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Abstract

Stoichiometric compositions of ferrites with the chemical formula Lig 5_¢ 5,CoFes 4_0.5:Dy0.104 with x=0, 0.25, 0.5, 0.75, 1.0 were
prepared by the standard double sintering ceramic method. X-ray diffraction analysis confirmed the cubic spinel structure of the
prepared samples. The structural, morphological and magnetic properties were studied by X-ray diffraction, infra-red spectroscopy (IR),
scanning electron microscopy (SEM), vibrating sample magnetometry (VSM) and ac susceptibility measurements. Lattice constant,
grain size and density increase whereas porosity decreases with the increase in Co”>™ substitution. IR measurements show the
characteristic ferrite bands. Spectral absorption bands were observed in IR spectroscopic analysis at v;=564—601 cm ™", v,=486— 519
em~ ! and v3=551—578 cm~!. The cation distribution estimated by the X-ray diffraction is supported by magnetization and
susceptibility studies. The saturation magnetization decreases from 44.25 to 17.14 emu/g whereas coercivity remarkably increases from
240.69 to 812.14 emu/g with increasing Co>* substitution. The mechanisms involved are discussed.
© 2012 Elsevier Ltd and Techna Group S.r.1. All rights reserved.
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1. Introduction

Ferrite with the spinel structure is the most widespread
material in the radio engineering, automatics, and compu-
ter facilities. The crystal structure of these materials
controls their magnetic, electrical, and physical properties
[1]. The polycrystalline ferrites have very important struc-
tural, magnetic and electrical properties that are depend on
the several factors such as method of preparation, sub-
stitution of cations and microstructure, etc. Lithium ferrite
and substituted lithium ferrites have interesting technologi-
cal applications [2-7]. Lithium ferrite substituted with the
magnetic and nonmagnetic cation is a well-known promis-
ing candidate for microwave applications [8]. Lithium and
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substituted lithium ferrites have remained excellent materi-
als in high density recording media and absorbers due to
their typical magnetic properties [9—11]. Lithium ferrite is a
low-cost substitute to the garnet based materials for the
microwave applications and is a promising candidate for
cathode materials in rechargeable lithium batteries [12,13].
Crystal structure, microstructure and cation distribution
have remarkable effects on the properties of ferrite material
and its applied aspects [14]. Substitution of various ions like
Cd [15], Zn [16], Mg [17], Cr [18] in the lithium ferrite
matrix have been studied by many researchers. The influ-
ence of rare earth oxide (R,O3) on the structural, magnetic
and electrical properties of Li—Zn ferrite was examined by
Rezlescu et al. [19]. Their results reveal that by introducing a
relatively small amount of R,0O; instead of Fe,Os;, an
important modification in structural properties can be
obtained. The combination of the three classes of elements

0272-8842/$ - see front matter © 2012 Elsevier Ltd and Techna Group S.r.l. All rights reserved.

http://dx.doi.org/10.1016/j.ceramint.2012.12.022


www.elsevier.com/locate/ceramint
dx.doi.org/10.1016/j.ceramint.2012.12.022
www.elsevier.com/locate/ceramint
dx.doi.org/10.1016/j.ceramint.2012.12.022
dx.doi.org/10.1016/j.ceramint.2012.12.022
dx.doi.org/10.1016/j.ceramint.2012.12.022
mailto:shirsathsagar@hotmail.com

