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opportunity to explore the possible changes in their physi-
cal and chemical properties with size and shape [1–3].

Tin oxide  (SnO2) is one of the n-type wide band-gap 
semiconductor material (3.6  eV) and has large exciton 
binding energy (130  meV) [4].  SnO2 evinces interest 
because it is a naturally non-stoichiometric prototypical 
transparent conducting oxide. It has a high band gap of 
almost 4 eV, plasma frequency in the IR region and, when 
suitably doped, can be used both as a p-type and n-type 
semiconductor. It crystallizes in the tetragonal rutile type of 
structure, D144h (P42/mnm) with two Sn and four oxygens 
per unit cell. The lattice parameters are a = b = 0.4737 nm, 
c = 0.3185 nm and c/a = 0.673 [5].

As an n-type semiconductor,  SnO2 shows very high sen-
sitivity towards  H2, CO, hydrocarbon, and alcohol. It com-
bines the low electrical resistance region. This property 
makes it a noticeable applicant for optoelectronic applica-
tions. The optoelectronic properties such as photolumines-
cence and optical band gap of  SnO2 can also be improved 
by impurity doping. It has been used as a solid state sen-
sor mainly due to its sensitivity towards different gaseous 
species [6, 7], photovoltaic energy conversion [8], to make 
transparent conductive thin film coatings [9], solar cells 
[10] etc.  SnO2 nanoparticles drag scrutiny due to its prom-
ising applications in gas sensors [11], microelectronics 
[12], solar cells [13] and photoelectrochemistry [14], lith-
ium cells [15] and photocatalysts [16]. The high chemical 
stability, low cost, nontoxicity and excellent electro-optical 
properties make it suitable for numerous technological 
applications [17]. Another property of transparent conduct-
ing oxides (TCOs) such as  SnO2 is that they are transparent 
in the visible region and are highly reflective in the infrared 
region [18]. This property is responsible for today’s dom-
inant use of  SnO2 as an energy conserving material [18]. 
 SnO2 coated architectural windows, for instance, allow 

Abstract This paper highlights on the consequence of 
replacing tetravalent  Sn4+ ions of the  SnO2 by divalent 
 Mn2+ ions on their structural, optical and magnetic prop-
erties. Samples of  Sn1−xMnxO2 with x = 0.01, 0.02, 0.03 
and 0.04 were synthesized using microwave irradiated sol-
vothermal process. The X-ray powder diffraction patterns 
reveal the rutile tetragonal phase of all doped  SnO2 sam-
ples with no secondary phases. The transmission electron 
microscopy results show the formation of spherical nano-
particles of size 10–16  nm. Morphological changes were 
observed by scanning electron microscopy. The functional 
groups were investigated using Fourier Transform Infrared 
Spectroscopy studies. Optical studies were carried by UV–
Vis Spectroscopy and Fluorescence Spectroscopy. Electron 
Paramagnetic resonance was used to calculate the Lande 
splitting factor ‘g’. The magnetic properties were using 
Vibrating Sample Magnetometer.  SnO2 with lower Mn 
doping shows ferromagnetism.

1 Introduction

Nanotechnology is the most essential and electrifying fore-
front field in Physics, Chemistry, Engineering and Biol-
ogy. As unique optical, chemical, and magnetic proper-
ties of low dimensional inorganic semiconducting metal 
oxide nanomaterials were deeply influenced by the size 
and morphology of the nanostructures. The preparation 
of nano sized crystallites with different sizes provided an 
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transmitting light, but keeping the heat out in the building 
depending on the climatic region [18].

Magnetic properties of tin oxide nanoparticles are used 
in magnetic data storage and magnetic resonance imag-
ing. Nanoparticles discover widespread uses in several 
fields such as microelectronics, photo catalysis, nonlin-
ear optics and photoelectro chemistry. Recently transi-
tion metal doped  SnO2 has gained much attention due to 
the possibility of exhibiting room-temperature ferromag-
netism. Diluted magnetic semiconductor (DMS) utilizes, 
synchronously, carrier charge and spin degrees of freedom 
[19]. Their interaction is expected to exhibit a novel physi-
cal character to be applied in new devices. The control of 
spin dependent phenomena in electronic oxides or more 
conventional semiconductors may lead to devices such as 
spin light-emitting diodes (spin-LEDs), spin field effect 
transistors (spin-FETs) and so on [19]. DMS is expected 
to play an important role in materials science and future 
spintronics.

