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Abstract

The impacts of terbium (Tb) contents on magnetic, ferromagnetic resonance (FMR), electrical and dielectric properties of Ni; _,Tb,Fe,O,
ferrites were investigated. A vibrating sample magnetometer was employed to probe the magnetic properties of the samples at room temperature.
It was found that with the increased terbium content, the coercive force and saturation magnetization were decreased which may be attributed to
spin canting. Magnetic dynamics of the samples were studied by ferromagnetic resonance in X band (9.5 GHz) at room temperature. The
incorporation of terbium sufficiently lowers the FMR line-width. The decrease in FMR line-width is attributed to the reduction of super-exchange
interactions. The DC electrical resistivity and activation energy are higher for the substituted samples. The dielectric constant, dielectric loss
(tan ) and AC-conductivity decreased on account of doping. The decrease in dielectric constant is imputed to the reduction in the internal
viscosity of the doped samples. The dielectric data are explained on the basis of space charge polarization. As Ni-Tb ferrites have low value of

coercivity, high dielectric constant and low tan 8, they may be attractive for application in switching and memory storage devices.

© 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

The substituted ferrites with the spinel structure have been
extensively studied due to their considerable importance to the
electronic materials industry. The spinel ferrites are technolo-
gically important class of magnetic oxides due to their
magnetic properties, high electrical resistivity and low dielec-
tric loss. These properties of spinel ferrites strongly depend on
their chemical composition, cation distribution, method of
preparation in general and structure in particular. Many efforts
have been made to improve the basic properties of spinel
ferrites by substituting various ions with different valence
states [1]. Nickel ferrite (NiFe,O4) has been the subject of
extensive investigations since past few decades, due to their
unique electrical and magnetic behaviors that lead to their
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widespread technological applications. These materials are
used in magnetic drug delivery, transformer core, microwave
devices, magnetic information storage media, read/write heads
for digital tapes and switching applications [2,3]. Rare-earth
substituted nickel spinel ferrites have attracted great attention
in the field of materials science owing to their enhanced
magnetic and electrical properties [4—6]. The rare-earth ions
are promising substitutes for the improvement of the properties
of spinel ferrites. The rare-earth elements have unpaired 4f
electrons and strong spin—orbit coupling of the angular
momentum. The 4f shell of rare-earth elements is shielded
by 5s°5p° and almost not affected by the potential field of
surrounding ions. The substitution of rare-earth ions into spinel
ferrites and the occurrence of 4f—3d couplings in ferrites can
improve the magnetic and electrical transport properties of
NiFe,0, ferrites.

Ferromagnetic resonance (FMR) is an important tool to
study the magnetic dynamical properties of spinel ferrites. The
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information regarding the homogeneity and magnetization
relaxation behavior can be determined from FMR positions
and linewidths (AH) of the ferrite materials. FMR spectra of
the Ni-Zn—Cr ferrites have been reported. It was observed that
the NigsZngsFe,04 and Nig sZng sFe; ¢Crg O, compositions
exhibit large values (1139 Oe and 1165 Oe respectively) of
FMR line-width (AH) [7-9].

Studies concerning the effects of substitution of Tb, Dy, Yb,
Er, Gd, Sm, Ce, Y, Eu, La, Th, etc., in various spinel ferrites
have been carried out by several researchers [10—12]. The
purpose of the investigation is to study the effect of terbium
ions substitution for nickel ions on magnetic, ferromagnetic,
electrical and dielectric properties of Ni; _, Tb,Fe,0, ferrites to
make these ferrites suitable for switching and memory storage
devices applications.

2. Experimental procedure

The experimental details of sample preparation that were
followed are already reported elsewhere [13]. The hysteresis
loops were recorded at room temperature on a computer
controlled vibrating sample magnetometer (VSM), LakeShore
model 7300. The ferromagnetic resonance (FMR) measure-
ments were performed on spherical shaped samples using a
standard FMR spectrometer at X-band (9.5 GHz) in a TEq,
reflection cavity. The measurements were made under identical
conditions on all the samples. In FMR measurements, the
sample was always saturated due to a static magnetic field
required for resonance at microwave frequency. The DC
resistivity of all the samples at different temperatures was
measured by the two probe method in the temperature range
303-473 K. An impedance analyzer along with a specifically
tuned cell was used to study dielectric properties for Ni; _,Tb,.
Fe,O, ferrites. The dielectric constant (¢') and dielectric loss
(tan o) were measured in the frequency range from 10 Hz to
10 MHz. The dielectric constant for the samples was calculated
by using the following equation:

