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ARTICLE INFO ABSTRACT

Keywords: Green and facile process for Nig 4Cug »Zng 4Fes —,Eu,O4 (x = 0.00-0.10) spinel ferrite nanoparticles (SNPs)
Spinel ferrites prepared via ultrasonic irradiation (without any post annealing process) has been deeply investigated. The in-
Nanomaterials

fluence of Eu®* substitutions on the structure, morphological, optical, magnetic, electrical and dielectric traits of
NiCuZn SNPs was assessed. Tauc plots revealed direct optical band gaps in a very tight interval of 1.86-1.90 eV.
Magnetization measurements exposed a superparamagnetic behavior at room temperature and below the
blocking temperature (Tg) a superparamagnetic-ferromagnetic transition was noticed. The saturation magneti-
zation (M) value is highest for pure Nip 4Cug 2Zng 4Fe;04 (i.e. x = 0.00) SNP with M ~ 58.9 emu/g at room
temperature. The saturation magnetization (M) declines with rising Eu®* substituting content. AC conductivity
decreases as a function of exponent power base law. Maximum variation in dc conductivity is observed to be
around the substitution ratio of x = 0.02. It is found that activation energy is highly dependent on both Eu ions
substitution ratios and temperature ranges. The frequency dependence of dielectric functions is explained by
Koop's models based on Maxwell-Wagner theory.

Optical properties
Magnetic properties
Dielectric properties

Introduction ferrites are principally utilized as multilayer chip inductors (MLCI) in

electronics as well as inductors, transformer cores, deflection yokes,

Nano-sized spinel ferrites (SNPs) are extremely popular choice for
use in a variety of applications in electronics as well as communication
for the latest years owing to their extraordinary magnetic, optical,
electrical, and catalytic characteristics [1-4]. Researchers can tune
these properties by doping with different materials to be used in sen-
sing, magnetic resonance imaging, catalysis, and many other applica-
tions [3-12]. The nickel copper zinc ferrite is a soft ferrite with extreme
permeability in the radio-frequency range, low sintering temperature,
elevated Curie temperature and high electrical resistivity. Ni-Cu-Zn
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and recording heads [13-15].

Recently, investigators have examined the effects of tuning the
composition of NiCuZn ferrites by either by changing the amounts of
metal ions making up the formula or doping with new metals. For ex-
ample, Nam et al. prepared Nig,CuyZngg_xFe,04 (x = 0.2-0.6) with
and without acetyl acetone. They obtained spinel structures in all
compositions with crystalline sizes 10-20 nm except for x = 0.6, which
displayed hematite as a second phase. However, the hematite phased
disappeared after applying the acetyl acetone as an additive and this
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Fig. 1. (a) XRD powder patterns of Nig 4Cug »Zng 4Eu,Fe, 04 (0.00 < x < 0.10) SNPs. (b) The variation in 20 of (3 1 1) Bragg peak position with substitution of Eu.
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The refined structural parameters, cations distribution and size of magnetic nanoparticles (D) for Nig 4Cug 2Zng 4Eu,Fe;_,O4 (0.00 < x < 0.10) SNPs.

X a (A) vV (A)3 Dygp (nm) + 0.05 Dpy(nm) x2(chi®) Rbragg Cations distribution

Tetrahedral A-site Octahedral B-site
0.00 8.397(4) 592.14 22.81 21.62 1.36 2.73 Zng 4Feoe Nig.4Cug oFe; 4
0.02 8.399(1) 592.52 14.94 13.88 1.21 1.36 Zno.4Feos Nio.4Clig 2t g2Fe1 38
0.04 8.404(3) 593.33 12.59 11.78 1.68 4.73 Zno 4Fep e Nig 4Cug 2Eug o04Fe; 36
0.06 8.404(6) 593.67 11.12 10.34 1.30 3.55 Ni.01Zng 4Feo 50 Nig.39Cug 2Eug o6Fe1 35
0.08 8.413(1) 595.48 10.16 9.85 1.16 6.80 Nio.02Zn0 4Feo 55 Nio,35Cllo oEtg.0sFe1 34
0.10 8.415(2) 595.91 6.99 6.51 1.37 4.36 Nig.04Zn9 4Feq 56 Nig 36Cug 2Eug 1Fe; 34

