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Abstract: Two samples of Zn,Mn;_,Fe;O4 (x = 0, sample A; and x = 0.4, sample B) were synthesized
by the hydrothermal method. From complex impedance measurements in the range 100 Hz-2 MHz
and for temperatures T between 30 and 130 °C, the barrier energy between localized states AE ¢,
was determined for the first time in these samples. For sample B, a single value of AE.,x was
highlighted (0.221 eV), whilst, for sample A, two values were obtained (0.012 eV and 0.283 eV, below
85 °C and above 85 °C, respectively), associated with two zones of different conductivities. Using the
Mott’s VRH model and the CBH model, we determined for the first time both the bandgap energy
barrier (Wp,) and the hopping (crossover) frequency (wy,), at various temperatures. The results show
that, for sample A, W, has a maximum equal to 0.72 eV at a temperature between 70 and 80 °C,
whilst, for sample B, Wy, has a minimum equal to 0.28 eV at a temperature of 60 °C, the results being
in good agreement with the temperature dependence of the static conductivity opc(T) of the samples.
By evaluating opc and eliminating the conduction losses, we identified, using a novel approach,
a dielectric relaxation phenomenon in the samples, characterized by the activation energy E 4 ,,j. At
various temperatures, we determined E4 ,,;, which ranged from 0.195 eV to 0.77 eV. These results are
important, as understanding these electrical properties is crucial to various applications, especially in
technologies where temperature variation is significant.

Keywords: manganese ferrites; Zn-Mn ferrite; complex impedance measurements; electrical conductivity;
complex dielectric permittivity; VRH and CBH models

1. Introduction

Ferrites represent an important class of materials, being used in many applications:
in the electronic and telecommunication industry [1,2], in the field of biomedical appli-
cations, photocatalysis, ferrofluid technology, etc. [3-5]. This wide range of applications
is due to their electrical, magnetic, optical, or catalytic properties, which can be obtained
by appropriate variations in the particle size, chemical composition, and the processing
parameters of the ferrite [6-8]. The general chemical formula of ferrites is of the form
M2+OZ_Feg+O§_, where M is a divalent element of the type Mn, Co, Ni, and Mg or a
metallic combination of mono, bi, or trivalent elements, which is equivalent to a divalent
element. In the reference [9], the authors carried out experimental investigations on the
structural transformations in manganese ferrite induced by heat treatment, concluding that,
above 400 °C, a chemical phase transformation occurs from spinel MnFe,Oj to perovskite
MnFeQOj3, which strongly affects both the magnetic and electrical behavior of the samples.
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Among the useful ferrites which have been developed, the Mn-Zn ferrite with a
cubic spinel structure can be highlighted. The cation distribution in the ferrite structure is
described by the following formula:

(zntrmmdz,) [Fed| 0% (1)

where the round bracket and the square bracket represent the tetrahedral site (A-site) and
the octahedral site (B-site), respectively [10]. The substitution of Mn?* with Zn?* ions in the
tetrahedral site will lead to the improvement of the structural, morphological, magnetic, and
electrical properties of Mn-Zn ferrite [11-13]. More researchers have obtained significant
results regarding the obtaining methods, morpho-structural characterization, and magnetic
properties of Mn-Zn compounds [14-16]. There are few articles in the literature regarding
the thermo-impedance analysis (dependence on both the temperature and the frequency of
the complex impedance and the electrical conductivity) of Mn-Zn ferrites. For this reason,
in the present paper, the determination of the electrical conductivity (o) and the complex
dielectric permittivity (¢) in the low-frequency field for Zn,Mn;_4Fe,O4 compounds as
well as the experimental studies regarding the frequency and temperature dependence of
o and ¢ are very important. Knowledge of the electrical and dielectric properties of these
materials, in addition to their magnetic properties, is very useful in applications such as
energy storage, photocatalytic applications [17], or microelectronic applications such as
power electronics-integrated LC filters [18].

In this context, the experimental measurements of electrical conductivity and complex
dielectric permittivity are very useful to obtain information regarding the possibility of
using these materials in various applications. Thus, based on thermo-impedance measure-
ments in a frequency range of 20 Hz-2 MHz and at different temperatures T in the range
of 30-130 °C, the purpose of this paper is to determine the frequency and temperature
dependence of the electrical conductivity o(f,T) and the complex dielectric permittivity
&(f,T) for the prepared ferrites, Zn,Mn;_,Fe,O4 (with x = 0 and 0.4), and highlight the
possible changes in the conduction regime and the transition temperatures from one regime
to another. Also, another purpose of the present paper is to comparatively explain the
conduction mechanisms from the samples, using both the obtained results and the VRH
(variable range hopping) of Mott [19] and the CBH (correlated barrier hopping) [20] theo-
retical models, and determine some parameters of these models (the crossover frequency,
the activation energy for electrical conduction, and the bandgap energy barrier).

2. Sample Characterization and Experiments
2.1. Synthesis

Using the hydrothermal method [21], two samples were synthesized for the experi-
mental investigations: a manganese ferrite sample (MnFe;O4) for x = 0 (Sample A) and
another sample (Sample B), substituted with Zn?* ions (Zng 4Mng ¢Fe,Oy), for x = 0.4.

