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Abstract

La-Y substituted Ni-Cu-Zn nanospinel ferrites (NSFs) having the following formula
Nig3Cug3Zng4La, Y Fe, 2,04 (x=0.0 - 0.10) were fabricated prepared by ultrasonic irradiation
approach. The X-ray powder diffractometer (XRD), scanning electron microscope (SEM) and
Fourier-transform infrared spectroscopy (FT-IR) were utilized to analyze the structure,
vibration bands and morophology. The impedance spectrocopy technique was used for the
analysis of electrical and dielectric properties of La** and Y3" ions co-substituted

Nig3Cug3Zny4Fe;,04 NSFs. Some important parameters such as ac conductivity, activation
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energy, dielectric constant and dielectric 10SS were examined as runctions ot rrequencies and
temperatures for a variety of La and Y co-substitution ratios. In general, ac conductivity is
observed to fluctuate slightly with the elevated temperatures while its fluctuation level
decreases somehow with an increase in co-substitution ratios. Furthermore, the frequency
dependence of dielectric functions could be described by Koop's models based on Maxwell-
Wagner theory, which elucidates the correlation between the polarizability coefficient and

dielectric constant in inhomogeneous double-layer structures.

Keywords: Spinel ferrites; Rare earth substitutions; Conductivity; Dielectric properties.

1. Introduction

During last years, there has been a major effort to design, prepare, characterize, and use novel
materials for different applications. Nano-sized spinel ferrites (NSFs) are soft ferrites, a class of
magnetic nanoparticles (MNPs), which have been a target of many research studies due to their
optimum magnetic, dielectric, optical, and catalytic properties which differ from their bulk
counterparts [1]. Advances in the research and development lead to use soft ferrites in many
fields including health such as biomedical imaging, hyperthermia, drug delivery, energy such as
gas sensors, catalysis and bioremediation, and technology such as super-capacitors, nonvolatile
memory devices, on-chip inductors, and microwave absorbers [2-7]. NSFs have the spinel
structure with a formula AFe,0, wherein A is a divalent metal ion in Ty sites and Fe3" is in Oy,
sites for normal spinel ferrites. In the crystal structure of NSFs, there are intra-sublattice (A-O-
A and A-O-B) and inter-sublattice (A-O-B) super-exchange interactions with inter-sublattice
interactions being much stronger than the intra-interactions and responsible for ferrimagnetic
ordering [8, 9]. Hence, if the ferric ion in the octahedral site is substituted by a nonmagnetic
ion, B-B interactions will be decreased and consecutively A-B interactions and the overall

magnetization and vice versa.



INICKEl copper zInc Ierrite 1s a spinel Ierrite which mainly 1s used as muitiiayer chip mnauctors in
various devices such as mobile phones and laptop computers. NiCuZn ferrites have been
known with high resistivity in the high-frequency field and high saturation magnetization.
However, for further miniaturization of communication devices, it is essential to develop the
magnetic and dielectric properties of NiCuZn ferrites. Therefore, many attempts to replace the
cations in the crystal structure of NiCuZn ferrites have been made in order to obtain novel
materials with improved performance. For example, a study by Roy and Bera showed that Mg?*
substitution enhanced the ac resistivity and the permeability in addition to lowering the
magnetic loss of the sol-gel auto combustion synthesized Nij,5Cug,0Zng s5)Fe;04 ferrite [10].
Rashid et al. explored how Sc3* doping affected magnetic and dielectric behavior of NiCuZn
ferrites (Nig3Cug»Zng sSc,Fe,«O4). The substitution of NiCuZn ferrites with Sc3* resulted in an
initial drop in the real part of permittivity at low-frequency region (<10° kHz) but almost no
change in the high frequency region (>10° kHz) with increasing frequency; which were found
to obey Maxwell-Wagner model. The initial permeability dropped till x=0.02, rose till x=0.05
and finally dropped again when x=0.07 with increasing frequency, at low-frequency region. At
high-frequency area, both parts of the initial permeability remained constant with increasing
Sc3* concentration but dropped in general which was explained by pores within the grains and
magnetic impurities among grains hindering domain walls and spin motions. The authors
observed a variation in the ac resistivity with different frequencies in a similar trend to that of
the permeability. This was explained by the electron hoping behavior among Fe** and Fe?*
ions. At high substitution ratios, the preference of B-sites by the dopant ions caused a rise in the
resistivity and a decrease in the saturation magnetization [11]. Eltabey et al. examined the
consequence of introducing aluminum ions to NiCuZn ferrites (Nig4Cug,Zng4AlFe;Oy)
synthesized by the ceramic method. The rise in the aluminum concentration increased the
crystallite size, enhanced the initial permeability, magnetization, and the dc resistivity while no

significant influence was observed for Curie temperature [12].



