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Abstract. Two spinel ferrite samples Ni0.7Zn0.3GayFe2–yO4 (y = 0.5, 1.0) were prepared by both ceramic and citrate
methods. X-ray diffraction patterns indicated a single phase of cubic structure for all the samples that have a space group
Fd-3m. Rietveld analysis using MAUD software for all samples showed that the lattice parameter (a) decreases, while
oxygen parameter (U) and strain (e) increase by increasing the amount of Ga. A marked increase in the frequency bands in
both the tetrahedral and octahedral sites was observed in the vibrational frequency bands of Fourier transform infrared
spectra. Mössbauer effect (ME) spectra recorded at room temperature for the bulk sample (prepared by ceramic method)
with lower concentrations of Ga3? (y = 0.5) consist of two Zeeman sextets. ME spectra for the other bulk sample (y = 1.0)
and the two samples in nanoscale (prepared by citrate method) can be fitted by one and two doublets due to the
paramagnetic and superparamagnetic behaviour, respectively. Vibrating sample magnetometer measurements showed that
the saturation magnetization (Ms) obtained from the hysteresis loop is decreased by increasing Ga3? concentration for all
the samples. The coercivity (Hc) is inversely proportional to the particle size (D) for bulk samples. Nevertheless, Hc of the
nanoscale samples enhanced by increasing the particle size. The size dependence of Hc is an indication of the superparamagnetic characteristics supported by ME. The ac electrical conductivity (ln r), dielectric constant (e0 ) and dielectric
loss tangent (tan d) were studied at different frequencies and temperatures for the investigated samples. The obtained
results showed that the conductivity for all samples increases with increasing temperature in a behaviour similar to that of
the most semi-conductor materials.
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Introduction

Nanotechnology includes deep understanding and controlling of the materials at a small dimensions of 1–100 nm,
where unique physical phenomenon allows new applications. The chemical and physical features of the material in
the nanoscale depend on the dimensions and morphology of
the grains. Therefore, scientists are aiming to develop
simple and effective methods for producing nanomaterials
with controlled size and morphology [1].
Spinel ferrite nanoparticles are of interest because of their
well-known unique optical, electronic and magnetic properties as compared to their bulk counterpart. Particularly,
the structure of domain wall encountered crystalline ferrites
in bulk scale is substituted by a single domain structure for
each particle in nanoscale. These nano-micro-changes lead
to new phenomena such as superparamagnetic [2]. Nanomaterials have suitable saturation magnetization, high permeability and no favourite direction of magnetization. They
are insulator, soft magnetic and magnetized–demagnetized
easily. As a result, ferrites are used as a magnetic, refractory
and catalysts materials [3]. In addition, they have several