Kimura et al. obtained a rutile type oxide diluted mag-
netic semiconductor with high Mn concentrations (x < 0.34) 
with room temperature paramagnetic behaviour [20]. Due 
to its larger thermal solubility (10 mol%) Mn can increase 
the amount of injected spins and carriers make Mn doped 
 SnO2 as a promising material for spintronics applications 
[21, 22]. Brahma et al. [23] verified good transparency and 
conductivity in Mn-doped  SnO2 films deposited by thermal 
evaporation. Fitzgerald et al. [24] shows ferromagnetism in 
terms of carrier mediated exchange in spin split impurities, 
Manganese is an efficient luminescent activator in a num-
ber of host lattice, e.g., silicates, sulfides, and fluorides of 
zinc or cadmium [25]. The intra-d-shell transition in  Mn2+ 
is sensitive to the magnitude of the crystal field and the 
luminescent wavelength can be broadly tuned from green 
to orange or red according to the coordination environment 
[26]. Gopinadhan et  al. reports room temperature ferro-
magnetism in manganese doped  SnO2 thin films prepared 
by spray pyrolysis method [27]. Tian et al. synthesized Mn 
doped tin dioxide nanoparticles by chemical co-precipita-
tion method and report that manganese ions incorporate 
in the tin dioxide lattice as a mixture of  Mn3+ and  Mn4+. 
Room temperature ferromagnetism is observed for sam-
ples with Mn concentrations under 5 at.% and calcined at 
450 °C with a strong correlation to the surface structural 
defects [28]. Azam et al. investigated the electrical proper-
ties of Mn doped tin oxide nanoparticles obtained via the 
sol–gel method [29]. Manganese doped tin oxide thin films 
obtained through the spray pyrolysis method were studied 
by Vadivel et al. [30]. Sabri et al. shows the effect of Mn 
doping on structural and optical properties of  SnO2 nano-
particles prepared by mechanochemical processing [31]. 
Saravanakumar et al. [32] prepared shows the effect of Mn 
doping on the structural, optical and magnetic properties of 

 SnO2 nanoparticles via co-precipitation method.  SnO2 with 
lower Mn content shows larger magnetization. The Mn 
doped  SnO2 nanoparticles synthesized by chemical co-pre-
cipitation method has been investigated by Agrahari et al. 
[33]. All the doped  SnO2 nanoparticles show paramagnetic 
behavior at room temperature. Salah et al. [34] shows the 
structural, optical and electrical properties of Mn-doped 
 SnO2 nanoparticles via the microwave technique.

Microwave dielectric heating not only improves the rate 
of formation, it also increases the material quality, size 
distributions, accelerating the reaction rate, yield improve-
ment, quicker reaction time, smaller particle size, high 
purity materials, and enhanced physicochemical properties 
[35]. This method allows volumetric, selective and uniform 
heating which improves the physical and mechanical prop-
erties [36].

Various performances of  SnO2 are due to the presence 
of native defects such as oxygen vacancies, tin vacancies, 
tin interstitials and oxygen interstitials. The nature of the 
defects strongly depends on the synthesis method and the 
dimension of the material. Based on the preparation state, 
the types and numbers of defects, morphology and light 
emitting properties may vary. The ferromagnetism in  SnO2 
nanostructures has been attracting wide attention in current 
years, since it can associate the properties of spintronics 
with nanostructures The origin of FM in Mn doped  SnO2 
materials has been highly debated during the recent past. In 
this work we report the room temperature ferromagnetism 
via a solvothermal method for the Mn doping concentra-
tions of 1% and 2, 3, and 4% show paramagnetism. We 
have performed the comprehensive experimental studies of 
the Mn-doped  SnO2 powders which have provided a strong 
support for “intrinsic” origin of ferromagnetism in the 1% 
Mn-doped  SnO2 powders, that is ascribed to the presence 
of oxygen vacancy defects. The nature of the structural 
defects present in doped samples was identified by FL and 
EPR studies.

2  Materials and methods

Analytical grade precursor materials such as Tin(II) chlo-
ride dihydrate  (SnCl2·2H2O) (Merck), Manganese(II) 
acetate, urea  [H2NCONH2] were used to synthesize man-
ganese doped  SnO2 nanoparticles by solvothermal method. 
To synthesize  Sn1−xMnxO2 (x = 0.01, 0.02, 0.03, and 0.04) 
samples, the stoichiometric amount of Tin(II) chloride 
dehydrate, Manganese(II) acetate and urea was added to 
ethylene glycol  [CH2OH·CH2OH]. The ensuing solution 
was mixed thoroughly. The solution so attained was stirred 
to homogeneity at room temperature using a magnetic stir-
rer for 1 h and kept in a microwave oven. A domestic micro-
wave oven (M/O S20M WW-CG) operating at 2.45  GHz 
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was used as the device. The microwave oven was operated 
at 1  min/cycle and cooled in between the cycles. Micro-
wave heating was carried through until the solvent become 
dry. The content was allowed to cool and transferred to a 
beaker. It was washed thrice with double distilled water to 
remove inorganic impurities. Then the settled down powder 
was filtered using Whatmann filter paper and the collected 
powder has allowed to dry. Again the product was washed 
using acetone to remove unwanted organic impurities and 
dried for 2 h. The synthesized nanoparticles were filtered, 
dried in 5 sunny days and annealed in a muffle furnace at 
500 °C for an hour. The final product was taken out in the 
nice powder form. Figure  1 shows the procedure for the 
synthesis of Mn doped  SnO2 nanoparticles. Table 1 shows 
the concentrations of precursors used.

