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Undoped and Mn doped SnO2 prepared by co-precipitation method exhibits nanocrystalline nature with promi-
nent peaks along (110), (101), (211), and (310) planes. All the prepared samples are nanocrystalline with crystallite
size lying in the range of 4.8�5.6 nm. The prepared SnO2 nanoparticles exhibit single tetragonal crystalline phase.
The high resolution transmission electron microscopy images show that the particles are nanocrystalline in nature.
The composition of the prepared samples have been analyzed using energy dispersive analysis of X-rays spectra.
The photoluminescence spectroscopy shows the recombination of electrons in singly occupied oxygen vacancies
with photoexcited holes in the valence band. Broad UV emission at 426 nm is observed in photoluminescence.
UV�vis absorption spectral studies showed a peak at 385 nm. Magnetic measurements revealed that all the doped
samples exhibit room temperature ferromagnetism, which is identi�ed as an intrinsic characteristic obtained on
doping. Pure SnO2 nanoparticles showed diamagnetism, SnO2 with lower Mn content show larger magnetization
and with increasing Mn content the retentivity and coercivity are found to decrease.
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1. Introduction

Tin oxide is a wide band gap n-type semiconductor
and is one of the commonly used material for gas sensors,
transparent conducting electrodes and optoelectronic de-
vices operating at room temperature [1]. In recent years
thin �lms of SnO2 have become an integral part of mod-
ern electronic technology. SnO2 transparent conducting
oxide thin �lms are used as window layers and heat re-
�ectors in solar cells [2]. Semiconductors with induced
magnetization due to doping have an important role in
spintronics.
The properties of impurity doped SnO2 nanoparti-

cles are related to both composition and processing
method. Nanocrystalline SnO2 and Mn doped SnO2 have
been prepared by several methods such as co- precipita-
tion [3], sol�gel [4�6], chemical vapour deposition [7, 8],
VLS method [9], laser ablation [10] and thermal re-
dox process [11]. Among these methods, chemical co-
precipitation method is most e�ective due to its capabil-
ity in controlling the structural and surface properties of
nanoparticles. In the present study the structural, op-
tical and magnetic properties of SnO2 and Mn doped
SnO2 nanoparticles, prepared by chemical precipitation,
method is reported.
High temperature ferromagnetism has been reported

for Fe doped SnO2 [12], Cr doped SnO2 [13], V doped
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SnO2 [14] and Ni doped SnO2 [15]. Mn doped SnO2

was found to be paramagnetic below the temperature of
5 K [16, 17]. Fitzgerald et al. [2] have discussed on the
occurrence of ferromagnetism in terms of carrier medi-
ated exchange in spin split impurities, band derived from
bound magnetic polarons [18] or in a spin split 4s/5s
conduction band and then in terms of a model of fer-
romagnetic ordering of moments of molecular orbitals
with 2p hole character, which may be associated with
defects in the interface region. It is therefore very signi�-
cant to investigate ferromagnetism in doped and undoped
semiconducting or insulating oxide powders, because only
powders can re�ect intrinsic magnetic properties of the
material [20].

The optical properties of semiconductor nanoparticles
have recently been a subject of great interest. Semi-
conductor nanoparticles have been explored as potential
electroluminescent materials, with applications in opto-
electronics [21]. One approach of producing strongly lu-
minescent nanoparticles is to introduce small quantities
of an emissive dopant. SnO2 nanoparticles have been
successfully doped with Mn2+, and Mn2+ emission has
been observed following band gap excitation. This emis-
sion has been assigned to the 4T1�6A1 transition of the
Mn2+ ion [5, 22], which is excited by energy transfer from
the ZnS electron/hole state. However, with respect to
nanocrystalline SnO2 semiconductor, to the best of our
knowledge, there is no study on the luminescence char-
acteristics of Mn2+ doped SnO2 nanoparticles. Doping
in�uences the photoluminescence of SnO2 nanoparticles
and calcination temperature also a�ects the luminescence
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process, which is due to the contribution of oxygen va-
cancies in the SnO2 host [5].
For Mn doped SnO2 nanoparticles, Tian et al. [23] have

reported that magnetic properties strongly depend on
both sintering temperature and doping content and no
ferromagnetism was observed for samples sintered at a
high temperature of 800 ◦C. Room temperature ferro-
magnetism (RTFM) with a saturation magnetic moment
of 0.18 µB/Mn ion was reported by Gopinadhan et al. [19]
in Mn-doped SnO2 thin �lms. Recently, Fitzgerald et
al. [2] have reported RTFM in pulsed laser deposited ru-
tile SnO2 thin �lms with Mn doping. They observed a
very large magnetic moment of 20 µB/Mn ion at low dop-
ing concentration which is far above the spin magnetic
moment of Mn. On the other hand, RTFM has been
reported in undoped SnO2 nanoparticles [25], and thin
�lms [26] containing no intentional magnetic elements as
well as in other undoped wide band gap semiconductors
and insulators [20�22].

