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The synthesis, by the Sol-Gel technique, of the Fe0.4(SiO2)0.6, Co0.4(SiO2)0.6 and Ni0.4(SiO2)0.6 silicates, was developed in order to obtain
nanostructured samples of these compounds. The structural and magnetic characterization of the samples was realized by X-ray diffraction
(XRD), Scanning Electron Microscopy (SEM), PPMS (Physical Property Measurement System) for hysteresis cycles and FC (Field Cooling)
and ZFC (Zero Field Cooling) scans and Mössbauer spectrometry (MS). The Rietveld refinement of the Fe-SiO2 sample shows the presence
of hematite and FeCl2(H2O)6 phases with enlarged crystallites of nanometric size. The corresponding SEM micrographies prove these
crystallites are nanoparticles as well as that they form agglomerates. The MS shows the sextet of the hematite and a singlet which can be
attributed to the iron chloride. The hysteresis cycle at room temperature (RT) is very thin, showing a soft magnetic behavior, and do not
saturate, due the high paramagnetic presence of the iron chloride. The FC and ZFC scans show a peak of irreversibility at 16 K attributed to a
spin-glass phase and then decreases with the temperature increase proving the soft ferromagnetic behavior at RT. The Ni-SiO2 sample shows
the NiO and NiCl2(H2O)6 phases. The SEM observation shows big polycrystalline spherical particles and also nanometric monocrystalline
particles. This sample does not show hysteresis cycle showing its paramagnetic character at RT. Finally the Co-SiO2 sample presents the
Co3O4 and CoNiO phases and a paramagnetic character. However, the ZFC and FC scans show peaks at 31 K and then a decreasing signal as
T increases and also an irreversibility temperature near 250 K. Behavior which can be associated to the existence of a pure spin-glass phase.

Keywords: M-SiO2 compounds; M̈ossbauer spectrometry; X-ray diffraction; Sol Gel.

La śıntesis, por la t́ecnica Sol-Gel, de las muestras de Fe0.4 (Si O2)0.6, Co0.4 (Si O2)0.6 y Ni0.4 (Si O2)0.6, fue desarrollada para obtener
estos nanocompuestos nanoestructurados. La caracterización estructural y magńetica fue realizada por difracción de rayos X (XRD), micro-
scopio electŕonico de barrido (SEM), algunas medidas de propiedades fı́sicas por PPMS (“Physical Property Measurement System”) para
ciclo de hist́eresis, y barridos de FC (field cooling) y ZFC (zero field cooling) y espectrometrı́a Mössbauer (MS). El refinamiento Rietveld
del compuesto de Fe-SiO2 muestra la presencia de las fases Hematita y FeCl2(H2O)6 , con cristalitos ligeramente alargados de tamaño
nanoḿetrico. En la micrografı́a obtenida por SEM se distinguen claramente estos cristalitos de nanopartı́culas formando aglomerados. El
espectro M̈ossbauer muestra el sextete de la hematita y un singlete que se puede atribuir al cloruro de hierro hidratado. El ciclo de histéresis,
a temperatura ambiente, es muy estrecho, el cual muestra un comportamiento magnético suave y no saturado, debido a la gran contribución
paramagńetica y la presencia del cloruro de hierro hidratado. Los barridos de FC y ZFC muestran un pico de irreversibilidad a 16 K, atribuido
a una fase de vidrio de spin; esta señal decrece y luego crece levemente con el incremento de la temperatura, indicando un comportamiento
ferromagńetico d́ebil a temperatura ambiente. La muestra de Ni-SiO2 presenta las fases de NiO y NiCl2(H2O)6. La micrograf́ıa SEM
muestra partı́culas esf́ericas policristalinas grandes y también part́ıculas nanoḿetricas monocristalinas. Este compuesto no presenta ciclo de
hist́eresis, indicando su carácter paramagńetico a temperatura ambiente. Finalmente, la muestra de Co-SiO2 presenta las fases de Co3O4

y CoNiO con una caracterı́stica paramagńetica. Sin embargo, los barridos de FC y ZFC muestran picos a 31 K y un decrecimiento de la
sẽnal cuando aumenta la temperatura, y también una irreversibilidad a una temperatura cercana a los 250 K, cuyo comportamiento puede ser
asociado a la existencia de una fase pura de spin-glass.

