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The properties of aerogel and xerogel iron oxide-silica nanocomposites prepared by the sol-gel method were

investigated by thermal analysis, X-ray diffraction, transmission electron microscopy, Mdssbauer spectroscopy
and susceptibility measurements. Pure maghemite nanoparticles were obtained starting from both xerogel and
aerogel samples, with particles of average size around 5 nm which tend to aggregate into the silica matrix. The

role of magnetic interparticle interactions, which have a strong influence on the magnetic properties, is

discussed.

Introduction

In recent years there has been a great deal of interest in
nanocomposites containing maghemite nanoparticles dis-
persed in polymeric, glassy or ceramic matrices.' > Maghemite
(v-Fe-03) in itself is a material of great technological import-
ance for its use in magnetic recording systems and in catalysis;
moreover, maghemite properties are particularly enhanced
when the size of the particles reaches the nanometer range.*”’
Although nanosized y-Fe,O; transforms into a-Fe,O3; (hema-
tite) at rather low temperatures (~ 350 °C)"*® it can be stabilized
through the incorporation of the nanoparticles into polymeric,
glassy or ceramic matrices.'™

Among the various preparation procedures which can be
used to obtain Fe,03-Si0O, nanocomposites the sol-gel method
has been proven to offer some interesting features which allow
control of the final properties of the materials.” In particular
the porous structure of the matrix can be tailored by properly
choosing the experimental conditions. In particular, when the
solvent is removed from the alcogel by usual heating, the
capillary forces at the liquid/vapor interface produce shrinkage
and cracking so that the original porous structure is lost and
dense xerogels are obtained. On the other hand, when the
solvent is removed above its critical parameters, 7, and P,
aerogels with high surface areas and pore volumes are obtained
since the skeletal alcogel structure can be preserved.'®

In previous investigations we have shown that the stabiliza-
tion of maghemite can be achieved in xerogel samples up to a
certain iron content!! while it seems that the stabilization is
much more difficult in the aerogel samples.!> However, the
stabilization of maghemite seems to depend strongly on the
alcogel preparation conditions since other authors have shown
that the maghemite phase can be stabilized in xerogel samples
in a wide concentration range by using a slightly different sol—
gel procedure. '

Since the porous structure can have a great influence on the
stabilization of the maghemite nanoparticles in the silica matrix
it is of interest to compare the results on xerogel and aerogel
nanocomposites prepared using the same sol-gel procedure. In
particular, in this paper we present a detailed study of the
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magnetic properties of maghemite-silica xerogel and aerogel
nanocomposites synthesized by a sol-gel method similar to
that reported in ref. 13 and characterized by thermal analysis
(TG, DTA), X-ray diffraction (XRD), transmission electron
microscopy (TEM) and Mdossbauer spectroscopy. The super-
paramagnetic relaxation was investigated by both magnetic
susceptibility measurements and Mdssbauer spectroscopy. The
coercive field and the reduced remanent magnetization were
obtained through hysteresis curves at low temperature (3 K).
Information on the dynamics of the reversal of the magnetiza-
tion was obtained through a.c. susceptibility measurements.

Experimental procedure

Iron oxide-silica gels were prepared using iron nitrate
nonahydrate (Aldrich, 98%) and tetraethoxysilane (TEOS,
Aldrich, 98%) as metal oxide and silica precursors respectively
and ethanol (Carlo Erba, 99%) as mutual solvent, following a
similar procedure to that reported in ref. 13. The nominal
composition of the final nanocomposite is 25% wt. of iron
oxide (Fe,O3/(Fe,O5+ Si0,)). The sol, which had an initial pH
of about 1, was poured into four vessels with an initial surface/
volume ratio of about 0.02. The vessels, closed using a seal into
which a small hole was punched, were put in an oven at 50 °C:
under these conditions gelation occurs within about 11 days.
The gelation times of the four batches were slightly different
probably due to differing sizes of the holes.

