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La-Zn substituted BayCosFe 2025 (CogY) hexagonal ferrite was synthesized
using a conventional solid-state method with composition Ba,_,La,Cos.
Feis_,Zn, 055, where x equals 0.0, 0.1, 0.3 and 0.5. The phase formation
behavior and changes in the crystal structure of the substituted ferrite were
investigated using x-ray diffraction (XRD) analysis. Accurate lattice parame-
ters were evaluated through Rietveld refinement of the XRD pattern. XRD, as
well as energy dispersive spectral analysis, showed the formation of a lan-
thanum iron oxide phase in x = 0.3 and 0.5 compositions. There was a small
increase in unit cell volume with the substitution. The microstructural anal-
ysis showed a decrease in grain size with increasing substitution. The mag-
netic properties; Mg, M,, and H,. of the ferrite were measured and found to
increase with increasing substitution. Permittivity and permeability were
measured and found in the range 10-16. It can be concluded that the La-Zn
substitution was an effective method for improving magnetic and dielectric
properties of the CoyY ferrite.

Key words: Co,Y hexagonal ferrite, solid state reaction, La-Zn substitution,
grain growth inhibitor, magneto-dielectric properties

INTRODUCTION

Hexagonal ferrites BayCosFei5099 (CogY) have
been studied for different high-frequency applica-
tions such as antennae, microwave absorbers, and
inductors because of their room temperature ferri-
magnetic, dielectric and insulating properties.’™
The general formula of Y-type ferrite is BasMes.
Fe 5090, where Me is a small divalent cation such as
Zn, Co, Ni, Cu, etc. The crystal structure of hexag-
onal ferrite consists of different stacking sequences
of hexagonal layers.!™ One molecular unit of CoyY
ferrite consists of one S (CoyFesOg) and one T
(BagFegOq4) type building blocks. The S block
consists of two spinel unit 2(CoFeyO4) and T
(BasFegOq4) block is made of four oxygen layers
with Ba atom replacing an oxygen atom in the
middle of two layers.* One unit cell of CosY struc-
ture has three molecular formula units 3(BayCos.
Fe15095), that is, 3(ST) blocks that are stacked along
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c-axis of the hexagonal structure. The structure has
the space group Rsm.

At room temperature, Co,Y ferrite has planar
anisotropy with the preferred direction of magneti-
zation in the hexagonal basal plane at 90° to the c-
axis, which, however, changes to a cone of magne-
tization below — 58°C.* The anisotropy of Co,Y
ferrites is mostly attributed to the presence of the
Co?* ion in octahedral position. As the magnetiza-
tion of Y type ferrite can rotate freely in plane/cone,
they are good soft magnets due to the combination of
high permeability, low coercivity and low magnetic
losses at high frequency.*

Among different Y type ferrites, Zn,Y has highest
saturation magnetization (M = 42 A m? kgfl) and
CooY has M, of 34 A m?kg™! at room tempera-
ture.>® However, Co,Y has highest magnetocrys-
talline anisotropy. The properties of CooY ferrite
can be changed by substituting Co with Zn. With the
substitution of Zn, the magnetization of Co,Y ferrite
increases and the Curie temperature (T'.) decreases,
as Zn weakens the superexchange interaction in the
lattice. Similarly, the permeability of CooY ferrite
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can be enhanced by forming a solid solution with
ZnyY ferrite, which has higher permeability than
Co,Y.® The permittivity of Cos_,Zn,Y ferrite was
also reported to increase with Zn substitution.”

The electromagnetic properties of hexagonal fer-
rites can also be changed by doging different
transition and rare earth metals. La°* substitution
for Ba®* (or Sr?") in different hexagonal ferrites
have been reported.®!! Usually, trivalent La®** and
divalent Zn?* are co-substituted for Ba®* and Fe®*,
respectively, to compensate the electrical charges in
the ferrites.'?16 Although La-Zn co-substitution has
been extensively studied for M type hexagonal
ferrite, there are very few reports on this co-
substitution in Y-type ferrites. Recently, Nejad
et al.’” reported that the magnetic property of Ni-
Y ferrite increases with La-Zn co-substitution. To
date, there is no report relating the effect of La-Zn
co-doping on the properties of BaCo,Y ferrite. The
present work focused on the synthesis and charac-
terization of La®*-Zn?* co-substituted Co,Y ferrites.
The effect co-substitution on phase stability,
changes in crystal structure, microstructure, mag-
netic and dielectric properties of substituted CosY
ferrites were investigated.