Cd
E =

£,A
In Eq. 1, C is the capacitance in Farad and d is the thickness of
pellet in meters; A is the cross sectional area of the flat surface
of the pellet and ¢, is the permittivity of free space. The AC

electrical conductivity of all the samples was calculated using
the following equation:

gac = 2n(tan S)e'e, (2)

(1)

In Eq. 2 above, tan 6 is the dissipation factor.

3. Results and discussion
3.1. Magnetic properties

The hysteresis loops of Ni; _ , Tb,Fe,O, ferrites are shown in
Fig. 1. The narrow magnetic hysteresis loops of the samples
indicate that the samples are magnetically soft, with low
coercivity. All the loops behaved normally, and the magnetization
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Fig. 1. Hysteresis loops for Ni; _ Tb,Fe,O, (x=0, 0.02, 0.04, 0.06, 0.08, and
0.10) ferrites.

Table 1
Magnetic data on Ni;_,Tb Fe,0, ferrites.

SL no. Composition M, (emug ") H, (Oe)
1 NiFe,04 34.05 40.00
2 Nig.08Tbg.02Fe;04 34.16 35.00
3 Nig.96Tbg 04Fe,04 32.70 30.00
4 Nig.04Tbo.0sFe204 30.82 29.50
5 Nig.92Tbg.0sFe204 30.72 29.00
6 Nig.09Tbo.10Fe204 30.20 27.50

increased with increasing applied magnetic field. Various
magnetic parameters such as saturation magnetization (M)
and coercivity (H.) were obtained from the hysteresis loops
for the Tb substituted nickel ferrites and are compared with
those of un-substituted nickel ferrites (Table 1) [14-16].
A decrease in saturation magnetization has been observed with
the substitution of terbium. This decrease may be attributed to
the weakening of A-B interactions. There are three types of
negative exchange interactions [17] between the unpaired
electrons of two ions lying in A- and B-sites. The A-B
interaction heavily predominates over A—A and B-B interac-
tions. The net magnetic moment of the whole lattice is the
difference between the moments of the B- and A-sublattices, i.e.
M=IMpz— M|, where M, and M are the magnetic moments of
the A and B sites respectively. It is an established fact that
NiFe,0O, ferrite adopts an inverse spinel structure. In nickel
ferrite, most of the Ni*™ ions occupy octahedral sites (B-sites)
and the Fe’ " ions are distributed on both octahedral and
tetrahedral sites (A-sites) [18,19]. The magnetic moment at
each composition depends on the magnetic moments of the
constituent ions involved. The magnetic moments of Fe* ™ and
Ni>* are 5z and 2 pp respectively while terbium is para-
magnetic. The substitution of Tb (0.93 A) with Ni (0.69 A) ions
takes place on octahedral sites due to larger ionic radius and
the possibility of occupying tetrahedral sites is rare as reported
in our previous work [13]. Therefore, it is expected that the
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number of magnetic moments on the octahedral sites will
decrease. Thus the magnetic moment of B-sublattice decreases
and consequently the net magnetization is decreased. In the
present investigation the decrease of magnetization with Tb
contents is consistent with results reported by other researchers
[20-22]. A slight increase in saturation magnetization for
x=0.02 may be due to the migration of a few Fe’> " ions on
the B-sites from A-sites. The coercivity is observed to decrease
as the concentration of terbium is increased. Due to smaller
values of coercivity these materials can be used in the switching
devices.

