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ABSTRACT

In this work undoped and cobalt doped α-Fe2O3 nanoparticles (NPs) have been
synthesized using sol-gel method. Dopant concentration is varied in the range of 2 to 8
wt%. Presence of diffraction peaks corresponding to (104), (110), (024) and (116)
indicate the formation of α-Fe2O3 phase under as-synthesized conditions. XRD peak
positions shift to relatively higher angles as compared to undoped NPs. Such shift in
peak position might have been observed because of the lower ionic radius of cobalt
(72pm) as compared to iron (74pm). SEM results confirm the formation of NPs with
diameter less than 50nm. Undoped and cobalt doped iron oxide NPs show
ferromagnetic behavior. Saturation magnetization increases as dopant concentration is
increased to 8wt%. Slight decrease in dielectric constant is observed as frequency of
applied field increases. However, as frequency of applied field increases to log f [Hz]
>6.5 increase in dielectric constant is attributed to resonance effect. Tangent loss
exhibits normal dispersion behavior i.e. decreases as frequency of applied field
increases and becomes constant in high field region. Decrease in a.c. conductivity with
increase in dopant concentration to 6wt% indicates that ionic transport is suppressed
with cobalt doping in Fe2O3 nanoparticles

1. INTRODUCTION
Metal oxide nanostructures such as SnO2, In2O3, ZnO, TiO2, CuO, and Fe2O3
have reaped much attention due to potential applications in the field of optics, toxic and
explosive gas sensing, magnetic recording devices and magnetic resonance imaging
(Hao et al. 2015, Peng et al. 2002, Pan et al. 2001). Among all of these metal oxides,
iron oxide (α-Fe2O3) nanoparticles have been widely investigated because of unique ntype semiconductor nature. α-Fe2O3 is stable, low cost and environment friendly phase
of iron oxide (Zhou et al. 2014, Riaz et al. 2013). In the family of magnetic materials, αFe2O3 nanocrystals have antiferromagnetic properties with large amount of commercial

applications in lithium ion batteries, pigments, PEC water splitting and magnetic storage
devices (Cesar et al. 2006, Huang et al. 2015).
Therefore, owing to such bundle of applications many techniques have been used
to fabricate different shapes of nanoparticles to meet the target quality point. However,
the magnetic properties of α-Fe2O3 nanoparticles such as coercivity, and saturation
magnetization are not still enough to hit the commercial demand of magnetic materials.
To quench the thirst of magnetic nanomaterials to some extent doping of transition
metals (Si, Ti and Sn) in α-Fe2O3 result excellent magnetic properties (Sun et al. 2014,
Wang et al. 2011, Riaz et al. 2014a,b, Akbar et al. 2014a,b).
α-Fe2O3 nanoparticles have been prepared using different types of experimental
techniques like hydro thermal, force hydrolysis, precipitation and solvo thermal method
(Wen et al. 2005, Jagadeesan et al. 2008). Recently, many material scientists have
regulated α-Fe2O3 morphology and structures using supra-molecular, surfactant and
micelles to obtain particular structured hematite nano materials. For example the nano
cubic hematite polyhedrons have been synthesized by hydrothermal method in the
presence of CH3COO-, to control the shape and size of particles (Zhang et al. 2010).
Furthermore, single crystal α-Fe2O3 hexagonal nano rings with hexagonal inner holes
have been synthesized under the stepwise influence of various kinds of anionic ligands
(Zhang et al. 2010, Su et al. 2011). In the present work, wet chemical sol-gel route has
been utilized to fabricate mono dispersed Co-doped α-Fe2O3 and have been
investigated for their magnetic and dielectric properties. The sol-gel method has been
found most efficient, low cost and environment friendly (Riaz et al. 2014a,b, Akbar et al.
2015). The nanoparticles prepared by this method are well shaped and homogeneously
distributed.
The focus of this study is to examine magnetic, dielectric and structural properties
of Co-doped α-Fe2O3 nanocrystals. The synthesized α-Fe2O3 nanostructures in the
present study have potential applications in many fields and fulfill the challenges of the
research world.
2. EXPERIMENTAL DETAILS
Doped α-Fe2O3 nanoparticles were synthesized via sol gel method. The
stoichiometric amount of starting materials was weighed using electronic balance. The
homogeneous mixture of precursors was made in deionized water (DI). The solution
was put on the hot plate and transferred into the ESCO fume hood. The solution was
heated in definite interval of temperature which led to a sol formation. The sol was
heated to obtain gel and eventually powder.
Further, different characterization techniques were used to study the various
properties of as synthesized nanoparticles. The crystal size and structure of samples
was investigated by Bruker D8 Advance X-ray diffractometer (XRD) with CuKα
(1.5406Å) radiations. Lake Shore’s 7407 vibrating sample magnetometer (VSM)
examined the magnetic properties. Dielectric properties were analyzed with the help of
6500 Precision impedance analyzer.
3. RESULTS AND DISCUSSION