applications in the electronic technology and biotechnology.
Bulk ferrites are still key group of magnetic materials.
Nanostructured ferrites have promise applications in wider
fields [4,5].
The magnetic materials are important for high-frequency
applications as; radar systems, telecommunications and
microwave technology which requires higher frequencies and
bandwidths up to 100 GHz [6]. At such frequencies, domain
walls are unable to move in the direction of the fields, and
microwave power absorbed by spin dynamics. Spinel ferrites
are used at frequency up to 30 GHz, while the limit of frequency is about 10 GHz for garnets and reach 100 GHz for
hexa ferrites. Several applications of ferrite based on the fact
that the orientation of the external field affected spin rotation,
which allows the control of the interaction with the microwave field. For the field of one direction, the microwave
transmits by ferrite materials; for the reverse, ferrite strongly
absorbs it. Typical devices are circulators, isolators, phase
shifters and antennas [7]. Substitutions of nonmagnetic ion;
Ga3? (3d10) in the spinel ferrite system Ni0.7Zn0.3GayFe2–yO4
(y = 0.5, 1.0), received a great interest because it alters the
magnetic and electric properties. These isomorphous
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substitutions are particularly apparent in the Mössbauer
effect (ME) spectra. Therefore, the magnetic interactions
drastically reduced and as a result, the magnetic ordering and
hyperfine fields are decreased [5,6]. The electrical properties
also influenced by the addition of Ga3?, while the conduction
mechanisms and the dependences of conductivity on the
frequency and temperature strongly related to the concentration of nonmagnetic ions. Moreover, the introduction of
Ga3? (3d10) in place of Fe3? in the unit cell causes limitation
of the Fe3?–O2––Fe3? interaction at the B-site and consequently decreases the charge carriers produced from this
interaction (electrons). The previous substitution also affected the grain size of the synthesized samples, and consequently affected the values of the magnetic parameters
obtained from vibrating sample magnetometer (VSM) measurements. This study reports the preparation procedures and
the results of X-ray diffraction (XRD), Fourier transform
infrared (FTIR), VSM and ME measurements of the spinel
ferrite samples Ni0.7Zn0.3GayFe2–yO4 (y = 0.5, 1.0) prepared
by both ceramic and citrate methods, aiming to shed more
lights on the microscopic picture of the structure and magnetic ordering in this diluted ferrimagnets [7–9].
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of 2h = 0.03° and step time of 2 s. The samples were scanned
in the range (2h = 10°–80°). LaB6 standard was used to correct
the instrumental broadening. The crystal structures and
microstructures of the samples were obtained by applying the
MAUD program [12]. To confirm the spinel phase formation,
infrared (IR) spectra for the annealed samples were recorded
along the range of 400–4000 cm–1 using Bruker Tensor 27 FTIR
Spectrometer. Mössbauer spectrum was obtained by using
constant accelerated laser-interferometer-controlled drive and a
data acquisition system in a standard transmission setup, which
is attached to a personal computer analyzer (PCA II-card with
1024 channel). The radioactive source used is 57Co with activity
50 mCi embedded in Rh matrix. The observed velocities and
hyperfine field can be calibrated with the help of metallic iron
spectrum [13]. The magnetic properties of the samples were
measured by VSM (Lake Shore-7400) at room temperature with
an applied magnetic field up to 20 kOe. The electrical measurements were carried out using SR830 DSP Lock-in amplifier
in the frequency range 102 to 105 Hz, while the measured
samples pressed in the form of disc with surface polished and
covered by silver paste.

3.
2.

Materials and methods of preparation

Ni0.7Zn0.3GayFe2–yO4 (y = 0.5 and 1.0) samples were synthesized by using citrate and ceramic methods. The samples
prepared by citrate method are considered to be in nanoscale, while that prepared by ceramic method are bulk
materials. In the first method, stoichiometric ratios of raw
materials like iron nitrate, zinc nitrate, gallium nitrate,
nickel nitrate and citric acid were mixed in a deionized
water forming a solution. By stirring all the solution at room
temperature for about 1 day we obtain a homogeneous and
viscous gel solution, followed by drying at 400°C for 1 h
and cooled to room temperature [10]. For ceramic method
used for preparing the bulk samples, a stoichiometric ratio
of the pure oxides of iron, zinc, gallium and nickel were
mixed and ground together to a very fine powder by using
agate mortar. The mixture is pre-sintered at a temperature
(1000–1150°C), depending on the Ga2O3 content, for 48 h,
then slowly cooled to room temperature. The product is
reground and fired again under the same conditions to
improve homogeneity. The fired samples were pressed in
the form of discs and sintered at 1250°C for 8 h and then
slowly cooled to room temperature [11].

2.2

Results and discussion

Experimental
3.1

2.1

(2021) 44:29

Samples characterization

The samples were characterized by XRD using Philips diffractometer (X’pert MPD) with Cu-Ka radiation. The diffraction
patterns were obtained by using the step mode scan at a step size

