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ABSTRACT

M-type Ca-Sr substituted barium hexaferrites having compositions BaFe;,019, BagsCagsFe12019 and
Bag5Cag25Sro25Fe12019 have been synthesized by commercial solid state reaction method. The effects of
doping on structural, dielectric and magnetic properties were systematically investigated. The Rietveld
refinement of X-ray powder diffraction data revealed that the samples possess single hexagonal phase
with space group P65 /mmc, with two molecules in the unit cell (Z=2). However, in BagsCagsFe12019 sam-
ple, a secondary phase (Fe,03) is also present with space group R3c with six molecules in the unit cell
(Z=6). SEM results show a heterogeneous distribution of grain sizes within the samples. The dc electrical
resistivity (o) has been measured as a function of temperature. The variation of dielectric constant (&¢') and
dielectric loss (tan §) with temperature and frequency were analyzed on the basis of Maxwell-Wagner
and Koops’ models. Lower saturation magnetization and increased coercivity is observed in substituted

samples.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Excessive demand for M-type hexaferrites, due to their exclu-
sively high electrical resistivity and low eddy current losses, has
initiated exhaustive research efforts to synthesize these for use as
stable permanent magnets with best performance-to-costratio [1].
Hexaferrites are classified into five types depending on chemical
and crystalline structure. These are M, W, Y, X and Z type hex-
aferrites corresponding to (BaO + MeO):Fe, 03 ratio (where Me is
transition metal) of 1:6, 3:8, 4:6, 4:14 and 5:12, respectively [2].
The M type hexaferrites crystallize in a hexagonal structure with
64 ions per unit cell on 11 different symmetry sites. The 24 Fe3* ions
are distributed over five different sites: three octahedral (B) sites
(12K, 2a, 4f,), one tetrahedral (A) site (4f1) and one trigonal bipyra-
midal (C) site (2b), which is not found with spinel structures [3].
The hexagonal ferrites, MFe;,019 (M = Ba, Sr, Pb) with the magneto-
plumbite structure continue to be important permanent magnetic
materials in microwaves and more recently in magnetic record-
ing applications. Such materials are known as hard ferrites due to
their high values of electrical resistivity, saturation magnetization,
coercivity, Curie temperature, mechanical hardness and chemical
inertness. At higher frequency, hexaferrites are considered to be
superior to other magnetic materials because they have low-eddy
current loss and high resistivity [4]. Therefore, hexaferrites which
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are magnetic semiconductors have opened a new vista in physics
of materials.

In the spinel structure, only 1/8 of tetrahedral holes are occu-
pied. In magnetoplumbite, there are only 4 holes of f;y and 4 holes of
fyr type in a unit cell and all of them are occupied by Fe3* ions. Half
of the 12k holes are occupied by Fe3* ions for a molecule with for-
mula BaFe{,01g. Different substituting cations have been reported
to preferentially occupy specific sites when doping barium hexa-
ferrites. If the Fe3* jons in different holes are selectively substituted
by other cations, the magnetic properties can be altered [5]. Hexag-
onal ferrites have a cut-off frequency at GHz, about an order of
magnitude higher than that of spinel ferrites [6]. BaFe12,019 is a
well-known permanent magnet with great technical importance
and have attracted an extensive attention for the last few decades.
It was widely used in the fabrication of permanent magnets, com-
puter data storage, magneto-optic recording etc. [7].

The typical method to obtain ferrimagnetic hexagonal oxide par-
ticles, in general, is the solid state reaction. In order to reduce the
particle size, other methods have also been investigated such as
aerosol pyrolysis, sol-gel, chemical co-precipitation, dehydration
and rotary evaporation method etc. [8]. However, these methods
are more complex and expensive than the ceramic method [9]. Var-
ious properties of Ba hexaferrites have been studied in the past by
several groups by replacing its Fe3* ions and Ba2* ions with Sm3*,
Mn3*, Ni2*, AI3* ions etc. and with various bivalent-tetravalent
cation combinations such as Sn-Zn, Zr-Ni, Zn-Ti [10-13]. Most of
the researchers worked on Ba or Sr hexaferrites and Sr-doped Ba
hexaferrites. Ca also belongs to the same group in the periodic table
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Fig. 1. X-ray diffraction patterns of prepared hexaferrites. Asterisk (*) corresponds
to a-Fe; 03 phase.

and has same electronic configuration as that of Sr and Ba. There-
fore, the synthesis of Ca, Ca-Sr doped Ba hexaferrites and effect of
substitution on different dielectric and magnetic parameters are
the focus of the present study.