Two xerogel samples were obtained by thermally treating
two fresh monolithic gels, which had slightly different gelation
times, in a preheated oven in static air at 400 °C for 4 hours (the
samples will be hereafter denoted X;-T4 and X,-T4). Two
aerogel samples (samples A; and A,) were obtained by high
temperature supercritical drying of two fresh monolithic gels,
with slightly different gelation times, in an autoclave (Parr,
300 cm?®) partially filled with absolute ethanol. The autoclave,
initially pressurized with nitrogen up to 7 atm, was heated up to
200°C at 1°Cmin™" and then to 300°C at 0.5°C min~'. The
monolithic aerogels as extracted were then submitted to the
same thermal treatment as the xerogel samples, ie. in a
preheated oven in static air at 400 °C for 4 hours (samples
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A;-T4 and A,-T4). The same thermal treatment at 400 °C for
4 hours was also performed on the aerogel samples after finely
grinding them in an agate mortar (samples A;P-T4, A,P-T4).

Thermogravimetry (TG) and simultaneous differential
thermal analysis (DTA) of the fresh gels and of the aerogels
were carried out on a Mettler-Toledo TGA/STDA 851. Ther-
mal analysis data were collected in the range 25-1000 °C,
under oxygen flow (heating rate=10°C min~'; flow rate=
50 cm® min ).

XRD spectra were recorded on a D500 Siemens diffract-
ometer equipped with a graphite monochromator on the
diffracted beam. The scans were collected in the range from 4
to 44° (20) using MoK radiation.

TEM micrographs were recorded on a JEOL 200CX
microscope operating at 200 kV. The finely powdered samples
were dispersed in n-octane and dropped on a conventional
carbon-coated copper grid.

Mossbauer absorption spectra were obtained in standard
transmission geometry, using a source of >’Co in rhodium
(370 MBq). Calibration was performed using a 25 um thick
natural iron foil; the isomer shift values are referenced to a-Fe.
The measurements at room temperature were carried out on
powdered samples kept in a plexiglas holder. The surface
density of the absorbers ranges from 50 to 80 mg cm ™ 2.

The measurements at low temperature were carried out using
a flow cryostat with mylar windows; nitrogen was used as the
cryogenic liquid. These measurements were performed using a
copper sample holder placed in the exchange gas; the powders
were kept between two layers of Plexiglass. The surface density
of the absorbers ranges from 50 to 80 mgcm ™ 2.

The absorption spectra were adequately simulated by peaks
with Lorentzian shape, which is the basic shape in the resonant
absorption of y photons. The spectra at room temperature
of the X;-T4 and A;-T4 samples were fitted by a single
quadrupole doublet with free parameters, using a least squares
method. In superparamagnetic materials near the blocking
temperature, this fitting procedure is an approximation because
superparamagnetic materials do not show simple Lorentzian
line shapes, owing to the presence of phenomena of para-
magnetic relaxation.'* In samples with only one size of
nanoparticles, the line shape suggested by Wickman'# can be
used while in samples with a distribution of particle sizes,
the usual procedure is the use of a Lorentzian sextet for the
blocked particles and a Lorentzian doublet for the non-blocked
particles.!>1® Therefore we followed this last procedure in
the fit of the spectra at low temperature, which show blocked
and non-blocked magnetic states.

Static magnetizations and a.c. magnetic susceptibilities
were measured using a S600 Cryogenic Squid magnetometer.
Zero-field-cooled (ZFC) magnetization curves were obtained
by cooling samples to the lowest measuring temperature in zero
magnetic field and then by measuring the magnetization at
stepwise increasing temperatures with an applied field of 50 Oe.
Field-cooled (FC) curves were recorded after cooling the
samples in the measuring field of 50 Oe.

A.c. susceptibility measurements were performed at differ-
ent frequencies in the range 0.18-510 Hz with an exciting
amplitude of 1V corresponding to an oscillating field of
0.1 Oe.

Results and discussion
Thermal analysis

The TG curves for the four fresh gels, which are reported in
Fig. 1(A), show a remarkable mass loss in the low temperature
range which is due to solvent removal and decomposition of
iron nitrate, while the mass loss is very limited for temperatures
higher than 300 °C. The four fresh gels present some differences
in the total mass loss, as a consequence of the slightly different

gelation times; in particular, the samples with the higher mass
loss are the ones which gel first. This result indicates that the
samples with shorter gelation times contain a larger amount of
solvent entrapped in the pores. The X; xerogel sample was
prepared starting from the gel which presents the largest mass
loss, and the A aerogel sample was obtained from the gel with
the smallest mass loss.

In Fig. 1(B) the corresponding DTA curves are shown;
in agreement with the TG results, some differences among
the four curves are detectable in the low temperature range
where endothermic peaks are present due to solvent removal
and decomposition of iron nitrate. Broad exothermic peaks
due to the combustion of organic residues are present around
300°C.

