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Mg-Ti substituted Ni-Zn spinel ferrites (Ni0.5Zn0.5MgxTixFe2�2xO4, where 0.05rxr0.25) have been
prepared by conventional solid state reaction method. 1 wt% B2O3 was added to increase the crystal
growth at low temperatures. The structural characterization of samples was performed by X-ray powder
diffractometry, scanning electron microscopy and Mössbauer spectroscopy. Magnetic parameters of
samples were measured by vibrating sample magnetometer at room temperature. Microwave char-
acteristics were determined by near field measurements using a network analyzer in reflection/trans-
mission mode. Mössbauer spectra of all the samples consist of 3 sextets and one doublet. Variation of the
line width, isomer shift, quadrupole splitting and hyperfine magnetic field values have been obtained
from the 57Fe Mössbauer spectroscopy data for Ni-Zn spinels having different Mg2þ and Ti4þ con-
centrations. The saturation magnetization of the samples decreases as the concentration of Mg-Ti ions
increases, which can be explained by site preferences of the substituted cations. The electrical properties
of Mg-Ti substituted Ni-Zn spinel ferrites were examined extensively as a function of temperature, fre-
quency and Mg-Ti amount. It was found that Mg-Ti substitution has a strong effect on the ac conductivity,
dielectric constant and dielectric loss mechanisms. The activation energy levels can be regulated by
varying Mg-Ti concentration. There is one reflection minimum observed in the microwave character-
ization of the samples in the 2–18 GHz range located around 10 GHz in X-band, the mechanism of which
is the quarter wave cancellation due to the matching thickness. The Ni0.5Zn0.5Mg0.2Ti0.2Fe1.6O4 sample
has the best microwave properties with the reflection loss of �29 dB at 10.4 GHz for a thickness of 3 mm
and better than �35 dB at 16 GHz when thickness is decreased to 2 mm. As a result, it was concluded
that this material can be used as microwave absorber both in X and Ku-bands.

& 2016 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
1. Introduction

Microwave absorbers are functional materials having magnetic
and/or dielectric fillers which convert incoming electromagnetic
energy into the heat due to the resonance and relaxation of di-
poles and magnetic moments. They have attracted great interest
due to the advancement of wireless communication systems and
EMI/EMC requirements for both industrial and military electronic
devices. For practical applications, absorbing materials should
have not only strong absorption and broad bandwidth, but also
light weight and low thickness. Among various absorbing mate-
rials, ferrites have widespread usage due to their high chemical
.l. All rights reserved.

Sözeri).
stability, low cost, excellent magnetic and dielectric properties [1–
3]. However, at high frequencies of the order of GHz, the permit-
tivity of ferrites is almost constant with its imaginary part (ε″) is
close to 0. Consequently, the dielectric loss is almost negligible,
and their absorbing performance mainly depends on the magnetic
loss. On the other hand, this disadvantage can be overcome by
tuning their magnetic, and thus, microwave properties by doping
with various metallic ions, such as Cu, Zn, Co, Ti, Mn, Mg, Ni etc.
[4,5].

Both hexaferrites and spinels have substantial magnetic losses
in the vicinity of their natural resonance (FMR), thus, they are ones
of the best materials as microwave absorbers. Spinel ferrites have a
general formula of AB2O4 with the composition of Fe2O3-MO
where M is generally a transition element. Almost any divalent
transition-metal ion(s) can be used to form spinel ferrite. They
have generally ferrimagnetic type ordering described by the Neel's
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two sublattice model. Among the spinel ferrites, Nickel-Zinc (Ni-
Zn) spinel ferrite is widely used as a magnetic filler in microwave
absorbing materials because of its high Curie temperature, high
permeability, high resistivity and low hysterisis losses in the fre-
quency range from several hundred MHz to several GHz [6].

Various preparation routes have been used to synthesize na-
nosize Ni-Zn ferrite powders such as high-energy ball milling [7],
citrate precursor method [8], co-precipitation method [9], hydro-
thermal route [10], reverse micelle process [11], sol-gel method
[12] and solid state reaction with B2O3 addition as a catalyst
[13,14]. Ni-Zn ferrites were prepared in various forms such as core-
shell nanoparticles [15,16], nanofibers [17–19], nanocomposites
[20,21] and in a polymer matrix [22,23]. Several divalent ions such
as Co2þ [24], Mn2þ [13], Mg2þ-La3þ [25], Nd2þ [26], Cu2þ [27]
and Mn-Co [14] have been replaced by either transition metal or
Fe3þ ions. Substitution of small amount of Nd2þ ions into the iron
site, for instance, yielded a reflection loss (RL) of
�20.7 dB@12 GHz in a 2 mm sample. When 20% Cu2þ ions were
replaced by Ni and Zn ions, the minimum RL of �35.3 dB occurred
at 11.7 GHz in a 3 mm thick sample and �35.6 dB was observed at
1.1 GHz in a 9.2 mm thick sample. A small amount of Mn2þ sub-
stitution to the Ni-Zn site gives rise to a RL of better than
�20 dB@1.8 GHz in samples having 10 mm thickness. When both
Mn and Co ions were introduced together into Ni-Zn sites, a
minimum RL of �25 dB was observed in Ni0.6Zn0.2Mn0.1Co0.1Fe2O4

and Ni0.8Mn0.1Co0.1Fe2O4 nanoparticles at 10 and 12 GHz, respec-
tively, in 3 mm thick samples. It was also reported that magnetic
and microwave properties of Ni-Zn ferrite were strongly influ-
enced by the ratio of Ni and Zn [12,14,28].

