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a b s t r a c t

ZnFe2O4 (ZFO) NPs (nanoparticles), Co0.5Ni0.5Ga0.01Gd0.01Fe1.98O4 (CNGaGdFO) NPs and hard-

soft spinel ferrite (H/S) (CNGaGdFO)x/(ZFO)y (x:y ¼ 1:1, 1:2, 1:3, 2:1, 3:1 and 4:1) NCs

(nanocomposites) were synthesized via a one-pot solegel auto combustion route. X-ray

powder diffraction (XRD) analyses confirmed the purity of ZFO NPs, CNGaGdFO NPs and H/

S (H/S) (CNGaGdFO)x/(ZFO)y (x:y ¼ 1:1, 1:2, 1:3, 2:1, 3:1 and 4:1) (absence of any second

phase). The crystallite size of NCs was between 39 and 52 nm. The cubic morphology was

observed for ZFO NPs, CNGaGdFO NPs and all H/S NCs by the help of scanning electron

microscopy (SEM) and transmission electron microscopy (TEM) analyses. Energy dispersive
(M.A. Almessiere).
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X-Ray analysis (EDX) also confirmed the chemical formula of all the NC samples. Electrical

and dielectric properties of ZFO NPs, CNGaGdFO NPs and H/S NCs were explored with an

impedance analyzer with f � 3.0 MHz, where f stands for frequency, and within the tem-

perature range between 20 and 120 �C. Electric and dielectric parameters such as AC

conductivity as well as DC conductivity, activation energy, dielectric constant, dielectric

loss in addition to the dissipation parameter relevant to the electrical energy due to

different physical processes were measured for each of the given compositional ratios. The

AC conductivity was found to follow the frequency-dependent power law in general, being

mainly reliant on the compositional ratios and the measured temperatures especially at

lower frequencies. This study has shown that CoNiGaGdFeO-ZnFe2O4 H/S NCs carry out

conduction mechanisms, which can be predominantly credited to grainegrain boundaries

for various compositional ratios. The dielectric constant of (CNGaGdFO)x/(ZFO)y (x:y ¼ 1:1,

1:2, 1:3, 2:1, 3:1 and 4:1) H/S NCs indicates common dielectric behaviours with frequency,

largely dependent on compositional rates of the hard to soft spinel ferrites. It is observed

that hard ferrite is dominant in the formation of the semicircles, and the diameter of the

semicircles shows a drop as the temperature rises, suggesting a temperature-dependent

relaxation mechanism. Consequently, the observed variation of the studied dielectric pa-

rameters with frequency can be explained by the conduction mechanism in most

composition ratios of hard to soft spinel ferrites, which can be explained by a phenome-

nological method with Koop's model.

© 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC

BY license (http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Due to their technological importance, nanospinel ferrites

have wide applications from biomedical to industrial sectors,

such as cancer diagnosis, drug delivery, cancer gene therapy,

as catalyst, in high-frequency device, gas sensor, etc. [1].

Spinel ferrites are soft ferrites (MFe2O4, M
2þ represents the

metal ions) having moderate Ms (saturation magnetization),

low anisotropy, low coercivity (Hc), high initial permeability

and low eddy current loss [2,3]. In normal spinel ferrites, M(Td-

site) Fe2(Oh-site) O4, ferric ions exist in Oh sites while M2þ ions

are in Td sites (Oh: octahedral and Td: tetrahedral). ZnFe2O4

has normal spinel ferrite structure. In inverse spinel ferrites,

([M2þ Fe3þ]B [Fe3þ]A O4), ½ of the iron (III) ions occupy Td-sites

and the rest of ions reside in Oh-sites (NiFe2O4, CoFe2O4, etc.).

Thanks to its high magnetic moment, moderate Ms (satu-

ration magnetization), high anisotropy, good chemical and

physical stability, CoFe2O4 (CFO) can be considered as a hard

magnet [4]. Hence, CoFe2O4 NPs find applications in magnetic

recording technology, including but not limited to high-

density digital recording disks, audiotapes, videotapes, etc.

[5]. On the other hand, the smaller toxicity of zinc (II) led

ZnFe2O4 (ZFO) NPs to be utilized in nanomedicine, such asMRI

contrast agents [6]. The atomic sizes and crystal structures of

ZFO and CFO are similar and hence novel NCs containing both

compounds and their compositions can be fabricated and

evaluated for their electrical and dielectric properties. In

addition, more novel properties can be obtained when rare

elements are incorporated in their structure.

The substitution of rare earths into the spinel structure

leads to a distortion in the structure and introduces strains,
thus altering the magnetic and electrical behavior signifi-

cantly [7]. The control of rare earth and/or metal ion sub-

stituents of various types also results in altering

electromagnetic properties of NCs by controlling different

types and amounts of metal ion or substitution [8e10].

