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h i g h l i g h t s
� The production of nanoparticles of Fe-doped tin dioxide with rutile structure.
� The non-observation of secondary phases (even in M€ossbauer Spectroscopy).
� The asymmetry in doublets observed in 57Fe M€ossbauer which means texture effect.
� The magnetic behavior as mainly paramagnetism plus weak ferromagnetism.
� The decrease of ferromagnetism with Fe doping fraction.
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a b s t r a c t

Sn1�xFexO2 nanoparticles (x ¼ 0, 0.05, 0.10 and 0.15) were synthesized by co-precipitation. X-ray
diffraction and electron diffraction images showed that only rutile type phase was present in the sam-
ples. Electron microscopy was used as a tool for revealing morphology, distribution size and structure
characteristics of the nanoparticles; while Energy Dispersive X-Ray Spectroscopy analysis confirmed the
selected stoichiometry. 57Fe and 119Sn M€ossbauer spectroscopy at Room Temperature showed a lattice
disorder induced by the incorporation of Fe ions in the structure. No magnetic hyperfine ordering was
detected for 57Fe probes and the asymmetry in their quadrupolar splittings is explained as a texture
effect at the nanoparticles shells. Quadrupolar splitting at 119Sn probe reached a maximum for x ¼ 0.1,
being this fact attributable to a highest distorted environment. Magnetic hysteresis loops were measured
at different temperatures showing, for Fe doped samples, a combination of paramagnetism and weak
ferromagnetism.

© 2016 Elsevier B.V. All rights reserved.
1. Introduction

Tin dioxide is a very promising material because it has high
optical transparency, a high band gap (about 3.6 eV) and an elec-
trical conductivity and chemical sensitivity that are very suitable
for solar cells, heat mirrors, and catalysis and gas-sensing applica-
tions. At the same time, these properties qualify it as a good
candidate for its use as Dilute Magnetic Semiconductor (DMS) by
doping it with a Transition-Metal (TM) [1,2]. The role of TM doping
is not yet fully understood, being a current topic of numerous re-
searches [3e7]. Since room temperature ferromagnetism was
theoretically predicted by Dietl et al. [8], various mechanisms have
been reported for producing ferromagnetism in DMS. Among them
are double-exchange interaction [9] and bound magnetic polarons
[10]; also vacancies in the structure has been proposed as origin of
this magnetism. Magnetic properties depend strongly on synthesis
conditions and dimensionality, the increased surface-to-volume
ratio in nanosystems can influence on them. During DMS nano-
particles synthesis, it is a critical point preventing the precipitation
of non desired magnetic phases. Even for not very high doping
percentages, many authors report secondary phases such as he-
matite or other iron oxides [11e14]. This highlights the underlying
difficulty and the challenge of obtaining a DMS without the pres-
ence of secondary phases. Chemical synthesis [15e21] has proven
to be a suitable way for achieving such goal.

In this work, we propose studying the effects in the structural
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and magnetic properties of the incorporation of Fe atoms in SnO2,
obtained by chemical co-precipitation synthesis of nanoparticles
with Sn1�xFexO2 stoichiometry (x ¼ 0, 0.05, 0.10, 0.15). By X-ray
diffraction (XRD) the rutile structure (space group P42/mnm) of tin
dioxide, was confirmed. Scanning Electron Microscopy (SEM) and
High Resolution Transmission Electron Microscopy (HRTEM) were
used to investigate further the characteristics of the nanoparticles
and their structural properties. Fom M€ossbauer (MS) with 57Fe
probewe have found a texture effect (also seen at ref. [22]) that will
be discussed in the corresponding section. From MS with 119Sn
probe we found how the Fe content distorts the structure, reaching
a maximum distorsion at x ¼ 0.1. For different temperatures, their
hysteresis loops reveals a combined effect of weak ferromagnetism
with paramagnetism.

