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Abstract
Co-Fe–Mn co-doped SnO2 nanoparticles have been effectively synthesised by sol–gel method. To explore the effect of co-
doping in instigating room-temperature ferromagnetism in SnO2 nanocrystals, the structural, optical and magnetic behaviours 
of Sn0.85Co0.10Fe0.03Mn0.02O2 nanoparticles were examined. Also, the oxidation states of dopants were evaluated using XPS 
analysis. XRD data exhibited pure SnO2 phase, revealing the effectiveness of the method of synthesis in substituting the 
dopant ions into Sn sites. The average crystallite size of the synthesised sample was calculated to be 21 nm. SEM–EDX and 
HRTEM-SAED revealed the surface morphology, elemental composition, lattice plane and the polycrystalline nature of the 
nanoparticles. Diffuse reflectance spectroscopy data illustrated a decrease in bandgap compared to bulk SnO2 due to the 
effect of dopants. FTIR spectrum disclosed the prominent peaks corresponding to SnO2. The occurrence of room-temperature 
ferromagnetism in the prescribed sample has been validated from the magnetic hysteresis plotted using VSM data analysis. 
The analysis of all the abovementioned characterisations revealed the incorporation of dopants into SnO2 host material. The 
emergence of magnetism in the sample depends mainly on the distribution of vacancy defects and nano-size of the sample, 
in addition to the surface diffusion of magnetic dopant ions into the SnO2 lattice.

Keywords  Oxide materials · Semiconductors · Nanostructured materials · Sol–gel processes · Magnetic measurements · 
X-Ray diffraction

1  Introduction

For more than two decades, the exploration of compounds 
that combine the features of both semiconductors and fer-
romagnets has developed into a significant area in materials 
science. Room-temperature ferromagnetism in diluted mag-
netic semiconductors (DMSs) and diluted magnetic oxides 
(DMOs) has grown into a dominant branch in this area. The 
presence of ferromagnetism above room temperature has been 
observed in a number of transition metal (TM) doped DMSs 
[1] and even in nanoparticles without minute traits of TM 
impurities [2]. However, in spite of frequent research on the 
origin of ferromagnetic behaviour in DMSs and control of 
spin in these systems, this area has become one of the most 
debatable topics for investigation in the field of materials 

science these days. A number of synthesis methods as well 
as theories which explain the magnetic origin in these archi-
tectures are in discussion right now [3–6]. In most of these 
studies, the cations of DMSs are to a certain extent replaced 
with the dopant TM ions to bring about ferromagnetism above 
room temperature. Since most of the TM dopants are ferro-
magnetic, these TM substitutions generate confusion on the 
origin of ferromagnetism in these semiconductors, which 
bring about much difficulty in the development of realistic 
DMS materials and device applications [7]. A detailed and 
precise understanding and investigation on room-temperature 
ferromagnetism in wide-bandgap DMSs has now emerged 
as one of the main challenges in recent field of magnetism 
[4, 8, 9]. From our understanding, the emergence of ferro-
magnetic nanoparticles can be manipulated by the various 
synthesis procedures and co-doping. There are certain cases 
which show ferromagnetism in undoped and non-TM doped 
DMOs which supports the intrinsic origin of ferromagnetism 
due to vacancy defects and nanometric size of the sample 
[2]. It is already understood that particles in nanodimension 
can disclose peculiar properties in contrast with their bulk 
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counterparts usually due to the huge difference in surface-to-
volume ratio [10, 11]. However, the possibility of the role of 
impurity phases and TM segregates in the interfaces has been 
specified in some of the researches [12, 13]. At the same time, 
carrier-dependent ferromagnetic origin as well as the reliance 
on the TM or rare earth dopant and its concentration are also 
used to argue as the reason for ferromagnetism in many of 
the DMS systems [12, 14]. It is now a necessity to perceive 
the effect of dopant ions in the host matrix. Investigating on 
the structure and magnetic behaviour correlation is one of 
the best methods to confirm the intrinsic property of ferro-
magnetic behaviour and to control the favourable conditions 
that give rise to high Tc ferromagnetism in DMSs for realistic 
applications. Considering these factors, we have attempted for 
a detailed investigation on the structural and magnetic proper-
ties of SnO2 nanoparticles when co-doped with Co, Fe and 
Mn transition metals. We have adopted a sol–gel-based syn-
thesis procedure which is effective in producing nanodimen-
sional particle samples which also serve as an uncomplicated 
method for nanoparticle synthesis [15]. In comparison with 
our previous works, the present study shows a comparatively 
enhanced ferromagnetic behaviour in SnO2 nanoparticles 
when co-doped with Co, Fe and Mn ions [2, 16, 17]. The 
characteristic analyses done in the present work is compared 
with that of pure SnO2 nanoparticles that was analysed in our 
previous work already reported [2].