In this study, Mg2þ-Ti4þ ions were replaced by Fe3þ ions in Ni-
Zn ferrite in order to change magnetocrystalline anisotropy of the
nanoparticles, which alters their magnetic and microwave prop-
erties accordingly. For this purpose, samples in the form of
Ni0.5Zn0.5MgxTixFe2�2xO4, where 0.05rxr0.25 were synthesized
using conventional solid state reaction route with w.t. 1% B2O3

addition which was used as a catalyst to inhibit crystal growth. The
structural, magnetic, dielectric and microwave properties of sam-
ples have been studied in detail.
2. Experimental

Mg-Ti substituted Ni-Zn ferrite samples were prepared using
the conventional solid state reaction method. The initial oxides (
i.e., NiO, MgO, ZnO, TiO, Fe2O3) were mixed with an appropriate
molar ratio in an agate mortar for 15 min. 1 wt% B2O3 was added to
this mixture to initiate crystal growth at low temperatures [29].
Then, powders were pelletized under 200 MPa pressure to have
better magnetic properties and to increase the target phase frac-
tion [30]. The sintering was carried at 1100 °C for 2 h. The particle
size of the samples was reduced using ball milling at 1000 RPM for
2 h. Toroidal samples with inner and outer diameters of 3 and
7 mm were prepared to measure microwave properties up to
18 GHz in a coaxial waveguide. All samples, which were used in
the microwave measurements, have the same thicknesses of
3 mm.

The structural characterization of the synthesized samples was
performed using X-Ray powder diffractometer (Shimadzu-
XRD6000, Cu-Kα radiation). The particle size and morphology of
the powders were examined with a scanning electron microscope
(JEOL 6335F, Field Emission Gun). Mössbauer spectra of the Ni-Zn
spinels were recorded at room temperature with a spectrometer
working in the constant acceleration mode using a 25 mCi 57Co
(Rh matrix) radiation source in transmission geometry. The Wissel
velocity drive was used. The speed scale was calibrated using α-Fe
and the velocity calibration was performed with laser
interferometry. The obtained spectra were analyzed and fitted by
the least square method using Win-Normos least squares fitting
software. The quality of data fitting was checked by the χ2-test.
The magnetic characterization of the samples, all in powder form,
was done at room temperature using a vibrating sample mag-
netometer (LDJ Electronics Inc., Model 9600) in an applied field of
15 kOe. A planetary ball milling device (Fritch, Premium Line 7)
was used to reduce particle size with 5 mm ZrO2 balls. Microwave
measurements were performed in Reflection/Transmission mode
in a coaxial airline using HP PNA E8364B vector network analyzer
in the frequency range of 2–18 GHz. The material measurement
software was used to derive complex permeability and permit-
tivity values from the measured transmission (S21) and reflection
(S11) coefficients.
3. Results and discussion

3.1. XRD analysis

Fig. 1a and b shows, respectively, XRD powder patterns with
Rietveld analysis and variation of the lattice constant (ao) with
Mg2þ-Ti4þ concentration changing from x¼0.05 to x¼0.25 for
Ni0.5Zn0.5MgxTixFe2�2xO4 nanoparticles (NPs). The diffraction
patterns confirm a single spinel ferrite phase formation in all the
samples. It has been observed that all the diffraction peaks for
each sample can be well indexed to the standard diffraction peaks
of spinel ferrites with cubic spinel structure of both ZnFe2O4

(JCPDS 22-1012) and NiFe2O4 (JCPDS 74-2081). There are almost no
diffraction peaks corresponding to impurity phases, suggesting
that pure products were obtained. Presence of eight diffraction
planes (111), (220), (311), (222), (400), (422), (511) and (440) in the
diffraction pattern confirms the formation of a cubic spinel ferrite
structure.

The ionic radii of Ti4þ , Mg2þ and Fe3þ ions are 0.068 [31],
0.072 [32], 0.065 nm [32] respectively. Ti4þ has a strong tendency
to enter into B sublattices [33]. As reported earlier, Mg2þ ions have
a strong preference to occupy B sites and partially occupy A sites
[34]. Due to the larger ionic radius of the doping ions (Mg2þ and
Ti4þ), the lattice parameter “ao” of the synthesized Ni-Zn ferrites
increases (Fig. 1b). The average crystallite sizes of the samples
were calculated from X-ray line broadening of the reflection using
Scherrer's equation (D¼0.89λ/(β*Cos θ)), where λ is the wave-
length of the X-ray radiation, θ is the diffraction angle and β is the
full width at half maximum (FWHM), and were found to be within
the range of 19–27 nm (Table 1).

3.2. SEM analysis

SEM micrographs of the Ni0.5Zn0.5MgxTixFe2�2xO4 spinel ferrite
samples are shown in Fig. 2. The morphology and average grain
size exhibit some differences for each sample as Mg-Ti con-
centration changes from x¼0.05 to 0.25. In general, particles have
well-defined grain boundaries and agglomeration is less sig-
nificant with increasing Mg-Ti amount. An inhomogenous particle
size distribution varying between 1 and 2 mm was observed. This
can cause interaction of particles with incoming microwave in a
wide wavelength range, which consequently results in having re-
flection losses in a wide frequency band that is desired for an ideal
absorber.