Structural and microstructural analysis

Figure 1a and c shows the XRD patterns for the bulk and
nanoscale samples with different Ga3? concentrations
Ni0.7Zn0.3GayFe2–yO4 (y = 0.5, 1.0). XRD data indicate a
crystalline state of a single phase cubic structure for all the
samples that have a space group Fd-3m. The refined XRD
patterns for the bulk and nanoscale samples with y = 1.0 are
shown in figure 1b and d, respectively. Structural and
microstructural parameters obtained from Rietveld analysis
using MAUD software for all samples are listed in table 1.
It is well known that the diffraction peak broadening of
the crystalline materials is related to a decrease of the grain
size estimated by Debye–Scherrer equation [14]. The value
of grain size for the sample in nanoscale with Ga3? concentration y = 1.0 is 4.8 nm, whereas that for the sample
with lower Ga3? content y = 0.5 is 14.5 nm (table 2). This
can be explained by the difference in ionic radii of Ga3?
(0.62 Å) and Fe3? (0.64 Å), which cause the lattice distortion and the peak broadening [15]. The major diffraction
peaks of XRD patterns (311), (222), (400) and (440) are
corresponded to Bragg reflections of the cubic spinel
structure planes. The background noise, broadening of the
diffraction peaks and small week peak in figure 1d were
characteristic of crystalline metal oxide (Ga2O3) particles
with nanometre dimensions. This residual impurity can
disappear by heat treatment [16,17].
It is clearly noticed that the lattice parameter (a) decreases, while oxygen parameter (U) and strain (e) increase
by increasing the amount of Ga for all the samples prepared
by the two different methods. The decrease in the lattice
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Figure 1. X-ray powder diffraction patterns for Ni0.7Zn0.3GayFe2–yO4 (y = 0.5, 1.0) samples prepared by: (a) bulk,
(c) nanoscale methods and Rietveld refinement profile for: (b) bulk, (d) nanoscale samples with Ga3? concentration
(y = 1.0).
Table 1. Structure parameters; lattice constant a (nm), oxygen
positional parameter U, crystallite size D (nm), strain (e) and error
parameters (Rwp and Rb) obtained from Rietveld refinements for
the bulk and nanoscale samples Ni0.7Zn0.3GayFe2-yO4 (y = 0.5,
1.0).
Bulk

Nanoscale

Refined values

y = 1.0

y = 0.5

y = 1.0

y = 0.5

a (nm)
U
D (nm)
e * 10-4
Rwp
Rb

0.8340
0.0381
Bulk
5.7
10.9
10.02

0.8353
0.0376
Bulk
5.4
10.7
10.01

0.8348
0.0379
4.8
17.9
5.9
4.5

0.8367
0.0370
14.5
12.6
10.9
8.3

parameter is attributed to the substitution of Fe3? with
larger ionic radius by Ga3? with smaller ionic radius in the
unit cell. On the other hand, the increase in U could be due
to the contraction of the tetrahedron site as the amount of
Ga increases in the spinel unit cell.
Cations distribution between tetrahedral and octahedral
sites were determined from analysis of XRD patterns using
Bertaut method [18,19]. The distributions of Ga, Zn, Fe and
Ni cations between the tetrahedral A- and octahedral B-sites

are summarized in table 2. The results indicated that for all
the prepared samples, Zn ions occupy A-site, while Fe and
Ga partially distributed between A and B sites. Nevertheless, Ni ions occupy B-site for the two bulk samples, and it
is distributed between A and B sites for the other two
samples prepared in nanoscale. Moreover and for all the
samples, the amount of Fe in A-site decreases as the amount
of Ga substitution increases. This induces contraction in the
tetrahedral A-site, where the ionic radius of Fe3? (0.64 Å) is
larger than the ionic radius of Ga3? (0.62 Å) [10].

3.2

FTIR spectroscopy

FTIR spectral analysis helps to confirm the formation of
spinel ferrite structure. Figure 2a and b shows FTIR spectra
for the samples Ni0.7Zn0.3GayFe2–yO4 (y = 0.5 and 1.0) prepared by ceramic and citrate methods in the range of
200–4000 cm-1. Usually the band around 600 cm–1 corresponds to the vibration of tetrahedral metal–oxygen, while
the band at 400 cm–1 identifies the vibration of the octahedral
metal–oxygen bond. In this study, the spectra of all the
samples show the existence of two main characteristic bands.
The lower one observed in the range m1 = 333–424 cm–1 is
attributed to the stretching vibrations of the metal–oxygen
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Cation occupancies obtained by Rietveld refinement for the bulk and nanoscale samples Ni0.7Zn0.3GayFe2-yO4 (y = 0.5, 1.0).
X-ray intensity ratio
I220/I400

Bulk samples

y = 1.0
y = 0.5

Nanoscale samples

y = 1.0
y = 0.5

Transmittance%

(a)

Cal.

