samples [40]. It could be suggested that in such
a multiphase system the spin reorientation processes are more
intense at low temperatures. The shift of the resonance line is the
consequence of the change of the resonance condition (1). The
internal magnetic field is created by the fluctuating correlated spin
system. In disordered system the competition between magnetic
interactions present in a spin system is an additional factor that
could essentially influence the behavior of the resonance line with
changing temperature. The linewidth of the resonance line
increases with decrease in temperature for both samples, but the
rate of this change is significant only in the low temperature range
[41]. A short range magnetic order, confined to distinct spatial
regions could cause the sharp variation of the EPR parameters and
inhibit long-range magnetic order. Similar behaviour was
observed for paramagnetic centres in quite different compounds -
in ternary vanadates [25,28].

The EPR integrated intensity, defined as the area under the
absorption resonance curve, is proportional to the imaginary
part of the complex magnetic susceptibility. For both
nanocomposite, three clear different regimes of Curie-Weiss
temperature evolution could be recognized. The negative value
of the Curie-Weiss temperature indicates on the presence of
strong antiferromagnetic interaction while a positive value of &
indicates on the existence of ferromagnetic interactions between
the localized magnetic centers. In previously investigated

a)
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-
:
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3360 3380 3400
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samples in the high temperature range essential ferromagnetic
interactions were observed [40]. The coupling of localized
magnetic centers with conducting electrons could provide the
domination of strong antiferromagnetic interactions at high
temperatures. The competition of magnetic interactions in
different sublattices prevents formation of the long-range
magnetic order at high temperatures [24,29]. The presence of
low temperature ferromagnetic interaction was detected in a
similar material - TiC,/C nanocomposite [35]. In order to
explain the EPR results of our investigations a model of the
exchange coupled two systems of localized defects and
conduction electrons in the bottleneck regime could be applied
[153]. A possible explanation of the observed EPR spectrum
could involve electrons trapped by vacancies or defects. An
argument for the electrons trapped by vacancies is that they
have a g factor slightly larger than 2 and do not exhibit
hyperfine structure [154,155]. Small concentration of localized
magnetic centers in disordered and multiphase Ti-Si-C-N
system is a very interesting subject for studying the
reorientation of correlated spins and observation of their
temperature evolutions. A strong antiferromagnetic interaction
is observed at high temperatures while the ferromagnetic one is
dominating at low temperatures. In the high temperature range
the EPR spectra reflect the dominating role of conduction
electrons while in the low temperature range the localized spins
dominate.

3.4. Magnetic agglomerates and
extended free radicals network

Figures 5 presents the temperature dependence of FMR/EPR
in extended free radical network derived from condensation of
cyanuric chloride with p-phenylenediamine. The measurements
show the coexistence of two spectra arising from two different
magnetic centers. At room temperature the narrow line centered at
g.=2.0038(1) with linewidth AH=7.42(2) Gs is assigned to free
radicals, while the broader line centered at g.;=2.2536(2) with
linewidth AH=1298(2) Gs is attributed to iron oxide clusters.

b)

80000 ; ;

60000 -

40000

20000

-20000

dy"/dH [Arb. units]
-
:

-40000

-60000 —

-80000 L L
3360 3380 3400

Magnetic field H [G]

Fig. 4. EPR spectra of two samples from the Ti-Si-C-N system registered at different temperatures: (a) before annealing and (b) after

annealing low temperature range
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Fig. 5. EPR spectra in magnetic agglomerates and extended free
radicals network derived from condensation of cyanuric chloride
with p-phenylenediamine at different temperatures

For the latter, the values of the g, and linewidths are very
similar behavior to what has been observed for magnetite centers
at low concentration in a non-magnetic matrix [10,13]. The broad
FMR line was more intense at high temperatures while the narrow
line was more intense at low temperatures. The aim here is to
study the interaction of magnetic clusters (or agglomerates) with
free radicals. The resonance field shifts to higher magnetic fields
with decreasing temperature for broad line while the opposite
effect is observed for a more intense line. The broad resonance
line shifts to higher magnetic field with different temperature
gradients [42].

Other system with lower concentration of free radicals have
been presented in [44]. The temperature dependence of the
resonance field H, and linewidth AH,, of the broad resonance line
are very similar to those reported for other nanoparticle systems in
that H, decreases and AH,, increases with a decrease in
temperature. The resonance field shifts towards low magnetic
fields with the gradient AH/AT = 2.3(2) G/K which is slightly
greater than observed for samples with a greater concentration of
magnetic nanoparticles [42,43]. The broadening of the narrow

a)

dy"/dH [Arb. units]

T=4K TiO,/400°C

33‘50 34‘00 3450
Magnetic field H [G]

resonance lines is more noticeable at higher temperatures for
samples with magnetic agglomerates and mainly depends on their
concentrations. The integrated intensity of the narrow resonance
lines in both samples increases with decreasing temperature [44].
The integrated intensity essential depend from concentration of
magnetic clusters. The reciprocal of the integrated intensity for
the narrow lines is gone with Curie-Weiss low inn the low
temperature range. The positive sign of the Curie-Weiss
temperature indicates the existence of ferromagnetic interactions.
The wvalue of this parameter decreases with decreasing
concentration of magnetic agglomerates [44]. A very strange
behavior for the intensity of is observed in the high temperature
range. At ~ 200 K a change in the type of magnetic interaction
(ferromagnetic/antiferromagnetic) is observed, and is probably
connected with competition of different magnetic interactions.

