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Crystallographic and magnetic properties of Fe-doped SnO,
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Abstract We prepared Sn;_,Fe,O, (x =0, 0.03, 0.05,
0.10, and 1.0) nanoparticles by the polymeric precursor
method based on the modified Pechini process. Two types
of starting reactants for both tin and iron were explored:
Sn(II)/Fe(II) and Sn(IV)/Fe(Ill) precursors. Thermogravi-
metric analysis revealed that the precursor powders pre-
pared from Sn(IV) have higher excess in ethylene glycol in
comparison to precursor samples prepared from Sn(II).
XRD patterns for those samples prepared from Sn(IV) and
Fe(Ill) were adequately fitted by introducing only the
cassiterite phase of SnO,. Micro-Raman spectra also sup-
port these findings, and additionally it is found that the
presence of iron broadened and reduced the intensities of
the principal bands. ''°Sn Mdssbauer spectra indicated
only the presence of Sn**, whereas RT *’Fe Mossbauer
spectra suggested the presence of two Fe*™ sites located at
different distorted sites. On the other hand, micro-Raman
and "Mossbauer spectrometry showed the formation of
hematite as impurity phase for those samples with iron
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concentrations above ~35 at.%, prepared from Fe(Il) and
Sn(II) precursors. In addition, their XRD patterns revealed
larger average grain sizes for the cassiterite phase of SnO,
in comparison to those samples prepared from Sn(IV) and
Fe(I1D).

Introduction

Tin oxide (SnO,), normally known as cassiterite, is a
typical wide band gap n-type semiconductor (E, = 3.6 eV
at 25 °C) and one of the most widely used semiconductor
oxides due to its chemical and mechanical stability [1, 2].
The cassiterite belongs to a rutile-type tetragonal system
with a D‘l‘ﬁ point group and with a p4/mnm space group
[3]. Tin oxide has many industrial applications such as
catalytic support and gas sensors of toxic materials. It can
be used as transparent electrode for solar cells, liquid
crystal displays, anodes for lithium ion batteries and nano
and ultrafiltration membranes [1, 2]. When doped with
certain elements, SnO, exhibits a significant increase in
the electrical conductivity [4, 5]. It has been found that
Fe**-doped SnO, nanoparticles have a higher catalytic
activity and sensitivity to gases than undoped tin oxide
[1]. However, maximum solubility of iron in tin oxide
lattice remains imprecise [6—8]. In the last years, M-doped
tin oxides (where M is a d-transition metal such as Fe, Co,
Ni, Cr, Mn, etc. [7-13]) have been a subject of investi-
gations due to their promising spintronics applications.
Spintronic materials transport both charge and spin of free
carriers in a controllable way [14]. One of the main
features of these systems is that they can exhibit an
intrinsic ferromagnetism at room temperature or above.
This characteristic should not be related to the presence of
hidden secondary phases or clusters associated with the
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dopant. In these systems the foreign atoms must be
homogeneously distributed at the cation sites in the host
semiconductor crystalline structure [15]. It is well known
that the synthesis method and the precursors employed
in the preparation of Fe-doped SnO, nanoparticles can
determine the physico-chemical, crystallographic, and
magnetic properties of final product. In general, the prep-
arations of pure and doped tin oxide have been carried out
by different methods such as mechanical alloying, solid-
state reaction method, and wet chemistry methods. The
wet chemistry methods include co-precipitation, hydro-
thermal, solvothermal, sol-gel, among others [16—19]. The
sol-gel method has several advantages over other methods
such as its potential to produce high purity compounds
with atomic scale homogeneity, significant reduction of
the processing temperature and time required and high
potential to control the particle size. The traditional sol—
gel method utilized alkoxides as precursor, but this is
relatively expensive and cannot be used at large scale.
Another drawback of metal alkoxides is that they are
moisture sensitive and need to be handled under a dry and
inert atmosphere. The polymeric precursor method has
been used during the last years as an alternative method to
prepare ceramic oxides. By comparison with conventional
sol-gel processing routes based on alkoxides, this tech-
nique requires cheaper precursors and allows the use of an
aqueous system for the processing. The method was orig-
inally developed by Pechini [20]. The process involves
the aqueous reaction of single or multiple metal ions
with a poly functional acid such as citric acid (CA), to
produce stable complexes and to prevent precipitation.
These chelates undergo esterification, when heated with a
poly-hydroxy alcohol, such as ethylene glycol (EG), to
form a polymeric resin, subsequently establishing linkages
between the chelates by a polyesterification reaction. The
cations are expected to be dispersed uniformly throughout
the polymeric resin. Additional heating of the resin in air
allows the removal of the organic components and the
formation of an amorphous dry product (powder precur-
sor). The subsequent sinterization of the amorphous
product at a suitable temperature leads to the formation of
ceramic oxide. In the scientific and industrial ambits, it
is of great importance to establish methodologies for
obtaining pure samples, free from impurities and cluster-
ing of dopant ions for subsequent applications and to be
sure that the material behavior is due to the properties
generated by the dopant and not by the segregation of
secondary phases. The principal aim of this article is to
find proper ways of preparing Fe-doped SnO, nanoparti-
cles by the polymeric precursor method based on the
modified Pechini process by using two different tin and
iron sources and studying their crystallographic and
magnetic properties.