2 � Experimental

2.1 � Material Preparation

Tin(IV) chloride pentahydrate (SnCl4·5H2O) was pur-
chased from Sigma-Aldrich. Cobalt(II) nitrate hexahy-
drate (Co(NO3)2·6H2O), iron(III) nitrate nonahydrate 
(Fe(NO3)3·9H2O), manganese dichloride tetrahydrate 
(MnCl2·4H2O), citric acid anhydrous and ammonia solution 
were bought from Merck, Germany. All reagents used dur-
ing the synthesis procedure were analytically pure and used 
without any additional purification. The Co-Fe–Mn co-doped 
SnO2 nanoparticles were synthesised by sol–gel-based method 
of synthesis. SnCl4·5H2O was used as the source of tin and 
Co(NO3)2·6H2O, Fe(NO3)3·9H2O and MnCl2·4H2O were 
used for cobalt, iron and manganese sources, respectively. A 
stoichiometric amount of citric acid was added to 85% of the 
weight for 1 M of SnCl4·5H2O, 10% of the weight for 1 M of 
Co(NO3)2·6H2O, 3% of the weight for 1 M of Fe(NO3)3·9H2O 
and 2% of the weight for 1 M of MnCl2·4H2O, to obtain 0.85 
composition of Sn, 0.10 composition of Co, 0.03 composi-
tion of Fe and 0.02 composition of Mn, in the synthesised 
Sn0.85Co0.10Fe0.03Mn0.02O2 sample. Citric acid acts as a chelat-
ing agent in sol–gel method. An adequate quantity of ammonia 
solution was added drop wise to this solution under constant 

stirring in a magnetic stirrer until the pH retained in the range 
of 8–9. The addition of ammonia solution modifies pH and 
enhances cation binding to the citrate. The solution was con-
tinuously stirred for 3 h. Afterwards, the temperature in the 
stirrer was increased for the gel formation. The resultant dry 
gel was heated in an oven at 200 °C for 15 min. The black ash 
obtained was annealed at 600 °C for 5 h for the phase forma-
tion of pure SnO2. Once cooled down to room temperature, the 
dark grey final product obtained was given for characterisation 
studies after proper grinding in a mortar.

2.2 � Characterisations

Thermogravimetric analysis (TGA) along with differential scan-
ning calorimetry (DSC) analysis of the as-prepared dry gel was 
carried out on a TGA operator (SDT Q600 V20.9 Build 20) 
from room temperature to 800 °C at a heating rate of 20 °C/
min. The phase identification of the annealed powder was car-
ried out by a Bruker D8 Advance powder X-ray diffractometer 
using Cu Kα radiation (λ = 1.5406 Å). The crystallite size, lattice 
parameter values and structure of the sample were calculated 
from the X-ray diffraction (XRD) data obtained. The particle 
morphology and local crystallographic structure were studied 
using a Jeol/JEM 2100 high-resolution transmission electron 
microscope (HRTEM) with 200 kV of accelerating voltage. 
Selected area electron diffraction (SAED) pattern obtained 
gave information about d-spacing and the crystallinity of the 
sample. The morphology of the samples were also analysed by 
SEM–EDX using Carl Zeiss EVO/18 and the chemical compo-
sitions were analysed by energy-dispersive X-ray spectroscopy 
(EDX) equipped with scanning electron microscope (SEM). 
ULVAC-PHI5000 Version Probe III was used to perform X-ray 
photoelectron spectroscopy (XPS) studies. XPS analysis pro-
vided elemental composition and electronic states of the ele-
ments within the sample. Optical properties of the prepared 
nanoparticles were characterised using a JASCO V-670 UV–Vis 
spectrophotometer. The presence of chemical bonding in the 
co-doped SnO2 nanocrystals was studied using a Shimadzu IR 
Affinity Fourier-transform infrared spectrophotometer. The 
magnetic studies were carried out at room temperature by means 
of a Lakeshore VSM 7410 vibrating sample magnetometer with 
a maximum applied field of ± 15 kOe. All the characterisation 
analyses are compared with pure SnO2 nanoparticles synthe-
sised and reported in our previous work [2].