Small concentrations of magnetic nanoparticles embedded in
a non-magnetic matrix could generate an essential internal
magnetic field that might change the resonance condition (1). The
dipole-dipole magnetic interaction between agglomerates and
localized magnetic centers could essentially influence the
reorientation processes and a large number of spins could be
subjected to an average magnetic field of very low value. This
behavior is very important for magnetic processes in carbons,
especially for multiwall carbon nanotubes [47,48]. From the
above study it is seen that large-size magnetic agglomerates at
low concentration have an essential influence on all parameters
FMR/EPR. The broadening of the resonance line suggests a
strong dipole-dipole interaction which could have an influence on
the intensity of the magnetic resonance spectra. The observed
decrease in the Curie-Weiss temperature with decreasing
concentration of additional magnetic centers could be an
important parameter for the magnetic characterization of samples
containing such centers.

3.5. Nanocomposite TiO->

Figure 6 presents the EPR spectra of TiO, nanocomposite
temperature at 400°C before and after rinsing with water. Before
rinsing the EPR spectra have shown the presence of the resonance
line of Dysononian lineshape attributed to free radicals which
after rising decreasing essential.
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Fig. 6. The magnetic resonance spectra of TiO,: before rinsing Ti0O,/400°C (a) and after rinsed TiO,/400°C (b)
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The Dysonian lineshape suggests the existence of electron
conductivity (skin effect) that could have an influence on the
integrated intensity of the EPR spectra of free radical. The
registered resonance lines were centred at g.,;~2.0031(4) with
linewidth 4H,,,=6(1) G for sample TiO,/400°C, and g.;~2.0027(4)
with linewidth A4H,,=8(1) G for sample TiO,/400°C rinsed,
8=2.0027(4) with linewidth 4H,=5(1) G for sample
TiO,/450°C and g,;=2.0032(4) with linewidth AH,,=7(1) G for
sample Ti0,/450°C rinsed which does not display any significant
temperature dependence [46]. The g-factor is almost the same for
all samples but the linewidth increased essentially after water
rinsing in both cases. It could be suggested that the relaxation
phenomena are different before and after rinsing processes. The
resonance line of free radicals disappeared in the high temperature
range for sample TiO,/400°C rinsed. The character of temperature
dependence of amplitude is almost the same for all samples.
Samples TiO,/400°C and TiO,/450°C rinsed have presented the
same EPR spectra but their integrated intensity was different and
was about two times greater for the first sample at 4 K. The
reciprocal of signal amplitude shows the Curie-type behaviour at
low temperatures (below 180 K) but different dependence in the
high temperature region. Probably the electron conductivity has
an essential influence on the intensity of the resonance lines
arising from free radicals.

For nanocomposite TiO,/400°C rinsed additional spectra have
been appeared from magnetic agglomerates and Ti(Ill) ions
(8./=1.996(2) [46]. The temperature dependence of the amplitude
due to Ti(IIl) ions and free radicals, the Curii-type behaviour are
observed. Small concentration of magnetic nanoparticles
embedded in a non-magnetic matrix produces resonance lines
located in low magnetic fields. Ferromagnetically ordered states
in titanium oxides as well in titanium carbide have been recorded
[156,157]. The two resonance lines observed at low magnetic
field are supposed to come from magnetic agglomerates. The
resonance lines are shifted to lower magnetic fields with
decreasing temperatures in the high temperature region. The
change in resonance field is connected with the change of the
resonance condition (1). It is found that more oxygen vacancies
produce more recombination centers and yield more
photocatalytic reactive centers improving the photocatalytic
activity and the Ti(IV) ions in TiO, can be reduced to Ti(IIl) ions
by reacting with reducing agent at high temperature [158,159].
Due to the upkeep of charge balance, after reduction of Ti (IV) to
Ti (IIT) the formation of oxygen vacancies is highly possible. An
increase of oxygen vacancies and trivalent titanium ions could
lead to formation of the correlated spin system. For free radicals
the relaxation phenomena are different before and after rinsing
processes. Essential changes of EPR parameters for free radicals
are observed at high temperatures and they could be connected
with electron conductivity. Appeared the FMR spectra at room
temperature suggested that some part of the sample could form
ferromagnetic correlated spin system [45]. It could be used for
application in spintronic because it is semiconductors, too.

