Journal of Materials Science: Materials in Electronics (2018) 29:3744-3750
https://doi.org/10.1007/510854-017-8308-1

@ CrossMark

Electric and dielectric properties of ytterbium substituted spinel

ferrites

Kalsoom Bibi' - Irshad Ali? - Muhammad Tahir Farid? - Asif Mahmood? - Shahid M. Ramay* - Khuram Ali®

Received: 21 September 2017 / Accepted: 20 November 2017 / Published online: 30 November 2017

© Springer Science+Business Media, LLC, part of Springer Nature 2017

Abstract

Ytterbium (Yb) substituted magnesium ferrite materials (MgYb,Fe,_ O, with x=0.00, 0.025, 0.050, 0.075, 0.10) have been
prepared by the Sol-gel method. XRD analysis revealed that the prepared samples are cubic spinel with single phase till the
content ‘x’ equals 0.05. At higher content x >0.075, Yb substituted samples possessed YbFeO; phase along with the cubic
spinel phase. A significant decrease of ~34.7 nm in crystallite size is noted in response to the increase in Yb substitution
level. The room temperature dc resistivity increases gradually from 3.47x 107 to 2.63 x 10® Q-cm as the substitution of Yb is
increased. Temperature dependent DC electrical resistivity of all the samples exhibits semiconducting behavior. Yb substi-
tuted materials can be suitable to limit the eddy current losses for microwave applications. VSM indicated the existence of an
appreciable fraction of ferrimagnetic properties at room temperature. The saturation magnetization of the samples decreases
from 60 to 33 emu/g. Saturation magnetization and remanence decreased while coercivity increased with Yb substitution.

1 Introduction

Ferrites are very applicable in technological fields with
regards to fine size distribution and its identical particle
size. The important factors which affect the structural as
well as electrical properties of spinel ferrites are the sinter-
ing temperature, site occupancy of parents materials, sub-
stitution of host materials and method through which these
spinel ferrites are prepared [1]. Ferrites are more applicable
as a good dielectric material and very useful for microwave
devices also [1]. Spinel ferrites of the general formula,
MFe,0, (Mg**, Co®*, Mn**, etc.) having their effective use
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in different fields like magnetic refrigeration and storage
devices due to their low cost and adopting the easy method
for their preparation [2, 3].

In Spinel ferrites, Mg-based spinel ferrites have their spe-
cial attention due to low dielectric and magnetic loss. They
also possessed high value of resistivity [4, 5]. Besides, due
to its interesting properties as a result of substitutions at
Mg?* and Fe’* sites, many researchers have been attracted to
explain this ferrite material, especially its magnetic proper-
ties based on Fe>* distribution in the tetrahedral and octahe-
dral sites [6]. There are different properties of spinel ferrites
like magnetic and electrical properties through which one
can able to measure the position of ions on tetrahedral or
octahedral site and conduction mechanism. Few authors had
already discussed the magnetic, electric, dielectric and struc-
tural properties of Mg-based spinel ferrites with substitution
like Zn** [7], Cd** [8], Ti** [9] and AI** [10].

The substitution of rare earth in MgFe,O, is considered
the best method to modify the properties of ferrites, as was
done recently with Praseodymium [11]. But a study of physi-
cal, electrical and magnetic properties of Ytterbium substi-
tuted magnesium ferrite using sol—gel is not yet reported.
So the present work an investigation on the effect of Yb
substitution in structural, electrical and magnetic properties
of magnesium ferrite is attempted.

In this work, we prepared MgYb,Fe,_,O, compounds
containing different levels of Yb (x=0.00, 0.025, 0.05, 0.075,
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0.10), and effect on structural, morphological, electrical and
magnetic properties by substitution of Yb>* ions into host
materials Fe®*. The aim of Yb>* substitution is to reduce eddy
current loss, enhance DC-electrical resistivity and magnetic
properties for microwave and recording media application.

2 Experimental

Mg-based spinel ferrites were prepared by wet method
(sol—gel auto combustion technique). For this purpose,
initially 99.99% pure following nitrates of Yb (NO;);, Fe
(NO3); and Mg (NOj;), were put in de-ionized water of
100 ml in Pyrex beaker to dissolve their measured quanti-
ties. To get the homogeneous and nano-structured spinel
ferrites, citric acid worked as chelating agency. This whole
solution was put on magnetic stirrer by applying the constant
temperature of 80 °C to get the homogeneous mixture. To
maintain the pH scale of homogeneous mixture at 7, drop
by drop ammonia solution was added. After 3—4 h the whole
mixture adopted the shape of viscous gel. The self combus-
tion process of that viscous gel was started at 370 °C when
it was placed in furnace. Within few minutes, this whole
viscous gel was converted into precursor powder. With the
help of mortar-piston, this whole precursor powder was
grounded and then it is placed in furnace for 5 h at 700 °C
for pre-sintering process. All the samples were annealed. To
prepare the mixture for pellets, Polyvinyl binder was added
into the mixture. With the help of Hydraulic press, pellets
were formed by applying the load of 30 kN. Then all the
samples were placed in furnace for one hour at 250 °C to
remove the binder. The prepared pellets of all the samples
were finally sintered at 950 °C for 7 h.

