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Abstract
In the present work, Ni0.6Cd0.4DyxFe2‒xO4 (x = 0.0, 0.05, 0.10, 0.15 and 0.20) nanoparticles (NPs) were synthesized by
using sol-gel auto combustion method. The structural characterization was performed by XRD, FTIR, SEM, TEM and
EDS analyses. XRD patterns con�rmed that the pure and dysprosium substituted Ni-Cd ferrites are in single phase
spinel structures, while a trace of DyFeO3 appears as a minor phase for higher concentrations (x = 0.10, 0.15 and
0.20). The Debye‒Scherrer’s method and Williamson-Hall (W-H) method were used to evaluate the crystallite sizes
and lattice strain. The average crystallite size was found to be in the range from 27 to 48 nm. FT-IR con�rms the
formation of spinel structure. SEM images show that reduction of grain size with Dy3+ content. Elemental
composition features of samples were examined by EDS. The average particles size estimated from TEM analysis
are in good agreement with results obtained from the XRD. The results showed that saturation magnetization (Ms)

decreases and coercivity (Hc) increases with increase in Dy3+ concentrations. The dielectric constant and the loss
tangent decrease rapidly with increasing frequency and then reaches a constant value, characteristic of normal
behavior of ferrites. The dielectric constant was found to decrease with increasing Dy content in Ni-Cd ferrites. Ferrite
sample with Dy3+ concentration, x = 0.05 show high dielectric constant, low dielectric loss and hence can be utilized
in high frequency electrical circuits.

Introduction
Spinel ferrite materials are of prime interest due to their variety of industrial applications. Spinel ferrites are well
known magnetic materials having the general chemical formula, AB2O4, where A is a divalent metal ion, B is a
trivalent metal ion (Fe) positioned at two different crystallographic sites, tetrahedral (A sites) and octahedral (B sites)
[1]. These materials are being extensively studied due to their wide applications in biomedicine, pharmaceuticals,
sensors, magnetic resonance imaging, drug delivery, microwaves, high-frequency devices, information storage, and
electronic chips [2–4], especially when these materials are reduced down to the nanometric sizes. The structure and
electromagnetic properties of nano-spinel ferrites can be modi�ed by the substitution of different cations. Among
various spinel ferrites, nickel ferrite, a typical inverse spinel ferrite is a soft magnetic material. It shows large
permeability at high frequency, remarkable high electrical resistivity, low hysteresis loss, mechanical hardness and
chemical stability [5–7] that makes it suitable for use in electronic devices. In recent years, many researchers have
worked on the Cd-substituted ferrites with other metal ions such as Ni, Mg, Mn, Zn, Cd and Co which further improves
the magnetic, electrical and optical properties of these ferrites. A number of works are found in literature on Cd
substituted nickel ferrites. The structural and magnetic properties of nanosized Ni–Cd ferrite synthesized by the wet
chemical co-precipitation method have been reported [8]. Nikumbh [9] et al. 2002 has studied the structural, electrical
and magnetic properties as well as cation distribution of cadmium-substituted nickel ferrite.

A rare-earth ion in the spinel ferrite improves densi�cation, electrical resistivity and low eddy current losses [10]. It
has been shown that substitution of Fe by rare earth (RE) ions (such as La3+, Ho3+, Er3+, Yb3+, Gd3+,Dy3+) can modify
the structural, magnetic and electrical properties of ferrites due to change in the cation distribution between the A
and B sites [11]. In general, the doped rare-earth ion enters into the B-site (Fe) by displacing the corresponding
number of Fe3+ from the B-site to the A-site [12, 13]. Such substitution by rare earth ions with large ionic radii in
spinel ferrites is expected to induce strain and to signi�cantly modify the structural, electrical as well as magnetic
properties. Further, the substitution of rare earth ions at spinel ferrite create 3d‒4f coupling, which help to determine
magneto-crystalline anisotropy of the material. Hence it is possible to obtain good magnetic materials, which can be
used in low and high frequency applications [14]. The properties of ferrite nanoparticles are very sensitive to the
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method of synthesis, sintering conditions, composition and microstructure [15]. Researchers have used various
physico-chemical methods for synthesis of nanocrystalline ferrites, viz., citrate precursor method [16], solid-state
reaction [17], co-precipitation [18–19], hydrothermal [20], sol-gel technique [21], reverse micelle technique [22], etc.
Amongst these approaches, the sol-gel route of synthesis is one of the simplest, e�cient, cost effective and can be
easily done at low temperatures. This technique has further advantages of good stoichiometric control and the
production of ultra�ne particles with a narrow size distribution.