2. Experimental

Pure tin dioxide and Fe-doped tin dioxide, according to the
formula Sn1�xFexO2 with x ¼ 0.05, 0.10, and 0.15, nanoparticles
were prepared by co-precipitation using a slightly modified version
of that described in Ref. [17]. In our case the reactants were
SnCl2.2H2O (Anedra, 99.1% min) and for Fe-doped samples we have
used FeCl3.6H2O (Tetrahedron, 97% min) (instead of FeCl2 used in
Ref. [17]), the final annealing in air was done at 700 �C for 4 h. The
obtained powders were characterized by XRD, SEM, Energy
Dispersive X-Ray Spectroscopy (EDS), HRTEM, MS with a 119Sn
probe and 57Fe probes; and also by Magnetic Measurements. XRD
was carried out with Rigaku D/max diffractometer equipped with a
vertical goniometer, using Bragg-Ventano geometry (qe2q coupled
arms) and Cu-Ka radiation in the 20� � 2q � 95� range, measuring
at every 0.05� step and sweeping with a 0.4� per minute velocity.
SEM and EDS were performed in a Carl Zeiss SMT Supra 40 Scan-
ning Electron Microscope at 3 kV. HRTEM images were obtained
using a Philips CM 200 UT microscope equipped with an ultra-twin
objective lens; previously to enter the vacuum chamber of the
microscope samples were dispersed in isopropyl alcohol and the
solution was subjected to ultrasonic agitation during 15 min, after
that two or three drops were deposited over ultrathin carbon TEM
grids and they were let to dry in air. The M€ossbauer measurements
were recorded at room temperature (RT) under transmission ge-
ometry with a standard constant acceleration spectrometer, using a
10 mCi Ca119SnO3 radioactive source for 119Sn MS, and a 5 mCi
57CoRh radioactive source for 57Fe MS. In both cases data were
recorded using a 1024 channel MDAQ107 data acquisition module
[23] bcc-Fe was used as standard calibration for 57Fe MS and the
isomer shift is referred to the corresponding to this phase. Magnetic
properties were measured by a Quantum Design PPMS 9T, applying
a maximum field of 2T in hysteresis loops at temperatures of 300
(Room Temperature: RT), 200, 150, 100, 50, 35, 15 and 7 K.

3. Results and discussion

3.1. XRD, SEM, HRTEM and EDS results

X-ray diffraction patterns are shown in Fig. 1 together with
Rietveld calculated profile and residuals (at the bottom of each
pattern). They exhibit the typical peaks of SnO2 rutile structure
(space group P42/mnm) with no observation of the corresponding
to iron oxides or tin monoxide. Then, in the limit of detection for
this technique, no other phase segregation occurred during syn-
thesis and Fe was incorporated as a dopant, as it was desired. By a
Rietveld analysis of the patterns, we estimated the lattice constant
a to lie between 4.746 and 4.753 Å, while lattice constant c lies
between 3.189 and 3.195 Å.

The crystallite size extracted from Rietveld analysis has a
maximum for the undoped sample with a value of 26 nm, while for
doped samples the crystallite size was 11.5 nm for x ¼ 0.05, 9.4 nm
for x¼ 0.10, and 13.8 nm for x¼ 0.15. In Fig. 2 we show the variation
of the unit cell volume, and the ratio of cell constants c/a with the
increase of Fe doping fraction. As it can be seen from that
mentioned figure the c/a decreases with Fe doping fraction which
indicates an expansion in basal plane. Unit cell volume has a
maximum at x ¼ 0.1, as also seen in Ref. [18], which can be un-
derstood as a greater deformation of the cell.

SEM images can be seen in Fig. 3 showing that the samples are
nanoparticles with a spheroidal shape. Particle size distribution
was analyzed from these images using ImageTool software. Then,
by taking into account the scale, the diameter of particles was
measured. The constructed histogram with these data was fitted
with a log-normal distribution. The mean values particle sizes ob-
tained from this fitting are displayed in Table 1 and are in good
agreement with crystallite size extracted with Rietveld analysis,
which states low agglomeration of the samples.

EDS analysis showed that all samples posses just as only ele-
ments Sn, O and Fe in case of Fe doped SnO2 powders. The results of
atomic percentage composition were extracted with EDS and they
are reported in Table 1, where it can be appreciated that the ratio of
Fe/(Feþ Sn) resembles quitewell the doping fraction stoichiometry
as expected for each sample.