Experimental procedure

Samples of Sn;_,Fe O, were obtained by the polymeric
precursor method based on the modified Pechini process.
The nominal compositions were x = 0, 0.03, 0.05, 0.1, and
1.0. Two different sources for both tin and iron were
employed in the synthesis: SnCl,/FeCl,-4H,O (Sn(Il)/
Fe(Il)) and SnCl,-5H,0/FeCl;-6H,0O (Sn(IV)/Fe(11l)). The
different metal salts and the CA were separately dissolved
in deionized water with a relation metal/CA of 1:3.
According to the required composition for each tin chelate,
the dopant was added dropwise under continuous magnetic
stirring. Then EG in EG/CA ratio of 5 was added and the
pH adjusted to 7.0 by adding NH; dropwise at 70 °C.
Afterward, the beaker was kept on a hot plate at a tem-
perature between 80 and 90 °C under constant stirring, to
promote the polyesterification. The solution became more
viscous and finally it gelled. This gel was then dried at
200 °C in air during 4 h to remove volatile components,
resulting in a black solid mass, which is known as the
precursor powder. This powder precursor was calcined at
600 °C for 1 h (heating rate: 5 °C/min) in air atmosphere.
The thermal decomposition of the precursor powders were
studied by thermogravimetric analysis (TG) using a TA
Instruments Model Q 500. The stoichiometric mole ratio of
elements for some samples was determined by X-ray
fluorescence (XRF), using a Thermo Scientific WDRX
spectrometer ARL OPTIM’X. Elemental analysis and
mapping was carried out in a scanning electronic micros-
copy with energy dispersive X-ray analysis (EDAX), JEOL
JSM 6490. The samples were investigated by XRD in a
Bruker D8 Advance with a Cu Ko source, in Bragg—
Brentano geometry. The data were collected in the range
20°-80° in 20 and the patterns were fitted using a program
called MAUD [21], which combines the Rietveld method
and a Fourier transform analysis. Micro-Raman measure-
ments were performed on a Horiba Jobin—Yvon LabRam
HR system. Raman scattering was excited with the 633 nm
line of a He-Ne laser. The '"’Sn and *’Fe MG&ssbauer
spectra were recorded in a conventional Mdssbauer spec-
trometer working in constant acceleration at room tem-
perature. Ba''SnO; and *’Co sources were, respectively,
utilized in the measurements. The ''°Sn Massbauer spectra
calibration velocity was performed by o-Fe and isomer
shift (0 = 0) of BaSnOs3. The 57Fe Mossbauer spectra were
calibrated using «-Fe as standard absorber. The spectra
were analyzed using the NORMOS program.