Recently Bamzai [23] et al. has studied the effect of dysprosium substitution on the structural and magnetic
properties of magnesium ferrite. They found that the lattice constant increased with an increase in dysprosium
concentration. It has been found that no published work is available on the structural, magnetic and dielectric
properties of dysprosium substituted Ni-Cd ferrite in the literature.

In the present investigation, an effort has been made to show the effect of substitution of Dy3+ on structural,
magnetic and dielectric properties of Ni0.6Cd0.4DyxFe2‒xO4 spinel ferrites based on the sol gel auto combustion
method.

Materials And Methods

Materials and procedures
The nanoparticles of Ni0.6Cd0.4DyxFe2‒xO4 (x = 0.0, 0.05, 0.10, 0.15 and 0.20) were synthesized by sol-gel auto
combustion technique using analytical grade iron nitrate [Fe(NO3)3·9H2O, 99.99%, Aldrich], nickel nitrate
[Ni(NO3)2·6H2O, 98%, Aldrich], cadmium nitrate [Cd(NO3)2.6H2O, 99% Merck, India], dysprosium nitrate, citric acid
[C6H8O7, 99.5%, Aldrich] and ammonia [NH3, 28–30%, Aldrich]. A transparent solution was obtained by dissolving by
requisites amount of metal nitrates in a minimum amount of double distilled water. An aqueous solution of citric
acid was mixed with the metal nitrates solution, the molar ratio between total metal ions and citric acid was
controlled at 1:1. The 1:1 ratio was kept to maintain the stability and homogeneity of the nanoferrites. The content
was stirred to obtain a homogeneous solution and then was heated to 80 °C at a heating rate of 5 °C/min using a hot
plate magnetic stirrer. The ammonia solution was added drop wise to maintain the pH to 7. The sol was formed and
converted in viscous gel and it began frothing when all water molecules were evaporated from the mixture. At this
stage, the gel spontaneously ignited and burnt to brown colored ashes. Finally, ash sample was crushed into powder
form using pestle mortar. The dried powder was calcined at 800 ℃ for 4 h in the electrical mu�e furnace using a
heating rate of 10℃/min. The calcined powders obtained were then pressed into pellets (13 mm × 2 mm) using
polyvinyl alcohol (PVA 2 wt. %) used as the binder by applying a pressure of 5 tons. This binder was burnt out at
450 °C for 2 h. Schematic diagram of the preparation of the Ni0.6Cd0.4DyxFe2‒xO4 is shown in Fig. 1.

Characterization usig different analytical techniques
The structural characterization of the prepared samples was contacted using X-ray powder diffractometry (Rigaku
mini�ex-600, Japan) employing Cu-Kα radiation (λ = 1.5405 Å) to identify the phase of annealed samples. The spinel
structure of ferrite system was examined by fourier transform infrared spectra (FTIR), which was recorded on a
Perkin-Elmer Spectrophotometer in the range of wave numbers 400–4000 cm− 1 by mixing the powder sample with
solid potassium bromide (KBr) pressed pellets. The microstructure and elemental analysis of annealed cadmium
ferrite were investigated by scanning electron microscopy (SEM, ZEISS, model EVO-18 research; Germany), equipped
with an energy dispersive X-ray analyzer (EDX, Oxford instrument, USA), respectively. Transmission electron
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microscopy (TEM, Tecnai G2 20 TWIN; USA) was used to determine particle size. The sample for TEM analysis was
prepared by dispersing the calcined Ni0.6Cd0.4DyxFe2‒xO4 powder in acetone by ultra-sonication. The obtained
suspensions were deposited on carbon-coated copper grids. Dielectric constant was measured using a pellet on
which both surfaces were polished and coated with silver paint. Magnetic measurements were conducted using a
SQUID magnetometer (Quantum Design MPMS- S3). The MPMS SQUID VSM system is a highly sensitive
magnetometer system that combines the sensitivity of a SQUID (Superconducting Interference Device) with the
higher speed of a VSM (Vibrating Sample Magnetometer). The M-H measurements were made in �elds up to ± 15
kOe at room temperature. The dielectric properties were measured by LCR meter (PSM 1735, NumetriQ 4th Ltd. U.K.)
in the frequency range 102–106 Hz. In short, an LCR meter measures the inductance (L), capacitance (C), and
resistance (R) of an electronic component.

