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Abstract

A series of BaHo,Fe s ,0,7 (x=0.0, 0.2, 0.4, 0.6, 0.8, 1.0) W-type hexagonal ferrites were prepared by co-precipitation technique at high
annealing temperature of 1320 °C. XRD reveals single W-type hexagonal phase in these ferrites. The grain size is measured by SEM analysis using
line intercept method. Saturation magnetization, retentivity and coercivity were measured from MH-loops taken on VSM. It was observed that
magnetization increases with the increase of Ho content due to difference in ionic radii of Ho>* (0.901 ;\) and Fe** (0.67 ;\) ions. Room
temperature dc resistivity increases as a function of Ho** that may be due to separation between grains. The dc electrical resistivity decreases as a
function of temperature which indicates the semi-conducting behavior of the samples.

© 2011 Published by Elsevier Ltd and Techna Group S.r.I.
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1. Introduction

Hexa ferrites prepared by wet method exhibit unique
electrical and magnetic properties. These ferrites are also
important due to their industrial applications having high
coercivity and moderate saturation magnetization with large
BH-energy product [1,2]. W-type hexa ferrites of BaZn,Cr,.
Fei 027 (x <1) prepared by co-precipitation have been
reported by Javed and Ali Khan [3]. Homogenous single phase
nano-particles of Cr substituted powder were obtained. The
lattice constants ‘a’ and ‘c’ of the chromium doped and
undoped sample remain unchanged on increasing the substitu-
tion level of Cr. The room temperature resistivity of the doped
sample was found to increases with the addition of chromium,
because the Cr*™ ions act as scattering centers. Sharma et al. [4]
studied the structural and magnetic properties of barium hexa
ferrites BaFe;;_ Mn,O;9. It was observed that the Ba-
substitution did not affect the lattice parameters but produced
smaller crystallites. The lower magnetization and higher
coercivity was attributed to the reduction of average magnetic
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moment of the lattice and to the improvement in the crystallite
size. Rare earth substituted SrFe;_,R, 0,9 (R =La, Gd and Er;
x=0.0, 0.5, 1.0) ferrites studied by Rezlescu was reported [5].
The X-ray diffraction analysis revealed M-type hexagonal
structure and magnetic properties were reported to be
dependent on heat treatment conditions at 1000 °C. The heat
treatment determined a reduced grain growth due to internal
stress generated by ‘R’ ions. The coercivity increased after
critical heat treatment time.

Polycrystalline ferrites SrysPbos> Fe»_Pb,>" 09 were
studied by Shahid and Asghari [6]. It was observed that the
lattice parameters (‘a’ and ‘c’) increased with the increase in Pb
content, which enhanced the X-ray density and porosity. DC
electrical resistivity and activation energy were increased and
mobility decreased by the substitution of Pb ions at room
temperature on the basis of Verwey hopping model. Zn, ,Cu,.
BaFe 40,; Polycrystalline ferrites were prepared by ceramic
method reported by Hemeda and Hemeda [7]. X-ray analysis
confirmed the presence of W-type hexa ferrite phase at room
temperature. It was observed that all hysteresis loops are closed
which indicates low anisotropy field and low saturation
magnetization field. The thermoelectric power decreased by
increasing Cu®* content due to hopping of holes between
Cu®* — Cu'*and the increase of electrical conductivity was
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mainly due to the increase of drift mobility with the increase of
temperature. Choi et al. [8] studied (La—Co) substituted Sr
based M-type hexa-ferrites, (La—Co),Sr; _Fe > ,0O,9 powders
synthesized by sol-gel process. The ferrite powders were
sintered at 950 °C. Single phase M-type hexa ferrites were
characterized by X-ray diffraction. It was observed that
magnetization is 63.9 emu/g and coercivity increased with
the increase of (La—Co) concentration. Attia et al. [9] reported
the transport properties of W-type hexa ferrites with composi-
tion BaZn, ,Mg.Fe;c0,7 and reported the dc and ac electrical
conductivity. DC conductivity exhibits the existence of a
transition temperature Ts, which is much lower than their Curie
points. The results of AC conductivity revealed that the
multiple hopping conduction mechanism might be predominant
mechanism for these ferrites.

In the present work Ho-substituted W-type hexa ferrites have
been prepared by co-precipitation and the effect of Ho-contents
on the coercivity and electrical conductivity have been studied
systematically.