3.3. Mössbauer spectroscopy

57Fe Mössbauer spectra of spinel ferrite system,
Ni0.5Zn0.5MgxTixFe2�2xO4; x: 0, 0.05, 0.1, 0.15 and 0.2 were re-
corded at room temperature and are shown in Fig. 3. Mössbauer
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Fig. 1. (a) XRD profile fits for Zn0.5Ni0.5MgxTixFe2�2xO4 NPs, (b) Lattice parameters according to the variation of x.

Table 1
Crystalitte sizes of Ni0.5 Zn0.5MgxTixFe2�2xO4 NPs
calculated by Scherrer's formula from the (114)
peak.

x D (nm)

0.05 19.04
0.10 22.99
0.15 20.28
0.20 27.29
0.25 21.51
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spectroscopy is a highly sensitive tool to detect changes in the
atomic configuration surrounding Fe ions. Various Mössbauer
parameters calculated from the fitting of the spectra are given in
Table 2. Each spectrum exhibits a superposition of three Zeeman
sextets and one paramagnetic doublet. The largest hyperfine field
with bigger isomer shift is characteristic of Fe3þ ions in the oc-
tahedral B-site, whereas the lower values of both parameters are
due to Fe3þ ions in the tetrahedral A site [35–37]. The B-site
subspectra were found to be composed of two sextets, B and B1

associated with Fe3þ ions at two different environments in B-site
[38]. The existence of the paramagnetic phase in the Mössbauer
spectra may be due to the fact that a fraction of Fe ions have few
nearest neighbors which probably have ordered spins, but the
existence of the six-line magnetic pattern is due to the super ex-
change interaction between the magnetic ions at A– and B–sub-
lattices. The paramagnetic doublet might also be arising from fine
superparamagnetic grains of ferrites.

The chemical isomer shift occurs due to the change in nuclear
radius and differing chemical environments. The isomer shift for A
sites is less than that of B sites, because of higher covalence (i.e.,
larger overlapping of Fe3þ–O2- ions at A sites when compared to B
sites) [39]. The observed range of the isomer shift of the A and B
magnetic patterns is 0.2781–0.3919 mms�1 at room temperature.
It is well known that in the magnetically ordered phase, the va-
lence of Fe can be determined by the isomer shift (0.6–1.7 mms�1

for Fe2þ , 0.05–0.5 mms�1 for Fe3þ and �0.15–0.05 mms�1 for
Fe4þ) [40]. Therefore, the isomer shift values correspond to char-
acteristics of the Fe3þ charge state in A and B sites. It is observed
that the magnitude of the isomer shift of the A site increases very
slightly with increasing concentrations of Mg2þ and Ti4þ ions. But
the isomer shift of the other sites shows no appreciable change.
This shows that the s-electron density around the Fe3þ nucleus at
the A site decreases, but other sublattices are largely unaffected
while Mg2þ - Ti4þ concentration increases.

The value of Q.S can provide information about the symmetry
of crystal lattice and its local distortions. Both the effective charge
on the neighboring ions and nonspherical distribution of 3d
electrons of the cation cause an electric field gradient (EFG) [41].
The values of Q.S for observed components having various Mg-Ti
amounts are negligible. This is attributed to the fact that overall
cubic symmetry is maintained between Fe3þ ions and their sur-
rounding which includes the substituted ions.

Variation of the hyperfine magnetic field of different sextets as
a function of Mg2þ and Ti4þ substitution is given in Fig. 4, which
shows that the hyperfine field values at A, B and B1 sites decrease
gradually with increasing Mg2þ and Ti4þ ion concentration (x).
The distribution of Fe ion over A- and B- sites is proportional to the
relative area of A- and B- Mössbauer sub-spectra. As shown in
Table 2, the relative area of A sites increases with the addition of
Mg2þ and Ti4þ ions. This shows that the non-magnetic Mg2þ and
Ti4þ ions prefer to be at B-site. Replacement of Mg2þ and Ti4þ

ions (0 μB) by the Fe3þ cation (5 μB) at octahedral B-site, which
causes a reduction in the number of active linkages between A and
B sites, reduces thereby the hyperfine magnetic field at both the
sublattices.

3.4. Magnetic properties

Magnetic properties of the synthesized Ni-Zn ferrites have
been determined by measuring M-H hysterisis curves at room
temperature. Saturation magnetization values were determined
from the intersection of hysterisis curves with the 1/H axis as 1/H
approaches zero. Fig. 5 shows that the highest saturation magne-
tization occurs in the sample having the minimum Mg-Ti



Fig. 2. SEM micrographs of a) Ni0.5Zn0.5Mg0.05Ti0.05Fe1.90O4 b) Ni0.5Zn0.5Mg0.10Ti0.10Fe1.8O4 c) Ni0.5Zn0.5Mg0.15Ti0.15Fe1.7O4 d) Ni0.5Zn0.5Mg0.20Ti0.02Fe1.6O4 e)
Ni0.5Zn0.5Mg0.25Ti0.25Fe1.5O4 NPs.
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concentration (x¼0.05) with Ms value of 33.4 emu/g. In addition,
the sample with the highest Mg-Ti concentration has the lowest
saturation magnetization of 17.7 emu/g. This decrease in the sa-
turation magnetization with increasing Mg-Ti concentration can
be explained by site preferences of Mg2þ and Ti4þ ions and the
strength of the exchange interactions. Ni-Zn ferrite has a mixed
spinel structure with a general formula of