3.6. Multiwall carbon nanotubes

The EPR spectra of the PTTPTMO/ MWNT composites
consist a single resonance line with g-factor 2.0035(6), very close
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to the free electron value ge=2.0023, and peak-to-peak linewidth
AH,=5(1) G at 290 K [49]. Both ESR parameters are
considerably smaller than the corresponding ones for pristine
MWNTs [47,115] whose ESR spectrum is dominated by the
strongly anisotropic resonance of conduction electrons. The
temperature dependence of the g-factor and the resonance
linewidth AH,, of the EPR line for the PTT-PTMO/MWNT
composites was comparison with the corresponding variations for
the pristine MWNTs [47,49]. Both parameters vary weakly with
temperature, a shallow peak can be only traced at 250 K in
AH,(T) together with a weak broadening at 7~20 K for the
MWNT polymer composites. This is in contrast with the strongly
temperature dependent EPR spectra of pristine MWNTs caused
by the high g-anisotropy of the CNT graphene layers. The
temperature variation in the EPR parameters may generally arise
from both the doping of the MWNTSs as well as the introduction
of a high density of paramagnetic defects prevailing in the EPR
spectra of the exchange coupled system of conduction and
localized spins. In the former case, the Fermi-level shift and the
concomitant release of the semimetallic 2D graphite band
structure diminishes the pronounced g-factor anisotropy similar to
the reduction in the orbital diamagnetism, as previously observed
in K and B doped MWNTs [48,118,160]. In the latter case, the
formation of a large number of localized spins with spin
susceptibility exceeding that of the conduction electron spin
system, results in the effective reduction in the anisotropic
conduction EPR spectrum of MWNTs, especially at low
temperatures [122]. EPR and static magnetization measurements
on composites of oxidized MWNT embedded in PTT-PTMO
segmented block copolymers reveal a drastic variation in the CNT
magnetic response in the polymer matrix. The diamagnetic
susceptibility of the MWNTs filler and its temperature
dependence is markedly reduced, suggesting the presence of
effective hole-doping and substantial shift in the Fermi level,
attributed to the oxygen functional groups on the oxidized CNT
surface. The spin susceptibility of the composite system is
considerably enhanced mainly due to the formation of a high
density of paramagnetic defects, exceeding largely that of the
pristine  MWNTs. The temperature dependence of the
corresponding ESR spectra indicates that the underlying defects
are sensitive to the mechanical relaxation of the copolymer matrix,
and thus to the interfaces of the oxidized MWNTs with the
surrounding polymer.

3.7. nFe;05/(1-Nn)ZNn0 nocomposites

The FMR spectra are dominated by intense, broad
asymmetrical resonance line in the all nanocomposites at room
temperatures (Fig. 7). The FMR parameters strongly depend
from n and the way of preparation [50,52,55]. The registered
spectra are typical for magnetic nanoparticles in a
superparamagnetic phase. In such case a few different
lineshapes of FMR spectra have been considered [55]. The
obtained spectra have been fitted with Landau-Lifshitz line. The
following equation for the Call lineshape is obtained in case of
the linear polarization of the microwave field and for a perfect
ferromagnet [161]:
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where C is a numerical constant, H, is the resonance field, and AH
is the linewidth. The fitting was good except and the resonance
line is centered at about g,;~1.998(1) with a linewidth varying in
the 150-440 G range [161].
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Fig. 7. The FMR spectra at different temperatures in

0.80(Fe,05)/0.20Zn0O

Figure 7 presents the FMR spectra in 0.80(Fe,03)/0.20ZnO.
The apparent amplitude of the line decreases with temperature
decrease from room temperature (RT). The line shifts towards
lower magnetic fields, and its linewidth increases. The apparent
resonance field is defined as the magnetic field at which the first
derivative absorption line changes sign, and the apparent
linewidth is the doubled magnetic field difference between the
resonance field and the magnetic field at which the derivative
reaches a minimum. As can be seen in [54,56,57], the apparent
resonance field decreases with decrease in temperature, but this
change increases significantly below 40 K. An apparent linewidth
increases with temperature decrease from RT in the whole
investigated temperature range, but that change seems to be
particularly strong in the 16-8 K range. Both the apparent
resonance field and linewidth temperature dependencies are
typical of observations earlier in similar nanoparticles systems in
the superparamagnetic phase. The blocking temperature appears
to be below 50 K. In a wide temperature range 50-290 K, the
FMR spectrum of ZFO nanoparticles displays typical features of
the superparamagnetic phase. FMR measurements revealed the
presence of a magnetic multiphase system. The FMR response
was modeled by two Callen lineshape components, and the
temperature dependence of the FMR parameters was studied in
the 4-290K range. One component was attributed to the
ferromagnetic nanoparticles with a blocking temperature of ~25 K,
having a small value of the inversion parameter. The other
component is produced by nanoparticles with larger inversion
parameters and with a more reconstructed surface, generating
various defective magnetic phases. They are responsible for the
observed spin-glass-like behavior.

Low concentration magnetic nanoparticle and localized magnetic centers in different materials: studies...

4. Conclusions

The FMR/EPR is a very effective method for study materials
containing magnetic nanoparticles and magnetic moments
localized on the atomic level. This is particularly important in
nanocomposite materials, where there are many critical points.
Strongly affect the dynamic behavior of the correlated spin
systems and the localized magnetic centers on the critical points.
It is evident that in studying a variety of materials many far-
reaching conclusions can be drawn and after this the method
FMR/EPR will be very effective as a chip method for
characterization nanocomposites materials.
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