Recently, ferrite nanocomposites have been the subject of

much research because of their extensive technological and

industrial applications. These nanocomposites are built from

two magnetic phases which are also known as bi-magnetic

composites. The presence of strong coupling among distinc-

tive constituents in NCs gives rise to unique physical charac-

teristics as well as superior properties, making these

nanocomposites exceptional compared to their individual

components counterparts for biomedicine, spintronics, opto-

electronics and nanoelectronics applications [11]. Accord-

ingly, a various of researchers have been reported a unique

physical feature of these type of nano-compositions. S.F.

Mansour et al. Synthesized nanocomposites consisted of

different factions of ((1-y) Bi0.8La0.2Fe0.92Cr0.08O3þ(y) CoFe2O4

(y ¼ 0.0. 0.5, 0.6, 0.7, 0.8, and 1.0) [12]. They found that the

magnetic and dielectric properties were introduced an

improvement compared with separate phase of the compos-

ite. F. Hosseini Mohammadabadi et al. studied the Electro-

magnetic microwave absorption properties of ((MnNiCuZn)1-x
CoxFe2O4)/graphene nanocomposites (x ¼ 0.05, 0.1, 0.2, and

0.3) [13]. They observed the coercivity increasedwith changing

the Co ratios, while the saturation magnetization slightly

changed. Furthermore, Chao Feng et al. investigated the mi-

crowave absorption of Core/shell hard/soft spinel-ferrite-

based CoFe2O4/NiFe2O4 [4]. They noticed that the core/shell

structure has a significant decrease in electric resistivity and

an improvement in dipole and interfacial polarizations in the
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CFO/NFO, subsequent a clear increase in dielectric permit-

tivity and loss in the whole SeKu bands.

Consequently, to the extent of our knowledge, this is the

first paper reporting the synthesis of hard/soft spinel ferrites

with x and y ratios, (CNGaGdFO)x/(ZFO)y (x:y ¼ 1:1, 1:2, 1:3, 2:1,

3:1 and 4:1), NCs by cost-effective method of sole gel coupled

with a self-combustion process which requires a minimal

effort.
20 25 30 35 40 45 50 55 60 65 70

CNGaGdFO

(2
02

) (3
11

)
(2

22
)

(4
00

)

(4
22

)
(5

11
)

(4
40

)

2 °

In
te

ns
ity

 (a
.u

)

ZFO

(CNGaGdFO)1/ (ZFO)1

(CNGaGdFO)1/ (ZFO)2

(CNGaGdFO)1/ (ZFO)3

(CNGaGdFO)2/ (ZFO)1

(CNGaGdFO)3/ (ZFO)1

(CNGaGdFO)4/ (ZFO)1

Fig. 1 e XRD powder patterns of CNGaGdFO NPs, ZFO NPs

and H/S (CNGaGdFO)x/(ZFO)y (x:y ¼ 1:1, 1:2, 1:3, 2:1, 3:1 and

4:1) NCs.
2. Experimental

2.1. Chemicals and instrumentations

All metal nitrates (Zn(NO3)2, Fe(NO3)3.9H2O, Ni(NO3)2,

Ga(NO3)3, Gd(NO3)3, NH3 solution and citric acid with high

purity were obtained fromMerck. A D/MAX-2400 (Cu Ka) X-ray

powder diffractometer (Rigaku, Japan) was used to study the

crystal phases of soft and hard ferrites. SEM, TEM and high

resolution TEM (HR-TEM) (FEI Titan ST Microscopes) were

employed for morphological analyses. Dielectric parameters

were verified with the help of an Alpha-N impedance analyzer

with high-resolution (Novocontrol, Germany).

2.2. Synthesis

A solegel auto-combustion was employed to prepare the ZFO

NPs, CNGaGdFO NPs individually and hard/soft spinel ferrite

H/S (CNGaGdFO)x/(ZFO)y (x:y ¼ 1:1, 1:2, 1:3, 2:1, 3:1 and 4:1)

NCs.

Part A: ZFO NPs was prepared using solegel auto com-

bustion by mixing Fe(NO3)3
. 9H2O, Zn(NO3)2 and citric acid in

80 mL of deionized water with continuous stirring for 30 min

80 �C. An ammonia solution was applied to the reaction

mixture for reaching neutral pH followed by increasing the

temperature to 160 �C for 50 min and lastly to 380 �C to obtain

powder of black color. The final product was obtained by

calcining at 700 �C for 4 h.

Part B: CNGaGdFO NPs were obtained by applying the

similar procedure in Part A. Co(NO3)2, Ni(NO3)2, Ga(NO3)3,-

Gd(NO3)3 and Fe(NO3)3
. 9H2O along with C6H8O7 were stirred in

80 mL of DI H2O. The pH was adjusted at 7 by ammonia so-

lution, and the temperatures were raised to 160 �C for 50 min

and 380 �C until the whole solution turn to gel then burn

yielding a black powder, which was then calcined at 700 �C for

4 h.

