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Fe0,-SIO, nanocomposites studied by M Gssbauer
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Fe.O,-SiO, nanocomposites were obtained via the sol-gel method, by using three different precursors for the silica matrix.
The morphology and the iron phase composition is strongly influenced by the precursors. The presence of magnetically
ordered goethite and fayalite is evidenced by low temperature Méssbauer spectroscopy. Subsequent annealing treatments
performed on the initial samples have induced the formation of hematite nanoparticles in the silica matrix, mainly on the
account of the goethite decomposition. The total amount and the size distribution of the hematite nanoparticles can be
controlled via the initial precursors and the subsequent annealing conditions. The simultaneous analysis of the iron phase
composition and of the local magnetic interactions in the analysed samples is performed.
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1. Introduction

Materids consisting of nanosized magnetic grains
embedded in various matrices are subject of intense
current research. Magnetic nanocomposites have been
investigated for their potentia applications in magnetic
recording and magneto-optics [1,2], color imaging [3],
bioprocesing [4], catalysis[5] and ferrofluids [6].

One of the most reliable methods for the preparation
of the nanocomposites is the sol-gel procedure. Iron oxide
nanoparticles can be embedded in an inert, inorganic,
transparent and temperature resistant silica matrix, within
awide range of experimental conditions [7-10]. Following
this procedure, a-FeEOOH appears as an intermediate
compound during the therma processing. The thermal
behavior of a-FeOOH is reported in literature [11,12,13].
The above mentioned studies have shown that the fina
product of the therma induced decomposition of a-
FeOOH is a-Fe,0; and that the crystallographic and the
magnetic properties of the final product depend on the
annealing conditions and the degree of the crystaline
order of the initial material. This paper presents the
influence of the different SO, sources on the structural,
morphological and local magnetic properties of the iron
phases in iron oxide- silica nanocomposite materials
prepared by the sol-gd method. The influence of different
annealing treatments is a so emphasized.

2. Experimental

Three samples of FeO,-SiO, nanocomposites have
been prepared using the akoxide route of the sol-gel
method.  Tetraethoxysilan (TEOS), from Merck,
methyltriethoxysilan (MTEQOS), from Fluka, and
phenyltriethoxysilan (PTEOS), from Aldrich, were used as
SiO, sources. Regarding the iron source, this was a
common one for al samples, respectively the Fe(ll) sdt,

FeSO,-7H,0O, from “Reactivul”. The preparation and the
structural  characterization of the iron oxide-slica
nanocomposites have been detailed in our previous papers
[14,15]. The syntheses were carried a well controlled
temperature with permanent magnetic stirring. The relative
amount of iron oxide to SIO, was 3 wt.% in dl cases. The
initial gels were dried at 110 °C for 24 h, giving rise to
samples T, M and P, respectively (according to the silica
sources in the above mentioned order). The compositions
and the preparation conditions of the synthesized samples
are presented in Table 1.

Table 1. The chemical compositions and the experimental
conditions of the prepared Fe,O,-SO, nanocomposites.

Molar ratio Conditions
of reaction
Sample | Silica | ROH | HyO | pg2+| NHOH| T | t
precurso | = ey " “O| (h
p SO, | SO, S0, SO,
T TEOS 4 |13.375|0.033| 0.008 65 1
M MTEOS 8 13.375| 0.033 | 0.008 65 3
P PTEOS 8 13.375| 0.033 |  0.008 65 6

Subsequently, amounts of each of the three initia
samples (T, M and P) were thermally treated at 550 °C and
1000 °C, respectively, for 1 hour, giving rise to samples
with expected different properties as compared with the
initial ones.

The Fe0,-SIO; nanocomposites were previously
characterized by DTA/TG analysis [10,14,16,17], XRD
[14,17], IR spectroscopy [10,14], TEM [10,17], and by the
BET method for surface area determinations [10,14,17].