Figure 1 exhibits the X-ray diffraction (XRD) pattern of as synthesized Co-doped
α-Fe2O3 sample in the 2θ range of 20-80° under the Cu-Kα radiation (λ = 1.5406Å).
Indexing of obtained pattern was performed according to the procedure as explained by
Cullity (1975). The most prominent peaks (104), (110), (024) and (116) revealed that
Co-doped α-Fe2O3 has hexagonal crystal structure. The results show that cobalt is
successfully substituted in the α-Fe2O3 without disturbing the hexagonal crystal
structure and there is no impurity peak which proves that phase pure Co-doped αFe2O3 nano structures have been obtained. It can be seen from the XRD pattern in
Fig.1 that as doping concentration was increased from 4wt% to 8wt%, the indexed
peaks are shifted towards higher angle, such shifting occurs due to the difference
between ionic radius of Co2+ (72 pm) and Fe3+ (74 pm) ions. This difference in ionic
radius leads to decrease in unit cell volume and lattice parameters (Table 1). This
according to Bragg’s Law shifts the peak positions to higher angles.

Fig. 1 XRD patterns for Co doped α-Fe2O3 nanoparticles
Table 1 Lattice parameters and unit cell volume for Co doped α-Fe2O3 nanoparticles
Dopant concentration
Lattice parameters (Å)
Unit cell volume (Å3)
(%)
a
c
4
5.036
13.752
302.0336
6
5.033
13.749
301.6080
8
5.028
13.701
299.9582
10
5.014
13.604
296.1783

Crystallite size (Cullity 1956) and dislocation density (δ) (Kumar et al. 2011)
were determined using Eqs. 1-2
t=

δ=

0 .9 λ
B cos θ

1

(1)
(2)

t2

Where, θ represents the diffraction angle, λ is wavelength and B is Full Width at
Half Maximum. Crystallite size (Fig. 2) shows increase with 4wt% to 8wt% dopant
concentration. This increase in crystallite size and decrease in dislocation density
points out that dopant atoms are entirely included in the lattice. At high dopant
concentration (10%) decrease in crystallite size and increase in dislocation density
point out that dopant atoms have taken the interstitial positions. This directed to
decrease in crystalline order and increase in dislocation density (Riaz et al. 2014a,b).