Kare earth (KE) metals have been used In many technological applications Including
telecommunication. Scientists have been studying the influence of incorporation of RE ions in
electromagnetic and optical properties of NiCuZn ferrites as well as other NSFs. Chaudhari and
co-workers investigated the effect of lanthanum doping in NiCuZn NSFs (NigsCugysZng.
»sLaFey— Oy, where x < 0.1) fabricated by sol-gel technique [13]. The substitution of Fe3* ion
with La3" ion resulted in an increased dc resistivity as well as elevated activation energy (E,)
due to structural disorder brought by the increasing amount of the lanthanum ion. They also
obtained a decreased saturation magnetization (Ms) with increasing La*" substitution owing to
the nonmagnetic nature of lanthanum. The averaged crystallites size of the particles has also a
big impact on the saturation magnetization. For instance, in a study, Nig4CugsFe; 9sRE( 0504
nanoparticles doped with rare earth ions by an ultrasound irradiation-assisted co-precipitation
displayed a decreasing crystallite size with Pr3*, Sm3*, Eu**, and Sm3* doped NiCuZn ferrites
and also decreasing Ms values with respective crystallite sizes obtained from XRD analyses
[14]. In conclusion, the substitution of cations in NiCuZn ferrites may improve their dielectric
and magnetic characteristics. However, we were not able to find any studies on the influence of
co-substitutions of La’" and Y3* on NiCuZn NSFs.

In this study, the synthesis and characterization of double-substituted
Nig 4CugZng 4La,Y<Fe, 04 (x=0.00 - 0.10) NSFs produced by ultrasonic irradiation method
were presented. The structure, morphology, spectral, electrical and dielectric properties were

reported.

2. Experimental details

Nig3Cug3Zng4La,YiFe,2x04 (x=0.0 - 0.10) NSFs were prepared with Ultrasonic irradiation
process. Zn(NOs3),-6H,0, Cu(NOs),:3H,0, Ni(NO;),-6H,0, La(NO3);.6H,0, Fe(NO;);-9H,0,
CgHgO; and Y,0;, are all analytical grade (sigma Aldrich) and were utilized as started

materials. Initially, Y,03; was thawed in 10 ml of conc. HCI at 150 °C until the solution became



transparent. 1ne metals salts with CItric acld are thawed 1n U mi oI DI water tnen aaded on
Y,0; solution under stirring. The Ultrasonic irradiation procedure was described in our earlier
publication [15,16].

The structure analysis has been done through Rigaku Benchtop Miniflex X-ray diffraction
(XRD) with CuKo radiations. The morphology, size and chemical compositions were
performed using FEI Teneo scanning electron microscope (SEM) equipped with an EDX
detector. Bruker Fourier-transform infrared (FT-IR) spectrophotometer was used for the
spectral analysis (4000 to 400 cm™'). All the samples were prepared in pellets and the
dielectric measurements were performed using double parallel electrodes such as

sandwich form via Novocontrol Alpha-N high-resolution impedance analyzer.

3. Results and discussion

3.1.  Structure

XRD patterns of Nig4Cug,Zng4La,YFe, cO4 (x=0.00-0.10) NSFs were presented in Figure 1.
The phase identification was confirmed the single-phase formation of NiCuZn without of any
impurity. The full proof software was used in order to do Rietveld refinement for calculating
the lattice parameters (Table 1). Debye—Scherrer equation was used to calculate the average
crystallites size (Table 1). The lattice parameter ‘a’ increases with adding La-Y as a result of
the distortion of the crystal structure initiated from the occupation of octahedral sites by large
ionic radii of La’" and Y?3' substitution ions. The average crystallites size slightly decreases

from about 23 to 12 nm with the increase of La-Y concentration.

Figure 1.

Table 1.



3.Z.  MICFOSIFUCIUral anatysts

The FE-SEM images of Nij4Cug,Zng4La, Y Fe, 04 (x=0.00, 0.02, 0.06 and 0.10) NSFs were
shown in Figure 2. The images exhibited smaller spherical grains with size in the range of few
tens nanometer. These grains are aggregated as a result of the magnetic interactions. EDX and
elemental mapping of Nig4Cug,Zng4La, Y Fe; 04 (x=0.04 and 0.08) (Figure 3) disclosed a
homogeneous chemical composition with presence of different elements of Zn, Fe, La, Ni, Y,

Cu and O which verified the creation of the desired compositions.