5228 U.B. Shinde et al. | Ceramics International 39 (2013) 5227-5234

{(Li, Co), (R,03) and (Fe)} in one compound may lead to
materials that have high magnetic ordering temperature and
large magnetization as well as large magnetocrystalline
anisotropy. The presence of small amount of rare earth
ions like Yb, Er, Sm, Tb, Gd, Dy, and Ce modified the
properties of Nig-Zng3Fe,O4 ferrite [20]. Shirsath et al.
shows that the small substitutions of Fe ions by Dy’ rare
earths ions may favorably influence the magnetic properties
of ferrite and therefore, it is thus possible to obtain a good
magnetic material for any tailor-made application [21]. Jing
et al. [22] studied the role of rare earth ions in W type ferrite
and concluded that Dy substituted ferrite composite has
excellent microwave absorption properties. Cobalt (Co>™)
possesses the high anisotropy constant and has high
magnetic moment (3 pg). Several kinds of CoFe,_ \REO4
nanoparticles (RE=La, Ce, Nd, Sm, Gd, Tb, Ho) synthe-
sized by the so-called polyol method was reported by Tahar
et al. [23]. Further they concluded that the spin-orbital
coupling is usually much stronger in rare earth ions than in
the first row transition metal ions, and would contribute in
increasing the blocking temperature and the coercivity when
the RE** ions partially replace Fe** in CoFe,O, nano-
particles, particularly when RE** are anisotropic. Ahmed
et al. studied the physical properties of LiCo-ferrite with
constant lithium:cobalt ratio of (6:1) and doped with
different amounts of ytterbium in order to improve the
dielectric behavior of the investigated ferrite [24]. They also
studied the role of the Dy-content on the magnetic proper-
ties of LiCo-ferrite and found an anomalous behavior of the
samples with a Dy-content of 0.075 [25].

In this work, an attempt has been made to study the
structural and magnetic properties of cobalt substituted
lithium ferrite in the presence of rare earth (Dy> ") ion in
small amount. However, to the best of our knowledge no
systematic studies have been found in the literature
regarding the structural and magnetic properties of
Lig.50—0.5xCoxFez4_0.5:Dy0.104.

2. Experimental techniques

Lithium—cobalt mixed ferrites with a chemical formula
LiO.SO—O.S.YCOXFeZ.4—O.SnyO.IO4 where .X:0.0, 025, 05,
0.75, 1.0 have been prepared by the standard double
sintering ceramic method using AR grade (purity 99.9%)
Fe,0;, CoO, Li,Cos, Dy,0O;5. Intimate mixtures of all the
samples, after weighing in the correct stoichiometric
proportions of the constituent oxides, were ground thor-
oughly to obtain good homogeneity. The samples were
then pre-sintered at 1173 K for 12h. The pre-sintered
powders were again ground and granulated using 5%
poly-vinyl alcohol as a binder. The granulated mixture
was then palletized at a pressure of 6 ton/in’, the samples
were finally sintered at 1323 K for 12 h in air and slowly
cooled to room temperature. Sintering was carried out
with a heating rate of ~5 K/min, whereas cooling rate is
around 3 K/min.

The samples were X-ray examined by a Phillips X-ray
diffractometer (Model 3710) using Cu K, radiation
(A=1.5405 A). The microstructure and morphology of
sintered powder were characterized by scanning elec-
tron microscopy (SEM) on a JEOL-JSM-5600N scanning
electron microscope. The infrared spectra of all the
samples were recorded at room temperature in the range
of 200-800 cm ~ ! on a Perkin Elemer spectrometer (model
783). To study the IR spectra of all the samples, about
1 mg of fine powder of each sample was mixed with KBr in
the ratio 1:250 by weight to ensure uniform distribution in
the KBr pellet. The mixed powder was then pressed in a
cylindrical die to obtain the circular disc of approximately
I mm thickness. Magnetic measurements were performed
using the commercial PARC EG&G vibrating sample
magnetometer VSM 4500. Magnetic hysteresis loops were
measured at room temperature with maximum applied
magnetic fields up to 0.5 T. The ac susceptibility double
coil set up operating at a frequency of 263 Hz and in rms
field of 100 Oe was used to record the temperature
variation susceptibility. The susceptibility apparatus was
calibrated with nickel prior to the measurements.

3. Results and discussion
3.1. Structural aspects

Fig. 1 shows the typical X-ray diffraction pattern of the
Li0.25F62_15C00_5DyO104 (1e XZOS) The XRD pattern
clearly shows two phases corresponding to cubic spinel
structure and secondary phase due to Dy*" ions. The
addition of rare earth ions is believed to act as a sintering
catalyst helping in the development of the solid solutions
at lower temperature. Rare earth doped system may have
secondary phases of Fe,O; and DyFeO; rather than the
pure single phase. There are many parameters affecting the
role of rare earth behavior. The most important parameters
are electronic configuration and the ionic radii. The rare
earth ions have large ionic radii and thus cannot occupy the
available tetrahedral or octahedral sites, this leads to

600
o Spinel phase
o
480 | * Fez03
=
E L] D\FEO3
£ 360
6
7
T 240 [
=
e .: o
o |
120 " o ‘ ‘
Ll o« 1 o |
UL e k]
0 les 2 Lo Aunaalle ot poo JU o (iafin JY e
20 30 40 50 60 70 80

20 (degree)

Fig. 1. X-ray diffraction pattern of a typical sample x=0.5.