3 � Results and Discussion

3.1 � Thermal Characterisations

The TGA/DSC analysis has been carried out to interpret the 
process of decomposition occurring in Co-Fe–Mn doped 
SnO2 nanoparticles (Fig.  1). Sn0.85Co0.10Fe0.03Mn0.02O2 
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sample exhibited single-step decomposition behaviour. The 
endothermic peak in the DSC at around 250 °C was accom-
panied by a significant weight loss of about 40% in TGA 
due to the melting of some organic compounds along with 
decomposition to the SnO2 phase. The presence of organic 
compounds can be due to the existence of citric acid that was 
added during the synthesis procedure [17]. The baseline shift 
following the endothermic peak corresponds to the volatilisa-
tion of residual organic compounds present in the sample.

3.2 � Structure and Morphology

The phase identification, crystal structure, crystallite size 
and lattice constants of the Sn0.85Co0.10Fe0.03Mn0.02O2 sam-
ple was computed using X-ray XRD data analysis [18]. 
All the peaks in the XRD pattern (Fig. 2) and the calcu-
lated lattice parameters match readily with tetragonal rutile 
phase of standard JCPDS No. 00–041-1445 of SnO2. There 
were no other secondary peaks associated to the crystal-
lised dopants or oxides of cobalt, iron or manganese in the 
diffraction pattern, which indicates that the dopant ions 
entirely incorporated into the SnO2 lattice. The average 
crystallite size (D) of the sample (in nm) was calculated 
by applying the Scherrer equation [19]:

D =
0.9�

�cos�

where λ, β and θ are the X-ray wavelength (1.54056 Å), full 
width at half maximum (FWHM) and the Bragg diffraction 
angle, respectively.

The average crystallite size calculated was 21 nm and 
lattice constants were a = b = 4.735 Å and c = 3.182 Å. It is 
obvious that even though the lattice parameters are slightly 
affected by the dopants, the crystal structure remains tetrago-
nal. The lattice parameters show a negligible reduction com-
pared to pure SnO2 (a = b = 4.742 Å and c = 3.188 Å) [2].

Tin atoms are octahedrally coordinated in SnO2 lattice. 
The reliable ionic states of Co, Fe and Mn are to be taken 
into account while considering the substitution of dopants. 
Foremost, the ionic radius of Sn4+ in octahedral coordina-
tion is 0.69 Å. So, the most possible ionic state of cobalt 
in octahedral coordination will be Co2+ which is having an 
ionic radius of 0.65 Å (comparable to the ionic radius of tin). 
Similarly, Fe3+ in octahedral coordination is the most viable 
ionic state of iron since its ionic radius is 0.645 Å. Manga-
nese is the other dopant which is having the least concen-
tration. While considering the ionic states of manganese in 
octahedral coordination, the most reliable will be Mn3+ with 
0.645 Å as its ionic radius. However, the possibility of Mn4+ 
in octahedral coordination with 0.53 Å ionic radius cannot 
be completely omitted because of its less concentration and 
the minute reduction in lattice parameters with substitution 
of dopants. These substitutions infringe the charge balance. 
So, it can be anticipated that the charge neutrality might 
give rise to oxygen vacancies surrounding the substituted 

Fig. 1   TGA/DSC curve of 
Co-Fe–Mn co-doped SnO2 
nanoparticles
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ions [20]. As suggested by Kramers, this results in indirect 
ferromagnetic coupling of magnetic cations through inter-
mediate oxygen anions [21, 22].