−
+ +

−
+

+
+⎡⎣ ⎤⎦ ⎡⎣ ⎤⎦Fe Zn Ni Fe Ox x

A

x x

B

1
3 2

1
2

1
3

4, where A represents tetrahedral and B
denotes octahedral sites. Magnetization of the spinels has been
explained by Neel's two sub-lattice model of ferrimagnetism [42].
According to this model, magnetic moments in A- and B-sub-
lattices are aligned antiparallel to each other and their spins have a
collinear structure. Thus, total magnetization can be found as
M¼ ∣MB-MA∣. The non-magnetic Mg2þ and Ti4þ ions were re-
placed by Fe3þ ions having magnetic moment of 5 mB at B-site,
which in turn decreases the magnetization of the B-sublattice.
Thus, total magnetization of the samples decreases. In addition,
there are three types of exchange interactions between A and
B-sites, as JAA (inter A-site), JAB ( between A and B sites) and JBB
(inter B-side). Among these, antiferromagnetic super exchange
interaction JAB, which takes place between Fe3þ ions in different
sites over oxygen ions (i.e., − −−

+ +
−

+Fe O Fesite A site B
3 2 3 ), is the strongest

one. As the number of Fe3þ ions in B-sites decreases, JAB super
exchange interaction weakens, and hence, the net magnetization
of the samples decreases. Magnetic parameters of all samples are
presented in Table 3.

Like saturation magnetization, the coercivity of Ni-Zn ferrites
decreases almost linearly with increasing Mg-Ti concentration. The
coercivity depends on the magnetocrystalline anisotropy, particle
size and saturation magnetization of particles and can be ex-
pressed as; =

μ
Hc

K
M

2

s

1

0
. The magnetocrystalline anisotropy of the

samples is a sum of bulk and surface anisotropies which are re-
lated by the equation Keff¼Kbulkþ6Ks/d, where d is the average
particle size. The bulk anisotropy of ferrites is proportional to the
Fe3þ ion concentration, which decreases in our samples as the
Mg-Ti concentration rises. Assuming that surface anisotropies of
all samples are the same, since they are prepared in the same
conditions, Keff decreases with increasing Mg-Ti amount. There-
fore, we can expect a decrease in the coercive field as well, as
depicted in Fig. 6 and in Table 3.

3.5. Electrical properties

It is important to understand electrical properties of any con-
ductive NPs as a function of temperature and frequency. Subse-
quently, variation of the complex impedance can be evaluated
with the help of Fourier Transform using the response signal to a
sinusoidal stimulus. In this concept, the complex dielectric con-
stant and conductivity can be calculated using equations ε*(ω, T)¼
ε′(ω, T)� i ε′′(ω, T) and s*(ω, T)¼s′(ω, T)� i s′′(ω, T), respectively.

It is prominent to note that the real part of the ac conductivity
could be derived from the imaginary component of the dielectric
constant ε′′(ω) through the relation s′(ω)¼ ε ω0 ε′′(ω) for each fre-
quency value, where ε0 is the vacuum permittivity, and ω= π2 f is
the angular frequency. In this study, ac conductivity of the Mg-Ti
substituted Ni-Zn spinel ferrites [Ni0.5Zn0.5MgxTixFe2�2xO4 (where
0.05rxr0.25)] was derived at temperatures from 20 up to 120 °C
using standard impedance spectroscopy. The frequency dependent
conductivities of all the ferrites studied were obtained through the
standard equation as follows [43,44]; ( ) ( )σ′ ω = ε (ω )ω ε, T “ , T T

0
,

where s′ ( )(=σ ω, Tac is the real component of complex conductivity,
ε″ is the imaginary component of complex dielectric permittivity
(ε*), ε0 (¼8.852�10�14 F/cm) is the vacuum permittivity, and fi-
nally, ω is the angular frequency of the electric field applied across
the electrodes. The frequency dependency of the real part of the
conductivity follows a power law behavior in some region, while it
remains constant at lower frequencies. Besides, it changes with
Mg-Ti concentration. In general, the total conductivity could be
represented by the following equation:

σ (ω ) = σ + σ( )ω ( )′ , T T 1dc
n

where σdc is the frequency-independent component of con-
ductivity or dc conductivity (at ω→0), ( )σ T is the temperature-
dependent coefficient, and “n” is a power exponent around unity



Fig. 3. Room temperature Mössbauer spectra of Ni0.5Zn0.5MgxTixFe2�2xO4 NPs.
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which depends on both frequency and temperature. The con-
ductivity at the lowest frequency, 1 Hz, was taken as dc part, s′
(1 Hz, T)¼sdc (T). This type of electrical behavior can be attributed
to the theory of universal dynamic response proposed by Mac-
donald [45].

It should be noted that measuring the frequency dependent
conductivity is an informative method to understand both type
and mechanisms of the transport properties of ferrites. In general,
the conductivity in ferrites has two components, namely dc and ac
conductivity. The mechanism of the former one is the band con-
duction [46] and that of the latter one is hopping between ions of
the same element having more than one valence state, which can
be expressed by the power law.