U.B. Shinde et al. | Ceramics International 39 (2013) 5227-5234 5229

formation of secondary phases [26]. Bharathi et al. have also
identified the DyFeO3 phase in NiOFe; 95Dy 07503 [27].

The ‘d’ spacing values were calculated for the recorded
peaks using Bragg’s law and the lattice constant ‘a’ was
calculated for each plane. The average lattice parameter ‘a’
can also be obtained by calculating the average of the ‘@’
values for each sample. The extrapolation function F(0) i.e.
the Nelson—Riley function for each reflection of the studied
sample was calculated [28]

1[/Cos*0 Cos’0
F(H)_2{<Sin9>+< 0 )] M)

The values of the lattice constant ‘@’ are drawn as a
function of F(0) for all the x values (figure not shown
here). The true values of the lattice parameter ‘ay’ can
easily be obtained by extrapolating the line to the value
F(0)=0 or 0=90°. The true values of the lattice constant
‘ay’ are listed in Table 1. As indicated in Table 1 that there
is a small deviation between the true ‘ay” and average ‘@’
value of the lattice constant. Generally, the true values of
the lattice constant are little smaller than that of average
‘a’ values. It is clear that both ‘ay” and ‘@’ increased as the
cobalt substitution increased. This can be related to the
fact that the cobalt ion has a oradius of 0.72 A, which 1is
larger than that of Fe®™ (0.67 A). When the larger cobalt
ions enter in the lattice, the unit cell expands while
preserving the overall cubic symmetry.

The experimental density (pexp) Was determined using
the Archimedes’ principle [29]. The specimen was weighed
in air and in xylene at room temperature, pex,=weight of
the sample in air/loss of weight in the xylene. The X-ray
density (py.ray) Was determined using the relation py.ray=
8M/Na® where, M is the molecular weight of the sample,
N is the Avogadro’s number and ‘@’ is lattice constant.
The experimental densities (pexp) of the specimens were
about 95-98% of the corresponding X-ray density (0x-ray)-
The values of py.,, and porosity are given in Table 1. It is
clear from Table 1 that the increase in composition x increase
the pxray- The increase in the density is correlated with an
increase of atomic weight of the substituted Co>™ ions instead
of Fe*™ ions of lower atomic mass. The atomic weights of
Co’" and Fe’ ' are 58.94 and 55.845 amu, respectively. The
percentage porosity (P) of each sample was calculated by
using the relation, porosity = (0x-ray — Pexp)/Px-ray- Values of the
percentage porosity are given in Table 1. It is observed that

Table 1
Average lattice constant (@), true lattice constant (ag), X-ray density
(Pxray) and porosity (P).

X a (A) ap (A) px-ruy (g/cm’i) P (OA])
0.00 8.328 8.324 5.261 3.07
0.25 8.339 8.333 5.336 3.67
0.50 8.359 8.352 5.392 4.11
0.75 8.371 8.369 5.463 6.27
1.00 8.384 8.378 5.531 7.25

porosity increase with increasing amount of Co’*. The
increase in porosity may be due to the increase of oxygen
vacancies.

SEM images of typical samples x=0.25, 0.50 and 0.75
are shown in Fig. 2. As revealed from these images that all
the samples exhibited well densified microstructure. The
average grain size was smaller than 2 um. The smaller
grain size will be helpful to increase the resistivity and
decrease the eddy current loss at high frequency.

The cation distribution in the present system was
obtained from an analysis of the X-ray diffraction pat-
terns. In this method the observed intensity ratios were
compared with the calculated intensity ratios. Bertaut
method [30] was used to determine the cation distribution.
This method selects a few pairs of reflections in accordance
to the expression

IObs. ICalc:

hkl — __ “hkl (2)
Obs. — yCalc.
]h’k’l’ Ih’k’l’

where IP%and 154 are the observed and calculated

intensities for the reflection (hkl), respectively. The best
information on the cation distribution is achieved by
comparing the experimental and calculated intensity ratios
for reflections whose intensities (i) are nearly independent
of the oxygen parameter, (ii) vary with the cation distribu-
tion in opposite ways and (iii) do not significantly differ.