The reactants used in the technological process of the two samples’ preparation were
of analytical grade and purchased from Merck. For the preparation of sample A, the
following reagents were used: 1.7895 g Mn(NOs),-H,O and 4.8372 g Fe(NOj3)3-2H,O.
Metal salts were dissolved in distilled water and then 1 M NaOH solution was added
until the pH reached a value of 11. The manganese ferrite doped with Zn (sample B) was
obtained using the same reactants as in the case of sample A, with the difference that 4% of
Mn(NOs3);-4H,0 was replaced by Zn(NO3),-6H,O. As a result, the following quantities
of reactants were used in the technological process of sample B: 1.2554 g Mn(NO3),-H,O,
4.8372 g Fe(NO3)3-2H,0, and 0.5949 g of Zn(NO3),-6H,0O solution with a concentration
of 0.002 M. The mixture thus obtained for both sample A and sample B was placed in a
Morey-type autoclave and maintained at 220 °C for 12 h. After settling and filtering, the
resulting precipitates for sample A and sample B were separately washed with distilled
water on filter paper and then dried in an air-oven at 800 °C, thus obtaining MnFe,Oy-type
and Zng 4sMng ¢Fe;Oy4-type ferrite powders, respectively.
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2.2. Characterization Technigues

The phase structure of the prepared samples was investigated by X-ray diffraction
(XRD) using the PANalytical-X"Pert PRO MRD diffractometer—Philips, FEI Company
PANalitical BV Netherlands, with Cu-Ka radiation (20° < 26 < 80°). The results were
interpreted with the X’PERT PRO MRD software, FullProf software Version: 2.2b (2.2.2),
finally obtaining the diffractogram of the material. Fourier-Transform Infrared Spectroscopy
(FTIR) spectra were obtained using a Shimadzu Prestige-21 spectrometer, Japan, in the
range 400-4000 cm 1. For the identification of the absorption bands, the existing data in
the literature were used [22]. The morphology of the samples was investigated with an FEI
Inspect S microscope model scanning electron microscopy (SEM), FEI Company PANalitical
Netherlands. At the same time, using the EDX facility of the scanning electron microscope,
the elemental analysis of the samples was carried out. The magnetic studies were carried out
using the inductive method with a hysteresis graph [23] at a low frequency (50 Hz). Based
on the complex impedance measurements in the frequency range of 100 Hz—2 MHz and at
different temperatures, between 30 and 130 °C, the frequency and temperature dependence
of the electrical conductivity and complex dielectric permittivity of the prepared samples
were determined, using an LCR meter (Agilent E-4980-A type) USA, in conjunction with a
laboratory experimental setup [24], similar to ASTM D150-98 [25].

3. Results and Discussion
3.1. X-ray Diffraction Analysis

The X-ray diffraction patterns of the prepared samples, Zn,Mn;_,Fe;O4 (where x =0
and 0.4), are shown in Figure 1.
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Figure 1. (a) X-ray diffraction patterns of samples A (MnFe;O4) and B (Zng4Mng ¢Fe;O4); and
(b) diffraction peak (311) for samples A and B.

The diffraction pattern from Figure 1a shows that both sample A and sample B contain
peaks that match the standard data of cubic spinel MnFe,O4 (JCPDS Card no. 75-0034). Also,
the XRD pattern obtained for both samples shows that the materials are well crystallized,
without any secondary phases (Figure 1). The materials crystallized with the cubic spinel
type structure, in the Fd-3m space group. The average crystallite size and lattice constant
for the investigated samples were computed using the Scherrer formula and are listed in
Table 1.
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Table 1. Computed values of crystallite size and lattice constant for different Zn concentrations x,
corresponding to samples A and B.

Samples Zn Concentration (x)  Crystallite Size (nm)  Lattice Constant (A)
A (MnFe;Oy4) 0 45 8.498(1)
B (ZI’IO.4MI’10_6F6204) 0.4 239 848(1)

From Table 1, it can be seen that the average size of the crystallites is lower for x = 0.4
than for x = 0. This may be correlated to the broadening of the diffraction maximum (311)
for the Zn-substituted manganese ferrite (sample B), as seen in Figure 1b. At the same time,
from Table 1, it can be seen that the lattice constant of sample B substituted with Zn ions
(x = 0.4) decreases slightly compared to that of sample A, un-substituted (x = 0). This result
can be correlated with the fact that the ionic radius of Zn?* in the tetrahedral position is

0.060 nm, being slightly smaller than the ionic radius of Mn?* in the tetrahedral position,
which is 0.066 nm [26].

3.2. FTIR Analysis
The FTIR spectra of the prepared samples A and B are shown in Figure 2.
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Figure 2. FTIR spectra for ZnyMn;Fe,O, ferrite samples, with x = 0 (sample A) and x = 0.4
(sample B).

From Figure 2, it can be seen that the FTIR absorption spectrum of sample A (MnFe;Oy)
shows a main absorption band vy centered around the value of 570 cm ™!, attributed to the
stretching vibrations of the tetrahedral group, and a second absorption band v, centered
around the value of 426 cm !, attributed to the octahedral group [27]. The two absorption
bands indicate the formation of the metal-oxygen bond (M-O) both in the tetrahedral
(M—-O bond)a and octahedral (M-O bond)g sites in the spinel structure, confirming the
result obtained by X-ray diffraction for these samples (Figure 1), in which only one phase
appears. From Figure 2, it can also be observed that, for the zinc concentration x = 0.4 in
the MnFe,Oy structure (sample B), the spectrum shows the two characteristic absorption

bands but with a decrease in the main absorption band, thus indicating the formation of
the spinel phase [28].
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3.3. Scanning Electron Microscopy

The SEM images and the result of the EDX elemental analysis of the synthesized
materials, ZnyMnj_4Fe,O4 (with x = 0 and 0.4), are shown in Figure 3.
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Figure 3. SEM images for samples A (a) and B (b) and EDX elemental analysis for samples A (c) and
B (d).

