
R

P

V
M
a

b

c

a

A
R
R
A
A

K
M
S
R

C

1

r
s
t
b
d
c
o
F
o
p
t

0
d

Journal of Alloys and Compounds 505 (2010) 125–129

Contents lists available at ScienceDirect

Journal of Alloys and Compounds

journa l homepage: www.e lsev ier .com/ locate / ja l l com

eview

reparation and characterization of tin-doped spinel ferrite

itor Cezar B. Pegoretti a, Paulo R.C. Couceirob, Cláudia M. Gonçalvesa,
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a b s t r a c t

The chemical preparation of a tin-doped spinel ferrite via the co-precipitation method rendered a sam-
ple containing 48.2 mass% Fe3+, 11.8 mass% Fe2+ and 13.0 mass% Sn. Powder X-ray diffractometry data
collected with synchrotron radiation source revealed the co-existence of two crystallographic phases:
one with cubic (spatial group, Fd3m) spinel and other with trigonal–hexagonal (R3̄c) structure. 57Fe
eywords:
össbauer

upertransferred hyperfine field
ietveld

Mössbauer spectroscopy analysis confirmed the occurrence of two tin-doped phases, with relative
spectral areas of 50.6% and 49.4%; deduced chemical structures of these two phases correspond to
(Fe3+, Fe2+)2.44Sn4+

0.43⊕0.13O4 and �-Fe3+
1.88Sn4+

0.12O3, (⊕, cation vacancy), respectively. The measured value
for saturation magnetization � = 30 J T−1 kg−1 for this sample leads to a Sn4+-ferrite with � = 60 J T−1 kg−1.
The magnetic hyperfine field detected with 119Sn Mössbauer spectroscopy was interpreted as being due
to a supertransferred magnetic moment from iron cations to Sn4+ in octahedral sites of these iron oxides

lattices.

© 2010 Elsevier B.V. All rights reserved.
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. Introduction

Magnetite is an iron oxide with chemical composition cor-
esponding to Fe3O4, and has an inverse spinel crystallographic
tructure, in which Fe3+ fills tetrahedral and equivalent propor-
ions of Fe3+ and Fe2+ occupy octahedral coordination sites. It can
e oxidized to hematite (�-Fe2O3) either directly or via an interme-
iate formation of maghemite (�-Fe2O3; also a spinel ferrite). The
hemical and crystallographic mechanisms by which the oxidation
f Fe2+ to Fe3+ in magnetite (Fe3O4; cubic) leads to hematite (�-
e2O3; rhombohedral hexagonal) or maghemite (�-Fe2O3; cubic
r tetragonal) are not enough clear so far. In natural conditions,
urer and well-crystallized bulk magnetite is directly transformed

structure of highly substituted, small-sized grains and less well-
crystallized iron-rich spinels leads first to maghemite prior the final
conversion to hematite [3–6]. The conversion rate of magnetite to
hematite seems to be somehow influenced by the climate, which
prevailed during the rock weathering on the soil formation process
[7]. The same general trend that is observed for natural systems
is also valid for synthetic magnetite prepared in the laboratory:
nano-sized synthetic magnetite tends to be directly converted to
magnetite whereas bulk magnetite is preferentially oxidized to
maghemite; then to hematite. In a particle-size distributed mag-
netite sample it is commonly observed the occurrence of both
nano-maghemite and hematite as oxidation products.

The wide applicability of doped Fe3O4 in electrical transformer

o hematite [1,2], whereas the oxidation of Fe2+ in the crystalline

∗ Corresponding author. Tel.: +55 31 3409 5753.
E-mail address: jdfabris@ufmg.br (J.D. Fabris).