Results And Discussion

X-ray diffraction (XRD) analysis
Figure 2 depicts the X-ray diffraction (XRD) patterns of Ni0.6Cd0.4DyxFe2‒xO4 (x = 0.00, 0.05, 0.10, 0.15 and 0.20)
powder calcined at 800 °C for 4 h. XRD pattern shows that all samples exhibit a single phase cubic spinel structure
with Fd3m space group. Accordingly, XRD patterns were indexed with (220), (311), (222), (400), (422), (511), (440)
and (533) respectively. The peaks are indexed by using JCPDS data card No. 86‒2267. The broadening of the
diffraction peaks with increasing Dy3+ concentration re�ecting thereby lower crystallinity of the samples. No
characteristic peaks of impurities were detected in the pattern for composition (x = 0.05) of Dy3+content indicate rare
earth ions have been dissolved completely into the crystal lattice of Ni0.6Cd0.4Dy0.05Fe1.95O4. However, remaining
three samples (x = 0.10, 0.15, 0.20) re�ected growth of secondary orthoferrite phase (DyFeO3) with low intensity

implies that the major part of Dy3+ ions are occupying the octahedral sites of the spinel lattice and only small
amount of dysprosium form the DyFeO3 phase (♠). The large ionic radii of the dysprosium ions make it di�cult to
enter the spinel lattice and that can put a limit on the amount of rare earth doping in ferrites. It is observed that the
strongest diffraction peak corresponding to (311) plane in rare earth doped samples shows a slight left shift in 2θ
value relative to undoped sample indicating the lattice strain induced by the dopant ions.

The structural parameters like average crystallite size (D), theoretical density (ρx), bulk density (ρb) and experimental
lattice constant (aexp) were calculated from XRD data using earlier reported formula [21, 24] and included in the
Table 1. The average crystallite size of samples lies within range of 27 nm to 49 nm, which con�rms that the
synthesized powders have a nanocrystalline nature. However it also exhibited the non-linear pattern [25]. Due to
larger size of rare earth ions induces crystal imperfection and produces micro-strain, therefore utilizing Williamson–
Hall equation to analyze XRD pattern is more appropriate than the Scherrer’s equation [26]. Considering the size and
strain effect, the Williamson–Hall equation for actual broadening (β) can be evaluated as follows [27]:

β = (kλ/Dcosθ) + 4ϵtanθ

1

(kλ/D cosθ) is broadening due to the size (D) and 4ε tanθ is broadening due to strain (ε). The modi�cation of Eq. (2)
yields:

βcosθ = (kλ/D) + 4ϵsinθ
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2

where, ε is the average micro strain. Equation (Eq.3) is an equation of a straight line with β cosθ (along Y-axis) and 4
sinθ (along X-axis) yields intercept as crystallite size and the slope as strain. The Williamson-Hall plots for
Ni0.6Cd0.4DyxFe2‒xO4 nanoparticles are shown in Fig.3. We have noticed that the intercept values gradually increase

to higher values and the slope of the plot changing from negative to the positive with Dy3+ content. The negative
slope of pure and Dy (x = 0.05) substituted Ni-Cd ferrites indicates the presence of compressive strain in the material
whereas the positive slopes for the Dy content (x = 0.10, 0.15, 0.20) in Ni0.6Cd0.4DyxFe2‒xO4 indicate the tensile strain

[28]. Also, the shifting the slope values from negative to positive with higher Dy3+ content (Fig.3) indicates that
expanding the crystal lattices by changing the strain from compressive to tensile.