sample exhibited the highest saturation magnetization (Ms) of at RT
and 77 K. Ni; _,Zn,Fe,0, ferrite samples with X up to 1.0 were pro-
duced in a study by Shinde and co-workers [16]. The results revealed
that the the Curie temperature decreased with growing zinc content
whereas Ms improved up to x = 0.4 but reduced as the amount of zinc
was further increased. In a research paper by Azhagushanmugam and
co-workers [17] explored the consequence of the sintering temperature
on the crystal structure of Nip ¢Zng 4Fe,O4 obtained by co-precipitation.
They found that the crystal sizes increased from 45.59 to 50.47 nm with
rising the sintering temperature from 130 to 900 °C. There were also
studies on the substitution of metal ions NiCuZn ferrites by different
metal ions. For example, Hashim et al. [18] studied the incorporation of
In®* as a replacement for Fe** in NiCuZn ferrites. The rise in the molar
ratio of indium caused a loss in Ms due to the replacement of In>* of 0
ug ions in Fe** of 5y ions and a lessening in dielectric loss tangent (tan
8) since the In®" increased the grain’s resistance by limiting the hop-
ping mechanism between the ferrous ion and the ferric ion. In another
study, Saida and coworkers [19] have investigated the impact of cobalt
substitution on nickel, zinc, and copper ions separately in
Nig.4Cup 2Zng 4Fe>04. The magnetic properties were elevated by sub-
stitution of cobalt into the crystal structure. Their X-ray diffraction
(XRD) studies demonstrated that the lattice parameter diminished as
the amount of cobalt increased in general while there was an increment
in Ms as the crystallite size of samples raised following a sintering
treatment. Eltabey et al. [20] added AI** as a substituent for ferric ion
in Nig 4Cug »Zng 4Fe, _(Al,O4 and found that the substitution of the
ferric ion caused the M, initial permeability (1), and the dc electrical
resistivity (p) enhance with rising X up to 0.05, however the M and y;

decreased when x > 0.05. The rare earth metal (RE) ions, on the other
hand, are known to enhance the optical properties and tune the mag-
netic features of ferrites with spinel structures. For instance, Roy et al.
[21] examined how the La®™ substitution in Fe3* affected the triats of
NiCuZn ferrites with a formula (Nig »5Cug 20Zng s5)Fe, _ La,O4 where x
< 0.075. As the La substitution amplified up to x = 0.025, magnetic
loss decreased while the AC resistivity and the permeability increased.
The Ms and the coercivity also rised up to x = 0.025 and then dimin-
ished. Kabbur et al. [22] described the effect of substituting smaller
Fe®* with larger Tb®* on the electrical and magnetic traits of
Nig 25CUg 30Zn0 45TbyFe; O, (x = 0.125). Increasing the concentra-
tion of Tb®™ resulted in a loss in y; owing to spin canting by the
paramagnetic Tb>* ions_and a decrease in Ms based on the fact that the
larger Tb®* ions distorting the structure and the magnetization. Some
of the studies on Ni-Cu-Zn ferrites have found that using setting the
molar ratio of Cu = 0.2 results in good electrical resistivity as well as
Ms [14,23]. Moreover, fixing the molar ratios of Zn/Ni = 1.0 provides
the maximum Ms [14,23,24]. For that reason, a number of researchers
have reported the synthesis and application of Niy 4Cug »Zng 4Fe;04 by
diverse approaches. In a study done by Liu and co-workers [25], Ni-
CuZn ferrite thin films were prepared for an application in radio fre-
quency integrated inductors. Harzali and co-workers [23] reported that
when the ferric ion was partially substituted with RE ions (Eu®*, Sm®*,
Gd®* and Pr®"), a distortion in the microstructure of the
Nig.4Cug »Zng 4 ferrite and an enhancement in their magnetic properties
were observed. Therefore, it is important to study the substitution of
Nip.4Cug »Zng 4Fe,04 with other metal ions as well as RE ions for in-
vestigating their effect on the magnetic-optical features of the ferrites.
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Fig. 2. SEM images of Nig 4Cug »Zng 4Eu,Fe,_,O4 (x = 0.00, 0.02, 0.06 and 0.10) SNPs.

