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Terbium doped magnesium spinel ferrites (Mgi-xTbxFe>04) with
composition x=0.12, 0.14, 0.16, 0.18 were synthesized via
micro-emulsion method followed by synthesis of PVA/Mg;-
xTbxFe>04 composites using in-situ polymerization technique.
The structural properties were evaluated using X-ray
diffraction (XRD) and Fourier transform infra-red spectroscopy
(FTIR). XRD analysis confirmed the construction of spinel
lattice of terbium ferrite whereas FTIR revealed the
interactions between ferrite nanoparticles and polyvinyl alcohol
matrix. The XRD and FTIR results quite matched with the
reported literature. The dielectric and resistivity analyses were
performed by determining dielectric parameters and current-
voltage measurements. The values of dielectric constant,
dielectric loss and tan & were found to be inversely
proportional to the frequency under the ambient electric field
at room temperature but became constant at higher frequency
values. The lower values of dielectric constant of terbium
incorporated magnesium  ferrite  polymer composites
(MgFe;04/PVA) are attributed to hindrance in ‘electron
exchange mechanism’ created by lockup between iron and
terbium ions. The resistivity values of all the composites were
found from 2.5x10° Qcm to 18.8x10° Qcm which showed a
non- linear behavior.

© 2020 The Authors, Published by iRASD. This is an Open Access
article under the Creative Common Attribution Non-Commercial 4.0
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1. Introduction

Nanotechnology has exposed itself as the technology of miniaturization with an aim
of making inexpensive, lighter and smarter goods having smaller sizes. Nano ferrite
particles (having size less than 100 nm) have become much important during the last few
decades and are considered as an effective link that bridges bulk substances and atomic or
molecular materials(Abdelwahab & Shukry, 2015). Soft ferrites possess cubic spinel
structure that is derived from MgAl204,(Reddy & Yun, 2016)whose structure was interpreted
by Bragg. The general formula of magnetic spinels is MFe204 where M is a divalent
transition element such as Mn, Fe, Co, Ni, Cu and Cd (Al-Ghamdi, Al-Hazmi, Memesh,
Shokr, & Bronstein, 2017). All the ferrites contain iron oxide as the main constituent in their
structures. The metal ions like Ni’* Co?* and Mn?* may also be used to offer the unpaired
electron spins. The magnetic moment may also be disturbed by the incorporation of some
non-paramagnetic ions such as Mg?* or Zn?* or monovalent Li, causing the variation in
concentration of Fe3* ions on the crystal lattice points. The spinel ferrites have received a
lot of reputation. They have shown advantages of high saturation magnetization, high
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electrical resistivity, high magnetic loss and low eddy current losses (Wang, Huang, Wang,
He, & Chen, 2012). Generally the ferrite materials are cheap, stable and possess numerous
applications related to technological and industrial fields(Davachi et al., 2016). They are
used as microwave absorbers such as gas sensors(Balgis, Iskandar, Ogi, Purwanto, &
Okuyama, 2011), isolators, gyrators, phase shifters, radio wave circuits, electronic
equipment(Nasar et al., 2016), electrode materials, microwave dark rooms and protection,
magneto-optical storage media manufacturing phenomena, optics and conducting adhesive
materials, high density digital recording discs, spintronics(Mohamed, Rashad, Haraz, &
Sigmund, 2010), noise filters(Chitra, Muthusamy, Dineshkumar, Jayaprakash, &
Chandrasekar, 2015), hyperthermia(Jaberolansar, Kameli, Ahmadvand, & Salamati, 2016)
high performance engineering materials and compact power supplies (Xiao, Liu, & Fu,
2006).

Material scientists have been making efforts to improve the properties of the
nanofibers. It has been reported that sintering temperature and variation of different metal
ions (dopants) especially of lanthanide series are observed to improve the electrical and
magnetic properties of ferrite material effectively. The special emphasis on rare earth
elements is due to their 4f unpaired electrons screened by 5s? 5p® electrons and strong spin
—orbit coupling of the angular momentum which are not affected by the potential field of
nearby ions and which can originate magnetic anisotropy owing to their orbital shape(Sun
et al., 2015). Ferrites can be synthesized either by dry or wet method. The wet chemical
routes include a vairiety of the processes comprising micro-emulsion, sol-gel,
mechanochemical, hydrothermal, sol-spray drying, sonochemical, solvothermal,
coprecipitation processes etc. (Naz, Durrani, Mehmood, & Nadeem, 2014). Rapidly
developing field of polymer based nanocomposites has created a lot of inspiration for
researchers during the recent years. Nanocomposites are known to possess multi-range
systems as 1D, 2D, 3D and amorphous materials composed of diverse constituents at the
nm size(Khairy & Gouda, 2015). They have various useful utilizations in electro-optical
integrated instruments, energy storage devices (Gairola et al., 2010).