The experimental lattice parameter (aexp) of prepared samples was calculated by following formula [29]:

a = d√h2 + k2 + l2

3

The experimental lattice constant of samples increases with dysprosium content may be attributed to the exchange
of larger ionic radii of Dy3+ in the arrangement of the smaller Fe3+ ions. This causes an expansion of unit cell.
Observed values (Table 1) for ρx and ρb show that as the concentration of Dy3+ increased, both theoretical and bulk
density increased because it mainly depends on the molecular weight. The magnitudes of bulk densities are smaller
than that of the corresponding theoretical-densities and this difference in magnitude may be due to the existence of
pores in the samples, which were developed during the sample preparation or sintering process.

Porosity (P) of the ferrite samples is determined by employing the relation:

P% = (1 −
ρb
ρx

) × 100

4

Table 1 depicts that the porosity increases with Dy content. Utilizing the value of lattice constant (a), the distance
between magnetic ions available in the tetrahedral (A-site), octahedral (B-site) i.e. hopping lengths (LA & LB)
respectively was calculated by using the following relations:

Calculated values of hopping lengths are given in Table 1, which show that the LA and LB increased with the increase
in Dy content because LA and LB are directly proportional to lattice parameter (from Eq. 5).

FTIR analysis
Fig. 4 demonstrates the FTIR spectra of the prepared Ni0.6Cd0.4DyxFe2‒xO4 (x=0.00, 0.05, 0.10, 0.15, 0.20)

nanocrystalline samples in the wave number range 900‒400 cm‒1. Infrared spectroscopy is one of the important
tools for assigned to vibration of ions in the crystal lattice. Generally, all spinels and ferrite shows two main broad
metal‒oxygen bands in IR spectra. The higher absorption band ν1 generally appears in the range 500‒600 cm-1
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represents the intrinsic vibration of tetrahedral metal‒oxygen bond, while the lower absorption band ν2 in the range

of 450–480 cm‒1 assigned to the octahedral metal‒oxygen bond [30,31]. In case of ferrites, Waldron [32] has
reported that the bond distance of Fe-O at tetrahedral site (1.89 Å) is smaller than the bond distance at octahedral
site (1.99 Å). Hence, the band frequency of ν1 is higher than the ν2 absorption band [33]. Table 2 includes values of

 IR, ν1 at 616, 610, 587, 578, 577 cm‒1 and corresponding ν2 values at 473, 472, 466, 458, 458, cm‒1 for the
compositions x=0.00, 0.05, 0.10, 0.15, 0.20 respectively.  The IR spectra (Fig. 4) indicate that values of ν1 and ν2 shift
to lower frequency side and also a slight broadening of the absorption band is also noticed with increasing
dysprosium content. This may be attributed to the substitution of smaller Fe3+ ions by larger Dy3+ ions. Therefore,
the increasing site radius and absorption band shift towards the lower frequency side. Similar results have been
reported for Tb3+ doped nickel ferrite nanoparticles [34].

The force constant of the tetrahedral (Kt) and octahedral site (Ko) have been evaluated by employing the method
suggested by Waldron as given by the relation:

K = 4π2c2μν2

6

where, ‘µ’ represents the reduced mass of the cations occupying tetrahedral and octahedral sites, ν is the
corresponding wave number and ‘c’ is speed of light in free space. The calculated values of force constant for Kt and
Ko are included in the Table 2.