Part C: The fractions of H/S (CNGaGdFO)x/(ZFO)y (x:y ¼ 1:1,

1:2, 1:3, 2:1, 3:1 and 4:1) NCs were prepared by One-pot solegel

auto-combustion method. Firstly, A solutions of ZFO by mix-

ing Fe(NO3)3
. 9H2O and Zn(NO3)2 in 50 mL of deionized water

and a solution of CNGaGdFO by mingling Co(NO3)2, Ni(NO3)2,

Ga(NO3)3,Gd(NO3)3 and Fe(NO3)3
. 9H2O with 50 mL of deionized

water. After that, both ZFO and CNGaGdFO solutions were

mixed and added C6H8O7. After. pH ¼ 7 was regulated by NH3

solution, the reaction mixture was stirred firstly at 160 �C for

50 min and then at 380 �C. The samples, which were

composed of black powders, were heated in muffle furnace at

950 �C for 4 h.
3. Results and discussion

3.1. Crystal phase evaluation

Phase analyses of ZFO NPs, CNGaGdFO NPs and H/S

(CNGaGdFO)x/(ZFO)y (x:y ¼ 1:1, 1:2, 1:3, 2:1, 3:1 and 4:1) NCs

were proceeded through XRD and diffractograms can be seen

in Fig. 1. Every composition displayed pure cubic spinel ferrite

phase typical peaks with no occurrence of any undesirable

phase. Obviously, there appears to be a slight change in the

intensity of the characteristic peaks of the spinel structure

with altering the CNGaGdFO and ZFO NPs because of crystal-

lization. Table 1 shows the structure parameters, crystallite

size and cell volume for all hard/soft NCs compositions of

were estimated by Match 3! software. The structural param-

eter “ao” H/S NCs varies with changing the fraction between

CNGaGdFO and ZFO NPs. Match 3! software was employed to

calculate the crystallite size via Scherrer's equation and exis-

ted in the range of 38e59 nm.

https://doi.org/10.1016/j.jmrt.2021.08.049
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3.1.1. Cation distribution
Cation distribution estimation of H/S (CNGaGdFO)x/(ZFO)y
(x:y ¼ 1:1, 1:2, 1:3, 2:1, 3:1 and 4:1) NCs has been carried out by

Bersatu's method [14]. The cation distribution was estimated

by X-ray diffraction intensities of (220), (440), (422) and (400)

planes which are sensitive to cation distribution [15]. XRD

patterns indicate the presence of three phases in the compo-

sitions, such as CNGaGdFO NPs, ZFO NPs and H/S

(CNGaGdFO)x/(ZFO)y NCs. In case of pure phase of H/S

(CNGaGdFO)x/(ZFO)y (x:y ¼ 1:1, 1:2, 1:3, 2:1, 3:1 and 4:1) NCs,

Ga3þ and Gd3þ ions with larger ionic radii reside in Oh B-site.

80% of Ni2þ and Co2þ ions prefer to occupy the Oh-B site,

whereas 20% of them occupy the Td A-site. Inverse spinel

structure containing nickel (II) and cobalt (II) ions are sup-

posed to occupy Oh B-site as per the single-ion model [16,17].

However, as the 20% of the Td A-site is occupied by Co2þ and

Ni2 ions, we can state that the present ferrite system can be

considered as a normal ferrite. In case of pure phase of ZFO

NPs, Zn ions occupy Td A-site only whereas Fe ions occupied

Oh-B site. Table 2 indicates that the percentage of individual

phases of CNGaGdFO NPs and ZFO NPs does not varied for

their different compositions. However, there is a marked

change in the cation distribution for their mixed phase, which

entirely depends upon their stoichiometry compositions.

3.2. Morphology

The surface analysis of H/S (CNGaGdFO)x/(ZFO)y (x:y ¼ 1:1, 1:2

and 2:1) NCs were proceeded by SEM, as seen in Fig. 2. The

samples exhibited a cluster of small cubic particles with uni-

form distribution. It is obvious that the particles size varied

with changing the fraction of each CNGaGdFO and ZFO NPs.

The elemental analysis of H/S (CNGaGdFO)x/(ZFO)y (x:y ¼ 1:1,

1:2 and 2:1) NCs were achieved by using EDX and elemental

mapping, as displayed in Figs. 3 and 4. It showed the elemental

composition of NCs, such as Co, Ni, Ga, Gd, Fe, Zn and O with

no trace of any impurities. The morphology and structure of

H/S (CNGaGdFO)x/(ZFO)y (x,y ¼ 1:2) NCs were evaluated by

TEM, HR-TEM and SAED (selected area electron diffraction)
Table 1 e Refined structure parameters of CNGaGdFeO
NPs, ZFO NPs and H/S (CNGaGdFO)x/(ZFO)y (x:y ¼ 1:1, 1:2,
1:3, 2:1, 3:1 and 4:1) NCs.