The efficiency of nanoferrite particles can be improved by incorporating them in
polymer matrix owing to high surface area to volume ratio. Polymer nanocomposites are
used in packaging materials, refractory materials(Chitra, Muthusamy, & Jayaprakash,
2015), high frequency multilayer chip inductors, transducers(Chen et al., 2016), optical
integrated circuits, medical instruments, drug delivery from compartmented nanotubes,
immobilization of biological objects like proteins, tissue engineering, fire retardants,
adhesives, consumer goods etc.(Song, Shen, Liu, & Xiang, 2011).

Polymers used as matrix in magnetic nanocompoistes are commonly categorized in a
number of classes such as neutral, charged, hydrophilic, homopolymers, co-polymers
etc.(Fang & Zhang, 2009). Poly vinyl alcohol (PVA) is a synthetic polymer with poor
electrical conductivity. It is commonly used owing to its diverse properties; such as
solubility in water, excellent durability, moisture barrier film behavior,(Hmar, Majumder, &
Mondal, 2016) semi-crystallinity, non-toxicity, better flexibility, highly transparent feature
and emulsifying, biocompatibility, adhesion, biodegradability, very fine film making abilities
etc. It is easily available and easy to handle(Kashyap, Pratihar, & Behera, 2016). A number
of techniques have been reported fo synthesis of polymer nanocompoistes such as in-situ
polymerization, electrochemical, micro-emulsion, electro spinning etc.(Bose et al., 2010).
Rashidi, S. and A. Ataie used a two-step mechanical milling technique to manufacture the
advanced functional magnetic nanocomposites having polyvinyl alcohol and cobalt ferrite
(PVA/CoFe204) as main constituents. They reported the effects of milling time and polymer
fraction. They prepared the spherical single-phase cobalt ferrite of about 20 £ 4 nm and
embedded them in PVA by rigorous milling. The synthesized nanomaterial showed
decreasing trend in magnetic properties like saturation magnetization, coercivity and
anisotropy constant values(S Rashidi & A Ataie, 2016).

We report an innovative, cheaper, facile and economical method of synthesizing
PVA/Mgi-xTbxFe204 nanocomposites using in-situ polymerization technique via ultra-
sonication. The effect of Tb substitution with Mg has been studied in terms of morphology,
electrical and DC conductivity of PVA/Mg1-xTbxFe204 nanocomposites.
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2. Experimental Procedure
2.1. Chemicals Used

The following chemicals were used for the synthesis of PVA/Mgi-xTbxFe204
nanocomposite materials. Magnesium chloride, MgCl2.4H20 (Sigma-Aldrich, 98%), Terbium
chloride, TbCl3.6H20 (Sigma-Aldrich, 99.9%), Iron chloride, FeCl3.6H20 (Merck, 99%),
Aqueous NHs (BDH, 35%), Polyvinyl alcohol (PVA), Arcos, England (mol. wt= 70,000 g mol-
1), CTAB, Cetyltrimethyl ammonium bromide, (CieH33) N (CHs)3Br, (Amresco, 98%), Sodium
carbonate, NaCOs, (Riedel-deHaen) and De-ionized water. All the chemicals were used as
received without further purification.

2.2. Synthesis of Mgi-xTbxFe>.04 Nanoparticles

Terbium doped Mg:-xTbxFe204 nanoferrites with composition x=0.12, 0.14, 0.16,
0.18 were prepared via wet chemical route i.e. micro-emulsion method. The stoichiometric
amounts of reagents were dissolved in de-ionized water. The solutions were stirred using
magnetic stirrer at 50-60C°. and “"CTAB” was added drop-wise to the stirring solutions. The
pH 10-11 was attained by adding 2M aqueous solution of NH3 while the stirring was
continued for further 5-6 hours. The precipitates were washed with de-ionized water several
times to obtain pH 7, followed by drying in oven at 100 C° The prepared samples were
annealed at 700 C° for 7 hours in Muffle furnace at heating rate of 5 C° /min. The
synthesized Mgi-xTbxFe204 nanoferrites were ground finely using ultraclean pestle and
mortar (Khan, Islam, Ishaque, & Rahman, 2012).