925-8388/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2010.06.058
cores [8], magnetic memory devices [9] and as heterogeneous cat-
alysts [10,11] is well known. Doping Fe3O4, �-Fe2O3 [12,13] or
�-Fe2O3 [14–17] with tetravalent tin has attracted special atten-
tion as some magnetic, electrical and other physical properties of
the doped oxides may be conveniently controlled and enhanced.

dx.doi.org/10.1016/j.jallcom.2010.06.058
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:jdfabris@ufmg.br
dx.doi.org/10.1016/j.jallcom.2010.06.058
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ystems based on �-Fe2−xSnxO3 have also favorable technologi-
al properties in gas-detector sensors, particularly for monitoring
ethane and carbon monoxide levels in gas mixtures [16,18–20].
Berry and co-workers [21,22] showed, using extended X-ray

bsorption fine structure (EXAFS) data, that tin adopts octahe-
ral symmetry in both Fe3−xSnxO4 and �-Fe2−xSnxO3 and, by 119Sn
össbauer spectroscopy, that the diamagnetic nuclei of Sn4+ may

how a magnetic hyperfine structure due to supertransferrence
f magnetic moment from the nearest neighboring magnetic iron
ons.

In the present work, it is characterized in some detail the chemi-
al and crystallographic structures of a synthetic magnetic material
ontaining primarily a tin-doped spinel ferrite and some secondary
Sn, Fe)-oxide.

. Experimental methods

Sn-doped ferrite samples were prepared by co-precipitation in aqueous solu-
ions of Sn4+ (SnCl2·2H2O) and Fe3+ (FeCl3·6H2O) chlorides, at room temperature,
ith ammonium hydroxide. The precipitate was washed with ammonium acetate,
ried and heat-treated in a N2 atmosphere at 420 ◦C for 2 h, according to procedures
escribed in Ref. [23]. The indexes on the sample labels Snxi≥0 are according to the
eneral symbolic Formula (I) and, for side-formed species, later identified as being
Formula (II) (xi = xM or xH ≥ 0; ⊕ = cation vacancy) type:

e3−xM −yM
SnxM

⊕yM
O4 (I)

-Fe2−xH −yH
SnxH

⊕yH
O3 (II)

The tin-doped sample (Snxi>0) was characterized for its chemical composition
y conventional chemical analysis, but also with data from energy dispersive spec-
roscopy (EDS), powder X-ray diffraction (XRD) collected with synchrotron radiation
ource at the Brazilian National Laboratory of Synchrotron Light (LNLS; Campinas,
ão Paulo), and 57Fe and 119Sn Mössbauer spectroscopy. Results were compared
ith those for the non-doped synthetic magnetite (Sn0). The XRD data were refined

y the Rietveld method using the FULLPROF [24] computer program. The saturation
agnetization (�) values were obtained with a portable magnetometer [25], under
fixed magnetic field about 0.3 T produced by a permanent magnet in the Halbach

onfiguration [26].
The 57Fe Mössbauer spectra were recorded at 298 K with a conventional constant

cceleration transmission setup and a Co57/Rh source with a nominal activity of
bout 20 mCi. Samples were diluted with sucrose so as to obtain about 10 mg cm−2

e. All isomer shift values are quoted relative to that of �-Fe at room temperature.
he 119Sn Mössbauer spectra were also recorded at 298 and 110 K with the same
reviously prepared sample and transmission setup arrangement using a Ca119SnO3

ource with a nominal activity of about 3 mCi. The 119Sn-isomer shift values are given
elative to that of the gamma-source.

The scanning electron micrographs were obtained using JEOL JSM-840 A equip-
ent; the samples were recovered with a gold-sputtered thin film.

Measurements of X-ray Absorption Near-Edge Structure (XANES) were collected
t the Sn L3-edge (3929 eV) at room temperature and pressure, in the transmission
ode at the D04B-XAS1 beamline of the Brazilian National Laboratory of Syn-

hrotron Light (LNLS; Campinas, São Paulo), equipped with a Si(1 1 1) double crystal
onochromator, calibrated to the Ti K-edge (4965 eV), using a Ti metal foil. The ver-

ical beam was set to a 0.8 mm width. Spectra were recorded from 3910 to 3980 eV
ith 0.3 eV steps and 7 s per step and from 3980 to 4150 eV with 1.0 eV steps and
s per step.