2. Experimental details

BaFe12019 (BFO), Bao_5C30_5F812019 (BCFO) and Bagiscagizs Sr0_25 Fe12019 (BCSFO)
samples were prepared by commercial solid state reaction method. The starting
materials used were of analytical grade BaCO3;, CaCOs, SrCO3 and Fe,03 of high
purity. The reagents were weighed according to their stoichiometric amount and
the mixed oxides were ground using an agate mortar and pestle. Then a presinter-
ing process was carried out in a furnace at 873 K for 4 h at a ramp of 5 K/min for all
the powders. The powders were slowly cooled to room temperature. The grinding
process was repeated again and the powders were finally sintered in the furnace at
1373 Kfor4 h and were naturally cooled to room temperature. The structural proper-
ties of samples were investigated by recording their X-ray diffractograms. The X-ray
diffraction patterns were obtained using a Rigaku Miniflex-II X-ray diffractometer,
using Cu-Ka radiation. The ferrite powders were scanned in the range 20-80° with a
scanning rate of 2°/min. The structural parameters were refined by GSAS and EXPGUI
programs. The surface morphology and microstructure of samples were examined
with a scanning electron microscope (JEOL JSM 6510). The dielectric properties were
measured in the frequency range 1kHz-5MHz and temperature range 323-573 K
using an impedance/gain-phase analyzer (Newton’s 4th Ltd.). The samples were
used in the form of pellets of about 13 mm diameter. The pellets were made at a
pressure of 10 tons at room temperature. The two surfaces of sample pellets were
coated with silver paste as a contact material. The dielectric constant was calculated
using the formula:

"
, V4

& — (1)
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where fis frequency, Cy is capacitance, Z’ and Z" are real and imaginary impedances.
The resistivity p is calculated by the following relation:
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Fig. 2. Rietveld refinement data of prepared hexaferrites. The square sign shows
calculated data and the continuous line overlapping them refers to raw experimental
data. The difference between the experimental data and calculated data is shown at
the bottom.

where R is the resistance of sample measured with the help of impedance Nyquist
plots,Ais area and tis thickness of pellet. The magnetic properties were measured by
using vibrating sample magnetometer (Lakeshore VSM 7410) at room temperature
with a maximum applied field of 20 kOe.

3. Results and discussion
3.1. XRD analysis

The X-ray diffraction patterns of all prepared hexaferrites are
shown in Fig. 1. The diffractions peaks observed in the samples
were identified by JCPDS file number 00-043-0002 [14]. The X-ray
diffraction corresponding to BFO and BCSFO samples showed that
only one phase is present, however, in BCFO sample an additional
secondary phase (a-Fe;03) can be seen at 33.70° (26). The diffrac-
tion line characteristic of a-Fe, O3 is identified by JCPDS file number
00-072-6227. The peak at 33.11° (26) characteristic of a-Fe; 03 has
been reported in literature [2] for Ba(Sr)Fe;,019 hexaferrites pre-
pared by ceramic method. Also the peak corresponding to a-Fe; 03
impurity phase was observed at 38.74° in SrFe;,019 hexaferrites
prepared with sol-gel and sonochemical methods [15,16].
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3.2. Rietveld analysis

The Rietveld refinement data of all the prepared hexaferrites
are shown in Fig. 2. The parameters Ry, (profile fitting R-value), Rwp
(weighted profile R-value) and x? (goodness-of-fit quality factor)
[17] obtained after refinement (Fig. 2) are presented in Table 1.
For an excellent fit, the value of x2 should be nearly one. For pre-
pared samples, the value of x2 is less than six. Hence, the good
fitting parameters suggest that the studied samples are of better
quality and refinements of samples are effective. The GSAS and
EXPGUI programs [18] have been used for the refinement analysis.
In refinement analysis, the refined parameters were background
parameters, isotropic thermal parameters, lattice parameters, scale
factor, profile half-width parameters (u,v,w), occupancy and atomic
functional positions. The refined structural parameters are also
given in Table 1. The refined atomic positions for all the pre-
pared hexaferrites are presented in Tables 2-4. The important bond
lengths (A) and bond angles (°) calculated for all the prepared hex-
aferrites are listed in Tables 5-7.