From Figure 3a,b, one can observe the existence of agglomerated particles of various
sizes in the synthesized samples and an increase in agglomeration in the case of manganese
ferrites doped with Zn. On the other hand, as shown in Figure 3c,d, the results of EDX
(which is a semi-quantitative analysis) confirm the presence of Fe, Mn, Zn, and O elements
in the samples, as well as the phase purity of the obtained materials.

3.4. Magnetic Properties

Figure 4 shows the specific magnetization curves of the prepared Zn,Mnj_4Fe;O4
(with x = 0 and 0.4) ferrite samples. The curve in Figure 4a, corresponding to manganese
ferrite sample A, MnFe,O4 (with x = 0), reveals a narrow hysteresis behavior, thus indicating
the soft ferrimagnetic nature of the material. The curves in Figure 4b, corresponding to
sample B, Zny4Mng ¢Fe,O4 (with x = 0.4), show that, by introducing Zn into manganese
ferrite, the variation in magnetization with the applied magnetic field has the typical
characteristics of a superparamagnetic behavior, such as the absence of hysteresis, coercivity,
and zero remanence, as other authors also obtained [26,29,30] for samples of the same kind.
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Figure 4. Hysteresis curves of the Zn,Mn;_,Fe,O, investigated samples: (a) sample A (x = 0) and
(b) sample B (x = 0.4).

Using the magnetic measurements from Figure 4, the following magnetic parameters of
the samples were determined: saturation magnetization (), coercive field (H.), remanent
magnetization (), and the corresponding remnant ratio (c,/0s). The obtained values are
listed in Table 2.

Table 2. Values of the magnetic parameters for the Zn,Mn;_,Fe;O4 (x = 0 and 0.4) ferrite samples.

Sample o5 [emu/g] H. [kOe] oy [emu/g] o.log
A (MnFe,Oy) 58.76 0.049 7.13 0.121
B (ZI’IO.4MI’10_6F€204) 4421 - - -

From Table 2, it can be observed that the saturation magnetization of sample A
of manganese ferrite is 58.76 emu/g, being lower than that of bulk manganese ferrite
(80 emu/g) [31]. Also, the low value of the remnant ratio o/ o5 of the sample A (see Table 2)
represents an indication of the ease with which the magnetization direction reorients
towards the direction of the easy-magnetization axis after the removal of the magnetic field,
which shows the materials which can be used in biomedical applications or as absorbent
materials [32]. At the same time, from Table 2, it can be observed that the saturation
magnetization of sample B (Zng4Mn ¢Fe;O4), having a superparamagnetic behavior, is
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4421 emu/g. The explanation of the decrease in the o5 value of sample B by doping
MnFe, 0y ferrite with Zn®* ions can be attributed to the decrease in size of the particles due
to the cationic stoichiometry and the occupation of specific sites by ions [33,34].

3.5. Electrical and Dielectric Properties
3.5.1. Complex Impedance

The complex impedance Z is given by the following equation:
z=7—iz" ()

where Z' and Z" are the real and imaginary parts of the complex impedance. Figure 5a-d
show the frequency dependence of the Z’ and Z" components in the range 0.1 kHz-2 MHz
at different temperatures, between 30 and 130 °C, for the investigated samples.
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Figure 5. Frequency dependence of the Z’' and Z" components of the complex impedance at different
temperatures for (a,b) sample A of MnFe,;O,4 and (c,d) sample B of Zny 4Mng gFe;Oy.

As it can be seen from Figure 5, the amplitude of the Z' component decreases with
increasing temperature for sample A of manganese ferrite throughout the temperature
range (Figure 5a), while, for sample B of Mn-Zn ferrite, the amplitude of Z' decreases with
temperature, up to approximately 78 °C (Figure 5c), after which Z' increases by increasing
the temperature to 128 °C. Also, it is noted that, at a constant temperature T, the real part Z'
of the impedance for sample A (Figure 5a) decreases rapidly up to the frequency f = 4 kHz
and then decreases slowly with the increase in frequency to f = 100 kHz. For sample B
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(Figure 5c¢), at a constant temperature T, the Z’' component remains approximately constant
up to a frequency of approximately 3 kHz, after which it decreases rapidly with increasing
frequency up to 20 kHz and then decreases slowly with the increase in frequency up to
f =100 kHz. Next, above 100 kHz, for both samples, in the third region, between 100 kHz
and 2 MHz), the Z' components overlap for all the temperatures. Such an evolution with
the temperature of the real component Z' shows the semiconductor behavior of sample
A over the entire temperature range and up to approximately 78 °C for sample B [35].
This result is in accordance with the structural studies obtained by Hajlaoui et al. [36],
which show that increasing the temperature induces the hopping of Fe?* ions towards the
tetrahedral sites, where the reduction in Zn ions takes place. As a result, there is a decrease
in the electron hopping barrier’s height by increasing the temperature, which causes an
increase in the electrical conductivity and, therefore, a decrease in the real component 7' of
the complex impedance, as was also obtained experimentally.