There have been no reports on the substitution of Eu®* with the
ferric ions into Nig4CugoZng4Fe,O4 SNPs. Thus, we have chosen
doping the nano-sized Ni-Cu-Zn ferrite (Nip 4Cug >Zng 4Fe,04) with rare
earth europium ions. We employed ultrasound irradiation (sonochem-
ical approach) to synthesize Nig4Cug»Zng4Fe;_,Eu,O4 (x < 0.10)
SNPs. The sonochemistry approach is feasible in reducing the agglom-
eration of nanoparticles, the reaction time and the need for using large
amounts of organic solvents. Therefore, we examined in this work the
outcome of the substitution of Eu>* on the structure, morphology and
physical traits (magnetic, electrical and optical) of Nig 4Cug 2Zng 4Fe,04
SNPs prepared with a sonochemical approach.

Experimental

All reactants were received from Alfa Aesar and used as received. In
order to fabricate Nig 4Cug »Zng 4Fes_  Eu,O4 (x = 0.00-0.10) SNPs by
ultrasonic irradiation method, stoichiometric amounts of high purity
metals nitrate of Zn, Ni, Eu, Cu, Fe and citric acid were mixed together
in 70 ml of DI water. The pH of the sol was attuned via 2 M NaOH
solution to 11 and them was exposed to ultrasonic irradiations during
30 min via UZ SONOPULS HD 2070 homogenizer (70 W and 25 kHz).
Then, the mixture consisting of the final powders was washed with
Deionized water. The powders parted by exterior magnet and dried at
90 °C for 24 h. All products were synthesized without any calcination.

The nano-spinal ferrite compositions were analyzed through Rigaku

Miniflex powder X-ray diffraction (XRD) applied for phase examination.
Morphological observations and chemical compositions were made via
scanning electron microscope (SEM; FEI Titan 80-300 ST) coupled with
EDX system. The microstructure was imaged by transmission electron
microscopy (TEM; FEI, Morgagni 268). Electron diffraction analysis in
selected area electron diffraction (SAED) mode was done. Optical in-
vestigations were investigated by means of UV-visible diffuse re-
flectance (DR; JASCO V-750) spectrophotometer. Magnetic character-
izations were determined via a Quantum Design DynaCool PPMS. The
dielectric and electrical measurements were performed by Novocontrol
Alpha-N high-resolution dielectric-impedance analyzer.

Results and discussion
Structure

XRD patterns of Nig 4Cug 2Zng 4Fe; _ Eu,O4 (x = 0.00 — 0.10) SNPs
were illustrated in Fig. 1(a). XRD investigation of the whole ratios in-
dicated the formation of single phase of Ni-Cu-Zn SNPs where the
substitutions did not change the structure of the host material. The
diffraction peaks at (220),(311),(222),(400),(422),(511)and
(4 4 0) were agreed with the ICDD card no: 10-0325 of Ni spinel ferrite
with cubic structure. The mean XRD peak at (3 1 1) is slightly shifted in
the direction of lower diffraction angles with increasing the content of
Eu as displayed in Fig. 1(b). The cell parameters, cell volume and
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Fig. 3. EDX spectra and elemental mappings of Nig 4Cug »Zng 4Eu,Fe, _,O4 (x = 0.06 and 0.10) SNPs.

average crystallite size were calculated by applying Rietveld refinement
done by FullProf software (Table 1). The cell parameter ‘a’ increased
with rising Eu®* ions as a result of the enlargement in crystal due to the
substitution of the octahedral sites by larger ions of Eu®". The average
crystallites size was evaluated by applying Debye-Scherrer equation
and it was observed to decrease from about 24 to 7 nm with increasing
the ratio of Eu®*.