. Results and discussion
From the elemental chemical analysis, the prepared non-doped
n0 sample (Table 1) contained 72.3 mass% Fe, whereas the main
omposition of the tin-doped Snxi>0 sample was 11 mass% Sn and
8.7 mass% Fe.

able 1
aturation magnetization and chemical composition of samples.

Sample � (J kg−1 T−1) Content (mass%)

EDSa Dichromatometry

Sn Fe2+ Fe3+ Fe
Sn0 83 18.9 53.4 72.3
Snxi>0 30 11 11.5 47.2 58.7

a Energy dispersive spectroscopy: average value obtained by probing ten points
n each sample.
Fig. 1. Experimental and Rietveld-fitted powder X-ray patterns for samples Sn0 and
Snxi>0.

The powder XRD (Fig. 1) for the Sn0 sample actually indicates
the co-existence of two iron oxides phases: one corresponding to
magnetite (JCPDS [27] card # 19-629) and other to hematite (JCPDS
card # 33-664). The ionic distribution obtained from the Rietveld
refinement (Table 2) revealed that 14 mass% of the sample Sn0
correspond to hematite, probably formed from the oxidation of
spinel-structured iron oxide, and this explains the lower content
of Fe2+ for the sample itself, relatively to that expected for a pure
magnetite.

Similarly, two tin-doped iron oxides are identified for the sam-
ple Snxi>0, corresponding to Formula (I) and Formula (II). No SnO2
or other tin oxide was detected, confirming the virtually complete
incorporation of tin atoms into the spinel and hematite crystallo-
graphic structures, as isomorphic substitutes, interstitial or other
structural arrangements. Rwp, Rp, RB, and Rf parameters obtained
from the Rietveld refinement of X-ray diffraction patterns (Table 2)
support the statistical confidence criterion of the fitting and the
good estimation of these calculated profiles, confronted with the
experimental patterns (Fig. 1).

The proportion of each phase from the Rietveld refinement
(Table 2) is in good agreement with that deduced from 57Fe Möss-
bauer data (Table 3), confirming the occurrence of two phases, in
both samples. Saturation magnetization (�) values corroborate this
interpretation as a decrease in magnetization for the sample Sn0,
relatively to the pure Fe3O4, is assumed to be caused by the oxi-
dation of Fe2+ → Fe3+ to form �-Fe2O3; a higher decrease in � for
the tin-doped sample Snxi>0 may be explained as both oxidation of
Fe2+ → Fe3+ in the spinel phase and structural incorporation of Sn
(Table 1). The (Fe3+, Fe2+)3−xM−yM

Sn4+
xM

⊕yM O4(xM, yM > 0) phase
accounts for about 50% of the Snxi>0 sample. This leads to a deduced
saturation magnetization of � ≈ 60 J kg−1 T−1, well below the cor-
responding value for the Sn0 sample, � ≈ 97 J kg−1 T−1, suggesting
that xH, yH ≈ 0, in the �-Fe3+

2−xH−yH
Sn4+

xH
⊕yH O3 structure.

The analysis of the XRD pattern (Fig. 1) shows broader reflec-
tions for the spinel phase of the Snxi>0 sample than those
for the non-doped sample, Sn0. This broadening effect can be
related to small-sized particles and eventually to some structural
defects distribution in (Fe3+, Fe2+)3−xM−yM

Sn4+
xM

⊕yM O4 (xM, yM >
0). Indeed, the estimation of the average mean coherent length
from the full width at half maximum (obtained from the

Rietveld refinement using the Scherrer equation [28]) points to a
smaller averaged particle size (Table 2) for the tin-doped ferrite,
(Fe3+, Fe2+)3−xM−yM

Sn4+
xM

⊕yM O4 (xM, yM > 0). Also, the increase of
the cubic lattice dimension (independently deduced from the
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Table 2
Agreement factors for the Rietveld refinements (Rwp, Rp, RB and Rf)a and refined parameters of XRD data. ⊕, cation vacancy. Number in brackets is the uncertainty estimated
as standard deviation, expressed over the last significant digit of the fitted parameter value obtained from the least-squares algorithm.