HRTEM micrographs, with selected area of electron diffraction
(SAED) as inset, are shown in Fig. 4. As it is shown in the images we
can confirm the spheroidal shape of nanoparticles. For all cases, in
borders can be observed some differences with the nanoparticle
cores. Likewise, it can be seen the crystalline planes, and we have
obtained their interplanar distances from the radius of electron
diffraction rings shown at the SAED. The obtained distances (see
Table 2), are fully compatible with tetragonal (rutile) structure of
tin dioxide; confirming again the no segregation of undesired
phases during the nanoparticle synthesis.

3.2. M€ossbauer Spectroscopy (MS) results

i) 119Sn M€ossbauer Spectroscopy

119Sn M€ossbauer spectroscopy was performed for all samples.
Fig. 5 shows the typical spectra that we obtained in all cases. A
doublet corresponding to a quadrupolar hyperfine interaction,
originated in an electric field gradient (EFG), can be observed in this
figure for samples corresponding to pure tin dioxide (x ¼ 0) and
with a small addition of Fe (x ¼ 0.1). Tin probes were found in Snþ4

state and no evidence of Snþ2 (SnO phase) was detected. The pa-
rameters for the lines used to fit the spectra are nearly similar in all
cases but as it can be observed, in particular for x ¼ 0.1, the ab-
sorption line is broader. Then, we found different values for the
hyperfine parameters with a dependence with � as it is shown in
Fig. 6. A maximum in both, the quadrupolar splitting (D), and iso-
mer shift (d), is observed for x ¼ 0.1 and the curve profile is similar
to the cell volume trend (Fig. 2). The isomer shift d, for all the doped
samples are slightly different from that of pure SnO2, which sug-
gests that a small variation in the SneO bond is present for Fe
doping. For x ¼ 0.1, d is positive, which is an indication that
depletion in the electron density at nucleus occurs for 119Sn probes.
The same tendency is observed for D and, in this case, the
maximum for x ¼ 0.1, gives into account that a higher distortion
from the cubic symmetry is present. In fact, for cubic symmetry in
the environment of any probe, the EFG nulls and then, D ¼ 0. The
maximum in the quadrupolar for x ¼ 0.1 is an indication that 119Sn
probes are located in a higher distorted neighborhood. Then, it can
be concluded that these hyperfine parameters strongly depend
with the lattice distortion promoted by the Fe doping.



Fig. 1. X-ray diffraction experimental (dots) and calculated (blue solid line) all samples. Fe doping fraction indicated as value of x. At bottom of each pattern residuals are displayed.
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 2. Evolution of unit cell volume and of the ratio of c/a cell constants with the Fe
doping fraction.

S. Ferrari et al. / Materials Chemistry and Physics 177 (2016) 206e212208
ii) 57Fe M€ossbauer spectroscopy

57Fe M€ossbauer spectroscopy, was also performed, in order to
give into account how behave their hyperfine fields as a function of
doping percentage. No evidence was found of magnetic sextets in
all samples' spectra, discarding by this way the presence of iron
oxides. In Fig. 7 it is shown two spectra, for an appropriate Doppler
velocity range, corresponding to doping concentrations x ¼ 0.1 and
0.15. The insets include the spectra for a Doppler velocity range that
would allow to detect magnetic interactions corresponding to Fe-
oxides. These last, were taken as different measurements than
the corresponding to the low velocity ones. As it can be observed,
no evidence of those magnetic interactions is present. We fitted
these spectrawith two doublets, also corresponding to quadrupolar
splittings originated in EFGs. Doublet D1 is assigned to iron ions
substituting tin ions, surrounded by six nearest neighbors' oxygen
ions, whereas doublet D2 comes from the iron ions also replacing
tin ions, surrounded with at least one oxygen vacancy [3,24].