In the present work the reflections of (220), (400), and
(440) were used to calculate the intensity ratio. These
planes are assumed to be sensitive to the cation distribu-
tion [31-33]. Also Fe,O3 and DyFeO; phases are consid-
ered. The temperature and absorption factors are not
taken into account in our calculations as they do not
affect the intensity calculation. If an agreement factor (R)
is defined as given in Eq. (3), the best-simulated structure
which matches the actual structure of the sample will lead
to a minimum value of R and the corresponding cation
distribution is obtained for each Akl and Kk’ reflection
pair considered.

Obs. Calc.

1 hkl _ 1 hkl (3)
Obs. Calc.

Ih’k’l’ Ih’k’l’

The intensities of these are nearly independent of the
oxygen parameters. The calculations were made for var-
ious combinations of cations. For the calculation of the
relative integrated intensity of a given diffraction line from
powder specimens as observed in a diffractometer with a
flat-plate sample holder, the following formula is valid:

R=

I = |F |ik1P Lp 4)

where F is structure factor, P is multiplicity factor, Lp the
Lorentz polarization factor and

_ 1+cos?20 )
sin®6 cosf
The atomic scattering factor for various ions was taken
from the literature [34]. The resultant cation distribution

Lp
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Fig. 2. Scanning electron micrographs of (a) x=0.0, (b) x=0.25, (c) x=0.50 and (d) x=0.75.

Table 2

The estimated cation distribution of Ligs_¢.5:CoFes4_0.5:Dy0.104.

X A-site B-site

0.00 Lig.096DY0.002F€0.902 Lio.404Dyo.008Fe€1 498

0.25 Lig.06Dyo0.009F€0.931 Lip.315C00.25DYy0.001F€1.344
0.50 Lig.023Dyo.012F€0.965 Lig227C00.sDyo.0ssFe1.185
0.75 Lig.01Dyo.013Fe0.977 Lip.115C00.75Dyo.087F€1.048
1.00 Dyo.018F€0.982 CoDyo.082F€0.018

obtained in this way is presented in Table 2. It is seen from
Table 2 that Dy* " ions distributed over both the sites and
showing preference toward B-site. Our results are in good
agreement with the assumption of Smit and Wijn [35] and
Ahmed and Bishay [24].

The mean ionic radius of the tetrahedral (A) and
octahedral [B] site (ro and rg) can be calculated using the
relations discussed elsewhere [36]. The variation in r5 and
rg are presented in Fig. 3. It is clear from Fig. 3 that the 7
decrease whereas rp increase with increasing Co>™ sub-
stitution. Discrepancy in the decrease of the tetrahedral or
the increase in the octahedral radius may be attributed to
the relative value of the occupancy of Li™, Co’>™, Dy**
and Fe’ ™ with their different ionic radii of 0.78 A, 0.72 A,
0.99 A and 0.67 A respectively in the tetrahedral and
octahedral site. The theoretical lattice parameter (ay,) can
be calculated from the following relation [37]:

ag = <%§> [ra + Rol+~/3[rp + Ro] (6)

Values of theoretical lattice parameters are shown in
Fig. 4. The values of ay, lie between 8.229 A and 8.688 A
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Fig. 3. Variation of mean ionic radii of tetrahedral-A- site (r5) and
octahedral B-site (rg) with Co>™ content x.

which agree with that of ‘e’ and ‘ay’ however the values of
‘ay, are little higher than the values of ‘@’ and ‘ay’.

Using values of ‘@’, radius of the oxygen ion Ro=1.32 A
and ‘ra’ in the following expression, the oxygen positional
parameter ‘u’ can be calculated [38]

1 1
N + —
V3a 4

Fig. 4 shows the increasing value of oxygen positional
parameter ‘«’ from 0.3888 to 0.3891 A. In the most oxide
spinels the oxygen ions are larger than the metallic ions. In
spinel like structure the oxygen positional parameter has a

value near 0.375 A for which the arrangement of O°~ ions
is exactly a cubic closed packing but in an actual spinel

u=|(ra+Ro) @
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Fig. 5. Infrared spectra of Ligs_¢ 5.CoFes4_0.5:Dy0.104.

lattice, this ideal pattern is slightly deformed. The lattice
disturbance is confirmed by the data for the lattice
constant and the oxygen positional parameter.