Sample Element content
(mass%)

Space
group

Chemical formulab Lattice parameter
(nm)

Phase content
(mass%)

Cristallite
sizec (nm)

Rwp Rp RB Rf Chi2

Sn0 Fetotal = 72(1) Fd3m Fe3O4 a = 0.83970(1) 86(1) 71(7) 10.3 7.68 1.94 2.75 2.34
R3̄c Fe2O4 a = 0.50348(2) 14(1) 37(3) 10.3 7.68 3.66 2.93 2.34

c = 1.37537(8)

Snxi>0 Fetotal = 60(1) Fd3m Fe2.44Sn0.43 ⊕ 0.13O4 a = 0.84015(3) 49(1) 71(6) 10.8 8.28 3.07 3.02 2.56
Sntotal = 13(1) R3̄c Fe1.84Sn0.12 ⊕ 0.04O3 a = 0.50620(3) 51(1) 29(2) 10.8 8.28 4.56 4.03 2.56

c = 1.3824(1)

a Agreement factors were calculated as follows: Rwp = 100
[∑

wi(Io − Ic)2/
∑

wiI2
o

]1/2
; Rp = 100

∑∣
Io − Ic

∣
/
∑

Io; RB = 100
∑∣

Iko − Ikc
∣

/
∑

Iko; Rf =

100
∑∣

Fko − Fkc
∣

/
∑

Fko; where Io and Ic are the observed and calculated intensities; wi is the weight assigned to each step intensity; Iko and Ikc are the observed and
calculated intensities for Bragg k-reflection; Fko and Fkc are the observed and calculated structure factors.

b Chemical formula were estimated based on the Rietveld refinement of XRD data, Mössbauer and elemental chemical analysis; ⊕, cation vacancy; {} and [] denote
tetrahedral and octahedral coordination sites, respectively.

c Average crystallite sizes were obtained from XRD data using the Scherrer equation.

Table 3
57Fe Mössbauer parameters for Sn0 and Snxi>0 samples at 298 K. Numbers in brackets are uncertainties estimated as standard deviations, expressed over the last significant
digit of the corresponding fitted parameter value obtained from the least-squares algorithm.

Sample Assignment ı (mm s−1) ε (mm s−1) Bhf (T) � (mm s−1) RA (%)

Sn0 {Fe2.5+} 0.662(3) 0.00(6) 45.76(2) 0.49(1) 51.9(3)
[Fe3+] 0.296(3) −0.015(6) 48.76(2) 0.37(1) 34.8(2)
Hm 0.353(9) −0.14 50.50 0.47 13.3(3)
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hedral sites occupancies than that of a pure magnetite.
119Sn Mössbauer spectra, recorded for Snxi>0 at both 110 and at

298 K can be resolved into three sextets and three doublets (Fig. 3).
Even though the free Sn4+ ion has no magnetic moment, the probe-
nucleus in this case senses a supertransferred magnetic hyperfine
Snxi>0 {Fe2.5+} 0.593(3) −0
[Fe3+] 0.333(4) −0
Hm 0.362(2) −0

ietveld structural refinement, Table 2) for this ferrite suggests that
he isomorphical replacement of Fe3+ (ionic radium r = 65 pm [29])
y Sn4+ (r = 69 pm) does occur; any replacement of Fe2+ (r = 78 pm)
y Sn4+ would tend to a decrease of the cubic lattice, according to
egard’s law [30].

The ionic charge balance can be obtained by replacing 3Sn4+

or 4Fe3+, creating a cation vacancy (⊕). The chemical formulae
educed from simultaneous charge and mass balances (Table 2)
re (Fe3+, Fe2+)2.44Sn4+

0.43⊕0.13O4 and �-Fe3+
1.88Sn4+

0.12O3, for the two
hases. The ionic distribution obtained from the Rietveld structural
efinement (Table 2) is in good agreement with these proposed
ormulae, so obtained from chemical data in Table 1.