2. Experimental

All chemicals used in the present work were of an-
alytical grade and used without further puri�cation.
De-ionized water was used in all the synthesis steps.
SnO2 nanoparticles doped with three di�erent concen-
tration of Mn, 2%, 4%, and 6%, were prepared by
chemical co-precipitation method. The precursors for
dopant and host were manganese acetate tetra hydrate
((CH3COO)2Mn·4H2O) and tin chloride (SnCl2 · 2H2O),
respectively. The solution was prepared using tin chlo-
ride (SnCl2 ·2H2O) and manganese acetate tetra hydrate
((CH3COO)2Mn·4H2O)) in distilled water to make 0.3 M
solution and aqueous ammonia (NH3OH) of 0.4 M was
added with the solution to increase the pH of the solution
for the precipitate formation. The source materials were
weighed according to the stoichiometry as per the tar-
get compositions and were dissolved in distilled water to
make 0.3 M solution. Aqueous solution of ammonia was
added dropwise to the solution of tin chloride precursor
under continuous stirring for 3 h at room temperature
till �ne precipitate was formed. Using the same method,
we have repeated the procedure for various concentra-
tion of SnCl2 · 2H2O for molar values of 0.4 and 0.5 M,
respectively. The solution obtained was centrifuged at
3000 rpm for 10 min. The precipitate was �ltered out
separately and washed with de-ionized water to remove
the unnecessary impurities formed during the precipita-
tion process. The obtained product was placed in oven
for 8 h at 60 ◦C.
X-ray di�raction (XRD) studies have been carried

out using PANalytical X-ray di�ractometer. Elemen-
tal composition of the prepared samples has been stud-
ied using energy dispersive analysis of X-rays (EDAX,
Thermo-Noran system Six). The high resolution trans-
mission electron microscope (HRTEM) images of the
prepared SnO2 nanoparticles have been recorded using
JEOL JEM 2010 microscope. The optical properties have
been studied using absorbance spectrum recorded using

spectrophotometer (JASCO V-570). Photoluminescence
emission spectrum has been recorded using Cary Eclipse
spectrophotometer.

3. Results and discussion

3.1. Structural studies

Figure 1 shows the powder XRD pattern of SnO2 and
Mn-doped SnO2 nanoparticles. All the di�raction peaks
are well assigned to the rutile type tetragonal system of
SnO2 nanoparticles (JCPDS No. 88-0287). The di�rac-
tion peaks are observed to shift towards higher angles
with increase in Mn content which indicates that Mn ion
has substituted for Sn without changing the rutile struc-
ture. This is consistent with the reported solubility limit
in nanoparticles [30], and powders [31] of Mn in SnO2.
The observation of peak broadening is due to the pres-
ence of smaller crystallite size. The crystallite sizes were
estimated using the Scherrer relation [29]:

D =
Kλ

β cos θ
, (1)

where D is the grain size, K is a constant taken to be
0.94, λ is the wavelength of the X-ray radiation, β is the
full width at half maximum and θ is the angle of di�rac-
tion. The crystallite size of SnO2 and Mn doped SnO2

are found to lie in the range 4.8�5.6 nm (±0.1 nm).

Fig. 1. XRD Pattern of (a) pure SnO2, (b) 2% Mn
Doped SnO2, (c) 4% Mn Doped SnO2, (d) 6% Mn
Doped SnO2.

A small reduction in crystallite size is observed with
increase of Mn concentration. The reduction of the crys-
tallite size suggests that the Mn ion replaces the Sn ion.
The presence of Mn ions in the crystallographic structure
increases the formation of oxygen vacancies as required
by the charge balance. The properties of nanomaterials
are related to the particle size. To explain the possibility
of nanomaterials as potential candidates for di�erent ap-
plications it is necessary to have an accurate knowledge of
the mean particle size and the size distribution. It is the
dopant ions that contribute to the change of structure
and light absorption e�ciency of the host material. A
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Fig. 2. HR-TEM images of the SnO2 nanoparticles.