The BFO and BCSFO samples possess a hexagonal structure with
space group P63/mmc (194), with two molecules in the unit cell
(Z=2).In BCFO sample, a secondary phase is also present with space
group R3¢, with six molecules in the unit cell (Z=6). The weight
percent of secondary phase is nearly 3.2%. With substitutions, the
value of ‘a’ almost remains same but the value of ‘c’ decreases due
to smaller ionic radii of Ca2* (0.99 A) and Sr?* (1.32 A) as compared
to Ba2* (1.49A). Hence crystal structure becomes more compact
with substitutions. Similar type of variation in cell parameters on
substitutions has also been reported [1,4]. The calculated values
of density also decreased with substitutions due to low values of
molar mass of Ca and Sr as compared to Ba (Table 1).

3.3. Scanning electron microscopy

The SEM records of all the samples are shown in Fig. 3. The
micrographs present a heterogeneous distribution of grain sizes.
The grains appear to stick to each other. Some grains agglomerate in
different masses. The crystallite sizes of the samples calculated by
Scherrer formula are found to be in the range from 22 to 29 nm. The
values of particle sizes calculated from SEM records for BFO, BCFO
and BCSFO samples are 25,22 and 29 nm, respectively. These values
are in good agreement with the crystallite size of the samples calcu-
lated by using Scherrer formula. The particle sizes for the samples
synthesized in the present study are much smaller as compared to
those reported earlier for M-type hexaferrite [3,19]. These particle
sizes are small enough to obtain the suitable signal-to-noise ratio in
the high density recording media. Therefore, the synthesized sam-
ples can be used as potential material for application in recording
media.

3.4. Transmission electron microscopy

Some of the micrographs of the prepared samples obtained from
TEM at different magnifications are shown in Fig. 4. Closer mag-
nification clearly shows the particle having hexagonal shape. The
expected size for particles of BFO, BCFO and BCSFO hexaferrites
range from 6-9, 4-6 and 10-13 nm, respectively. These particle
sizes are small as compared to that obtained from XRD and SEM
analysis. Similar results have also been reported by other authors
[20].