3.5.1. ac conductivity
The ac conductivity curves of Mg-Ti substituted Ni-Zn NPs as a

function of frequency up to 3 MHz and at temperatures ranging
from 20 to 120 °C are shown in Fig. 7. It can be noticed that ac
conductivities of all Mg-Ti-substituted Ni-Zn spinel ferrites vary in
a range between 30 nS/cm and 500 mS/cm as the temperature and
frequency changes within the ranges mentioned above. The
amount of Mg-Ti ions in Ni-Zn spinel ferrites affects the ac con-
ductivity tremendously as can be easily seen in Fig. 7(a)–(e). It
raises rather linearly with increasing temperature, while it de-
creases as Mg-Ti amount increases in the samples. In addition, at
low frequencies, it becomes frequency independent for all tem-
peratures and Mg-Ti concentrations. The ac conductivity stays al-
most constant, for example, up to 50 kHz when x¼0.05 as illu-
strated in Fig. 7(e). Therefore, we can expect that the frequency-
independent conductivity can be extended to a higher frequency
region when the temperature increases above 120 °C.

Furthermore, ac conductivity increases with temperature at
low frequencies while it remains almost constant in the high fre-
quency regime for various Mg-Ti substitution levels. Once sub-
stitution is increased, the ac conductivity becomes less tempera-
ture dependent [47]. The increase of conductivity at higher fre-
quencies may be attributed to the predominance of the hopping
type transition. This behavior can be considered as strong evidence
for the ionic conductivity [48].

3.5.2. dc conductivity
The dc conductivity measurements of the Mg-Ti substituted Ni-

Zn NPs are shown in Fig. 8 in an Arrhenius plot as a function of
reciprocal temperature between 20 and 120 °C with an interval of
10 °C. Thus, the dc conductivity can be expressed by means of a
well-known Arrhenius plot as;

σ ( ) = σ( ) −
( )

⎡
⎣⎢

⎤
⎦⎥T 0 exp

E
k T 2

dc
a

B

for a broad range of activation energies depending upon the
amount of Mg-Ti substitution (where kB¼8,6173324�10�5 eV/K).
Activation energies of the samples have been calculated by fitting
a linear curve and were determined to vary between 370–
600 meV, see Table 4. It can be easily seen that for the highest Mg-
Ti concentration, the activation energy does not follow the Ar-
rhenius plot at low temperatures indicating a weak activation
tendency.

The possibility to tune the activation energy by varying the Mg-
Ti amount in Ni-Zn spinel ferrites is illustrated in Fig. 8(b), the
maximum value of nearly 600 meV is achieved at about x¼0.16
while it decreases both ways down to 370 meV for xo0.05 and
also roughly above 0.30. Temperature-independent pre-coeffi-
cients of the conductivity, s(0), were found to be dependent only
upon the Mg-Ti concentration in Ni-Zn spinel ferrites. So, the
coefficients show a Gaussian variation having a peak value of 5,8 S/
cm centered at x¼0.16 which corresponds to the maximum acti-
vation energy.

3.5.3. Dielectric properties (ε′ and ε″)
Permittivity spectra of the Mg-Ti subsituted Ni-Zn NPs were

obtained by plotting dielectric constants ε′ and ε″ as a function
frequency up to 3 MHz at various temperatures ranging from 20 to
120 °C. It is clearly seen from Fig. 9 that both magnitude and fre-
quency dependence of ε′ changes with the Mg-Ti concentration. It
was observed in all prepared samples that the real part of the
dielectric constant ε′ decreases with increasing frequency at all
temperatures. The orientational polarization decreases with



Table 2
Parameters of Mössbauer Spectra of the Ni0.5Zn0.5MgxTixFe2�2xO4 NPs (Bhf: hyperfine magnetic field. I.S: isomer shift. Q.S: quadrupole splitting. W: line width. RA: Relative
area).

Mg-Ti concentration, x Assignment of sites I.S . (70.01) (mm s�1) Q.S. (70.02) (mm s�1) Bhf (70.2) (T) W (70.01) (mm s�1) RA (%)

0 Sx- A: Feþ3 0.2936 0.0147 42.852 0.5472 31.305
Sx- B: Feþ3 0.3919 �0.1488 49.38 0.8081 5.2465
Sx- B1: Feþ3 0.3414 �0.0119 36.852 0.8146 50.21
Db: Feþ3 0.3436 0.9881 – 1.011 13.238

0.05 Sx- A: Feþ3 0.2781 0.0347 43.716 0.3816 11.669
Sx- B: Feþ3 0.2884 0.0483 47.548 0.4161 5.6282
Sx- B1: Feþ3 0.3083 �0.0398 36.979 0.8023 70.642
Db: Feþ3 0.3457 0.5994 – 0.6533 12.061

0.1 Sx- A: Feþ3 0.2819 0.0237 42.41 0.5395 13.499
Sx- B: Feþ3 0.2976 0.0063 45.938 0.3564 6.493
Sx- B1: Feþ3 0.2952 �0.0285 37.127 0.4202 60.71
Db: Feþ3 0.3465 1.0559 – 1.1433 19.298

0.15 Sx- A: Feþ3 0.3111 �0.0041 40.584 0.6735 26.617
Sx- B: Feþ3 0.2788 0.0070 44.997 0.619 5.351
Sx- B1: Feþ3 0.3511 0.0317 28.686 0.7029 52.92
Db: Feþ3 0.3366 0.5917 – 0.5495 17.975

0.2 Sx- A: Feþ3 0.3159 �0.0079 37.283 0.7696 50.2
Sx- B: Feþ3 0.2856 0.0019 43.165 0.8887 12.079
Sx- B1: Feþ3 0.31 �0.0799 24.026 0.4020 21.2
Db: Feþ3 0.3381 0.5233 – 0.4808 16.521

Fig. 4. Variation of hyperfine magnetic field at the A-, B- and B1- sites with x in
Ni0.5Zn0.5MgxTixFe2�2xO4NPs.

