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Abstract
A nano-crystalline spinel ferrite (NC-SF) composites were synthesized using the standard ceramic method
and were analyzed by several analytical techniques. The XRD characterization validates the production of a
cubic spinel arrangement. Furthermore, XRD analysis showed that the bond length and ionic radii enlarge
on A-sites and reduce slightly on B-sites with the increase in the content of Mn-Ti. Moreover, XRD analysis
revealed that the crystallite size of Cd-Ti-Al-Mn lies in the range of 22.83-24.44nm. Additionally, the porosity
of the Cd-Ti-Al-Mn ferrite samples reduces with increasing the content of Mn-Ti. The FT-IR spectra show
one high-frequency band and three low-frequency bands in the range of 400-600 cm-1. The grain size was
observed by SEM images to be uniformly distributed and lies within the range of ~0.66-1.18μm. The DC
resistivity of the ferrite composite became greater with increasing the content of Mn-Ti. Moreover, the
composite behaves electrically as semiconductor. The investigated Cd-Ti-Al-Mn ferrite composites
exhibited current controlled negative resistance (CCNR) type of electrical switching characteristics at room
temperature. The value of the switching electric field was noted to enlarge with the increase in the content
of Mn-Ti. Additionally, there was no ageing observed for electrical switching property in the investigated
ferrite composites
Keywords: DC Resistivity, Curie temperature, CCNR type electrical switching, Hopping length.
Introduction
Spinel has a crystal structure of a face-centered cubic (FCC). Thus, spinel ferrite structure has eight
tetrahedral and sixteen octahedral sites that are partially fully occupied with cations. Tetrahedral and
octahedral sites are surrounded by four and six oxygen anions [1]. Spinel-type of ferrites has a general
2−
3+
chemical formula, M2+ Fe3+
2 O4 , where M2+ presents a divalent metal cation and Fe2 presents a trivalent
2−
iron cation and O4 presents an oxygen anion [2]. Spinel-type of ferrites is emerging material since it
possesses superior chemical stability, mechanical hardness and magnetic and electric properties. Spinel
ferrite materials have been used in numerous applications such as nonvolatile memory (NVM) devices [35], water and wastewater treatment [6], drug delivery [7-10], power electronics [11], sensors [12-13],
microwave devices [14-15] and electrical switching [16]. The structural, morphological, electrical, optical,
magnetic, dielectric and electrical switching properties of spinel ferrite materials were extensively studied
[17-20]. Manganese is a rarely available metal and also costly [21], whereas titanium is the ninth most
abundant metal in the earth's crust [22]. Titanium can be incorporated in ferrites to reduce ferrous contents
[23]. Cadmium (Cd) and zinc (Zn) are two nonmagnetic divalent cations and when they are substituted in
ferrites, they occupy tetrahedral A-site [24]. The cadmium-containing ferrite has a normal spinel
arrangement with Cd2+ and Fe3+ cations on tetrahedral (A) and octahedral (B) sites, respectively [25]. The
influence of aluminum-substitution on the electrical properties of manganese-nickel-zinc (Mn-Ni-Zn) ferrite
composites was studied by Sattar et al. [26]. Rao et al. reported a raise in the DC resistivity and Curie
temperature with substituting Ti4+ in Ni-Zn ferrite composites [27]. Zuo et al. studied manganese ferrite
(MnFe2O4) composite and they reported that the composite was observed to be a combination of inverse
and normal spinel ferrites and at high temperature (>9000C), the Mn2+ cations transferred from site A to
site B [28].
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The current controlled negative resistance (CCNR) is an electrical switching behavior that was first
discovered and reported by Yamashiro while he was studying CuFe2O4 ferrite composite [29]. Kamble et al.
studied polycrystalline Cu-CdFe2O4 ferrite composite and they reported that the lattice constant for the
ferrite was found to be enlarged with increasing the quenching temperature [30]. They also noted that
quenching has no effect on the electrical switching properties of the composite. Vasambekar et al. reported
that the CCNR type of electrical switching was observed in paramagnetic materials [31]. They also observed
that cadmium ferrite displaied the lowest value of switching electric field, no ageing effect and reproducible
switching phenomenon. Saija et al. reported that applying high electrical field induced CCNR type of
electrical switching with great instability in Ti+4 substituted manganese-zinc ferrite composite [32]. They
demonstrated that the strength of the electric field and the thermal energy that are essential for inducing
electrical switching enlarge with increasing the concentration of manganese-titanium. The electrical
switching property of Cr3+ and Al3+ substituted NiFe2O4 [33, 34] and Cd-Co ferrite thin films was reported
[35]. They found that the electric field that derives the resistive switching enlarges and reduces with the
increase in the contents of chromium and aluminum, respectively.
Previously we reported on the effect of sintering temperature and grain size on electric switching property
in cadmium ferrites [16-17]. Here we report on the structural, DC electrical resistivity and electrical switching
properties of Ti4+substituted Cd-Al-Mn ferrites at room temperature. That is Mn was replaced with Ti in
Cd-Al-Mn ferrites and then the changes in the properties of these ferrites were observed.
Materials and Methods
Materials