Descriptores: Compuestos M-SiO2; espectrometrı́a Mössbauer; difracción de rayos X; Sol-gel.

PACS: 76.60.Es; 61.05.C; 61.46.Df.

1. Introduction

Sol gel is one of the most used techniques for the fabrication
of nanoparticles [1]. If these particles are magnetic they are
used in medicine as drug transporter or hyperthermia for the
treatment of tumors. Other application is to produce granu-
lar systems, which consist of nanometric particles distributed
in a solid matrix, this matrix can be an electric insulator or
a conductor, crystalline or amorphous; and can have sev-
eral phases of different materials. One example of granu-
lar systems are Ni, Co and Fe nanoparticles immersed on

SiO2 [2-6]. These systems present many applications in the
actual technology as the production of magnetic recording
materials. The aim of current paper is to study M-SiO2, with
M = Fe, Ni and Co, systems produced by the sol gel method.

2. Experimental method

It was prepared 0.50 M solutions of ferric chloride, cobalt ni-
trate and nickel chloride in water. From each one of these
solutions it was selected 10,0 ml for be mixed with 570µl of
tetraetoxisilane (99 %, d = 0,761 g·ml−1). The mixtures were
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slowly heated under continuous agitation until its volume was
reduced to 5 ml, after this they were heated at 333 K under
low pressing during 48 hours to permit the gel formation. In
order to permit the best diffusion of the ions the gels were
maintained at 313 K during five days. After the formation
of the gels they were treated in the following way: heating
from RT up to 393 K at a rate of 2 K·min−1 to dry the gels;
maintaining them at 393 K during thirty minutes; heating un-
til 773 K at a rate of 5 K·min−1 in order to induce the de-
composition of the gels in the desired phases; and finally the
temperature of 773 K is maintained during one hour, then the
heating increases at a rate of 10 K·min−1 until 1173 K and
remaining at this temperature during 6 hours waiting that the
obtained phases or salts can stabilize. After this the furnace
was on and is waiting after the RT was obtained.

All the samples so prepared were structurally character-
ized by DRX and by SEM in the Engineering Faculty of Los
Andes University, and the calibration sample for the XRD
studies was Zn. Magnetically they were studied in the con-
ventional M̈ossbauer spectrometer of the Physics Department
of the Universidad del Valle using trans-mission geometry,
a 57-Co/Rh source andα-Fe as the calibration sample; and
the PPMS (Physical Properties Measurement System) of the
CENM in Cali. The DRX patterns were refined by means
of the Rietveld method and the GSAS program [7] and the
Mössbauer spectra were fitted by using the MOSFIT pro-
gram [8].

3. Results and discussion

3.1. Results for the Fe-SiO2 sample

Figure 1 shows the DRX pattern of the Fe-SiO2sample. The
refinement shows the presence of three phases: a) hematite
(Fe2O3) which presents a trigonal structure with an spatial
group R -3 C H, lattice parameters a = b = 5.0353(3)Å y
c=13.7453(9)Å, and anglesα = β = 90 andγ = 120. b) A
phase of the nickel chloride type, NiCl2(H2O)6, but where
the Ni sites are occupied by Fe atoms, with a monoclinic cen-
tered structure and spatial group C 1 2/m 1, lattice parameters
a = 10.8650(5)̊A, b = 7.2387(8)Å and c = 6.7604(4)̊A, and
anglesα = 90.0000,β = 124.3876 andγ = 90.0000; and c) a
face centered cubic phase, which was not identified, with lat-
tice parameter a = 8.1200(5)Å and spatial group P 42 m/nm.
As can be noted in this figure the background is very broad,
showing that there exist big contribution of incoherent radia-
tion which can be attributed to a big contribution of the grains
surface and to the interface of the grains which can be amor-
phous.

