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A series of FeO;-SiO, nanocomposites (25 weight % of &) has been prepared using a
sol-gel method. Samples showing different features were obtained by varying the evaporation
conditions acting on the surface / volume ratio of the starting sol. The samples were investigated
using Mssbauer spectroscopy at low temperature. Th®fanoparticles have been identified as
maghemite {-Fe,05;) particles. The samples show a superparamagnetic behavior with a blocking
temperature that depends on the average particle size.
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1. Introduction factors affecting the particle growth [11]. Therefore
we decided to prepare the J&&; / SiO, nanocompos-

Maghemite {-Fe,O,) is widely used in magnetic ites by a sol-gel method similar to the one successfully
recording systems and catalysis [1, 2]. Its propertiagsed by del Monte et al. [12], but varying the evapo-
are enhanced when the size of the particles reachesion conditions (and as a consequence the gelation
the nanometer range [3, 4]. Nanosize#e,O, trans-  time) through a control of the surface / volume ratio of
forms to a-Fe,O; (hematite) at rather low tempera-the sol §/V'). X-ray diffraction (XRD) and transmis-
tures ~350°C) [5, 6], but it can be stabilized by in- sion electron microscopy (TEM) analyses of this se-
corporating the nanoparticles into polymeric, glassties of samples indicated that in this way a continuous
or ceramic matrices [5, 7, 8]. Moreover, a growingariation of the particles size can be realised, a pro-
attention has recently been devoted to maghemifgessive decrease of particle size with increasifng
nanoparticles dispersed in a transparent matrix foeing observed. Unfortunately, for the samples with
their use in magneto-optical recording systems [highS/V values, the crystalline peaks are very broad,
9, 10]. Among the various preparation proceduresadicating the presence of iron oxide nanoparticles at
which can be used to obtain f&,-SiO, nanocom- the limits of XRD observation. Moreover, the position
posites, the sol-gel method has proven to offer sonaf the main signals is consistent with thespacing
interesting features that allow controlling the finatypical for most iron hydroxides, oxyhydroxides or
properties of the material [11, 12]. Several preparaxides. In [13] the presence of t&dine ferrihydrite
tion methods have been tested, and some of thgsthase was revealed in &, / SiO, nanocompos-
have proven to fulfill the requirement of producingtes, obtained by a sol gel method, through a com-
selectively they-Fe,O4 phase [7, 12]. It is difficult, plementary use of XRD, TEM and &&sbauer spec-
however, to find a way of tailoring the particle sizeroscopy. In this respect it seemed very important to
and regulating the connected physical properties. perform Mossbauer low temperature measurements

Studies of the particle formation mechanism eviin order to unambiguously identify the nanoparticle
denced that the surface area and porosity are the mpimase present in these composites.
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Table 1. Preparation conditions of the samples.

Compositionwt% Label Volume Surface/Volume ¢ . 7',
(mm=1)  (day9 ()

Fe,0, (ml)
25 C 20 0.037 16 400
25 B 75 0.100 8 400
25 A 25 0.300 2 400

2. Experimental Procedure

A series of Fe,05-SiO, nanocomposites contain-
ing 25 weight % of Fe,O4 in the final product were
prepared. A detailed description of the preparation,
morphological and magnetic characterisation will be
reported in a successive paper. In the present work,
only the information essential for the understanding
of the Mdsshauer investigation will be given.

The starting sol was obtained by mixing TEOS
(Aldrich , 98%) and an ethanolic solution of iron ni-
trate nonahydrate (Fe(NO,); - 9H,0, Aldrich 98%).
The hydrolysis reaction was promoted by the hydra-
tionwater of thesalt. Thesol, withaninitia acidic pH
of about 1, wasstirred for 15 min and then pouredinto
three separate vessels. Thevessels contained different
amounts of the sol, therefore determining a variation
in the surface/ volume (S/V') ratio. The vesselswere
closed with a sea having a small punched hole, and
then their contentswas let to gel in an oven at 50 °C.
The gelation time of the nanocomposites changed
from 2 to 16 days for obtaining different S/V ra
tios (Table 1). The fresh gelswere calcinated directly
at 400 °C for 4 hours and then powdered. We inves-
tigated three samples with different S/V ratio; they
areidentified with the letters A, B and C in Table 1.

XRD powder patterns for all samples were col-
lected between 4 to 36° of 260 using a Siemens D500
diffractometer with a MoK« radiation. TEM analy-
sis was performed with a JEOL 200CX microscope
operating at 200 kV.