Morphology

SEM images along with the corresponding EDX spectra and ele-
mental mapping were presented in Figs. 2 and 3, respectively. Fig. 2
revealed accumulating cubic grains owing to the interactions between
magnetic nano-grains. Elemental mappings and EDX analyses of
Nig.4Cug 2Zng 4Eu,Fe, _, 04 (x 0.00 — 0.10) SNPs showed the

homogenized chemical composition with occurrence of the subsequent
elements Zn, Fe, Ni, Eu, Cu and O. Fig. 4 shows the TEM images of the
Nig 4Cug »Zng 4Eu,Fe,_,04 (x = 0.02 and 0.04) SNPs. The particles
were cubic and appeared in agglomeration but in monolayer manner.
The nanoparticles displayed the isolated continuous rings as shown by
SAED patterns (Fig. 4), indicating the polycrystalline nature of the
particles. The first six rings observed in SAED patterns agreed well with
XRD patterns. The particle size distribution histogram for each spe-
cimen depicts that the average size is about 25 nm for different speci-
mens, confirming the successful formation nano-sized particles.

Optical analysis

The % DR spectra analyses were conducted to specify optoelectronic
properties of mixed Nig 4Cug 2Zng 4Fe; _ Eu,O4 (x = 0.00 — 0.10) SNPs
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Fig. 4. TEM images, SAED patterns and particle size distribution diagrams of Ni 4Cug 2Zng 4Eu,Fe;_,O4 (x = 0.02 and 0.04) SNPs.
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Fig. 5. % DR spectra versus of Nig 4Cug »Zng 4Eu,Fe,_,04 (0.00 < x < 0.10)
SNPs in UV-Vis region.

in a wavelength interval of 200-800 nm, Fig. 5. All recorded spectra
from NPs reflect the light with a magnitude between 27 and 32%. Rare
earth ion doped Nig 4Cug »Zng 4Fe>04 SNPs have reflectance magnitudes
around 30%. There is practically a linear increase excepting around
750 nm wavelength of light till maximum 71% in the following sweep
range until 800 nm. The explanation of DR % data for determination of
optoelectronic properties is centered on the Kubelka-Munk model and
Kubelka-Munk function F(R.), which is directly proportional with
absorption coefficient («). Direct E; values were projected applying the
Tauc and Davis-Mott model by extrapolating the plots of (chv)? vs hv to
the zero value for (ohv)?, where h is Planck’s constant and v is frequency
[26-29]. All plots and extrapolated band gaps belonging to

Nig 4Cug 2Zng 4Fes _ Eu, 04 (x = 0.00 — 0.10) SNPs are given in Fig. 6.
Undoped Nig 4Cug 2Zng 4Fe;04 SNP has 1.86 eV direct E; value. Eu®™
ion dopant concentrations with x = 0.02. 0.04, 0.06, 0.08 and 0.10 do
not cause significant change from this magnitude. All doped samples
have just slightly higher E; magnitudes at maximum 1.90 eV.

Magnetic properties

Magnetization versus magnetic field (M — H)

Fig. 7 presents M — H curves (magnetization versus applied magnetic
field) for Nig4Cug2Zng 4Fes_  Eu,O4 (x 0.00 — 0.10) SNPs. The
measurements were done using VSM at RT and over an applied field
between + 90 and —90 kOe. From this figure, it is evident that all the
prepared NPs exhibit superparamagnetic (SPM) nature at room tem-
perature. Hence, the SPM state could be linked with the Langevin
function (L(x)) [30,31]:

M(H) = M(o0)L(x) (€9)

Here M (o0) is the saturated magnetization. L(x) is expressed as
follow [30,311]:
M,VH
kBT

L(x)= [coth(x) - l/x] where x = -

where the volume (V) is proportional to the size of magnetic spherical

nanoparticles (D)) with the following relation; V = @. The fitting of
M—H curves by equations (1) and (2), as shown in Fig. 8, will lead to
determine the Dy, values, which are summarized in Table 1. It is ob-
servable that the Dy, values are slightly lower than the Dxgp values. This
is frequently attributable to the magnetic dead layers on the top of
crystalline cores. The non-magnetic surface layers of NPs frequently
give rise to a tinier magnetic size than the physical size [31].