The TG curves and the corresponding DTA curves for the
A and A, aerogel samples are reported in Fig. 2(A) and (B).
The mass loss at low temperature is now very limited as a
consequence of supercritical solvent extraction and no
endothermic peak is present in the DTA curves. An appreci-
able mass loss is detectable between 250 and 500 °C which
corresponds to strong exothermic peaks in the DTA curves.
This is due to the combustion of organics which mainly arise
from the re-esterification of silanols by the ethanol present
in the autoclave during supercritical extraction.'” The DTA
curves of the two aerogel samples are significantly different
since the A, sample shows a single intense exothermic peak
centered around 300 °C while the A; sample shows a double
peak whose components are centered at 300 and 375 °C.

These results seem to indicate some differences in the
location of the organic residues in the two aerogel samples.
In fact, it has already been pointed out that DTA curves of
aerogel nanocomposite materials can present exothermic peaks
at somewhat different temperatures depending on how easily
the organics can be reached by the oxygen gas.'® It seems that
the A, aerogel sample, which is obtained from a gel containing
less solvent than the A, one, presents some organics which
are either very superficial or not tightly bound and some others
which are much more difficult to reach. In sample A, the
organics are all burnt off in a smaller temperature range giving
rise to a single intense exothermic peak.
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Fig. 1 TG (A) and DTA (B) curves for the four gels which were used to
produce the X; (a), A; (b), X, (c) and A (d) samples.
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Fig. 2 TG (A) and DTA (B) curves for the A; (a) and A, (b) samples.

TEM and XRD

The TEM observations of the A; and A, aerogel samples
before heat treatment and of the A-T4, A,-T4, X;-T4 and

X,-T4 samples evidence a very similar morphology, showing
nanoparticles located in large and irregular aggregates (with
dimensions ranging from 20 to 250 nm), or islands, within the
amorphous matrix. Some examples of the TEM micrographs
are reported in Fig. 3.

The crystallite size distribution is quite narrow. In particular,
the particle size distributions which were derived from the
dark field micrographs for the X;-T4 and A;-T4 samples
(total number of particles ca. 1000) could be well reproduced
by a log-normal size distribution with an average diameter
{D»=5.44+0.2nm and standard deviation op=0.30 for the
X1-T4 sample and {D)>=4.3+0.3 nm and op=0.43 for the
A-T4 sample.

Because of the small particle sizes no identification of the
crystalline phase was possible from the microdiffraction
patterns.

The XRD patterns of the A|-T4, A,-T4 , X;-T4 and X,-T4
samples are shown in Fig. 4. The spectra of both the xerogel
samples and of the A;-T4 sample exhibit broad peaks,
superimposed on the amorphous silica halo, which can be
attributed to the presence of nanocrystalline maghemite,
v-Fe;05."° The line broadening indicates that the average
crystallite size of the maghemite particles is a few nanometers
in all the samples, in agreement with TEM results. However,
some differences are detectable among the three samples. In
particular, the main maghemite peak is slightly sharper in the
X1-T4 sample compared to the A;-T4 and X,-T4 samples;
the latter is the one presenting the broadest peak. Finally, the
spectrum of the A,-T4 aerogel sample indicates the presence of
a small amount of nanocrystalline hematite (a-Fe,O3) together
with maghemite."

The spectra of the A;P-T4 and A,P-T4 aerogel samples,
treated at 400 °C after grinding, differ from the spectra of the

Fig. 3 TEM micrographs for X;-T4 (left) and A;-T4 (right) samples.
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Fig. 4 XRD patterns for the (a) X;-T4, (b) X,-T4, (c) A;-T4 and (d)
A,-T4 samples.

A;-T4 and A,-T4 samples in terms of the line broadening which
is especially pronounced in the A;P-T4 sample.

The XRD results indicate that the evolution of the samples
with thermal treatment depends on the amount of solvent
entrapped in the pores at the gelation point for both xerogel
and aerogel samples, even if in a somewhat different way. In
fact, the XRD spectra of X;-T4 and X,-T4 show that in both
xerogel samples only maghemite nanoparticles are formed; the
average particles size is, however, slightly larger in the X;-T4
sample which was obtained from the gel containing a larger
amount of solvent.

In the case of the aerogels, only the A; sample, obtained
from the gel with the smallest amount of solvent, gives rise to
the formation of a pure maghemite-silica nanocomposite,
while the A,-T4 sample shows the presence of some hematite
together with maghemite.