2. Experimental

BaHo,Fe 5,057 (x=0.0, 0.2, 0.4, 0.8, 1.0) were prepared
by co-precipitation technique. Analytical grade ferric chloride
(FeCl;-6H,0), barium nitrate (Ba(NOs),), Zinc oxide(ZnO)
and Holmium oxide (Ho,03) were used as starting materials for
the preparation of BaHo,Fe s O,; powder. After stoichio-
metric calculations the required amount of parent materials
were isolated in de-ionized water. Since Ho,O5 is insoluble in
water, first it was dissolved in nitric acid at 80 °C in order to
convert it into nitrate and then poured into the prepared
solution. Proportionate amount of NaOH and Na,CO; was used
as reagent to precipitate the metals as hydroxides. Calculated
amount of NaOH and Na,CO; were dissolved in 100 ml
distilled water and added slowly drop-wise into metal solution
with constant stirring until precipitation was complete. The
precipitates were allowed to settle down and the supernatant
liquid was tested with NaOH and Na,COj solution for any more
precipitation. Filtration of precipitates was carried out with the
help of filtration flask operating on a water suction pump.

The precipitates were thoroughly washed with distilled
water until free from Cl= ions, which were checked with
AgNO; test. The precipitated product contained hydroxides of
Ho®*, Ba**, and Fe>*. The product was dried in an electric oven
at a temperature of 110 °C for 24h. The dried powder was
mixed homogenously in an agate mortar and pestle for 2 h.
Before and after this process, the mortar and pestle was rinsed
with acetone. The dried powder was calcined at 1050 °C for 2 h,
before final sintering and then pressed into pellets under the
pressure of (~35 KN/mm?) using Paul-Otto Weber hydraulic
press. The pellets were then finally sintered at 1320 °C for 8 h
followed by air quenching. In the present work, the density was
measured using Archimedes’s principle. The bulk density was
measured by using the relation;

W ai .
D = {“} x density of toluene @))
Wair — Wiiquid

where W,;, = weight of sample in air, Wiq,iq = weight of sample
in liquid and density of toluene is 0.857 g/cm® where W,;, — W-
liquid = weight loss in liquid.

X-ray diffraction analysis was carried out using shimadzu
X-ray diffractometer equipped with CuKa radiation
(A = 1.5406 A) in order to confirm the phase developed. The
MH loops were plotted using vibrating sample magnetometer
(VSM) at room temperature. DC resistivity was measured by
two probe method using source meter model 2400 (Keithley).

3. Results and discussion
3.1. Physical and structural properties

X-ray diffraction patterns show single phase W-type
structure of all compositions as shown in the Fig. 1. The
lattice parameters ‘a’ and ‘c’ were calculated by ab-inito
method using following equation;

A2 22
Sin?6 = 33 (W +hk + k%) + <) P )

a 4¢2

The (c/a) ratio varies from 5.5 to 5.8, that falls in the allowed
range of w type hexagonal ferrites.

The change in the values of ‘a’ and ‘¢’ suggests that the Fe*
ions have been substituted by RE** ions and this change is
occurred due to difference between ionic radii of RE** and Fe**
ions and interaction between rare earth and surrounding ions
[10]. The ionic radius of Ho (0.901 A) is greater which prefers
octahedral sites followed by the migration of some Fe*
0.67 A) ions from octahedral sites to tetrahedral sites [3,11].
Therefore with the increasing Ho content both lattice
parameters ‘a’ and ‘c’ increases [12,13]. The variation of
lattice parameters and the (c/a) ratio versus Ho concentration is
given in Table 1. X-ray and bulk densities are also listed in
Table 1.
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Fig. 1. X-ray diffraction patterns of BaHo,Fe¢_,0,7 ferrites (x = 0.0, 0.2, 0.4,
0.6, 0.8, 1.0).
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Table 1
Lattice constants, c/a ratio, X-ray density, activation energy, resistivity of BaHo,Fes_,0,; ferrites.
Parameters X=0.0 X=02 X=04 X=0.6 X=0.8 X=10
Lattice constant a (1&) 5.86 5.87 5.88 5.87 5.88 591
Lattice constant ¢ (A) 32.6 32.87 33.34 33.30 33.5 33.45
cla 5.55 5.59 5.67 5.67 5.69 5.66
X-ray density 5.01 5.03 5.07 5.11 5.13 5.16
Dx (g cm73)
Activation energy (eV) 0.178 0.413 0.619 1.23 0.55 0.318
Resistivity 7.36 x 10? 3.46 x 10* 2.62 x 107 6.05 x 10® 1.11 x 10° 3.7 x 10°

( ((-cm at 298 K)

The X-ray density is defined as the actual density and was
calculated by using the formula [6]:

2M
D, = NV 3)
‘M’ is the molar mass ‘N,’ is Avogadro’s number and ‘V’ is
the volume of unit cell which is calculated using the relation,
V =d’c sin120°. It was observed that the X-ray density (D,)
increases from 5.0 to 5.5 (g/cm?). The increase in X-ray density
may be due to the greater atomic mass of Ho™ (164.93 a.m.u)
than that of Fe** (55.85 a.m.u) [6].
Fig. 2 shows few representative SEM micrographs of the
BaHo,Fe _,0,7; hexagonal ferrites. The grain size measured
from SEM micrographs varies from 205 to 188 nm respectively

for the compositions x = 0.0, 0.2, 0.8.