In Table 3 we report the corresponding hyperfine parameters for
both 57Fe sites. There is a good agreement with results reported in
previous works (See for example Fig. 2 in Ref. [25]). Due to differ-
ences in the population of Fe sites, the D1 doublet has a larger area
than the corresponding to D2 and the percentage of this last Fe sites
increase for x ¼ 0.15 with respect to x ¼ 0.1. It should be noticed
that isomer shift (d) of this doublet D1 has values consistent with
Fe3þ (between 0.2 and 0.6 in literature). On the other hand, the
absorption spectrum is smaller for x ¼ 0.1 than for x ¼ 0.15, as it is
expected, because of its lower Fe content. Also, it can be observed a
clear asymmetry in the D1 doublet for x ¼ 0.1, having a ratio be-
tween the line 1 to line2 intensities, Rq ¼ 0.69. This fact gives into
account that the probability of M€ossbauer effect is affected by
texture, as it is stated from results that were found in similar sys-
tems [26] and it is strongly dependent to the alignment of the
normal of the absorber plane to the transmission axis as it can be
observed from the spectra measured at different velocity ranges.
Our result could be associated to that non-spherical particles are
realigned with a preferred mean crystallographic orientation for
the octahedral with 57Fe probes in the nanoparticles by pressing
during absorber preparation. As it is stated in that reference, our
result in the Rq value corresponds to a relative perpendicular
orientation between the anisotropy axis and the g-ray direction.
Besides this, the nanoparticles can be thought as divided in two
regions as follows, the inner nanoparticle region, named the “core”,
and the outer one, the “shell” [22], being this last the most affected
by the surface energy. The shell has different physical properties
than the core, principally we think that particles at the shell have
their anisotropy axes oriented in a direction that is perpendicular to



Fig. 3. SEM images of samples a) SnO2, b) Sn0.95Fe0.05O2, c) Sn0.9Fe0.1O2, d) Sn0.85Fe0.15O2.

Table 1
Atomic percentages obtained from EDS for all samples together with Fe/(Fe þ Sn)
ratio. Last column reports the mean (and standard deviation as subscript) particle
size extracted from the log-normal fitting of histograms constructed analyzing SEM
images as described in the text.

x 〈O at.%〉 〈Sn at.%〉 〈Fe at.%〉 Ratio of at.% Fe/(Fe þ Sn) <d>SEM (nm)

0.00 781 221 0 0 307
0.05 77.23 21.94 0.91 0.041 184
0.10 76.92 21.21 1.83 0.082 184
0.15 811 161 2.62 0.142 184

Fig. 4. HREM images, with selected area of diffraction as inset at the right upper

Table 2
Interplanar distances extracted from the radius of the diffraction rings displayed in
the SAED insets of Fig. 4.

x ¼ 0 x ¼ 0.05 x ¼ 0.1 x ¼ 0.15

d110 (Å) 3.368 3.361 3.361 3.364
d011 (Å) 2.641 2.652 2.637 2.642
d020 (Å) 2.380 2.379 2.375 2.381
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the radial one (which coincides with the g-ray direction for the
corner, of samples a) SnO2, b) Sn0.95Fe0.05O2, c) Sn0.9Fe0.1O2, d) Sn0.85Fe0.15O2.



Fig. 5. Absorption spectra measured with 119Sn probe of samples x ¼ 0 (up) and x ¼ 0.1
(down).

Fig. 6. Evolution of hyperfine parameters d: isomer shift (up) and D: quadrupolar
splitting (down), extracted from fitting 119Sn M€ossbauer spectra, with Fe doping
fraction (x).
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effect observed under transmission geometry). It should be also
mentioned that, because of this texture effect observed for the D1
site (which has not oxygen vacancies), we assume that we are
detecting some 57Fe probes at surface, being this nanoparticle re-
gion with higher content of Fe and Sn atoms oxidized. This doublet
asymmetry can also be observed for 57Fe MS in Ref. [3] in nano-
particles with the same composition, Sn0.9Fe0.1O2 (Table 3).

3.3. Magnetic results

In Fig. 8 hysteresis loops taken at room temperature for all
samples are shown. All cycles are mainly paramagnetic with aweak
ferromagnetic contribution as seen in the inset. We observed Room
Temperature Ferromagnetism (RTFM) which cannot be attributed
as having its origin from pure iron and/or iron oxides since it was
not detected any 57Fe magnetic phases by MS. So, the magnetic
behavior could be attributed to the role of oxygen vacancies, as
suggested in Ref. [4]. Table 4 resumes the obtained values by fitting
using Eq. (1).