The X-ray diffraction (XRD) patterns of the nanopow-
der were taken using an X-ray diffractometer (PANalyti-
cal X’Pert PRO) with Cu radiation (λ = 0.15418 nm) in the 
region of 10°–80° with step size 0.01°. The morphology 
of the sample was observed by scanning electron micros-
copy (SEM, Carl Zeiss EVO 18 model). TEM images 
were taken in PHILIPS CM200. The occurrence of func-
tional groups in Mn doped  SnO2 nanoparticles was stud-
ied by Fourier Transform Infra Red (FTIR) spectrometer 
(Model: Perkin Elmer, Make: Spectrum RX1) in the range 
of 4000–400 cm−1. Optical measurements were carried out 
using UV–Vis spectrophotometer and luminescence spec-
trophotometer (Model: Lambda 35, Make: Perkin Elmer). 
Electron Spin Resonance Spectrometer (JES FA200) used 
for the analysis of species that contain unpaired electrons. 
Room temperature magnetic measurement was carried 

out using a vibrating sample magnetometer VSM (Lake-
shore- 7410). All measurements were performed at room 
temperature.

3  Results and discussion

3.1  Structural properties

Figure  2a shows the XRD patterns of  Sn1−xMnxO2 nan-
oparticles annealed at 500 °C. The XRD pattern shows 
that Mn doping did not change the tetragonal rutile 
structure of  SnO2 nanoparticles. The diffraction peaks 
located at 2θ are 26.59°, 33.85°, 37.95°,51.78°, 54.78°, 
57.79°, 61.92°, 64.7°, 65.94°, 71.31° and 78.72° for the 
lattice planes (110), (101), (200), (211), (220), (002), 
(310), (112), (301), (202) and (321). The patterns are in 
good agreement with  SnO2 tetragonal rutile structure of 
JCPDS file #770447. Peaks due to tin metal and Mn were 

Fig. 1  Synthesis of Mn doped 
 SnO2 nanoparticles Tin(II)Chloride 

dihydrate
Urea

ManganeseII acetate

Ethylene glycol(CH2OH:CH2O)  

Magnetic stirrer (stirred tohomogeneity )

Microwave Oven (Till the solvent evaporates )

Filtered and kept in sunlight (petriplate)

Wash with double distilled water (four times)

Wash with acetone (three times)

SnO2 in powder form

Tin(II)Chloride 
dihydrate

Urea
ManganeseII acetate

Ethylene glycol(CH2OH:CH2O)  

Magnetic stirrer (stirred tohomogeneity )

Microwave Oven (Till the solvent evaporates )

Filtered and kept in sunlight (petriplate)

Wash with double distilled water (four times)

Wash with acetone (three times)

SnO2 in powder form

Table 1  Amount of Tin(II) chloride dihydrate, Manganese(II) ace-
tate, Urea and Ethylene glycol used during synthesis of Mn doped 
 SnO2 nanoparticles

Samples Tin(II) 
chloride 
dihydrate (g)

Manganese(II) 
acetate

Urea (g) Ethylene 
glycol 
(ml)

Sn0.99Mn0.01O2 11.1686 0.1225 9.009 50
Sn0.98Mn0.02O2 11.0558 0.2450 9.009 50
Sn0.97Mn0.03O2 10.9430 0.3675 9.009 50
Sn0.96Mn0.04O2 10.830 0.4901 9.009 50
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not detected, thus showing high purity of the product. A 
careful observation of the enlarged view of (211) peak 
for all the doped samples, as presented through Fig.  2b 
indicates the shift in peak positions. Shifting for every 
peak may due to lattice contraction or lattice expansion 
depend on how we synthesize the nanoparticles. Shifting 
could come from at surface with less D-spacing due to 
surface strain or systematic error from the detector. The 

diffraction peaks are observed to have the slight shift of 
the peak position towards higher angles with increased 
Mn content imply that the Mn atoms effectively occupy 
the Sn site without changing the rutile structure.