The nanocrystalline spinel ferrites (NC-SF) with chemical formula Cd0.3Mn0.7+xTixAl0.1Fe1.9-2xO4 (x= 0, 0.05,
0.10, 0.15 and 0.20) were fabricated by traditional ceramic method. The starting materials were AR grade.
Cadmium Oxide (Himedia, Mumbai, India), Titanium Dioxide (Thomas Baker, Mumbai, India), Aluminum
Oxide (Thomas Baker, Mumbai, India), Manganese (II) carbonate (Himedia, Mumbai, India) and Ferric Oxide
(Thomas Baker, Mumbai, India). Potassium Bromide (ACS reagent, 99.0%, KBr), Acetone (≥99.9 %), Polyvinyl
Alcohol (99.8% hydrolyzed, PVA) and Silver Paste were purchased from Sigma-Aldrich (Mumbai, India) and
were used as received.
Sample Preparation
The purchased materials were scaled according to the needed stoichiometry percentage. They were then
mixed and milled in an agate mortar along with solvent, acetone. These powders were pre-sintered in a
muffle furnace for 12 hours at 1000°C. After the furnace was cooled down, the powders were further milled
in an agate mortar with the assistance of acetone and then sintered in a muffle furnace at a temperature of
1100°C for 24 hours. Moreover, the powders were mixed with solvent, acetone and 5% of binder, polyvinyl
alcohol, milled in an agate mortar, mixed with 10mm KBr, and pressed at 5 Ton/cm2 for 5 min on a Carver
3851 Press (Thomas Scientific, Swedesboro, NJ USA) to form 1 cm in diameter and 0.5 cm in thickness
pellets. The formed KBr pellets were finally sintered at a temperature of 1100°C for 2 hours.
Characterization
The ferrite composites in powder form were characterized by X-ray diffraction technique. The X-ray
diffraction patterns were recorded at step size and time of 0.020 and 1 second, respectively. The XRD
measurements were done in angular range 100–1000 (2θ) at 40 kV, 25 mA with Cr-Kα radiation (λ = 2.29165
A˚) on Philips PW-3710 X-ray powder diffractometer (Philips, Amsterdam, Netherlands). FT-IR spectra were
recorded at room temperature by averaging 64 scans recorded at a rate of 1 scan per second in a
wavelength range of 350-800cm-1 on Perkin-Elmer Spectrum one spectrophotometer (Perkin-Elmer, CA
USA) using pressed KBr pellet. SEM images of the investigated ferrite were used to evaluate the
microstructure of fractured surfaces of the pellets using (Hitachi High-Technologies Corporation, Tokyo,
Japan) at an acceleration voltage of 10 kV. In order to obtain a good electrical conductivity, gold was
sputtered onto the ferrite samples prior to SEM imaging.
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Electrical and thermal measurements
The pressed and sintered Cd-Al-Ti-Mn ferrite composite pellets were gently polished before the DC
resistivity measurements to ensure a smooth and oxide free surface. Furthermore, a thin film of silver paste
was applied on the pellets surface to obtain a conductive layer for a good ohmic contact during electrical
measurements. The DC resistivity measurements were acquired by a two-probe method using Keithley
Electrometer (Tektronix, Oregon USA) in a temperature range from room temperature to 750°K.
The Curie temperature of ferrite material is defined as the temperature at which an ordered ferrimagnetic
material becomes a disordered paramagnetic [36]. Curie temperature, Tc, is extracted from the logarithm
of the DC resistivity (ρ) vs. the inverse of the temperature (T) of the samples plot. The slope of the resistivity
will suddenly change at the Curie temperature corresponding to the change in the activation energy (EA)
due to the magnetic transformation from ferrimagnetic to paramagnetic [37]. Moreover, Curie temperature
was determined using the modified Lorria-Sinha method [38]. To summarize this method, an electromagnet
was powered by 15 volt. The pressed and sintered Cd-Al-Ti-Mn ferrite composite pellets were attached to
the electromagnet and then were placed at the center of a furnace equipped with a temperature controller.
The temperature of the furnace was gradually enlarged to the Curie temperature at which pellets change
from ferrimagnetic to paramagnetic and the pellets were suddenly detached from the electromagnet.
In order to study the electrical switching property of the ferrite composites, the I-E characteristics of the
samples under investigation was measured by the two probe method in a voltage range of 0-600V at room
temperature using Aplab high voltage DC power supply (H1010, Maharashtra, India) and Meco 81K
multimeter (8000, Maharashtra, India).
Results and Discussion
Structural properties
The X-ray diffraction patterns indicating (h k l) values of each peak corresponding to the samples x = 0,
0.05, 0.10, 0.15 and 0.20 of Cd0.3Mn0.7+xTixAl0.1Fe1.9-2xO4 (Cd-Mn-Ti-Al-Fe2O4) ferrite structure is presented in
Fig.1. The existence of (220), (311), (222), (400), (442), (333) and (440) peaks in the XRD-patterns validates
the configuration of cubic spinel system. Furthermore, the high reactivity at high temperature between Mn2+
and Fe3+ results in the creation of perovskite phase that is presented by an extra perovskite peak located
between (220) and 311 planes [39, 40]. Zhong et al. reported that MnCO3 decomposed in air at temperature
beyond 500°C. Furthermore, they reported that Mn ions changed their valence in air, and Mn 2+ and Mn3+
cations have a strong site preference for A-site and B-site, respectively [41]. The samples in the present
investigations were sintered at 11000C and the phase of Mn2O3 was observed in the XRD interference
pattern.
The lattice constant a) of the investigated ferrite samples (Cd-Al-Ti-Mn) is calculated by using the following
equation [42], as following:
2