Product DXRD

(nm)
a (�A) V (�A)3 c2

(chi2)
RBragg

CNGaGdFeO NPs 47.9 8.3524 582.6850 12.7 5.3

(CNGaGdFeO)1/

(ZFO)1 NCs

38.9 8.3619 584.6672 7.6 1.2

(CNGaGdFeO)1/

(ZFO)2 NCs

48.4 8.3668 585.7145 9.0 1.3

(CNGaGdFeO)1/

(ZFO)3 NCs

42.1 8.3734 587.0826 9.4 1.6

(CNGaGdFeO)2/

(ZFO)1 NCs

59.1 8.3318 578.3906 15.8 2.2

(CNGaGdFeO)3/

(ZFO)1 NCs

59.9 8.3337 578.7718 13.8 3.0

(CNGaGdFeO)4/

(ZFO)1 NCs

52.4 8.3239 576.7385 14.0 4.1

ZFO NPs 50.4 8.4384 600.8633 7.5 1.4
analyses, as seen in Fig. 5. These results support findings from

SEM and XRD.

3.3. Dielectric and electrical properties

Electrical and dielectric properties of H/S (CNGaGdFO)x/(ZFO)y
(x:y ¼ 1:1, 1:2, 1:3, 2:1, 3:1 and 4:1) NCs were investigated in

terms of AC conductivity as well as DC conductivity, activa-

tion energy, dielectric constant, dielectric loss in addition to

the dissipation parameter. These factors were performed

varying the applied frequency, themeasured temperature and

the various composition ratios of hard to soft spinel ferrites.

Therefore, the dielectric properties of H/S (CNGaGdFO)x/(ZFO)y
(x:y ¼ 1:1, 1:2, 1:3, 2:1, 3:1 and 4:1) NCs have been extensively

studied including the referenced x and y spinel ferrites, of

hard to soft spinel ferrites between 20 �C and 120 �C where

frequency f � 3.0 MHz.

3.3.1. Electrical parameter: AC conductivity
The AC (alternating current) conductivity can be utilized to

study many behavior under the influence of the variable

electric field such as charge mechanism, conduction mecha-

nism and charge carrier performances. The AC conductivity

for nearly all hard to soft spinel ferrites based on all given

composition ratios, including reference spinel ferrites, is

evaluated by the following equation:

sacðu;T; rÞ¼uεoε
0ðu;T; rÞtandðu;T; rÞ (1)

where u: externally applied electric field's angular frequency,

ε0: absolute permittivity,ε0: relative permittivity, r (¼x/y):

compositional rates of H/S spinel ferrites, T is the measured

temperature, tand: tangent loss. The three-dimensional rep-

resentation of H/S (CNGaGdFO)x/(ZFO)y (x:y ¼ 1:1, 1:2, 1:3, 2:1,

3:1 and 4:1) NC AC conductivity measurements for a variety of

compositional rates of hard to soft spinel ferrites including the

hard and soft reference spinel ferrites is shown in Fig. 6. The

conductivity at low frequencies has been found to depend on

both the temperature and composition ratios of hard to soft

spinel ferrites. In semi-logarithmic representation, conduc-

tivity increases linearly with temperature, while on the high

frequency side it remains almost constant throughout tem-

perature changes. As it can be seen from other spinel ferrites

in the literature, it is obvious that the conductivities of both

reference and compositional spinel ferrites obey power law

rules with a variation of the exponent parameter and regional

trends that vary depending on their composition ratio. It

should be noted that conductivity variation with frequency is

strongly dependent on the compositional rates of hard to soft

spinel ferrites. For the r ¼ x/y ¼ 4:1 ratio, it starts to fluctuate

with both frequency and temperature variables. It is also

worth noting that the composition ratio of hard to soft spinel

ferrites regulates conductivity as functions of temperature

and frequency.

For all samples, it was observed that the conductivity

fluctuated at the highest ratio of r ¼ 4:1 with temperature,

while it was more or less affected by frequency. It is therefore

understood that the level of composition ratio greatly alters

the spinel ferrite structures that cause the conduction mech-

anism. Except for the slight peak at r ¼ 1:2 ratio, conductivity

https://doi.org/10.1016/j.jmrt.2021.08.049
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Table 2 e Cation distribution of CNGaGdFeO NPs, ZFO NPs and H/S (CNGaGdFO)x/(ZFO)y (x:y ¼ 1:1, 1:2, 1:3, 2:1, 3:1 and 4:1)
NCs.

Composition Td-A site Oh-B site

ZFO NPs Zn1.0 Fe2.0
CNGaGdFO NPs Co0.1Ni0.1Fe0.8 Co0.4Ni0.4Ga0.01Gd0.01Fe1.18
1:1 NCs Zn0.5Co0.05Ni0.05Fe0.4 Co0.2Ni0.2Ga0.005Gd0.005Fe1.59
1:2 NCs Zn0.34Fe0.66 Co0.33Ni0.33Ga0.0066Gd0.0066Fe1.3268
1:3 NCs Zn0.25Fe0.75 Co0.375Ni0.375Ga0.0075Gd0.0075Fe1.235
2:1 NCs Zn0.66Fe0.34 Co0.17Ni0.17Ga0.0033Gd0.0033Fe1.6534
3:1 NCs Zn0.75Fe0.25 Co0.125Ni0.125Ga0.0025Gd0.0025Fe1.745
4:1 NCs Zn0.8Fe0.2 Co0.1Ni0.1Ga0.002Gd0.002Fe1.796
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at high frequencies remains almost constant, while for all

other samples it bends back diagonally from the high-

temperature-low-frequency corner in the 3D plot, which

maintains linearity trends in the semi-logarithmic plane. It

has also been observed that the individual curve tendencies in

conductivity of the reference spinel ferrites give rise to all the

curve trends of the compositional hard to soft spinel ferrites.