3.2. Magnetic properties

The magnetic properties of all given samples have been
investigated from MH-Loops and few are shown in Fig. 3.
The saturation magnetization (M), remanance (M,) and
coercivity (H,) are listed in Table 2. Saturation magnetiza-
tion (M;) and remanance (M,) depend on the R3* substitution
for Fe** jons. Coercivity is a collective property of the
system of interacting grains. In the present work our results
show that the magnetization increases with the increase of
Ho concentration because of larger magnetic moment of Ho
(10 pg) than Fe (5 wg). The coercivity (H,) increases that
may be due to the enhancement of magneto crystalline
anisotropy [14] with anisotropic Fe** ions located on 2A
sites as usually found in rare earth substitution [15,16] and
this happens due to elevated sintering temperature [17]. The

2.00um

Fig. 2. SEM micrographs of the BaHo,Fe s_,0,; ferrites at x = 0.0, 0.2, 0.8.
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4 v=00 Table 2
i ’ P Coercivity, saturation magnetization and remanance of BaHo,Fes_,0,; fer-
e .
34 rites.
) 1 Ho contents (x) H,. (Oe) M, (emu/g) M, (emu/g)
IR 0.0 1041.7 3.648 1.334
E 14 0.4 1358.4 21.078 8.347
L 0.8 1709.6 31.831 14.492
S0
S
E 4
N 14
©
e
8 -2- . .
= ] 3.3. Electrical properties
-3
1 Room temperature resistivity of BaHo,Fes_,0,; ferrites
47 was measured in the temperature range 40-200 °C is listed in
.8000 -6000 -4000 -2000 O 2000 4000 6000 8000 Table 1. The room temperature resistivity increases signifi-
Applied Field H(Oe) cantly from 7.36 x 10% to 3.7 x 10° Q-cm with the increase of
Ho concentration. The room temperature resistivities of W-type
hexa ferrites reported by various authors are found to be in the
204 range of 10°-10" Q-cm [13,3]. Our results of resistivity fall in
the reported range. The increase in the resisitivity may be
RIS attributed to the obstruction in the Verwey mechanism due to
g larger density of grain boundaries produced by fine grains.
() . — .
= Moreover the resistivity of Ho (81.4 x 10~® Q-m) is larger than
£ 0 Fe (9.71 x 1073 Q-m) and Ba (33.2 x 107% Q-m) at 300 K
% which is responsible for the enhancement of resistivity.
S 10 Temperature dependent dc electrical resistivity is shown in
= the Fig. 4. It can be seen that as the temperature increases the
resistivity decreases verifying the equation:
20 E
a
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Applied Field H(Oe) where kg is the Boltzmann’s constant and T is absolute tem-
40 perature. It also showed that by increasing temperature, the
1x=08 conductivity of ferrite increases, indicating that these ferrites
30 o . . . Lo
] - exhibit semiconducting behavior. The activation energy (E,) of
S 20 - hopping for the different samples was calculated Arrhenius
R
§ 101
-
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©
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Fig. 3. . MH loops of few representative BaHo,Fe 4,0, ferrites (x = 0.0, 0.4, -
0.8). = 02 g == HH—H
8 -
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coercivity increase with the increase of Ho concentration. It al _
is observed that H. is inversely proportional to the packing of 2.2 2.4 2.6 2.8 3 3.2

magnetic materials or the grain size that is H. o 1/r. Our
results agree with the reported results on W-type hexagonal
ferrites [18].

1000/T (K-1)

Fig. 4. Arrhenius plots of BaHo,Fe,s_,0,7 ferrites (x = 0.0, 0.2, 0.4, 0.6, 0.8,
1.0).
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plots. The increase in activation energy may be attributed to the
creation of more cations and developing of oxygen vacancies
which might have been produced due to rise in temperature. It is
concluded that concentration of oxygen vacancies is an impor-
tant factor in sintering process as well as in DC electrical
resistivity [6].

4. Conclusions

The co-precipitation method is found suitable for prepara-
tion of homogenous single phase nano-particle of Ho doped
hexa ferrites. The lattice constants ‘a’ and ‘c’ increased with
the increase of Ho concentration due to large ionic radius of
Ho. Coercivity follows H. « 1/r behavior. DC electrical
resistivity increases due to large density of grain boundaries
that hinder the Verway mechanism. The present samples
are useful at high frequency applications due to enhanced
resistivity and coercivity. The last two sample (x = 0.8 and 1.0)
have highest resistivity which are the best samples in the
present studies.
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