Results and discussion

Figure 1 shows the TG/DTG curves of pure SnO, and
10 at.% Fe-doped SnO, precursor powders obtained from
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Fig. 1 TG/DTG curves of
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both starting reactants: Sn(Il)/Fe(Il), upper part, and
Sn(IV)/Fe(II), lower part. The thermal decomposition
process for the samples prepared from Sn(Il) is very
complex, but it can be divided into three main regions of
weight loss. The first stage (<200 °C) can be attributed to
the removal of absorbed or superficial water molecules. In
the second stage (200-500 °C) starts the decomposition of
the amorphous product. The weight loss in this stage could
be ascribed to the thermal degradation of the polyester
chains, the thermal degradation of intermediate species
formed during the gelation process (polymer chains formed
from EG and CA) and to the elimination of the excess of
EG and CA among the polyester macromolecular network
[22-24]. In this temperature range the elimination of
NH,CI is also possible (which could be condensed during
the gelation process) [25, 26]. This observation is sup-
ported by the fact that the peaks of chloride ions were not
observed by EDAX (not shown here). The third and last
stage of weight loss (500-800 °C) is presumably due to the
degradation of polymeric chelate chains through a process
of combustion/oxidation. In this stage the formation and
the crystallization of corresponding metal oxides took
place. In the Fe-doped SnO, samples prepared from Sn(II)/
Fe(Il), the TG band corresponding to the last stage is
broader in comparison to the undoped SnO, sample pre-
pared with the same precursor. This behavior can be related
to the presence of remnant chloride ions [27]. In Fig. 1 is
also observed that the decomposition temperature of the
polymeric chelate is higher in the Fe-doped SnO, than in
the pure SnO,. This difference could be attributed to the
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presence of Fe’ ions, which can form more integrated
polymeric chelates chains, therefore retarding the decom-
position temperature. On the other hand, in the thermo-
grams of undoped and Fe-doped SnO, samples prepared
from Sn(IV)/Fe(Ill), the TG peak around 209 °C is prob-
ably due to the volatilization of EG. By comparison of the
TG curves from both precursors, we can notice that in the
samples prepared from Sn(IV) there are more residual EG
(confirmed by the peak at 209 °C) and higher degradation
of organic component (corroborated by the greater weight
loss) in the second stage. In general, in the samples pre-
pared from Sn(IV), the thermal decomposition temperature
of polymeric chelate occurs at higher temperatures than
those prepared from Sn(Il), indicating a better complexa-
tion of the Sn** ions than the Sn>" ones.

In studies EDAX for some Sn;_,Fe, O, samples, three
different points were chosen randomly and about the same
iron concentration was observed for all of them, suggesting
homogeneous iron distribution. These results are in good
agreement with other reports on similar samples [8]. In fact,
the sol-gel chemical method has been reported to provide a
uniform distribution of the dopant in the host system at
low temperatures [8]. XRF for those samples with x = 0.1
prepared from Sn(II)/Fe(Il) and Sn(IV)/Fe(IIl) showed
values of about 0.073 and 0.101, respectively, in reasonable
agreement with their nominal compositions.

The diffraction patterns of Sn;_,Fe, O, (x =0, 0.03,
0.05, 0.10, and 1) nanoparticles prepared from Sn(Il) are
shown in Fig. 2. Notice that x = 0 is for pure SnO,, and
x =1 is for the so-called Fe(Il) target. The diffraction
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Fig. 2 XRD patterns of Sn;_,Fe, O, samples prepared from Sn(Il)
and Fe(Il). Solid spheres are experimental data, whereas solid lines
represent the fit using the Rietveld method

pattern of pure SnO, was fitted by introducing only the
cassiterite phase. Peaks belonging to other phases such as
romarchite (SnO) or metastable orthorhombic phase of
SnO, were not detected [28, 29]. The pattern of Fe(Il)
target displays well defined peaks characteristic of hematite
(a-Fe>03) [30]. The XRD patterns of Sn;_,Fe, O, samples
did not clearly show the presence of hematite. The Fe
doping in SnO, broadens symmetrically and reduces the
intensity of all XRD peaks, pointing to a reduction in the
average crystallite sizes with the Fe doping (see Fig. 3).
Figure 4 shows the XRD patterns of pure SnO, and
Fe-doped SnO, samples prepared from Sn(IV) and Fe(III).
All Bragg peaks were sharp at the top but wide at the tails,
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Fig. 3 Average crystallite sizes versus nominal Fe content for Sn;_,
Fe, O, samples from both precursors. C1 and C2 are components 1
and 2 used to fit the XRD patterns of those samples prepared from
Sn(IV)/Fe(IIl) precursors
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Fig. 4 XRD patterns of Sn;_,Fe,O, samples prepared from Sn(IV)
and Fe(Ill). Solid spheres are experimental data, whereas solid lines
represent the fit using the Rietveld method. The insets show a selected
Bragg peak fitted with one (left part) or two (right part) components