3.3.2. Electrical parameter: DC (direct current) conductivity
and activation energy
Arrhenius’ plots of DC conductivity of H/S (CNGaGdFO)x/

(ZFO)y (x:y ¼ 1:1, 1:2, 1:3, 2:1, 3:1 and 4:1) NCs for various

composition ratios of hard to soft spinel ferrites, including

hard and soft reference spinel ferrites, are shown in Fig. 7. As

summarized in Table 3, it is clearly seen that the activation

energy varies with the composition ratios of H/S

(CNGaGdFO)x/(ZFO)y (x:y¼ 1:1, 1:2, 1:3, 2:1, 3:1 and 4:1) NCs. For

some reference and composite spinel ferrites, two regions

above and below 400 meV in activation energy were observed

according to composition ratios and high and low active

temperature areas. The DC conductivity in soft spinel ferrite

was found to be lower than that of both hard and composite

spinel ferrites. In addition, it is obvious that DC conductivity

increases with composition ratios regardless of the composite

ratio of the r value, except for r ¼ 1:3. The hard spinel ferrite

seems to dominate the DC conductivity of composite spinel
Fig. 2 e SEM images of H/S (CNGaGdFO
ferrites compared to the soft one. For r ¼ x, 1:3 and 4:1 the

activation energy presents two values independent upon a

variety of contributions to thermal energy while a weak

contribution takes place for r ¼ 4:1. The activation energy for

r ¼ y, 1:1, 1:2, 2:1 and 3:1 has a single value of about 400 meV,

but it should be noted that soft spinel ferrite shows the single

lowest value of activation energy, while that of hard spinel

ferrite has the highest value of about 761 meV. Consequently,

for each of the hard and soft spinel ferrite as a reference and

the composite spinel ferrites based on composite rates, DC

conductivity can be expressed as follows:

sdcðT; rÞ¼ s0ðrÞexp
�
� EaðrÞ

kBT

�
(2)

where s0: conductivity at absolute temperature for a certain

composition ratio of hard to soft spinel ferrites, kB: Boltzmann

constant, Ea: activation energy, r: composition ratio. The Ea is

affected by the relaxation temperature, which can be corre-

lated with the composition ratio. Such a tendency is crucial in

the conduction mechanism of both referenced spinel ferrites

and all composite spinel ferrites. Therefore, Verwey mecha-

nism can be used to interpret the conduction mechanism in

all spinel ferrites in this study comprehensively [18].

The composition ratio induces structural effects which

lead to the replacement of electrons/holes among similar ion

types or single exchange of Fe (III) and Fe (II) ions in multiple
)x/(ZFO)y (x:y ¼ 1:1, 1:2, 2:1) NCs.
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Fig. 3 e SEM micrographs and EDX spectra of (CNGaGdFO)x/(ZFO)y a) x:y ¼ 1:1, b) x,y ¼ 1:2 and c) x,y ¼ 2:1 NCs.

Fig. 4 e The elemental mappings of H/S (CNGaGdFO)x/(ZFO)y (x,y ¼ 1:2) NCs.
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Fig. 5 e TEM, HR-TEM micrographs and SAED pattern of H/S (CNGaGdFO)x/(ZFO)y (x,y ¼ 1:2) NCs.
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valence states which results as the conduction. Slightly more

contribution to the conduction mechanism could also come

from the polaron/electron hopping process [19]. Thus, a vari-

ation in the composition ratio also has an influence on the

charged carriers drift mobility in spinel ferrites. A rise in the

temperature indicates the rise of Ea resulting from the thermal

energy of charge carriers in spinel ferrite samples. Therefore,

considering the ion distribution structural effect in both

reference and composite spinel ferrites, a reasonable eluci-

dation can be deduced for this conduction mechanism [20].

3.3.3. Dielectric parameter: dielectric constant
The dielectric constant (εr) of CoNiGaGdFeO-ZnFe2O4 H/S NCs

for various composite ratios, including reference hard and soft

spinel ferrites, was characterized in the 3D graphs in Fig. 8 for

temperatures ranging from 20 �C to 120 �C and frequency

f � 3.0 MHz. As seen from the figure, the εr drops as the fre-

quency (f) increases, roughly like hard spinel ferrite. Both soft

spinel ferrite and spinel ferrite with a 4:1 composite ratio

showed a completely different behaviour. However, other
composite rational spinel ferrites exhibited similar behaviour.