Fig. 2 Crystallite size and dislocation density for Co doped α-Fe2O3 nanoparticles
Dielectric constant and tangent loss were calculated using Eqs. 3 and 4
(Barsoukov and Macdonald 2005)
ε=

Cd
εo A

tan δ =
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Where, C is the capacitance of films, d is the film thickness, εo is the permittivity of
free space, A is the area, f is the frequency and ρ is the resistivity. All these
measurements were taken at room temperature in the frequency range of 1kHz-20
MHz (Fig. 3). Initially, decrease in dielectric constant is observed with increase in
frequency. This behavior is almost same for all prepared samples. This slight decrease
in dielectric constant is associated with hopping of electrons between Fe3+ and Fe2+,
Co3+ and Co2+ pairs of ions. Koop’s theory is an important tool to explain this decrease
in dielectric constant. According to Koop’s theory, dielectric materials may be
considered as conducting grains which are separated by grain boundaries that are nonconducting (Riaz et al. 2015, Barsoukov and Macdonald 2005). Low value of dielectric
constant shows that conducting grains are more active than grains boundaries in the
frequency range of 1kHz to 1MHz. At higher frequencies the resistance of grain
boundaries increases and electrons start to pile up there which causes polarization and
hence the dielectric constant increases (Barsoukov and Macdonald 2005). Increase in
dielectric constant at high frequencies is also due to matching of jumping frequency of
ions with that of externally applied field. In addition, because of the presence of lattice
defects high tangent loss is observed at low frequencies. But as frequency increases
these lattice defects are not able to cope with the changes in frequency of the field.
Thus tangent loss decreases (Barsoukov and Macdonald 2005). Dielectric constant
increased to 375 (log f = 7.3) and tangent loss decreased (Fig. 3) as dopant
concentration was increased to 8%. Increase in dielectric constant and decrease in
tangent loss is attributed to decrease in lattice defects. This decrease in lattice defects
is indicated by decrease in dislocation density and increase in crystallite size
(Barsoukov and Macdonald 2005).

Fig. 3 Dielectric constant and tangent loss plotted for Co doped α-Fe2O3 nanoparticles

Conductivity (σ) of Co doped α-Fe2O3 nanoparticles was calculated using Eq. 5
(Barsoukov and Macdonald 2005).
σ = 2πfεε o tan δ

(5)

Conductivity (Fig. 4) remains constant in low frequency region. This frequency
independent region in dielectric material arises due to presence of free charge carriers.
The rise in conductivity at high frequencies is due to bound charge carriers that hop
from one potential well to another. High frequencies support this hopping process.
Presence of both frequency dependent and independent regions indicate that both a.c.
and d.c. conductivities contribute to conduction in Co doped iron oxide nanoparticles.
Decrease in conductivity with increase in dopant concentration thus indicates that ionic
transport is suppressed with cobalt doping in Fe2O3 nanoparticles (Shinde et al. 2011,
Barsoukov and Macdonald 2005).

Fig. 4 Conductivity of Co doped α-Fe2O3 nanoparticles
M-H cures for Co doped α-Fe2O3 can be seen in Fig. 5. α-Fe2O3 shows
ferromagnetic behavior. In α-Fe2O3, spins in same and adjoining planes are
ferromagnetically and antiferromagnetically coupled. Because of spin orbit interaction
among the planes uncompensated magnetic moments exists. These uncompensated
magnetic moments lead to ferromagnetic behavior of α-Fe2O3. Further adding, cobalt
atom donates one d electron and two s electrons to oxygen anion. As cobalt substitutes
iron presence of uncompensated spins leads to increase in magnetization (Riaz et al.
2014a, Akbar et al. 2014b).

Fig. 5 M-H curves for Co doped α-Fe2O3 nanoparticles

4. CONCLUSIONS
Cobalt doped α-Fe2O3 nanoparticles were synthesized via sol-gel method. Dopant
concentration was kept as 4-10%. XRD results indicated the formation of phase pure αFe2O3. Increase in crystallite size was observed as dopant concentration was increased
to 8%. Dielectric constant showed anomalous dispersion behavior while normal
dispersion behavior was observed for tangent loss. Dielectric constant increased to 375
(log f = 7.3) as dopant concentration was increased to 8%. Co doped α-Fe2O3
nanoparticles showed ferromagnetic behavior due to presence of uncompensated
spins as Co replaced Fe in the host lattice.
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