3.5. Electrical properties

The electrical properties of ferrites depend upon chemical com-
position, method of preparation, sintering temperature and grain
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Fig. 3. SEM records of prepared hexaferrites: (a) BFO, (b) BCFO and (c) BCSFO sam-
ples.
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Table 1
Refined structural parameters of prepared samples.
Sample Space group Ry (%) Rwp (%) X2 a(A) c(A) V(A3) p(g/cm3) W. (%)
BFO P65 /mmc 0.84 1.08 1.75 5.90 23.23 699.77 5.44 100
BCFO
First phase P63/mmc 1.40 161 494 5.90 23.20 698.48 5.21 96.72
Second phase (Fe;03) R3c ’ ) ' 5.06 13.55 300.51 3.28
BCSFO P63 /mmc 2.01 2.71 5.53 5.89 23.17 696.22 5.02 100
Table 2
Atomic positions obtained from Rietveld refinement for BFO sample.
Atom Site X y z
Ba 2d 0.6667 0.3333 0.2500
Fel 2a 0.0000 0.0000 0.0000
Fe2 2b 0.0000 0.0000 0.2500
Fe3 4f1 0.3333 0.6667 0.0271
Fe4 42 0.3333 0.6667 0.1903
Fe5 12k 0.1713 0.3426 —0.1084
01 4e 0.0000 0.0000 0.1450
02 4f 0.3300 0.6667 —-0.0545
03 6h 0.1864 0.3729 0.2500
04 12k 0.1583 0.3166 0.0514
05 12k 0.5223 0.0447 0.1542
Table 3
Atomic positions obtained from Rietveld refinement for BCFO sample.
Atom Site X y z
Ba/Ca 2d 0.6667 0.3333 0.2500
Fel 2a 0.0000 0.0000 0.0000
Fe2 2b 0.0000 0.0000 0.2500
Fe3 4f1 0.3333 0.6667 0.0328
Fe4 42 0.3333 0.6667 0.1945
Fe5 12k 0.1671 0.3341 -0.1121
01 4e 0.0000 0.0000 0.1488
02 4f 0.3300 0.6667 —-0.0766
03 6h 0.1518 0.3037 0.2500
04 12k 0.1727 0.3452 0.0552
05 12k 0.4856 —-0.0280 0.1617
Table 4
Atomic positions obtained from Rietveld refinement for BCSFO sample.
Atom Site X y z
Ba/Ca/Sr 2d 0.6667 0.3333 0.2500
Fel 2a 0.0000 0.0000 0.0000
Fe2 2b 0.0000 0.0000 0.2500
Fe3 4f1 0.3333 0.6667 0.0260
Fe4 42 0.3333 0.6667 0.1909
Fe5 12k 0.1685 0.3371 —0.1094
01 4e 0.0000 0.0000 0.1549
02 4f 0.3300 0.6667 —0.0504
03 6h 0.1853 0.3708 0.2500
04 12k 0.1626 0.3251 0.0548
05 12k 0.5154 0.0309 0.1483
Table 5
Bond lengths, bond angles from Rietveld refinement for BFO sample.
Type Bond length (A) Type Bond length (A) Type Bond angle (deg)
Ba-0 2.9555 Fe4-03 2.0433 Fe5-01-Fe5 102.351
Ba-Fe2 3.4049 Fe4-05 2.1041 Fe3-02-Fe5 127.163
Ba-Fe5 3.6808 Fe5-01 1.9452 Fe2-03-Fe4 137.247
Fe1-04 2.0110 Fe5-02 2.0767 Fe4-03-Fe4 85.506
Fe2-01 2.4382 Fe5-04 2.1458 Fe5-04-Fe5 89.850
Fe2-03 1.9045 Fe5-05 1.8984
Fe3-02 1.8959 Fe4-Fe4 2.7742
Fe3-04 1.8748 Fe5-Fe5 2.8662
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Table 6
Bond lengths, bond angles from Rietveld refinement for BCFO sample.

Type Bond length (A) Type Bond length (A) Type Bond angle (°)
Ba-O 2.9518 Fe4-03 2.2566 Fe5-01-Fe5 101.607

Ba-Fe2 3.4041 Fe4-05 1.7309 Fe4-05-Fe5 131.525

Ba-Fe5 3.6219 Fe5-01 1.9452 Fe5-02-Fe5 102.354

Fel-04 2.1793 Fe5-02 1.8874

Fe2-01 2.3482 Fe5-04 2.1803

Fe2-03 1.5509 Fe5-05 2.1181

Fe3-02 2.5369 Fe4-Fe4 2.5750

Fe3-04 1.7221 Fe5-Fe5 2.7665

Table 7
Bond lengths, bond angles from Rietveld refinement for BCSFO sample.

Type Bond length (A) Type Bond length (A) Type Bond angle (°)
Ba-0 2.8161 Fe4-03 2.0337 Fe5-01-Fe5 89.834

Ba-Fe2 3.4025 Fe4-05 2.1051 Fe4-03-Fe4 84.370

Ba-Fe5 3.6673 Fe5-01 2.0181 Fe5-04-Fe5 89.834

Fe1-04 2.0909 Fe5-02 2.1666 Fe2-03-Fe4 137.815

Fe2-01 2.2040 Fe5-04 2.1101

Fe2-03 1.8926 Fe5-05 1.8522

Fe3-02 1.7722 Fe4-Fe4 2.7369

Fe3-04 1.8667 Fe5-Fe5 29129

size, etc. DC electrical resistivity as a function of temperature may
be written as [21]:

P =po exp (k%) (3)
where p is the dc electrical resistivity at temperature T, pg is resis-
tivity at initial value of temperature, E, is the activation energy and
kg is the Boltzmann'’s constant.