The MOssbauer spectra were acquired by using a
constant acceleration spectrometer with symmetrica
waveform and a °’Co source (1.4 MBGg) in a Rh matrix.
Measurements & 5 K have been performed with the
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samples in a liquid He bath cryostat. A close cycle He
cryostat was used for Mossbauer measurements above
20 K. The spectra were least-squares fitted by using the
computer program “NORMOS” by Brand [18]. All isomer
shift values are given relative to bce Fe at RT.

3. Results and discusion

The Mdssbauer spectra of samples T, M, P collected
a 5 K are shown in Fig. 1 and the corresponding
M Osshauer parametersin Table 2.

The M0sshbauer spectrum of sample T shows three
components. The first component is a central paramagnetic
doublet with a small isomer shift, 1S=0.40 mm/s, and
quadrupole splitting, QS=0.70 mnvs. This component
suggest the presence of not interacting magnetic moments
of Fe and is tentatively attributed to the Fe’" ions diffused
uniformly in silica matrix. The second component,
consists in a very broad sextet with a relatively low
hyperfine magnetic field, By, but with alarge isomer shift.
Tacking into account the vealues of the hyperfine
parameters, namely By = 28T, 1S=0.90 mnvs and
QS = 0.31 mm/s, this component was assumed to belong
to Fe,SO, in a magnetic relaxation regime, as will be
subsequently detailed. The third component consists in a
pretty well shaped sextet with a hyperfine field By = 49T,
a smdl isomer shift 1S=0.40 mmv/s and a quadrupole
splitting QS = 0.30 mnVs. This position was attributed by
its hyperfine parameters to the a-FeOOH phase [19]. The
0-FeOOH (goethite) presents an antiferromagnetic
behavior a room temperature and has a Néel temperature,
Ty, Of approximately 400 K and an hyperfine magnetic
fidd of &out 50 T, for wel formed particles of
mezoscopic size. Lower hyperfine fields are expected for
particles of smaller mean size, due to the presence of a
relatively higher fraction of Fe surface positions.

RELATIVE EMISSION
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Fig. 1. Mdssbauer spectra collected at 5 K on samples
T(a), M (b) and P (c).

The Mdssbauer spectrum of sample M obtained at 5 K
shows four different components. a singlet and three
magnetic  sextets. The paramagnetic  component,
represented by a singlet with 1S= 0,51 mnvs, has been
atributed again to Fe** ions uniformly diffused into the
silica matrix. Compared with sample T (with TEOS
precursor) showing a distorted  MdOssbauer pattern
(doublet) for the diffused ions, the presence of the singlet
with negligible quadrupol e splitting, proves a much lower
distortion of the silica matrix in sample M. The second
component of the spectrum, represented by a magnetic
sextet with high quadruole shift, corresponds to a Fe**
phase. The hyperfine parameters are specific to one of the
sextets belonging to faydite, Fe,SO, (1S=1.28 mnvs,
QS = 2.55 mnvs and B,=33T) [20]. It is worth mentioning
that Fe,SiO, is one of the most abundant minerals in
Earth’ s upper mantle and therefore it has been extensively
studied in the last decades [20,21]. Its magnetic structure
has been studied by Mosshauer spectroscopy and neutron
diffraction and is reported to have a noncollinear
antiferromagnetic structure below the Ned temperature of
about 66 K [22,23]. Two iron positions giving rise to two
magnetic patterns with quite different hyperfine fields
(about 32 T and 12 T, respectively) are generaly reported
for the low temperature Mossbauer spectra of this
compound [20-23]. However, in the present case, the fit
quality of the Mdssbauer spectrum gave strong indications
for only one spectral component assigned to fayalite. This
could suggest a very defected orthosilicate compound
formed at the interface of the iron oxide with the silica
matrix, with mainly one crystalographic site occupied by
Fe** ions. In the previous sample, T, the broad sextet with
a large isomer shift, suggesting Fe** ions, and assigned
also to fayalite, has an atypical low quadrupole shift and
hyperfine field. The overal shape of those component
reminds a magnetic relaxation regime, which in thiscaseis
most probably due to the low size of the fayalite particles.
For a mean size in the nanometric range, the blocking
temperature decreases rapidly much below the Ned
temperature of only 66 K and a relaxation regime could be
I work aso a 5 K. Accordingly, the hyperfine magnetic
field could be 5-6 T lower than the hyperfine magnetic
field in the static regime and the quadrupole shift could
loss the meaning from the time independent perturbations.
The third component in the Mdssbauer spectrum is a
magnetic sextet with a hyperfine field of 50T and
1S=0.40 mmVs, specific to goethite, a-FeOOH. Findly, the
fourth component (magnetic sextet) is assigned to an iron
oxihydroxide with Bn=42T and 1S=0.48 mm/s and is
supposed to belong to y- FEOOH. The low dimensionality
of the particle could be again the cause of a smaller
hyperfine magnetic field as compared with the bulk value
(42 T as compared with 46 T in the bulk). Sample M is
definitely better crystalized than sample T, as directly
suggested by the lower linewidths of the Mdssbauer
components. The Mdssbauer absorptions of the very broad
sextet in sample T resembles to the ones corresponding to
fayalite in sample M, but the lower hyperfine field can be
explained only via a magnetic relaxation regime, specific
to nanosized partides. Fe phases of lower dimensionality
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in sample T is also suggested by the lower hyperfine field
of goethite in this sample (49 T in sample T as compared
with thetypical value of 50 T in sample M).

