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Abstract In this work, the dielectric and magnetic
properties of (Co, Ni) co-doped SnO, nanoparticles were
studied using ac impedance spectroscopy and magnetic
properties measurement system or quantum design super-
conducting quantum interference device. Results showed
that dielectric constant (g,), dielectric loss (¢”), and ac
electrical conductivity (o4¢) are strongly frequency
dependent. A decrease in frequency was accompanied with
an increase in ¢, and &’ values, whereas, a decrease in the
dielectric constant was observed with the increase of Ni co-
doping concentration. It was found that the dielectric
constant and dielectric loss values decrease, whilst AC
electrical conductivity increases with increase in co-doping
concentration. Magnetization measurements revealed that
the Ni co-doped SnO, samples exhibits room temperature
ferromagnetism. The results illustrate that (Co, Ni) co-
doped SnO, nanoparticles have an excellent dielectric,
magnetic properties, and high electrical conductivity than
those of co-doped samples reported previously, indicating
that these (Co, Ni) co-doped SnO, materials can be suit-
able for the purpose of high frequency device and spin-
tronic applications.
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1 Introduction

Transition metal (TM) doped with SnO, has been proposed
as one of the most promising candidates for dilute magnetic
semiconductor (DMS) oxide materials with Curie temper-
ature (7,.) above room temperature, 300 K [1, 2]. It is
believed that the simultaneous presence of two kinds of
dopants [3], especially multi-valence ions [4], could tailor
the occupancy and position of the Fermi energy of the
oxide materials and its magnetic response. Thus, co-doping
SnO, simultaneously with two TM ions might be a
promising route to achieve and enhance room temperature
ferromagnetism (RTFM). Some previous works on SnO,
prepared with co-doped TM exhibited the expected
increase in ferromagnetism (FM) [5-7], while other studies
have showed reduction of ferromagnetic (FM) behavior [8,
9]. Thus, it is evident that the actual role and effect of co-
doped TM ions in SnO, are not conclusive and in fact very
conflicting. Therefore, more studies are required in order to
improve our comprehension on the origin of the magnetism
in these interesting oxide nanocompounds. However,
recent experimental reports indicate ferromagnetism in
n-type semiconductor oxides such as Ti;_,Co,0, [10] and
Sn;_,Co,0, [8]. It was investigated that Co doped SnO,
thin films prepared by pulsed-laser deposition method
exhibited strong ferromagnetic behavior at room tempera-
ture with a giant magnetic moment of 7.5 = 0.5 pg/Co [8].
In their research, Aragon et al. [11].observed RTFM in
Sn;_,Ni, O, nanoparticles prepared by a polymer precursor
with Ni content x = 0.03, but with a low coercive field
(Hc) of 40 Oe and saturation magnetization (Ms) of
~1.2 x 107 emu/g. It is reported that the co-doping of
Fe and Co into rutile-type TiO, enhances the saturation
magnetization compared with that of the single doping
situation [12]. In previous report, saturation magnetization
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was enhanced by doping Fe-doped SnO, with Sb>* [13],
which suggests that the increase in the number of electron
carriers by co-doping induces ferromagnetism. Thus, it is
evident that the actual role and effect of co-doped TM ions
in SnO, are not clear and in fact very conflicting. There-
fore, more studies are required in order to improve our
comprehension on the origin of the magnetism in these
interesting compounds. For these reasons, we are interested
in the co-doping effect to diluted ferromagnetism, dielec-
tric and electric response in co-doped SnO,, and we report
the ferromagnetic behavior of dilute Co and Ni co-doped
SnO, nanoparticles.