Fig. 9(a) and (b) show the variations in saturation magnetization
(M) and the experimental magnetic moments (np), respectively. The
values of ng per unit formula in units of Bohr magneton were calculated
as follow [32,33]:
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The M value for pure Nig 4Cug 2Zng 4Fe;04 (i.e. X = 0.00) SNP is
~58.9 emu/g at room temperature. The present ultrasonicated NiCuZn
nanoferrite displays M; value greater than those prepared through
sol-gel auto-combustion approach [34,35]. It is also higher than that
found in NiCuZn thin film [36]. No enhancement in Mg magnitudes was
noticed with Eu®* substitution. In comparison with non-substituted
sample, it is noticed that the My magnitude drops with the growth in
Eu®* content. It is recognized that variations in magnetization and
Dxgrp are proportional [37,38]. In this study, it is evident that the Mg
decreases when diminishing the crystallites size as a result of Eu®*

substitutions. Frequently, the fall in magnetization could be accredited
to the surface effect of MNPs as a result of tinier crystallites size that can
be described by supposing the appearance of dead magnetic layer
owing to the disorder of surface spins [39]. At the surface, it is pre-
dicted that the spins number rises when the crystallites size became
tinier. Furthermore, it is expected theoretically to observe a decrease in
the magnetization with Eu®>* substitution in NiCuZn SNPs as a result of
substituting Fe>* ions having magnetic moment of 5 pz by Eu®* ions
with lower magnetic moment of 3.4 pup. Therefore, the decrease in Mg
values is principally attributed to the variance in the magnetic moments
of Eu®" and Fe®**' ions and their preferred sites distribution [33].
Moreover, the reduction in the exchange interactions of Fe>*-Q-Fe3™*
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by substituting some Fe>* ions with Eu®" ions could provoke a decline
in M. Indeed, three types of interactions among A and B sites, that are
A-A, B-B and A-B, are existing in spinel ferrites wherein the strongest
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among them is the A-B sublattice interactions [40,41]. Generally, RE
ions preferentially occupy the B sites as a consequence of their larger
ionic radii [42]. Accordingly, the substitution of Eu®" ions, which have
lower magnetic moments than that of Fe>* ions, at B sites will diminish
the magnetization. ng showed similar tendency of M; evolution with
respect to Eu" content. The non-substituted sample displays the
highest M; and ng values at room temperature. With increasing X con-
tent, M; and np is diminishing. The decrease in ny is caused by the fact
that the A-B exchange interactions are weakened [43].

Magnetization versus temperature (M-T)

Fig. 10 presents the measurements of magnetization versus tem-
perature (M-T) under zero-field-cooling (ZFC) and field-cooling (FC)
modes for x = 0.02, 0.06 and 0.10 SNPs. Mzrc and Mg were achieved
starting from RT down to very low temperature of about 10 K and under
magnetic field of 100 Oe. A splitting and large irreversibility among
ZFC and FC curves is seen in various prepared samples, which are
characteristic of MNPs. It is observed that the magnitudes of Mzrc and
Mg reduced with increasing Eu®* content, which is in good agreement
with M —H measurements. For different prepared NPs, the FC magne-
tization increases gradually with dropping the temperature and then
remains constant (plateau-like behavior) below a certain critical tem-
perature. According to numerous investigations [43,44], Mgc(T) in-
creases continuously for SPM NPs. However, the slow increase or pla-
teau-type at lower temperature is a signature of a change in magnetic
behavior.