Crystalline sizes in different directions are estimated 
in terms of Debye–Scherrer equation [37]

where D is the crystalline size, K is a constant (0.9 assum-
ing that the particles are spherical), λ is the wavelength of 
the incident X-rays (0.1546 nm), β is the full width at half 
maximum (FWHM), θ is the Bragg diffraction angle. The 
lattice constants (a = b, and c) are estimated by [37]

where d is the lattice spacing and h, k and l are Miller 
indices. Tables 2, 3, 4 and 5 shows the lattice parameters, 
interplanar distance, Bragg diffraction angle, full width at 
half maximum and size of  Sn0.99Mn0.01O2,  Sn0.98Mn0.02O2, 
 Sn0.97Mn0.03O2 and  Sn0.96Mn0.04O2 nanoparticles respec-
tively. Table  6 shows the crystalline sizes and the lattice 
parameters of the  Sn1−xMnxO2 nanoparticles at 500 °C.

The lattice parameters a, c and unit cell volume exhib-
ited decreasing when the Mn doping level has increased 

(1)D =
0.9�

� cos �

(2)1

d2
=

h2 + k2

a2
+

l2

c2

Fig. 2  a XRD spectra of the  Sn1−xMnxO2 nanoparticles, b shift of 
the (211) XRD peaks of the  Sn1−xMnxO2 nanoparticles

Table 2  Lattice parameters, interplanar distance, Bragg diffraction 
angle, full width at half maximum and size of  Sn0.99Mn0.01O2 nano-
particles

(hkl) d (Å) 2θ (°) FWHM Size (nm)

(110) 3.3564 26.6930 ± 0.004 0.496 ± 0.0216 16.45
(101) 2.6500 33.920 ± 0.004 0.539 ± 0.016 15.40
(200) 2.3733 38.016 ± 0.013 0.631 ± 0.073 13.31
(211) 1.7686 51.834 ± 0.004 0.618 ± 0.009 14.29
(220) 1.6797 54.800 ± 0.011 0.607 ± 0.057 14.73
(310) 1.5013 61.980 ± 0.012 0.734 ± 0.065 12.62

Table 3  Lattice parameters, interplanar distance, Bragg diffraction 
angle, full width at half maximum and size of  Sn0.98Mn0.02O2 nano-
particles

(hkl) d (Å) 2θ (°) FWHM Size (nm)

(110) 3.3429 26.645 ± 0.006 0.669 ± 0.023 12.29
(101) 2.6397 33.933 ± 0.006 0.780 ± 0.025 10.64
(200) 2.3667 37.989 ± 0.016 0.834 ± 0.074 10.07
(211) 1.7622 51.841 ± 0.005 0.789 ± 0.018 11.19
(220) 1.6732 54.821 ± 0.015 0.827 ± 0.073 10.82
(310) 1.4968 61.945 ± 0.019 0.988 ± 0.102 9.373

Table 4  Lattice parameters, interplanar distance, Bragg diffraction 
angle, full width at half maximum and size of  Sn0.97Mn0.03O2 nano-
particles

(hkl) d (Å) 2θ (°) FWHM Size (nm)

(110) 3.3434 26.641 ± 0.004 0.495 ± 0.013 16.49
(101) 2.6411 33.914 ± 0.004 0.576 ± 0.015 14.41
(200) 2.3649 38.019 ± 0.010 0.514 ± 0.038 16.34
(211) 1.7621 51.843 ± 0.004 0.596 ± 0.012 14.81
(220) 1.6738 54.835 ± 0.010 0.539 ± 0.045 16.60
(310) 1.4965 61.959 ± 0.009 0.607 ± 0.036 15.60



15025J Mater Sci: Mater Electron (2017) 28:15021–15032 

1 3

to 4 at.%. However, the cell volume of the tetrago-
nal phase of Mn doped samples was found to decrease 
from 72.115 to 71.032 Å3 may be due to the decrease of 
defects. Particle size is minimum at doping level of 2%. 
The value of c/a parameter 0.67 is nearby to the standard 
value of tetragonal structure. The crystallite sizes of Al 
doped  SnO2 nanoparticles are found to be in the range of 
10–16 nm. All these variations in a, c, V and size indicate 
that the doping of Mn took place in  SnO2 lattice. Figure 3 

shows the lattice parameters a, c, cell volume V and aver-
age crystallite size of particles as a function of doping 
concentration. Figure 3 shows the lattice parameters a, c 
of particles as a function of doping concentration.