2 Experimental detail

The (Co, Ni) co-doped SnO, nanoparticle samples with Ni
contents of 1, 2, 3, 4 and 5 %, and Co content (fixed) of
5 % were synthesized by a chemical co-precipitation
method. First 2.5 g SnCl,-2H,0 (0.22 M) was dissolved in
50-ml distilled water and then 30-ml aqueous ammonia
solution (2 M) was added to the pervious solution with
constant stirring at a pH value between 1 to 10 [14]. The
resulting white precipitates were collected by centrifuga-
tion and then washed in distilled water. The washed pre-
cipitate was dried at 60 °C for 24 h in a box furnace.
Finally, the synthesized SnO, nanopowder was annealed at
600 °C for 2 h. In order to get (Co, Ni) co-doped SnO,
samples, CoCl, (0.05 M) and NiCl,-6H,O were added at
various concentration (x = 0.01 M, 0.02 M, 0.03 M,
0.04 M and 0.05 M, respectively) to the SnCl,-2H,0
solution, and allowed to react. The samples were charac-
terized by X-ray diffractometer (PAN analytical) using
CukK, radiation. The GSAS suite of Rietveld programs
were used to find the lattice parameters. Energy Dispersive
X-ray Spectrometer (EDXS) was used to determine the
crystal composition, and stoichiometric (Co, Ni) co-doped
SnO, was confirmed. The dielectric properties and con-
ductivity as a function of frequency were measured in
centered Gold electrode pellet with a typical Impedance
analyzer (Agilent 4292) in the frequency range of 40 Hz—
15 MHz. DC magnetization measurements were carried
out using a quantum design superconducting quantum
interference device (SQUID) in the temperature range of
2-300 K.

3 Results and discussion
Figure 1a shows the room temperature X-ray diffraction
(XRD) of (Co, Ni) co-doped SnO, nanoparticle samples

with Ni of 1, 2, 3, 4 and 5 % concentrations, and Co (fixed)
5 %. These patterns have been compared with standard
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XRD data. All the XRD peaks can be indexed to a
tetragonal structure (space group P42/mnm) of SnO,. Fig-
ure la reveals that, there is no change in the tetragonal
structure of SnO, after (Co, Ni) co-doping. No extra peaks
were found in the XRD pattern indicating the formation of
single phase in Snggs_xC0g0s5NixO,. A small shift in the
position of main peak (110) to the higher side of 26 value is
observed for doped samples as shown in Fig. 1b. This
observation is similar to the case in transition metal (Mn,
Cu, and Ni) doped SnO, previously studied [15—17]. This
shift is mainly due to the smaller radius of Co*™ and Ni**
compared to that of Sn**. This result indicates that the
doped Co*" and Ni*" atoms successfully substitute the
Sn** atoms. The particle sizes of the samples have been
calculated using Scherrer’s formula and are found to be in
the range of 11-14 nm. Since the difference in radii
between Sn*t (0.069 nm) and Co>" (0.060 nm), Ni**
(0.062 nm) is considerable, significant changes in the lat-
tice constants are expected for Ni co-doped samples. The
calculated lattice parameters a = b and ¢ are compared
with standard values. With the increase of Ni concentra-
tion, the lattice parameters a, b and ¢ are found to decrease.
For example (from Fig. lc, d) the lattice parameters
decrease from a = 4.7360(6) Aand ¢ = 3.1925(9) A, for
Ni content = 0 %, to a = 4.7166(4) A and
¢ =3.1663(5) A respectively, for Ni doping level of
5 %.The self-generated elemental composition (wt%)
details are presented in Fig. 2. It is clear from the EDAX
spectrum that Sn and O are the only main elemental species
in pure SnO, sample whilst, in addition, Co and Ni peaks
were observed in (Co, Ni) SnO, doped samples. Moreover,
the weight percentages of the doped transition metal ele-
ments were found close to the nominal concentration used
during the calculations and sample preparation.

Figure 3 shows the measurements of dielectric constant
as a function of frequency at room temperature for the
undoped and (Co, Ni) co-doped SnO, (Ni = 1, 2, 3, 4 and
5 %) samples. In order to measure the capacitance,
dielectric loss and AC conductivity as a function of fre-
quency at room temperature, we used the circular shaped
pellets with 9 min diameter prepared by pressing the
powder. From the measured capacitance, the &, can be
calculated by the following mathematical equation:

& = Cd /oA (1)

where C is the capacitance (F), ¢, is the free space
dielectric constant value (8.854 x 10712 F/m), d is the
height of the cylinder, A is the capacitor area (m?) and &, is
the relative dielectric constant of the samples. It is obvious
that &, decreases with increase in frequency and Ni doping
in our system.