MATERIALS AND METHODS

La-Zn substituted Co.Y ferrite; Bas_ ,La,Cos.
Feis_,Zn, 09 (x =0, 0.1, 0.3, 0.5) powder was
prepared by solid-state reaction. The raw materi-
als BaCOj;, FeyO3, CoO, LayOs, and ZnO were
taken by the molar ratio and ball-milled for 12 h
using propanol media. Milled powder was dried
and calcined at 1050°C for 4 h to obtain the ferrite
phase. The calcined powder was further milled for
12 h to obtain a fine particle size. The milled
powder was granulated using 5 wt.% PVA solution
as a binder. The granulated powder was pressed
in the form of pellets (diameter 13 mm and
thickness 2 mm) and toroids (inner diameter
3 mm, outer diameter 7 mm and thickness
2 mm) using a uniaxial press at a pressure of 4
tons. Finally, all pressed samples were sintered at
1150°C for 4 h.

The crystalline phase formed in the calcined
specimen was identified by x-ray diffraction (XRD)
using a Rigaku diffractometer (model; ULTIMA-IV/
Japan). Lattice parameters of substituted ferrites
were refined by the Rietveld method using the
program “materials analysis using diffraction”
(MAUD),'® considering the space group R 3m (SG
No 166). The microstructure was examined by a
field emission scanning electron microscope
(FESEM) equipped with energy dispersive spectrum
(EDS) analyzer (FESEM; model Nova Nano SEM/
FEI). The magnetization behavior of the ferrite was
measured using vibrating sample magnetometer
(VSM,; Lake Shore 7400 S) at a maximum applied
field of 15 kOe and at room temperature. The
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saturation magnetization (M,) was deduced by a
model described by Grossinger'® as per the
equation:

M—Ms<1—}%) (1)

Here M is magnetization, H is magnetic field
applied, b is a constant related with magneto-
crystalline anisotropy. M, was calculated from
the intercept of the straight line extrapolated in
M versus 1/H? plot for 1/H? approaches zero. The
initial permeability, permittivity, magnetic and
dielectric losses, were measured by an LCR
meter (model; Agilent E4982A) in the frequency
range of 1 MHz to 1 GHz at room temperature.
Before measurement, the LCR meter was cali-
brated using the 16195B calibration kit, which
includes open, short, 50 Q load, low-loss
capacitors.

RESULTS AND DISCUSSION
Phase and Structural Analysis

Figure 1 shows Rietveld refinement output of
unsubstituted CoyY ferrite XRD pattern. All peaks
of the pattern were assigned to hexagonal ferrite
phase BasCooFe 50495 and were indexed as per PDF
card number 44-0206. XRD analysis was carried out
to investigate the change in crystal structure of
CooY ferrite. Figure 2 shows the XRD patterns of
different Bay_ ,LayCosFeis ,Zn, 09y ferrites. All
XRD data were taken on sintered pallet, but not
on powder samples. For that reason, the intensities
of 00/ peaks were very large. For example, the peak
at the angular position ~ 25° corresponds to the
(0012) reflection of Y ferrite and the intensity of the
peak was comparatively large due to the preferred
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Fig. 1. Rietveld refinement output of Ba,CosFe >0, ferrite XRD
pattern, showing observed (+), calculated (solid line) XRD profile,
their differences in the bottom and position of allowed Bragg reflec-
tions (tick marks) for the phase.
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Fig. 2. XRD pattern of sintered Ba, ,La,Co-Feqo ,Zn,0oo ferrite
with composition: (a) pure Co,Y, x = 0.0, (b) x = 0.1, (c) x = 0.3, and
(d) x=10.5.

grain growth along the a—b plane of hexagonal
ferrite. Accurate lattice parameters were evaluated
through Rietveld refinement of XRD patterns. Lat-
tice parameters (¢ and c), the volume of the unit
cell, x-ray density of different compositions are
shown in Table I. There was an increase in lattice
parameters and volume of the unit cell in x = 0.1
composition. For compositions x = 0.3 and 0.5, no
further change in lattice parameters was observed.
A small increase in lattice parameter may be due to
the substitution of Zn®* with a larger ionic radius
(0.82 A) compared to Fe3* (0.67 A). A little amount
of Fe;oLaO19 and LaFeO3; phases were identified in
x =0.3, and 0.5 specimens (Fig. 2¢ and d), which
indicates that the La mainly forms lanthanum
ferrite phases. However, no secondary phase corre-
sponding to Zn has been found. Results show that
the Zn is substituting Fe in ferrite lattice and the
substituted iron reacts with La to form lanthanum
ferrite phases.