The SEM images of (a)  Sn0.99Mn0.01O2 and (b) 
 Sn0.96Mn0.04O2 samples in Fig.  4 shows the morphology 
and size distribution of particles. SEM pictures have been 
magnified to the two same magnification, which is use-
ful when matching the sizes of the crystallites of the sam-
ples. The size of the  Sn0.99Mn0.01O2 was estimated to be 
around 14.47 nm using XRD. Also the size of the particle 
was valued to be around 14.21 nm using XRD. However, 
a small aggregation of particles has been perceived in the 
 Sn0.96Mn0.04O2 sample as related to  Sn0.99Mn0.01O2 sample. 
However, on the whole, it was clear that doping can inhibit 
the excess aggregation of  SnO2 nanoparticles. This speci-
fies that the diffusion of  Mn2+ into the  SnO2 lattice can 
change the surface character of the primary nanoparticles. 
Figure  5 displays the EDAX spectrum of  Sn0.96Mn0.04O2 
samples. The EDAX spectrum of the sample clearly dis-
plays the existence of Sn, Mn and O elements, revealing 
that the manganese atoms were indeed doped in the  SnO2 
matrix.

Morphology of Mn doped  SnO2 nanoparticles was 
investigated by FETEM. Figure  6 shows the TEM of 
 Sn0.96Mn0.04O2 sample annealed at 500 °C. It is observed 
that these nanoparticles are nearly tetragonal in shape with 
uniform particle size of diameter ranging from 8 to 16 nm 
and this outcome is in agreement with the particle size of 
16 nm obtained from the XRD pattern.

Figure  7 shows the Selected Area Electron Diffrac-
tion patterns (SAED) of  Sn0.96Mn0.04O2 sample annealed 
at 500 °C. SAED pattern shows continuous ring patterns 
without any additional diffraction spots and rings of sec-
ondary phases which enlighten the good crystalline nature. 
The distance of each ring from the centre and its reciprocal 
values gives the interplanar distance ‘d’. XRD results are 
confirmed by the combined study of these SEM and TEM 
studies.

3.2  Fourier transformed infrared spectroscopy (FTIR)

It is used to study the absorption properties of doped sam-
ples and hence to conclude the nature of bonds present in 
the doped samples.

Figure 8 shows the FTIR spectra of Mn doped  SnO2 nan-
oparticles annealed at 500 °C in the wave number range of 
4000–400 cm−1. The doped samples have similar profiles. 
The intense and broadband from wave number 3400–3900 
and 3444  cm−1 can be attributed to the O–H vibration of 
absorbed water on the sample surface [37]. The samples 
show a band around 650 cm−1. It is mainly ascribed to the 
strong metal oxygen vibration (Sn–O–Sn) frequency [38], 

Table 5  Lattice parameters, interplanar distance, Bragg diffraction 
angle, full width at half maximum and size of  Sn0.96Mn0.04O2 nano-
particles

(hkl) d (Å) 2θ (°) FWHM Size (nm)

(110) 3.3365 26.696 ± 0.005 0.543 ± 0.025 15.03
(101) 2.6364 33.977 ± 0.006 0.625 ± 0.022 13.29
(200) 2.3624 38.060 ± 0.013 0.597 ± 0.039 14.07
(211) 1.7601 51.908 ± 0.004 0.608 ± 0.019 14.52
(220) 1.6721 54.863 ± 0.010 0.539 ± 0.045 16.62
(310) 1.4949 62.032 ± 0.010 0.788 ± 0.155 11.76

Table 6  Doping concentrations (at.%), crystallite size, lattice param-
eters (a and c), tetragonal distortion (c/a) and unit cell volume (V) of 
 Sn1−xMnxO2 sample

Mn con-
centration 
(%)

Crystallite 
size (nm)

Lattice 
parameter 
a (Å)

Lattice 
parameter 
c (Å)

Cell volume (Å3)

1 14.47 4.7528 3.1924 72.115
2 10.73 4.7320 3.1805 71.228
3 15.65 4.7331 3.1829 71.305
4 14.21 4.7290 3.1760 71.032

Fig. 3  The lattice parameters a, c, cell volume V and average crystal-
lite size of Mn doped  SnO2 particles as a function of doping concen-
tration
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which authorizes the formation of the  SnO2 nanoparti-
cles. The band around 482 cm−1 is ascribed to symmetric 
Sn–O–Sn frequency and Mn–O bonds [39]. Table 7 shows 
the functional groups present in aluminium doped  SnO2 
nanoparticles.