It is also obvious that the composite ratio and temperature

have some effect on εr. It should also be noted that composite

spinel ferrite with soft spinel ferrite and high hard spinel

ferrite ratio shows us a very different behaviour and therefore

it will not be easy to understand this behaviour at the

moment. Perhaps an excessive amount of hard spinel ferrite

may cause a structural transition of the dielectric property of

the composite structure. For spinel ferrite with 4:1 composite

ratio, it can be observed that the dielectric constant fluctuates

against both frequency and temperature changes at low and

medium frequency values. On the other hand, in soft spinel

ferrite it is known from the graph that the dielectric constant

shows a completely different trend. That is, it is seen that the

dependence of εr to the temperature is extremely high, espe-

cially in the smaller and medium frequency region. It can be

stated in general that the dielectric constant follows the

power exponent law ε
0ðuÞaun.

The variation of the εr as a function of frequencywas found

to be very complex for both 4:1 compound ratios and hard and
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Fig. 6 e AC conductivities of x ¼ Co0.5Ni0.5Ga0.01Gd0.01Fe1.98O4, y ¼ ZnFe2O4 NPs and H/S (CNGaGdFO)x/(ZFO)y (x:y ¼ 1:1, 1:2,

1:3, 2:1, 3:1 and 4:1) NCs.
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Fig. 7 e Arrhenius plots of DC conductivities of

x ¼ Co0.5Ni0.5Ga0.01Gd0.01Fe1.98O4, y ¼ ZnFe2O4 NPs and H/S

(CNGaGdFO)x/(ZFO)y (x:y¼ 1:1, 1:2, 1:3, 2:1, 3:1 and 4:1) NCs.
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soft spinel ferrites. However, the variation in dielectric con-

stant for other compositional spinel ferrites with a different

ratio is somewhat regulated. Hence, the dielectric properties

of CoNiGaGdFeO-ZnFe2O4 H/S NCs are distributed at smaller

frequency values which is originating from a space charge

polarization.

When the two-layer model [21] is carefully considered, we

can deduce that highly conductive grains found at grain

boundaries which act as insulators can be correlated with

space charge polarization. Thus, grains are less dominant

than grain boundaries at smaller frequency values. Although

the dielectric constant is directly related to the change in grain

boundaries, it can sometimes be less frequency dependent at

higher frequencies. As it can be seen from all the graphs in

Fig. 8, it can be noted that the exchange charge carriers be-

tween ferrous and ferric ions in the octahedral regions can

follow the alteration in the electric field straightforwardly,

unless it exceeds a particular value depending on x:y ratio.

The frequency-dependent decrease of the dielectric constant

denotes the electronic substitution between ferrous and ferric

ions, that offers electrical polarization affinities in H/S (Co0.5-

Ni0.5Ga0.01Gd0.01Fe1.98O4)x/(ZnFe2O4)y (x:y ¼ 1:1, 1:2, 1:3,2:1,3:1

and 4:1) NCs. As a result, when various compositional spinel

ferrites are studied, it can be easily understood hownumerous

aspects such as cation distribution, structural change, charge

polarization and density triggered by composition ratios affect

their dielectric and electrical behaviour. Consequently, the

dielectric parameters varying with the frequency can be
Table 3 e Activation energies of x¼ Co0.5Ni0.5Ga0.01Gd0.01Fe1.98
1:2, 1:3, 2:1, 3:1 and 4:1) NCs.

x:y x y 1:1 1:2

T Region Thigh Tlow Tall Tall Tall

Eg (meV) 761 350 171 452 466
credited to the conduction mechanism in the majority of

composition ratios of hard to soft spinel ferrites, which can be

explained by a phenomenological method with Koop's model

[21].

3.3.4. Dielectric parameter: dielectric loss
The dielectric loss plots of CoNiGaGdFeO-ZnFe2O4 hard to soft

spinel ferrite N/Cs for various x:y values is represented in

Fig. 9. The dielectric loss shows a sharp decline with

increasing frequency throughout the temperature range

except the soft spinel ferrite. The dielectric loss rises slightly

as the temperature rises for the spinel ferrite and composi-

tional of spinel ferrites, while it decreases first and then in-

crease with values along both the frequency and temperature

for soft spinel ferrite. For the composition ratio r ¼ 4:1 of hard

to soft spinel ferrite, the dielectric loss exactly matches the

power law exponent compared to other compositional spinel

ferrites, which gives us a chance to change the loss parameter

with a composition ratio. It is seen that the 3-dimensional

curve of dielectric loss, dependent on frequency and temper-

ature, in such a curve is similar to the shape of a recliner chair.

It was observed that the change decreased rapidly with fre-

quency, generally depending on x:y ratio, then the valley re-

gion was formed and then decreased again. While the

temperature dependencewas recorded for all spinel ferrites, it

was found to be almost independent for spinel ferrite with

r¼ 4:1. At low frequencies, it shows distinct, but different rises

as the temperature rises, varying with x:y ratio. The temper-

ature dependence at lower frequencies also decreased with

increasing composition ratio, such as r ¼ 4:1.

