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A series of Fe203-Si02 nanocomposites (9 - 33 wt% of Fe203) 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 Mössbauer 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 
Mössbauer 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 7-Fe 20 3 phase 
from the antiferromagnetic amorphous Fe 20 3 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 7-Fe 20 3 in the blocked state at room temperature. Moreover, the growth of the particles favours 
the formation of other oxide phases (a and £ phase) along with the 7 phase. 
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1. Introduction 

Recently we have reported the preparat ion of a 
series of F e 2 0 3 - S i 0 2 composi tes (9 - 33 w t% of 
F e 2 0 3 ) through a simple sol-gel method, that adopted 
S i (OC 2 H 5 ) 4 (TEOS) and iron nitrate as precursors 
[1, 2]. The aim was the stabilization of 7 - F e 2 0 3 

nanoparticles in a glass matr ix , such a glass being of 
technological interest due to its magnet ic and catalytic 
properties. T h e samples were submit ted to thermal 
treatments in the 300 - 9 0 0 °C range and character-
ized through X R D , T E M , E P R and magnet ic suscep-
tibility measurements . All these techniques indicated 
that superparamagnet ic iron (III) oxide part icles with 
a narrow size distribution are present in such samples. 
However, these particles undergo a complex transfor-
mation as a funct ion of the thermal t reatments . In fact, 
they are most ly amorphous and ant i ferromagnet ic in 
samples treated at low temperature . At T > 700 °C a 
lot of 7 - F e 2 0 3 crystall ine ferr imagnet ic nanopart icles 
(4 - 6 nm) are formed, whi le a fur ther increase of the 
temperature results in the 7 - to a - F e 2 0 3 t ransforma-
tion. The variation of the iron oxide content affects the 

abundance of 7 - F e 2 0 3 format ion, which reaches the 
m a x i m u m percent values in the more diluted samples . 
In the more concentrated samples, whi le the amoun t 
of maghemi te is still growing, ant i fer romagnet ic a -
F e 2 0 3 begins to form [2]. These results conf i rm the 
difficulty of obtaining only the 7 - F e 2 0 3 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 fo rmed phases 
is very important . In the present paper we report a 
study of the above ment ioned series of samples by 
Mössbauer spectroscopy, which is particularly ef fec-
tive in revealing the structural and magnet ic order 
around iron a toms [5 -12] . 

2. Experimental 

A series of iron oxide/silica compos i tes were pre-
pared, containing respectively 9.1, 16.9, 23.0, 28.5 
and 33.2 wt% of F e 2 0 3 . The preparat ion and charac-
terization of the samples have been described in [1 ,2] . 
The labels Fe^y will be used in the fol lowing, where 
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Y indicates the t reatment temperature (T t rea t) and * the 
composi t ion . 

T h e X-ray diffract ion (XRD) spectra were col-
lected using a 6-26 conventional equipment (Siemens 
D500) with a M o - K Q wavelength. 

The Mössbaue r absorption spectra were obtained 
in a s tandard transmission geometry, using a source 
of 5 7 C o in rhod ium (370 MBq) . A calibration was 
pe r fo rmed using a 25 | im thick natural o - F e foil; the 
i somer shift values are referred to a - F e . The mea-
surements were carried out at room temperature on 
powder samples contained in a Plexiglas holder. The 
surface densi ty of the absorbers has been chosen in 
order to op t imize the t ime of measurement ; this den-
sity ranges f r o m 80 to 170 mg/cm 2 for the different 
samples . T h e Mössbauer absorption spectra have been 
examined by fitting the data by peaks with Lorentzian 
shape, us ing a least squares method. Actually, amor-
phous and nanocrystal l ine materials do not show sim-
ple Lorentz ian line shapes, owing to structural disor-
der and to paramagnet ic relaxation [13]; therefore this 
fitting procedure must be considered an approxima-
tion. 