Fig. 5. Magnetic hysterisis curves of Ni0.5Zn0.5MgxTixFe2�2xO4 (0.05rxr0.25)
NPs.

Table 3
Magnetic parameters of Ni0.5Zn0.5MgxTixFe2�2xO4 (0.05rxr0.25) NPs.

Amount of substitution (x) Ms (emu/g) Mr (emu/g) Hc (Oe)

0.05 34.3 2.9 126
0.10 30.6 2.9 118
0.15 18.5 2.5 108
0.20 25.6 2.4 104
0.25 18.3 1.4 86

Fig. 6. Coercivity and saturation magnetization values of Ni-Zn ferrite NPs for
different Mg-Ti concentrations.
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increasing frequency since the dipole moments require long time
to follow the oscillations of the alternating field. Thus, dielectric
constant decreases. It is also common for all substitution levels
that as the temperature raises the dielectric constant ε′ increases,
which was clearly observed at low frequencies when Mg-Ti con-
centration is high (i.e., x¼0.25) and at high frequencies for low
Mg-Ti amounts (i.e., x¼0.05 and 0.10). This can be explained by an
increase in the molecular orientation and re-arrangement with
temperature [49]. Besides, it is clearly seen that the temperature
dependency shifts to higher frequencies as the Mg-Ti concentra-
tion decreases.

The imaginary component of the permittivity ε″ spectra of Mg-
Ti substituted Ni-Zn NPs is shown as log-log plots in Fig. 10 for the



Fig. 7. ac conductivities of MgTi-substituted Ni-Zn spinel ferrites NPs, [Ni0.5Zn0.5MgxTixFe2�2xO4] (a) x¼0,25; (b) x¼0,20; (c) x¼0,15; (d) x¼0,10; (e) x¼0,05 as a function of
frequency up to 3 MHz for temperature ranging from 20 to 120 °C.
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same temperature interval. It was observed that ε″ is strongly
temperature dependent at low frequencies and at high Mg-Ti
concentrations. As the Mg-Ti amount decreases, the temperature
dependent regime extends up to frequencies above 10 kHz.
The dielectric loss ε″ can clearly be expressed as a power law
ε (ω )=ε ( )ω−“ , T ” 0,T n, where ( )ε“ 0,T is a temperature dependent
coefficient. It can be realized that the power exponent “n” of al-
most each curve is close to unity for all temperatures and for all



Fig. 8. (a) Arrhenius plots of dc electrical conductivities of
Ni0.5Zn0.5MgxTixFe2�2xO4 (where 0.05rxr0.25) NPs as a function of reciprocal
temperature ranging from 20 to 120 °C. (b) Variation of activation energy as a
function of Mg-Ti content in MgxTixNi0.5Zn0.5Fe2O4 NPs centered at x¼0.16.

Table 4
Variations of each activation energy of Mg-Ti substituted Ni-Zn spinel ferrites
[Ni0.5Zn0.5MgxTixFe2�2xO4 (where 0.05rxr0.25)].

Compositions Activation energy (meV)

Ni0.5Zn0.5Mg0.05Ti0.05Fe1.9O4 373
Ni0.5Zn0.5Mg0.10Ti0.10Fe1.8O4 446
Ni0.5Zn0.5Mg0.15Ti0.15Fe1.7O4 591
Ni0.5Zn0.5Mg0.20Ti0.20Fe1.6O4 538
Ni0.5Zn0.5Mg0.25Ti0.25Fe1.5O4 434
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Mg-Ti amounts. This observation is similar to the tendencies de-
tected in NiFe2O4, and CoFe2O4 and Mn-substituted Ni-Zn spinel
ferrites [50,51].

The dielectric loss increases when temperature rises up to
120 °C at low frequencies. However, the effect of temperature is
less significant at high frequencies, as expected, and can be ex-
plained by the Maxwell-Wagner model of inhomogenous double
structure [52,53]. According to the model, the highly conducting
grains are separated by poor conducting grain boundaries, which
leads to accumulation of charge carries at the boundaries. There-
fore, more energy is required for polarization within the grain
boundaries at low frequencies, which leads to the high energy loss.
On the other hand, relatively low energy is need for polarization in
the grains which results in low energy losses at high frequencies
[54,55].

3.5.4. Dielectric complex modulus
The complex dielectric modulus can be derived from both real

and imaginary components of complex dielectric data (ε′ and ε′′),
and then is expressed as:

* =
ε*

= + ′ = ε + ε′

ε + ε′ ( )
′ ′

′ ′

′ ′
M

1
M iM

i

32 2

where ′ ′′M and M are the real and complex components of the di-
electric modulus, respectively.

Dependences of the real part of the complex dielectric modulus
on the applied signal frequency for a variety of Mg-Ti substituted
Ni-Zn spinel ferrites at temperatures up to 120 °C with an incre-
ment of 10 °C are summarized in Fig. 11. It is evident that the real
part of the dielectric modulus decreases with temperature at low
frequencies for all Mg-Ti substitution levels between 0.25 and
0.05, while there is a saturation at frequencies above 40 Hz for
x¼0.25 and above 20 kHz for x¼0.05.