Mossbauer absorption spectra were obtained in a
standard transmission geometry, using a source of
5’Co in rhodium (370 MBq). Calibration was per-
formed using a 25 um thick natura iron fail; the
isomer shifts are referred to a-Fe. The measurements
at room temperature were carried out on powdered
samples kept in a Plexiglas holder.

The measurements at low temperature were per-
formed using a flow cryostat with Mylar windows.
Nitrogen or helium were used as cryogenic liquids.
These measurements were carried out using a copper
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Fig. 1. XRD spectra of the three nanocomposites obtained
with the preparation conditions reported in Table 1.

sample holder maintained in exchange gas (nitrogen
or helium); the powderswere kept between two layers
of Plexiglas. The surface density of the absorber was
70, 120, and 180 mg/cm? for the sample A, B, and C,
respectively.

The absorption spectra were analyzed by peaks
with Lorentzian shape, using a least squares method.
Actualy, this fitting procedure is an approximation
because superparamagnetic materials do not show
simple Lorentzian line shapes, owing to the pres-
ence of phenomena of paramagnetic relaxation [14].
A guadrupole doubl et was used to fit the non-blocked
component, and one or two sextets were used to fit
the blocked component.

3. Results

In Fig. 1 the XRD spectra for the three nanocom-
posites treated at 400 °C are reported. All the spectra
show a broad halo due to amorphous silica, with a
series of crystalline peaks, which are due to the iron
oxide phase formed. For the sample C the diffraction
peaks unequivocally indicate that the formed phase
is v-Fe,O5. For the other samples the peaks become
broader, suggesting a progressive decrease of parti-
cle size. The particle size distribution, obtained by
TEM analysis, confirms this result with average val-
uesof (6.0+2.0) nm, (4.5£1.5) nmand (2.5£1.0) nm
for the samples C, B and A, respectively. However,
only on the basis of XRD results, an unequivocal
identification of the iron oxide phase is not possible
for the samples A and B; in particular, the spectrum
of sample A is very similar to the one obtained for
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Fig. 2. Mosshauer spectra of sample A at different temper-
atures. The experimental points (dots) and the calculated
data (solid line) are shown.

a nanocomposite containing the phase known as 2|-
ferrihydrite [13].

In Figs. 2 - 4 the Mossbauer absorption spectra of
the three samples, recorded at different temperatures
ranging from 293 to 4.2 K, are shown. In Table 2 the
results of theleast squaresfitting are given; theisomer
shift (6), quadrupole splitting (&), full width at half
maximum (1), hyperfineinternal magnetic field (B),
and area (A) of each component are reported.

Figure 2 shows the spectra of the sample A. At
room temperature, only the non-blocked component
can be detected. A dight appearance of the blocked
component, evident as a bending of the baseline, can
be observed at 55 K, but it is clearly distinguishable
at 50 K.

The sample B shows a similar behaviour (Fig. 3):
at room temperature only the non-blocked component
is present. The blocked component can be observed
at84kK.
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Fig. 3. Mosshauer spectra of sample B at different temper-
atures. The experimental points (dots) and the calculated
data (solid line) are shown.

Conversely, the sample C (Fig. 4) presents a su-
perposition of the doublet due to the non-blocked
component and a Zeeman sextet due to the blocked
component even in the spectrum recorded at room
temperature.

At room temperature the spectra of the samples A
and B show the features of paramagnetic materials.
This behavior indicates that the size of theiron oxide
grainsis in the nanometer range. Both spectra show
components with values of isomer shifts (1S) typical
for trivalent iron [15, 16]; the quadrupole splitting
(QS) of the superparamagnetic component is con-
sistent with this interpretation. These spectra can be
fitted by a single doublet.

Conversely, the spectrum of the sample C can be
fitted with a doublet and a sextet due to a blocked
state even at room temperature.

At low temperature, a superposition of the super-
paramagnetic component and of the Zeeman split-
ted component can be observed in the spectra of
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Fig. 4. Msshauer spectra of sample C at different temper-
atures. The experimental points (dots) and the calculated
data (solid line) are shown.

al of the three samples. This component rises as
the temperature is lowered, and at liquid helium
temperature the superparamagnetic doublet vanishes
completely.

