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Section 6: Nano-structured materials

MAGNETIC AND STRUCTURAL PROPERTIES OF y-Fe,O3
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Using ferric chloride and tetraethylorthosilicate (TEOS) as precursors, acetic acid and
isopropyl alcohol as additives, and ethyl alcohol as solvent, Fe;03:Si0, (30+70 %; 70+30 %
molar ratio)- EtOH:TEOS:H,O (17.5:1:16 molar ratio) xerogels were prepared. Fe,O;
nanoparticles formation in amorphous SiO, by xerogel annealing at 100 °C, 200 °C, 900 ° C
and 1100 °C is presented. The samples were examined by X-ray diffraction (XRD), infrared
spectrometry (IRS) and dc magnetic measurements. Ferrimagnetic phase accurs after 900 °C
heating; superparamagnetic behavior was observed after 200 °C heating and amorphous
antiferromagnetic Fe,O; phase was found after 100 ‘e heating. The increase of Fe ions leads
to larger particle dimensions and the annealing temperature is decisive in different Fe,0;
phases formation.
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1. Introduction

In the last years, the interest of the study concerning nanoparticle systems was improved, in
the first place, because of the peculiarities observed in their magnetically behaviour, comparing the
same bulk materials [1-5]. The nanoparticle’s dimensions and shape together with magnetostatic
interactions among them, have an important influence upon macroscopic magnetic properties
(magnetisation, coercive field, magnetic susceptibility) of the system [6-8]. Particles y-Fe,O4 are
known being utilised successful as magnetic recording media [9-12]. Particle size reduction toward
the monodomain configuration allows both an arising density in this media and the appearance of
interesting, magnetic properties. Mutual particle magnetostatic interactions are significantly limited or
even eliminated by their dispersion over a (crystalline), amorphous, nonmagnetic solid matrix [13-
14]. On the other hand the grate interest for these systems is due to the possibility to obtain a reduced
switch time of the saturation magnetisation (nanoseconds). To obtain the dispersed magnetic
nanoparticles in amorphous silica matrix the sol-gel processing was used, which permits rigorous
control of a narrow particle size distribution [15]. In this paper, we presents investigations concerning
some structural and magnetic properties of the Fe,O; (y-Fe,O3 and a-Fe,O3) nanoparticles in SiO,
matrix, obtained starting from tetraethylorthosilicate (TEOS) and ferric chloride hexahydrate
FeCl;.6H,O precursors.

2. Experimental
A series of iron oxide silica composites were prepared by mixing an alcoholic solution of

TEOS (Fluke) and aqueous solution of iron chloride (FeCl;.6H,0, Fluka A.G. puriss, p.a.), using a
small amount of acetic acid (CH;COOH) in water and ethyl alcohol (C,HsOH) as mutual solvent
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following a procedure described elsewhere[gr]. Sol-gel process was carried out under high acidic
conditions, at pH<2, in order to prevent the precipitation of the iron hydroxides. The Fe,03:5i0, ratio
was (70 : 30)%, samples A, respectively (30 : 70)%, samples B. After gelation at room temperature, in
covered weasels, the obtained xerogels were slowly dried at 100 °C, at constant weight (samples A1,
respectively B1). The dried xerogels were fired, at 200 °C (sample A2, respectively B2), 900 °C
(sample A3) and 1100 °C (sample B3) and kept 60 minutes at each temperature.

The structural evolution of the samples, during thermal treatment, was monitored by thermal
analysis (Paulik-Paulik-Erdey Derivatogrph), IR spectroscopy (SPECORD M 80 spectrometer) and
X-ray diffraction (XRD). The XRD spectra was carried out using a DRON II Diffractometer with Cu
Ka wavelength (1,54056 "A).

Magnetic measurements were performed on a standard equipment, based on the fluxmetric
method connected to a data acquisition computing system (PC). The cylindrical shape of the measured
sample was characterised by the following dimensions, 45 mm high and 4.5 mm in diameter. The
utilised software permits to introducing of the demagnetisation field correction.

3. Results and discussions

Each temperature treated sample has been structural and magnetically characterised. X-ray
diffraction patterns, Fig. 1 and Fig. 2, shows the amorphous state of the samples Al and B1 (dried
xerogels). In the case of 200 °C fired sample, A2, the appearance of the small picks attributed to
v-Fe,Oj; crystalline phase it’s obvious.
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Fig. 1. XRD spectra for the sample Al (a) and A3 (b).

After 900 °C (sample A3) respectively 1110 °C (sample B3), annealed iron oxide-silica
composite, the XRD spectra put in evidence the diminishing intensity of the y-Fe,O; phase, with
increasing temperature (200-900) °C and the appearance of the stable and well crystallised phase. At
900 °C y-Fe,O; phase concentration is under 10 % comparing approximately 90 % o-Fe,O;. At
1100 °C, y-Fe,03 phase concentration was unobservable on XRD spectra. According to literature [16]
among other factors, utilising ferric chloride in stead of ferric nitrate as reactant favours a-Fe,O4
phase formation.
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Fig. 2. XRD spectra for the sample B1 (a), B2 (b) and B3 (c).
Particle size average, determined from XRD spectra, utilising Scherrer equation [17]
D311)=0.9 A/ By cosd (1)

where, By is the full width at half maximum corresponding to (311) crystalline plan, 0 is the Bragg
angle and A is the X-ray wavelength, Particle size average dimension is dependent on synthesis
conditions and it increases with arising temperature during thermal treatment, the smallest particle
size being observed at 200°C (~7 nm) [18].