The lattice parameter “a” of spinel ferrites was extracted
from the X-ray diffraction analysis by using the hkl values
with the help of equation [11]

The X-ray density of all the prepared spinel ferrites was
calculated from lattice constant ‘a’ and molar mass ‘M’ of
the samples with the help of the following equation: [11]

8M

Dy =
XN @

where ‘N’ is the constant called Avogadro’s number.
The bulk density of all the samples was measured by
using this relation [11]

&M

D, =—
" mlr? 3)
The porosity of all the samples was calculated by using
the values of X-ray density and bulk density by using this

equation [11].

P=1 D
(%)

By using the effective area of the electrode in contact
with the sample ‘A’, the thickness of each sample ‘Z’ and
resistance of the materials, the values of resistivity can be
calculated by using this formula [11].

pP=— ®
The activation energy was calculated from the slope of
the graphs between log p versus 1000/7 by using equation

[11].
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where p is resistivity, K is for Boltzmann’s constant and
“AE” represents the activation energy of the hopping mecha-
nism of electrons from one metal ion to the adjacent neigh-
bor ion.

3 Results and discussions
3.1 Structural properties

Structural properties of spinel ferrites were analyzed from
X-ray diffraction analysis and scanning electron micros-
copy. The X-ray diffraction analysis of spinel ferrites with
formula MgYb,Fe,_ O, (x=0.00, 0.025, 0.05, 0.075, 0.10)
was performed in the range of 20 from 10° to 69.9° with
the help of Bruker axis D8 diffractometer by using Cu-ka
(A=1.5406 A) radiation.

Figure 1 shows that diffraction peaks of all the sam-
ples becoming broader and narrow with the substitution
of Ytterbium. These corresponding planes of these diffrac-
tion peaks having Miller indices (220), (311), (222), (400),
(422), (511/333), (440). These values of peaks proved that
the prepared ferrites possessed the cubic spinel phase. At
high concentration (x >0.075), two more peaks are observed
at 260 =32.4° and 45.4° having hkl values (211) and (311)
respectively. These peaks are identified as YbFeO; (iron
ytterbium oxide) matched with ICDDPDF # 39-1489. This
kind of secondary phase with the substitution of rare earth
ions was also observed by [12, 13]. The intensity of these
two peaks is increasing with the substitution of Ytterbium
ions.

The lattice constant was calculated by using Eq. 1. The
graph between the lattice constant as a function of Yb con-
centration is shown in Fig. 2. The linear increase in lattice
constant has been observed with the substitution of Yb con-
tents. It can be explained by this fact that the Yb has a larger
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Fig. 1 X-Ray diffraction patterns of MgYb, Fe, O, spinel ferrites

ionic radius as compared to iron ions. When Yb of rela-
tive larger radius replaces the iron ions, the value of lattice
constant is increased. At high concentration (x >0.075), the
value of lattice constant is also increasing because the spinel
lattice is not compressed with the substitution of Yb contents
forming the secondary phase. This second phase is highly
resistive in nature. Such type of results is also observed by
different researchers [14, 15].

By using the Eqgs. 2 and 3, X-ray density and bulk density
of all the samples were measured. There was a linear incease
in both densities as shown in Fig. 3. It can be observed that,
as the substitution of ‘Yb’ is increasing, both densities also
increased and become maximum at x =0.10. This increase
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Fig.2 Lattice constant versus Yb-concentration for MgYb,Fe, O,
spinel ferrites
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in both densities is due to the difference in molar solutions
of rare earth and iron ions. The molar volume of rare earth
is much larger as compared to iron ions.

The % porosity of each sample was extracted from the
data of X-ray density and bulk density by using Eq. 4. As
comparatively, bulk density of each sample is smaller than
corresponding X-ray density. The calculated values of %
porosity are presented in Table 1.