SEM Micrograph
Surface morphology and grain size of Ni0.6Cd0.4DyxFe2‒xO4 (x = 0.00, 0.05, 0.10, 0.15, 0.20) NPs were determined by
using scanning electron microscope. The SEM images of the samples after calcined at 800 ℃ were depicted in
Fig. 5. The SEM micrographs of all the samples show agglomerated porous like structure which is the characteristic
of sol-gel combustion method. During the sol-gel combustion synthesis, large volume of gases released, which can
cause pores and voids in the samples. The linear intercept technique (LIT) was employed to measure the grain size

[35]. Average grain size (44nm‒65 nm) was found to increase with Dy3+ contents in Ni-Cd ferrite. This fact was
supported by the results of the X-ray diffraction data, where the cell parameter ‘a’ values increase with increasing Dy
content which results in larger unit cell volume for substituted samples. Similar types of results have been reported in
literature for rare earth substituted spinel ferrites [36, 37].
Qualitative and quantitative EDS analysis
Energy dispersive X-ray spectroscopy (EDS) and elemental mapping for Ni0.6Cd0.4DyxFe2‒xO4 (x = 0.00, 0.05, 0.10,
0.15 and 0.20) are shown in Fig. 6(a)‒6(b) respectively. Peaks in EDS correspond to the elements and peaks height
associated to the concentration. The results con�rmed the presence of the expected elements in the prepared
composition such as Ni, Cd, Fe, Dy and O also reveal an absence of any impurities during the synthesis route.
Quantitative estimation of elements present in the material through its weight percentages is given in Table 3. The
experimental data was provided directly by the EDS spectrum whereas theoretical data was evaluated based on the
formula Ni0.6Cd0.4DyxFe2‒xO4. In our case, it has been observed that experimental values are in close approximation
with theoretically calculated values thereby suggesting the formation of pure and Dy substituted Ni0.6Cd0.4Fe2O4.
Also, the elemental mapping of the pure and Dy substituted samples demonstrate the homogeneous distribution of
nickel, iron, cadmium, dysprosium and oxygen throughout the material.
Particle size analysis by TEM
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Figure 7(a) shows the bright TEM image of the samples Ni0.6Cd0.4DyxFe2‒xO4. The TEM results reveal that the
nanoparticles are almost round in shape and are slightly agglomerated. The average particle size was evaluated
using Image J‒software and obtained values lie in the range 28‒49 nm (Table 2). This agglomeration can be
credited to high magnetic interactions among the nanoparticles. Similar kinds of observations were reported by
Naidu [38] et al. in the literature. The average particle sizes obtained from TEM investigation are in good agreement
with the crystallite sizes got from XRD analysis. Selected area electron diffraction (SAED) analysis of all the
compositions shown in Fig. 7(b) illustrates spotty circular rings patterns that con�rm crystallinity.
Magnetic Studies
Figure 8 represents M‒H hysteresis loops of the nanosized Ni0.6Cd0.4DyxFe2‒xO4 spinel ferrites at room temperature.

It is evident from the results that the S shaped loops illustrated ferromagnetic nature [39] of the Dy3+ substituted and
un-substituted spinel ferrites. The magnetic parameters such as saturation magnetization (Ms), remanence (Mr),
coercively (Hc) and squareness ratio (Mr/Ms) were calculated from the hysteresis loops for all the samples are given
in Table 4.Various factors can affect the magnetic properties of spinel ferrites, including the crystallite size change,
variations in magnetic moments (µB), the nature and concentration of different sites, the preferred site occupancy of
different ions and ionic radii of rare earth [40].

In our case, the Ms and Mr values decrease with increase in Dy3+ content in Ni0.6Cd0.4DyxFe2‒xO4 spinel ferrite. In
order to explain such behavior of the saturation magnetization, the mechanism of super-exchange interaction was
taken into considerations. Generally, in spinel ferrite magnetic ions occupy at A and B sites, therefore three types of
super-exchange interactions take place such as A–A, B–B and A–B interactions. Among these, A–B interactions
predominate over other two interactions. Thus, net magnetization of lattice is given by M = MB ‒ MA. Incorporation of