From Figure 5, it can be seen that the amplitude of the Z" component of the complex
impedance decreases with increasing temperature for sample A throughout the temperature
range (Figure 5b). For sample B, the amplitude of Z"” decreases with temperature, up to
approximately 60-70 °C (Figure 5d), after which Z” increases by increasing the temperature
to 128 °C. Also, the Z" component presents a maximum at a frequency fy for all the samples
and at all the investigated temperatures. For sample A of manganese ferrite, MnFe, Oy, the
fmax frequency moves to lower values by increasing the temperature. In the case of sample B
of Mn-Zn ferrite, Zng 4Mng sFe;Oy, fiuax moves towards lower values when the temperature
increases up to 60 °C, after which, as the temperature continues to increase up to 128 °C,
finax moves towards higher values. This behavior of Z” shows the existence of an electrical
relaxation process [37], which is due to the presence of charge carriers in the investigated
samples [19,20], being determined by the hopping of these charge carriers between localized
states, in compliance with the VRH of the Mott and Davis model [19]. On the other hand,
from Figure 5b,d, it can be seen that the relaxation processes take place at frequencies between
7 kHz and 30 kHz for sample B, while, in the case of sample A, relaxation processes are
present at lower frequencies, located in the range 1-4 kHz. This experimental result can be
correlated with the fact that, by introducing Zn ions into the manganese sample, there is a
decrease in the characteristic time of the hopping of charge carriers over the energy barrier.

Taking into account the values obtained for f,x from Figure 5b,d, we determined
the relaxation times (T) corresponding to each temperature T for the two investigated
samples using the Debye equation, 27tf,,xT = 1 [38]. Considering that the relaxation
time T depends in an inversely proportional way on the fy¢ frequency, the results show
that, in the case of sample A (manganese ferrite MnFe;Oy), the relaxation time decreases
with temperature both at the beginning of the interval between 32 and 65 °C and at
raised temperatures between 86 and 127 °C (see Figure 5b). In the case of sample B
(manganese ferrite doped with Zn ions), the decrease in relaxation time occurs only at the
beginning of the temperature range between 32 and 70 °C, after which an increase in T
with temperature is observed (see Figure 5d). The decrease in the relaxation time in the
mentioned temperature ranges, specific to the semiconductor-type behavior of the samples,
is in agreement with an Arrhenius-type law:

T="1 exp(AEkr;f’”> 3)

where k is the Boltzmann constant; 7 represents the pre-exponential factor of the relaxation
time; and AE,.,, is the activation energy or the barrier energy between the localized
states [39]. Figure 6a,b present the plot of dependence In(t) on (1000/T) for both samples.
The measurement error of In(t) is approximately 0.8%, and it is represented in Figure 6a,b
with error bars. The linear fit of the curve from Figure 6a corresponding to sample A
(MnFe,Oy4) gives two different slopes, corresponding to the two temperature ranges (below
85 °C and above 85 °C), and the fit of the curve from Figure 6b corresponding to sample B
(Znp 4Mng ¢Fe,Oy4) gives one slope. The curves from Figure 6a,b are fitted with a straight
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line with equation y = a + bx, where a is the intercept, and b is the slope of the line.
For sample A, the fitting parameters are the following: intercept a = —9.20718 and slope
b = 144.31527 (for the temperature range below 85 °C) and intercept a = —19.46419 and
slope b = 3831.96782 (for the temperature range above 85 °C). For sample B, the fitting
parameters are the following: intercept a = —20.07357 and slope b = 2571.78693. Therefore,
for sample A, two activation energy values (0.012 eV and 0.283 eV) associated with two
areas of different conductivities are obtained, and, for sample B, a value equal to 0.221 eV is
obtained. Similar values in terms of the activation energy have also been obtained by other
authors for the same type of ferrites [29,40]. Materials similar to sample A, which have two
different conduction regimes (with two different thermal activation energies of conduction),
can be used in the creation of sensors in which temperature change is involved.

-7.8
®m  Experimental data
Linear fit
— .44 85°C
0 ;
e
= T
-9.04 AE,1,=0.012 eV
AE,, ,=0.283 eV
964
Sample A (MnFe,O,)
-10.2 . T T T : - : T .
2.4 2.6 2.8 3.0 3.2 34
3 -1
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-10.8 1 -
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= L AE ., =0220 eV ]
_1 20 —- 60 ) c //,;»’”’" — %
123 %, -
-12.6 1 Sample B
] Zn, Mn, Fe,0,)
-12.9 4

3.00 3.05 310 315 320 3.25 3.30
3 -1
1037 K]
(b)
Figure 6. The In (t)(T ') plots for ZnyMn; _,Fe;Oy ferrites: (a) sample A (x = 0) and (b) sample B
(x=0.4).

3.5.2. Electrical Conductivity

The investigated sample was inserted into a glass cylindrical tube having a diameter
D = 3.8 mm and, therefore, a cross section area A = 11.34 mm?. The sample in the glass
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tube had a thickness of d = 4 mm and was in contact with two electrodes, which allowed
its connection to the LCR meter [24,25]. At the same time, the glass tube with the sample
was placed in an electric oven, thermally insulated and heated by an electric resistance
connected to a voltage source, with the temperature T being measured with a thermocouple.
The real Z' and imaginary Z" components of the complex impedance were measured, for
each temperature T.

The electrical conductivity can be determined from the measurements of the Z’ and
Z" components of complex impedance (Figure 5), using the following equation:

7z (d
T <A> @

In Figure 7, the frequency and temperature dependencies of the conductivity o of the
samples in the 100 Hz to 2 MHz range and at different temperatures between 30 °C and
130 °C are shown.
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Figure 7. The frequency dependence at different temperatures of the (Z) and (Z") components of the
complex impedance of the Zn,Mn; _,Fe,O4 samples: (a) x = 0 and (b) x = 0.4.



