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A series of Fe,0;-SiO, nanocomposites (9 - 33 wt% of Fe,03) has been prepared by a sol-gel
method and submitted to thermal treatments at 300 - 900 °C. The samples were characterized
by X-ray diffraction and Mgssbauer Spectroscopy measurements. Superparamagnetic behavior is
exhibited by all the samples, indicating that the size of iron oxide grains is in the nanometer range
(4 - 6 nm). Increase of iron content and temperature treatment give rise to a small particle growth,
while the spread of sizes around the average value increases with the iron concentration. The
Mbssbauer spectra, at all the explored compositions, show a very steep increase of the peak width
by treatment temperature at 900 °C, indicating the formation of the ferrimagnetic v-Fe,O; phase
from the antiferromagnetic amorphous Fe,O; phase, which dominates in the samples treated at
lower temperatures. The samples at 28.5% and 33.2%, treated at 900 °C, also show a component
of v-Fe, 05 in the blocked state at room temperature. Moreover, the growth of the particles favours
the formation of other oxide phases (« and ¢ phase) along with the « phase.
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1. Introduction abundance of vy-Fe, 05 formation, which reaches the
maximum percent values in the more diluted samples.
In the more concentrated samples, while the amount
of maghemite is still growing, antiferromagnetic a-
Fe,0; begins to form [2]. These results confirm the
difficulty of obtaining only the y-Fe,O; phase, al-
ready discussed by authors who used a similar prepa-
ration method [3, 4]. In order to improve the method,
a better knowledge of the structural evolution under
thermal treatment and of the different formed phases
is very important. In the present paper we report a
study of the above mentioned series of samples by
Maossbauer spectroscopy, which is particularly effec-
tive in revealing the structural and magnetic order

Recently we have reported the preparation of a
series of Fe,0;-Si0, composites (9 - 33 wt% of
Fe,0,) through a simple sol-gel method, that adopted
Si(OC,Hy), (TEOS) and iron nitrate as precursors
[1, 2]. The aim was the stabilization of 7-Fe,O,
nanoparticles in a glass matrix, such a glass being of
technological interest due to its magnetic and catalytic
properties. The samples were submitted to thermal
treatments in the 300 - 900 °C range and character-
ized through XRD, TEM, EPR and magnetic suscep-
tibility measurements. All these techniques indicated
that superparamagnetic iron (III) oxide particles with

anarrow size distribution are present in such samples.
However, these particles undergo a complex transfor-
mation as a function of the thermal treatments. In fact,
they are mostly amorphous and antiferromagnetic in
samples treated at low temperature. At T > 700 °C a
lot of v-Fe, O; crystalline ferrimagnetic nanoparticles
(4 - 6 nm) are formed, while a further increase of the

around iron atoms [5 -12].

2. Experimental

A series of iron oxide/silica composites were pre-
pared, containing respectively 9.1, 16.9, 23.0, 28.5
and 33.2 wt% of Fe,0,. The preparation and charac-

terization of the samples have been described in [1, 2].

temperature results in the +- to a-Fe, 0, transforma-
The labels Fe,Y will be used in the following, where

tion. The variation of the iron oxide content affects the
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Y indicates the treatment temperature (7,,) and x the
composition.

The X-ray diffraction (XRD) spectra were col-
lected using a §-26 conventional equipment (Siemens
D500) with a Mo-K,, wavelength.

The Mdssbauer absorption spectra were obtained
in a standard transmission geometry, using a source
of ’Co in rhodium (370 MBq). A calibration was
performed using a 25 pm thick natural a-Fe foil; the
isomer shift values are referred to a-Fe. The mea-
surements were carried out at room temperature on
powder samples contained in a Plexiglas holder. The
surface density of the absorbers has been chosen in
order to optimize the time of measurement; this den-
sity ranges from 80 to 170 mg/cm? for the different
samples. The Mossbauer absorption spectra have been
examined by fitting the data by peaks with Lorentzian
shape, using a least squares method. Actually, amor-
phous and nanocrystalline materials do not show sim-
ple Lorentzian line shapes, owing to structural disor-
der and to paramagnetic relaxation [13]; therefore this
fitting procedure must be considered an approxima-
tion.