suggesting the presence of two SnO, components. In fact,
the fitting of the XRD patterns improved by introducing
two cassiterite phases instead of one (see the inset in
Fig. 4). According to Martinelly and Ferreti [31], these
components can be attributed to two rutile-type phases
(Sn-enriched and Sn-depleted). These components may
have another different origin, one component (C1) due to
the presence of SnO, with small average grain sizes and
another component (C2) with larger sizes. The C1 pro-
portion was larger than C2 for all samples. In the diffrac-
tograms of Sn;_,Fe, O, samples, the hematite peaks were
not detected and the incorporated Fe has a similar effect as
in the samples prepared from Sn(Il). In these samples the
Bragg peaks were more broadened and less intense com-
pared with the ones from Sn(Il), indicating minor crystal-
linity for those SnO, samples prepared from Sn(IV). These
results indicate that the precursors’ nature has significant
influence in the final properties of the oxide. Figure 3
shows the variation of the average crystallite size with
nominal Fe content for both precursors. It is clear that the
addition of Fe, in both cases, prevents the growing of SnO,
crystallites, and that for a given iron content, the average
grain sizes for those samples prepared from Sn(II)/Fe(Il)
were larger than for those prepared from Sn(IV)/Fe(IIl).
The difference in the average crystallite sizes, could be
attributed to the higher excess in EG between the poly-
meric chains for the samples prepared from Sn(IV) in
comparison to those from Sn(Il). The combustion heat
generated during the burn out of EG would facilitate early
thermal decomposition of the polyester network, and this
probably could make that the polyester chains prepared
from Sn(IV) arrived at decomposition’s final stage in less
amount than those from Sn(Il). The higher combustion
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heat, generated by greater temperature and shorter poly-
meric chains, likely increase the velocity of exothermic
process. The opposite can occur in those samples prepared
from Sn(II), where this process could be slower and pos-
sibly increase the formation of agglomerates. Similar
results were reported by Qiu and coworkers in synthetic
PZT 95/5, for which the EG among the polymeric network
promote the thermal decomposition of the polyesters and
result in the formation of small crystalline size particles
[24].

The peaks of the micro-Raman spectrum of SnO, can be
divided into two groups. One of them belonging to
microcrystalline and crystalline SnO, phases, or modes
from the bulk, and another group, corresponding to surface
phononic and acoustical modes. These last modes dominate
when the crystallite size is small enough and are only
observed in nanometer-sized SnO, grains. The vibrations
modes from the second group can result from an intrinsic
local disorder or vacant sites in the oxide structure [32,
33].The normal modes of vibrations at the Brillouin zone
of SnO, are given by [34]:

Iuiite = 1lAlg + lAZg + 1Ay, + 1Blg + lBZg + 2By
+ 1E, + 3E,

Of these modes, two are IR active (the single A,, and the
triply degenerated E, mode), four modes are Raman active
(three non-degenerate modes, Ay, B g, By, and the doubly
degenerate E,) and two are silent (A, and B,). One Ay,
and two E, modes are acoustic and have transverse (TO)
and longitudinal optical (LO) vibrations [3, 34]. Figure 5

