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Abstract. Structural and magnetic properties of Sn0⋅95Co0⋅05O2 nanocrystalline and diluted magnetic semicon-
ductors have been investigated. This sample has been synthesized by co-precipitation route. Study of magneti-
zation hysteresis loop measurements infer that the sample of Sn0⋅95Co0⋅05O2 nanoparticle shows a well-defined 
hysteresis loop at 300 K temperature, which reflects its ferromagnetic behaviour. We confirmed the room-
temperature intrinsic ferromagnetic (FM) semiconductors by ab initio calculation, using the theory of the func-
tional of density (DFT) by employing the method of Korringa–Kohn–Rostoker (KKR) as well as coherent  
potential approximation (CPA, explain the disorder effect) to systems. The ferromagnetic state energy was 
calculated and compared with the local-moment-disordered (LMD) state energy for local density approxi-
mation (LDA) and LDA–SIC approximation. Mechanism of hybridization and interaction between magnetic 
ions in Sn0⋅95Co0⋅05O2 is also investigated. To explain the origin of ferromagnetic behaviour, we give informa-
tion about total and atoms projected density of state functions. 
 
Keywords. Diluted magnetic semiconductors; ferromagnetic, SnO2; ab-initio calculation; KKR–CPA; spin-
tronic. 

1. Introduction 

Synthesis of diluted magnetic semiconductors (DMS) 
obtained by doping magnetic transition elements such as 
Mn, Fe and Co into nonmagnetic semiconductors is one 
of the most active topics in the spintronics field, which is 
considered as an alternative to the traditional semicon-
ductor electronics (Ohno 1998; Prinz 1998). Study of 
spintronic materials has been stimulated by theoretical 
development, which has shown that wide-band-gap semi-
conductors are the most promising candidates for achiev-
ing high Curie temperatures (TC) (Dielt et al 2000). One 
of the goals of recent intense research in the field of 
magnetic materials is to obtain room-temperature intrinsic 
ferromagnetic (FM) semiconductors. However, numerous 
studies performed on these systems have led to a contro-
versy on the nature (intrinsic or extrinsic) of the ferro-
magnetism in these systems. These include Co-doped 

TiO2 (Matsumoto et al 2001), Cr-doped AlN (Wu et al 
2003), Fe-doped (Han et al 2002), V-doped (Saeki et al 
2001) and Co-doped ZnO (Belghazi et al 2006). Among 
promising host materials for diluted magnetic semicon-
ductor (DMS) systems, SnO2 have attracted considerable 
attention due to a number of unusual magneto-optical, 
electronic and magnetic properties, including a magneti-
cally tunable bandgap, resulting from large sp–d  
exchange interaction between the magnetic ions and the 
band electrons. Tin dioxide (SnO2) is an n-type semicon-
ductor with a crystalline structure of the rutile type. It is a 
semiconductor with wide-band-gap, around 3⋅6 eV (Cho 
et al 2002; Fang et al 2008), and its optical and electrical 
properties are widely used in technological applications 
such as in solar cells, gas sensing (Hidalgo et al 2005), 
transparent electrodes (Lalauze et al 1987) and optoelec-
tronic devices (Vishwakarma et al 1993). As we all 
know, doping can improve the performance of SnO2. 
Many results have been reported on Fe (Fitzgerald et al 
2004; Punnoose et al 2005), Co (Hong et al 2005a; Hong 
and Sakai 2005; Srinivas et al 2009; Bagheri 2010), Ni 
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(Hong et al 2005), Mn-doped (Wang et al 2008; Liu et al 
2009) SnO2 oxides. Coey et al (2004) found ferromag-
netic stability in Fe-doped SnO2 thin film with moments 
ranging from 1⋅06 to 4.76 μB/Fe. Many works and con-
flicting results for ferromagnetic properties of Co-doped 
SnO2, Ogale et al (2003) reported high temperature 
ferromagnetism with giant magnetic moment in transpa-
rent Co-doped SnO2–δ, ferromagnetic properties at room 
temperature was observed by Fitzgerald et al (2006) for 
Co-doped thin. Nevertheless, ferromagnetism is much 
more difficult to find and understand (intrinsic or extrin-
sic). Experimentally, the prediction of high temperature 
ferromagnetism depends on many experimental parame-
ters: preparation methods, measurement techniques, sub-
strate chooses, unexpectedly carriers introduced during 
the synthesis, for example, H or O and acceptor or donor 
defects. Especially in Co-doped SnO2 polycrystalline sam-
ple compared to Co-doped thin film, a room-temperature 
ferromagnetism was observed in nanocrystalline Sn0⋅95 