2

a = d hkl h +k +l

2

(1)

where dhkl - is the interplaner distance and h, k and l are miller indices.
The interplanar distance, dhkl can be determined using Bragg’s law:
𝑛𝜆 = 2𝑑ℎ𝑘𝑙 sin 𝜃

(2)

where λ is the diffraction wavelength, θ is Bragg’s diffraction angle and n is
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Figure 1. XRD diffractogram of Cd0.3Mn0.7+xTixAl0.1Fe1.9-2xO4 (x = 0.00, 0.05, 0.10, 0.15 and 0.20).
The change of the values of lattice constant with respect to the change in the content of Mn-Ti is graphed
and presented in Fig.2. It can be seen from Fig. 2 that the lattice constant enlarges with the increase of the
content of Mn-Ti. This may be caused by the discharge of lattice strain when the spinel composite reaches
the inverse spinel ferrite state. Since the smaller ionic radii of Fe 3+ (0.064 nm) are being replaced by the
larger ionic radii of Ti4+ (0.068 nm), the increase in lattice constant value implies that the position of Mn 2+
and Ti4+ cations in the host matrix were exchanged. Comparable results were reported by Dogra et al. [43]
and Saija et al. [32] while they were studying Mn-Ti substituted Ni-Mg and Zn-Al ferrite, respectively.
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Figure 2. The changes of the lattice constant value with respect to the change of the content of Mn-Ti.
The average crystallite size (D) of Cd-Al-Ti-Mn ferrites was calculated from the most intense peak (311) of
the XRD diffractogram by using Debye Scherer equation [44]:

D =

0.94 
 cos

(3)

where, λ is the wavelength of the X-ray, β is the full width half maximum (FWHM) and θ is the Bragg’s
diffraction angle. The parameter β can be obtained using the following equation [45]:
𝛽 = (𝛽𝐹2 − 𝛽𝑆2 )

1⁄
2

(4)

where βF is the full width half maximum of (311) peak and βS is the standard instrumental broadening.
The average crystallite size of Cd-Al-Ti-Mn ferrites lies in the range of 22.83 to 24.44nm and was observed
to vary randomly. The values of the crystallite size for different contents of Mn-Ti are presented in Table1.
These results show strong agreement with the results reported by Iyer et al., where Mn1-xCdxFe2O4 ferrite
structure was fabricated and studied [25].
Density contributes significantly in varying the properties of polycrystalline ferrites to fit specific
applications. The X-ray density (ρx, kg/m3) of Cd-Al-Ti-Mn ferrites is calculated by using the following
equation [46]:
𝑑𝑥 =

8𝑀

(5)

𝑁𝑎3

where ‵8′ is the number of molecules in a unit cell of spinel lattice, M is the molecular weight of the sample,
N is the Avogadro’s number and ‵a′ is the lattice parameter.
The values of the X-ray density for different contents of Mn-Ti are presented in Table1. As X-ray density is
inversely proportional to the lattice constant according to Eq. (5), the value of X-ray density was reduced
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with the increase in the content of Mn-Ti as can be noted from Table 1. This is attributed due to the ionic
concentration difference between Mn-Ti and Fe. Furthermore, the reduction in X-ray density is caused by
the decrease in mass that overtook the reduction in the volume of the unit cell. Comparable results were
revealed by Patange et al., when they synthesized and investigated NiAlFe2O4 ferrite compositions [34].
Table 1. Structural data of Cd0.3Mn0.7+xTixAl0.1Fe1.9-2xO4 (x= 0.0, 0.05, 0.10, 0.15 and 0.20) system
Lattice
consta
nt (A(ﹾ

Conte
nt of

Crystallit
e size D
(nm)

X-ray
densit
y
𝒅𝒙

Mn-Ti

(g/c
𝒎𝟑 )

0.00
0.05
0.10
0.15
0.20

Physic
al
densit
y
𝒅𝒙

Porosit
y

Bond
Length

P

(A(ﹾ

(%)

A-O

B-O

𝒓𝑨

𝒓𝑩

𝑳𝑨

𝑳𝑩

Ionic radii
(A(ﹾ

Hoping
length

(g/c𝒎𝟑
)

8.6213

24.44

5.0930

4.985

2.12

2.09
1

2.02
6

0.74
1

0.67
6

3.73
3

3.04
8

8.6235

22.99

5.0761

4.972

2.05

2.10
3

2.01
5

0.75
3

0.66
5

3.73
4

3.04
9

8.6312

22.83

5.0422

4.943

1.97

2.12
2

2.01
1

0.77
2

0.66
1

3.73
7

3.05
1

8.6487

24.17

5.002

4.912

1.81

2.13
4

2.01
0

0.78
4

0.66
0

3.74
4

3.05
7

8.6513

23.65

4.989

4.882

1.78

2.14
2

2.00
7

0.79
2

0.65
7

3.74
6

3.05
8

The physical density (dP, kg/m3) of Cd-Al-Ti-Mn ferrites are calculated by using the Archimedes
principle using the following equation.
𝑑𝑃 =

𝑊.𝑑

(6)