Figure 2.

Figure 3.

3.3. FT-IR

FT-IR spectra of Nig4Cug,Zng4La, Y Fe; 04 (x=0.00-0.10) NSFs were presented in Figure 4.
The highest one, v;, generally observed in the range 554 cm!, corresponds to intrinsic
stretching vibrations of the metal at the tetrahedral site, M, <>0, whereas the v,-lowest band,
usually observed in the range 403 cm!, is assigned to octahedral metal stretching, M.,<>0
[17]. It is clearly that the changing in position of 554 cm! band was due to the distributions of
substituted 1ons at the lattice sites which caused a variation in the length of iron oxygen bond
[18]. These changing is a result of inverse spinel structure of NiFe,O4, So there is possibility

that the substituted ions can move between A and B-site.

Figure 4.
3.4.  Electrical and dielectric properties
Any spinel ferrite nanostructure plays some important role in many technological usages such

as microwave, hyperthermia, nonvolatile memory device and super capacitor applications [19-



Z1]. >0, tne complex Impedance analysis has a pOwerIul characterizaton techniques 1o evaluate
the electrical properties of many ferrite nanomaterials. Each of the parameters relative to the
dielectric and electrical properties is also important to examine the characteristics of spinel
structure. These characteristic parameters realize some contributions based on the grains size
effect and interfacial properties amongst grains boundaries, which comprises a diversity of
properties for example dielectric constant, conductivity, temperature and loss as a function of
frequency as well as various single or multiple substitutions of many types. The fundamental
characteristics of conductivity can be originated from two parts; these are the dc conductivity
on account of band conduction mechanism and the ac conductivity due to hopping conduction
mechanisms resulting in the charge carriers being transported between identical ions of any
given elements occurring in numerous valence states. This could be attributed to a tendency of
the power law dependency. Therefore, the characterization of ac conductivity of
Ni4Cug,Zng 4La, Y Fe, 04 (x=0.00-0.10) NSFs for the La and Y ions substitutions between
x=0.00 to 0.10 have been investigated extensively under a 3D plot formalism.

All the graphs given in Figure 5 that ac conductivities indicate an almost linear tendency
in the natural logo-logf plots for any linearly elevated temperature while less influence is
observed for temperatures up to 120°C. This reveals that conductivity follows a power law
against frequency as follows:

o(w,T,x)=o(Tx)w"
where, the exponent ‘n’ varies marginally with various La and Y ions co-substitutional ratios
but leads to a variety of dependencies over a certain temperature range. The x=0.02 graph of
the 3D semi-/no-Inf-T formalism in Figure 5 shows that the conductivity at lower frequencies
possesses more influence compared to other co-substitutional ratios including the unsubstituted
sample, but signifies that a sharp escalation in conduction mechanism is recorded over a high
frequency region for x=0.06. Additionally, any conductivity at high frequencies causes a sharp

drop for certain co-substitution ratios of x=0.06-0.10 of La and Y ions in Niy3Cug3Zng4:Fe;04



INDES. In general, ac conauctivity 1S observed 10 Iluctuate sligntly witn tne elevated
temperatures; however, fluctuation level decreases somehow with an increase in co-substitution
ratios. This fluctuation reveals an increase in conductivity with the elevated temperature. This
fluctuation is more common in high temperature conductivity for the co-substitutional ratios of

x=0.06-0.10.

Figure 5.

Arrhenius plot of dc conductivity for various co-substitutions of La and Y ions in
Nig3Cug3Zng4Fe;,04 NSFs is shown in Figure 6. Each curve illustrates several trends in
activation energy according to the temperature variations between 20 °C and 120 °C. Any
substitutional ratios of La and Y ions in Niy3;Cug3Zng4Fe,O4 NSFs have more effects on the
variations of activation energy and gives a variety of tendencies along co-substitutional ratios.
Furthermore, dc conductivity increases with the ion-exchange of co-substitutions in
Nig3Cug3Zng 4Fe;,04 NSFs. The dc conductivity gives us a different trend over 350K while it
becomes less variation under 350K except for high co-substitution ratios. Maximum
conductivity variation is observed for the sample of x=0.02 while for unsubstituted one there
exists no activation energy recorded a temperature below 340K. As activation energies for all
the NSFs could take both signed values (because of fluctuation) along the studied temperature
range, only regular variation is observed for the sample of x=0.06. This means that co-
substitutions can be used for controlling the conduction mechanism of the NSFs.