The Mossbauer spectrum of sample P gives evidence
for Fe*" ionsin intermediate spin configuration, diffused in
the SiO, matrix, and the presence of the fayalite and the
goethite phases.

Table 2. The Mdsshauer parameters (the hyperfine
magnetic fied, By, the isomer shift, IS and the
guadrupole splitting, QS) of the initial samples T, M and
P. The relative content of the various iron phases
corresponds to the relative area of the Mossbauer

components.
Sample | Component [By (T) | IS (mm/s) | QS Aria
(mm/s) | (%)
T Fe** - 0.40 0.70 38
Fe,Si0, 28 0.90 0.31 41
a-FeOOH |49.5 0.40 0.25 21
M Fe* - 0.50 - 18
Fe,SiO, 340 [1.28 2.55 38
o—-FeOOH |50 0.40 0.20 31
y- FeOOH |42 0.48 0.72 11
P Fe”* - 1.38 153 10
Fe,SIO, 37.13 [1.28 2.45 71
o—-FeOOH |50 0.37 0.24 19

The Mdsshauer spectra of sample T taken at 20K and
room temperature (RT) after the annealing treatment of 1 h
at 1000 °C are presented in Fig. 2.

The 20 K and RT Mo&ssbauer spectra of sample T (not
annedled) confirm the presence of three Fe phases,
assigned as previoudly, to a-FeOOH, Fe,SiO, and isolated
Fe** ions dispersed in the silica matrix. Moreover, the
evolution of the spectra versus the temperature provides
additional evidence for magnetic relaxation phenomena
due to the low dimensiondlity of bath the faydite and the
goethite phases (see the collapsing behavior of the
magnetic sextetsin Fig. 2 (b)).

On the other hand, the Mdssbauer spectra collected at
20 K and RT for sample T treated at 1000 °C for 1 h,
consist of only two Mdssbauer components. a magnetic
sextet and a paramagnetic/superparamagnetic doublet. The
hyperfine parameters of these components suggest only
the presence of Fe* based phases. The most complete
information about the phase composition of the sample is
obtained in the magnetic static regime corresponding to 20
K. Accordingly, the sextet can be undoubtedly assigned to
the a-Fe,O; phase (hematite). About 45% of the total iron
bel ongs to this magnetic phase, whereas the rest of 55% is
atributed to paramagnetic Fe** ions in silica matrix. The
RT Mossbauer spectrum of sample T annealed at 1000°C
evidences only 14% of magnetic phase with hyperfine
parameters typica to hematite. This result suggests that
the central doublet at RT (86% relative area) involve both
isolated Fe* ions dispersed uniformly in silica matrix and
small superparamagnetic partides of a-Fe;Os. That isin
agreement with a bimodale size distribution of the
hemetite particles, with a significant fraction of very fine
nanoparticles (mean size lower than 5 nm [24]).