On the other hand, numerous investigations reported that the ap-
pearance of a peak in ZFC curves is related to Ty (blocking tempera-
ture), wherein MNPs are having SP behaviour beyond Ty and transit to
FM (ferromagnetic) behavior lower Ty [45]. The enlarged views of
Mzgc(T) curves, as shown in Fig. 10(b,d,f), indicated a broad maximum
at Tp for various prepared NPs. This indicates a transition from SPM to
FM behavior below Tg. The large peak around at T ~ Ty in ZFC curves
indicated a widen energy barrier distribution where the thermal acti-
vation is surmounted the magnetic anisotropy barrier, leading to fluc-
tuation in the magnetization. Moreover, it is clear that the Ty is influ-
enced by the Eu®* substitution. The x = 0.02 sample displays a Ty
around 25 K. Ty increases with the increase in Eu®* substituting con-
tent. It increases to about 225 K and 250 K for x = 0.06 and 0.10
compositions, respectively. Generally, the variation in Ty is inversely
dependent to the evolutions in particles size. In the present study, it is
obvious that the increase in Ty values is continued by a reduction in
crystallite size.
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for x = 0.02 (a,b), 0.06 (c,d) and 0.10 (e,f).

Electrical and dielectric analysis

Many nanostructured spinel ferrites offer us a useful productive
outcome in many technological fields such as microwave absorbers,
hyperthermia, nonvolatile memory device, ferro-fluids, medical diag-
nostics and super capacitor applications [46-49]. Therefore, complex
impedance analysis provides a powerful method for evaluating the
electrical and dielectric properties of many spinel ferrites. It is evident
that each of the parameters related to electrical and dielectric traits is
important in examining many characteristic properties of most of the
substituted spinel structures. These important parameters show that
they make some contribution to dielectric properties depending on
grains size influence and interface characteristics according to grain-
grain boundaries. Thus, the various properties include the dielectric
constant, the conductivity and the dielectric loss as functions of fre-
quency, temperature and many single or multiple substitutional ratios.
The contribution to conductivity can arise from two characteristics; the
first contributes to dc conductivity owing to the “band conduction

mechanism” and the second to the ac conductivity caused by “hopping
conduction mechanism”, which is the result of the transport of a parti-
cular element between identical ions occurring in various valence
states. Such curvilinear behavior implies the result of power law de-
pendency. Therefore, the characterization of the NiCuZn ferrites with
an Eu ionic substitution between x = 0.00 to 0.10 have been studied
extensively for both frequency and temperature variation under the 3D
plot formalism.

AC conductivity

The ac conductivities of the Nig 4Cug 2Zng 4Fe, _  Eu, 04 (x = 0.00 —
0.10) SNPs and also of the non-substituted one as a reference are de-
picted in the 3D graphs of Fig. 11 versus both frequencies of up to
3 MHz and temperatures of up to 120 °C. Substituted samples generally
show that the ac conductivity varies depending on a power law de-
pendency for almost all Eu ion substitution ratios except the lowest of x
= 0.02. When the conductivity variation is examined in case of tem-
perature increase for each Eu®* content, it has been noticed that while
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Fig. 12. 2D and 3D Arrhenius plots of DC conductivity of Nig 4Cug »Zng 4Eu,Fe,_, 04 (0.00 < x < 0.10) SNPs.

the conductivity value fluctuates in lower frequencies and higher sub-
stitution ratios (x = 0.06; 0.08; 0.10), it increases in lower frequencies
and lower substitution ratios (x = 0.00; 0.02; 0.04). However, it is seen
that ac conductivity of all samples in high frequency range is almost
temperature independent except for the ratio of x = 0.02. Here, clicks
and sharp drops in the highest frequency boundary region due to in-
strumental measurement limitations can be ignored.