Table I. Lattice parameters (a and c), the volume of the unit cell, and x-ray density (dy.,,y) with La-Zn

content, x

x a A) c A Volume (A% dxray (g/cc)
0 5.896 43.74 1317 5.35

0.1 5.910 43.85 1326 5.32

0.3 5911 43.84 1326 5.32

0.5 5.912 43.85 1327 5.33
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Microstructure Analysis

Figure 3 shows FESEM micrographs of Bay,_,La,.
CosFeqs_,Zn, 0y ferrites. The micrographs show
that all the specimens have the hexagonal plate-like
grains, which is very common for hexagonal ferrites.
Specimen with x = 0.3 and 0.5 composition show a
duplex grain structure having the hexagonal plate-
like grains with bigger size and some smaller grains
in the grain boundary region. To identify the grain
boundary phases, EDS analysis was carried out.
The EDS analysis of hexagonal grains confirmed
that the plates are composed of Zn substituted
BaCosyY ferrite phase and La elements were not
found in hexagonal plates. However, La along with
Fe and O elements were detected in the smaller
grain, which suggests that La is not able to substi-
tute inside the crystal structure of Co,Y ferrite. The
XRD phase identification also confirmed the forma-
tion of Fe{sL.aO9 and LaFeO3; compounds. It is also
observed that the grain size (hexagonal plates)
decreases with increasing La-Zn substitution. La
in the form of La-Fe oxide phase resides at the grain
boundary of the ferrite phase, which inhibits the
grain growth of the ferrite.
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Fig. 4. Magnetic hysteresis loops as a function of applied field
measured at room temperature for the Ba,_,La,CosFeqs_,Zn,Osn
ferrite with composition: (a) x= 0.0, (b) x=0.1, (c) x= 0.3, and
(d) x = 0.5. The insets show the details of saturation region and the
plot of M as a function of 1/H? for x = 0.5 composition.
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Magnetic and Dielectric Properties

Figure 4 shows the variation of magnetization
(M) as a function of applied field (H) for Ba,_,La,.
CooFeq5_,Zn, 0o ferrite. The magnetic properties
such as coercive field (H,.) and remanence magneti-
zation (M,) were determined directly from the
hysteresis loops. The saturation magnetization
(M) was obtained from the intercept of the straight
line of the M versus 1/H? plot (Inset of Fig. 4) as per
Eq. 1. Table II summarizes the magnetic properties
of different composition. The values of the My, M,
and, H. of the ferrite specimen were found to
increase with the increase in La-Zn substitution.
For example, the unsubstituted CoyY ferrite showed
the Mg of only 32 emu/g compared to 47.7 emu/g
found in x = 0.5 composition, which is due to the
increase in Zn substitution concentration. It is
known that Zn?* ions occupies the tetrahedral site
in spinel structure and forces Fe®* ion to the
octahedral site where the octahedral and tetrahe-
dral sites are coupled antiparallel. The Y-type
ferrite is composed of S and T blocks. In spinel type
S block, there are four octahedral and two tetrahe-
dral magnetic moments in opposite spin, §iving a
total magnetic moment of 2 in that block.” As the
Zn?* ion resides in the tetrahedral site, the amount
of opposite magnetic spin at tetrahedral site
decreases and the resultant magnetic moment in S
block increases. Thus Zn substitution enhances the
magnetization in the Co,Y ferrite and similar
results were also reported earlier.?>?! The values
of H, were found to increase with increasing sub-
stitution, which may be due to the decrease in
ferrite grain size with La increasing concentration.
With the decrease in grain size, the domain-wall
movement'é o 1éilecreases and hence coercivity
increases.>”