RELATIVE EMISSION
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Fig. 2. Mdsshauer spectra of sample T collected at

different temperatures before and after annealing at

1000°C: (a) spectrum collected at 20 K on sample T

before annealing, (b) spectrum collected at RT on

sample T before annealing, (c) spectrum collected at

20 K on sample T after annealing, (d) spectrum collected
at RT on sample T after annealing.

The Méssbauer spectra of samples M, as prepared
and heated at 550 °C and at 1000 °C respectively, are
presented in Fig. 3. The 80 K spectrum of the initial
sample M (as prepared) gives clear evidence for only a
weak magnetic component assigned to a-FeOOH (14%
relative contribution) and intense paramagnetic patterns
assigned to Fe®* (43% reaive area of the central doublet
and the central singlet) and Fe** (43% relative area of the
doublet with large quadrupolle splitting and positive
isomer shift) species. The 80 K Mdssbauer spectrum of
sample M hested a 550°C shows three different
components. The corresponding Mdssbauer parameters
suggest tha the sextet with the largest magnetic splitting
belongs to hematite (a-Fe,Os) whereas the second sextet
(with lower magnetic splitting) belongs to goethite
(a-FeEOOH). The third component is attributed to Fe**
diffused in slica matrix. At RT the whae spectrum
becomes paramagnetic-like, suggesting the
superparamagnetic behavior of the hematite and the
goethite particles.
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Fig. 3. Mossbauer spectra of sample M collected at
different temperatures in the as prepared and anneal ed
states: (a) spectrum of the as prepared sample M
collected at 80K, (b) spectrum of sample M annealed at
550 °C and collected at 80 K, (c) spectrum of sample M
annealed at 550 °C and collected at RT, (d) spectrum of
sample M annealed at 1000 °C and collected at 80 K,
(e) spectrum of sample M annealed at 1000°C and
collected at RT.

The 80 K Mdssbauer spectrum of sample M annealed
a 1000 °C show only two components. The first one,
represented by a paramagnetic central doubl et with a small
isomer shift (IS = 0.40 mnvs) and quadrupole splitting
(QS = 0.50 mnVs) is attributed to Fe* ions dispersed in
silica matrix. The second component is a magnetic sextet
with hyperfine parameters typica for hematite. The
relative area of the sextet belonging to hematite decreases
from about 61% at 80 K to about 32% at RT, in conditions
of a very weak decrease of the hyperfine field. That is
again a direct proof that the hematite particles present a
bimodal size distribution also in sample M.

4. Conclusions

Mainly fayalite and goethite are obtained as magnetic
phases dispersed in the silica matrix in samples prepared
by the sol-gel method and using tetraethoxysilan (TEOS),
methyltriethoxysilan (MTEOS) and phenyltriethoxysilan
(PTEQS) as precursors for the silica and FeSO,-7H,0 as
iron source. The highest amount of goethite is observed in

the sample prepared with MTEOS whereas the sample
prepared with PTEOS shows the highest amount of
faydite. Annealing treatments of 1 h at 1000 °C performed
on the initial samples induce the formation of hematite
nanoparticles in the silica matrix. The highest amount of
hematite corresponds to the initial sample presenting the
highest amount of goethite. A bimodal size distribution of
the hematite nanoparticles is evidenced from the evolution
of the MOsshauer spectra versus temperature. The
nanoparticles with the lower mean size are in the
superparamagnetic state at room temperature. Annealing
treatments for 1 h a 550 °C induce only the formation of
an incipient hematite and increase the size of the goethite
particles. All hematite nanoparticles formed in these
conditions are in the superparamagnetic state a room
temperature.
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