Co0⋅05O2-based diluted magnetic semiconductors less than 
5% of Co (Srinivas et al 2009). The theoretical prediction 
of room temperature ferromagnetism in Co-doped SnO2 
was made by Rahman et al (2008) and Zhang and Yan 
(2009) using ab-initio calculation with GGA or LDA  
approximation without SIC correction. 
 In the present study, Co-doped SnO2 nanocrystalline 
was synthesized by the co-precipitation method. The 
structure and gain sizes of the samples were evaluated 
using X-ray diffraction. Magnetic properties of the pro-
ducts were characterized with a superconducting quantum 
interference device (SQUID) to determine magnetization 
hysteresis and magnetization as a function of tempera-
ture. ZFC/FC measurements were carried out in the  
temperature range of 5–360 K with an applied field of 
500 Oe. To explain the mechanism of origin of ferromag-
netism in Co-doped SnO2, we have performed ab initio 
calculations using the KKR–CPA method. The ferromag-
netic states (FM) energy was calculated and compared 
with the local-moment-disordered (LMD) state energy for 
LDA (local density approximation) and LDA–SIC  
approximation. Mechanism of hybridization and inter-
action between magnetic ions in Sn0⋅95Co0⋅05O2 are also  
investigated. 

2. Experimental 

2.1 Experimental procedure 

The simple solution of SnO2 doped cobalt was prepared 
by a simple chemical co-precipitation method using 
SnCl2⋅2H2O and CoCl2⋅6H2O, as the sources of Sn and 
Co, respectively. The precursors were added in H2O and 
mixed homogeneously and refluxed under air atmosphere 
to yield a uniform mixture of precursor at 80 °C for 
30 min, The pH of the solution was constantly monitored 

as the NaOH solution was added drop-wise. The dropping 
rate must be well controlled for the chemical homogene-
ity. The reactants were constantly stirred using a mag-
netic stirrer until a pH level of > 12 was achieved. The 
precipitates were washed several times to remove the 
water-soluble impurities and free reactants and dried. The 
spongy contents were filtered, dried and then powdered. 
Heating treatments of the synthesized powders were reali-
zed at 800 °C for 8 h. The crystal structure and particle 
size of the samples were determined using a Bruker-AXS 
D8 ADVANCE X-ray diffractometer (XRD) with CuKα 
radiation (λ = 0⋅15406 nm), while the magnetic charac-
terization was done by magnetic properties measurement 
system (MPMS SQUID VSM Quantum design). 

2.2 X-ray diffraction pattern 

Figure 1 shows X-ray pattern diffraction of Co-doped 
SnO2 (Sn0⋅95Co0⋅05O2). The positions and relative intensi-
ties of all the peaks indicate that the crystalline structure 
of the products favours the formation of rutile phase, 
which is accordant to JCPDS card No. 82-0514 for SnO2. 
The crystallite sizes of the produced Sn0⋅95Co0⋅05O2 for the 
most intense peak (211) plane estimated from the X-ray 
diffraction data using the Debye–Scherrer formula: 

RX ,
cos

K
d

λ
β θ

=  

where dRX is the crystallite size, k = 0⋅9 the correction 
factor to account for particle shapes, λ = 1⋅5406 Å the 
wavelength of Cu, β the full width at half maximum 
(FWHM) of the most intense diffraction peak (211) plane 
and θ is the Bragg angle. The average value of the crys-
tallites dimension for two samples was found to be 
21⋅14 nm. 
 