Dy3+ or nonmagnetic ions replaces Fe3+ ions from the octahedral sites (B), the net magnetization decreases [41].
Also, as the A–B super exchange interaction decreases, spin canting occurs at the nano-surface that leads to a
decrease in the magnetic characteristics of the synthesized samples. Furthermore, the incorporation of rare earth
(RE) ions in Ni-Cd lattice creates two new interactions rather than Fe–Fe (spin coupling of 3d electrons). The �rst is

the RE3+–Fe3+ interaction which is originated from the 3d–4f coupling. While the other, is the RE3+–RE3+ interaction
which, results from indirect 4f–5d–5d–4f electron coupling. Both interactions reduce the magnetization of the

system. An unusual increase in Ms (54.916 emu/g) observed at higher concentration of Dy3+ (x = 0.20) which could
be due to formation of secondary phase of DyFeO3 which is antiferromagnetic in nature. Also another reason for the
increase in MS may be due to increase in particle size with higher concentration of dysprosium. Generally, Coercivity
depends on strain, presence of nonmagnetic atom, particle size, anisotropy and defects. The observe values of Hc
increases in Ni-Cd ferrite by dysprosium contents due to an increase in magneto-crystalline anisotropy which arises

due to coupling of the spin of Fe3+ with that of Dy3+ [42]. The low coercive value (< 100 Oe) makes these materials
suitable for high frequency applications and as core materials [43, 44]. Furthermore, in order to understand the effect
of nano-sized domain, squareness ratio (Mr/Ms) has also been evaluated for all the samples and its values are given
in Table 4. It is evident that the value of squareness ratio lies between 0.05 and 0.10. The squareness ratio value of

the prepared compositions with Dy3+ (x = 0.0, 0.05, 0.10 and 0.15) are less than 0.5, which points to the uniaxial
anisotropy in standard magnetic materials. This uniaxial anisotropy in magnetic nanoferrites occurred as a result of
surface effects [45]. The magnetic moment per formula unit in Bohr magnetron was also calculated by using
following relation [46]:

μB =
Mw × Ms

5585
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7
where, Mw is the molecular weight of the sample. Table 4 shows that the value of the magnetic moments is
decreasing linearly with increasing dysprosium substitution in these samples which is quite consistent with the
behavior of saturation magnetization. The listed magnetic parameters (Table 4) indicate the fact that the soft
magnetic nature of nickel-cadmium ferrite was lost by the substitution of dysprosium.
Dielectric behavior and Loss tangent
At room temperature, the real part of dielectric constant (ε') of Ni0.6Cd0.4DyxFe2‒xO4 (x = 0.00, 0.05, 0.10, 0.15, 0.20)
as a function of frequency in the range of 100Hz‒5 MHz were studied and depicted in Fig. 9(a). The value of real
dielectric constant was calculated by using the formula:

ϵ' =
Cpd
ϵ0A

8
where, Cp is the capacitance of the pellet, ε0 permittivity of free space, d is thickness of the pellet and A is the area of
the pellet. It is observed that all samples shows dielectric dispersion with increase in frequency as shown in Fig. 9(a).
Also, the decrease in dielectric constant in lower frequency region is very fast and becomes constant at high
frequency region [47]. Such dielectric dispersion with frequency in prepared materials has been explained on the
basis of Maxwell‒Wagner model [48].
According to this model, the dielectric structure of a ferrite is composed of in-homogeneous two layers. The �rst layer
(grains) is quite more conducting and is separated by the second thin layer of poorly conducting (grain boundaries)
thereby leading to the surface charge polarizations. The poorly conducting grain boundaries have been found to be
effective at lower frequencies while fairly conducting grains is effective at high frequencies. The polarization in

Ni0.6Cd0.4DyxFe2‒xO4 ferrite is attributed to the electrons hopping between Fe2+ ↔ Fe3+ and holes hopping between

Ni3+ ↔ Ni2+ and hence charges carriers reaching the grain boundaries (higher resistance) pile up thereby leading to
the surface charge polarizations, hence contribute to dielectric constant at low frequencies. However, the decrease in
dielectric constant with increases in frequency occurs due to the inability the charge carriers can’t follow the
alternating applied electric �eld and hence decreases the polarization.
From the �gure it is evident that the value of dielectric constant increased at x = 0.05 there after the dielectric

constant decreases. This increase in dielectric constant with increase in concentration of Dy3+ ions may be due to

the fact that the RE3+ ion incorporation results in the distortion of Ni-Cd ferrite lattice. This leads to an increase in Fe-
O and RE-O bond lengths at octahedral B sites giving rise to increase in the atomic polarizability and consequent