3. Results 

XRD 

The X R D spectra of samples treated at 700 and 
900 °C are reported in Figure 1. In the spectrum of 
the F e 1 6 9 7 0 0 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 T E M observations [1, 2], 
at the limits of observation of the X R D analysis (3 -
4 nm). In the spectrum of the Fe 1 6 9 900 sample two 
peaks appear which, also on the basis of the ferr imag-
netic behavior of the material [1], can be ascribed 
to the presence of the 7 - F e 2 0 3 phase. The spectra 
of the Fe 9 j, Fe 1 6 9 and F e 2 3 0 samples exhibit the 
same features. In the spectra of the Fe2 8 5 and Fe 3 3 2 

samples treated at 900 °C additional peaks appear 
(Figure 1). They could be attributable to the o - F e 2 0 3 

ant i fer romagnet ic phase, which is the most thermally 
stable fo rm observed at high T t r ea t; but the alterna-
tive or s imul taneous presence of the e - F e 2 0 3 phase, 
also ant i ferromagnet ic , cannot be excluded [14, 15]. 
The appearance of the new phases at 7 t r e a t = 900 °C 
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Fig. 1. XRD data of the samples treated at 700 and 900 °C. 

is accompanied by a fur ther growth of the 7 phase. 
It seems therefore that the progressive 7 to a (and/ 
or e) t ransformat ion is accompanied by s imultaneous 
growth of the 7 phase at the expense of the residual 
amorphous phase. In the spectrum of Fe 3 3 2 700 sam-
ple, faint peaks ascribable to a (and/or e) phase are 
already present. 

All the samples treated at T < 500 °C are most ly 
amorphous [2]. 

Mössbauer spectroscopy 

In Fig. 2 the Mössbaue r absorpt ion spectra of the 
samples at 9.1 and 33.2 wt% of F e 2 0 3 , treated at 
300 °C, are shown. In Table 1 the results of the least 
squares fits are given; the values of the isomer shift (<5), 
quadrupole splitting (zA), full width at half m a x i m u m 
( r ) , internal magnet ic field (B) and relative area of 
the componen t s are reported. 
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Table 1. Mössbauer 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 (.T), internal magnetic field (B) and relative 
area of the peaks are given. 

Sample Compo- 6 zl r B Area 
nent mm/s mm/s mm/s T % 

Fe9 j300 I 0.34 0.66 0.38 44 Fe9 j300 
II 0.34 1.13 0.51 56 

Fe33 2 300 I 
II 

0.34 
0.33 

0.61 
1.06 

0.37 
0.45 

51 
49 

Fe9 j700 I 0.34 0.80 0.44 50 Fe9 j700 
II 0.33 1.41 0.56 50 

Fe33 2700 I 
II 

0.34 
0.34 

0.64 
1.16 

0.40 
0.54 

47 
49 

III 0.38 -0.12 0.33 52 4 

0 

4 
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Fig. 2. Mössbauer spectra of the Fe9A sample (a) and Fe33 2 
sample (b) treated at 300 °C. The experimental points (dots) 
and the fitted spectra (continuous line) are shown. 

The spectra of these samples treated at 300 °C show 
the features of the spectra of paramagnet ic 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 i somer shift are typical of 
trivalent iron [16, 17]. The two componen t s corre-
spond to two different sites of the iron. Consider ing 
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Fig. 3. Mössbauer spectra of the Fe9_i sample (a) and Fe33 2 
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 3 + increases with the 
distortion of the iron site, the componen t I (smaller 
QS) corresponds to iron in less distorted sites, whi le 
the componen t II is due to a toms 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 nanopart icles . 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 d i f ferences 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 ful l 
width at half m a x i m u m ( F W H M ) similar to that found 
for Fe 3 + in glasses; this broadening is comparab le 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 
w t% and 33.2 wt% treated at 700 °C; the parameters 
of the best fit are given in Table 1. 
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Table 2. Mössbauer 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 (T) and internal magnetic field (B) are given. 
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Fig. 4. Mössbauer spectra of the Fe9 1 (a), Fe16.9 (b), Fe23.0 
(c) and Fe2g.5 (d) samples treated at 900 °C. The experi-
mental points (dots) and the fitted spectra (continuous line) 
are shown. 