3. Results
XRD

The XRD spectra of samples treated at 700 and
900 °C are reported in Figure 1. In the spectrum of
the Fe ¢ 4700 sample two broadened bands emerge
on the amorphous silica background, which are con-
sistent with the d spacing typical of most iron hy-
droxides, oxyhydroxides or oxides. They indicate the
presence of iron oxide (or hydroxide) nanoparticles,
in agreement with previous TEM observations [1, 2],
at the limits of observation of the XRD analysis (3 -
4 nm). In the spectrum of the Fe ¢ ¢900 sample two
peaks appear which, also on the basis of the ferrimag-
netic behavior of the material [1], can be ascribed
to the presence of the v-Fe,O; phase. The spectra
of the Fey |, Fe\q4 and Fe,; , samples exhibit the
same features. In the spectra of the Fe,q 5 and Fes; ,
samples treated at 900 °C additional peaks appear
(Figure 1). They could be attributable to the a-Fe, 04
antiferromagnetic phase, which is the most thermally
stable form observed at high T,.,; but the alterna-
tive or simultaneous presence of the -Fe,O5 phase,
also antiferromagnetic, cannot be excluded [14, 15].
The appearance of the new phases at Ty, = 900 °C
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IFig. 1. XRD data of the samples treated at 700 and 900 °C.

is accompanied by a further growth of the + phase.
It seems therefore that the progressive v to a (and/
or ¢) transformation is accompanied by simultaneous
growth of the v phase at the expense of the residual
amorphous phase. In the spectrum of Fe;; ,700 sam-
ple, faint peaks ascribable to o (and/or ¢) phase are
already present.

All the samples treated at 7 < 500 °C are mostly
amorphous [2].

Mossbauer spectroscopy

In Fig. 2 the Mdssbauer absorption spectra of the
samples at 9.1 and 33.2 wt% of Fe,0,, treated at
300 °C, are shown. In Table 1 the results of the least
squares fits are given; the values of the isomer shift (),
quadrupole splitting (A), full width at half maximum
(I'), internal magnetic field (B) and relative area of
the components are reported.
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Table 1. Mossbauer parameters as obtained by fitting the
spectra of the indicated samples. The values of isomer shift
(6), quadrupole splitting (A), full width at half maximum
of the peaks (I'), internal magnetic field (B) and relative
area of the peaks are given.

Sample Compo- 6 A r B Area
nent mm/s mm/s mm/s T %
Feg 1300 I 0.34 0.66 0.38 44
I 0.34 1.13 0.51 56
Fe,; ,300 I 0.34 0.61 0.37 51
I 0.33 1.06 0.45 49
Fe, ;700 I 0.34 0.80 0.44 50
I 0.33 1.41 0.56 50
Fey; ,700 I 0.34 0.64 0.40 47
I 0.34 1.16 0.54 49
I 0.38 -0.12 0.33 52 4

Absorption (%)

10}

T
aalass

20 f
E (b) 33.2%
30 AN 2]
10 5 0 5 10
Velocity (mm/s)

Fig. 2. Mossbauer spectra of the Feg | sample (a) and Fes; ,
sample (b) treated at 300 °C. The experimental points (dots)
and the fitted spectra (continuous line) are shown.

Al a s a1 5 o 5

The spectra of these samples treated at 300 °C show
the features of the spectra of paramagnetic materi-
als. The experimental data can be well fitted by two
quadrupole doublets, which result to have the same
isomer shift (IS) but very different quadrupole split-
ting (QS). The values of isomer shift are typical of
trivalent iron [16, 17]. The two components corre-
spond to two different sites of the iron. Considering
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Fig. 3. Mossbauer spectra of the Fey ; sample (a) and Fe;; ,
sample (b) treated at 700 °C. The experimental points (dots)
and the fitted spectra (continuous line) are shown.

that the QS of the high spin Fe** increases with the
distortion of the iron site, the component I (smaller
QS) corresponds to iron in less distorted sites, while
the component II is due to atoms in more distorted
sites [17]. In our previous work [1] we interpreted the
two sites as superficial sites (more distorted) and in-
ternal sites (less distorted) of the nanoparticles. This
interpretation is still valid since the observed ratio
of about 50% indicates the presence of two struc-
tural sites of the amorphous ferric oxide also in the
present situation. In fact, the slight differences in the
sites percentages are consistent with the slight particle
growth observed as a function of iron oxide concentra-
tion [2].