𝑊−𝑊 ′

where W is the weight of the ferrite sample in air, W′ is the weight of the sample in xylene and d is the
density of xylene.
The values of the physical density for different contents of Mn-Ti are presented in Table1. It can be seen
that the physical density of Cd-Al-Ti-Mn ferrite compositions was reduced with the increase of the content
of Mn-Ti. The reduction of the physical density may be caused by the decrease of the atomic weight as a
result of substituting Mn-Ti ions for the higher-density Fe3+ ions. The atomic weights of Fe3+ and Mn-Ti are
55.847 Da and 54.93-47.88 Da, respectively. The X-ray density (dX) values are slightly larger than the physical
density (dX) which agrees with the results reported by Gadkari et al. in case of Mg-Cd ferrites [47]. This is
due to the fact that the mass to volume ratio of Fe3+ is larger than the mass to volume ratio of the content
of Mn-Ti. Moreover, this may be due to the creation of pores during the sample formation or the sintering
process. The variation of X-ray and physical densities is presented in Fig.3, which shows a decreasing trend
with Mn-Ti content.
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Figure 3. The variations of the X-ray and physical densities with respect to the content of Mn-Ti.
Porosity is defined as the ratio of the difference between the theoretical (X-ray) density and the physical
density to the theoretical density. Thus, the porosity percentage (P %) of Cd-Al-Ti-Mn ferrites is calculated
by using the following equation [48]:
𝑃 = 100 (1 −

𝑑𝑝
𝑑𝑥

)%

(7)

The values of the porosity of Cd-Al-Ti-Mn ferrites under investigation are presented in Table 1. It can be
seen that the porosity of the samples was reduced with the increase of the content of Mn-Ti. This is due to
the fact that the melting point of Mn-O is lower than that of the Fe-O [49, 50]. The variation in the porosity
is due to the microstructural changes taken place during the sintering process of the ferrite synthesis. The
number of pores is increasing at a higher sintering temperature. This leads to the enlargeent of the effective
area of the grain causing single grains to get physically closer. This leads to a greater densification or higher
porosity of the ferrites [25].
The X-ray diffraction data is used to calculate the bond lengths (A-O and B-O) of spinal structure by utilizing
the equations reported by Standley [42]:
1

A − O = (u − ) a√3

(8)

4

5

B − O = ( − u) a

(9)

8

where u is the oxygen ion parameter.
The tetrahedral and octahedral ionic radii (rA and rB) of the investigated spinal structure are given by
Stanley’s equation:
1

rA = (u − ) a√3 − r(O−2 )

(10)

4

5

rB = ( − u) a − r(O−2 )

(11)

8

where r(O-2) is the ionic radius of oxygen.
The obtained values of the ionic radii and bond length on A-site and B-sites are summarized in Table1. The
bond length and ionic radii were found to enlarge and reduce slightly on A-sites and B-sites, respectively,
with the content of Mn-Ti. Comparable results were reported by Kadam et al. [40] in Sm+3 substituted CoZn ferrites. This is caused by the Ti4+ cations prefer octahedral site (B-site), and replace Fe3+ cations in the
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spinel structure. The smaller ionic radius of Fe3+ (0.064 nm) is being replaced by the larger ionic radii of Ti4+
(0.068 nm) [43].
The space between magnetic ions and jumping length of tetrahedral (A-site), LA, and octahedral (B-site), LB,
are determined by following relations:
𝐿𝐴 = 𝑎

√3
4

and 𝐿𝐵 = 𝑎

√2

(12)