Fig. 3. EDAX Spectra of (a) pure SnO2, (b) 2%
Mn doped SnO2.

Fig. 4. Absorption spectra of (a) pure SnO2 (b) 2%
Mn doped SnO2, (c) 4% Mn doped SnO2, (d) 6%
Mn doped SnO2.

Fig. 5. Emission spectra of (a) pure SnO2, (b) 2%
Mn doped SnO2, (c) 4% Mn doped SnO2, (d) 6%
Mn doped SnO2.

Fig. 6. Magnetisation curve of (a) pure SnO2, (b) 2%
Mn doped SnO2, (c) 4% Mn doped SnO2, (d) 6%
Mn doped SnO2.

part of these ions are incorporated in substitutional or in-
terstitial sites of SnO2. This is because when an element
is being doped into a matrix, it can either �substitute� or
�interstice�. The dopant will occupy the interstitial sites
at least to some extent and distort the crystal lattice
structure. Hence a di�erence in crystallite size was ob-
served. This e�ect in conjunction with the smaller ionic
radius of Mn2+ ion in comparison to Sn4+ ion can dis-
turb long range crystallographic ordering, thus reducing
the crystallite size. From the di�raction pattern, it is ob-
served that there is no impurity phase such as manganese
oxide or other tin oxides present in the sample.
HRTEM images shown in Fig. 2a,b exhibit lattice

fringes and lattice spacing has been calculated using these
fringes. Interplanar spacing of SnO2 nanoparticle is d =
3.5 Å which corresponds to (110) plane of the rutile
tetragonal phase and the tetragonal lattice has quadru-



E�ect of Mn Doping on the Structural, Optical and Magnetic Properties. . . 1659

plicate symmetry. Oxygen atoms (anions) form octahe-
dral and half of the octahedral interstices are �lled by Sn
atoms [18].
Figure 3 shows the EDAX spectra, collected from the

average scanned area, of pure SnO2, and Mn doped (2%,
4% and 6%) SnO2 samples, respectively. It shows that
Sn and O are the only main elemental species in pure
SnO2 sample while, additionally, Mn peaks are observed
in Mn doped samples.

3.2. Optical studies

Nanosized semiconductor particles generally exhibit a
threshold energy in the optical absorption measurements,
due to the size-speci�c band gap structures [33�35], which
is re�ected by the blue shift of the absorption edge with
decrease of particle size. The optical absorption spectra
of the SnO2 sample and samples with three di�erent Mn
concentrations (2%, 4%, and 6%) are shown in Fig. 4.
Pure SnO2 and Mn doped SnO2 absorption peak located
at 386.79 nm is shifted relative to the bulk excitation ab-
sorption (367.15 nm). This shift indicates the quantum
con�nement property of nanoparticles. In the quantum
con�nement range, considering the absorption positions
from the bulk SnO2, the absorption on sets of the present
samples can be assigned to the direct transition of elec-
tron in the SnO2 nanocrystals. One of the main objec-
tives of the present investigation is to study the e�ect of
Mn2+ ions on the luminescence properties of the SnO2

host.
Figure 5 shows the emission spectra of SnO2 and Mn

doped SnO2 with concentration (2%, 4%, and 6%). The
emission spectra shows one strong band at 420 nm. From
Fig. 5, it can be observed that the addition of Mn2+ to
SnO2 host lattice can result in the decrease of photolumi-
nescence (PL) intensity of SnO2 host, while the charac-
teristic peaks of Mn2+ ions could not be collected, which
di�ers from the behavior of Mn2+ in SnO2 host. In pure
SnO2 host, the emission attributes to electron transition,
mediated by defects levels in the band gap, such as oxy-
gen vacancies, tin interstitials and so forth. Probably
after introducing Mn2+ into the SnO2 host, the defects
still play a dominant role with respect to the lumines-
cence processes.
Generally, oxygen vacancies are known to be the most

common defects and usually act as radiative centers in lu-
minescence processes. The oxygen vacancies are present
in three di�erent charge states: V 0

o , V
+
o , V

2+
o [36] in the

oxide. As V 0
o is a very shallow donor, the most oxygen

vacancies will be in their paramagnetic V +
o state under

�at-band conditions. The origin of luminescence is as-
signed to the recombination of electrons in singly occu-
pied oxygen vacancies with photoexcited holes in the va-
lence band. The luminescence spectra of the nanoscaled
pure SnO2 powder is similar to those from nanocrystals
of TiO2, ZnO, and BaTiO3 [37�39]. After the addition
of Mn2+ to the host lattice, it is easy for Mn2+ ion to
substitute for Sn4+ ion, which can be due to the fact
that the radius of Sn4+ (0.76 Å) is similar to that of