It can be clearly stated that the real part of the modulus is
shifted to the higher frequency side for all the samples as the
temperature is increased from room temperature up to 120 °C.
Moreover, the saturation region for each curve is also shifted. Thus,
the real modulus can be expressed as a power law as: [56]

( ) ( )′ ω = ′ ωM , T M 0,T n, with an almost linear change of “n” with
frequency having a small temperature-dependent deviation at the
low frequency region at all temperatures and substitution levels.
The linearity in the log-log plot of the real modulus is expanded
into the higher frequency region as the temperature is increased
from room temperature up to 120 °C, which is clearly evident in
samples with a low concentration of Mg-Ti ions presented in
Fig. 11(d and e).

The imaginary parts of the complex dielectric modulus, ′′M , of
the Mg-Ti substituted Ni-Zn NPs were measured at various tem-
peratures ranging from 20 to 120 °C and are shown in Fig. 12. The
linear character of the log-log plots is indicative of a power law
behavior with the power exponent of approximately unity for low
substitution levels, while for the higher substitutions (i.e. x¼0.20
and 0.25) the plots exhibit some fluctuations in the whole fre-
quency range. The imaginary modulus depends on the power ex-
ponent of the frequency according to the equation:

( ) ( )′′ ω = ′′ ωM , T M 0,T n, where ( )′′M 0,T is the pre-coefficient of the
imaginary component of the complex dielectric modulus and “n” is
the slope of the curves which is strongly temperature-dependent
in the whole frequency range for low Mg-Ti amounts. Besides, the
linearity of each curve is expanded to higher temperatures and
higher frequencies as the Mg-Ti concentration decreases.

3.6. Microwave absorption properties

The reflection loss (RL) spectra of the synthesized samples were
calculated according to the transmission line theory which states
that the RL of a material backed by perfect conductor and illumi-
nated by a wave with normal incidence can be derived as [57]:

( ) ( )( ) = − − + ( )RL dB log Z Z Z Z20 / 4in in0 0

where ( )μ ε μ ε= − π⎡
⎣⎢

⎤
⎦⎥Z Z tanh j/in r r

fd
c r r0

2 , μ μ μ= ′ − ′′jr and

ε ε ε= ′ − ′′jr . Z0 is the impedance of free space, f is the frequency
and d is the thickness of the absorber. Zin is the input impedance of
an absorber which depends mainly on complex permittivity and
permability values, which are derived from the reflection and
transmission coefficients (i.e., S11 and S12) using NRW algorithm
[58]. Thus, Eq. (4) implies that the impedance matching condition



Fig. 9. Dielectric constant of MgTi-substituted Ni-Zn spinel ferrite [Ni0.5Zn0.5MgxTixFe2�2xO4] NPs (a) x¼0,25; (b) x¼0,20; (c) x¼0,15; (d) x¼0,10; (e) x¼0,05 as a function
of frequency up to 3 MHz for temperature ranging from 20 to 120 °C.
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is satisfied when Zin is equal to Z0 (i.e. 377Ω). Fig. 13 depicts the
RL spectra of Mg-Ti substituted Ni-Zn ferrite NPs between 2 and
18 GHz. It shows that the minimum RL of nearly �30 dB@10 GHz
occurs in samples having a Mg-Ti concentration of x¼0.20 and
0.25, while the bandwidth of this absorption at �20 dB is 2 GHz.
In addition, the samples having higher saturation magnetization
values have weak RL properties of around �25 dB at the same
frequency, see Table 5. The mechanism of absorption was de-
termined as the quarter wave cancellation at the matching thick-
ness. When electromagnetic wave is incident on an absorber



Fig. 10. Dielectric loss of Mg-Ti substituted Ni-Zn spinel ferrite [Ni0.5Zn0.5MgxTixFe2�2xO4] NPs (a) x¼0,25; (b) x¼0,20; (c) x¼0,15; (d) x¼0,10; (e) x¼0,05 as a function of
frequency up to 3 MHz for temperature ranging from 20 to 120 °C.
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backed by a conductive metal plate, in some circumstances, the
wave reflected at the air-absorber interface is 180° out of phase
with the wave reflected at the absorber–metal interface canceling
each other at the air-absorber interface. If the thickness of an
absorber is equal to one quarter of the wavelength, this cancella-
tion occurs at the matching thickness, tm. Similarly, the frequency
at which RL occurs is referred to as the matching frequency, fm
[59]. The relation between the matching thickness and the



Fig. 11. Real part of complex dielectric modulus of Mg-Ti substituted Ni-Zn spinel ferrite [Ni0.5Zn0.5MgxTixFe2�2xO4] NPs (a) x¼0,25; (b) x¼0,20; (c) x¼0,15; (d) x¼0,10;
(e) x¼0,05 as a function of frequency up to 3 MHz for temperature ranging from 20 to 120 °C.
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matching frequency is:

λ

ε μ
= = ( = )

( )
t

n nc

f4 4
n 1, 3, 5. .