3.3  Optical studies

3.3.1  UV–Vis spectroscopy

The direct band gaps of the nanoparticles were determined 

Fig. 4  SEM images of  Sn0.99Mn0.01O2 and  Sn0.96Mn0.04O2 samples

Fig. 5  EDAX image of  Sn0.96Mn0.04O2 sample Fig. 6  TEM image of  Sn0.96Mn0.04SnO2 sample
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from the Tauc relation [40] given by Eq.  (3). For semicon-
ductor nanoparticles, following equation has been used to 
relate absorption coefficient with incident photon energy

(3)�(�)h� = K(h� − Eg)n

where Eg is the band gap energy, hν is the incident photon 
energy, K is a constant, α(ν) is absorption coefficient which 
can be defined by the Beer–Lambert’s law as follows:

where A is the absorbance, ρ is the density of the  SnO2 
nanoparticles, c is the concentration and l is the path length. 
The exponent ‘n’ in Eq.  (3) depends on the type of the 
transition and n may have values 1/2, 2, 3/2, 3 for allowed 
direct, allowed indirect, forbidden direct and forbidden 
indirect transitions respectively. In case of  SnO2 nanopar-
ticles the value of n is 1/2 for allowed direct transition. 
Therefore, by plotting (αhν)2 versus hν and by extrapolat-
ing the curve to zero absorption coefficient band gap (Eg) 
can be determined using Eq.  (3). Figure 9 shows the tauc 
plot of (αhν)2 versus hν. When (αhν)2 is zero, the photon 
energy is  Eg. The band gap values of the Mn doped sam-
ples were found to be 5.07, 4.5, 2.68 and 2.72 eV for the 
 Sn1−xMnxO2 samples x = 0.01, 0.02, 0.03 and 0.04 respec-
tively. The band gap energy of Mn-doped  SnO2 is seen to 
decrease with the Mn doping, achieves a minimum value 
of 2.68  eV at x = 0.03, and with further addition of dop-
ing (x = 0.04) energy gap increased. It has been witnessed 
that the band gap reduces for low concentration doping 
and increases for higher concentration as expected on the 
basis of virtual crystal approximation (VCA) because of the 
band gap of the MnO ~4.2 eV. In many DMS systems such 
deviation from the linear monotonic increase in the form 
of “band gap bowing”. For the low concentration Mn dop-
ing the reduction in the band gap may be due to exchange 
interaction between d electrons of the Mn ions and the s 
and p electron of the host band. It is noted that the energy 
band gap value is decreasing with increasing Mn content, 
except for the sample  Sn0.96Mn0.04O2. It may due to the 
creation of holes because of lower valency of manganese. 
The decreasing in the band gap was attributing to the pres-
ence of holes. Each substitution Mg atom will create two 
holes in the O 2p state because of the lower-valence than 
Sn+4. They form the impurity band inside the forbidden 
gap region. The electrons in the valance band are excited, 
and they can be combined with the holes in the impurity 
band first. However, they are not stable. The trapped elec-
trons will recombine with the hole in the conduction band, 
resulting the shrinking of the band gap [41]. The obtained 
band gap of 4  mol% Mn doped  SnO2 nanoparticles was 
found to be 2.72 eV. This increase might be due to the for-
mation of additional electronic levels inside the band gap 
of  SnO2 by  Mn4+ ions. These electron levels were expected 
to cause charge transfer transitions between the conduction/
valance band of  SnO2 and Mn ions [34].

(4)�(�) = 2.303A�∕cl

Fig. 7  SAED pattern of  Sn0.96Mn0.04SnO2 sample

Fig. 8  FTIR spectra of  Sn1−xMnxO2 nanoparticles

Table 7  Functional groups present aluminium doped  SnO2 nanopar-
ticles

Doped  SnO2  (cm−1) Functional groups

3400–3900 Stretching vibration of surface hydroxyl groups 
re-absorption water from the ambient atmos-
phere

1712 Relaed to C=O group
1367 Deformation mode of hydroxyl group
1216 Vibrational hydroxyl tin (Sn–OH) bond
650 Bending vibration of Sn–O–Sn
482 Symmetric Sn–O–Sn and Mn–O bonds
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3.3.2  Fluorescence spectroscopy

Defects such as tin interstitials, dangling bonds and oxy-
gen ion vacancies introduce the energy states in the band 
gap act as an origin of photoluminescence [42]. In lumi-
nescence studies, high photon excitation energies above the 
band gap can be the most effective for bulk materials. But 
the efficiency of the luminescence decreases at high excita-
tion energy for nanoparticles. Each particle size emits light 
at a characteristic frequency so the fluorescence emission 
spectrum reflects the emission from the overall particle size 
distribution. Due to their very small nanosize, the nano-
particles have susceptibility to various surface defects. The 
fluorescence spectra exposed the defect related emission. 
Figure 10 shows the emission spectra of  Sn1−xMnxO2 nano-
particles using 270 nm as the excitation wavelength.