3.2. Ferromagnetic resonance (FMR) studies

Various FMR parameters such as FMR linewidth (AH),
FMR position (H) and FMR intensity (/) were calculated from
the FMR profiles of the synthesized materials which were
recorded using an X-band (9.5 GHz) FMR spectrometer. FMR
profiles of Ni; _,Tb,Fe,O, (x=0, 0.02, 0.04, 0.06, 0.08, and
0.10) ferrites measured at X-band (9.5 GHz) are presented in
Fig. 2. All the samples under investigation exhibited a single
resonance peak and the profiles are slightly asymmetric. The
asymmetry may be attributed to the contribution of non-
uniform resonance modes apart from the main mode (uniform
mode k=0) of resonance. The FMR profiles are seen to
broaden which may be due to the decrease in magnetization
and Ni’* ions in the samples [23,24]. The FMR line-width
depends on the size and surface roughness of the spherical
samples [25]. However the variation of the FMR line-width
with Tb concentration (Fig. 3) is not due to these factors
because the samples are of the same size and have the same
surface roughness. The substitution of Tb lowers the FMR
line-width from 1180 to 593 Oe up to dopant concentration of
x=0-0.6 and then increases at higher dopant contents. The
behavior of FMR line-width is more or less similar to that of
the saturation magnetization. The variations of FMR line-
widths and FMR position with Tb contents are shown in
Fig. 3. The minimum relaxation time calculated from FMR
line-widths for these ferrites is ~ 10~ '"s. The substitution of
Tb in NiFe,O, greatly influences the intensities of the FMR
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Fig. 2. Room temperature FMR profiles for Ni; _, Tb,Fe,O,4 (x=0, 0.02, 0.04,
0.06, 0.08, and 0.10) ferrites taken at X-band (9.5 GHz).
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Fig. 3. Variation of FMR linewidth and FMR position for Ni; _,Tb,Fe,O,
(x=0, 0.02, 0.04, 0.06, 0.08, and 0.10) ferrites taken at X-band (9.5 GHz).

profiles (Fig. 2). FMR intensities of the profiles depend on the
gyromagnetic ratio (y), morphology and g-values of the
different cations. The gyromagnetic ratio (y) has different
values for nickel, ferric and terbium ions because of the
differences in the spectroscopic splitting g-factors. The g-
values for Ni* ™" lie in the range 2.15-2.35 and for Fe’ * g=2.
The g-value for terbium ions is ~1.95 [26]. The above
mentioned differences in the g-values of the cations involved
are responsible for the observed variations in the intensity of the
FMR profiles. The highest intensity observed for sample x=0.08
could be attributed to the formation of agglomerates [27].

3.3. DC electrical resistivity

Room temperature DC resistivity of Ni; _, Tb,Fe,0, ferrites
was measured by the two probe method. It has been noticed
that the resistivity increased linearly from 1.7 x 10° Qcm to
2.8 x 10° © cm as the concentration of terbium was increased
from 0.0 to 0.1 in steps of 0.02. The increase in resistivity is
associated with the larger ionic radius of b+ 0.93 A) as
compared to the Ni2 ™+ (0.69 10%) which could cause strain in the
spinel lattice and obscure the conduction process in these
ferrites. These results are consistent with the reported results
for similar compounds [10,28]. The increase in resistivity may
be also due to 4f—3d coupling between transition metal nickel
and rare earth terbium ions.

Temperature dependent electrical resistivity was measured
in the temperature range of 303—473 K (Fig. 4). The resistivity
decreased with the increased temperature (Arrhenius equation)
[29]:

Ea

p=p,d 3)
In the above equation, pg is a constant, E, is the activation
energy, kg is Boltzmann's constant and 7 is the absolute
temperature. The resistivity decreases as temperature increases
that indicates the semiconducting behavior of the samples [30].
The drift mobility was calculated from the electrical resistivity
data using the following equation [31]:

Ha= S
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Fig. 4. Variation of DC electrical resistivity (log p) with temperature (1000/7)
for Ni; _,Tb,Fe,0, spinel ferrites.