2.3. Synthesis of PVA/Mg:-xTbxFe204 Nanocomposites

The PVA/Mgi-xTbxFe204 nanocomposites were synthesized via ultra-sonication. Five
compositions of nanocomposites were prepared with 1.5 g of PVA in each composition.
Likewise a blank PVA film was prepared for comparison. Mg ferrite was added in each
composition as x (x = 0.12, 0.14, 0.16, 0.18). The solution of polymer was prepared by
stirring and at 70-80 C° using de-ionized water as solvent. Finely ground Mgi-xTbxFe204
nanoparticles were suspended via sonication in de-ionized water. Both the solutions were
mixed and sonicated at 60-70 C° for two hours. The resulting solution was poured in petri
dish and dried at room temperature to get thin film of PVA/Mg:-xTbxFe204 nanocomposites.

3. Results and Discussion
3.1. X-Ray Diffraction (XRD)

XRD diffraction of pure PVA and the PVA/Mgi-xTbxFe204 nanocomposites films was
carried out by BRUKER AXS GmbH, Ostliche Rheinbruckenstr, 76187 Karlsruhe
Germany/Alemania/Allemagne using Cu Ka radiation of wavelength A=1.54060A filtered
with “Ni”. XRD profile of pure PVA and PVA/Mgi-xTbxFe204 nanocomposites (x=0.12 to 0.18)
is shown in Fig.1. The results show the main peak at 26=19.8° which corresponds to (101)
crystal plane of pure PVA indicating its semi-crystalline nature as reported by Mohanapriya,
M.K., et al(Mohanapriya, Deshmukh, Ahamed, Chidambaram, & Khadheer Pasha, 2016).
Some other diffraction peaks indexed as (220), (311), (400), (422), (511) and (440) at 26°
values, 30.1, 35.39, 42.97, 53.50, 57.09, 62.62 respectively. The most dominant peak
appeared at 35.39° corresponding to crystal plane (311) which is the confirmation of single
phase FCC spinel structure of MgFe204.These observed XRD profiles of the composites have
a perfect matching with those of standard diffraction profiles of JCPDS card # 36-0398. All
the above mentioned diffraction profiles have already been reported and revealed the FCC
single spinel structure of the resulting PVA/Mg:i-xTbxFe204 nanocomposites. The prominent
peak relating to (311) plane is present in all the synthesized nanocomposites. The
intensities of two more planes i.e. (220) and (400) are also much sensitive to cations on
tetrahedral (A sites) and octahedral (B sites) sites respectively. Observations through
experiments have demonstrated that Mg?* has a strong preference to occupy B-sites and
partially occupy A-sites.
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The ionic radii of Mg2* and Tb3*+ are 0.66A and 0.93 A respectively. The observed
intensities of the above mentioned peaks decline remarkably by the substitution of Tb3* by
Mg?* ions. The intensity of peak corresponding to plane (400) is relatively more decreased
because of this substitution which largely depends upon the bigger size of Tb3* ions. The
various lattice parameters are calculated using the following relationships:
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Figure 1: XRD pattern of uncoated PVA and PVA/Mgi1-xTbx Fe204 nanocomposites
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Crystalline size (D) = (Debye-Scherer’'s formula) (1)

Where B is the average full width at half maxima (FWHM), 8 is the Bragg’s angle and
A is the X-ray wavelength.

X-ray density (p x-ray) = M (2)

NaV

Where M is the mass of the composite, Na is the Avogadro’s number and V is the
volume of the composite film.

Bulk density (p buk) = (3)

Where ‘m’ is mass and ‘v’ is the volume of thin film.

Porosity (P) = 1- —p"b““‘ (4)
X—ray

Table 1:

Different values of lattice parameters of PVA/Mgi-xTbxFe204 (x=0.12, 0.14, 0.16,

0.18)
Sample Lattice Cell X-ray Bulk Porosity Crystallite
Composition Constant(a) Volume Density Density (P) Size

A (R)3 (gcm-3) (gecm3) (nm)

X=0.12 8.39 590.59 4.86 2.58 47 30.96
X=0.14 8.38 588.48 4.94 2.89 41 23.76
X=0.16 8.36 584.28 5.04 2.49 50 31.06
X=0.18 8.35 582.18 5.12 2.61 49 25.36
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3.2. Fourier-Transform Infra-Red Spectroscopy (FTIR)