Exp.

Cal.

Exp.

Cal.

Exp.

(Fe0.4Zn0.3Ga0.3)A
[Fe0.6Ni0.7Ga0.7]BO4
(Fe0.46Zn0.3Ga0.24)A
[Fe1.04Ni0.7Ga0.26]BO4
(Fe0.22Ni0.1Zn0.3Ga0.38)A
[Fe0.78Ni0.6Ga0.62]BO4
(Fe0.3Ni0.1Zn0.3Ga0.3)A
[Fe1.2Ni0.6Ga0.2]BO4

1.50

2.01

0.47

0.42

0.73

0.86

1.51

2.04

0.56

0.46

0.85

0.95

0.89

0.86

0.88

0.87

0.77

0.76

0.76

0.86

0.89

0.82

0.68

0.70

bulk

595.88
422.4
333.7

3462.3

y=0.5

(b)

241.1

1649.1

y=1.0

I220/I440

Cation distribution

Transmittance%

Samples

I400/I440

376.13

nano

1427.23

1386.7
1111.89
1747.3
1620.05
651.89

3427.27

y=1.0

973.02

2925.81

278.6
238.19

1112.85
2348.17
1628.77
336.5

y=0.5

2329.85

3416.66

3458.4

594.03

593.07
424.31

590.24

4000 3500 3000 2500 2000 1500 1000 500
-1
Wave number(cm )
Figure 2.

4000 3500 3000 2500 2000 1500 1000 500
-1
Wave number(cm )

FTIR spectra for: (a) bulk, (b) nanoscale samples prepared by ceramic and citrate methods, respectively.

bond in the octahedral B-site. While for the higher band (m2 =
590–651 cm–1), the peaks appeared due to the stretching
vibrations of the metal–oxygen in the tetrahedral sites [20].
A marked increase in the vibrational frequency bands (m2)
value in the tetrahedral (A) site is observed by increasing
Ga3? concentration for both the bulk and nanoscale samples
(figure 2). This can be interpreted based on the cation distribution obtained from XRD, which suggests that Ga3?
substitutes Fe3? in both A- and B-sites of the spinel lattice.
From table 2, it is seen that the amount of Fe3? (ionic radius
0.64 Å) in both sites decrease by increasing Ga3? concentration (ionic radius 0.62 Å), which contributes to the
decrease in the average metal–oxygen bond lengths.
Therefore, the shifts in the bands towards high frequency is
expected [15–21]. On the other hand, we noted that the
vibrational frequencies band (m1) for the octahedral B-site
shifted between lower and higher values. This may be
attributed to the perturbation that occurs in the Fe3?–O2bond by introducing Ga3? ions. Otherwise, the electronic
distribution of Fe–O bond is changed by addition of Ga3?
ion with electronic configuration (4s24p1) [22,23]. These
variations in bands occur due to the method of preparation,
grain size and the sintering temperature [24]. The other

bands that observed near 3423 for all the samples are corresponding to O–H stretching modes and 1620 cm–1 peak
refers to C=C stretching mode [25]. Moreover, the bands
observed near 1112 cm-1 for the two samples in nanoscale
can be assigned to C–O–C asymmetric stretching vibration
and the peaks at 1732 cm-1 is an indicator of a strong C=O
vibration, and the peak at 2356 cm–1 is due to absorption of
CO2 over surface of particle (figure 2b) [26]. In the same
figure, the nanoscale sample with y = 1.0 the absorption
bands at 1386.7 and 2925.8 cm-1 are due to CH bending and
C–H stretching vibration, respectively. The band at 1427
cm–1 is attributed to CH2 bending [27]. Finally, the band at
240 cm–1 (figure 2b) that are assigned to the vibrations metal
ions of both octahedral and tetrahedral sites has not appeared
properly for the sample (Ni0.7Zn0.3Ga0.5Fe1.5O4), which
reflects the presence of local structural disorder due to finite
size effect (surface effect) [28].