 

 

Figure 1. X-ray diffraction pattern for Sn0⋅95Co0⋅05O2 
nanocrystalline. 
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2.3 Magnetic measurements 

The magnetic properties of Sn0⋅95Co0⋅05O2 nanocrystalline 
have been studied by measuring the magnetization as a 
function of temperature in applied field of 500 Oe. The 
zero field-cooled (ZFC) and field-cooled (FC) curves are 
shown in figure 2, which have low magnetic anisotropy 
of SnO2-doped cobalt. The corresponding Curie tempera-
ture is higher than room temperature. Figure 3 shows 
magnetic field dependence of magnetic moment at 5 K 
and room temperature (300 K) of Sn0⋅95Co0⋅05O2. The hys-
teresis loops close at low field and the magnetization 
seems to approach saturation at ~ 10 kOe, especially, at 
room temperature. The saturation moment is (Ms = 
0⋅18 emu/g; Ms = 0⋅095 μB/Co) and the coercive field is 
(Hc = 7 Oe) measured at room temperature (300 K). Like 
this magnetic character was observed in same DMS 
nanoparticule in Co-doped SnO2 (Srinivas et al 2009) 
 
 

 

Figure 2. Magnetization vs temperature measured on a 
Sn0⋅95Co0⋅05O2 nanocrystalline at external magnetic field of 
500 Oe. 

 
 

 

Figure 3. Magnetic hysteresis loops of Sn0⋅95Co0⋅05O2 
nanocrystalline at temperatures 5 and 300 K. 

and Co-doped ZnO (Pal and Gir 2011) by simple doping 
method or by co-doping method (Mounkachi et al 2012). 
Indeed, figure 4 shows a plot of inverse d.c. magnetic 
susceptibility (1/χ = H/M) as a function of temperature 
for Co-doped SnO2. As can be seen from this figure, the 
plot follows a linear Curie–Weiss type behaviour, 
χ = C/[T – θ]. The inverse d.c. magnetic susceptibility 
(1/χ = H/M) varies linearly with the temperature, follow-
ing Curie–Weiss type behaviour, χ = C/[T – θ]. This 
means that the magnetic impurities (Co) are coupled 
ferromagnetically. The appearance of ferromagnetism in 
the pristine Co-doped SnO2 nanocrystalline may be attrib-
uted to effective exchange interactions between magnetic 
impurities (cobalt) or by unpaired electron spins originat-
ing from the surface defects such as oxygen vacancy 
clusters instead of single neutral oxygen vacancies 
 
 

 

Figure 4. Inverse magnetic susceptibility vs temperature for 
Sn0⋅95Co0⋅05O2 nanocrystalline. 

 
 

 

Figure 5. SnO2 in rutile structure. 
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Figure 6. Band structure calculation of SnO2 with (a) LDA approximation and (b) LDA–SIC  
approximation. 

 
or by secondary phases. In the case of Co-doped SnO2 
samples, the origin of ferromagnetism is very complex. 
Although, different mechanisms might be responsible, in 
this case we use ab-initio calculation to understand this 
ferromagnetic stability. In our investigation, since the 
above structural characterizations have ruled out the 
presence of secondary phases including Co clusters, the 
observed ferromagnetism should be the intrinsic nature of 
the Co-doped SnO2 that we confirmed with electronic 
structure calculation. 

3. Theoretical investigation 

In the present work, the electronic structure has been cal-
culated from ab-initio calculation, using the theory of the 
functional of density (DFT) by employing the method of 
Korringa–Kohn–Rostoker (KKR) as well as the coherent 
potential approximation (CPA, explain the disorder)  
to systems. CPA method is mean field theory and  
supposed to be effective medium which describes the 
configuration average of the electronic structure of a sub-
stitution alloy. The effective medium is calculated self-
consistently usually within the single site approximation. 
SnO2 has a tetragonal symmetry in rutile structure (figure 
5). The rutile structure is characterized by two lattice  
parameters a = 4⋅73 Å and c = 3⋅18 Å computed from our 
experimental data. It is worth noting that for each atom 
the sphere radius is taken such that the volume of the unit 
cell is the sum of the volumes of the all atomic spheres. 
In order to achieve a good packing, we should add initially 
‘empty’ spheres (ES) with (Z = 0) representing atomic 
inter-sites. Using the space group P42/mnm in the interna-
tional tables of X-ray crystallography table N° 136, we 
put the six atoms, two tin atoms occupying 2a Wyckoff 
positions: (0, 0, 0) (1/2, 1/2, 1/2) and four oxygen ions 
occupying 4f positions: (u, u, 0) (–u, –u, 0) (1/2 + u, 1/2 – u, 
1/2) (1/2 – u, 1/2 + u, 1/2), while a set of eight ES has 
been localized at the positions: (1/2, 0, 0⋅1682) (0, 1/2,  
–0⋅1682) (0, 1/2, 0⋅1682) (1/2, 0, 0⋅1682) (–0⋅3125, 