The spect rum of the Fe 9 j sample treated at 700 °C 
shows the same features as the spectrum of the 
Fe 9 j 300 sample; the interpretation of the parameters 
is the same. The spectra of the samples f rom 16.9 to 
28.5 w t% treated at 700 °C are similar to that of the 
Fe 9 j 700 sample. The spectrum of the Fe 3 3 2 7 00 sam-
ple shows the format ion of a magnetical ly ordered 
phase; this phase corresponds to 4 % of iron atoms. 

Sample Compo- 6 A r B 
nent mm/s mm/s mm/s T 

Fe9 [900 I 0.34 0.77 0.58 
II 0.35 1.15 1.21 

Fe169900 I 0.34 0.68 0.53 
II 0.34 1.22 0.78 

Fe23(J900 I 0.34 0.84 0.75 
II 0.34 1.07 0.82 

Fe2g5900 I 0.34 0.63 0.56 
II 0.33 1.10 0.82 
III 0.39 2.10 41 

Fe33 2 9 00 I 0.33 0.82 0.72 
II 0.37 0.34 52 
III 0.36 0.62 45 
IV 0.40 0.68 40 
V 0.27 0.98 27 

The values of the parameters permit to identify this 
phase as a - F e 2 0 3 , in agreement with the X R D result 
(Figure 1). 

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

The spectrum of the Fe 9 A sample treated at 900 °C 
has quadrupole doublets with F W H M m u c h larger 
than the samples treated at 700 °C. The F W H M of the 
componen t II ( r = 1.21 mm/s ) cannot be due to struc-
tural disorder; it can be ascribed to phenomena related 
to paramagnet ic relaxation [13]. The relaxation t ime 
depends on the magnet izat ion of the material and is 
bigger in ferr imagnet ic than in ant i ferromagnet ic ma-
terials [ 1 1 , 1 2 , 2 0 , 2 1 ]; on the other hand, in the super-
paramagnet ic state the peak width increases with the 
relaxation t ime [13]. These measurements show that 
at temperatures between 700 °C and 900 °C there is 
the main t ransformation of the amorphous oxide into 
the ferr imagnet ic oxide. The features of the spectrum 
indicates the format ion of 7 - F e 2 0 3 [12]. 

Also in the samples with concentrat ion f rom 16.9 
to 28.5 wt%, the 7 - F e 2 0 3 appears in the spectra of 
the samples treated at 900 °C. 

The spectra of the Fe 1 6 9 9 0 0 and Fe 2 3 0 9 0 0 sam-
ples can be fitted by two quadrupole doublets; the 
Mössbauer parameters are similar to those of the 
Fe 9 j 900 sample. It indicates that the samples are 
in a superparamagnet ic state. At a concentrat ion of 
F e 2 0 3 of 28.5 wt%, a fur ther structure appears in the 
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Fig. 5. Mössbauer spectrum of the Fe33.2 sample treated at 
900 °C. The experimental points (dots) and the fitted spectra 
(continuous line) are shown. 

spectrum, which can be described by a magnet ic sex-
tuplet. This magnet ic splitting with broad peaks is 
mainly due to the magnet ic blocking of the biggest 
nanopart icles of 7 - F e 2 0 3 and corresponds to about 
27% of iron a toms [12]. 