The observed decrease in dc electrical resistivity with increase
in temperature (Fig. 5) is a typical behavior of semiconductors [22].
The conduction in ferrites at room temperature is due to impu-
rities, whereas at high temperature it is due to polaron hopping.
The conductivity in ferrites may be explained by Verwey’s hopping
mechanism [23]. According to Verwey, the electronic conduction
in ferrite is mainly due to hopping of electrons between ions of
the same element present in more than one valence state, dis-
tributed randomly over crystallographically different lattice sites.
Hexaferrites structurally form hexagonal closed packed stacking
of oxygen with cations at octahedral, trigonalbipyramidal and
tetrahedral sites. The distance between two metal ions at octa-
hedral sites is less than the distance between two metal ions at
octahedral and tetrahedral sites. Therefore hopping between tetra-
hedral and octahedral sites has very small probability compared
with that for octahedral-octahedral hopping. The hopping between
tetrahedral-tetrahedral sites does not exist, due to the fact that
there are only Fe3* jons at tetrahedral sites and any Fe?* ions
formed during sintering process preferentially occupy only octa-
hedral sites. The conduction mechanism in hexaferrites can be
explained on the basis of hopping of electrons between Fe3* « Fe2*
at octahedral sites, i.e.

Fe3t 4 e~ — Fe* (4)
0%t 4+2e > 0 (5)

On incorporating Ca and Sr, the crystal structure becomes more
compact as predicted by refined lattice parameters and density val-
ues (Table 1). Due to the compactness, the mobility is decreased as
observed from Fig. 6, resulting in increased dc resistivity (Fig. 5).
In BCFO sample, Ca does not replace Ba in proper quantity (as we
have substituted) due to lower solubility of Ca as compared to iron
and this is the reason that an additional phase («-Fe;03) appeared
in the sample. This is also confirmed by Rietveld refinement of
XRD results. Litsardakis et al. [24] have also reported the secondary

phase (a-Fe;03) along with the main phase due to lower solubil-
ity of substituted rare earth ions in M-type structure. On the other
hand, Ba and Sr have higher solubility than Ca, therefore impurity
phase is not observed in BFO and BCSFO samples. Thus the low value
of DC electrical resistivity of BCFO sample in comparison to BCSFO
is again supported by the presence of secondary (Fe;03) phase.

3.6. Dielectric properties

It is observed from Fig. 7 that the dielectric constant decreases
with increasing frequency for all the prepared hexaferrites. In
the low frequency region, the dielectric dispersion is large and it
becomes independent in the high frequency region. This is due
to the fact that the dielectric material exhibits induced electric
moment under the influence of external electric field. In the high
frequency region, the polarization of induced moments or electron
exchange between FeZ* and Fe3* ions could not synchronize with
the frequency of applied electric field. So, the dielectric constant
attains a constant value above certain high frequency [25].

The variations of tan § with frequency (Fig. 8) are qualitatively
similar with the variation of ¢ with frequency. This dielectric
behavior of ferrites exists in non-homogeneous layered structure of
ceramic materials, as explained by Maxwell-Wagner’s bi-layered
model [26,27]. According to this model, ferrite consists of perfectly
conducting grains separated by insulating grain boundaries. Under
the influence of an applied field, displacements of charge carri-
ers take place. If the resistances of grain boundaries are large, the
charge carriers align themselves at grain boundaries. Thus the space
charge polarization is built up at grain boundary which is governed
by the available free charges on grain boundaries. This leads to large
dielectric constant. According to Koops [28], in the low frequency
region, grain boundaries are effective and in the high frequency
region, grains are effective. Thus low value of polarization builds
up at higher frequency in the material which leads to decrease in
the dielectric constant.

The temperature dependence of tand§ for all the samples is
shown in Fig. 9. It is observed that tan§ increases with tempera-
ture because the electrical conductivity for semiconductor ferrites
increases with temperature due to the increase in the number of
charge carriers and their mobilities which are thermally activated.
It was found that the dielectric constant behaves in opposite man-
ner as that of dc electrical resistivity so that the mechanism of
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Fig. 4. TEM results of prepared hexaferrites.