Crystals 2024, 14, 437

11 of 22

From Figure 7, it can be seen that, in the case of both samples, for each temperature
T, the conductivity o remains constant at a low frequency, until it nears the frequency of
10 kHz, at which point it increases sharply with increasing frequencies, being in agreement
with Jonscher’s universal law [41]. The conductivity spectrum o(f,T) in Figure 7 can be
divided into two regions: (i) a linear region at low frequencies, corresponding to static
conductivity opc independent of frequency but dependent on temperature; and (ii) a
dispersion region at high frequencies, corresponding to the dynamic conductivity c4c
dependent on both frequency and temperature. From Figure 7a, it can be observed that, in
the case of sample A (manganese ferrite MnFe;Oy), the static conductivity opc increases
with temperature over the entire temperature range. In the case of sample B (manganese
ferrite doped with Zn ions), the static conductivity opc increases only at the beginning of the
temperature range between 32 and 70 °C, after which a decrease in opc with temperature
is observed between 76 and 128 °C (see Figure 7b).

Figure 8 shows the temperature dependence of the static conductivity opc(T) for the
two investigated samples.

3.04 = Experimental data 104 | = Experimental data
: [] = 94
—_ £ .
E 55l B 8
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o, L 74 .
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054 (MnFe,0,) 1 (€t diugfes0d
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TIK] T K]
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Figure 8. Temperature dependence of static conductivity opc: (a) sample A (MnFe,Oy); and (b) sam-
ple B (Zn0,4Mn0_6Fe204).

From Figure 8a, it can be seen that, in the case of sample A (MnFe;Oy), the opc(T)
component increases slightly when the temperature increases from 30 °C to approximately
70 °C, after which the increase is more pronounced at temperatures between 70 °C and
127 °C, indicating that the conduction process is thermally activated over the two tem-
perature ranges, as in Ref. [13]. At the same time, the increase in conductivity opc with
temperature is due to the increase in the drift mobility of the charge carriers, according to
Mott’s VRH (variable range hopping) conduction mechanism [19].

In the case of sample B (Zng 4Mng ¢Fe;Oy4), the conductivity opc(T) increases when
the temperature increases from 30 °C to about 60 °C (Figure 8b) and then decreases with
increasing temperatures from 60 °C to 128 °C. Thus, unlike the results published in Ref. [13],
we highlighted that, around the temperature of 60 °C, there is a transition from a semicon-
ductor behavior to a conductor behavior. In the low-temperature range, the electrons are
not free, and the conductivity increases with increasing temperatures, with this behavior
being a semiconductor-type behavior. At temperatures above 60 °C, the static conductivity
decreases with increasing temperatures, the sample behaving like a conductor [19]. On
the other hand, from Figure 8, it can be observed that, in the case of the Zn substitution of
manganese ferrite (sample B), the conductivity opc of the Mn-Zn ferrite increases by an
order of magnitude compared to the static conductivity opc of unsubstituted manganese
ferrite MnFe,Oy4

Based on Mott’s VRH model [19], the temperature dependence of the static conductiv-
ity opc is described by the following equation:

D
Opc = erxp(—TlM> )
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where D is given by the equation

. 4Econd

 kT3/4 ©)
In these relationships, oy is the pre-exponential factor, and E,; is the activation

energy for electrical conduction [19,42]. The experimental dependence of Inopc on T4 of

the samples, using Equation (5), is shown in Figure 9. The measurement error of Inopc is

approximately 1% and is represented in Figure 9a,b with error bars.
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Figure 9. The dependence an'DC(T*M) for (a) sample A (MnFe,O4) and (b) sample B (Zng 4Mng gFe;Oy).

From Figure 9, one can observe that, for sample A of manganese ferrite, there is a
change in the slope of the curve at a temperature of 84 °C; this fact is both due to the
ferrite nanoparticles (grains) but also to the separation limits between the nanoparticles
(grain boundaries) [40,42], which cause the sample conductivity to change. This result is
in agreement with the one obtained in Figure 6a, in which the plot dependence In(7) on
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(1000/T) changes its slope at a temperature of 85 °C, causing an increase in electrical
conductivity (above 85 °C). Fitting the In UDC(T’U 4 dependencies in Figure 9 with a
straight line, both the slope D corresponding to the two temperature ranges (below 84 °C
and above 84 °C, respectively) for sample A (Figure 9a) and the slope D corresponding to
the temperature range for sample B (Figure 9b) were determined. The following fitting
parameters of sample A were obtained: for the temperature range below 84 °C, the intercept
was —9.74876, and slope D was —7.32114, and, for the temperature range above 84 °C, the
intercept was 23.20753, and slope D was —150.82696. In the case of sample B, the intercept
was 24.01423, and slope D was —132.59746 for the temperature range between 30 and 60 °C.
Then, using Equation (6), we were able to calculate the activation energy for conduction
Econa(T) for the two samples. Figure 10 shows the temperature dependence of the activation
energy E.,,4(T) for samples A and B in the temperature ranges at which the conductivity
variation occurs with the same slope.

1 7=a= Experimental data

1 —t 0.212] e
L |

] = — Experimental data
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Sample A 0.2104 S Zn. Mn. Fe.O
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W
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TIK] T [K]
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Figure 10. Temperature dependence of the activation energy for conduction E,; in the case of
sample A (a) and sample B (b).

From Figure 10, it turns out that the E,,; for both samples increases linearly with the
increasing temperature, which indicates that the electrical conduction in the investigated
samples can be explained by the process of hopping electrons between localized states, in
accordance with the VRH model [19]. For sample A, the values obtained for E,; in the
temperature range 32-78 °C are between 11 and 12.5 meV, and, in the temperature range
80-127 °C, they are between 0.260 and 0.295 eV (Figure 10a). For sample B (Figure 10b), the
values obtained for E ., in the temperature range 32-60 °C are between 0.207 and 0.225 eV.
These values of E,,; for the two samples are close to the values obtained from the electrical
relaxation measurements for the barrier energy between the localized states of the samples,
AE 14x, in the same temperature ranges, according to Figure 6a,b.