3.3

Mössbauer spectra analysis

Mössbauer effect (ME) spectra recorded at room temperature for the bulk and nanoscale samples with two
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concentrations of gallium Ni0.7Zn0.3GayFe2–yO4 (y = 0.5,
1.0) are shown in figure 3a and b. For bulk and nanoscale
samples with Ga3? concentration (y = 1.0), ME spectra can
be fitted into one and two doublets, respectively. The
existence of high concentration of nonmagnetic Ga3? ions
is indicated by the paramagnetic and superparamagnetic
behaviours. The substitution of Fe3? and Ni2? in NiFe2O4
by both Ga3? and Zn2? will weaken the A–A, B–B and A–
B interactions. Concerning the two samples with lower
Ga3? content (y = 0.5), the ME spectra of the bulk one
consists of two Zeeman sextets, while that for the sample in
nanoscale the spectra still contain two doublets because of
the superparamagnetic behaviour. The existence of the
paramagnetic phase is attributed to the fine size of the
nanoparticles and chemical disorder of diamagnetic gallium
ion in the sample sub-lattices. Moreover, a proportion of
Fe3? ions may be isolated in the regions where they cannot
behave magnetically [29].
The magnetic hyperfine parameters such as quadrupole
splitting (DEQ), isomer shift (d) and hyperfine field (Hf) for
the samples under investigations are listed in table 3. The
quadrupole splitting (DEQ) for the bulk sample with Ga3?
concentration y = 0.5 has values close to zero for both Aand B-sites. Further increase in the value of DEQ for the
doublet is observed by increasing Ga3? (y = 1.0) in the unit
cell. Moreover, the two samples in nanoscale have the same
trend concerning the values DEQ of superparamagnetic
doublet (table 3). The addition of Ga3? ions in both A- and
B-sites increases the chemical disorder in spinel structure

-5

0
V(mm/s)

Figure 3.

3.4

VSM analysis

Figure 4a and b shows the magnetic hysteresis loops collected at room temperature using VSM measurements for
the two samples with different Ga3? concentrations prepared using different preparation techniques. The magnetic
parameters, saturation magnetization (Ms) and coercivity
(Hc) obtained from the hysteresis loops are listed in table 4.
Ms for the bulk and nanoscale samples is decreased by the
initial replacement of magnetic Fe3? ions (3d5) by nonmagnetic Ga3? ions (3d10). This can be interpreted due to

nano

(b)
Counts (arb. units)

Counts (arb.units)
-10

and generates electric field gradient of variable magnitude,
sign, direction, symmetry and consequently increase the
quadrupole splitting (DEQ) [21]. For the bulk sample with
smaller Ga3? concentration (y = 0.5), the hyperfine field Hf
of the octahedral B-site is larger than that of the tetrahedral
A-site. This can be interpreted based on the cation distribution for this sample obtained from Rietveld refinement
(table 2): (Fe0.46Zn0.3Ga0.24)A[Fe1.04Ni0.7Ga0.26]BO4, which
shows a higher concentration of nonmagnetic ions (Zn2?
and Ga3?) in A-site. Consequently, these ions do not participate in the A–A, B–B and A–B interactions and
destructively affect magnetism, decrease Hf and the transition temperatures. The hyperfine fields are not detected for
the remaining three samples due to the effect of Ga3?
concentration and small grain size for the samples in
nanoscale.

bulk

(a)

29

5

10 -10

-5

0
V(mm/s)

5

Mössbauer effect (ME) spectra at room temperature for (a) bulk and (b) nanoscale samples.
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Table 3. The hyperfine parameters deduced from ME analysis: isomer shift (d), quadrupole splitting (DEQ), hyperfine fields (Hf) for the
bulk and nanoscale samples Ni0.7Zn0.3GayFe2-yO4.
Bulk samples
Spectral parameter