Williamson–Hall (W–H) method was considered to deter-
mine the microstrain originated due to Co-Fe–Mn substitu-
tion in SnO2 lattice. W–H plot gives the relation between 
crystallite size and strain-induced broadening of the X-ray 
diffraction peak based on the following equation:

where � is the strain-induced broadening and � is the 
microstrain. In this concept, the induced strain is consid-
ered to be uniform in all the crystallographic directions. 
To deduce the induced strain, � cos � is plotted on y-axis 
against 4 sin � on x-axis as illustrated in Fig. 3. The slope 
of the linear fit gives the microstrain corresponding to the 
doped SnO2 sample which is equal to 6.46 × 10−3. The rela-
tively high value of microstrain will be possibly due to the 
defects and stress originated due to the variations in ionic 
radii of dopants compared to the ionic radii of Sn4+ in 
octahedral coordination.

TEM and HRTEM images along with the corresponding 
SAED pattern of Sn0.85Co0.10Fe0.03Mn0.02O2 nanoparticles 
are shown in Fig. 4. TEM image displays non-uniform 
particle sizes with an average size of 18  nm. Lattice 
fringes seen in HRTEM show interplanar spacing of 
0.24 nm. It corresponds to (200) plane of the lattice. The 
SAED pattern confirms the polycrystalline nature of the 

βcos� =
K�

D
+ 4�sin�

sample. The two SAED rings marked are assigned to (111) 
and (110) lattice planes of SnO2. SEM–EDX obtained are 
shown in Fig. 5. The sample mostly contains clusters of 
small agglomerated particles with a non-uniform surface 
morphology. The EDX analysis confirmed the presence 
of Sn, O, Co, Fe and Mn elements in the doped sample. 
The weight percentages of the dopants were observed to 
be close to stoichiometric concentration chosen during 
the synthesis procedure.

3.3 � X‑Ray Photoelectron Spectroscopy

The XPS core level spectra and survey scan spectrum of 
Sn0.85Co0.10Fe0.03Mn0.02O2 nanocrystals are illustrated in 
Fig. 6. The binding energies of Sn 3d5/2 and Sn 3d3/2 are 
486.52 eV and 494.99 eV, respectively, indicating Sn4+ 
ions in the sample [23]. The binding energy of Sn 3d5/2 and 
other two peaks observed at 25.90 eV and 715.8 eV cor-
responding to Sn 4d5/2 and Sn 3p3/2, respectively, implies 
the chemical state of SnO2 [24]. The single intense peak 
at 530.94 eV corresponds to O 1 s of lattice oxygen in 
SnO2. The peaks at 781.20 eV and 796.94 eV correspond 
to Co 2p3/2 and Co 2p1/2, respectively. The satellite peak 
of Co 2p at 786.87 eV confirms the Co2+ ionic state of 
cobalt [25]. The peaks of Co 3 s and Co 3p at 102.6 eV and 
61.8 eV also indicate Co2+ oxidation state. Fe 2p3/2 peak 
at 708.04 eV and satellite peak of Fe 2p1/2 at 729.9 eV 
correspond to Fe3+ state. Fe 3 s at 95 eV also confirms the 
3 + state of Fe ion [25, 26]. Now, considering the binding 

Fig. 2   X-Ray diffraction pattern 
of Sn0.85Co0.10Fe0.03Mn0.02O2 
nanocrystals annealed at 600 °C
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energies of Mn peaks at 642.8 eV and 653.1 eV indicates 
Mn 2p3/2 and Mn 2p1/2, respectively. This peak splitting 
(ΔE = 10.3 eV) represents Mn3+ oxidation state. Mn 3 s 
peak also distinguishes the oxidation state of Mn which is 
found to be at 88.5 eV. It represents Mn4+ state of Mn. So, 

it can be confirmed that Mn exists as the mixed state of 
Mn3+ and Mn4+ in the Sn0.85Co0.10Fe0.03Mn0.02O2 sample 
[23, 27]. XPS spectra analysis confirms the inference that 
we obtained from XRD analysis based on the ionic radii 
of the corresponding dopants.