It should be remarked that the DTA curve of the A, sample
shows a single intense exothermic peak. It is likely that in this
case the sample overheats during thermal treatment at 400 °C
and the transition from v- to a-Fe,O3 begins.

Méssbauer spectroscopy

In Fig. 5 the Mossbauer absorption spectra of the X;-T4,
A,-T4 and A,-T4 samples at 293 K are shown. In Table 1 the
results of the least squares fitting are given; the values of isomer
shift (0), quadrupole splitting (4) and full width at half
maximum (I") are reported.

The spectra of X;-T4 and A;-T4 show the features of
superparamagnetic materials. All the spectra show components
with values of isomer shift typical of trivalent iron;**2! the
quadrupole splitting of the superparamagnetic component is
consistent with this interpretation. These spectra can be fitted
by a single doublet. The spectrum of the A,-T4 sample also
presents a Zeeman split component, this last contribution
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Fig. 5 Mossbauer spectra of the X;-T4 (A), A;-T4 (B) and A,-T4 (C)
samples at 293 K. The experimental points (dots) and the calculated
data (solid line) are shown.

being due to the presence of a small amount of hematite. The
impurity of hematite does not appear in the spectrum of the
powdered aerogel sample A,P-T4.

Fig. 6 shows the spectra of the X;-T4 sample at 84 K and
77 K. At these temperatures the superparamagnetic component
and the blocked component are both present. We used the
simple Lorentzian approximation by fitting the spectra by one
doublet and one sextet, which is the usual procedure used in
similar materials.!>!® The area of each component is propor-
tional to the number of iron atoms belonging to nanoparticles
in the non-blocked or blocked state and to the recoil-free

Table 1 Mossbauer parameters as obtained by fitting the spectra of the samples: the temperatures at which the spectra were collected and the values
of the isomer shift (9), the quadrupole splitting (4), the full width at half maximum of the peaks (I'), the magnetic field (B), the area (A4) of each
component and the reduced chi-squared value (;°) are reported. Statistical errors are given in parentheses as errors on the last digit

Sample TIK S/mms! Almm s~} Imms™! BIT A (%) ¥
X1-T4 293 0.34(1) 0.89(1) 0.63(1) 4.5
84 0.45(1) 1.07(1) 0.81(1) 44(2) 2.3
0.43(3) 2.9(1) 44.0(4) 56(6)
77 0.45(1) 1.08(1) 0.78(1) 33(1) 2.3
0.41(2) 2.32(5) 44.4(2) 67(4)
Al-T4 293 0.34(1) 0.84(1) 0.56(1) 4.1
90 0.45(1) 0.96(1) 0.88(2) 44(3) 1.1
0.47(4) 3.0(2) 39(1) 56(8)
77 0.44(1) 1.03(2) 0.92(4) 15(6) 1.7
0.49(2) 2.68(5) 41.3(2) 85(4)
A2-T4 293 0.34(1) 0.80(1) 0.55(1) 97(4) 3.7
0.28(3) 1.0(1) 49.5(3) 3(1)
A2P-T4 293 0.35(1) 0.81(1) 0.58(1) 1.9
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Fig. 6 Mossbauer spectra of the X;-T4 sample at 84 K (A) and 77K
(B) and of the A;-T4 sample at 90 K (C) and 77 K (D). The experi-
mental points (dots) and the calculated data (solid line) are shown.

factor. The recoil-free factor of the iron changes for atoms with
different oxidation numbers and in different local environ-
ments; in this case, the two components correspond to atoms
which differ only for the state of the particle. Therefore the
ratio of the areas can be considered equal to the ratio of the
number of atoms.?! The results of the fitting procedure are
reported in Table 1.

These spectra show the evolution of the sample from the
superparamagnetic state to the blocked state. The Mdssbauer
blocking temperature (7gy) is defined by the condition that the
area of the blocked component equals the area of the
superparamagnetic component.'> The Tpy for the X;-T4
sample, which has been calculated by a linear extrapolation
of the relative areas in the spectra at 77 K and 84 K, was found
to be 88+6 K.