From the values obtained for AE,,},, and E,,4, in the same temperature ranges, it can
be noted that the AE,,,, value is the average value of the interval corresponding to the
activation energy of the conduction process, E 4. As a result, it can be said that AE
represents the energy required for hopping between the localized states of the charge
carriers.

In the dispersion region at high frequencies, the dynamic conductivity oac is corre-
lated with the relaxation processes determined by the electric localized charge carriers in
the sample [41], given by the following relationship:

n(T)
acT) = Ava"™ = ope (£ 7)

[

where A is a temperature-dependent parameter; the exponent n is dimensionless, depen-
dent on temperature (n < 1) [20,41]; and w, represents the crossover frequency, i.e., the
transition frequency from the static regime, DC, to the dynamic regime, AC, of electrical
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conductivity (see Figure 6), in accordance with Jonscher’s law [41]. From Equation (7), the
following equation is derived:
DC Y

which allows the crossover frequency to be determined, based on electrical conductivity
measurements and the VRH model. The experimental dependence In(o4c) on In(w), ob-
tained by the logarithm in Equation (7), at all the investigated temperatures, is shown in
Figure 11, for both samples. The exponent n and parameter Aj for each temperature of
the two samples can be determined by fitting with the straight line of the experimental
dependence, In(c 4c) on In(w), from Figure 11. For all the investigated temperatures T, the
fitting parameters [nAg and the exponents 1 and R? corresponding to each sample, obtained
by fitting the experimental dependences from Figure 11a,b, are shown in Table 3.
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Figure 11. In(c4c) dependence on In(w) at different temperatures for (a) sample A(MnFe;O4) and
(b) sample B (Zng 4Mng Fe;Oy).

Table 3. Values of the fitting parameters of the experimental dependencies In(c4¢) on In(w), from
Figure 11, for the Zn,Mn;_,Fe;O4 (x = 0 and 0.4) ferrite samples.

Sample A Sample B
Ta CO) In[Aj (S/ms™)] n R? Tg (°C) In[Aj (S/ms™)] n R?
32 —19.97196 0.75 0.9995 32 —14.41251 0.510 0.9934
42 —19.87659 0.745 0.9994 44 —13.02810 0.433 0.9910
52 —19.97192 0.749 0.9995 50 —12.94721 0.430 0.9909
65 —20.17897 0.760 0.9995 60 —12.26714 0.392 0.9878
78 —19.86704 0.742 0.9995 76 —13.55826 0.466 0.9918
86 —19.55269 0.724 0.9995 83 —14.5103 0.521 0.9947
95 —19.27013 0.707 0.9994 95 —14.7734 0.538 0.9957
105 —19.00402 0.691 0.9993 105 —15.37215 0.574 0.9971
116 —18.77898 0.679 0.9992 117 —16.30916 0.630 0.99738
127 —18.29831 0.651 0.9989 128 —16.23992 0.628 0.9984

Figure 12 shows the temperature dependence of the exponent n for each ferrite sample.

From Figure 12a, it can be seen that the exponent 7 for sample A (MnFe;O4) increases
very slightly around the value of 0.75 when the temperature increases from 30 °C to 70 °C
and then rapidly decreases to the value of 0.65 when the temperature increases from
70 °C to 127 °C. From Figure 12b, it can be observed that the exponent n for sample B
(Zng 4Mng gFeyO4) decreases from 0.51 to 0.39 when the temperature increases from 30 °C
to 60 °C, while, at temperatures above 60 °C, n increases from 0.39 to 0.63. At the same time,
from Figure 12, it can be observed that the exponent # has relatively high values (n > 0.5),
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which shows that, in the investigated samples, the conduction mechanism is due to a
process of the charge carriers from the material hopping between the closer neighboring
states, according to the CBH (correlated barrier hopping) model [43]. According to this
model, the exponent 1 can be written in a first approximation [20,43] in the following form:

n=1—— 9)

where W, represents the maximum energy of the barrier, considered equal to the energy
of the bandgap [43]. Knowing the obtained values of n, shown in Figure 12, for the
investigated samples, using Equation (9), the energy of the bandgap W,, was determined,
at all the investigated temperatures, with the obtained results also being shown in Figure 12.
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Figure 12. Temperature dependence of the exponent n and the bandgap energy Wp, for (a) sample A
(MnFe»O4) and (b) sample B (Zng 4Mng ¢Fe;Oy).

As seen in Figure 12a,b, by adding metal ions of Zn in the MnFe,Oy spinel ferrite
structure, there is a decrease in the energy of the bandgap (Figure 12b), compared to the
unsubstituted MnFe,Oy ferrite (Figure 12a). At the same time, from Figure 12, it can be
seen that, in the case of manganese ferrite (sample A), W,, has a maximum equal to 0.72 eV
at a temperature of 70-80 °C, while, for the Mn-Zn ferrite sample (sample B), W, has a
minimum equal to 0.28 eV at a temperature of 60 °C. The maximum value of the bandgap
energy W, for sample A correlates very well with the static conductivity opc, which has
a minimum at the respective temperatures for sample A (see Figure 8a). Similarly, the
minimum value of the bandgap energy W, for sample B correlates very well with the static
conductivity opc, which has a maximum at the temperature of 60 °C (see Figure 8b). The
values obtained by us for the bandgap energy W,, in Figure 12 are consistent with those
obtained by other authors [44,45] for samples of manganese ferrite MnFe,O, or manganese
ferrite substituted with Cu?* or Ca ions (values between 1 eV and 2 eV).