The decrease of dielectric constant with increase in
frequency is a normal behavior for oxide nano-materials [6,
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Fig. 1 a XRD patterns for the
pure and (Co, Ni) co-doped
SnO, nanoparticle samples,

b change in (110) peak position
with Ni content, ¢, d change in
lattice parameters “a” and “c”
with Ni doping in %

Fig. 2 Energy Dispersive
X-ray Spectrometer (EDXS) for
pure and (Co, Ni) co-doped
SnO, nanoparticles with
Ni=0%, 3 %,and5 %

18]. This increase in ¢, at low frequencies can be attributed
to both the deformational (electronic and ionic) and
relaxation (orientational and space charge) polarization [6,
19]. The deformational polarization depends on the
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displacement of electrons and ions but the relaxation
polarization depends on the orientational or interfacial
effects. The increase in applied field leads to a reduction in
orientational polarization, as a result, the molecular dipoles
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Fig. 3 The frequency dependence of the relative dielectric constant
(e,) at room temperature for both the pure and (Co, Ni) co-doping
SnO, samples measured at 40 Hz, and room temperature

10 10

require much time to change their orientation with applied
field. This effect reduces the value of ¢, with increase in
frequency. The decrease in ¢, with Ni co-doping is due to
more and more defects (positive, negative or neutral) or
oxygen vacancies which are randomly created (at the sur-
face) resulting in disorder in the system. As a result of their
recombination, the number of dipole decreases which leads
to a decrease in the orientational polarization [20]. The
decrease in orientational polarization results in the decrease
in g,.

Figure 4 shows the frequency dependence of the imag-
inary part (¢”) of dielectric constant, i.e., the dielectric loss,
at room temperature for (Co, Ni) co-doped SnO, (Ni = 1,
2, 3,4 and 5 %) nanoparticles. It can be observed from the
figure that ¢’ decreases with increasing frequency and Ni
doping. For all samples, same behavior (dispersion at low

(x%Co, y%Ni)
co-doped SnO,
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Fig. 4 The frequency dependence of the dielectric loss (¢”) at room
temperature for both the pure and (Co, Ni) co-doping SnO, samples
measured at 40 Hz, and room temperature
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frequency and frequency independent nature at high fre-
quency) is observed. The reduction of ¢’ at low frequencies
is due to the migration of ions in the material. Similarly the
dielectric loss at low and intermediate frequencies is due to
the ionic hopping, conduction losses caused by ion
migration. In addition ionic polarization losses can also be
a vital factor for this behavior. However, at high frequen-
cies, ion vibrations may be the only reason of ¢’ for the
current nanoparticles.

Figure 5 shows the frequency dependency of AC elec-
trical conductivity, g4c of (Co, Ni) co-doped SnO,
nanoparticles. As shown, AC conductivity (c,.) increases
with increase in frequency. It is clear from the equation
oac = &€’ @ (Where o4¢ is the AC electrical conductivity,
and & is the dielectric constant of the free space, ¢’ is the
imaginary part of dielectric constant and w = 2xf, f is the
frequency) depends upon the dielectric loss. Consequently,
dielectric loss decreases with increase in frequency and, in
turn, o4c also increases. This result also corroborates with
literature, where it is suggested that the increase in ¢
with increase in frequency is attributed to the series resis-
tance effect [21, 22].

Two possible mechanisms can attribute to the increase
in o; one is the electric energy associated with the high AC
frequency which can effectively promote the jumping of
electric charge between the nano-size particles and the
other is due to the enhanced dielectric relaxation of the
polarization of SnO, nanoparticles in high frequency
region [23].

Figure 6 shows the magnetization, M of the Sngos_x
NixCog 50, (x = 1, 2, 3 and 5 %) samples measured as a
function of temperature 7 at a constant field H = 1000 Oe.
The ferromagnetic phase transition is characterized by a
sudden increase in M at temperatures above 450 K and

1500 | (x%Co, y%Ni) 4
co-doped SnO,
1200 x=0,y=0 p
® x=5,y=0
£ 900 O—x=5,y=1 E
< ® x=5,y=2
2 600} O x=5,y=3 i
© ® x=5,y=5
300
0
107 10° 10* 10° 10°
Log f(Hz)