0.3125, 0) (–0⋅1875, –0⋅1875, 0) (0⋅1875, 0⋅1875, 0), 
(0⋅3125, –0⋅3125, 0). This atomic configuration is  
presented in figure 5. 
 In order to explain the mechanism of ferromagnetism 
in Sn0⋅95Co0⋅05O2, we have performed ab initio calcula-
tions using the KKR–CPA method, with the parameteri-
zation of Vosko (1980). Co impurities are introduced 
randomly into cation sites of the SnO2 semiconductor. To 
solve the DFT one-particle equations, we use multiple 
scattering theory, i.e. the KKR Green’s function (KKR–
GF) method for the dilute impurity limit and the KKR 
coherent–potential approximation (KKR–CPA includes 
the disorder in calculations) for concentrated alloys. The 
form of the crystal potential is approximated by a muffin-
tin potential, and the wave functions in the respective 
muffin-tin spheres were expanded in real harmonics up to 
l = 2, where l is the angular momentum quantum number 
defined at each site. We use higher K-points up to 456 in 
the irreducible part of the first Brillouin zone. In the  
present calculations, we used the KKR–CPA code 
MACHIKANEYAMA2008v08 package produced by 
Akai of Osaka University (Akai). In figures 6 (for band 
structure calculation) and 7 (for density of stat calcula-
tion), we show the band structure of bulk SnO2, a band-
gap of 2⋅05 eV for LDA approximation and 3⋅40 eV for 
LDA-SIC approximation close to experimental value 
(Cho et al 2002; Fang et al 2008). As already known, 
SnO2 is a direct bandgap semiconductor (EΓ – Γ), with the 
lowest energy electron–hole transition occurring at the Γ 
point. It is interesting to compare the present results with 
previous band structure calculations. The energy band 
structure of SnO2 consists of four bands. The low energy 
bands, between –1⋅2 and –1⋅6 Ry are composed mainly of 
the semi-core Sn-4d states, the next band is the wide  
valence band within the energy interval from –0⋅8 to 
0⋅0 Ry consists of the hybridized O–2p Sn–5p states and 
has three sub-bands. The conduction band which is higher 
on energy in the electron spectrum is built of the 5s states 
of tin, which are typical for SnO2 as well as with the  
results of past calculations. 
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Figure 7. Total density of states of SnO2 for: (a) LDA calculation and (b) LDA–SIC approximation. 
 

 

Figure 8. Total and partial density of states of ferromagnetic 
Sn0⋅95Co0⋅05O2 for LDA calculation. 
 
 
Table 1. Calculated magnetic moments (total and partial) in 
Sn0⋅95Co0⋅05O2 and energy difference between spin glass and 
ferromagnetic state. 

Co-doped SnO2 M (μβ) MCo (μβ) MO (μβ) ΔE (meV) 
 

LDA 0⋅20 3⋅54 0⋅01 5⋅26 
LDA–SIC 0⋅18 3⋅39 0⋅00 5⋅08 

 
 
 We study the magnetic properties of SnO2, doped in Sn 
positions with 5% of single transition elements TM, 
which are Co, in order to compare with our experimental 
observations. Doping with 5% of Co ion can change the 
magnetic property of SnO2. The result of magnetism in 
Sn0⋅95Co0⋅05O2 is illustrate in table 1, which shows that the 
Co-doped SnO2 have magnetic moments which are 
3⋅54 μB with LDA, but when we add the SIC correction 
the magnetic moments are 3⋅39 μB. However, the mag-
netic moments per cobalt ion, calculated from the mag-
netization data is Ms = 0⋅095 μB/Co for 300 K and 
Ms = 0⋅18 μB/Co for 5 K, for low temperature comparable 
to the theoretical calculation (table 1). 