IR spectra recorded in the 4000-200 cm™ range, coupled with thermal analysis data show the
thermal evolution of the composition and structure of the xerogels. Increasing temperature leads to
diminishing and disappearance of specific vibration peaks due to adsorbed water, Si-OH or organic
radicals bonds confirmed by TG and ATD curves. In the same time it can be observed the Si-O-Si,
(800, 1080 cm™), Fe-O (650-330 cm™) specific vibrations development [18].

Magnetic measurements put in evidence a different behaviour of the nanoparticles system at
different temperatures and iron oxide concentrations in silica matrix, as it shown in the Fig. 3 and
Fig. 4. The magnetisation curve shows an antiferromagnetic behaviour [19] of the both Al and Bl
xerogels (dried at 100°) corresponding to amorphous Fe,O; present in the system (Fig. 3a and
Fig. 4a). The reduced saturation magnetisation values of the samples B3, o; = 0.13 emu/g (Fig. 4¢)
comparing those of the bulk material y-Fe,03, o, = 76 emu/g [20] prove the antiferromagnetic
a-Fe;O; was the predominant crystalline phase, confirmed by the XRD investigations (Fig. 2¢). This
result can be attributed to the higher temperature of the thermal treatment (1100 °C) which favourites
o-Fe,0; more stable phase [16]. The magnetic hysteresis loop presence at this temperature could be
considered as a consequence of both, the increased Fe,O; concentration (30%) and the elevated
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Fig. 3. Magnetisation curve, sample Al (a), and magnetic hysteresis loop, sample A2 (b).
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Fig. 4. Magnetisation curve, sample B1 (a) and magnetic hysteresis loops, sample B2 (b) and B3 (c).

temperature of thermal treatment. All these factors are leading to the rising ferrimagnetic y-Fe O,
particle size [15] and agglomerated particles. The mentioned effect is more obvious for the sample A3
(Fig. 3b), because of the concentration of iron oxide (70%) in silica matrix being 2.33 times greater. It
can be expected, in this case, the nanoparticle system magnetic behaviour to be comparable to the
bulk material. However, the saturation magnetisation value registered for A3 sample was o; = 10
emu/g, represents about a half from those reported in literature (¢ ~20 emu/g) for y-Fe,O;
nanoparticle system [20]. The found diminished value can be attributed both to the a-Fe,O; presence
in the system and to the magnetostatic interactions among the particles. It can not be excluded the
possibility of the multidomenial nanoparticle in the mentioned system, which can be magnetised by
Bloch walls displacements supplementary mechanism. In the case of reduced concentrations and
temperatures, the nanoparticle system had a superparamagnetic behaviour (Fig. 4b). In this case
saturated magnetisation o5 = 0.71 emu/g, greater than those corresponding to the temperature 1100 °C
(o5 = 0.13 emu/g). The increased magnetisation can be attributed to the ferrimagnetic y-Fe,O; phase,
predominant presence in the system, because of it’s thermodynamic stability in such conditions.
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Particle dimensions being reduced at 200 °C, it is possible to be monodomenial, and their magnetic
moments can suffer fluctuations along the easy magnetisation axis (180° rotation) due to the thermal
movement. Following the Neel theory, the relaxation time 1, results from the expression:

1 = 1oexp ( KV /KT), (2)

where, 1, = 107 s, K represents the uniaxial anisotropy constant of the spherical particle, V is the
particle volume, k Boltzmann constant and T temperature. Assuming D(311) =7 nm, and K = 1.8 x
10* j:‘m“ [21], it was obtained T = 2.18 ns. As long this value is much smaller than the required
measurement time, t = 20 ms, the magnetic moments follow the applied magnetic field variations and
the system behaviour is superparamagnetic.

4. Conclusions

Using a sol-gel processing, a nanoscale particle size, in the Fe,03-Si0, system, has been
obtained. TEOS and FeCl; precursors, in the described conditions of the process, have lead to the
antiferromagnetic «-Fe,0; as predominant crystalline phase formation and a small amount of y-Fe,O;.
At elevated temperatures (900 — 1100 °C) the stable a-Fe,O5 phase development is favoured. Both,
the molar ratio Fe,QOi: SiO; and thermal treatment temperature have a significant influence upon the
particle size. Thus, at the 200°C and (30:70) Fe,O;: SiO; molar ratio, the y-Fe,O; nanoparticles had
lower dimension and they are magnetic isolated in silica matrix, the reason because the system had a
superparamagnetic behaviour. Contrary, taking into consideration higher Fe;O; concentration (70%)
in silica matrix and higher temperature (900 °C), the system was characterised by ferrimagnetic
behaviour as a consequence of the concentration and nanoparticles average dimension increasing.
This is leading to the frequent particles agglomerations occurrence, because of magnetostatic
interactions among them. At 100 °C (dried xerogels) the antiferromagnetic amorphous phase Fe,O; is
dominant.
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