Nanoscale samples

y = 1.0

dA (mm s-1)
dB (mm s-1)
DEQA (mm s-1)
DEQB (mm s-1)
Hf0 A (Tesla)
Hf0 B (Tesla)
Doublet
dd1 (mm s-1)
DEQd1 (mm s-1)
Singlet
dS1 (mm s-1)

y = 0.5

—
—
—
—
—
—

0.159
0.157
- 0.114
0.033
34.224
39.409

y = 1.0

y = 0.5

—
—
—
—
—
—

—
—
—
—
—
—

0.213
0.491

—
—

0.193
0.985

0.200
0.709

—

—

0.185

0.161

60
y= 1.0
y=0.5

40

(a)

bulk

10
M(emu\g)

M(emu\g)

20

20

0
-20

y=1.0
y=0.5

(b)

nano

0

-10

-40

-20
-60
-20k

-10k

0

10k

20k

Magnetic field (G)

-20.0k

0.0
Magnetic field (G)

20.0k

Figure 4. The magnetic hysteresis loops collected at room temperature for the: (a) bulk and (b) nanoscale samples
prepared by ceramic and citrate methods, respectively.

Table 4. Saturation magnetization (Ms) and coercivity (Hc) of
Ni0.7Zn0.3GayFe2-yO4 samples.
Bulk samples
Samples
Ms (emu g-1)
Hc (G)

Nanoscale samples

y = 1.0

y = 0.5

y = 1.0

y = 0.5

7.1
17.24

45.36
15.21

5.99
5.56

21.16
9.37

spin clusters blocking in the superparamagnetic state and
consequent increase of the height of energy barriers, which
causes degradation of A–B and B–B super exchange
interactions [30]. Moreover, the values of Ms for the

nanoscale samples is smaller than its values for the bulk
regime. In general, the change of magnetic coercivity Hc is
attributed to the following causes: (1) the effect of cationic
stoichiometry and the distribution of metal ions in the
crystallographic sites. This result can be interpreted on the
basis of magnetocrystalline anisotropy, which mainly
depends on the distributions of the magnetic moments of the
ions on the surface of the particles. (2) The influence of
magnetic anisotropy, which represents the driving force
required for the rotation of magnetization vector as a
magnet out of its equilibrium direction. As a result, low
anisotropy means low Hc. (3) The effect of grain size [14].
In the bulk samples, coercivity increases by increasing
the concentration of Ga3? ions (table 4). On the other hand,
the domain rotation needs an energy to move the domain

Bull Mater Sci

(2021) 44:29

Page 7 of 13

29

Figure 5. Variation of conductivity as ln r vs. 1000/T for the bulk and nanoscale ferrite samples at different
frequencies.

wall to obtain the same level of magnetization. Moreover,
the number of walls increase by increasing the particle size
and the effect of domain rotation on magnetization is
smaller than that of wall movement. Consequently, the
particle size is inversely proportional to Hc for the bulk
samples. This behaviour suggested transformation from a
single domain to multi domains. The single domain structure is obtained below a certain limit of the crystal size. At
this size, the decrease in energy due to the formation of
domains is smaller than the increase in energy due to the
formation of domain walls. Therefore, the particle size of
the samples in nanoscale increases, which enhances the
coercivity (table 4). According to our analysis, the size
dependence of Hc is an indication of the superparamagnetic
characteristics, which supports the results of the Mössbauer

spectroscopy (figure 3 and table 3). This characteristic
proposes a transition from superparamagnetic to a single
domain [11,19]. So, for the nanoscale sample (y = 1.0), a
small value of coercivity (Hc = 5.56 G) for a crystallite with
size below 10 nm (D * 4.8 nm) indicates that the material
transferred from ferromagnetic to superparamagnetic state.
In such condition the thermal energy at room temperature
exceeds the static energy well of the magnetic domain or
the material with particle size produces zero hysteresis.
Furthermore, the efficiency of a particle with size under a
certain value to keep the information of magnetization
orientation is absent, however the particle itself is a singledomain ferromagnet. The non-saturation of the hysteresis
loops and the absence of the hysteresis and coercivity are
also indication of the presence of superparamagnetic and
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Figure 6.