Fig. 3   W–H plot of 
Sn0.85Co0.10Fe0.03Mn0.02O2 
nanoparticles

Fig. 4   HRTEM, TEM 
and SAED pattern of 
Sn0.85Co0.10Fe0.03Mn0.02O2 
nanoparticles
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3.4 � Optical Measurements

The optical properties of Sn0.85Co0.10Fe0.03Mn0.02O2 nano-
particles were analysed by UV–visible diffuse reflectance 
spectroscopy (DRS). The sample showed an absorption edge 
close to 300 nm (Fig. 7) owing to comparatively large exci-
ton binding energy of SnO2 [28]. The replacement of many 
of the Sn ions by the dopant ions in SnO2 nanoparticles 

showed an increase in the range of absorption throughout 
the spectrum. The broad absorption in the visible region 
after doping is mainly due to the presence of oxygen vacancy 
defects that creates an intermediate state in the bandgap, 
which makes the absorption easier in the visible region. The 
dopants are p-type since the valence electrons of all dopants 
are less than 4 which help to form free holes within the semi-
conductor. In a p-type material, there is an increase in the 

Fig. 5   SEM and EDX spectrum of Sn0.85Co0.10Fe0.03Mn0.02O2 nanoparticles

Fig. 6   XPS core level spectra and wide scan spectrum of Sn0.85Co0.10Fe0.03Mn0.02O2 annealed at 600 °C



1095Journal of Superconductivity and Novel Magnetism (2024) 37:1089–1100	

density of unfilled states; therefore, more electrons can be 
accommodated at lower energy states. It is observed experi-
mentally that shrinkage of the band gap occurs when the 
dopants’ concentration is particularly high. The direct band 
gap energy (2.07 eV) of the sample is shown in the inset of 
Fig. 7. A remarkable reduction in the band gap was observed 
with doping when compared to pure SnO2 [2]. The band gap 
is reduced due to the defect states produced by dopants in the 
band gap of SnO2. Dopants’ radii have also influenced the 
band gap reduction because larger ionic radii would result 
in a larger band gap.

3.5 � Fourier‑Transform Infrared Spectroscopy

The Fourier-transform infrared spectroscopy (FTIR) spectra 
(Fig. 8) revealed the main IR features of SnO2 at 455 cm−1 
and 603 cm−1 assigned to O–Sn–O and Sn–O stretching 
vibrations, respectively [29]. No peaks corresponding to 
OH vibrations due to the adsorption of atmospheric water 
were observed. The existence of these peaks credited to 
Sn–O bond vibrations confirm the formation of SnO2 phase. 

No peaks corresponding to the clusters of dopants were 
observed. The FTIR spectrum was observed to be slightly 
affected by doping. It is found that the O–Sn–O stretching 
vibration frequency shows a small red shift compared to 
pure SnO2 [2] due to the substitution of dopants in Sn sites. 
However, there is not much change in the intensity of the 
peaks compared to pure sample which indicates that the 
structure of the sample is not altered by doping.

3.6 � Magnetic Characterisation

The room-temperature magnetic nature of the 
Sn0.85Co0.10Fe0.03Mn0.02O2 sample for an externally applied 
magnetic field of ± 15 kOe illustrated in Fig. 9 was observed 
to be ferromagnetic. The existence of polycrystalline nature 
of the sample confirmed from TEM-SAED pattern insti-
gate enormous defect centres comprising vacancies as well 
as dislocations in the sample, which also plays an impor-
tant role in the magnetic properties [30]. This possibility 
of defects can also be ascribed to the chemical synthesis 
method. The decrease in the coordination number in the 

Fig. 7   UV absorption spectra and direct band gap (in inset) through extrapolation of the linear range of (αhυ)2 for y = 0, for 
Sn0.85Co0.10Fe0.03Mn0.02O2 nanoparticles
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nano-size will also promote ferromagnetic characteristics. 
Due to the dramatically increased surface-to-volume ratio 
in these porous nanoparticles, magnetic properties remark-
ably change compared to that of the bulk material with the 
same chemical composition. Due to the reduced coordina-
tion number, there is a decrease in the overlap of the nearby 
atomic orbitals that makes it difficult for the electrons to hop 
between the sites, which in turn lessens the kinetic energy 
and thereby reducing the band gap [31]. This will lead to the 
sharper density of states. This intensification of local density 
of states reinforce the inclination to magnetism [32]. So, the 
magnetic moment per atom increases with the decrease in 
coordination number. Also, the effect of vacancies on the 
nearest-neighbour magnetic atoms also tends to enhance its 
magnetic moments.