M ¼ (2Ms/p).tan�1[(H ± Hc)/Hc).tan(p(Mr/Ms)/2))] þ c.H (1)

where Ms is the saturation magnetization, Mr is the remanence
magnetization, Hc is the coercive field and c is the paramagnetic
susceptibility. Interestingly as seen from Table 3, the saturation
magnetization Ms (which also has the order of memu/g magnitude
as in Ref. [4]) decreases with Fe concentration (as in Ref. [3] for
concentration higher than 2.5%). This fact reinforces the idea that
the magnetism is not only related to the magnetic moment of the
dopant. Also this decrease of magnetization in some way discards
segregation of iron/iron oxides which would have the contrary
effect.

Focusing in the paramagnetic phase of the samples, we have
extracted the magnetic susceptibility of each one of the different
measured temperatures; the results are displayed in Fig. 9. The
inset shows the inverse susceptibility. Inverse susceptibility has
been fit to a linear regression according to the Curie-Weiss law
[27,28] displayed in Eq. (2):

c ¼ C/(Teq) / c�1 ¼ T.C�1 e q.C�1 (2)

where C is the Curie constant and q is the Weiss constant. Results
derived from the linear fit are displayed in Table 5, where it can be
seen that mass Curie constant increases linearly with the Fe doping
fraction, as expected. From the Weiss constant, that takes account
the interaction between elementary magnetic moments, we can
see that sample 5% Fe doping fraction has ferromagnetic in-
teractions between elementary magnetic moments, while samples
with 10% and 15% doping fraction have antiferromagnetic in-
teractions. This issue could explain also that 5% Fe doping fraction
sample has the greatest ferromagnetic saturation magnetization at
RT.

From the mass Curie constant we can derive the number of Fe
atoms per mol (n), contributing to the paramagnetic state as:

n ¼ C.3Ak/(g2J(J þ 1)mB2)

(where A is themolecular weight, k is the Boltzmann’s constant, g is
the Landee’s factor (equal to 2, for only spin contribution), mB is the
Bohr's magneton and J ¼ 5/2 for spin of iron atoms assuming they



Fig. 7. M€ossbauer spectra measured with 57Fe probe for samples x ¼ 0.15 (up) and
x ¼ 0.1 (down). The spectra measured for full range Doppler velocity are shown as
insets.

Table 4
Magnetic properties values obtained using Eq. (1) in hysteresis loops.

x ¼ 0.05 x ¼ 0.10 x ¼ 0.15

Ms (A/m) 80.8 44.4 23.0
Mr (A/m) 7.6 12.5 0.8
Hc (103 A/m) 8.0 20.7 3.9
c (�10�4) 1.12 2.47 4.49

Fig. 8. Magnetic Hysteresis cycles of the different samples at Room Temperature
(300 K). Inset displays M-c.H, being c the paramagnetic susceptibility, evidencing the
RT ferromagnetism.
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are in the 3þ oxidation state) and compare it to the total Fe atoms
per mol (n' ¼ x.N, where N is the Avogadro's number, and � the Fe
doping fraction), to calculate the fraction P¼ n/n' of n of iron ions in
paramagnetic state which is also reported in Table 5. The obtained
values of P are similar (but a bit greater) than in Ref. [19] which also
uses co-precipitation as chemical method to obtain Fe-doped SnO2
powders and FeCl3.6H2O as the precursor for adding the Fe doping
atoms.