4

The calculated values of the hopping length of A-site and B-site are shown in Table1. It can be seen that
the hoping lengths similar to the lattice contestant enlarged with increasing the content of Mn-Ti. The
increase in hoping lengths is due to the replacement of Fe3+ ions of smaller ionic radius with Ti4+ ions of
larger ionic radius. Shirsath et al. similarly showed that hopping lengths LA and LB enlarged with the increase
of the content of Mn in Ni-Zn ferrite [51].
The FT-IR spectra of Cd-Mn-Ti-Al ferrite of all the synthesized samples are presented in Fig. 4. By looking
at Fig. 4, one can see four bands in the ferrite structure in the range of 350–800 cm-1. The FT-IR spectra for
several ferrite composites were reported by Waldron [52]. Literature revealed that ferrite structures with
inverse and normal cubic spinels have four IR bands presenting the four fundamental frequencies [53]. The
values of absorption bands υ1, υ2, υ3 and υ4 are presented in Table 2. It can be noticed from Table 2 that
two major absorption bands are near about 400 cm -1 and 600 cm-1 of octahedral and tetrahedral sites,
respectively. Gadkari et al. observed two major absorption bands in Mg-Cd ferrite within the range of 350800cm-1 [47]. The high-frequency band, υ1, is in the range of 580-590 cm-1 and is related to the intrinsic
vibrations of the tetrahedral group. The low-frequency bands, υ2 and υ3, lie in the ranges of 460-470 cm-1
and 390-395 cm-1, respectively, because of the octahedral metal complexes. The fourth observed bands, υ4,
at the range of 360-370 cm-1 can be assigned to the divalent tetrahedral vibrations. Hemeda et al. [54]
reported that the shift in the υ1 and υ2 bands was dependent on the compositions of the ferrite composites.
The IR absorption band υ2 at the octahedral B-sites was shifted to lower frequency, which is caused by the
replacement of Fe3+ ions by Mn4+ ions. This value represents the contribution of the ionic bond Fe-O in the
lattice. The band υ1 shifted slightly towards the lower frequency side with the increase of the content of
Mn-Ti. This observed shifting was due to the enlargement of sites radius that cause the reduction of the
primary frequency, and therefore the middle frequency shifted towards the low frequency side and the
opposite effect happened for ν2.
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Figure 4. Infrared absorption spectra of Cd0.3Mn0.7+xTixAl0.1Fe1.9-2xO4 (x = 0, 0.05, 0.10, 0.15 and 0.20).
Table 2. Structural, electrical and switching data for Cd0.3Mn0.7+xTixAl0.1Fe1.9-2xO4 (x=0.0, 0.05, 0.10, 0.15 and
0.20) structure
FT-IR
Mn-Ti

Absorption bands (cm-1)

Content

Room
temperature
resistivity
logρ

Activation
energy
(eV)

Curie
temperature

Electrical
field E

(0K)

(V/cm)

Pararegion
(Ep)

Ferririgion
(Ef )

Loria
Sinha

DC
Resistivity

υ1

υ2

υ3

υ4

(Ω cm)

0.00

587.58

466.81

395

370

12.15

0.966

0.552

480

488

1600

0.05

587.47

465.59

394

370

12.50

0.981

0.579

490

493

1750

0.10

586.75

464.89

393

364

12.83

1.002

0.602

495

498

1850

0.15

585.84

464.53

392

362

12.94

1.010

0.606

505

503

1900

0.20

585.80

464.34

390

360

13.12

1.021

0.640

507

508

2150

The microstructure of the ferrite samples affects physical and mechanical properties. Microstructure studies
for the ferrite materials are necessary to understand the link between their properties and behavior in
numerous applications. The SEM images for the microstructure of a fractured surface of Cd-Mn-Ti-Al
ferrites pellet are depicted in Fig.5. It can be noted from the figure that some grains are found to be
agglomerated and some grains are homogeneously dispersed to the whole surface of the pellet.
Furthermore, it can be noted from Fig. 5 that the grain size of the materials reduces with increasing the
content of Mn-Ti. This is due to the smaller ionic radius of Fe3+ is being substituted by the larger ionic radii
of Ti4+. The average grain size of the particle of Cd-Mn-Ti-Al ferrites was found to be about ~0.66-1.18µm.
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Figure 5. SEM micrographs of Cd0.3Mn0.7+xTixAl0.1Fe1.9-2xO4 (x = 0, 0.20).
DC electrical resistivity
The variation of the logarithm of the DC electrical resistivity, Log (ρ), with the inverse of the temperature of
the samples is presented in Fig.6. By looking at the figure, it can be noted that the electrical resistivity of
Cd-Mn-Ti-Al ferrites reduces with increasing the temperature values exhibiting semi-conducting behavior.
The resistivity dependence of temperature is calculated by Arrhenius relation as presented in Eq. 11 [55].
𝐸A

(13)

𝜌 = 𝜌𝑜 𝑒 [𝐾𝑇]

where ρo is the pre-exponential factor (Ω.cm), K is Boltzmann constant (eV K-1), EA is the difference between
the activation energies in ferromagnetic (Ef) and paramagnetic (Ep) regions (eV) and T is the absolute
temperature (ᶱK).