Knowing the values of the parameters n and Ay determined by fitting the straight
line of the experimental dependence In(c4c) of In(w) from Figure 11, as well as the opc
values of the electrical conductivity (Figure 8), for each temperature of the two samples,
with Equation (8), we calculated the values of the crossover frequency w.. Figure 13 shows
the temperature dependence of the frequency f. = w./27 for the two samples.

From Figure 133, it can be seen that, in the case of sample A (MnFe,Oy), the transition
frequency fc, from the DC regime to the AC regime, increases slightly from 12.5 kHz to
14 kHz when the temperature increases from 30 °C to approximately 70 °C, after which the
increase is more pronounced, up to 27 kHz, at temperatures between 70 °C and 127 °C. At
the same time, in the case of Mn-Zn ferrite (sample B, Zny 4sMng gFe;Oy), the f. frequency
increases from 71 kHz to 109 kHz when the temperature increases from 30 °C to about
60 °C (Figure 13b) and then decreases to the value of 45 kHz with increasing temperatures
from 60 °C to 128 °C. This behavior of the transition frequencies f. of samples A and B is
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similar to the experimental temperature dependence of the DC conductivity (see Figure 6),
which is in agreement with the VRH theory of Mott and Davis [19].
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Figure 13. Temperature dependence of the crossover frequency f; = w/27: (a) sample A (MnFe;Oy);
and (b) sample B (Zng 4Mng ¢Fe;Oy).

3.5.3. Complex Dielectric Permittivity

In recent years, studies have been carried out on the electrical properties in the high-
frequency range (tens of kHz to hundreds of MHz) of some artificial composite materials,
such as ceramic materials doped with indium [46] or cermet-type materials doped with
copper [47]. For these materials, authors have highlighted a negative dielectric permittivity,
as they have a behavior like that of a metamaterial [48], being able to be used in applications
with coil-less electrical inductors and electromagnetic shielding. At the same time, a great
technological interest for researchers relates to the study of the electrical properties in
the microwave field of some materials resulting from the combination of hexaferrite with
spinel ferrite (AFe;O4, where A = Co, Ni, Cu, Zn, and Mn) [49]. This results in a new
functional material characterized by magneto-dielectric and absorption properties in the
microwave range.

To determine the real (¢’) and imaginary (¢””) components of complex dielectric permit-
tivity in the Zn,Mn;_,Fe; Oy ferrite samples (x = 0 and 0.4), based on complex impedance
measurements in the low-frequency field, we used the following equations:

, 1 zv 4
€

== - 10
weg 7217 4+ 7% A 10)

, 1 z d
Tzl A ()
where ¢ is the dielectric permittivity of free space (g9 = 8.856-10~ 1 F/m).

Figure 14 shows the frequency dependence of the real ¢’ and imaginary ¢” compo-
nents of complex dielectric permittivity at different temperatures for the two investigated
samples.

From Figure 14a,c, we can see that the values of the real component ¢’ at the frequency
of 100 Hz are between 300 and 800. For sample A, the ¢’ value increases by increasing
the temperature over the entire temperature range (Figure 14a). In the case of sample
B, the increase in ¢’ is observed in the range of 32-60 °C, after which ¢’ decreases as the
temperature increases up to 128 °C (Figure 14c). This behavior of ¢’ can be correlated with
the conduction mechanism in ferrites and is explained by the hopping between Fe?* and
Fe3* ions on octahedral sites [40,50]. Also, in Mn-Zn ferrite (sample B) in tetrahedral sites
due to the volatility of the Zn?" ion, by increasing the temperature, part of the Fe?* ions
from the octahedral sites will be forced to transfer to the tetrahedral sites, which will lead to
an increase in dielectric permeability [40,50]. By increasing the frequency, the ¢’ component
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of the dielectric permittivity decreases significantly at high frequencies (over 200 kHz),
tending towards the value of approximately 100 (Figure 14a,c), which shows that the charge
carriers are influenced by the interfacial polarization mechanism [51].
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Figure 14. Temperature dependence of the real ¢’ and imaginary ¢” components of complex di-
electric permittivity at different temperatures for (a,b) sample A of MnFe,Oy4 and (c,d) sample B of
ZI’IO.4MI'10_6F8204.

From Figure 14b,d, it can be observed that the values of the imaginary component ¢”
for both samples, at low frequencies, are between 1700 and 15,000 and decrease rapidly
by increasing the frequency, for any temperature value. At the same time, it can be
observed that the values of ¢’ are much higher than the values of the component ¢’
for all temperatures T (see inset in Figure 14b,d), up to the frequencies included in the
range of 1.37—4.10 kHz (sample A) and, respectively, 9.685-36.881 kHz (sample B). This
shows us that, up to these frequencies, there are large conduction losses in the inherited
samples. Over the frequencies between approximately 1.37 and 4.10 kHz (sample A) and,
respectively, between 9.685 and 36.881 kHz (sample B), corresponding to all the T values of
the temperature (see Figure 14b,d), the values of ¢ decrease below the values of ¢/, thus
indicating that conduction losses become negligible and dielectric relaxation losses become
important. It is known that the total dielectric losses in a material [52] are determined by
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both electrical conduction (conduction losses, € .,,,4) and dielectric relaxation (relaxation
losses, € ;). As a result,
e (w) =¢ rel(w) + €' cond (w) (12)

Taking into account that €” ,,; = 0/weg [52] and assuming o = opc, corresponding
to each temperature T (see Figure 8), with Equation (12), we were able to determine the
component ¢”,,;, due only to the dielectric relaxation of the investigated samples. The
frequency dependence of the component ¢”,,; at different temperatures is presented in

Figure 15.
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Figure 15. Frequency dependence of the imaginary component € ,,;, due to dielectric relaxation, at
different temperatures for (a) sample A and (b) sample B.
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From Figure 15, it can be seen that €” ,,; has a maximum at f;,,4 frequency, correspond-
ing to each temperature T, which indicates the existence of a relaxation process attributed to
interfacial relaxation [53]. Using the experimental values of f;;;, from Figure 15a,b and the
Debye equation, the relaxation times due to the interfacial relaxation process 7, for each
investigated sample were determined. The temperature dependence of 7, for samples A
and B is shown in Figure 16.