This refinement permits to conclude also that the mag-
netite crystallites are lightly enlarged with dimensions of
120.73×186.94 nm and those of the iron chloride present
similar dimensions. The volumetric fraction obtained for the
obtained phases are: hematite 26.14 %, hydrated iron chlo-
ride 72.28 % and 1.58% for the unknown FCC phase.

FIGURE 1. XRD pattern of the Fe gel sample.

FIGURE 2. SEM micrograph of the Fe-SiO2 sample. It can be
observed particle agglomerates corresponding to hematite and hy-
drated Fe chlorite particles.

Figure 2 illustrates a SEM micrograph obtained for the
Fe-SiO2 sample in which it can be distinguee particle ag-
glomerates with an enlarged shape and with similar dimen-
sions are coincident with those obtained by XRD. It can be
conclude from these results that the particles observed by
SEM are monocrystallines.

Figure 3 illustrates the M̈ossbauer spectrum of the Fe
gel sample. This spectrum was fitted with a sextet corres-
ponding to the hematite which is an antiferromagnetic com-
pound [], and a singlet which can be attributed to hydrated
Fe chloride. Then this chloride is a paramagnetic compound.
This conclusion was taken in according to the XRD results.

Figure 4 shows the hysteresis cycle of the Fe-
SiO2sample. This cycle is thin with a coercive field lest than
1 KOe and do not saturate, showing that the sample has a
big paramagnetic contribution (attributed to the hydrated Fe
chloride) and to the soft magnetic behavior of the hematite.

Rev. Mex. Fis. S58 (2) (2012) 118–122
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FIGURE 3. Mössbauer spectrum of the Fe-SiO2 sample fitted with
the hematite sextet and a singlet attributed to the Fe chloride ob-
tained by XRD.

FIGURE 4. Hysteresis cycle of the Fe-SiO2 sample.

Finally Fig. 5 shows the FC (field cooling) and ZFC (zero
field cooling) scans of the Fe-SiO2 sample. It can be noted
that both signals are practically the same from Ta until 16 K,
where the ZFC presents a maximum and then it separate from
that of FC. This irreversibility could be attributed to two types
of phenomena: spin glass (SG) or superparamagnetism (SP).
We assume the SG behavior due that the particles are very
high, near 200 nm and cannot present SP. Then the SG be-
havior presents a freezing temperature at 16 K but this tran-
sition must be of the reentrant type (RSG) due that the signal
decreases after 16 K and then near 265 K present a low in-
creases, indicating a soft ferromagnetism, as was indicated
by the thin hysteresis cycle of Fig. 4 and from the Mössbauer
result.

4. Results for the Ni-SiO2 sample

Figure 6 shows the XRD pattern for the Ni-SiO2 sample. This
pattern was refined with three phases: the NiO (Ni oxide)
phase which is FCC with a spatial group F –m 3 m, lattice

FIGURE 5. ZFC and FC scans of the Fe-SiO2sample.

FIGURE 6. Diffractogram of the Ni-SiO2 sample.

parameter a = 4.1803(1)̊A and a volumetric fraction of
87.93%; the hydrated Ni chloride ((NiCl2(H2O)6) which is
centered monoclinic with spatial group C 1 2/m 1, lattice pa-
rameters a = 10.3284(2)Å, b = 7.0758 (4)Å and c=6.6267(5)
Å and anglesα = 90,β = 122.36 andγ = 90, and a volumet-
ric fraction of 9.83%; and a FCC unknown phase with spatial
group F m -3 m and lattice parameter of 4.6253(4)Å and a
volumetric fraction de 2.23%.