Figure 6. The variation in the values of logarithm of the DC electrical resistivity, Log (ρ), against the
inverse of temperature of the samples, 103/T, for Cd0.3Mn0.7+xTixAl0.1Fe1.9-2xO4 (x = 0, 0.05, 0.10, 0.15 and
0.20).
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The change in the DC electrical resistivity log (ρ) and the porosity (%) at room temperature as a function
of the content of Mn-Ti in Cd-Al-Mn ferrite is presented in Fig. 7. It can be noted that the DC electrical
resistivity was found to be enlarged from 12.1×106 to 13.2×106Ωcm with the enlargement of the content of
Mn-Ti. The addition of Mn2+ reduces the concentration of Fe2+ ions on B-sites. This is caused by the fact
that the incorporation of Mn ions in B-site and Ti ions in A-site and B-site of the ferrite may reduce the
concentration of Fe2+/Fe3+ ion pairs. Comparable results were reported by Saija et al. [32] in case of Ti4+
replaced by Mn-Zn ferrites. Furthermore, it can be seen from Fig. 7 that the DC electrical resistivity reduces
while the value of porosity enlarges with the increase of the content of Mn-Ti. Literature revealed that as
the porosity of ferrite samples raise, the number of pores, scattering centers and vacancies, for the electric
charge carriers enlarges, leading to an enlarge in the DC resistivity. This is attributed due to changes in the
pore size, grain size and scattering [56].

Figure 7. Room temperature resistivity, Log (ρ), and porosity, (%), as a function of the content of Mn-Ti.
The electrical conductivity in Cd-Mn-Ti-Al ferrites is due to the exchange of electrons from Fe2+ to Fe3+. The
activation energy is required for this electron exchange. The hopping or jumping of electrons affected by
the space between the ions and requires sufficient energy that is known as the activation energy, E A [57].
The jumping of electrons between Fe2+ and Fe3+, Ti3+ and Ti4+ and Mn2+ and Mn3+ causes the electrical
conductivity within the ferrite. The additions of Mn-Ti ions in the ferrite reduce the concentration of Fe2+
ions. The subsequent equilibrium exists in the sintering process and causes this reaction: Fe2+ + Mn3+ → Fe3+
+ Mn2+. Due to the enlargement of the content of Mn, Mn 3+ ions are oxidized and become Mn2+.
Furthermore, this decree and enlarges the possibility of electron jumping and the value of DC resistivity,
respectively. The enlarged number of octahedral Ti4+ ions act as scattering centers for the Fe2+ - Fe3+
conduction similar to Mn2+ ions.
By looking at Fig. 6, one can see that slope of the lines that represent the changes of the logarithm of the
DC resistivity with respect to the inverse of the temperature of the samples has a value in the low
temperature region and a different value in the high temperature region. The slope in the low temperature
region corresponds to ferrimagnetic materials and it changes to paramagnetic in high temperature region.
This phase transition from ferromagnetic to paramagnetic is caused by the energy difference at both states.
This state transition occurs with respect to the change in temperature, which indicates temperature
dependence of the energy of each phase. The activation energies in the ferrimagnetic region (E f) and
paramagnetic region (Ep) are calculated from the slop of each line in Fig. 6 using the following equation
[58]:
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𝐸 = slope × 4.606 × 8.62 × 10−5 eV

(14)

The values of Ef and Ep are shown in Table 2. It can be seen that the values of Ep, is higher than that of Ef.
This validate the transition from the ordered ferromagnetic state in which electronic current dominates the
conductivity within the ferrite material to the arbitrary paramagnetic phase in which ionic current with higher
activation energy dominates the conductivity within the material. Furthermore, it was found that the
activation energies rise with the increase of the content of Mn-Ti. This rise is caused by the creation of larger
number of oxygen vacancies, which is in agreement with the results reported by Ajmal et al. in Ni-Zn ferrites
[59].
The change of the Curie temperature values with different content of Mn-Ti (x) is presented in Fig. 8. Curie
temperature is measured using the DC resistivity graph and Lorria-Sinha method. Curie temperature values
obtained from both methods show a strong agreement, as can be seen from Table 2. Moreover, one can
notice that the values of Curie temperature enlarge with the enlargement of the content of Mn-Ti. The
change in Curie temperature value with respect to the change in the content of Mn-Ti is due to the change
in A-B exchange interaction strength which in turn depends on the cation distribution (between A and B
sites). In addition, the thermal energy required for the alignment of the magnetic moment rises, leading to
the increase in the value of Curie temperature [27].