The absorption peaks of these samples are broad-
ened with respect to a crystalline material, with full
width at half maximum (FWHM) similar to that found
for Fe** in glasses; this broadening is comparable to
that due to structural disorder [18, 19]. It agrees with
the observation, made by TEM, that the ferric oxide
is mainly amorphous.

Figure 3 shows the spectra of the samples at 9.1
wt% and 33.2 wt% treated at 700 °C; the parameters
of the best fit are given in Table 1.
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Fig. 4. Mossbauer spectra of the Feg ; (a), Fej4.9 (b), Fess
(c) and Fey s (d) samples treated at 900 °C. The experi-
mental points (dots) and the fitted spectra (continuous line)
are shown.

The spectrum of the Fey ; sample treated at 700 °C
shows the same features as the spectrum of the
Fey ;300 sample; the interpretation of the parameters
is the same. The spectra of the samples from 16.9 to
28.5 wt% treated at 700 °C are similar to that of the
Feg ;700 sample. The spectrum of the Fe,; ,700 sam-
ple shows the formation of a magnetically ordered
phase; this phase corresponds to 4% of iron atoms.
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Table 2. Mossbauer parameters as obtained by fitting the
spectra of the indicated samples. The values of isomer shift
(6), quadrupole splitting (A), full width at half maximum
of the peaks (I") and internal magnetic field (B) are given.

Sample Compo- 6 Va\ Ir B
nent mm/s mm/s mm/s T
Fey ;900 I 0.34 0.77 0.58
1I 0.35 1.15 1.21
Fe,¢ 4900 I 0.34 0.68 0.53
1I 0.34 1.22 0.78
Fe,; (900 I 0.34 0.84 0.75
II 0.34 1.07 0.82
Fe,q 4900 I 0.34 0.63 0.56
II 0.33 1.10 0.82
I 0.39 2.10 41
Fey; ,900 I 0.33 0.82 0.72
II 0.37 0.34 52
I 0.36 0.62 45
v 0.40 0.68 40
A% 0.27 0.98 27

The values of the parameters permit to identify this
phase as a-Fe,0;, in agreement with the XRD result
(Figure 1).

In Fig. 4 the Mdssbauer absorption spectra of the
samples with different concentration of oxide, treated
900 °C, are shown; in Table 2 the results of the least
squares fits are given.

The spectrum of the Fe, ; sample treated at 900 °C
has quadrupole doublets with FWHM much larger
than the samples treated at 700 °C. The FWHM of the
component II (I =1.21 mm/s) cannot be due to struc-
tural disorder; it can be ascribed to phenomena related
to paramagnetic relaxation [13]. The relaxation time
depends on the magnetization of the material and is
bigger in ferrimagnetic than in antiferromagnetic ma-
terials [11, 12, 20, 21]; on the other hand, in the super-
paramagnetic state the peak width increases with the
relaxation time [13]. These measurements show that
at temperatures between 700 °C and 900 °C there is
the main transformation of the amorphous oxide into
the ferrimagnetic oxide. The features of the spectrum
indicates the formation of y-Fe,O; [12].

Also in the samples with concentration from 16.9
to 28.5 wt%, the y-Fe,O, appears in the spectra of
the samples treated at 900 °C.

The spectra of the Fe ¢ 4900 and Fe,; ;900 sam-
ples can be fitted by two quadrupole doublets; the
Mossbauer parameters are similar to those of the
Feg 1900 sample. It indicates that the samples are
in a superparamagnetic state. At a concentration of
Fe,0; of 28.5 wt%, a further structure appears in the
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Fig. 5. Mossbauer spectrum of the Fe;; , sample treated at
900 °C. The experimental points (dots) and the fitted spectra
(continuous line) are shown.

spectrum, which can be described by a magnetic sex-
tuplet. This magnetic splitting with broad peaks is
mainly due to the magnetic blocking of the biggest
nanoparticles of y-Fe,0, and corresponds to about
27% of iron atoms [12].