Figure 10 presents the room temperature spectra fluores-
cence emission of  Sn1−xMnxO2 NPs recorded in the range 
of 300–700 nm. It can be seen that the spectra are sharp and 
symmetric with a center at approximately 547  nm. There 
is an emission peak centred in all the samples at wave-
length 547 nm, in the green region, with the corresponding 

energy of 2.26 eV. In the UV region, PL spectra of  SnO2 
exhibited an emission band at 372 nm (3.33 eV). Since this 
emission energy is much lower than the energy band gap 
of  SnO2, the visible emission cannot be assigned to the 

Fig. 9  Band gap values of  Sn1−xMnxO2 nanoparticles

Fig. 10  Fluorescence emission spectra of  Sn1−xMnxO2 nanoparticles
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direct recombination of conduction electron to the holes 
in valence band; instead, they are assigned to the defect-
related emission. It is reported that the  SnO2 nanostruc-
tures can exhibit emission bands between 400 and 600 nm, 
because of the presence of different crystalline defects 
[43–45]. The sharp intensity of the green emission sug-
gesting that more number of Mn ions is in tetrahedral sites. 
The emission process is credited to d-level spin-forbidden 
transition for the  Mn2+ ions acting as an activating center. 
In particular, the transition from the lowest excited state to 
the ground state, is directly responsible for the green light 
emission. Sharp peaks of the PL spectra of samples prob-
ably due to limited energy states positioned within the band 
gap. The defects and impurities present in the sample con-
tribute to emission in the visible region. In  SnO2, the oxy-
gen vacancies are present in three different charge states: 
 Vo

0,  Vo
+, and  Vo

++, in which  Vo
0 is a very shallow donor 

[46]. Among the different types of oxygen vacancies, the 
547 nm peak related to single oxygen vacancies  (Vo+) [47, 
48]. In fact,  VO

+ can easily trap a photoexcited electron 
through a non-recombination step to form the neutral  VO

x 
center, which is unstable at room temperature.

3.3.3  Electron paramagnetic resonance (EPR) 
spectroscopy

Electron paramagnetic resonance spectroscopy is an acces-
sible dopant specific spectroscopic technique that probes 
transitions within Zeeman-split ground states of paramag-
netic ions. For the usual transverse experimental configura-
tion, the microwave absorption selection rule is MJ = ± 1. 
Because of zero-field splittings, transverse EPR is sensi-
tive almost exclusively to ions with Kramers ground states, 
such as  Mn2+ [49]. The EPR spectroscopy is an effective 
technique to investigate many types of transition metal 
ions, free radicals, biradicals, and different kinds of struc-
tural defects, particularly for paramagnetic materials. When 
the unpaired electron is placed within the applied magnetic 
field  H0 two possible spin states of the electron will have 
different energies by the result of the Zeeman effect. The 
lower energy state occurs when the magnetic moment of 
the electron is aligned with the magnetic field and a higher 
energy state occurs when magnetic moment is aligned 
against the magnetic field. If a second weak alternating 
magnetic field  H1 oscillating at a microwave frequency is 
applied right angles to the static field  H0, then the electron 
will begin to precess in the axis of  H1 and when the micro-
wave frequency will equal to the precession frequency the 
resonance condition will be satisfied [50]. The following 
equation is used to calculate the g factor [51]:

(5)g =
h�

BH

where H is the static field (Gauss), γ is the microwave 
radiation frequency (Hz), B is the Bohr magnetron equal 
to 9.274 × 10−21  erg/Gauss, and h is Planck’s constant, 
6.626 × 10−27 ergs/cycle.

Figure  11 shows the EPR spectrum of  Mn2+ ions in 
 Sn1−xMnxO2 nano powder recorded at room temperature. 
The rutile crystal structure of semiconducting  SnO2 hosts a 
variety of defects, such as oxygen vacancies and Sn intersti-
tials [52]. In  Sn0.99Mn0.01O2, a broad signal without any six-
line structure with g factor 1.9908 is typical for exchange-
coupled Mn ions [49]. It is possible that the paramagnetic 
centers detected by EPR signal can be the origin of visible 
emission [53]. Ozcan et al. [54] have shown that the  Sn4+, 
 Sn2+,  Vo

0 and  Vo
2+ defect states have an even number of 

electrons and these are ESR silent singlets. The g factor 
around 2.0 can appear because of the  Vo

+ defects and this 
defect is only ESR active [54].

