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A B S T R A C T

Ruthenium-doped copper ferrite(Ru CuFe O )2 4 nanoparticles (NPs) have been synthesized using a simple and
cost-effective wet chemical co-precipitation deposition method. The crystallographic scanning electron micro-
scopy images confirm cubic crystal structure and agglomerated-type surface appearance. The crystallite sizes are
6–24 nm in the range. Dielectric measurement analysis estimates the dielectric constant and loss of
Ru CuFe O2 4 NPs. In this connection, dielectric constant and loss are reduced virtue of air annealing for various
temperatures. Also, the dielectric loss confirms the relaxation peak. From magnetic measurement results, the
coercivity decreases whereas saturation and remanence magnetization are increased. These features have ap-
proved the soft magnetic nature in the Ru CuFe O2 4 NPs.

1. Introduction

In recent time, ferrite materials have endowed their merits in the
magnetic resonance imaging, drug delivery, data storage and medical
oriented technology applications greatly. In the medical field, the fer-
rite nanoparticles (NPs) manufactured in the form of capsules can be
transferred into a human body to target the cancer cells in presence of
the magnetic field [1,2]. They are in the form of soft or hard magnets
and are basically temperature dependent. Copper ferrite (CuFe2O4)
attained a majority of concerns in solid state physics, mineralogy,
ceramics and metallurgy [3]. By virtue of the phase transition and
semiconducting character, the CuFe2O4 is one of the upper class
emerging materials among spinel ferrites family [4,5]. Usually,
CuFe2O4 has two crystallographic spinel structures; high temperature
cubic phase followed low temperature tetragonal phase. An ideal in-
verse configuration of the CuFe2O4 consists of eight divalent ions placed
at octahedral sub-lattice sites and sixteen trivalent ions situated at oc-
tahedral and tetrahedral sub-lattice sites [6]. Total magnetic moment of
the CuFe2O4 depends upon uncompensated magnetic moments of eight
divalent copper ions located at octahedral sub-lattice sites. The mag-
netic moment per unit cell i.e. μ = 8*1μB = 8μB, for each copper ions is
assumed to be 1 μB, where μB is the Bohr magnetron, which is

responsible for a small energy difference among the copper ions found
at octahedral and tetrahedral sites [7]. Here, cation redistribution, a
function of annealing temperature can be favored. Compared with the
tetragonal crystal structure, cubic crystallographic phase of the
CuFe2O4 results a large magnetic moment [8], enabling researchers to
look after into a desired magnetic and dielectric properties in presence
of either dopant or substitutional elements. The dielectric constant and
loss are crucial quantities while designing the microelectronic devices.
In general, ferrites are temperature and frequency dependent and also
confirm the sensitivity towards the synthesis methods used [9]. In the
last two decades, the dielectric properties of ferrites have been in-
vestigated vigorously, but investigations on the rare earth metal-doped
ferrites have not been yet addressed completely. The relaxation beha-
vior of ferrites is influenced by the crystal structure and the surface
morphology. The dielectric loss is useful for insulation and isolation
required in microelectronic circuits. The ferromagnetic CuFe2O4 holds a
wide range of applications owing to its thermal stability [10,11] and
electromagnetism which also can be attained on the addition of im-
purities or dopants [12]. The cation redistribution of copper ferrite
using substitution, usually, alters the magnetic and electric properties
[13] which are size dependent [14,15]. Trivalent, highly catalytic and
electrically active ruthenium (Ru) was considered as dopant in the
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present work for knowing changes in the magnetic and dielectric
properties of CuFe2O4. Satter et al. reported the use of rare earth metal
oxide-doped Cu-Zn ferrites for obtaining an enhanced effective mag-
netic moment at the cost of resultant magnetization [16]. Ghasemi et al.
presented a soft magnetic behavior of the Dy3+-substituted Ni-Cu-Zn
ferrite NPs with increased saturation magnetization as a function of
exchange interaction among Fe-Fe ions and also the particle size [17].
The purpose of the Ru-doping was to enhance the soft magnetic nature
in addition to dielectric properties which can be beneficial in the
magnetic tape recording as doping of the trivalent rare earth elements
offers a better magnetic performance [18]. To the best of our knowl-
edge, electrical and magnetic properties of the Ru-doped CuFe2O4 i.e.,
Ru CuFe O2 4 NPs have not so far reported in the literature. Here, we
report the use of eco-friendly and economic wet chemical co-pre-
cipitation chemical method for synthesis of Ru CuFe O NPs2 4 and their
dielectric and magnetic properties to achieve an enhanced soft mag-
netism.

2. Experimental method

=TheRu CuFe O (x 0.02)x 2 x 4 NPs were synthesized from
RuCl . 2H O3 2 , CuCl . 6H O, FeCl . 9H O2 2 3 2 by a wet co-precipitation che-
mical method. Starting chemicals were dissolved into the double dis-
tilled water while continuous stirring at 2 h. With the effect of stirring,
the precursor solution showed a light green color. On pouring sodium
hydroxide solution the precursor solution turned into a dark brown
which was cleaned using double distilled water for several times to
remove the impurities, if there are any, which was then dried at hot air-
oven, and maintained in day/night at 150 °C for 6 h. The mud-like
precipitate was completely dried and then transferred into a mortar
agate for manually grinding process before getting a fine powder. This
powder was inserted into a silica crucible which was placed in muffle-
furnace for annealing process which was maintained at 300, 600 and
900 °C for 5 h before measuring the physical, electrical, magnetic and
dielectric properties.