increase in dielectric constant [49, 50]. Also, the incorporation of RE3+ ions with larger size (compared to Ni/Cd/Fe
ions) into ferrite increases the resistivity and dielectric constant [51]. The decrement in dielectric constant for ‘Dy’

content, x > 0.5 could be attributed to the decreasing number of Fe3+ ions at the octahedral sites. In addition to that,
the formation of secondary phase (DyFeO3) at the grain boundaries for Dysprosium content x = 0.10, 0.15 and 0.20

reduces the availability of Fe2+ ↔ Fe3+ ion pairs at the octahedral sites. Therefore, the hopping of electrons between

Fe2+ ↔ Fe3+ also decreases and reduces dielectric constant.
The variation of dielectric loss tangent with frequency was shown in Fig. 9(b), which shows similar decreasing trend
as that of dielectric constant. It is observed from Fig. 9(b) that dielectric loss tangent decreases with increase in

concentration of RE ion (Dy3+). The losses are found to be low at higher frequencies due to inhibition of the domain
wall motion [52]. Ferrite material with low dielectric loss is desirable for high frequency data reading/writing in

electronic structures. At 103 Hz frequencies the peaking behavior is observed. This type of peaking behavior (Debye-
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Conclusions
The Ni0.6Cd0.4DyxFe2‒xO4 (x =0.0, 0.05, 0.10, 0.15 and 0.20) ferrite calcined at 800 °C for 4h were synthesized
successfully by sol-gel technique. The XRD pattern revealed the formation of pure phase spinel ferrite with
composition x=0.00 and 0.05, while DyFeO3 phase appeared with Dy3+ composition x= 0.10, 0.15, 0.20. The effect of

dysprosium ion (Dy3+) on the structural, magnetic and dielectric properties of Ni-Cd ferrite was investigated. The
values of crystallite size, theoretical density, bulk density and lattice parameter varied with increase in Dy3+ ions
concentration. FTIR spectroscopy analysis con�rms the presence of tetrahedral and octahedral sites in prepared
samples. The particle size calculated from the TEM image was found to be in close agreement with the Debye-
Scherrer’s formula. Elemental mapping and EDS results show that the particles are homogeneous without any
impurity pickup. Magnetization measurement demonstrates that the saturation magnetization value decreased and
coercivity has increased with increase the Dy3+ content in Ni-Cd ferrites. A normal dispersion in dielectric parameters
(ε' and tan δ) with frequency was observed for all samples and this has been explained on the basis of space charge
polarization mechanism as discussed in Maxwell-Wagner model. In the present investigation, materials with low
values of dielectric loss tangent (tan δ) at higher frequencies would be suitable for application in high frequency
micro wave devices.
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Tables
Table 1 
Structural parameters obtained from XRD such as lattice parameter (aexp), average crystallite size
(D), theoretical-ray density (ρx), bulk density (ρb), porosity (P%) and hopping lengths (LA & LB) of the
synthesized Ni0.6Cd0.4 DyxFe2‒xO4 ferrite.

 
Content (x)          D (nm)        aexp(Å)         ρx(g/cm3)      ρb (g/cm3)     P (%)        LA(Å)         
LB(Å) 
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 x = 0.00         33.525          8.5370       5.6904          4.799           15.450         3.6966         3.0182

 x = 0.05         44.850          8.5376       5.8054          4.938           14.920         3.6968         3.0184    
                   

   x = 0.10         38.187          8.5440       5.9030          4.801            18.640         3.6995         3.0207       
                              

   x = 0.15         27.447          8.5446       6.0169          4.821           19.871         3.6994         3.0209

   x = 0.20         47.982          8.5781       5.6487          4.971           11.983         3.7144       3.0328     

 

 
Table 2
Absorption band frequency, force constant and particle size (TEM analysis) of   Ni0.6Cd0.4 DyxFe2‒

xO4 ferrites.  
 