From our investigation, it can be presumed that the dopant 
ions also play an important role in the observed magnetic 
behaviour. To be precise, the major contribution to ferromag-
netism in this sample is the dopants itself, even though the 
contribution due to defects cannot be omitted. A close inspec-
tion on the hysteresis of the sample reveals that there is a small 

paramagnetic contribution which can be due to the ionic states 
of manganese analysed from XPS data. This is because, even 
though ferromagnetic, the saturation magnetisation observed 
is not attaining the saturation. The ionic states of manganese 
observed from XPS are paramagnetic. It characterises an 
enhancement in magnetism with increase in applied external 
magnetic field. The major ferromagnetic contribution can be 
due to the other two dopants (Co and Fe) which are ferromag-
netic. However, the possibility of intrinsic ferromagnetism in 
this sample cannot be completely ruled out because there were 
no secondary phases (due to clusters or oxides of dopants) 
from the structural analyses performed for the prescribed sam-
ple. From our research, the electro-neutrality should generate 
a considerable number of oxygen vacancies due to the replace-
ment of Sn4+ ions by dopant ions (Co2+, Fe3+ and Mn3+) in 
the sample. These vacancies will be surrounding the cations 
of dopants. The localised ions of the dopants will interact with 
the free carriers bound to the oxygen vacancies which support 
to develop magnetic polarisation [20].

The existence of ferromagnetism in DMS materials has 
been explained by a number of theories, but the exact cause 

Fig. 8   FTIR spectra of Sn0.85Co0.10Fe0.03Mn0.02O2 nanoparticles
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of RTFM is still unresolved. The most commonly proposed 
theories to explain ferromagnetism in DMSs are Zener 
Model, Ruderman–Kittel–Kasuya–Yosida (RKKY) model, 
Mean-Field Zener Model, the Double Exchange Model and 
the Bound Magnetic Polaron model. Among these models, 
the present work explains BMP model as the reason for the 
observed ferromagnetic ordering in the synthesised nano-
particles. BMP model proposes a long-range ferromagnetic 
condition resulting from the overlapping of two nearby 
magnetic polarons. When the polaron size is nearly equal 
to the sample size, the ferromagnetic transition takes place. 
Coey postulated that the donor electrons entrapped by the 
oxygen vacancy, which have a tendency to form BMPs in 
their hydrogenic orbits, mediate the ferromagnetic exchange 
pairing of transition metal ions in the n-type dilute mag-
netic oxides [4, 33]. The only possible electrons unfilled in 
3d orbitals, for a 3d5 ion like Fe3+ or Mn2+, are spin-down 
electrons. The donor electron is therefore in a spin-down 
state, and ferromagnetic coupling between two magnetic 
impurities in the same donor orbital is the most feasible [4, 
34]. When the 3d shell is less than half full, the coupling 
between both the donor electron as well as the cation will 
typically be ferromagnetic, and when it is half full or more, 
it will be antiferromagnetic. In any scenario, there will be 
ferromagnetic coupling involving two similar impurities that 
are present in the same donor orbital. The hydrogenic orbit-
als connected to the randomly located defects overlap as the 
donor defect concentration rises, forming a spin-split donor 
impurity band [4]. According to the discussions of the BMP 
model, the ferromagnetic characteristics of dilute magnetic 

oxides are greatly affected by defects. The shallow donors 
created by the oxygen vacancy defects in the BMP model 
strongly stabilise the ferromagnetic ground state. Errico 
et al. [35] proposed that oxygen vacancies in an acceptable 
percentage can give the required carriers to stabilise the fer-
romagnetic state. Since this model is also explained based 
on the defects such as oxygen vacancies or other interstitial 
defects, BMP model can be considered as the best possible 
model for explaining RTFM in O-DMSs. No other models 
explain ferromagnetism, on the basis of vacancy defects, 
where the present work reports the occurrence of RTFM due 
to oxygen vacancy defects in doped SnO2 which can only be 
explained with the help of the BMP model.