DC conductivity

Both 2D and 3D Arrhenius plots of dc conductivity for
Nig 4Cug 2Zng 4Fe; _ Eu,O4 (x = 0.00 — 0.10) SNPs are shown in Fig. 12
for various substitution ratios and for unsubstituted reference ferrites.
In Arrhenius plots, the dc conductivity for NiCuZn SPNs first rises,
reaches a maximum value and then drops, and then remains constant
with increasing reciprocal temperature. However, for highly substituted
samples of the ratio x = 0.06, 0.08 and 0.10, the curves first decrease
and then increase, after which they remain virtually unchanged. Fi-
nally, for less substituted ferrites, such as the ratio of x 0.02 and
0.04, the dc conductivity decreases almost exponentially with the re-
ciprocal temperature. Maximum variation in dc conductivity is ob-
served to be around the substitution ratio of x = 0.02. Such dc con-
ductivity behavior gives us some advantages that the activation
energies of NiCuZn SNPs can be easily modified by varying the sub-
stitution ratio of Eu-ions. The conduction mechanism can also be ex-
plained as follows; any substitution may be considered as a charge
carrier, possibly due to O2p electrons or holes in spinel NiCuZn SNPs of
crystallite nanoparticles. Another additional contribution to the varia-
tion in the Arrhenius plots can originate from the interfacial effects
between the grains and grain boundaries for poly-crystallites of ferrite
nanoparticles, owning to a significant effect on the fluctuation of con-
duction mechanism [23].

Dielectric constant

The general tendency of dielectric constant (¢) is the decrease with
frequency, which is a common characteristic of ferrites. [50,51]. So, the
dielectric constant of Nig 4Cug »Zng 4Fes _Eu, 04 (x 0.00 - 0.10)
SNPs is shown in Fig. 13 in 3-D plot versus frequency and temperature.
Unsubstituted and low Nig 4Cug »Zng 4Eu,Fe, .04 SNPs (x 0.02,
0.04) show us a different trend over temperature rise. However, highly
substituted samples, such as x = 0.06, 0.08 and 0.10, show more reg-
ular tendencies for increase in temperature and frequency as well as
substitution ratios. In the entire frequency and temperature range stu-
died here, the dielectric constant does not have a significant depen-
dence on the higher Eu ion substitution ratios such as x = 0.06, 0.08
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and 0.10. For the x = 0.00 and 0.02 ferrites, the dielectric constant was
found to be temperature dependent at low and medium frequencies, but
at higher frequencies it was found to be temperature independent. It
should be also emphasized that the dielectric constant of the un-
substituted and substituted NiCuZn ferrites is almost temperature in-
dependent at high frequency due to the time delay in reaction to the
change of the applied electric field.

This behaviour of ¢ with frequency able to be clarified based on the
Maxwell-Wagner polarization model, which explains that conduction
mechanism leads to similar hopping process between ferric and ferrous
ions [52]. The hopping frequency of the charge carriers follows the
externally applied electric field at low frequencies, resulting in a rise in
¢ . However, the hopping frequency of the charge carriers cannot follow
the applied electric field at higher frequencies, and therefore ¢ is re-
duced owing to random dipolar orientation. Often, dielectric constant
behaviour can also be defined based on Koop's phenomenological
model [53,54].

Dielectric loss

The dielectric loss curve of Nig 4Cug 2Zng 4Fe, _ Eu,O4 (x = 0.00 -
0.10) SNPs shows us some type of extraordinary absorption tendencies
in the mid frequency range in the first graph of Fig. 14, whereas the loss
effect in the mid frequency region is eliminated for Eu ion-substituted
NiCuZn SNPs for the rest. However, some inverted peaks for the ratios
of x = 0.02 and 0.06, and some inverted wall-like tendencies along
temperature at a certain frequency for x = 0.08 and 0.10 compositions
in the loss seem to be due to intensive absorption at certain frequency,
which may result from the local inhomogeneity and the Eu ionic dif-
fusion in NiCuZn SNPs. Again, for x = 0.02 ferrite, the loss parameter
decreases and then increases with an increasing temperature. For other
highly substituted NiCuZn SNPs, the dielectric loss almost fluctuates
with temperature at low frequencies but remains less variable across
temperature ranges at high frequencies.