2.1. Characterizations

As-obtained Ru CuFe O2 4 NPs were scanned for X-ray dif-
fractometer (Model ULTIMA III) for the structural elucidation. An in-
formation on the surface evolution details was obtained from the
scanning and transmission electron microscopy images recorded on the
SEM JEOL 5600V) and JEOLJEM 2100HR units. Surface elementals
were evidenced from the energy dispersive X-ray spectroscopy (EDX)
measurement, associated with TEM unit. Dielectric properties of
Ru CuFe O2 4 NPs were demonstrated using LCR meter (HIKOI 3532-
50 LCR) and for knowing the soft magnetic nature vibrational mag-
netometer (Microsense Inc. USA (EZ9 model) was used.

3. Results and discussion

3.1. Structural analysis

Fig. 1 presents the XRD patterns of Ru CuFe O2 4NPs obtained on
air-annealing at 300, 600 and 900 °C annealing temperatures for 5 h.
From these figure, the indexed reflection peaks are consistent to the
JCPDS card (77-0010). Also, the Fd3m space group was present [19]
and also Ru CuFe O2 4demonstrated secondary phase (Fe2O3) owing to
iron vacancy in sub-lattices which is annealing temperature dependent
[20]. Due to annealing temperature, an elevated intensity peaks in the
XRD spectra ensured an enhanced crystallinity with increase in the
crystallite size from 6 to 24 nm. Particle sizes were obtained from the

(3 1 1) reflection plane which confirms the formation Ru CuFe O2 4
NPs [21].

3.2. Microstructure confirmation and elemental analysis

Fig. 2(a-b) highlights the SEM images of 900 °C annealed
Ru CuFe O2 4 NPs at two different magnifications where the formation
of cubic crystallites is clearly evidenced. Also, annealed
Ru CuFe O2 4NPs showed well-defined polished cuboids. Fig. 2(c-d)
presents the microstructure and selected-area electron diffraction pat-
tern images of the Ru CuFe O2 4 NPs. Cubic crystallites as seen in
Fig. 2c were consistent to SEM analysis. From Fig. 2c, the NPs of
Ru CuFe O2 4 were slightly agglomerated, which is unavoidable in
most of the ferrites. Fig. 2d reveals bright spots in addition to circular
rings, suggesting nanocrystallinity involvement rather than poly-
crystallinity and single crystallinity [22]. Fig. 2e shows the surface
chemical composition where, existence of elements in various propor-
tions like O, Fe, Cu, Ru was confirmed, revealing formation of
Ru CuFe O .2 4

3.3. Dielectric properties

Fig. 3 depicts changes in the dielectric constants of
theRu CuFe O2 4 NPs recorded under various annealing temperatures.
Dielectric behavior of Ru CuFe O2 4NPs was scanned between 1 and 7
log frequency range (Hz) at ambient temperature [23]. Further, de-
crease in the dielectric constant of the Ru CuFe O2 4 NPs with fre-
quency was attributed to a dielectric dispersion [24]. At low frequency,
the decrease of dielectric constant was rapid whereas high frequency

Fig. 1. XRD patterns of Ru CuFe O2 4NPs annealed at 300, 600 and 900 °C
temperatures.
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this rate was slow, which is one of the common features of the ferrites
[25–27]. The rise and down behaviors of dielectric constant were ex-
plained in accordance to Maxwell-Debye theory and interfacial or space
charge polarization. The dielectric structure of Ru CuFe O2 4NPs could
have two conducting layers; grains of higher conductivity and in-
sulating grain boundaries [28]. Under the influence of applied field,
motion of the charges could interrupt at the grain boundaries which are
responsible for charge accumulation at the interface for interfacial or
space charge polarization. The number of electrons transferred among

Fe2+ and Fe3+ ions could be high at low frequencies which increases
the space charge polarization as well as the dielectric constant. Also, the
electron transferred among Fe2+ and Fe3+ ions couldn’t follow the
jumping frequency or high frequency, decreasing the space charge
polarization and dielectric constant [28]. Apparently, the dielectric
constant increased with annealing temperature which eventually in-
creases the grain size, making easier for electrons to transfer for gen-
erating high contact between adjacent grains. Besides, the formation of
Fe2+ ions increased at elevated annealing temperatures owing to Ru,