To obtain a more detailed analysis of each dopant’s spe-
cific contribution to the properties of SnO2 nanoparticles, 
some of our previous works are considered. Co doping in 
SnO2 nanoparticles enhanced with the increase in Co con-
centration. However, Co concentration increased beyond a 
limit will give rise to secondary peaks [17]. So, the dopant 
concentration should be kept very low while synthesising 
DMS materials. Introduction of Fe ions to the Co-doped 
SnO2 will further enhance the magnetic behaviour due to the 
ionic states of these magnetic dopants [36]. The half-filled 
3d orbitals of these Co2+ and Fe3+ ions result in enhanced 
magnetism in these materials. As explained by the BMP 
model, the overlapping of two nearby polarons results in 
magnetism. The donor electrons will be entrapped in the 
oxygen vacancy, which have a tendency to form BMPs in 
their hydrogenic orbits which mediate the ferromagnetic 
exchange pairing of transition metal ions in the DMS oxides. 

Fig. 9   Magnetic hysteresis loop 
of Sn0.85Co0.10Fe0.03Mn0.02O2 
nanoparticles
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Furthermore, Mn3+ and Mn4+ oxidation states are more par-
amagnetic compared to other dopants due to the distribution 
of electrons in 3d orbitals of these ions.

The empirical results reported herein should be consid-
ered in the light of some limitations. In general, a number 
of factors contribute to the complexity of creating DMSs 
for practical gadgets in electronics. The fundamental limita-
tion results from the commercial use of silicon (Si) and gal-
lium arsenide (GaAs), both of which are intrinsically non-
magnetic. Furthermore, the huge energy difference between 
the two possible spin orientations (up and down) in magnetic 
materials means that manipulating them requires an exces-
sively high magnetic field, which further restricts their com-
mercialisation [37]. In the present study, the primary cause 
of magnetisation in these DMS materials was confirmed to 
be due to the vacancy defects created in these systems. For-
mation of vacancy defects largely depends on the synthe-
sis procedure in addition to dopant ions among the various 
factors. It is challenging to precisely manipulate or control 
the defects in these crystal structures. That is the reason for 
the varying magnetisations that have been reported for the 
same host material doped with the very same concentration 
of identical dopants [37, 38]. While the magnetic behav-
iour of these materials can be enhanced by several kinds 
of dopants, the behaviour of individual dopant ions in an 
externally applied magnetic field will differ. This is because 
each magnetic material has a different direction of spin of 
electrons within the orbitals, which results in the magnetic 
behaviour of the material. Even though RTFM was observed 
in the present study, researches show that the enhancement 
of magnetisation for operational temperatures is challenging 
in these DMS materials. As a result, for commercial appli-
cations, a thorough investigation of magnetic ions and its 
behaviour in these host semiconductor material is required.

Considering the future research directions, oxide semi-
conductors are superior to non-oxide semiconductors in 
several ways. They are appropriate for short-wavelength 
applications due to their wide band gap. They are inexpen-
sive, durable, safe for the environment and easily grown at 
low temperatures—even on a plastic substrate. Furthermore, 
high p–d exchange coupling between band carriers and 
localised spins is anticipated to result from strong oxygen 
electronegativity, which is an essential requirement for DMS 
[37, 39]. So, other oxide-based semiconductors can be con-
sidered for future research. A real DMS has a small number 
of magnetic impurities, like TMs or rare earths, randomly 
doped into the host semiconductor. In the semiconductors, 
this results in the coexistence of itinerant free carriers (either 
electrons or holes) and localised spins of the magnetic ions. 
The localised spins of the magnetic impurities interact 
with one another in the presence of free carriers, causing 
the host material to acquire magnetic properties. However, 
the exact reason for magnetisation has to be analysed. This 

is because impurities, magnetic clusters, interstitial and 
vacancy defects, oxidation state of magnetic ions etc. are 
also responsible for the magnetism in these systems. So, an 
in-depth study on magnetism is required.