In  Sn0.96Mn0.04O2 sample  Mn2+ ion, is unique among  dn 
configurations and there is only one state with maximum 
spin multiplicity (6S5/2) which splits into three Kramers 
doublets (±5/2, ±3/2 and ±1/2). In the presence of mag-
netic field, the degeneracy is completely removed and five 
fine structure transitions are possible. Each fine structure 
transition will be split into six hyperfine components due 
to 55Mn hyperfine coupling and may give in all 30 allowed 
transitions. The sextets belong to the transitions 5/2 ↔ 3/2, 
3/2 ↔ 1/2, 1/2 ↔ −1/2, −1/2 ↔ −3/2, −3/2 ↔ −5/2 [55]. The 
sextet observed at the central transition corresponding to 
1/2 ↔ −1/2 transition has a g value of g ≈ 1.9971. Although 
the characteristic six-line hyperfine spectrum of  Mn2+ was 
observed in the  Sn0.96Mn0.04O2 sample,  Sn0.98Mn0.02O2 
and  Sn0.97Mn0.03O2 show that this EPR signal disappeared 
entirely.

3.4  Magnetic property

3.4.1  Vibrating sample magnetometer (VSM)

We have done VSM analyses to observe magnetic charac-
teristics of our fabricated samples. The origin of FM in Mn 
doped  SnO2 materials has been highly debated during the 
recent past. Figure 12 shows M–H hysteresis loops of Mn 
doped  SnO2 nanoparticles. The appearance of ferromag-
netism in  Sn1−xMnxO2 shows the clarification of ferromag-
netic origin in DMS materials. The coercivity, retentivity, 
magnetization and particle size of Mn doped  SnO2 nano-
particle are given in the Table 8.

The  Sn0.99Mn0.01O2 sample shows larger saturation 
magnetization and with increasing Mn content, the fer-
romagnetization decreases. No impurity peaks were spot-
ted in XRD pattern, any impurity or secondary phase is 
not responsible for observed ferromagnetism in Mn doped 
 SnO2 samples. In the  Sn0.99Mn0.01O2 sample most of the 
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 Mn2+ ions occupy substitutional position.  Mn2+ ions, 
on substitution, create oxygen vacancies. Doping of Mn 
increases the number of oxygen vacancies and therefore an 
exchange interaction of the Mn ions via oxygen vacancies 
may induce ferromagnetism [32]. It shows the comprehen-
sive experimental studies of the Mn-doped  SnO2 powders 

which have provided a strong support for “intrinsic” ori-
gin of ferromagnetism in the 1% Mn-doped  SnO2 powder 
is due to the presence of oxygen vacancy defects. With the 
help of EPR result, we have shown that  Vo

+ is the main ele-
ment that is responsible for RTFM in  Sn0.99Mn0.01O2 sam-
ple. The sample shows high magnetic moment value due 
to the high oxygen vacancy concentration. The occurrence 
of the very high oxygen vacancy concentration gives rise 
to the ferromagnetic ordering. Although oxygen vacancies 
can be expected to be more at 2, 3 and 4%, the interaction 
of  Mn2+ via oxygen vacancies is less pronounced. There-
fore, both oxygen vacancies and an optimum level of Mn 
(with entire  Mn2+ taking part in BMP) are necessary for 
obtaining ferromagnetism. High concentration of Mn con-
tributes only to paramagnetism [32].

4  Conclusion

In conclusion, the effective synthesis of high purity 
Mn transition metal ions doped tin oxide  (Sn1−xMnxO2, 
0.01 ≤ x ≤ 0.05) nanoparticles has been achieved via the 
solvothermal method of microwave irradiation technique. 

Fig. 11  EPR spectra of  Sn1−xMnxO2 nanoparticles

Fig. 12  M–H hysteresis loops of Mn doped  SnO2 nanoparticles
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The crystalline size was calculated from the Debye–Scherer 
formula, which proposed the formation of rutile tetrago-
nal phase of all doped  SnO2 nanoparticles, and this was 
further confirmed by the TEM and SAED patterns. The 
morphologies of the samples were detected from the SEM 
images, which display that most of the particles were near 
about spherical in shape. The EDX spectra show that the 
Mn ion is successfully incorporated into the  SnO2 nano-
particles. The functional groups of the samples have been 
identified from FTIR. Optical studies have been carried 
out, using optical absorbance and fluorescence spectros-
copies. The fluorescence spectra show a sharp and strong 
intensity of green emission peaks were observed in all the 
doped samples. EPR signal for the  Sn0.99Mn0.01O2 nano-
particles suggesting the presence of singly ionized oxygen 
vacancies. EPR spectra of  Sn0.96Mn0.04O2 exhibit hyperfine 
structure due to interaction of electron spin (S = 5/2) with 
its nuclear spin (I = 5/2) and the each fine structure transi-
tion which will be split into six hyperfine components due 
to 55Mn hyperfine coupling. VSM of shows  Sn0.99Mn0.01O2 
sample shows ferromagnetism due to exchange interactions 
between localized electron spin moments resulting from 
oxygen vacancies at the surfaces of nanoparticles. High 
concentration of Mn contributes only to paramagnetism.
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