The conduction mechanism could also be interpreted as follows; one contribution can possibly
be considered as the charge carriers in nanocrystallites spinel ferrites (NCSFs) due to O2p holes
(or O2p electrons) [22-24]. Another option can be due to the interfaces between the grains and
grain boundries for either polycrystallites or NCSFs, having an important effect on the

fluctuation of conduction mechanism as mentioned earlier. [25].



Figure 6.

The 3D characterizations of dielectric constant of Nig4Cug,Zng4La, Y Fe, Oy (x=0.00-0.10)
NSFs is shown in Figure 7 for La’" and Y3* ions co-substitutional ratios ranging (0.00 < x <
0.10). At lower frequencies, any dielectric constant for each ratio of La and Y ion-substitutions
changes with a variety of tendencies at the elevated temperature while some type of
consistencies is elucidated in the moderate and higher frequency ranges as a function of
temperature. This means that any level of substitution presents a significant influence on
dielectric constant, especially in low frequency interval. This tendency could sometimes be a
fluctuation, and a decrease or an increase. In all cases, the dielectric constant reduces with
rising frequency. It can also be noted that any co-substitution ratio results in a rise in dielectric
constant when compared with unsubstituted sample. These trends are mostly consistent with

any substituted spinel ferrites [26, 27].

Figure 7.

The 3D characteristic tendencies of dielectric loss of Niy4Cug,Zng 4La, Y Fe, 04 (x=0.00-0.10)
NSFs spinel ferrites are shown in Figure 8 for a variety of La’*" and Y3* ion co-substitutions
ranging from x=0.00 to 0.10. Dielectric loss increases slightly with the elevated temperature at
low frequencies for some low co-substitutional ratios such as x=0.02, 0.04 and 0.06. However,
for the high co-substitutional ratios it fluctuates at lower frequencies. In all co-substituted cases,
dielectric loss decreases with increasing frequency, while temperature change has a significant

effect at higher frequencies for all substitution levels. The dielectric loss of unsubstituted



ICITIICS 1S DOIN 1IOW and tnc accp variaoility 1S dirrerent irom otners, Some o1 wnicn arc similar

to x = 0.06.

Figure 8.

The dielectric tangent loss, also known as dissipation factor, of Niy4Cug,Zng4LaYFe; Oy
(x=0.00-0.10) NSFs is presented in Figure 9 for a variety of La’" and Y3* ions co-substitutional
ratios between x=0.00 and 0.10 in the 3D plot representation. The dissipation factor gives us a
maximum peak at low frequency for high temperature for substitution x = 0.02, but the other
substitution provides a peak for similar conditions. The tangential loss factor drops suddenly
for substitution ratios of 0.02, 0.04 and 0.06, but decreases with increasing frequency and
decreasing temperatures in all cases. Furthermore, for high x = 0.08 and 0.10 substituted
samples, the loss factor first increases and then decreases and finally offers a peak at high
temperature in the low frequency range. For the unsubstituted reference sample, the
characteristic dispersion factor first shrinks, then falls down to a minimum value, and then
increases with increasing frequency. Thus, temperature dependence at low frequency is more

effective.

Figure 9.

In general, the dielectric constant of Nij 4Cug,Zng4La, Y Fe, Oy (x=0.00-0.10) NSFs decreases
in a fairly regular trend with rising frequency, and the reduction rate is almost similar for
various products. This relative variation indicates the existence of electrode interface
polarization processes that occur at low frequencies [28]. Curve trends are maintained almost
unchanged. Thus, the dielectric constant decreases sharply depending on how fast polarization

occurs to continue with the oscillations of the electric fields. If the frequency is increased, the