12
. —u— (1) - Experimental data (Sample B)
1.0 —u— (2) - Experimental data (Sample A)
o 0.8-
Eé 7 n Sample A
£ 064 — (MnFe,0,)
1 //2//
0.4 Sample B
| @) g / -\ (Zn, ,Mn, ;Fe,04)
=)
02 e .-
i \.._____.\
0.0- C— l——l-———‘.—__"

T - | - T - T y | ' T
300 320 340 360 380 400
Figure 16. Temperature dependence of the relaxation time 7,,; due to the dielectric relaxation process.

As seen from Figure 16, for manganese ferrite (sample A), T, increases in the tempera-
ture range of 32-65 °C, after which it decreases when the temperature increases from 65 °C
to 127 °C. In the case of Mn-Zn ferrite (sample B), the increase in 7,, with temperature
occurs both in the range of 30-60 °C and between 76 and 128 °C. This variation with tem-
perature in the relaxation time 7, obeys an Arrhenius-type law, in the form of Equation (3),
where we denoted with E, ,,; the activation energy of the dielectric relaxation process for
the two ferrite samples in different temperature ranges. Using Equation (3), by fitting
the experimental dependence (Int,,)(1/T) with a straight line, it is possible to determine
the activation energy Ej4 ,,; corresponding to the mentioned temperature ranges for the
two samples. The obtained values are the following: E4 ,,; = 0.195 eV for sample A in the
temperature range of 32-65 °C; E 47 ,; = 0.430 eV for sample B in the first temperature range
(30-60 °C); and E 43 11 = 0.770 eV for sample B in the second temperature range (76-128 °C).
Similar values for the dielectric relaxation activation energy have been reported by other
authors [40,42] for similar ferrite samples.

4. Conclusions

MnFe;O4 and Zng 4Mng ¢Fe, Oy ferrite samples were prepared by the hydrothermal
method. The X-ray diffractogram showed that the samples were well crystallized, without
secondary phases and crystallized in the cubic spinel system with the Fd-3m space group,
also confirmed by the FTIR absorption spectra of the samples. The magnetic measurements
showed that, by doping manganese ferrite with Zn?* ions, sample B of Mn-Zn ferrite had a
superparamagnetic behavior, with a saturation magnetization os lower than that of sample
A of manganese ferrite. From the complex impedance measurements, over the frequency
range 100 Hz-2 MHz and at different temperatures, between 30 and 130 °C, a maximum
of the imaginary component Z” of the complex impedance was highlighted at all the
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investigated temperatures, which indicated the existence of an electrical relaxation process
determined by the hopping of the charge carriers between localized states, in both samples.
These measurements allowed the determination, for the first time, of the barrier energy
between the localized states AE,,;, of the samples, obtaining, for sample A, two values
(0.012 eV and 0.283 eV) associated with two areas of different conductivities and, for sample
B, a value equal to 0.221 eV. The frequency and temperature dependencies of both the
electrical conductivity (o) and the complex dielectric permittivity (¢) of the samples were
determined, using the complex impedance measurements. The results show that, at all
the investigated temperatures, the conductivity spectrum o(f) for the two investigated
samples consisted of both the static component opc, corresponding to low frequencies, and
the dynamic component oac, which increased rapidly with frequency and corresponded
to high frequencies, in agreement with Jonscher’s law. The opc component for sample
B (Znp 4Mng ¢Fe, Oy ferrite) was an order of magnitude higher than the opc conductivity
of sample A (manganese ferrite, MnFe,O,). Based on the temperature dependence of
the static conductivity opc(T) and Mott’s VRH model, the temperature dependence of
the activation energy of the conduction process Ey,4(T) in the investigated samples was
determined. The results show that the values of E,; for the two samples were close to the
values obtained for the barrier energy between the localized states AE,,},, of the samples
in the same temperature ranges. As a result, it can be stated that AE,« represented the
energy required for the hopping of the charge carriers between the localized states, thus
ensuring electrical conduction in the samples. In the dispersion region, at frequencies over
to 200 kHz, using the CBH theoretical model, the temperature dependence of the bandgap
energy (Wm) of both of the samples was determined for the first time. The obtained results
show that, by adding Zn?* ions to the manganese spinel ferrite structure, there was a
decrease in the bandgap energy Wy,, compared to the Wy, of unsubstituted MnFe,Oy
ferrite, from a maximum Wy, = 0.72 eV (sample A) at a minimum Wy, = 0.28 eV (sample
B), in the temperature range of 60-70 °C. At the same time, based on the VRH and CBH
models, we determined, for the first time, both for manganese ferrite (sample A) and Mn-Zn
ferrite (sample B), the transition frequency f; from the DC regime to the AC regime at all
the investigated temperatures. The results obtained for the complex dielectric permittivity
of the samples show that, after the elimination of the conduction losses, the imaginary
component () due to the dielectric relaxation showed a maximum at the frequency fyax,
which changed with temperature, proving the existence of a relaxation process attributed
to the interfacial relaxation. The activation energy of the dielectric relaxation process E 4
was determined for the two ferrite samples in different temperature ranges.
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