3.2 Scanning electron microscopy (SEM)

The SEM images of all the prepared spinel ferrites
MgYb,Fe,_ O, (x=0.00, 0.025, 0.05, 0.075, 0.10) have
been presented in Fig. 4. The grains of all the samples are
uniformly distributed and possessed spherical shape. The
grain size was calculated by slope intercept method.

The values of grain size decrease from 53.2 to 34.7 nm as
the substitution of Yb concentration is enhanced from 0.00
to 0.10. It can be observed from Table 1, as the substitution
of Yy is increased, the grain size decreases continuously.
Such types of results are also reported by [16, 17].

3.3 Electrical properties

The property of prepared material through which it opposes
the motion of free electrons is known as resistivity. The elec-
trical resistivity of the material is changed with the substitu-
tion of rare earth ions into Mg-bases material as well as by
changing the temperature [18].

Electrical resistivity of MgYb,Fe,_ O, (x=0.00, 0.025,
0.05, 0.075, 0.10) spinel ferrites was experimentally meas-
ured at room temperature with the help of Eq. 5. The
values of dc resistivity are enhanced from 3.47 x 10 to
2.63x 10® Q-cm as the substitution of Yb is increased. The
rare earth material ‘Yb’ is more resistive as compared to iron
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Fig.3 X-ray density and bulk density versus Yb concentration
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Table 1 Compositional Composition x=0.00 x=0.025 x=0.05 x=0.075 x=0.10

variation of crystallite size,

porosity, activation energy, Crystallite size (nm) 532 51.4 483 4238 347

fé:lfﬁig;ﬁ::ﬁe dgl‘flecmc Porosity (%P) 20.863 19.569 15.886 13.594 9.068

MgYb,Fe, O, spinel ferrites Activation energy E, (V) 0.16723 0.1709 0.18041 0.18558 0.18838
Dielectric constant at 1 MHz 16.254 12.642 9.3623 7.644 5.6448
Dielectric loss at 1 MHz 1.47429 1.29714 1.13657 0.99086 0.89143
Remanence (emu/g) 20.1 18.3 154 13.2 12.7

Fig.4 SEM image MgYb,Fe,_, O, spinel ferrites

ions. The graph between room temperature resistivity and o190 o

‘Yb’ concentration is shown in Fig. 5. It can be observed

that the resistivity of last two samples (x> 0.075) is very @ Activation Energy s

high due to secondary phase, which formed the insulating ows "o Inp

layer. Few researchers [19-21] also reported such type of = 0o

results. In spinel ferrites, there are tetrahedral (A-site) and é 0.180 =

octahedral (B-site) sites. The rare earth element possessed S g5 2

the B-site. The substitution of Yb ions replaces the iron ‘g 0175 - f

ions from B-site. It impedes the hopping of charge carriers g g0 S

between tetrahedral and octahedral sites. Hence the resistiv- E oo

ity of the prepared samples is enhanced. s

Temperature dependent dc resistivity of all the samples
was calculated in the range of 300-693 K and presented in 0165 70

Fig. 6. The Arrhenius plot was presented between In p and
1000/T. It can be observed from the Fig. 6 that dc resistivity
of the prepared samples decreases with the increase in tem-
perature. So the semiconducting nature of materials has been
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Fig.5 Room temperature resistivity and activation energy versus Yb-
concentration (x) for MgYb,Fe,_, O, spinel ferrites
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Fig.6 The log dc resistivity as a function of temperature for
MgYb,Fe,_ O, spinel ferrites

proved. As the temperature of spinel ferrites is enhanced,
the hopping of electrons between Fe?* and Fe** ions and
jumping of holes Mg!* and Mg?* increase the conductivity
of the materials [22, 23].

The activation energy of all the samples was calculated
from Arrhenius equation which is labeled as 6. The values of
activation energies lie in the range of 0.16-0.18 eV are pre-
sented in Table 1. It has been observed that activation energy
has the same trend as that of room temperature resistivity. So
the sample which possessed a low value of activation energy
has a low value of resistivity and vice versa [24].

3.4 Dielectric properties

The dielectric constant and dielectric loss of all prepared
spinel ferrites were determined in the frequency range of
1 MHz-3 GHz. It can be observed from Table 1 that as the
concentration of Yb is increasing, the value of dielectric
constant as well as well as the dielectric loss is decreased.
From literature, it has been proved that the rare earth ions
occupied the octahedral site.

The substitution of Yb ions decreases the concentra-
tion of Fe* ions from the octahedral site; hence electri-
cal conductivity is reduced and both dielectric constant
and dielectric loss have been decreased. The transfer of
electrons between tetrahedral and octahedral site will be
hindered and polarization of spinel ferrites is decreased.
A similar trend has been observed by [25, 26]. The sam-
ple which contains a high value of dielectric constant pos-
sessed low value of conductivity. Hence the product of
dielectric constant and square root of dc resistivity almost
remains constant.