shows the micro-Raman spectra of pure SnO, and
Fe-doped SnO, samples obtained from Sn(Il), left part
and from Sn(IV), right part. The micro-Raman spectrum of
pure SnO, exhibits peaks corresponding to the first group
located at about 627, 470, and 765 cm™!. These peaks are
attributed to the A, E,, and B,, vibrational modes, which
are in agreement with those reported for a rutile SnO,
single crystal [35]. The peaks located at 687, 498, 354, 242,
and 282 cm™ ' are related to Asy (VvLo), Asy (vro), Ey
(v2L0), Eu (vro), and E, (vp o) vibrational modes, respec-
tively, corresponding to second group [34, 35]. The Fe(I)
target exhibited Raman characteristic peaks of hematite at
around 226 and 498 cm™!, which can be assigned to the
A, modes [36], as well as 245, 290, 407, and 609 cm_l,
and which are related to the E, modes. The micro-Raman
spectrum of the Sngg;Feg 30, sample does not show
peaks associated with hematite and the vibrational modes
of SnO, were shifted to higher frequencies, indicating
microstructural changes. The micro-Raman spectrum of
Sng osFep 050, sample shows peaks corresponding to
hematite, which are shifted to higher wavelength numbers
and also displays residual SnO, peaks. By increasing the
iron concentration to 10 at.%, the peaks of the iron phase
shifted to higher wavelength numbers and become broader.
These results suggest that the solubility of iron in SnO, for
those samples prepared from Sn(Il) and Fe(Il) is lower to
5 at.%. Above this value, hematite, most likely, Sn-doped
hematite, starts to be formed. For our samples, micro-
Raman spectroscopy has demonstrated a higher sensibility
to the presence of minor amounts of hematite impurities in

Fig. 5 Micro-Raman spectra
for Sn;_,Fe, O, (0, 0.03, 0.05,
0.1, and 1.0) powders prepared
from Sn(II)/Fe(Il) (left part) and
Sn(IV)/Fe(Ill) (right part)
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comparison to XRD. On the other hand, the micro-Raman
spectrum of pure SnO, prepared from Sn(IV) exhibited
similar vibrational modes as the spectrum of the pure SnO,
sample synthesized from Sn(II), but the peaks were more
broadened and less intense. These observations could be
related with a lower crystallinities and smaller average
grain sizes of samples prepared from Sn(IV) in comparison
to those samples prepared from Sn(Il) (in agreement with
the results found by XRD). As shown in Fig. 5, in the
Fe-doped samples (x = 0.03, 0.05, and 0.10) prepared from
Sn(IV), the peaks of hematite were not detected. These
observations, together with the XRD results, indicate the
formation of a Sn;_,Fe,O, solid solution, where Sn**
substitutes by Fe*" ions. Therefore, the iron solubility in
SnO, samples from Sn(IV) and Fe(IIl) is higher than about
10 at.%. These results indicate that the precursors’ nature
is an important parameter to synthesize solid solutions of
Sn;_,Fe O, by this method.

The ' Sn Mossbauer spectra of the undoped and
Fe-doped SnO, samples prepared from both precursors are
shown in Fig. 6 and the derived hyperfine parameters are
shown in Table 1. All samples were fitted with only one
component, which consists of one broad and symmetric
doublet. The results indicate that there is no tin valence else
than Sn*" in all the samples. The non-zero quadrupole
splittings and broad lines could be attributed to the pres-
ence of structural defects, like oxygen vacancies around
Sn** [37], or intrinsic local disorder of SnO,. The hyper-
fine parameters of the 3 at.% Fe-doped SnO, sample pre-
pared from Sn(Il) increase in comparison with those values
for the pure SnO, sample. These results suggest higher
oxygen vacancies and structural disorder created by the

Table 1 ''°Sn Mossbauer parameters for undoped and Fe-doped
SnO, samples prepared from both precursors

Sample J (mm/s) A (mm/s) I' (mm/s)
Samples prepared from Sn(II)/Fe(1I)
SnO, 0.00 0.50 1.13
Sng 97Fe.0302 0.00 0.77 1.76
Sng 9s5Feq 0502 0.01 0.68 1.54
Sng 9oFe(.1002 0.01 0.57 1.58
Samples prepared from Sn(IV)/Fe(III)
Sn0O, 0.00 0.47 1.36
Sng 97Fe 030, 0.00 0.48 1.65
Sng.osFe0.0502 0.00 0.65 1.76
Sng.00F€0.1002 0.00 0.70 1.86

Estimated errors are of about £ 0.01 mm/s for the isomer shift, é the
quadrupole splitting, A, and the linewidth, I'

dopant. A systematic reduction in the quadrupole splittings
are observed for both 5 and 10 at.% Fe-doped SnO, sam-
ples. According to micro-Raman results this tendency can
be explained as a possible segregation of a portion the iron
atoms from the Fe-doped SnO, structure to form a sec-
ondary phase as described above. The segregation of
hematite could produce a diminution in the oxygen
vacancies around Sn(IV) in comparison with the 3 at.%
Fe-doped SnO, sample. In the Fe-doped SnO, samples
prepared from Sn(IV), the linewidths and the quadrupole
splittings increase with increasing Fe doping (see Table 1).
These results indicate that the increment of the iron content
creates more oxygen vacancies and defects close to the
Sn*t.