The chemical structure for a stoichiometric and pure mag-
etite corresponds to [Fe3+]{Fe2+ Fe3+}O4, where [] and {} denote
etrahedral and octahedral coordination sites, respectively. The
ast electron hopping, which is known to be a pair-localized
henomenon in octahedral sites of magnetite, results in an elec-
ronic state corresponding to Fe2.5+, yielding the following formula
epresentation: [Fe3+]{Fe2.5+}O4. The 298 K 57Fe Mössbauer spec-
rum for the Sn0 sample (Fig. 2) confirms the formation of
ron-rich spinel phase as it shows two distinct sextets with hyper-
ne parameters (Table 3) assignable to Fe3+ in tetrahedral sites
sites A; hyperfine field, Bhf = 48.76(2) T; isomer shift relative to
-Fe, ı = 0.296(3) mm s−1) and Fe2.5+ in octahedral sites (sites
; Bhf = 45.76(2) T; ı = 0.662(3) mm s−1), well in agreement with
eported values in the literature (for instance, Ref. [31]). The rela-
ive subspectral area ratio (RA) between octahedral and tetrahedral
ites occupancies (RAB/RAA = 51.9/34.8 = 1.49) confirms some oxi-
ation Fe2+ → Fe3+ evidenced by the relatively smaller amount of
e2+, when compared with the expected value for a stoichiometric
agnetite (RAB/RAA = 1.88). The hyperfine parameters for the other

3+ −1
extet are assignable to Fe (Bhf = 50.50 T; ı = 0.353(9) mm s )
elated to the deduced structure �-Fe3+

1.88Sn4+
0.12O3.

The 298 K 57Fe Mössbauer spectrum for the Snxi>0 sample can be
econvoluted into three sextets (Fig. 2), two of them are assignable
o iron in octahedral and tetrahedral sites of a typical spinel crystal
44.92(6) 0.37(2) 29.2(7)
) 48.18(4) 0.38(1) 20.2(7)
) 49.76(2) 0.474(7) 50.6(6)

structure; the third one is due to iron in hematite. The decrease
of the isomer shift (ı = 0.593(3) mm s−1), when compared with the
expected value for iron in octahedral sites of the magnetite struc-
ture sustains the relatively low content of Fe2+ cations caused by
some oxidation Fe2+ → Fe3+. Also, the decrease of the hyperfine field
(Bhf = 44.92(6) T) may be due to the replacement of iron cations by
Sn4+ ions. The decrease in the hyperfine field for hematite may
be due to both small particle size and isomorphic substitution of
Sn4+ for Fe3+. The Sn4+ has d10 electronic configuration and no
expected net magnetic moment. Moreover, the replacement of
Fe for Sn in the octahedral sites explains the smaller areas ratio
RAB/RAA = 29.2/20.2 = 1.45 (Table 3) between octahedral and tetra-
Fig. 2. 57Fe Mössbauer spectra for the Sn0 and Snxi>0 samples at 298 K.
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Fig. 3. 119Sn Mössbauer spectra for the Snxi>0 sample at 110 K and 298 K.

eld (STHI) from magnetic moments of iron ions in the spinel struc-
ure. The room temperature 119Sn Mössbauer spectrum may be
econvoluted into three sextets, with hyperfine fields of 11.6(1),
.9(2) and 5.4(2) T, that corresponds to 78% of the whole spectral
rea, and three doublets, corresponding to quadrupole splitting val-
es of 0.49(8), 1.7(3) and 3.4(6) mm s−1 (Table 3). This set of results

ndicates that, as far as the hyperfine structure is concerned, the

n4+ ions are not homogenously distributed in the spinel structure.