The spectrum of the Fe 3 3 2 9 0 0 sample is shown in 
Figure 5. This spectrum has been fitted by means of 
one quadrupole doublet and four magnet ic sextuplets; 
the ratios of the peak ampli tudes within each sextuplet 
have been fixed to 2/1.5/1. The quadrupole doublet 
points out the presence of superparamagnet ic particles 
of 7 - F e 2 0 3 . The contribution with a magnet ic field of 
52 T is due to a - F e 2 0 3 fo rmed in the sample [22]; 
this well-crystall ized phase has already been fo rmed 
in the Fe 3 3 2 sample treated at 700 °C. The magnet ic 
sextuplet with field of 45 T is the sextuplet which gives 
the biggest contribution to the resonant absorpt ion; it 
comes f r o m the magnet ic blocking of nanopart icles of 
7 - F e 2 0 3 and corresponds to about 25% of iron atoms. 
This result is consistent with the isothermal magnet i -
zation curves previously reported [2], where the satu-
ration value (about 20 emu/g) was found m u c h lower 
than that of bulk 7 - F e 2 0 3 (82 emu/g at 4.2 K). The 
components with magnet ic 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 4 0 T 
at room temperature, identified as c - F e 2 0 3 , has been 
already observed in similar nanocomposi tes [14 ,15] . 

4. Discussion and Conclusions 

F e 2 0 3 - S i 0 2 composi tes were prepared within a 
wide range of composi t ions. Superparamagnet ic be-

Nanoparticles 

havior is exhibited by all the samples, indicating that 
the size of iron oxide grains is a lways in the nanometer 
range, even at the m a x i m u m iron content and/or af-
ter the highest thermal treatment. The increase of iron 
content gives rise to a small particle growth, whi le the 
spread of sizes around the average value increases in a 
more significant way [2]. The growth of the part icles 
is also produced by the increase of t reatment temper-
ature of the samples [1]. The size range is be tween 
that of single domain particles ( < 1 5 - 2 0 nm) and that 
of a superparamagnet ic assembly of a toms ( ~ 1 nm) . 

Al though the grain size grows slightly with heat 
t reatment , the Mössbaue r spectra show a very steep 
increase of the peak width at r t r e a t = 900 °C, indicat-
ing the formation of the ferr imagnet ic 7 - F e 2 0 3 phase , 
at all the explored composi t ions, f r o m the antiferro-
magnet ic amorphous F e 2 0 3 phase. The exper imental 
evidence is in favor of the main 7 - F e 2 0 3 format ion 
only at r t r e a t = 900 °C, while amorphous F e 2 0 3 is 
the mos t abundant phase in samples treated at 7 t r e a t 

smaller or equal to 700 °C, as pointed out by T E M 
dark field micrographs and Mössbauer spectra. 

T h e result indicates that the stability of the iron 
oxide phases is strongly affected by the support ing 
material (host matr ix) , since 7 - F e 2 0 3 is unstable in 
compar ison with a - F e 2 0 3 at such high temperatures . 
Also, in the Fe 3 3 2 samples the a - F e 2 0 3 , observed by 
the Mössbauer spectra, is already fo rmed at 7 0 0 °C 
and does not changes in per cent at 900 °C. It supports 
a direct format ion of the a - F e 2 0 3 f r o m the amorphous 
phase. 

T h e Fe 2 8 5 and Fe 3 3 2 samples treated at 900 °C also 
show a componen t of 7 - F e 2 0 3 in the blocked state at 
room temperature. On the other hand, the magnet ic 
susceptibility measured by S Q U I D (superconduct ing 
quan tum interference device) shows blocked parti-
cles below 110 K [2]. This is explained by the differ-
ent t ime of measurement of the different techniques; 
the Mössbauer spectroscopy has a measurement t ime 
( r m ~ 1 0 - 8 s) which is much shorter than the t ime 
of the S Q U I D (Tm ~ 100 s). The observation of the 
b locking only in the more concentrated samples indi-
cates a bigger size of the 7 - F e 2 0 3 nanopart icles with 
respect to the less concentrated ones. 

T h e reported results point out that this me thod 
of preparat ion produces nanocomposi tes with about 
only 7 - F e 2 0 3 at concentrat ion of F e 2 0 3 up to 23 w t%. 
At h igher concentrat ion, the growth of the particles 
favors the format ion of other ox ide phases ( a and e 
phase) along with the 7 phase. 
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