Fig. 5 The frequency dependence of the electrical conductivity, cac
at room temperature for both the pure and (Co, Ni) co-doping SnO,
samples measured at 40 Hz, and room temperature
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Fig. 6 The Temperature dependence of the magnetization M(H) mea-
sured at room temperature for (Co, Ni) co-doped SnO, samples under
applied field of 1000 Oe

then tends to saturate at low temperatures. This is a typical
process of the ferromagnetic phase transition. The mag-
netization of the samples clearly show that a transition
from paramagnetic to ferromagnetic state occurs at tem-
peratures near 434, 602, 531 and 482 K for the Ni contents
of 1, 2, 3, and 5 %. The transition temperatures of these
samples increase sharply below Curie temperature (7c). It
is obvious that the 7Tc¢ of the samples increases with
increase in Ni co-doping content up to 2 % and afterward
the Tc decreased. These Tcs are high enough for the pur-
pose of spintronic applications at room temperature.

Figure 7a shows the field dependence of the magneti-
zation, i.e., M(H) curves at room temperature for the (Co,
Ni) co-doped SnO, (Ni = 0,1, 2, 3, 4 and 5 %) samples.
The pure SnO, sample exhibit a diamagnetism behavior at
room temperature (here its data is not shown). The various
Ni co-doped Sng9sCoposO, samples, the hysteresis
observed in their M(H) curves indicate a ferromagnetic
order emerging in the samples. The saturation magnetiza-
tion (Mr) reach 0.101 memu/g for the Sngg¢5C0g 50>
sample, and reach a maximum for the 2 % Ni co-doping
sample then decreases in the 3-5 % Nico-doping sample.
Figure 7(b) shows the enlarged hysteresis loop near zero
magnetic field, from which a coercive field (Hc) of 35 Oe
and a remanent magnetization (Mr) of 0.11 memu/g for a
1 % Ni doping sample are obtained. The highest remanent
magnetization (Mr) of 0.304 memu/g with coercive field
(Hc) of 74 Oe was observed in the 2 % Ni co-doped SnO,
sample. The observed remanent magnetization (Mr) (in
2 % Ni co-doping) is higher than that reported in Ref. [24].
Furthermore, the lowest Mr of 0.036 memu/g with coercive
field (Hc) of 28 Oe was observed for the 5 % Ni doped
sample. A ferromagnetic response at low Co co-doping
concentration was also reported in (Fe, Co) co-doped SnO,
by Nomura et al. [25].
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Fig. 7 a The field dependence of the magnetization M(H) measured
at room temperature for (Co, Ni) co-doped SnO, samples. b The
M(H) curve near zero magnetic field

In our system, ferromagnetic behavior was observed
even at high Ni co-doping, but the remanent magnetization
decreased at higher Ni co-doping (5 %). In addition, the
creation of addition charge carriers and oxygen vacancies
due to (Co, Ni) co-doping may cause RTFM [26]. How-
ever, higher Ni doping may lead to the expansion of SnO,
lattice and the structure disorder, suppressing its ferro-
magnetism. The simultaneous presence of Co and Ni
greatly improves the ferromagnetic signal of SnO,
nanoparticles in comparison to situations when there is the
presence of only one of these cations. Simultaneous doping
of two ions increased the coercivity and saturation mag-
netization, and also eliminated the formation of impurity
phases. The presence of Ni*" ions in the co-doped samples
in the ferromagnetic state with indication of magnetic
coupling between them suggests that the ferromagnetism in
this material is related to the magnetic moment of the
dopant ions. The presence of both Co>" and Ni** ions in
the (Co, Ni) co-doped samples provide a powerful charge
reservoir to facilitate stronger ferromagnetism in these
samples. More studies to investigate possible charge
transfer between these 3d ions and the presence of other
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valence states of Co and Ni are necessary to fully confirm
the role of charge transfer ferromagnetism in these samples
and this will be investigated in future.

4 Conclusions

The study on the effect of (Co, Ni) co-doping on SnO,
nanoparticles’ electrical, dielectric, and magnetic proper-
ties were carried out. All the (Co, Ni) co-doping samples
have a tetragonal structure. It is found that with the
increase of Ni doping concentration the dielectric constant
and dielectric loss values decrease, but electrical conduc-
tivity increases. With the increase of frequency and Ni
content, the dielectric constant and dielectric loss decrea-
ses, while electrical conductivity increases. The results
indicate that the limited Ni co-doping can introduce the
ferromagnetism in the SnO, nanoparticles which are higher
than those for co-doped samples previously reported.
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