. 119
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Fig. 7 Room temperature
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Table 2 3’Fe Mdssbauer parameters of Fe-doped SnO, samples prepared from Sn(II)/Fe(II)
Sample Component o (mm/s) 2¢ or A (mm/s) (B) (T) I' (mm/s) A (%)
Target Fe(II) Sextet 0.37 —-0.20 51.7 0.41 100
Sn0.97F30.0302 D1 0.41 0.81 0.28 31
D2 0.35 1.49 0.83 69
Sng 95Feq, 050, S1 0.39 —-0.24 51.0 0.38 65
D1 0.36 0.79 0.27 14
D2 0.27 1.26 0.85 51
Sno_goFeo_looz S1 0.38 —0.20 51.6 0.33 37
S2 0.36 —-0.25 49.6 0.63 24
D1 0.37 0.71 0.43 12
D2 0.33 1.33 0.79 27

Estimated errors are of about +0.01 mm/s for the isomer shift, J, the quadrupole splitting, A, the quadrupole shift, 2¢, and the linewidth, I', of
about +0.1 T for the average magnetic hyperfine field, B, and of about 2% for the relative area, A. D1, D2, S1, and S2 are doublet 1, doublet 2,

sextet 1, and sextet 2, respectively

Figure 7 shows the 57Fe Mossbauer spectra of Sn;_,
Fe, O, (x = 0.03, 0.5, 0.10, and 1.0) samples prepared from
Sn(II)/Fe(Il) and the derived hyperfine parameter are
shown in Table 2. The spectrum of Fe(Il) target displays a
well defined sextet with hyperfine parameters belonging to
hematite [38]. The paramagnetic signal of the doped
samples was properly fitted with two doublets, whose
hyperfine parameters, suggest that the Fe ions are in high
spin 3+ states, in an octahedral environment. No evidence
of any Fe’™ ions was detected in these samples. The
introduction of a second doublet improves considerably,
both visual and statistically, the fitting. These two com-
ponents suggest that there are two kinds of iron sites in
different chemistry environments. Doublet D1 is assigned
to Fe’ ions replacing Sn** ions in a less distorted and/or

@ Springer

less defective sites, whereas doublet D2 comes from the
iron also replacing tin ions close to more defective sites [8].
For the 3 at.% Fe-doped sample, hematite was not detec-
ted, whereas for both 5 and 10 at.% Fe-doped samples
its presence was clearly evidenced. The better fitting of
Sng 9sFep 050, sample was achieved with only one mag-
netic component. The hyperfine parameters (see Table 2)
suggested the formation of distorted hematite probably
doped with Sn**, as observed in a previous work [39]. On
the other hand, the 10 at.% Fe-doped SnO, sample was
adequately fitted with two magnetic components. The
hyperfine parameters of sextet 1 (S1) with higher magnetic
hyperfine field is attributed to crystalline hematite, whereas
sextet 2 (S2) with lower magnetic hyperfine field could be
due to Sn**-doped hematite [40]. The results obtained by
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Fig. 8 Room temperature
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Table 3 3’Fe Mdssbauer parameters of Fe-doped SnO, samples prepared from Sn(IV)/Fe(III)
Sample Component J (mm/s) 2¢ or A (mm/s) (B) (T) T (mm/s) A (%)
Target Fe(III) Sextet 0.37 —0.20 51.7 0.41 100
Sng.97Feq.0302 D1 0.31 0.65 0.39 64
D2 0.21 1.44 0.71 36
Sno‘gsFQ0.0SOZ D1 0.33 0.79 0.57 61
D2 0.29 1.53 0.81 39
Sno_goFeo_looz D1 0.35 0.88 0.66 82
D2 0.31 2.06 0.86 18