Dysposium          ν1                    ν2                        Kt                         Ko                        Particles size
(TEM)   

 Content (x)       (cm‒1)             (cm‒1)           (102 N/m)             (102 N/m)                      (nm)                
            
 

 

x = 0.00                616                473                 2.7812                  1.6398                     33.50              
      

x = 0.05                610                472                 2.7273                  1.6329                     45.77              
      

 x = 0.10              587                466                 2.5255                  1.5916                     38.51                     

 x = 0.15               578                458                 2.4487                  1.5374                     28.60                  
  

 x = 0.20              577                458                 2.4402                  1.5374                     49.28                     
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Table 3 
Quantitative estimation of elements present in the material through its weight percentages
Composition   Theoretical

     (wt%)
        Observed

(wt%)
     

Element Ni(K)    Fe(K) Cd(L) Dy(L) O(K) Ni(K) Fe(K) Cd(L) Dy(L) O(K)

x=0.00 11.11    43.15 21.27 ---- 24.46 9.08 42.89 23.29 --- 24.00

x=0.05 8.61   41.75 23.46  01.40 24.77 8.63 41.75 24.80   2.98 23.53

x=0.10
 
 
x=0.15
 
 
x=0.20

8.77
 
 
8.62
 
 
8.15  
         
    

  41.85
 
  
36.55
 
 
 34.91

21.94
 
 
23.86
 
 
23.42

 4.72
 
 
 8.62
 
 
11.28

22.72
 
 
22.64
 
 
22.22

8.46
 
 
8.74
 
 
9.61

38.26
 
 
38.74
 
 
34.34

24.32
 
 
23.01
 
 
22.27

  5.86
 
  
5.44
 
 
8.21

23.08
 
 
24.07
 
 
25.57

      

     

     

Table 4 

Magnetic parameters obtained from M-H loop analysis of the synthesized Ni0.6Cd0.4 DyxFe2‒

xO4 ferrite samples.

 
Content (x)              (emu/g)            (emu/g)             (Oe)                                

 
 

x = 0.00                     37.612                  2.190                   40.779               0.05823              1.895

  x = 0.05                  37.503                  3.253                   57.126               0.0867                1.726

  x = 0.10                  34.090                  2.476                   49.325               0.0726                1.693   

   x=0.15                   33.090                  2.649                   56.207               0.0800                1.693

  x= 0.20                   54.916                   6.032                  72.393               0.1098                2.831
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Figure 1

Schematic diagram for experimental set up of Ni0.6Cd0.4DyxFe2‒xO4 (x=0.0, 0.05, 0.10, 0.15 and 0.20)
nanoparticles calcined at 800 ℃ .
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Figure 2

X- ray diffraction patterns of Ni0.6Cd0.4DyxFe2‒xO4 ferrite calcined at 800 ℃ for 4 h are illustrated. The abscissa
denotes (θ) and the ordinate denotes the frequency (arbitrary units or a.u.).
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Figure 3

The W–H Plot of Ni0.6Cd0.4DyxFe2‒xO4 nanoparticles. Fit to the data, the strain is extracted from the slope and the
crystalline size is extracted from the y-intercept of the �t.
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Figure 4

FT-IR spectra of Ni0.6Cd0.4DyxFe2‒xO4 powders at room temperature. The presence of major absorption bands
around 400 and 600 cm-1 con�rmed location the cations in tetrahedral and octahedral sites, respectively
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Figure 5

SEM micrographs of Ni0.6Cd0.4DyxFe2‒xO4 nanopowders
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Figure 6

(a) EDS spectra and (b) elemental mapping images of Ni0.6Cd0.4DyxFe2‒xO4 ferrite Nanoparticles demonstrate the
homogeneous distribution of the material, as described in the text.
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Figure 7

TEM images of Ni0.6Cd0.4DyxFe2‒xO4 nanoparticles (a) bright �eld images and (b) SAED images showing nano
polycrystallinity.

Figure 8

M-H hysteresis loop of Ni0.6Cd0.4DyxFe2‒xO4 series of samples prepared by sol-gel route at room temperature.
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Figure 9

Variation of (a) dielectric constant ( ′) and (b) dielectric loss angle (tan δ) with frequency for Ni0.6Cd0.4DyxFe2‒xO4
series at Room temperature.
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