3.3.5. Dissipation parameter: tangential loss
Tangential loss (tand) refers to the quantitative dispersion of

electrical energy resulting from some different physical con-

cepts such as electrical conduction, dielectric relaxation,

dielectric resonance and attenuation from nonlinear pro-

cesses. Therefore, dissipation parameters of H/S (Co0.5Ni0.5-
Ga0.01Gd0.01Fe1.98O4)x/(ZnFe2O4)y (x:y ¼ 1:1, 1:2, 1:3,2:1,3:1 and

4:1) NCs are shown in Fig. 10 for various compositional ratios

including the referenced hard and soft spinel ferrites and

analysed as a 3D representation function of temperatures

from 20 �C to 120 �Cwith f� 3.0 MHz. The tandwas observed to

decrease sharply with increasing frequency at all temperature

values. It is worthmentioning that similarities between εr and

tand as well as the dissipation parameters of most composi-

tional spinel ferrites are remarkably high, but that soft spinel

ferrite and 4:1 compositional spinel ferrite show much more

inconsistency than other spinel ferrites. It is inferred that all

dielectric parameter trends usually vary with diverse param-

eters such as frequency, temperature and composition ratios.

As a result, the tand of H/S (Co0.5Ni0.5Ga0.01Gd0.01Fe1.98O4)x/
O4, y¼ ZnFe2O4 NPs and H/S (CNGaGdFO)x/(ZFO)y (x:y¼ 1:1,

1:3 2:1 3:1 4:1

Thigh Tlow Tall Tall Thigh Tlow

587 390 399 423 110 301
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Fig. 8 e Dielectric constant of x ¼ Co0.5Ni0.5Ga0.01Gd0.01Fe1.98O4, y ¼ ZnFe2O4 NPs and H/S (Co0.5Ni0.5Ga0.01Gd0.01Fe1.98O4) x/

(ZnFe2O4)y (x:y ¼ 1:1, 1:2, 1:3,2:1,3:1 and 4:1) NCs.
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Fig. 9 e Dielectric loss of x ¼ Co0.5Ni0.5Ga0.01Gd0.01Fe1.98O4, y ¼ ZnFe2O4 NPs and the ratios of the H/S

(Co0.5Ni0.5Ga0.01Gd0.01Fe1.98O4) x/(ZnFe2O4)y (x:y ¼ 1:1, 1:2, 1:3,2:1,3:1 and 4:1) NCs.
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Fig. 10 e Tangential loss of x ¼ Co0.5Ni0.5Ga0.01Gd0.01Fe1.98O4, y ¼ ZnFe2O4 NPs and the ratios of the H/S

(Co0.5Ni0.5Ga0.01Gd0.01Fe1.98O4) x/(ZnFe2O4)y (x:y ¼ 1:1, 1:2, 1:3,2:1,3:1 and 4:1) NCs.
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Fig. 11 e ImpedancespectraofColeeColeplots (-lmZsversusReZs)of (a) rx¼x¼Co0.5Ni0.5Ga0.01Gd0.01Fe1.98O4NPsashardferrite, (b)

ry¼y¼ZnFe2O4NPsassoft ferrite,andcompositionalhard tosoft ferritesas (c) r11¼x:y¼1:1, (d) r12¼x:y¼1:2, (e) r13¼x:y¼1:3, (f)

r21¼x:y¼ 2:1, (g) r31¼x:y¼3:1and (h) r41¼x:y¼ 4:1.Applied frequencyvaries from3.0MHzdownto1.0Hzalong thesemicircles.
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(ZnFe2O4)y (x:y ¼ 1:1, 1:2, 1:3,2:1,3:1 and 4:1) NCs is highly

dependent on both temperature and frequency, which is quite

important for numerous dielectric and electrical parameters

in several technological applications as well as biomedicine,

including various biosensors, gas sensors and MRI contrast

agents [19,22].

3.3.6. ColeeCole plotting
The frequency dependent dielectric parameter of any ferrite

compound can be explained with complex permittivity (ε*),

complex impedance (Z*) and dielectric loss or dissipation

factor (tan(d)). So, the correlation between real parts (ε0, Z0) and
imaginary (ε00, Z00) parts of complex parameters is: ε* ¼ ε

0 þ iε00;
Z* ¼ Z0þiZ00 ¼ (1/iC0ε*u); tan(d) ¼ ε

00/ε0 ¼ Z0/Z00, where C0: free

geometrical capacitance. Such equations propose a wide-

spread range of exploration possibilities for numerous

parameter having graphical analysis under different fre-

quency and temperature values. A functional separation of

grain and grain boundary phenomena probably depends on

the selection of an equivalent circuit appropriate to represent

compositional properties. From the microstructural point of

view, it can be seen that the hard ferrite and various compo-

sitional ferrites were constituted from grain boundaries and

grains which carry out various conductivity and dielectric

permittivity [23,24]. The grain boundary and grain existence

involvement and influence of electrode interfaces can be

clearly interpreted by the ColeeCole impedance plot. Z0 and Z00

parts of the complex impedance can be expressed as [25]:

Z0ðuÞ¼ Rg

1þ �
uRgCg

�2 þ Rgb

1þ �
uRgbCgb

�2 þ Rel

1þ ðuRelCelÞ2
(3)

Z
00 ðuÞ¼Rg

"
uRgCg

1þ�
uRgCg

�2
#
þRgb

"
uRgbCgb

1þ�
uRgbCgb

�2
#
þRel

"
uRelCel

1þðuRelCelÞ2
#

(4)

where Rg, Cg, Rgb, Cgb and Cel Rel are resistance and capacitance

of grain, the grain boundary and electrode interfaces,

respectively, u is the angular frequency. The ColeeCole

graphical representation shows that the effect of the elec-

trode interface on surface charge polarizations is related to

high temperatures and is highly effective for grain and grain

boundary contribution at its high values [26].