10



orientation polarization aecreases as the alignment of tne dipole moments leads 1o lessening e
dielectric constant and therefore requires longer time than ionic and electronic polarizations.
The frequency dependence of dielectric functions could be explained by Koop's models based
on Maxwell-Wagner theory that clarify the relationship between the dielectric constant and the
polarizability coefficient in inhomogeneous double-layer structures [29, 30]. The effective layer
that contributes to the conductivity is large ferrite grains separated by moderately weak
conductive grain boundaries [31]. While grain boundaries are seen to be efficient at low
frequencies, grains dominate at higher frequencies as seen from the dielectric distribution
curves studied here [32, 33]. Particularly in the case of temperature dependence at low
frequency range, the dielectric constant is slightly increased due to molecular orientation and
arrangement [34]. Therefore, at low frequencies, polarization at the grain boundaries requires
high energies, causes high energy loss, and polarization in grains requires low energy, and
therefore causes low energy losses at high frequency range [35, 36]. The interface polarization
occurs at lower frequencies however other polarization mechanisms like electronic and ionic
are introduced at high frequency range [37-39]. Dielectric loss, therefore, turns out to be high
dependencies in frequency, and somewhat less sensitive to temperature so the variation is rather

high at high frequency regime for a variety of co-substitution ratios.

4. Conclusion

Nig4CugZng 4La,YFe, 04 (x=0.00-0.10) NSFs were synthesized by exposing it to ultrasonic
irradiation. The construction of spinel ferrite was approved by XRD, SEM and FT-IR. It is
found that with rising the content of La-Y, the lattice constants growth due to the expansion
of crystal. Electrical and dielectric properties shows that (i) ac conductivity obeys the power
exponent rules, and the better consistency in conduction mechanism were obtained from
the co-substitution of x=0.04, (ii) the activation energies for the Niy;Cug3Zn,4Fe,O4 NPs

fluctuate with the co-substitution ratios of La’" and Y3 ions; (iii) both dielectric loss and

11



dlelectric constant aecrease sharply with increasing Irequencies under a power law rormaltism.
The frequency dependence of dielectric functions is enlightened by Koop's models based on

Maxwell-Wagner theory.
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Figure 2. SEM images of the selected Nij4Cuj,Zng4La,YFe,O4 NSFs with x=0.00, 0.02,
0.06 and 0.10 NSFs

Figure 3. EDX spectra and elemental mapping of Niy4Cug,Zng4La,YFe; 04 (x=0.04 and
0.08) NSFs.

Figure 4. FT-IR spectra of Nij4Cug,Zng4La, Y Fe; 04 (x=0.00-0.10) NSFs.

Figure 5. 3D representation of ac conductivity of Nig4Cug,Zng4La,YFe; <04 NSFs for a
variety of La’" and Y3* ions co-substitutional ratios of x=0.00 - 0.10.

Figure 6. Arrhenius plot of dc conductivity for various co-substitutional ratios of La’* and Y3*

ions in Ni0,3Cu0.3Zn0.4FezO4 NSFs.
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Figure /. 1ne 3D representations o1 aielectric constant o1 Nig4UUg pZNg4Lay Y xF U4 INSES
for a variety of La*" and Y3" ions co-substitutional ratios of x=0.00 - 0.10.
Figure 8. The 3D representations of dielectric loss of Nig 4Cug,Zng 4La,YFe,; <O4 NSFs for a
variety of La’" and Y3" ions co-substitutional ratios of x=0.00 - 0.10.
Figure 9. The 3D representations of dielectric tangent loss of Nig 4Cug,Zng 4La,YFe; 1Oy

NSFs for a variety of La** and Y3* ions co-substitutional ratios of x=0.00 - 0.10.
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Table 1. Refined structural parameters for Nig4Cug,Zng 4La,YFe, 04 (x=0.00 — 0.10) NSFs
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X a(A) V(A Dxgp (nm) £0.04  12(chi®) Rpug,

0.00 8.397(4) 592.14 22.8 1.36 2.73

0.02 8.398(5) 592.39 21.6 1.78 1.90

0.04 8.406(7) 594.12 20.6 1.56 5.96

0.06 8.408(6) 594.52 17.3 1.47 5.36

0.08 8.410(4) 594.90 16.8 1.24 5.17

0.10 8.416(0) 596.09 12.4 1.25 2.41
Research Highlights

e La-Y substituted Ni-Cu-Zn nanospinel ferrites (NSFs) which  have been
synthesized via ultrasonic approach.

e The impedance spectrocopy technique was used for the analysis of electrical and
dielectric properties of La** and Y3" ions co-substituted Nig3Cug3Zng 4Fe,04 NSFs.

e Electrical and dielectric properties shows that (i) ac conductivity obeys the power
exponent rules; (ii) the activation energies for the Nij;Cug3Zn4Fe,O4 NPs fluctuate
with the co-substitution ratios of La3* and Y3" ions; (iii) both dielectric loss and
dielectric constant decrease sharply with increasing frequencies under a power law

formalism.
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