The hyperfine magnetic field of the X;-T4 sample at 4.2 K
is 50.2 T, as reported elsewhere,?* which is a typical value of
nanocrystalline maghemite.'®
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In Fig. 6 the spectra of the A;-T4 sample at temperatures of
90 K and 77 K are also shown; the results of the fits are given
in Table 1. This sample presents a Zeeman splitted component
in the spectrum at 90 K; at 77 K this component largely
prevails. The Tgy;, determined by using the areas of the
components at 77 K and 90 K with a linear extrapolation, was
found to be 93+6 K.

The broadening of the lines of the Zeeman split components
is an effect of the size distribution of the particles; particles with
different volume have a magnetic reduced magnetic field
because of the effect of the collective magnetic excitations.?*>*
The FWHM of the Zeeman split component is larger in the
A1-T4 than in the X;-T4 sample at 77 K indicating a broader
size distribution in the A;-T4 sample.

Magnetic measurements

The temperature dependences of the ZFC and FC magnetiza-
tions of the X;-T4, A;-T4, A,-T4 and A,P-T4 samples are
shown in Fig. 7. In all samples the two curves coincide at high
temperature and the susceptibility follows, to a first approx-
imation, a Curie-Weiss law. On decreasing temperature they
begin to separate and the ZFC magnetization exhibits a narrow
maximum. Such behaviour is characteristic of superparamag-
netism? and is due to the progressive deblocking of particles of
increasing size as temperature increases.

It is generally assumed that the temperature of the ZFC
maximum, 7., 1s directly proportional to the average
blocking temperature, Ty.x=f7p, where f is a constant
depending on the shape of the size distribution.”®*” The
temperature at which the ZFC and FC curves begin to separate
(Tsep) corresponds to the blocking of the largest particles.
The difference T'sep— Tmax is therefore a qualitative measure of
the width of the energy barrier distribution and thus of the
nanoparticle size distribution.

The ZFC curve of the X;-T4 sample has a maximum at 93 K
and separates from the FC curve at about 120 K. The A;-T4
sample displays a smaller Tp,,x (72 K) but has a larger T,
(larger than 200 K) which indicates a broader distribution of
the effective energy barriers. These results are in good
agreement with the size distribution obtained by TEM which
indicated a smaller average size and a broader size distribution
for the A;-T4 sample.

The ZFC curves of the A,-T4 and A,P-T4 samples both peak
around 60 K and separate from the FC curves near 150 K. In
contrast to what was observed for the two samples discussed
above the FC, magnetization sharply increases on lowering the
temperature below 7i,ax-

The field dependence of the magnetization in the range
+6 Oe was measured at different temperatures for the four
samples. The hysteresis loops measured at 3 K for the X;-T4
and A;-T4 sample are shown in Fig. 8(A) and (B), respectively.
Both curves display the typical features of randomly oriented
assemblies of nanosize single domain particles: the loops
are open up to about 5 T and the coercivities are much larger
than the bulk value and very large for an iron oxide based
nanocomposite, being 1260 Oe and 1680 Oe for the X,-T4 and
A-T4 samples, respectively. In both samples the magnetization
is far from saturation even at the highest measuring field and
the saturation values extrapolated from the high field part
of the curves (42 and 37 emu g_1 for the X;-T4 and A-T4
samples) are much lower than that of bulk maghemite
(82emu g ").?® The reduced remanence values are 0.15 for
the A;-T4 sample and 0.13 for the X;-T4 one. These values are
much lower than 0.5, as expected for randomly oriented,
blocked nanoparticles. The discrepancy can be ascribed to the
occurrence of a non-negligible fraction of small particles which
are still relaxing fast at 3 K or to a small fraction of free
paramagnetic Fe®* ions. This is indeed confirmed by the low
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Fig. 7 ZFC and FC magnetizations of X;-T4 (A), A|-T4 (B), A,-T4 (C) and A,P-T4 (D). All the curves were measured with an applied field of 50 Oe.

temperature paramagnetic tails observed in both the ZFC and
the FC magnetizations of the two samples.