Moreover, ferromagnetic DMS must be operational at 
room temperature in order to be implemented in practical 
applications. To attain room-temperature ferromagnetism in 
these semiconductors, precise control over carrier doping 
and magnetic alloying is necessary. Once a better magneti-
sation is obtained above operational temperatures, various 
magnetic studies like temperature-dependent magnetisation, 
Curie temperature and magnetic susceptibility can be ana-
lysed for a detailed interpretation on magnetism. The nature 
of the exchange interaction between the free carriers and 
magnetic ions, or carrier-induced ferromagnetism in DMS 
depends upon their respective concentrations.

In fact, the goal of the present research aims to enhance room 
temperature ferromagnetism (RTFM) in order to create a new 
class of spintronic devices, including optical isolators, ultra-fast 
optical switches, magnetic sensors, spin valves, transistors and 
spin light-emitting diodes. These spintronic devices have the 
potential to be faster, more efficient, more stable and use less 
energy to flip a spin, among other benefits. It can definitely 
address two issues facing the computing industry: (1) removing 
the computer’s waste heat and (2) increasing computing power 
without generating more heat [37, 40].

In electronics, magnetic random access memory 
(MRAM) chips and other storage devices can be fabri-
cated using these materials. Due to its non-volatile mem-
ory, extremely fast operation and low power consumption, 
MRAM is superior than static RAM (SRAM) and dynamic 
RAM (DRAM) [41, 42]. All current memory devices could 
eventually be replaced by MRAM, which has the potential 
to become a universal solid-state memory. When MRAM is 
employed, standby power consumption is reduced, no disk 
drive booting occurs and eventually the computer system can 
be integrated on a single chip [43]. According to Datta and 
Das [44], a spin transistor is a magnetically sensitive transis-
tor that uses the spin-up and spin-down states of electrons to 
function and store data. The spin transistor’s primary ben-
efit over existing semiconductor transistor technology is its 
ability to detect and modify electron spin states without the 
need for an electric current. As a consequence, the hardware 
devices become smaller and more sensitive. Solid-state stor-
age devices that are affordable and non-volatile can be made 
using the spin transistor.

Compared to silicon chips and circuit elements now in use, 
spintronic devices are more compact, adaptable and durable. 
Information is stored into electron spins (up or down). Infor-
mation is carried along a wire by the spins that are attached to 
mobile electrons, and read heads at a terminal read the data. 
Unlike charge-based data, which vanishes when electricity is 
cut off, spin allows them to save information even when it is 
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no longer powered. As the conduction electron spin orienta-
tions retain relatively for a long time, spintronic devices are 
especially useful for applications involving magnetic sensors 
and memory storage. There is less heat dissipation while the 
spin current flows. Spintronic devices are a means to accom-
plish device miniaturisation [44].

4 � Conclusions

The analysis of all characterisations performed in our inves-
tigation reveal that the structural, morphological, optical and 
magnetic behaviour can be altered by the synthesis procedure. 
The tetragonal crystal structure, crystallite size < 25 nm, rough 
surface morphology, elemental composition, lattice planes 
and polycrystalline nature of the Sn0.85Co0.10Fe0.03Mn0.02O2 
samples were confirmed from the XRD, SEM–EDX and 
HRTEM-SAED pattern analysis. XPS data analysis confirmed 
the purity of the compound and oxidation states of each and 
every element present in the sample. UV–Vis spectroscopy 
analysis disclosed a reduced bandgap of the synthesised nano-
particle due to the effect of dopants. The chemical bonding 
corresponding to the host material was confirmed from FTIR 
spectrum analysis. The reduced coordination number due to 
nanodimension and vacancy defect gave rise to ferromag-
netism in these nanoparticles. This will also result in reducing 
the bandgap due to the lower kinetic energy of electrons caused 
by the lesser possibility of electrons to hop between the sites. 
Magnetic studies also confirmed that ferromagnetism can be 
induced into SnO2 nanocrystals by the incorporation of tran-
sition metal dopants. As conclusion, our research convey the 
effect of vacancy defects and influence of TM dopants on the 
magnetic behaviour of DMS materials. The nanofabrication 
method and the analysis of characterisations performed for our 
present work will be undoubtedly helpful for enhancing the 
magnetic behaviours of the ongoing and impending research 
in SnO2 as well as in other oxide-based diluted magnetic semi-
conductor materials.
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