In Eq. 4, e is the charge of electron, p is the electrical
resistivity and n is the concentration of charge carriers. The
value of charge carriers i.e. n was determined by the following
relation:

_ NaCrepy,
n=— (5)

where N, is Avogadro's number, Cg. is the number of iron
atoms in the chemical formula of the samples, p, is the bulk
density and M is the molar mass of the sample. The variation
of drift mobility with temperature is shown in Fig. 5. It can be
seen that as temperature increases the drift mobility also
increases. This is due to the hopping of charge carriers
between similar lattice sites. The drift mobility at room
temperature decreases from 1.4 x 107 to 0.9 x 10~? cm?
V~'s~! on increasing the terbium concentration from 0.0 to
0.1. The conduction mechanism [32] in nickel ferrites is due to
both n- and p-type charge carriers. The n-type charge carriers
are electrons hopping between iron ions and p-type carriers are
holes hopping between the nickel ions at the octahedral sites.
The following conduction mechanism in these ferrites can be
proposed:

Fe’t o Fe’t e~ (6)
Ni*t +e~ o Ni2* (7)

By combining Relations 6 and 7, the following relation is
obtained:

Fe*t +Ni2t o Fe?t +Ni** 8)

The increase in resistivity is associated with the distribution
of cations on the sublattices. When terbium is substituted for
Ni ions, it is expected to occupy the octahedral sites because
nickel ferrite has an inverse spinel structure [33] in which
nickel ions occupy the octahedral sites. The number of Ni*™
and Ni* T ions on the octahedral sites will be decreased. The
resistivities of the samples depend on the hopping probability
of both types of charge carriers. Therefore, the incorporation of
terbium ions at the cost of nickel ions causes the increase in
resistivity. The presence of terbium ions on the octahedral
sites and on the grain boundaries hampers the degree of easy
conduction between the nickel and iron ions on the octahedral
sites, thereby increasing the resistivity of the samples under
investigation. Increase in resistivity was reported [34] when
gadolinium was substituted in nickel ferrites. The activation
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Fig. 5. Drift mobility (x,) as a function of temperature (1000/7) for
Ni; _,Tb,Fe,O, spinel ferrites.
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Fig. 6. Dielectric constant (¢’) as a function of frequency for Ni; _ Tb,Fe,O4
spinel ferrites.

energy derived from Arrhenius plots varies with the terbium
contents in a similar manner to that of the room temperature
DC electrical resistivity. It can be inferred that the samples that
have high resistivity have high activation energy and vice
versa. The activation energy values for the present system
range from 0.14 to 0.16eV and are in accordance with
Verwey’s hopping conduction mechanism.

3.4. Dielectric properties

The frequency and composition dependent dielectric con-
stant (¢") for Ni;_,Tb,Fe,O, spinel ferrites was measured in
the frequency range 10 Hz—10 MHz. The variation of dielectric
constant (&) with frequency at room temperature for all the
samples under investigation is shown in Fig. 6 and it revealed that
the dielectric constant decreases continuously with increase in
frequency. The dielectric constant is almost frequency indepen-
dent at high frequency. This indicates that the dispersion is due to
Maxwell-Wagner type interfacial polarization which is in good
agreement with Koop's phenomenological theory. According
to these models, the dielectric structure consists of two layers.
The first layer, which is composed of ferrite grains, is a well
conducting material and it is separated by a thin layer of poorly
conducting material called grain boundaries [34]. The observed
frequency independent behavior is due to the fact that the electric
dipoles are unable to follow the fast variation of the alternating
applied electric field at very high frequencies [35].

It has been noticed that the dielectric constant decreases with
the substitution of terbium. The decrease in the values of
dielectric constant with dopant concentration may be attributed
to the decrease in internal viscosity of the system which
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provides more degrees of freedom to the dipoles of the system,
contributing to polarization. Thus disordering increases in the
system and hence the dielectric constant decreases. The
hopping of electrons from Fe®™ to Fe?™ ions and hole
hopping between Ni** and Ni*" ions at B-sites are respon-
sible for the polarization in these ferrites. The hopping between
A-sites is rare as there are only Fe® ™ ions present on A-sites
and Fe?™ ions which are formed in the course of processing
occupy only B-sites [36]. As a result of the substitution of
terbium for the Ni ions, the Ni as well as Fe ions on B-sites
may decrease in number (Fe3+ +Ni2T > Fe? ™ +Ni3+).
Therefore the dielectric polarization in the external applied
field decreases. This explains the reason for the decrease of the
dielectric constant due to the terbium substitution.

It has been noticed that there is no dispersion in the
dielectric constant (¢’) of all the samples in the studied
frequency range. All samples show high dielectric constant
on the order of 10°~10* at very low frequencies. The higher
values of dielectric constant in the lower frequency region are
explained on the basis of space charge polarization. This type
of polarization is attributed to the heterogeneity of the samples
and to the fact that ferroelectric regions are surrounded by non-
ferroelectric regions similar to the case of relaxor ferroelectric
materials [37].