The Fourier Transform Infrared Spectroscopy of pure PVA and nanocomposite films
was carried out using MIDAC M 2000 with wavenumber range 600-4000 cm™ in
transmittance mode. The obtained spectrum has the set of absorption bands whose
intensity and frequency offer facts about structure and bonding within the molecule (Kubicki
et al., 2012). FTIR spectra of pure PVA and nanocomposites are shown in Fig 2. In case of
pure PVA, the main absorption peaks are found at 3295 cm™, due to O-H stretching
(responsible for H-bonding), 2927cm™,is due to C-H stretching,1729 cm™ and1567 cm
correspond to C=0 stretching and C=0 asymmetric stretching and near 1419 cm™ ,due to
C-H bending vibrations. The absorption peaks located near 1148 cm™ and 1090 cm! reveal
the stretching mode of Fe-O-Fe groups (S. Rashidi & A. Ataie, 2016). The presence of all
these peaks confirms the existence and incorporation of pure PVA matrix in all the resulting

PVA/Mgi-xTbxFe204 nanocomposites.
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Figure 2: FTIR spectra of pure PVA and PVA/Mgi-xTbx Fe204 nanocomposites
3.3. Dielectric Measurements

4287 A RF LCR meter was used to determine the dielectric measurements in the
frequency range of 0.0-3GHz at room temperature. These measurements are much
important for engineers and material scientists to design electronic devices. The thin films
of pure PVA matrix and the fabricated PVA/Mgi-xTbxFe204 nanocomposites (x=0.12, 0.14,
0.16, 0.18) were analyzed. Dielectric constant , which is a measure of extent of polarization
of a material, depends upon the structure of the materials, composition and the method of
preparation involved (Lodhi et al., 2014).

The dielectric parameters like dielectric constant (€'), dielectric loss and dielectric
tangent loss (tané) were measured. It is notable that all the dielectric parameters are

function of the applied alternating current field in the above mentioned frequency range.
The dielectric constant was calculated with the help of equation 5 (Khan et al., 2012).

e o= (5)

g A
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Where d is the thickness of the material, c is the capacitance of the material, ¢. is

the permittivity of free space and A is the cross-sectional area of the flat surface of the
material in m2. The variation of dielectric constant (g') as function of frequency has been
shown in Figure 3.
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Figure 3: The variation of dielectric constant with frequency of pure PVA and
PVA/Mgi-xTbx Fe204 nanocomposites.

The values of dielectric constant show a decreasing trend with the successive
exchange of Tb3* ions. In the spinel structure of magnesium ferrite (MgFe204), there are
two sites namely A-sites (tetrahedral) and B-sites (octahedral). It is well-known that most
of the Mg ions occupy on B-sites whereas Fe ions occupy on both A and B-sites (Hemeda,
Said, & Barakat, 2001). Dielectric constant values gradually decrease with substitution of
terbium ions with magnesium ions. This is attributed to the increase of Tb ions substitution
on B-sites replaces some Mg ions (number of Mg ions on B-sites decreased) which leads to
the reduction in population of Fe2* ions (Mg?* + Fe3*[~] Mg3* + Fe2*) on B-sites. As a result,
the electron exchange interaction happening at B-sites between the Fe3* ions and Fe?* ions
hindered due to the existence of Tb ions on B-sites, so the hopping length of conduction
electrons rises. Thus, description justifies the decrease in the dielectric constant values with
the growing concentration of Tb ions.

Initially, the dielectric constants for pure PVA and all the fabricated samples
decrease more rapidly with an increase in frequency (low region) but in the high frequency
region, the value drops down to minimum and becomes almost constant. At lower
frequencies, the higher values of dielectric constant are attributed to some polarizations like
space charge, dipolar, ionic and electronic types (Choudhury, Rodriguez, Bhattacharya,
Katiyar, & Rinaldi, 2007). This behavior can be explained on the basis of the Maxwell
Wagner model which is in agreement with Koops phenomenological theory (Costa, Tortella,
Morelli, & Kiminami, 2003).

An additional interfacial space charge polarization plays a prominent role in these
types of heterogeneous composites and that increases the dielectric constant. The
interfacial polarization gives response very slowly to the external field; therefore, it governs
largely in the low frequency region and has no significant influence in the high frequency
region. Dielectric constant values become constant at higher frequency values attributed to
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the fact that space charge carriers(dipoles) of the composite material do not find much
time to re-orient themselves (lagging off polarization) in the direction of the applied
electric field (Ali et al., 2014).

The dielectric loss measures the loss of electrical energy from the applied electric
field into the samples at different frequencies. The dielectric tangent loss (tand) was
calculated using the relation 6 (Mohamed et al., 2010).