(2021) 44:29

Ln r and frequency as log(x) relations for bulk and nanoscale samples at different temperatures.

single domain crystals. Superparamagnetic behaviour of the
nano samples was observed, due to the reduction in particle
size and the presence of nonmagnetic Ga3? and Zn2? ions
[30,31].

3.5

Bull Mater Sci

Electrical properties

Figure 5 shows the variation of ac conductivity as ln r with
the reciprocal of absolute temperature as 1000/T at different
frequencies for the bulk and nanoscale samples;
Ni0.7Zn0.3GayFe2–yO4 (y = 0.5, 1.0) synthesized in both
ceramic and citrate methods, respectively. The results show

that for the bulk samples the conductivity increases with
increasing temperature in a behaviour similar to the most
semi-conducting materials [32]. At low temperature the ac
conductivity is frequency dependent, and by increasing
temperature it becomes frequency independent. Further
addition of Ga3? in place of Fe3? decreases the conductivity values and increases the frequency dependence. The
cation distribution from Rietveld refinement (table 2)
together with the neutron diffraction measurements previously obtained [21] for the investigated samples revealed
that Ga3? partially substituted in A- and B-sites. As a result,
by increasing the concentration of Ga3? it causes a transfer
of Fe3? from A- to B-sites, in turn it increases the
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Figure 7. Dependence of dielectric constant (e0 ) on frequency as ln (x) for bulk and nanoscale samples at different
temperatures.

probability of charge hopping and give an interpretation for
the increase in frequency dependence of conductivity for
the nanoscale samples (as shown in figure 5) [33,34].
Figure 6 shows a relation between (ln r) and ln (x) for the
investigated samples. The conductivity is temperature
dependent for all the samples, however the dependence of
conductivity on frequency as ln (x) is clear only for the
nanoscale sample Ni0.7Zn0.3GaFeO4 at low ranges of

temperature. For the remaining samples in figure 6, there is
a slight increase in ln r by increasing frequency at lower
ranges of temperature. The dependence of conductivity on
frequency and temperature for the samples prepared in
nanoscale is highly related to the small grain size and
magnetic properties of the samples. The dielectric constant
(e0 ) schemed against frequency as ln (x) at different ranges
of temperature is shown in figure 7. e0 decreases gradually
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Figure 8.
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Dielectric constant (e0 ) vs. temperatures for bulk and nanoscale samples at different frequencies.

for the bulk samples by increasing frequency; however, it is
frequency and temperature independence at higher ranges
of frequency for the sample with Ga3? content (y = 1.0).
The samples in nanoscale have the same behaviour, taking
into consideration that e0 decreases to half its value by
changing from (y = 0.5) to (y = 1.0). Moreover, the values of
dielectric constant for the bulk samples are about five times
more than that for the samples in nanoscale (figure 7).
These results can be interpreted based on Koop’s and

Maxwell–Wagner phenomena [34], which consider the
grains of ferrites as conducting layers separated by grain
boundaries, and the grain boundaries are non-conducting
layers. The observed frequency independent exists due to
that at high frequency the dipoles cannot synchronize with
the applied frequency. According to Koop’s, the grains are
active at high frequency, while the grain boundaries are
effective at low frequency [35,36]. The relation of e0 vs.
temperature for the prepared samples at different
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Figure 9. Variation of dielectric loss tangent tan (d) with frequency as log (F) for bulk and nanoscale ferrite samples
at different temperatures.