4. Conclusions

Powder nanoparticles of tin dioxide (SnO2) and Fe doped tin
dioxide according to the formula Sn1�xFexO2 with x¼ 0.05, 0.10 and
0.15 synthesized by co-precipitation method have been studied by
different experimental techniques. By means of XRD the only
crystal phase detected is the rutile from SnO2 discarding, the
presence of iron or iron oxides. This fact was also confirmed by 57Fe
MS due to the absence of any magnetic sextet. As a comparison,
some authors [11e13] in previous studies have reached amaximum
Table 3
Values of hyperfine parameters isomer shift (d), quadrupolar splitting (D) together with
troscopy. Subscripts 1 corresponds to the doublet D1, 2 to the doublet and D2, being expla
the last digit.

x D (mm/s) d1 (mm/s) Area1 (%) Linewidth G1 (mm/s)

0.1 0.7251 0.2661 83.7 0.611
0.15 0.7861 0.2551 74.8 0.471
solubility of 10%, obtaining hematite for higher concentrations as a
secondary phase, while in this work we extended the solubility up
to 15% of Fe without formation of any iron oxide. SEM images of the
samples revealed that particles have spheroidal shape, with a
diameter between 20 to 30 nm, while crystallite size extracted from
Rietveld analysis of the XRD patterns is smaller but with approxi-
mately similar values. By EDS analysis we confirmed the stoichi-
ometry expected for each sample. M€ossbauer spectroscopy with
119Sn probe showed an evolution of the hyperfine parameters with
the content of iron having a maximum at x ¼ 0.10, which implies
that these samples have the highest structural disorder. 57Fe
M€ossbauer spectroscopy exhibited two doublets (corresponding to
iron atoms substituting tin ones in octahedral sites of rutile struc-
ture with or without oxygen vacancies neighbors) with hyperfine
parameters similar to those obtained by other authors, with a
notorious asymmetry in the subspectra corresponding to the
highest fraction of 57Fe probes. As discussed in the text, this
asymmetry can be attributed to the core and shell different distri-
bution of the preferred orientations, being nearly perpendicular
between them. This asymmetry was previously observed (see
M€ossbauer spectra in Refs. [3,17]). However, it has not been clearly
explained nor attributed to a texture effect by the authors. Mag-
netic measurements showed that samples presented a mixture of
paramagnetic and weak ferromagnetic behavior, the last standing
linewidth (G) and area percentage of the doublets found in57Fe M€ossbauer spec-
ined both in the text. In the reported values we added the errors as a subscript after

D2 (mm/s) d2 (mm/s) Area2 (%) Linewidth G2 (mm/s)

1.7741 0.1331 16.3 0.501
1.4621 0.2081 25.2 0.461



Fig. 9. Magnetic susceptibility of the samples versus Temperature (extracted from fit
to the magnetic cycles measured at the different temperatures). Inset displays the
inverse susceptibility together with their linear fit.

Table 5
Mass Curie constant (CM), and Weiss constant (q) obtained from adjusting the in-
verse of the paramagnetic susceptibility curves of Fig. 6 to the Curie-Weiss law (AFM
stands for Antiferromagnetism and FM for Ferromagnetism), P (%) is the fraction of
iron ions in paramagnetic state (calculated).

x ¼ 0.05 x ¼ 0.10 x ¼ 0.15

C (10�2 K) 4.03 7.67 14.4
q (K) 4.6 (FM) �11 (AFM) �31 (AFM)
P 32 29 35
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also at Room Temperature. This ferromagnetism can not be
attributed to segregated phases. Paramagnetic susceptibility
extracted from cycles at different temperatures shows the typical
Curie-Weiss behavior, having a Curie constant linearly with Fe
doping fraction. The fraction of Fe ions in paramagnetic state has a
minimum for x ¼ 0.1. This fact could be related to the highest
disorder for this fraction that was observed at the 119Sn sites.

In our work we extended the solubility limit of Fe doping in
Sn1�xFexO2 (x ¼ 0, 0.05, 0.1 and 0.15) nanoparticles by using a
simple co-precipitation method and FeCl3.6H2O instead of FeCl2.
By several techniques (XRD, SEM, HRTEM, MS), we confirmed that
structural distortions, texture effects and an enhanced shell to core
relevance, appeared after synthesis, due to size effects on the
nanoparticles (typically, with diameter in the 20e30 nm range).
While no Fe magnetic phases were detected by 57Fe MS, the
nanoparticles exhibit a weak ferromagnetic behavior combined
with paramagnetism and the magnetic saturation diminishes with
doping. Finally, we found that the number of Fe ions at para-
magnetic state were found for x ¼ 0.1 in agreement with the
highest disorder observed at 119Sn sites.
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