To understand the relaxation mechanism of various

compositional ferrites, a well-known ColeeCole graph is used

to explain what kind of dielectric relaxation is present in the

frequency-dependent response of various compositional fer-

rites. The complex impedance ColeeCole plot is represented

to investigate the electric transport mechanism in various

compositional hard-to-soft ferrites. The impedance spectra of

ColeeCole plots (-lmZs versus ReZs) of (a) rx ¼ x ¼ Co0.5Ni0.5-
Ga0.01Gd0.01Fe1.98O4 NPs as hard ferrite, (b) ry ¼ y ¼ ZnFe2O4

NPs as soft ferrite, and compositional hard to soft ferrites as (c)

r11 ¼ x:y ¼ 1:1, (d) r12 ¼ x:y ¼ 1:2, (e) r13 ¼ x:y ¼ 1:3, (f)

r21 ¼ x:y ¼ 2:1, (g) r31 ¼ x:y ¼ 3:1 and (h) r41 ¼ x:y ¼ 4:1 are

shown in Fig. 11. Applied frequency varies from 3.0 MHz down

to 1.0 Hz along the semicircles towards to the origin of the

curves. As the temperature increases, the diameter of the

semicircles of the ColeeCole plots narrows. It is observed that
hard ferrite is dominant in the formation of the semicircles,

and the semicircles are deteriorated at the excess composition

ratio such as r41 ¼ 4:1. Also, soft ferrite appears to be more

dominant in compositional ferrites with the smallest r13 ¼ 1:3

ratio. It was also measured that the real part of the complex

impedance for hard ferrite is higher than that of soft ferrite,

while the imaginary part is higher for soft ferrite. This type of

interpretation represents the fact that the system is non-

Debye-type systems, and the trends is known to result from

ionic hopping conduction between ferric and ferrous ionswith

a wide relaxation time distribution [27,28]. The single semi-

circle observed for almost all compositional ferrites indicates

some type of relaxation at temperatures up to 120 �C. The
diameter of the semicircles decreases with increasing tem-

perature, suggesting a temperature dependent mechanism of

relaxation. It is also noted that at higher temperatures more

electrons are thermally excited, thus further shortening the

relaxation time of the carrier. Therefore, the dispersed ther-

mal energy helps the formed dipoles to follow the motion of

the externally applied alternative electric field. This charac-

teristic mechanism describes the existence of temperature-

dependent electrical relaxation events in compositional fer-

rites [29,30].

4. Conclusion

The H/S (CNGaGdFO)x/(ZFO)y (x:y ¼ 1:1, 1:2, 1:3, 2:1, 3:1 and

4:1) NCs have been synthesized in pot solegel auto combus-

tion approach. The XRD and EDX analyses proved the purity

of all products (including NPs and NCs). The cubic

morphology of all products has been verified by TEM and TEM

techniques. It is obvious that H/S (Co0.5Ni0.5Ga0.01Gd0.01-

Fe1.98O4)x/(ZnFe2O4)y (x:y ¼ 1:1, 1:2, 1:3, 2:1, 3:1 and 4:1) NCs

have a remarkable effect on electrical and dielectric proper-

ties. AC conductivity is clearly strongly dependent on fre-

quency, temperature and composition ratios. It can be said

that conductivity generally obeys the power law rule of fre-

quency. For all composition ratios, including hard and soft

spinel ferrites, the dc conductivity decreases with an increase

in the thermal energy of the (kBT)
�1 parameter. The activation

energy varies with changes in composition ratios, some of

which have transition temperatures of about 60e80 �C, such
as hard spinel ferrite and compositional spinel ferrites with

r ¼ 1:3 and r ¼ 4:1. The dielectric constant shows the well-

known dielectric distribution with frequency under various

composition ratios of hard to soft spinel ferrites. It has been

noted that both the dielectric constant and dielectric loss of

compositional spinel ferrites decrease with increasing fre-

quency, which is generally observed in normal behaviour for

most spinel ferrites. It has been observed that the composi-

tional ferrites show dielectric relaxation, which is found to be

of the non-Debye type, and the relaxation frequency shifts to

the higher side with increasing temperature. Therefore, such

trends in electrical and dielectric parameters based on

composition ratios open up many possibilities for certain

technological applications such as various types of sensors,

contrast agents used for MRI devices and magnetic

hyperthermia.
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