3.2. Spectral aspects

Infrared spectroscopy may be used to determine the
local symmetry in crystalline solids and it also put light on
the ordering phenomenon in the spinel structure [39]. The
cubic spinel, with the space group of Fd3mOZ1 has four
infrared active vibrations. The substitution of the different
ions changes the parameters like the metal oxygen bond
strength, the metal oxygen bond length and dimensions of
the unit cell. All these parameters affect the infrared
spectrum. The IR absorption spectra of the present system
were recorded in the wavenumber range of 200-800 cm ~ '
and were shown in Fig. 5. Vibrational band frequency (vi,
v, and v3) obtained from IR spectra are given in Table 3.
The first two bands v, and v, appeared at around 600 cm '
and 400 cm ™! respectively were attributed to the Fe* O

Table 3
Vibration band frequency (v, v, and v3) from IR.

X vy (em™) v, (em™) v3 (em ™)
0.00 564 486 451
0.25 573 493 459
0.50 587 508 471
0.75 597 516 478
1.00 601 519 -
60—
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Fig. 6. Plots of magnetization versus applied field.

bonds on the tetrahedral-A and octahedral-B site respec-
tively [40]. Band v; was attributed to Lit—O bonds of
octahedral-B site. Band v, in the basic composition x=0.0
was attributed to the lattice vibration. With the addition of
cobalt ions the intensity of the Li-O bands decreases and
completely disappears for higher cobalt substitution. The
shift in the position of v, bands toward the higher
frequency side suggests the occupancy of Co’>* ions at
octahedral B-site. However, due to the substitution of
Co*™ ions the broadening of v, bonds takes place which
may be due to the occupancy of cations of different
characters in the same site. The intensity of vibrations at
octahedral B-site reveals a distortion of octahedron where
large dysprosium ions are occupied. The slight but distinct
displacement of absorption band with increasing composi-
tion factor x indicates the increasing incorporation of
Co”™ ion at B-site.

3.3. Magnetic aspects

Fig. 6 shows the curve of magnetization with applied
field for the typical samples (x=0.25, 0.50 and 0.75).
The magnetization curve reveals that the change in the
magnetic behavior with Co>* substitution. The magneti-
zation curves are used to get the values of saturation
magnetization (M), remanent magnetization (M,) and
coercivity (Hc). The variation of saturation magnetization
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Fig. 7. Variation of saturation magnetization (M) and coercivity (H.)
with Co®* content x.

and coercivity is shown in Fig. 7. It is observed from Fig. 7
that the saturation magnetization decreases whereas coer-
civity increases with Co”>* substitution.

According to the Neel’s two sublattice collinear spin
model, the magnetization depends on the cation distribu-
tion in the A- and B-site. The spins at both sites are
coupled anti-ferromagnetically leading to the net magneti-
zation per formula unit at 0 K (M,) which is simply the
numerical difference between the sublattice magnetization.
Keeping in mind the known magnetic moments of Li'™"
(0 pg), Co*>™ (3 pg), Dy*™ (10.5 ug) and Fe* ™ (5 pg) the
variation in saturation magnetization with substituent
concentration, x, can be explained. The saturation magne-
tization decreases with increasing Co>™ substitution. The
introduction of Co>™ ions in place of Fe*™ ions into the
preferred octahedral B-sites and reduction in the percen-
tage content of nonmagnetic lithium ions at constant
percent of dysprosium ions at octahedral sites, dilute both
the A and B sublattices simultaneously. The net magneti-
zation, being the difference between A and B sublattice
magnetizations, is observed to decrease due to the smaller
dilution of Fe** ions at B-site. The incorporation of Co**
ions into the A-sublattice and B-sublattice leads to larger
decrease in magnetic moment of A-sublattice as compared
to that of B-sublattice so that the total magnetic moment
decreases. The remanent ratio R= M,/ M; is a characteristic
parameter of the material. High remanent ratio is desirable
for magnetic recording and memory devices. It is an
indication of the ease with which the direction of magne-
tization reorients to nearest easy axis magnetization direc-
tion after the magnetic field is removed. Lower value of the
remanent ratio is an indication of isotropic nature of
material. It is observed that the values of R in the present
case are in the range of 0.31-0.64 and shows increasing
trend with Co”>" substitution. It is clearly observed from
Figs. 6 and 7 that the coercivity increases as Co>™"
substitution increases. The H. is basically increased from
103 Oe and attains a large value of 812 Oe with increasing
Co”" ions. This is due to the fact that H, is enhanced by