No SnO2 reflection was identified on the XRD pattern. Thus, the
hree Mössbauer doublets (22% of the whole spectral area) can be
ue to either (i) a superparamagnetic relaxation or (ii) a very low

able 4
9Sn Mössbauer parameters at 110 K and 298 K for the Snxi>0 sample. Numbers in brac
ignificant digit of the corresponding fitted parameter value obtained from the least-squa

Temperature Assignment ı (mm s−1) �, ε (m

110 K Sextet 1 0.04(2) 0.54(4
Sextet 2 0.42(2) 0.20(2
Sextet 3 0.29(1) 0.03(2
Doublet 1 0.16(1) 0.82(6
Doublet 2 0.23(2) 2.60(9
Doublet 3 0.14(2) 4.73(8

298 K Sextet 1 0.03(9) 0.4(2)
Sextet 2 0.3(1) 0.27(9
Sextet 3 0.19(5) 0.02(9
Doublet 1 0.02(4) 0.49(8
Doublet 2 0.10(5) 1.7(3)
Doublet 3 0.03(6) 3.4(6)

ig. 5. Scanning electron micrographs of the Sn0 sample: (a) magnified 2000×; (b) part of
icture magnified 5000×.
Fig. 4. XANES spectrum for the Snxi>0 sample and standards SnO and SnO2 at Sn
L3-edge.

magnetic hyperfine field contributions in this relatively broad line-
width multiple-spectrum pattern.

Mössbauer data collected at 110 K (Fig. 3) evidenced individ-
ual doublet splitting values corresponding to higher field gradients
(Table 4) at the 119Sn nucleus than those observed for the 298 K
spectrum.

The XANES spectra for the Sn-ferrite sample and for the stan-

dard compounds are shown in Fig. 4. An apparently glitching signal
appears at about 3980 eV but it may disregarded without compro-
mising the confidence of the whole spectral analysis. The spectrum
for the tin-doped sample compares well to that obtained for SnO2

kets are uncertainties estimated as standard deviations, expressed over the last
res algorithm.

m s−1) Bhf (T) � (mm s−1) RA (%)

) 12.93(3) 2.43(5) 32(1)
) 9.82(3) 2.34(8) 30(1)
) 6.06(3) 1.61(9) 14(1)
) 1.4(2) 10(2)
) 1.6(2) 9(3)
) 1.4(2) 5(1)

11.6(1) 2.8(2) 37(6)
) 8.9(2) 2.9(7) 27(8)
) 5.4(2) 1.91(6) 14(5)
) 0.9(3) 6(3)

1.5(9) 9(7)
1.9(8) 7(6)

the sample equivalent to the portion marked with the squared area on the left-hand
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ig. 6. Scanning electron micrographs of the Snxi>0 sample: (a) magnified 2000×;
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ather than to the SnO standard. This, along with the 119Sn Möss-
auer isomer shift values (Table 4), indicates that tin is exclusively

n the Sn4+ state in this ferrite structure.
Typical morphologies of the Sn0 and Snxi>0 particles are shown

n Figs. 5 and 6, respectively. It can be observed that the spinel
f sample Sn0 tends to form more uniform agglomerates of small
articles, whereas tin-doped ferrite of sample Snxi>0 grows in octa-
edral habit.

. Conclusion

In this work, a tin-doped spinel ferrite was prepared by the
o-precipitation method but some partial oxidation led to a con-
omitant proportion of tin-doped hematite. The powder X-ray
iffraction pattern evidenced an increase in the unit cell in both
pinel- and corundum-related crystallographic phases of Sn-doped
Fe3+, Fe2+)2.44Sn4+

0.43⊕0.13O4 and �-Fe3+
1.88Sn4+

0.12O3, relatively to
he pure oxides, as it was obtained by the Rietveld refinement of
RD data. Moreover, 57Fe Mössbauer data shows a decrease in the
agnetic hyperfine field of the octahedral sites of this Sn-ferrite rel-

tively to pure Fe3O4. The detection of supertransferred hyperfine
elds at the 119Sn probe-nucleus, by 119Sn Mössbauer spectroscopy,
onfirms that the doping tin ions preferentially occupy octahedral
ites of these Sn-doped spinel and corundum crystal structures, still
elow the solubility upper-limit of Sn in these oxides. The XANES
nd 119Sn Mössbauer data point to both structures to be doped only
y tin as Sn4+.
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