The electromagnetic properties are essential for
many high-frequency applications of hexagonal
ferrites, particularly in integrated chip components.
The properties of interest are resistivity, permittiv-
ity, and permeability, which in general should be as
high as possible for the high-frequency application.
Table II summarizes the permittivity (¢), dielectric
loss (tan §,), initial permeability (1) and magnetic
loss tangent (tan J,) of La-Zn substituted CogY
ferrite measured at a frequency 100 MHz. Figure 5
shows the frequency dependency of ¢ and tan ¢, in

Table II. Saturation magnetization (M,), remanence magnetization (M,), coercivity (H.) and permittivity (¢),
dielectric loss (tan §,), initial permeability (4), and magnetic loss (tan J,) at 100 MHz for different
Ba,_,La,CosFe;s_,Zn, 0., ferrite compositions

x M, (emu/g) M, (emu/g) H_ (Oe)
0 32 3.6 70
0.1 33.1 5.3 110
0.3 45.9 7.2 160
0.5 47.7 7.3 205

(@ (tan 5, () (tan §,)
14.6 0.002 10.3 0.003
15.3 0.008 10.8 0.005
16.1 0.038 11.2 0.017
16.2 0.025 12.1 0.003
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Fig. 5. Frequency dependency of permittivity (¢) and dielectric loss

tangent (tan 6,) for Ba,_,La,CosFeqo_,Zn, O, ferrite with composi-
tion: (@) x=0.0, (b) x= 0.1, (c) x= 0.3, and (d) x = 0.5.
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Fig. 6. Frequency dependency of initial permeability (1) and mag-

netic loss tangent (tan ¢,) for Ba,_,La,CosFeq»_,Zn,0O,, ferrite with
composition: (a) x = 0.0, (b) x=0.1, (c) x= 0.3, and (d) x = 0.5.

the frequency range 1 MHz to 1 GHz. The ¢ is the
dielectric polarization arises in the ferrite due to the
formation of diploe between metal cation and oxy-
gen ion. The ¢ is stable up to about ~ 300 MHz, and
above that frequency, there is an increase in
permittivity due to the ferroelectric resonance/re-
laxation processes, where the frequency is not being
responded by the material. Figure 5 also shows that
¢ increases with increasing La-Zn substitution. The
tan 0, increases with La-Zn substitution due to the
increase in &. Increase of the dielectric constant can
be explained on the basis of the polarization process
in ferrites. With the substitution of Zn?* ions, some
of the Fe" ions of tetrahedral sites are forced to
migrate to the octahedral sites, which may enhance
the dipole moment of the spinel block.

Figure 6 shows the frequency dependency of u
and tan J, in frequency range 1 MHz to 1 GHz.
Here again, the y’ increases with increasing Zn
substitution. Usually the saturation magnetization
and magnetic anisotropy determine the initial

permeability of ferrite. It is known that Zn substi-
tution in CoyY ferrite leads to the decrease in
magnetic anisotropy and increase in saturation
magnetization.?>?! Thus increase in u is due to
the increase in saturation magnetization as stated
above. The u is also stable up to about 300 MHz.
The tan o, values were low both in pure and
substituted CosY ferrites.

CONCLUSION

La-Zn co-substituted Bas_,La,CosFeqs_.7Zn,0s9
(x = 0.0, 0.1, 0.3 0.5) ferrite was successfully syn-
thesized through solid state reaction route. A small
amount of lanthanum iron oxide secondary phase
was found along with major CoyY ferrite phase in
compositions; x = 0.3 and 0.5. There was a small
increase in the volume of the unit cell due to the
higher ionic radius of Zn?" ion than the Fe®* ion.
There was a decrease in the grain size with increase
in La-Zn substitution due to the presence of lan-
thanum iron oxide phase at the grain boundary,
which inhibits the grain growth. The saturation
magnetization also increased with the increase in
La-Zn substitution due to the preferential occu-
pancy of the nonmagnetic Zn?* ion at the tetrahe-
dral site. The values of H, were found to increases
due to the decrease in grain size. In the La-Zn
substituted CooY ferrite, permittivity and perme-
ability were found in the range 14-16 and 10-12
respectively and both were stable up to ~ 400 MHz.
The La-Zn substituted CoyY ferrite is proposed for
high-frequency microwave applications due to its
improved magnetic and dielectric properties.
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