enlarging the magnetocrystalline anisotropy. The behavior
of coercivity is similar to that of porosity. Porosity affects
the magnetization process because pores work as a gen-
erator of demagnetizing field. As the porosity increases, a
higher field is needed to push the domain wall, increasing
H.. The saturation magnetization is related to H_ through
Brown’s relation [41]

2K,

H. = 8
=i ®)

According to this relation H. is inversely proportional to
M, which is consistent with our experimental results. The
magnetocrystalline anisotropy constant (K;) of cobalt ferrite
is very large [42] and Li ferrite is small [43]. The total
anisotropy equals to the difference between their anisotro-
pies. Therefore, anisotropy increased with the replacement of
Li ion by Co ion, which implies an increase in H..

The observed magnetic moment (ngobs.) per formula
unit in the Bohr magneton (ug) was calculated experimen-
tally using a relation [44]

Molecular weight x M
5585 x py,

ngobs. =

©)

where py, is the bulk density of the sintered sample. The
calculated magnetic moment (ngcal.) per formula unit in
ug is expressed as npcal. = M p)—M 4y where My and M
are the B and A sublattice magnetic moments in pg. Values
of the calculated magnetic moment (ngcal.) were calculated
by considering the magnetic moments of constituent ions.
The variation of calculated and observed magneton num-
ber is presented in Fig. 8. It is observed that the experi-
mental values are in good agreement with the calculated
results. The magnetic moment supposed to decrease as the
Co”* content increases; this can be explained on the basis
of magnetic moment of the constituent ions. When x
amount of cobalt ion is added, the percent Fe’* ions are
comparatively decreased from B-site by an larger amount
as compared to A-site. Hence the addition of cobalt ions

4.0 —a— Cal.
—&— Obs
i
=
“m
= 35
B
£
£
3
=
=
L
2
& 3.0 :\
S _
25 1 " 1 " 1 " 1 " 4’
0.00 0.25 0.50 0.75 1.00

Co?" content x

Fig. 8. Variation of observed (obs.) and calculated (cal.) magneton
number with Co®>™ content x.
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decreases the difference between A- and B-sublattices
magnetic moment.

Method of preparation, chemical composition, micro-
structure and grain size play a crucial role in deciding the
magnetic susceptibility. The thermal variation of ac sus-
ceptibility of all polycrystalline samples was obtained using
a double coil setup [45]. The variation of ac susceptibility
as a function of temperature and composition x is studied.
Thermal variation of ac susceptibility of all the samples is
shown in Fig. 10. The plots of yy/yrr are used to
determine the Curie temperature. The variation in Curie
temperature with Co®>" content x is as shown in Fig. 9.
The Curie temperature has been observed to decrease with
the increase in the Co®™ substituent ions. The decrease in
Curie temperature is almost linear.

4. Conclusions

The experimental results obtained on Ligs_g5,Co..
Fes 4_0.5.Dy0.104 spinel ferrite system lead to draw the
following conclusions.

The X-ray diffraction patterns of Lips_¢5.Co..
Fes4_05.Dy0.104 show secondary phases which may be
due to the presence of rare earth (Dy>") ion. The cation
distribution data suggest that Dy** distributed over both
the sites and showing preference toward octahedral [B] site.
The infrared spectra revealed the presence of two main
absorption bands showing the characteristic features of
spinel ferrites. The SEM micrographs of all the samples
exhibit exaggerated grain growth with a dense structure.
The saturation magnetization and Curie temperature
decrease with increase in Co®* content due to the weak-
ening in A-B interactions. Coercivity increases due to
enhancement in magnetocrystalline anisotropy with Co>™
substitution.
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