The appearance of the hysteresis loops of samples A,-T4 and
A,P-T4 is essentially the same as those shown in Fig. 8.
Coercive fields are 0.179 and 0.188 T for A,-T4 and A,P-T4,
respectively. Saturation magnetizations are smaller than those
observed in the other two samples (Mg=24.8emug ' for
A,-T4 and 20.1 emu g~ ! for A,P-T4) as a result of the smaller
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Fig. 8 Hysteresis loops of the X;-T4 (A) and A;-T4 (B) samples
measured at 3 K.

average sizes and the presence of a small amount of the
antiferromagnetic phase a-Fe,O; whose contribution to My is
much lower than that of maghemite. In Fig.9 and 10 the
coercive fields, Hc, and reduced remanences, Mgr/Mgr, of
samples X;-T4 and A;-T4 as a function of temperature are
shown. At temperatures higher than those reported on the
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Fig. 9 Temperature dependence of the coercive field of X1-T4 (@) and

A,-T4 (O). The T%77 law predicted by the Stoner—-Wohlfarth model is
not obeyed by the two samples. The lines are a guide to the eyes.
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Fig. 10 Reduced remanence as a function of temperature measured
from hysteresis loops for the X;-T4 sample (B) and the A;-T4 one ([J).
The lines are a guide to the eyes.
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graphs Hc becomes negligible for both samples and the
magnetization curves appear reversible. An anomalous
increase of both Hc and Myr/Mgr when the temperature is
increased from 3 to 6 K is observed for the X;-T4 sample.
Furthermore, neither for the X,-T4 sample nor for the A;-T4
sample do the expected decreases of Hc and My/Mgr
with temperature obey the law predicted by the Stoner—
Wolfarth model for an assembly of non-interacting single
domain particles with a random distribution of easy axes
He=Hc(0)1—(TITg)™"7) where Hc(0) is the coercivity at
0 K which for uniaxial anisotropy is equal to 0.96 K/Ms, K
being the effective anisotropy constant and Mg the satura-
tion magnetization.”® The large deviations from the law,
as well as the anomalous Hc maximum, can be reasonably
ascribed to interparticle interactions.

In fact, TEM micrographs revealed the presence of several
large aggregates including a large number of particles in close
contact with each other. Interparticle interactions are therefore
expected to be relevant in both A;-T4 and X;-T4 samples and
then to influence the process of reorientation of the magnetiza-
tion. These interactions are expected to be mainly dipole—
dipole but, due to the close contact between particles, exchange
interactions between surface atoms belonging to neighboring
particles cannot be ruled out. If interparticle interactions are
not too strong, their effects can be described as a modifica-
tion of the energy barrier of each particle and the dynamical
properties can still be interpreted within the Néel-Brown model
for superparamagnetism.®®3! On the other hand, in the case of
strong interactions, the strong correlation between magnetic
moments does not allow one to define the energy barrier for
a single particle and a drastic change of regime, where the
relaxation process is the result of collective dynamics, can
occur. Due to the random distribution of the magnetic
moments and to the frustration of magnetic interactions, it
has been suggested that the freezing of such a system can result
in a low temperature collective state which resembles the spin-
glass phase.®> Evidence of spin-glass like behavior has been
indeed reported for several different nanosized materials.!>>3-3°
However, the onset of this collective spin-glass like state (i.e.
whether the freezing is really a phase transition from a
superparamagnetic to a spin-glass like state or not) is still
matter of debate. 303638

The different mechanisms of relaxation of the magnetization
can be distinguished by a.c. susceptibility experiments. In
Fig. 11 the temperature dependence of the in-phase compo-
nent, y', of the A;-T4 (Fig. 11(A)) and X;-T4 (Fig. 11(B))
samples, measured at different frequencies in the range 0.18—
510 Hz, is shown. At high temperature, ;' is frequency
independent and follows approximately a Curie-Weiss law.
On decreasing temperature it deviates from this law and a
maximum appears. At the same time the imaginary part of the
a.c. susceptibility, x”, departs from zero showing a peak
corresponding to the inflection point of 3. The positions of the
maxima of both the real and imaginary components are
frequency dependent, moving to lower temperatures as
frequency decreases. The average relaxation time 7 can be
extracted from j curves assuming that t=1/v at the
temperature of the maximum.

In the inset of Fig. 11 In(r) is plotted as a function of
(1/Tmayx). For both samples a linearity is observed as predicted
by the Néel-Brown model for superparamagnetism.’>*> In
fact, according to the model the relaxation time should follow
an Arrhenius law t=1( exp(4/kgT) where 4 is the energy
barrier which is given by 4 =KV, V being the average particle
volume, kg the Boltzmann constant and 7y a time constant of
the order of 107°-10"'2 5. However, the linear fits of the data
give unrealistically large values for the energy barriers and
unphysical pre-exponential factors (smaller than 10~%°). The
inadequacy of the Arrhenius law indicates that the relaxation
process is not governed by the simple blocking of each
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Fig. 11 Temperature dependence of the real part y' of the a.c.
susceptibility measured at different frequencies in the range 0.18-
510 Hz for X;-T4 (A) and A;-T4 (B). In the inset the In 7 vs. 1/Tax
plots are shown.

magnetic moment but is rather strongly influenced by a
cooperative mechanism related to the presence of interparticle
interactions.