The crystallite sizes obtained from the refinements are:
165.63×349.22 nm (enlarged crystallites) for the NiO;
64.99×176.31 nm (enlarged crystallites) for the hydrated Ni
nitrate; and symmetric crystallites of 89.11 nm for the unde-
termined and minoritary FCC phase.

Figure 7 shows a SEM micrograph of the Ni-SiO2 sam-
ple in which it can be seen agglomerates of big particles, with
diameter near 5µm, as well as agglomerates of smaller parti-
cles with diameters of some thousands of nm. A SEM micro-
graph of the same sample in another region take at X80.000
shows enlarged particles with mean size of 300 nm. In ac-
cording with the crystallite size obtained by XRD results the

Rev. Mex. Fis. S58 (2) (2012) 118–122
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FIGURE 7. SEM micrograph of the Ni-SiO2sample take at X3000.

FIGURE 8. M vs. H curve of the Ni-SiO2 sample.

particles which conforms the big agglomerates must be poly-
crystalline, while those which conform the smallest agglom-
erates must be monocrystalline. Besides, from Fig. 7 it is
noted that the volumetric fraction of big particle agglomer-
ates is bigger than that of the small particles and this indicates
that the big particles must correspond to the NiO phase and
small ones must correspond to the Ni chloride.

Figure 8 shows the M vs, H curve of the Ni-SiO2 sam-
ple. It can be noted that not hysteresis exist (Hc = 0) and not
saturation is obtained at the maximum field used, which ev-
idence the paramagnetic character of the sample and then of
its detected phases.

5. Results for the Co-SiO2 sample

The obtained pattern for the Co-SiO2 sample (not show here)
was refined with two phases: the Co3O4 oxide which presents
a FCC structure with spatial group F d -3m and a lattice pa-
rameter a = 8.0821̊A; and a Ni oxide with some Co atoms

FIGURE 9. Micrograph of the Co-SiO2 sample.

FIGURE 10. ZFC and FC scans of the Co-SiO2 sample.

substituting the Ni ones. The obtained structural parameters
of this phase are very similar to that obtained for the Ni oxide
of the Ni-SiO2 sample.

Figure 9 shows a micrograph of the Co-SiO2 sample. In
this it can be observed big particles which correspond to the
Co oxide detected by XRD with mean size some microns and
are polycrystalline, also it can be noted some small and bright
an agglomerated particles with sizes near 0.1 microns which
correspond to the mixed Ni oxide.

Finally, in Fig. 10 is shown the ZFC and FC scans of
the Co-SiO2 sample. It can be noted that the signals are
very small and coincident until near 250 K. Above this tem-
perature (irreversibility one) the signal increase until 31 K.
This temperature is attributed to a freezing one of a pure spin
glass to paramagnetic transition. The SP blocking tempera-
ture is discarded due the big size of the particles. The low
signal showed at big temperatures indicated that the sample
and their phases are paramagnetic.

Rev. Mex. Fis. S58 (2) (2012) 118–122
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6. Conclusions

The results permit to conclude that parting from solutions of
ferric chloride, nickel chloride and cobalt nitrate in water, and
then processed them by the sol gel method, it was possible to
precipitated oxide phases of the transition metals joined with
hydrated chloride of Fe and Ni, respectively, in the first two
cases, and a mixed hydrate FeNi oxide for the third case. In
all the cases the particle and crystallite size are bigger than
150 microns and in general the behavior of the obtained sam-
ples at RT is paramagnetic except for the Fe based sample
which present a weak magnetic behavior due the hematite
phase inside it. At low temperatures the samples present

the pure spin-glass behavior except the sample based in Fe
in which the spin-glass is of the reentrant type. The spin-
glass behavior can be attributed to the disorder obtained by
the preparation route and the competitive interactions: ferro-
magnetic due direct exchange between ferromagnetic atoms
and the super-exchange due the metal ferromagnetic atoms
but separated by oxygen atoms.
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