Dissipation factor

The dielectric tangent loss of Nig 4Cug 2Zng 4Fe, — yEu,O4 (x = 0.00 -
0.10) SNPs is shown in 3-D graphs of Fig. 15 of the relation between
temperature (T) and frequency (). It can be clearly seen that the fre-
quency and temperature dependencies of tangent loss as a dissipation
factor are observed to be more complicated for each of the Eu ion
substituted and unsubstituted NiCuZn SNPs. For the unsubstituted fer-
rite, the tangential loss value is highly dependent on the f, although the
T dependence is quite low. For the low Eu ion-substituted samples of
x = 0.02 and 0.04, both own a peak rise at low f at high T. However, for
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Fig. 13. The 3D representations of dielectric constant of a variety of Nig 4Cug 2Zng 4Eu,Fe;_,04 (0.00 < x < 0.10) SNPs.
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Fig. 14. The 3D representations of dielectric loss of a variety of Niy 4Cug 2Zng 4Eu,Fes_,04 (0.00 < x < 0.10) SNPs.

the highly Eu ion-substituted SNPs such as 0.06, 0.08 and 0.10, all of
them presents maximum values at low frequencies at low and medium
temperatures range and drops sharply with the increase of f reducing
the peak value with the reduction of substitution ratios at low f in the
high temperature. At high f, all the substituted SNPs show the lowest

12

dissipation factor unlike unsubstituted NiCuZn SNPs as depicted in
Fig. 15. The incorporation of Eu ions as a replacement for ferric ions
becomes so important in NiCuZn SNPs. The rise in the molar ratio of Eu
ions causes a decrease in dielectric tangent loss since the Eu ions de-
creases the grain’s conductance by limiting the hopping mechanism
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Fig. 15. The 3D representations of dielectric tangent loss of Nig 4Cug 2Zng 4Eu,Fe,_,04 (0.00 < x < 0.10) SNPs.

between the ferrous ion and the ferric ion. Furthermore, the small po-
larons produced in the ferrites can be considered to contribute to the
polarization leading to abnormal dielectric behaviour. The creation of
small polarons is possible in nanocrystallites because of the narrow
conductive band [55,56]. Furthermore, the resonance leading to the

13

relaxation peak occurs when the hopping frequency of the localized
charge carriers is equal to the externally applied electric field fre-
quency. High frequency characteristics and heat-resonance losses make
these materials beneficial for hyperthermia and medical diagnosis. The
value of the maximum tangential loss at low f makes Eu®* ion
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substituted NiCuZn SNPs useful in various devices operating at medium

£
Conclusion

Single phase Nig 4Cug.2Zng 4Fes_,Eu,O4 (x = 0.00 — 0.10) SNPs
have been fabricated via ultrasonic irradiation approach. Rietveld re-
finement of XRD patterns approved the formation NiCuZn SNPs and
showed a rise in the lattice parameters with rising the amount of sub-
stitution ions. %DR investigations revealed that direct E; values lie in
the semiconductor bandgap range of 1.86-1.90 eV for different
Nig.4Clg 2Zng 4Fe, _Eu, 04 (x = 0.00 — 0.10) SNPs. Eu®* ion doping
process slightly changes the E; magnitudes. M—H measurements in-
dicated a superparamagnetic behavior at room temperature and below
a certain critical temperature noted as blocking temperature (Tg) a
transition from superparamagnetic to ferromagnetic behavior was ob-
served. M; decreased with increasing Eu®* substituting content. The
diminish in magnetization is ascribed to reduction in crystallites size,
lower magnetic moments of Eu®* (3.4 ug) compared to that of Fe>*
ions (5 pp), cations distribution, and weakening of A-B super-exchange
interactions. In the investigation of electrical and dielectric traits of Eu
ions substituted NiCuZn ferrites, it was observed that (i) ac conductivity
was in compliance with the power exponent laws, (ii) the activation
energies fluctuate with Eu ion substitution ratios as in the La and Y ions
substitutes, and (iii) dielectric constant and dielectric loss decreased
sharply with increasing frequencies under a variety of power law
formalism. Both frequency dependency and heat-resonance losses make
Eu ion-substituted NiCuZn SNPs useful for hyperthermia and medical
diagnosis. The value of the maximum tangential loss at low frequencies
and high temperature makes such ferrites also useful in a variety of
devices operating at medium frequencies. The frequency dependence of
dielectric functions was interpreted by Koop's models based on
Maxwell-Wagner theory.
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