5
m

r r
This equation shows that when the thickness of an absorber is
equal to one quarter of the wavelength, the quarter-wave thick-
ness criteria is satisfied. Fig. 14 shows the matching thickness
spectra of our 3 mm thick samples up to 18 GHz. As seen in the



Fig. 12. Imaginary part of complex dielectric modulus of Mg-Ti substituted Ni-Zn spinel ferrite [Ni0.5Zn0.5MgxTixFe2�2xO4] NPs (a) x¼0,25; (b) x¼0,20; (c) x¼0,15;
(d) x¼0,10; (e) x¼0,05 as a function of frequency up to 3 MHz for temperature ranging from 20 to 120 °C.
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figures, the matching thickness becomes equal to the thicknesses
of absorbers exactly at the same frequencies where RL occurs in
Fig. 13 indicating that the mechanism of absorption is the quarter
wave cancellation.
The RL spectra of the sample having the best microwave ab-
sorption (Ni0.5Zn0.5Mg0.25Ti0.25Fe1.5O4 ) have been calculated for
various thicknesses between 2 and 10 mm and are shown in
Fig. 15. It should be noticed that as sample thickness increases the



Fig. 13. RL values of Ni0.5Zn0.5MgxTixFe2�2xO4 (0.05rxr0.25) NPs in 2–18 GHz
range.

Table 5
Microwave properties of Ni0.5Zn0.5MgxTixFe2�2xO4 (0.05rxr0.25) samples in 2–
18 GHz range.

Frequency (GHz) RL (dB)

Ni0.5Zn0.5Mg0.05Ti0.05Fe1.90O4 10.16 �24.73
Ni0.5Zn0.5Mg0.10Ti0.10Fe1.8O4 10.4 �25.6
Ni0.5Zn0.5Mg0.15Ti0.15Fe1.7O4 10.32 �25.45
Ni0.5Zn0.5Mg0.20Ti0.20Fe1.6O4 10.48 �28.94
Ni0.5Zn0.5Mg0.25Ti0.25Fe1.5O4 10.32 �29.76

Fig. 14. Matching thickness curves of Ni-Zn ferrite samples having different Mg-Ti
concentrations.
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matching frequency of the absorber decreases. Thus, the thinner
the absorber the higher its matching frequency. The 2 mm thick
sample has a RL of �37 dB@16 GHz, while it is �25 dB@3 GHz for
the thickness of 10 mm. In Fig. 16, matching thickness values are
plotted as a function of matching frequencies for the sample
thicknesses between 2 and 10 mm. It was observed that as sample
thickness increases the matching frequency of the absorber de-
creases exponentially. The solid line in Fig. 16 corresponds to the
exponentially fitted curve of the first order which agrees well with
the experimental data. The same behavior was also observed and
reported in our previous works on both hexa- [5] and spinel ferrite
absorbers [60].
Fig. 15. RL spectra of Ni0.5Zn0.5Mg0.25Ti0.25Fe1.5O4 NPs calculated up to 18 GHz for
various thicknesses between 2 and 10 mm.
4. Conclusion

Ni0.5Zn0.5MgxTixFe2�2xO4 (0.05rxr0.25) spinel ferrites have
been synthesized using the conventional solid state reaction
method with 1 wt% B2O3 addition. XRD and SEM characterizations
show that single phase Ni-Zn spinel ferrites have been obtained
with inhomogenous grain size distribution around 1–2 mm. The
Mössbauer spectra of the prepared samples have ferromagnetic
sextets and paramagnetic doublet for the samples. Besides, the
hyperfine field values at B-, B1- and A- sites gradually decrease
with increasing concentration of Mg2þ and Ti4þ ions (x). The
cubic symmetry of the crystal lattice was not influenced by sub-
stituted ions, both of which prefer to occupy octahedral sites (B-
sites). Magnetic measurements revealed that the magnetization of
the samples decreases as the Mg-Ti concentration increases, which
was explained by the site preferences of the subsituted ions that
lead to weak superexchange interactions. Electrical and dielectric
characterization of Mg-Ti substituted Ni-Zn spinel ferrites showed
that there are significant changes in both ac and dc conductivity, as
well as complex permittivity, when the concentration of the sub-
stituted ions varies between 0.05 and 0.25. Taking into account the
exponential behavior of the conductivity, the rate constant can be
assigned to an Arrhenius expression. Thus, this brings about a
variety of activation energies for all the composition ratios. The
maximum observed activation energy was about 0.16. Further-
more, both the dielectric loss and imaginary parts of the modulus
are found to almost obey the power law with a fixed exponent
value in some frequency region, especially for lower Mg-Ti



Fig. 16. Varion of matching thickness values of Ni0.5Zn0.5Mg0.25Ti0.25Fe1.5O4 NPs
with frequency up to 18 GHz.
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substitution levels. Both electrical properties and their complex
dielectric behavior at low frequencies may be explained with the
existence of a conventional tunneling conduction mechanism
which depends on temperature, while being insensitive to the
frequency. The microwave characterization showed that 3 mm
thick samples have one reflection loss minimum around 10 GHz
with varying magnitudes between �25 and �30 dB. The sample
which has the highest Mg-Ti amount, Ni0.5Zn0.5Mg0.25Ti0.25Fe1.5O4,
shows the best microwave properties in the 2–18 GHz frequency
range. It has a reflection loss of higher than �35 dB at 16 GHz in
the 2 mm thick specimen. It was also observed that the matching
frequency of the Ni-Zn NPs decreases exponentially with in-
creasing sample thickness. Finally, it can be concluded that the
Ni0.5Zn0.5Mg0.25Ti0.25Fe1.5O4 NPs can be used as radar absorbing
material in X (8–12 GHz) and Ku-(12–18 GHz) bands.
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