Fig. 7 shows the variation of dielectric loss (tan §) with
frequency for Ni; _, Tb,Fe,O, spinel ferrites. The relations of
tan 6 with frequency in the MHz range show a relaxation
spectrum with a loss peak. It has been reported [38] that the
occurrence of loss peak in the tan  versus frequency is
associated with the strong correlation between the hopping
conduction mechanism and dielectric behavior of spinel
ferrites (i.e. the cation—cation correlation at the octahedral
site). The appearance of loss peak in tané is known as
abnormal dielectric loss and it has been observed for all the
samples which could be related to the resonance effect. The
dielectric loss in ferrites is the result of lagging of polarization
ions with respect to the applied alternating electric field. This
abnormal behavior may be also attributed to the presence of
both types of charge carriers [39]. In Ni ferrites the conduction
mechanism is p-type due to the hole exchange between Ni* "
and Ni**. The electrons initiated from the hopping process
between Fe?™ «>Fe ™ 4e~ capture some Ni*™ jons and it
results in the formation of Ni* " ions. With the substitution of
terbium, in place of nickel, the loss peaks become broader. It is
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Fig. 7. Dielectric loss (tan 6) as a function of frequency for Ni; _,Tb,Fe,O4
spinel ferrites.
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worth noticing that the dielectric loss increases with the
increase of Tb contents. The increase in the dielectric loss
could be attributed to the cluster formation and this acts as the
trapping centers at different depths. Similar kinds of abnormal
dielectric loss behavior have been reported for Mn—Zn ferrites
[39]. It has been observed that the values of the dielectric loss
are less than 1 even in the MHz frequency range and these
values are significantly lower compared to the ferrites synthe-
sized by conventional method [40].

The variation of AC conductivity with frequency for
Ni, _,Tb,Fe,0, ferrites at room temperature is shown in
Fig. 8. The total AC conductivity of ferrites is given by the
following relation:

1ot = 01(T)+02(0, T) &)

The first term o indicates the DC conductivity. The second
term is frequency dependent and it actually exhibits AC
conductivity due to electron hopping amongst the sites. In all
the samples it has been observed that the AC conductivity
gradually increases as the frequency of the applied external
field increases. An increase in frequency increases the electron
hopping frequency of the charge carriers; hence the conduc-
tivity increases. The electron hopping and liberated charge
together provide the basis for the conduction mechanism in
ferrites. The AC conductivity generally decreases by the Tb-
substitution. This may be due to the inclusion of Tb-ions in the
spinel lattice which affects the conduction mechanism. The
sample x=0.04 exhibits high conductivity in the high fre-
quency region in comparison to the neighboring compositions
and there is an anomaly in this behavior. A decrease in the
conductivity of all the samples is noted beyond 8 MHz and this
can be attributed to the occurrence of loss peaks appearing in
the dielectric loss.

4. Conclusions

The substitution of terbium in nickel ferrites caused the
decrease of saturation from 34 to 30 emu g~ '. The coercivity
decreases from 40 to 27.5 Oe as the concentration of terbium is
varied from O to 0.1. The substituted samples exhibit smaller
values of FMR line-widths and have better correlation with the
saturation magnetization. The sample Nigg4TbgosFe,O4 has
minimum FMR line-width (AH =593 Oe), which is minimum
as compared to the reported line-widths for spinel ferrites. The
DC electrical resistivity and activation energy were found to
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increase by the increase in dopants concentration. The drift
mobility decreases from 1.4 x 10™° to 0.97 x 10~ cm* V!
s~ ! on increasing the terbium concentration. The decrease in
the values of dielectric constant by the introduction of terbium
in these ferrites is attributed to the decrease in the internal
viscosity of the system which contributes to the polarization.
The appearance of loss peak in the dielectric loss indicates a
strong correlation between the hopping conduction mechanism
and the dielectric behavior of these ferrites. The reduced
coercive force, high dielectric constant and smaller dielectric
loss of Ni;_,TbFe,O, ferrites suggest their utility in the
fabrication of switching and memory storage devices.
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