These spectrahave been analyzedinthe L orentzian
approximation, using a doublet to fit the superpara-
magnetic component and one or two sextets to fit the
Zeeman splitted components. The broadening of the
lines of the Zeeman splitted componentsis an effect
of the size distribution of the particles; particles with
different volume have a reduced magnetic field be-
cause of the effect of collective magnetic excitations
[17, 18]. The area of each component is proportional
to the number of iron atoms belonging to nanoparti-
clesin the non-blocked and blocked state. The results
of thisfitting procedure are reported in Table 2. Inthe
fit of the spectrum of sample C recorded at 77 K, two
sextets have to be used in order to take into account
the non-symmetric distribution of the values of the
hyperfine field.
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Table 2. Mossbauer parameters as obtained by fitting the
spectra of the samples. The table shows the temperature
(7") at which the spectrum was collected, the isomer shift
(6), the quadrupole splitting (A), the full width at half max-
imum of the peaks (17), the magnetic field (B), and the area
(A) of each component, and statistical errors are given in
parentheses as errors on the last digit.

Sample T ) A r B A P
(K) (mm/s) (mm/s) (mm/s) (T) (%)

0.34(1) 0.92(1) 0.63(1) 25
0.46(1) 1.00(1) 0.80(1) 55(1) 1.4
0.36(1) 2.9(2) 45(7)
0.46(1) 0.74(1) 31(1) 1.3
0.48(2) 252(8) 40.0(3) 69(5)

42 047(1) 1.04(1) 48.9(2) 46
B 2930 0.33(1) 0.68(1) 17

84.0 0.45(1) 0.81(1) a4(1) 2.3
0.43(3) 2.9(1) 56(5)
0.45(1) 0.78(1) 33(1) 2.3
0.41(2) 2.32(5) 44.4(2) 67(3)

42 0.46(1) 1.13(2) 50.2(1) 3.1
C 2930 033(1) 0.68(1) 63(2) 1.0
0.24(8) 2.2(2) 37(8)
0.46(1) 0.95(2) 14(1) 33
0.42(1) 0.74(3) 50.8(1) 25(2)
0.45(1) 1.90(3) 44.8(2) 61(4)
42 047(1) 0.94(2) 51.0(1) 3.1

A 2930
55.0
38(1)

50.0 1.06(1)

0.90(1)
1.07(2)
44.0(4)

773 1.08(1)

0.82(1) s

77.3 1.11(2)

The Mossbauer blocking temperature (T',,) is de-
fined by the condition that the area of the blocked
component equals the area of the superparamagnetic
component. The 7'g,, of the samples has been calcu-
lated by using a linear interpolation or extrapolation
of therelative areasin the spectrawhich show the two
components; it was found to be (54+3) K for sam-
ple A, (88+6) K for sasmple B and (236+11) K for
sample C.

4. Discussion and Conclusions

A detailed analysis of the Mdssbauer spectra, ob-
tained in the wide range of temperatures of the three
samples, on one hand confirms the results obtained
with XRD, on the other hand allows to overcome
the remaining ambiguity of the diffractometric study
about the iron oxide phase formed.

Infact, superparamagnetic behavior isexhibited by
all the samples, indicating that the size of iron oxide
grainsisawaysin the nanometer range. The decrease
of the surface / volume ratio of the sol givesrise to
an increase of the particles average size, while the
spread of sizes around the average value increases.
The size range is between that of single domain
particles (< 10 nm) and that of a superparamagnetic
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assembly of atoms (~ 1 nm). The observed trend
is clearly indicated by the evolution of the T'gy,’s,
which have the lowest valuesfor the sampleswith the
smallest particles, tending to maintain the superpara-
magnetic behavior down to low temperature.

The T'g), values also provide other interesting in-
dicationsif compared with the blocking temperatures
(7" max) Obtained by susceptibility measurements. The
zerofield cooled (ZFC) d. c. susceptibility of the sam-
ple B has been measured with a SQUID (supercon-
ducting quantum interference device) magnetometer
[19]; the temperature T, is 93 K [19]. For non-
interacting superparamagnetic particles, the differ-
ence of T'gy, and T, is explained by the differ-
ent time of measurement of the different techniques;
the M dssbauer spectroscopy has a measurement time
7m ~ 1078 s, which is much shorter than 7, ~ 100 s
of the SQUID. In the sample B the ratio between
the T'g\, and the T, of the ZFC susceptibility is
much smaller than that predicted by the Nedl the-
ory for non-interacting particles (ratio in the range
2-7) [20], pointing out the presence of strong interac-
tions between nanoparticles. These results agree with
TEM observations, which showed the formation of
nanoparticle agglomerates along with the presence of
isolated particles [19].

As regards the iron oxide phase formed, the
M tssbauer investigation seemsto clearly indicatethat
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