Figure 8. The variation in Curie temperature values with different content of Mn-Ti.
Switching properties
The I-E characteristics of the Cd-Mn-Ti-Al ferrites at room temperature are presented in Fig. 9. It can be
seen from the figure that the DC electric current is initially increasing steadily with a rapid enlarge in the
electric field. Once it reached a threshold value (switching value, 1500-1750 v/cm), it quickly enlarges with
the reduction of the electric field. This shows that the current flew through a non-stabile conduction state
and went into a very high conduction state. That is the conductivity was switched between two regions [31,
34-35]. Thus, the current controlled negative resistance (CCNR) type of electrical switching (also known as
resistive switching) is observed in all prepared Cd-Mn-Ti-Al ferrites [16-17, 31-32, 33-34], as can be seen
from Fig. 9. The variation in the value of the switching electric field with respect to the content of Mn-Ti is
presented in Table. 2. It can be noticed that the electric field enlarges with the increase of the content of
Mn-Ti. This is because of the subsequent enlargement of the lattice dimension and the reduction in Fe3+
ion concentrations from the octahedral B-site [32]. In Ti4+ substituted Cd-Al-Mn ferrites, the switching
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phenomenon was mainly explained on the basis of the sintering temperature [16], grain size [17], structure
[29, 30], lattice constant, cation distribution [31], Joule self-heating [31] and space charge limited current
(SCLC) [60]. Previously, we reported that the grain size was reduced with the decrease in the switching
electric field for 5% rare earth ions (R= Sm3+, Y3+ and La3+) added cadmium ferrite [17] and also the effect
of sintering temperature on switching properties of cadmium ferrite [16]. Yu et al. reported that the resistive
transparent switching layer of Al doped ZnO is used for random access memory devices [61]. The switching
properties of the all prepared Cd-Mn-Ti-Al ferrites samples were reinvestigated after two weeks, the cycle
was repeated and it was successfully reproducible. Therefore, it was confirmed that there was no ageing
effect observed in the prepared ferrite composites. The conduction mechanism is also used to classify the
resistive switching. Resistive switching could be originated from the configuration and rupture of conductive
filaments in a non-conductive matrix as shown in Fig. 10. This might be related to both unipolar and bipolar
resistive switching behaviors, as it was well explained by Akihito Sawa [62].

Figure 9. I-E characteristics (resistive switching) of Cd0.3Mn0.7+xTixAl0.1Fe1.9-2xO4 (x = 0, 0.05, 0.10, 0.15 and
0.20).
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Figure 10. Photograph of rupture formation of the investigated ferrite pellet.
Conclusions
The XRD validated the biphasic nature of the ferrite samples. The lattice constant was found to be increasing
with the enlargement of the content of Mn-Ti. The crystallite size of the samples lies in the range of 22.8324.44nm. Bond length (A-O) and ionic radii (rA) on A-sites enlarge, whereas bond length (B-O) and ionic
radii (rB) on B-site reduces with the content of Mn-Ti. The porosity of the samples was reduced with the
increase in the content of Mn-Ti. The FT-IR study showed one high-frequency band and three low-frequency
bands. The grain size lies in the range of ~0.66-1.18 μm. The DC resistivity of Cd-Al-Mn ferrites was reduced
with the raise of the temperature due to its semi-conducting behavior. The value of the activation energy
in the paramagnetic region is higher than that of the ferromagnetic region. Furthermore, the values of the
activation energy in the ferromagnetic and paramagnetic regions enlarge with the enlargement of the
content of Mn-Ti. The Curie temperature value was measured using the DC resistivity and Lorria-Sinha
methods. The CCNR type of electrical switching was observed in the investigated Cd-Al-Mn ferrites at room
temperature. The switching electric field enlarged with the enlargement of the content of Mn-Ti in the ferrite
structure. There was no ageing observed in the prepared ferrite system.
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