Mn2+ (0.80 Å) ion [40]. In addition, the 2 � charge of
the Mn2−Sn ion has to be compensated for somewhere in
the lattice in the form of oxygen vacancy. That is the
reason why the PL intensity rose rapidly and reached a
maximum. At higher Mn2+ concentrations, the intensity
of the 400 nm peak started to decrease slowly. Similar
quenching e�ect with the Mn2+ concentration has been
reported previously. Although the exact mechanism for
this quenching to occur is still a matter of controversy,
it is generally considered that the quenching of the lu-
minescence is associated with interaction among Mn2+

ions with the nearest, the second nearest, and probably
even the third nearest neighbor sites [41], forming small
clusters, such as pairs or triplets, located on the surface
or on the grain boundaries of the nanopowders.

3.3. Magnetic studies

The magnetic measurements (M�H) of samples at
room temperature have been carried out in the �eld range
of 0�20 kOe. Figure 6 shows the M�H curves of un-
doped and Mn doped SnO2 nanoparticles. Although un-
doped SnO2 nanoparticles are showing diamagnetism, in-
corporation of Mn into SnO2 shows ferromagnetism. The
ferromagnetism may be due to the substitution of Mn
into SnO2 lattice or due to the presence of secondary
oxide phases of Mn [5]. But in the presence study no
oxide phases have been formed according to the XRD
results, the observed ferromagnetism is due to Mn dop-
ing out of all oxides of Mn (MnO, Mn2O3, Mn3O4) only
Mn3O4 is ferrimagnetic with a Curie temperature (TC)
of 42 K [5, 42, 43]. Since the Tc is too low, the observed
room temperature ferromagnetic behavior in the samples
cannot be attributed to the Mn3O4 phase.
From Fig. 6 it is observed that pure SnO2 nanoparti-

cles exhibit diamagnetism, SnO2 with lower Mn content
(2%) showed larger magnetization and with increasing
Mn content (4%, 6%), the ferromagnetization decreases.
The retentivity and coercivity of all samples are calcu-
lated and are shown in Table II.
When Mn doping is 2%, most of the Mn2+ ions occupy

substitutional position. Mn2+ ions, on substitution, cre-
ate oxygen vacancies (as inferred from the appearance of
visible emission peaks), those oxygen vacancies alone can-
not to contribute to ferromagnetism. Increase of Mn in-
creases the number of oxygen vacancies and therefore an
exchange interaction of the Mn ions via oxygen vacancies
may induce ferromagnetism. Although oxygen vacancies
can be expected to be more at 4% and 6%, the inter-
action of Mn2+ via oxygen vacancies is less pronounced.
Therefore, both oxygen vacancies and an optimum level
of Mn (with entire Mn2+ taking part in BMP) are nec-
essary for obtaining ferromagnetism in Mn doped SnO2

nanoparticles. High concentration of Mn contributes only
to paramagnetism.

4. Conclusion

SnO2 and Mn doped SnO2 nanoparticles have been
successfully prepared by Co-precipitation method. From



1660 M. Saravanakumar et al.

X-ray di�raction studies, it is observed that the synthe-
sized SnO2 nanoparticles are of rutile tetragonal phase
and the crystallite size is in the range of 4.8 to 5.6 nm.
The studies also indicate that the grain size decreases
with increase in Mn content. The HRTEM images exhib-
ited lattice fringes which corresponds to the (110) plane
of rutile tetragonal phase. The PL spectra consisted of
a strong UV peak and a broad blue green peak. Strong
band observed at 426 nm in PL spectra is due to the
recombination of electrons in singly occupied oxygen va-
cancies with photoexcited holes in valence band. A sys-
tematic change in magnetic behavior from diamagnetic
to ferromagnetic was observed and the samples exihibited
ferromagnetic behavior for the Mn doping of x = 0.025
to x = 0.075 has been observed. Thus Mn concentration
plays an important role in inducing ferromagnetism in
nanocrystalline Sn1−xMnxO2.
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