Estimated errors are of about £0.01 mm/s for the isomer shift, d, the quadrupole splitting, A, the quadrupole shift, 2¢, and linewidth, I", estimated
errors are about +0.01 mmy/s for the isomer shift, 6 quadrupole splitting, A, and linewidth, I, of about £0.1 T for the average magnetic hyperfine
field, B, and of about £2% for the relative area, A. D1 and D2, are doublet 1 and doublet 2, respectively

"Fe Mossbauer spectrometry are in agreement with micro-
Raman results. By increasing the Fe dopant concentrations
above 3 at.%, the solubility limit is overpassed and
o-[(Fe,_,Sn,)O3] forms as a secondary phase. The 5TFe
Mossbauer spectra of Fe-doped SnO, sample prepared
from Sn(IV) and the Fe(III) target are shown in Fig. 8 and
the derived hyperfine parameters are shown in Table 3. In
the Mossbauer spectra of these samples neither hematite
nor any another magnetic component were evidenced.
Table 3 shows that the isomer shift, quadrupole splitting
and linewidth increase for both doublets with increasing
Fe content, suggesting a higher structural and local dis-
order, due to the Fe" incorporation into crystalline
structure of SnO,. It is interesting to notice that for a given
iron concentration the linewidth of the D1 component is
always greater for those samples prepared from Sn(IV)
than for those prepared from Sn(Il). This observation is

related with more defects and/or less degree of crystal-
linity in the samples prepared from Sn(IV) than from
Sn(II).

Figure 9 shows the magnetization, M, versus magnetic
field, H, curve for the 10 at.% Fe-doped SnO, sample pre-
pared from Sn(IV). As shown in the figure, this curve
consists of a linear paramagnetic component and a magnetic
hysteresis loop. The existence of coercivity field and the
lack of saturation magnetization (maximum applied field
was of 30 kOe) in the sample clearly rules out the presence
of superparamagnetic particles of iron oxides [9]. These
observations indicate that the sample is ferromagnetic at
room temperature. Now, the Mossbauer spectrum for this
sample does not show a sextet component at room tem-
perature, therefore the Fe* ions are not responsible for the
magnetic ordering. Thus, it seems that the defects in the
sample can become magnetically ordered and may become
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Fig. 9 Room temperature hysteresis loop of SngoFeq 100, sample
prepared from Sn(IV)/Fe(III)

the main source of ferromagnetism. Similar results were
obtained by Nomura and coworkers [8].

Conclusions

We investigated the effects of iron concentration (x = 0,
0.03, 0.05, 0.10, and 1.0) and starting tin and iron reactants
on the degree purity and the physical properties of Sn;_,
Fe,O, nanoparticles prepared by the modified Pechini
process. XRD patterns of all samples showed only peaks
characteristic of cassitterite phase SnO,. Raman and >’Fe
Mossbauer spectra suggested that Fe-doped SnO, samples
prepared from Sn(II) and Fe(Il), with the exception of the
3 at.% Fe, showed the presence of hematite as an impurity
phase, whereas all samples prepared from Sn(IV) and
Fe(Ill) were impurity free. The samples prepared from
Sn(Il) precursors showed larger average grain sizes and
higher degree of crystallinity than those prepared from
Sn(IV). This behavior can be attributed to the higher excess
in EG between the polymeric chains for the samples pre-
pared from Sn(IV) in comparison to those from Sn(II).
"9Sn Mossbauer spectra revealed only the presence of
Sn**. >’Fe Mossbauer spectra suggested the presence of
two Fe** jons located at different SnO, distorted sites.
Doublet 1 with the lowest quadrupole splitting values were
assigned to less distorted sites and doublet 2 with the
largest quadrupole splitting values were assigned to more
distorted sites. The 10 at.% Fe-doped SnO, prepared from
Sn(IV) presented a linear paramagnetic and a magnetic
hysteresis loop. This hysteresis loops indicate that this
sample is ferromagnetic at room temperature, whose signal
could not related with a long range magnetic iron ordering.
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