The frequency dependence of the ;' maximum cannot be
satisfactorily reproduced even by the dynamic scaling laws
proposed for spin glasses, the Vogel-Fulcher law and the
power law, t=1o[T/(T—T,)] *". The Vogel-Fulcher law is a
modified Arrhenius law where 7'is replaced by T— T\, where T
is a measure of the interparticle interactions. It was originally
introduced for spin glasses® and later proposed for magneti-
cally interacting particles at 7> Tp.*° On the other hand, a
critical slowing down of the relaxation according to a power
law is characteristic of spin glasses with a true thermodynamic
transition at 7= T,.

A criterion which can be used to analyze the frequency
dependence of y' for spin glasses and other slow relaxing
magnetic systems is based on the relative variation of Ty, per
frequency decade, ATmax/(T,mxAlogv).41 In our case we
obtained about 0.04 for both samples. The value is in between
those reported for systems that show a thermodynamic transi-
tion to a spin-glass phase and superparamagnetic systems and
it is near to those observed in systems for which evidence of
progressive inhomogeneous freezing was reported.*?

Conclusions

This sol-gel procedure was successful for obtaining pure
maghemite-silica nanocomposites starting from both xerogel
and aerogel samples, with average particle size around 5 nm.
This is a remarkable result in comparison with previous
investigations where maghemite was always accompanied by
hematite in aerogel Fe,03-SiO, materials'? and also in the
corresponding xerogel samples hematite was easily formed for
iron contents higher than 239 . However, particular care has



to be taken when preparing aerogel samples because the pure
v-Fe,03-Si0, nanocomposite is obtained only when starting
from a gel which contains a small amount of solvent entrapped
in the pores.

It should be pointed out that previous results were obtained
using a different sol-gel procedure and different conditions of
heat treatment. In particular, in the previous investigations
maghemite precursors were shown to be either 2-line (XRD)
ferrihydrite for the xerogel samples or 6-line ferrihydrite for
the aerogel ones. In the present case, in accordance with ref. 13,
the mechanism of formation of maghemite involves first the
formation of Fe3O4 via the reduction of the Fe(in) ions by the
organics present in the gels, followed by the oxidation of Fe;04
to Y-F6203.

In the xerogel samples, which are directly formed from the
gels, the organics mainly come from the solvent entrapped in
the pores at the gelation point. In this case the average size of
the maghemite nanoparticles is higher for the sample prepared
starting from a gel entrapping a larger amount of solvent.
On the other hand, in the aerogels the solvent is removed by
high temperature supercritical drying; at the same time, the
esterification of the silanol groups from the ethanol present
in the autoclave produces a large amount of new organic
residues which are responsible for magnetite and maghemite
formation. The combustion of the organics in the aerogel
samples gives rise to strongly exothermic peaks due to the high
surface area and high reactivity of this kind of material. In
particular, if the combustion of the organics gives rise to local
overheating of the sample, a maghemite to hematite transition
may occur. This interpretation is confirmed by the absence of
hematite impurities in the A,P-T4 sample because the reaction
is less strong in the powdered sample.

The ratio of the Mdssbauer blocking temperature and the
Tmax of the ZFC susceptibility, for the X;-T4 and A;-T4
samples, is much smaller than that predicted following the Ne¢l
theory for non-interacting particles (ratio in the range 2-7)"°
pointing out the presence of strong interactions between
nanoparticles. These results are in agreement with TEM
observations, which showed the formation of nanoparticle
agglomerates. Accordingly, the magnetic data of the X;-T4 and
A-T4 samples indicate that their magnetic properties are
strongly influenced by interparticle interactions. The observed
frequency dependence of Ty,,x cannot be described either by
single particle blocking or by a phase transition from a
superparamagnetic state to a spin-glass like ordered state. Due
to the occurrence of an energy barrier distribution and to the
simultaneous presence of isolated and agglomerated particles,
single particle effects and collective freezing of particle
moments will coexist, resulting in more complex behavior
which appears as an inhomogeneous freezing with no phase
transition.
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