Tand = < (6)
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Figure 4: The variation of dielectric tangent loss with frequency of pure PVA and
PVA/Mgi-xTbx Fe204 nanocomposites

Where tand is the loss angle, &”" is the imaginary part of the dielectric constant and
is the total amount of the absorbed energy by the material used from the alternating field
&' is the real part of the dielectric constant. The graph of dielectric loss tangent versus
frequency is depicted in figure 4. The variation of dielectric loss with frequency in the
applied electric field is quite similar to the real part of the dielectric constant (¢') and
depends upon conduction mechanism, composition of material, annealing temperature,
synthesis technique, crystalline size etc. Electron hopping and defect dipoles are major
contributors in this regards. Electron hopping is responsible only in low frequency region
and it becomes ineffective at higher frequency values, hence dielectric loss decreases. The
dielectric loss also shows the peaking behavior i.e. resonance peaks have been observed at
higher frequency values as cleared from the Fig. 4. At high frequency, it is the jumping
frequency of Fe?* and Fe3* which becomes equal to the frequency of applied electric field.
This peaking behavior is because of Debye-type relaxation. The loss factors of these
samples have been observed to decrease with the increase in frequency as shown in figure
5. It has been demonstrated that ionic radius of doping species (Tb3*) is directly
proportional to the polarization and the frequency of the applied electric field vary to the
inverse of polarization. As the concentration of Tb3* increases, the grain size also increases
but grain boundaries per unit volume decrease which ultimately reduces the dielectric loss.
All the Tb3* substituted samples exhibit low values of loss factor as compared to the
unsubstituted sample. In the high frequency region, the loss factor indicates very small
values. (Khan et al., 2012).
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Figure 5: The variation of dielectric loss factor with frequency of pure PVA and
PVA/Mgi-xTbx Fe204 nanocomposites

3.4. Current-Voltage Measurements (I-V)

The current-voltage specific (I-V) curve is a typical graphical relationship between
the electric current passing through a substance and its corresponding voltage across that
substance. The graph obtained through this procedure is helpful for electronic engineers to
decide the fundamental behavior of the substance in the electric powered circuit (van der
Bijl, 1919).

Current-voltage study of the synthesized PVA/Mgi-xTbxFe204 nanocomposites
(x=0.12, 0.14, 0.16, 0.18) was done using 6487 Pico Ammeter/Voltage source (Kiethely) at
standard conditions. The voltage of the used apparatus was adjusted at -5 to 5 volts. The
resulting I-V curves of pure PVA and PVA/Mgi-xTbxFe204 nanocomposites (x=0.12, 0.14,
0.16, 0.18) as shown in Figure 6. To calculate the values of resistivity, the following formula
was used.

Resistivity = % (7)

Where L, A and R are taken as thickness, area and resistance of polymer composite
films respectively as reported by Shahzad, M.A., et al(Shahzad, Warsi, Khan, Igbal, &
Asghar, 2015). The resistivity values obtained of all the composites are shown in the Table
4.2 having the range of 2.5x10° Qcm to 18.8x10° Qcm which showed a non- linear
behavior. It was due to the substitution of Tb3* in the base materials as reported by
Rasheed, A., et al(Rasheed et al., 2016).
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Figure 6: Current Voltage (I-V) Characteristics of pure PVA and PVA/Mgi1-xTbx
Fe204 nanocomposites

Table 2
Resistivity values of pure PVA and PVA/Mgi-xTbxFe204 nanocomposites (x=0.12,
0.14, 0.16, 0.18)

Sr. no Composition Resistivity (‘'Qcm)
1 PVA 2.5 X 10°
2 Mgo.88Tbo.12Fe204 2.08 X 10°
3 Mgo.86Tbo.14F€204 8.5 X 10°
4 Mgo.84Tbo.16F€204 18.8 X 10°
5 Mgo.82Tbo.18F€204 4.47 X 109

4. Conclusion

Nanocrystalline magnesium ferrites with terbium substitution (Mgi-xTbxFe204) having
composition, x=0.12, 0.14, 0.16, 0.18 were successfully prepared followed by synthesis of
PVA/Mgi-xTbxFe204 nanocomposites employing a cheaper wet chemical method and solution
casting technique respectively. The XRD and FTIR studies demonstrated the FCC single
phase spinel structure. The interactions between nanoferrite particles and PVA matrix is
also confirmed. The lattice constants and subsequently cell volume decreased with
increasing Tb3* content. The dielectric and I-V values were measured to elucidate the
practical applications. The dielectric constants and dielectric loss (tand) for all the
synthesized materials had an inverse relationship with the frequency in the applied
electrical field. The dielectric parameters also showed an inverse behavior with resistivity.
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