The spectrum of the Fe,; ,900 sample is shown in
Figure 5. This spectrum has been fitted by means of
one quadrupole doublet and four magnetic sextuplets;
the ratios of the peak amplitudes within each sextuplet
have been fixed to 2/1.5/1. The quadrupole doublet
points out the presence of superparamagnetic particles
of 7-Fe, 05. The contribution with a magnetic field of
52 T is due to o-Fe,0; formed in the sample [22];
this well-crystallized phase has already been formed
in the Fe4; , sample treated at 700 °C. The magnetic
sextuplet with field of 45 T is the sextuplet which gives
the biggest contribution to the resonant absorption; it
comes from the magnetic blocking of nanoparticles of
v-Fe, 05 and corresponds to about 25% of iron atoms.
This result is consistent with the isothermal magneti-
zation curves previously reported [2], where the satu-
ration value (about 20 emu/g) was found much lower
than that of bulk v-Fe,0; (82 emu/g at 4.2 K). The
components with magnetic fields of 40 T (19%) and
27 T (17%) are probably due to the presence of other
oxides; in particular a phase with a field of about 40 T
at room temperature, identified as e-Fe203, has been
already observed in similar nanocomposites [14, 15].

4. Discussion and Conclusions

Fe,0;-Si0, composites were prepared within a
wide range of compositions. Superparamagnetic be-
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havior is exhibited by all the samples, indicating that
the size of iron oxide grains is always in the nanometer
range, even at the maximum iron content and/or af-
ter the highest thermal treatment. The increase of iron
content gives rise to a small particle growth, while the
spread of sizes around the average value increases in a
more significant way [2]. The growth of the particles
is also produced by the increase of treatment temper-
ature of the samples [1]. The size range is between
that of single domain particles (< 15 - 20 nm) and that
of a superparamagnetic assembly of atoms (~ 1 nm).

Although the grain size grows slightly with heat
treatment, the Mossbauer spectra show a very steep
increase of the peak width at T, = 900 °C, indicat-
ing the formation of the ferrimagnetic v-Fe, O, phase,
at all the explored compositions, from the antiferro-
magnetic amorphous Fe,0; phase. The experimental
evidence is in favor of the main ~-Fe, 0, formation
only at T, = 900 °C, while amorphous Fe,0; is
the most abundant phase in samples treated at T,
smaller or equal to 700 °C, as pointed out by TEM
dark field micrographs and Mossbauer spectra.

The result indicates that the stability of the iron
oxide phases is strongly affected by the supporting
material (host matrix), since v-Fe,0; is unstable in
comparison with a-Fe, 05 at such high temperatures.
Also, in the Fe,; , samples the a-Fe, 05, observed by
the Mossbauer spectra, is already formed at 700 °C
and does not changes in per cent at 900 °C. It supports
adirect formation of the a-Fe, O, from the amorphous
phase.

The Fe, 5 and Fe,;, , samples treated at 900 °C also
show a component of y-Fe, O, in the blocked state at
room temperature. On the other hand, the magnetic
susceptibility measured by SQUID (superconducting
quantum interference device) shows blocked parti-
cles below 110 K [2]. This is explained by the differ-
ent time of measurement of the different techniques;
the Mossbauer spectroscopy has a measurement time
(T ~ 10~8 s) which is much shorter than the time
of the SQUID (7, ~ 100 s). The observation of the
blocking only in the more concentrated samples indi-
cates a bigger size of the y-Fe, 05 nanoparticles with
respect to the less concentrated ones.

The reported results point out that this method
of preparation produces nanocomposites with about
only ~y-Fe, O; at concentration of Fe,O; up to 23 wt%.
At higher concentration, the growth of the particles
favors the formation of other oxide phases (a« and ¢
phase) along with the v phase.
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