 

Figure 9. Total and partial density of states of ferromagnetic 
Sn0⋅95Co0⋅05O2 for LDA–SIC calculation. 
 
 

 In order to determine the most stable magnetic state, 
the energy difference between the 

ΔE = E (spin-glass state) – E (ferromagnetic state), 

ferromagnetic state (FM) and disordered local moment 
(DLM) have been calculated. DLM state describes the 
spin-glass state at finite temperature where the directions 
of all local moments are randomly distributed, so that the 
average magnetization vanishes. The variation of the ΔE 
as a function of LDA approximations (LDA and LDA–
SIC) are given in table 1, in which it is shown that ΔE has 
always positive values with LDA and LDA–SIC. These 
indicate that the ferromagnetic state is more stable than 
the spin glass for both cases, and it is correlated with our 
and author experimental results (Ogale et al 2003; Coey 
et al 2004; Srinivas et al 2009) and with theoretical re-
sults (Wang et al 2007, 2008). In order to understand and 
to explain the more stabilized ferromagnetism state in 
Sn0⋅95Co0⋅05O2, the density of states (DOS) of this system 
for LDA without and within SIC was calculated and  
they are presented in figures 8 and 9 within LDA and
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Figure 10. Band structures calculation for spin-up and spin-down of Sn0⋅95Co0⋅05O2 within LDA and 
LDA-SIC approximation, in comparison with pure SnO2. 

 
LDA-SIC, respectively. In Co ion-doped rutile SnO2, O 
ions around Co ions form an octahedral crystal field, 
splitting d orbitals into lower t2g states and upper eg states 
as indicated in figure 8 (for LDA approximation). The 
five electrons in 3d are occupied with 3 spins up in t2g 
state and 2 spin up in eg state, the exchange splitting be-
tween t2g states is larger than the crystal field spitting 
between t2g and eg states in Co-doped SnO2. Besides from 
figure 8, when we add SIC correction to LDA, we ob-
served the modification of arrangement in electronic 
structure, such that we obtain 4 electrons in t2g state in-
stead of 3 electrons, with 3 is on spin up, is 1 on spin 
down, and the remaining 1 is on spin up in eg state, which 
leads to Jahn-Teller effect. Indeed, after the rule of Jahn 
Teller effect, the t2g states for down and up-spin side are 
leading to the formation of t2g fractions, is indicate in 
figure 9. Figure 10 shows the band structures calculation 
for spin-up and spin-down of Sn0⋅95Co0⋅05O2 within  
LDA and LDA-SIC approximation, in comparison with  
pure SnO2. The band structures of Sn0⋅95Co0⋅05O2 changed 
a lot with SIC approximation compared with LDA  
approximation, the bandgaps became smaller than that of 
pure SnO2 for LDA approximation, and larger than SnO2 
with SIC approximation (figure 6). 

4. Conclusions 

This paper describes the synthesis of Sn0⋅95Co0⋅05O2 

nanocrystalline using a co-precipitation method. XRD 

spectrum is in good agreement with the standard peak 
position of SnO2 (JCPDS card no. 82-0514), without any 
secondary phase. Magnetic measurement showed that the 
samples are ferromagnetic at room temperature, well-
defined hysteresis loop at 300 K temperature. Based on 
first-principles spin-density functional calculations, using 
the Korringa–Kohn–Rostoker method (KKR) combined 
with the coherent potential approximation (CPA). The 
ferromagnetic state energy was calculated and compared 
with the local-moment-disordered (LMD) state energy  
for LDA (local density approximation) and LDA–SIC  
approximation. Mechanism of hybridization and interac-
tion between magnetic ions in Sn0⋅95Co0⋅05O2 are also  
investigated. 
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