Table 8

Magnetic parameters of prepared samples.
Sample M; (emu/g) Hc (kOe) M, (emu/g) M, [M;
BFO 53.04 2.75 25.47 0.48
BCFO 33.17 3.20 16.66 0.50
BCSFO 50.20 2.98 25.71 0.51

dielectric polarization is similar to that of electrical conduction
which is a good proof of the Iwauchi’s assumption [29].

3.7. Magnetic properties

Fig. 10 depicts the room temperature M-H hysteresis loops for
all the prepared hexaferrites. The value of saturation magnetiza-
tion (M) for BFO sample is about 53.04 emu/g at room temperature
(Table 8), which is smaller than the theoretically predicted value
72 emu/g [30], but agrees well with other experimentally obtained

values by different synthesis methods [31]. Several theories, includ-
ing surface effect, spin canting and sample inhomogeneity have
been proposed to account for the relatively low magnetization in
fine particles [7]. According to ferromagnetic theory [32], coercivity
Hc, for a uniaxial, single domain and non-interacting particle sys-
tem is related to the magnetocrystalline anisotropy constant (k)
as:

ak
oMs
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Fig. 10. Room-temperature M-H hysteresis loops of prepared samples.

where « is the orientation coefficient, which denotes the extent
of coherent rotation for a non-interacting particle assembly and
Mo is permittivity of the free space. In BCFO sample, low value of
magnetization is due to presence of small amount of secondary
phase (a-Fe;03) which is a weak ferromagnetic. The resistance
of particles increases during the domain rotation process due to
non-magnetic a-Fe, 03 pinning. Hence value of Ms decreased from
53.04emu/g to 33.17 emu/g. On contrary to it, coercivity (H¢) of
both BCFO and BCSFO samplesisincreased to 3.20 kOe and 2.98 kOe,
respectively, in comparison to BFO sample (2.75kOe). It is due to
the difference in the magnetocrystalline anisotropy of the Ca2*,
Sr2* and Ba2* ions. The increased magnetocrystalline anisotropy
causes an enhancement in coercivity and the decrease in the value
of Ms in BCSFO sample is according to Eq. (6). The Squareness ratio
(SQR =M;/M;, where M; is retentivity) is essentially a measure of
squareness of the hysteresis loop. The SQR of all the samples is
around 0.5 whichis close to the expected value for randomly packed
single domain particles if a coherent magnetization rotation rever-
sal mechanism is assumed [33]. With substitution of Ca and Sr in
BFO sample, the value of SQR increases up to 0.51 (Table 8). In
general, large SQR value is preferred in many applications such as
magnetic recording media of high density and permanent magnets
[34].

4. Conclusions

BaFe{3,019 (BFO), Ba0,5CaO,5Fe12019 (BCFO) and Bao‘s Ca0.25 SI‘O'25
Fe12019 (BCSFO) samples were synthesized by commercial solid
state reaction technique. The X-ray diffraction analysis of the sam-
ples revealed existence of single phase identified by JCPDS file
number 00-043-0002. However, in BCFO sample an additional
impurity phase (a-Fe,03) was observed at 33.70° (260) which is
identified by JCPDS file number 00-072-6227. The Rietveld refine-
ment of XRD results confirmed the single hexagonal phase with
space group P63/mmc (194) in all the samples and the additional
secondary phase with space group R3c in BCFO sample. SEM/TEM
results present heterogeneously distribution of grain sizes. Substi-
tution of Ca and Sr in BFO sample causes increase in resistivity. The
dielectric constant (&’) and dielectric loss factor (tan§) decrease
with frequency and are in good agreement with the dc electrical
resistivity data. Both ¢’ and tan § decrease with Ca and Sr substitu-
tions in BFO sample. The low value of saturation magnetization in
BCFO sample is due to the presence of secondary phase (x-Fe;03)
which is weak ferromagnetic in nature. On the other hand, coerciv-
ity (Hc) of the substituted hexaferrites is higher than BFO sample.
The enhanced value of SQR for BCSFO sample makes its suitabil-
ity as magnetic recording media of high density and permanent
magnets.
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