frequencies is depicted in figure 8. It is shown that e0 values
sensitively depend on the temperature and frequency for the
bulk samples. Otherwise, the values of e0 for the nanoscale
samples are temperature independent at low ranges of frequency, while it is temperature dependent at higher frequencies. The relation between dielectric constant and
temperature can be clarified and interpreted based on the
existence of two types of polarization; interfacial and
dipolar polarizations. These types of polarization are sensitive to the changes in temperature [37]. By increasing the
temperature the charges are accumulated at the grain
boundary, which increases the polarization and consequently encourage charges more and more to be accumulated. Figure 9 represents the relation between dielectric
loss tangent (tan d) and frequency as log (F) at different
temperatures for the samples prepared in bulk and nanoscale. Tan (d) continuously decreases with frequency, which
is a common ferrites behaviour [38,39]. The relaxation
spectra with one or more relaxation peaks are observed
for almost all samples. For the bulk sample

(Ni0.7Zn0.3Ga0.5Fe1.5O4), one relaxation broad peak is
observed at the middle of the frequency range, while it
shifted towards higher frequency with increase in temperature (figure 9). For the second bulk sample (Ni0.7Zn0.3
GaFeO4), two relaxation peaks are observed; the first loss
peak observed at low temperature and frequency, while the
second peak is sharper and observed at high frequency. The
existence of loss tangent peak (tan d) reflected an anomalous dielectric loss due to the relationship between the
hopping conduction mechanism and dielectric behaviour of
spinel ferrites. The conduction mechanism is described in
terms of hopping interactions, which occurs among the
B-sites [33]. In ferrites, the loss peak is observed due to the
delay in polarization of ions against the frequency of the
applied field. These results can be explained through the
dependence of tan d on the conduction mechanism in the
ferrite materials [40], which fundamentally depends on the
type of hopping in the B-site, and a maximum loss peak is
observed when the external field frequency and the hopping
frequency almost have the same values. Ata-Allah [41]
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explained that the two interactions (cation–cation and
cation–anion–cation) exist due to the existence of transition
metal in B-site [42]. For transition metals with high spin the
d-orbit has a number of electrons more than five, and the
cation–anion–cation interaction is predominant in B-site. In
our ferrite system, this interaction is created between the
wavefunction of the 3d-orbit of the transition elements
(Fe3? and Ni2?) and the wavefunction of the 2p-orbit of
oxygen. Therefore, the loss tangent will be shifted to higher
frequencies system by increasing the concentration of Ga3?
(figure 9). Tan (d) vs. log (F) for the samples in nanoscale
shows that for (Ni0.7Zn0.3GaFeO4) one broad peak
observed, while the loss tangent peak is not observed for the
sample (Ni0.7Zn0.3Ga0.5Fe1.5O4), figure 9. These results can
also be interpreted depending on the grain size of the
samples prepared in nanoscale, which is highly affected by
the dielectric properties of the samples.

4.

Conclusion

Ni0.7Zn0.3GayFe2–yO4 (y = 0.5 and 1.0) samples were synthesized in bulk and nanoscale by using ceramics and citrate
methods, respectively. XRD data indicate that for the
samples in nanoscale the crystallite size decreases as the
amount of Ga substitution increases. Rietveld analysis using
MAUD software for all the samples showed that the lattice
parameter (a) decreases, while the oxygen parameter (U)
and strain (e) increase by increasing the amount of Ga. A
marked increase in the frequency bands in both the tetrahedral and octahedral sites is observed in the vibrational
frequency bands of FTIR spectra. ME spectra for the bulk
and nanoscale samples with y = 1.0 can be fitted by one and
two doublets, due to the paramagnetic and superparamagnetic behaviour, respectively. For the bulk samples with
lower concentrations of Ga3?, ME spectra consists of two
Zeeman sextets. Ms values obtained from the hysteresis loop
are decreased for all the samples by the initial replacement
of Fe3? by Ga3? due to spin clusters blocking in the
superparamagnetic state and consequent increase of the
height of energy barriers. The coercivity of the samples in
nanoscale enhanced with the increase in the particle size.
This manner proposed a movement from a single to a multi
domain. The dependence of conductivity (ln r) on frequency and temperature for the samples prepared in
nanoscale is highly related to the grain size and magnetic
properties of the samples.
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