Fig. 2. (a-b) SEM, (c-d) TEM and (e) EDX images of Ru CuFe O2 4 NPs annealed at 900 °C.
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resulting in high polarization [25]. Therefore, the dielectric polariza-
tion increased via elevated annealing temperatures i.e. 300, 600 and
900 °C (Fig. 4). The jumping frequency of electron transfer among Fe2+

and Fe3+ ions could be equal to the frequency of applied field, the
resonance peak was found in all samples [29]. The Fe ions might attain
an equilibrium positions at A and B with equal potential energy,

separated by a certain potential barrier. These ions could be transferred
from A to B and B to A with equal probability. An alternative electric
field applied with same frequency which transfers a maximum energy
to ions, resulting in resonance peak in accordance to Debye relaxation
theory. Also, the resonance peak observed at high frequencies [30,31].
The dielectric loss increased with increase of annealing temperatures
owing to the less complicated motion of free charges at elevated tem-
peratures. Another reason for dielectric loss could be a lag of polar-
ization due to involvements of impurities and crystal imperfections.
Basically, the dielectric properties are composition, density, grain size,
microstructure, homogeneity and impurities dependent [32]. From
Table 1, the Ru CuFe O2 4 NPs have proven to be a low dielectric loss,
suggesting their suitability in high frequency devices [33].

3.4. Magnetic properties

Room-temperature hysteresis loops of Ru CuFe O2 4 NPs obtained
at 300, 600 and 900 °C temperatures are shown in Fig. 5 with a low
coercivity, saturation and remanence magnetization, suggesting
Ru CuFe O2 4 NPs hold the soft magnetic character. The magnetiza-
tions increased with annealing temperatures. The magnetic ion dis-
tribution could change in the CuFe O2 4where the tetrahedral and octa-
hedral sites hold the equal number of Fe3+ ions with Ru3+ ions located
at tetrahedral sites which minimizes the magnetic moment at tetra-
hedral sites and resulting the increased magnetization [34]. Also, the
crystalline phase decides the magnetization. Here, the Ru CuFe O2 4
NPs were cubic in crystal structure thereby, their presence at larger unit
cell volume as compared to tetragonal structure may also be one of the
factor in increase of magnetization [35]. The particle size increased in
accordance to the annealing temperature, enhancing the magnetic
collinearity, soft magnetic nature and magnetization on deducing the
spin canting effect [35]. Moreover, an improved crystallinity resulted
an enhanced magnetic domain alignment [36]. Therefore, the magne-
tization could sufficiently be strong due to doping and re-distribution of
sublattices in presence of non-magnetic Ru3+ ions [37]. As the mag-
netic moment of Fe3+ ions was greater over Ru3+ which can also be
one of the factors for increased magnetization [38]. From Table 1, the
variation in the magnetic parameters as a function of annealing tem-
peratures was attributable to increase of the particle size. Likewise,
cation redistribution plays a vital role in the saturation magnetization.
With addition of Ru ions or non-magnetic ions partially replace the
Fe3+ ions from tetrahedral sites could be responsible for an expected
slightly increase of the saturation magnetization. Because of the ex-
change coupling among Fe3+ ions and Ru3+ ions, the saturation
magnetization values increased with annealing temperature [39].
Contrarily, decreased coercivity on rising the annealing temperature
directly related to the particle size which eventually increases with
annealing temperature due to a process of re-crystallization. Re-
manence magnetization was elevated from 0.22 to 10.41 emu/g with
annealing temperature, suggesting the rise of anisotropic properties of
the Ru CuFe O2 4 NPs [36]. Under high annealing temperatures,
squareness ratio increased from 0.15 to 0.47, depicting the generation
of soft magnetic characteristics in the Ru CuFe O2 4NPs [3]. From table
1, the calculated squareness ratio was less than 0.50, demonstrating an
involvement of single-domain crystals with uniaxial anisotropy even
though the Ru CuFe O2 4 NPs was in cubic in structure [40–42].

4. Conclusion

This report deals with soft wet chemical synthesis and enhanced
magnetization incubicFd3mspacegroupedRu CuFe O2 4 NPs whose
crystallite size increases from 6 to 24 nm. The SEM and TEM images
have corroborated well-defined cuboids. Dielectric properties are tuned
with air-annealing temperatures. Also, values of dielectric constant and

Fig. 3. Variations in dielectric constant of Ru CuFe O2 4 NPs annealed at dif-
ferent temperatures.

Fig. 4. Variations in dielectric loss of Ru CuFe O2 4NPs annealed at different
temperatures.

Table 1
Structural, electrical and magnetic parameters of Ru CuFe O2 4 MNPs.

Parameters Ru CuFe Ox 2 x 4 (Ru Cu Fe O )0.02 1 1.98 4

Temperature (°C) 300 600 900

Particle size (nm) 6.07 14.10 24.50
Dielectric constant 235.95 236.42 557.69
Dielectric loss 198.51 206.62 278.50
Coercivity (G) 744.12 166.59 366.50
Remanence (emu/g) 0.22 1.09 10.41
Saturation (emu/g) 1.39 6.81 21.88
Squareness ratio (Mr/Ms) 0.15 0.16 0.47
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loss are reduced with annealing temperatures. Soft magnetic nature has
been approved in the hysteresis loop of Ru CuFe O2 4 which increases
with an annealing temperature.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.jmmm.2018.12.050.
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