The frequency dependent graphs of dielectric constant
are presented in Fig. 7. All the samples have an almost same

@ Springer
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Fig.7 Dielectric constant versus
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log frequency (Hz) for

trend. Initially, as the value of the applied field is low, the
values of dielectric constants are larger. As the frequency
is decreasing, the values of dielectric constants are rapidly
decreased. While at higher frequencies, the graph of dielec-
tric constant almost become constant. This observed behav-
ior is quite general in spinel ferrites. According to Koop’s
theory, spinel ferrites are composed of highly conducting
grains and resistive grain boundaries.

At a low value of frequency, charges are settled on the
surface and space charge polarization is built up [27, 28].
The direction of motion of electrons has been reversed
with the increase of reversal frequency of applied field.
Due to this reason, chances of accumulation of charges at
grain boundaries have been reduced, hence the polarization
has been decreased. Therefore dielectric constant attained
almost constant value at high frequencies.

The dielectric loss measured that how much amount of
energy has been dissipated with the applied field [23]. The
graph between imaginary part of permittivity and frequency
(1 MHz-3 GHz) of all spinel ferrites have been plotted in
Fig. 8. The dielectric loss has the same trend as the dielectric
constant.

The sample which has a low value of dielectric loss
possessed the high value of resistivity. So these prepared
spinel ferrites are might be suitable for high-frequency
applications.

3.5 Magnetic properties

The magnetic properties of MgYb,Fe, 0O, (x=0.00, 0.025,
0.05, 0.075, 0.10) spinel ferrites were measured experimen-
tally by magnetometer. Here the magnetic field from — 2000
Oe to +2000 Oe has been applied to prepared samples.
M-H loops of all the samples were plotted in Fig. 9. It can
be observed from the Fig. 9 that all the loops are narrow,
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Fig.8 Complex dielectric constant versus log frequency (Hz) for
MgYb,Fe,_ O, spinel ferrites

possessing soft nature of ferrites. From M-H loops, mag-
netic parameters like saturation magnetization, remanence
and coercivity were measured.

The values of saturation magnetization and remanence lie
in the range of 60-33 emu/g and 20-10 emu/g respectively.
It has been observed that as the substitution of rare earth ions
is increased the M, as well as M, decrease continuously. As
the substitution of Yb ions is increased, it replaces the iron
ions from the octahedral site. And net magnetization of the
spinel ferrites has been decreased. Actually, the value of
the magnetic moment of Y, is lower as compared to Fe".
Similar results have been observed by [11].

Coercivity of the spinel ferrites lies between 159 Oe and
360 Oe. As the Yb concentration is increased, the values
of coercivity are increased. According to Brown’s relation
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Fig.9 M-H loops for MgYb,Fe,_, O, spinel ferrites

[17], saturation magnetization and coercivity have an inverse
relation as shown in Fig. 10. The sample which possessed
a low value of saturation magnetization has a high value of
coercivity. Different researchers have also proved such type
of behavior.

4 Conclusions

Yttrium substituted copper-based spinel ferrites have been
successfully synthesized and their magnetic, structural and
electrical properties have been discussed in details. Struc-
tural properties revealed that all the prepared samples have
cubic spinel structure while last two samples possessed
few traces of secondary phase (orthorhombic) along spi-
nel phase. There is linear increase in lattice constant with
the substitution of rare-earth ions. Bulk density and X-ray
density both increased with the increase of Yb concen-
tration while porosity has been decreased. SEM images
possessed inhomogeneous grain size. Room temperature
dc resistivity of MgYb,Fe,_ O, ferrites increases linearly.
Temperature dependent dc electrical resistivity decreases
as the temperature increases which is indicating semicon-
ductor behavior of the samples. It was concluded that sam-
ples having low resistivity have low activation energy and
vice versa. Dielectric constant and dielectric loss factor
decrease with the increase in frequency. Magnetic proper-
ties showed that saturation magnetization and remanence
increased with the increase of Yb concentration while coer-
civity has been decreased. All these parameters suggested
that prepared spinel ferrites might be suitable for high-
frequency applications.

60 300

- 280

- 260

- 240

- 220

Ms (emu/g)
(30)°H

- 200

- 180

T X T £ T » T X T
0.000 0.025 0.050 0.075 0.100

Yb Concentration

Fig. 10 Saturation magnetization and coercivity versus Yb- concen-
tration for MgYb, Fe,_, O, spinel ferrites
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