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A series of Gd-substituted Ba-Co-based (M-type) hexaferrites having the
chemical compositions of Ba0.5Co0.5GdxFe12�xO19 (x = 0.0, 0.2, 0.4, 0.6, 0.8,
1.0) were prepared by co-precipitation method. The pellets formed by co-pre-
cipitated powder were calcined at a temperature of 1200�C for 20 h. Final
sintering was done at 1320�C for 4 h. From the x-ray diffraction analysis, it
was revealed that all the samples showed M-type hexagonal structure as a
major phase. The scanning electron microscope was used to examine the
morphology of the sintered ferrites. The average grain size estimated by the
line intercept method was found to be in the range of 2.8–1.0 lm. The room
temperature DC resistivity increases with increasing Gd-contents to make
these ferrites useful for high frequency applications and microwave devices.
Lower values of coercivity (Hc) and higher saturation magnetization (Ms) may
be suitable to enhance the permeability of these ferrites, which is favorable for
impedance matching in microwave absorption. In addition, reflection coeffi-
cients for a sample was also measured from a frequency of 1 MHz to 3 GHz
and a reflection peak was observed at about 2.2 GHz.

Key words: M-type hexagonal ferrites, Gd-substitution, SEM analysis, DC
resistivity, M–H loops

INTRODUCTION

Barium-based hexagonal ferrites are being
extensively used in industry as well as in domestic
appliances. These materials can also be utilized in
bulk form in many electrical and electronic devices,
microwave devices, small motors, and, more
recently, for magnetic recording media1,2 due to
their excellent magnetic and electrical properties.
The magnetic properties of hexaferrites, such as
their high saturation magnetization, corrosion
resistivity, large magnetocrystalline anisotropy and
high coercive field,3 and their low cost of production
have drawn considerable attention to these ferrites.
In order to satisfy the utilization requirements of
these compounds in many applications such as

recording media, permanent magnets, microwave
devices and magneto-optics, etc.,4 many studies
have been carried out to tailor the magnetic prop-
erties of hexaferrites. This can be accomplished by
substituting Fe3+ ions with divalent and trivalent
ions [such as rare earth (RE) ions] and tetravalent
cations or combination of cations.5,6 The Fe3+ ions in
M-type hexaferrite structures are distributed on
five different crystallographic sites, three octahe-
dral (2a, 12k and 4f2), one tetrahedral (4f1) and one
trigonal bipyramidal (2b). In the magnetically
ordered state in Ba hexaferrites, the 12k, 2a and 2b
sites have their spins aligned parallel to each other
in the crystallographic c-axis, but the 4f2 and 4f1

sites point in the opposite direction. The magnetic
properties of the substituted hexaferrites strongly
depend on the electronic configuration of the sub-
stituted cations. It is known that more elec-
tronegative ions have a preference to occupy
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octahedral co-ordination.7,8 The saturation magne-
tization and other properties are related to the dis-
tribution of the substituted ions on these five
crystallographic sites.8 The substitution of cations
at the Fe or Ba sites is an effective method to modify
the physical, magnetic and electrical properties of
barium hexaferrites. Generally, the barium
hexaferrites are magnetic semiconductors, but
divalent or tetravalent cations substituted at iron
site may partially replace Fe3+ ions to increase their
resistivity.9 An improvement in the intrinsic mag-
netic properties of hexaferrites can be achieved by
using the optimization of synthesis parameters and
partial substitution for Ba or Fe sites or both. Many
reports have recently shown that RE substituted
M-hexaferrites have exhibited improved magnetic
properties.10,11 The improvement is largely associ-
ated with the increase of magnetocrystalline
anisotropy, coercive force and magnetization as
observed in La-doped strontium hexaferrites.12 It
has been reported11,13 that the substitution of Sm
ions can yield fine M-type ferrite powders resulting
an increase in coercive field. Usually, the RE ions
were substituted for Sr (Ba) or Fe, taking into
accounts the ionic radii of the substituted ele-
ments.10 Rare earth elements can also be used to
inhibit the grain growth mechanism at high tem-
peratures.10 Rezlescu et al.14 reported the RE sub-
stituted strontium ferrite nanoferrites with higher
values of RE ions concentration (x = 0.2, 0.5, 1). It
was observed from the results that an increased
heat treatment was favorable to form single phase
hexaferrites and to eliminate the intermediate
phases that can deteriorate the magnetic properties
of hexagonal ferrites. For many years, these ferrites
have been extensively studied by many researchers
using various synthesis techniques to produce dif-
ferent grain sizes and hence their effects on the
magnetic and electrical properties.

The aim of the present work was to synthesize
Gd-substituted Ba-Co-based M-type hexagonal fer-
rites and to study their structural, magnetic and
electrical properties which are not reported fre-
quently in the literature. Also, the lack of knowl-
edge about the Gd-substituted M-type ferrites
motivated us to synthesize and investigate these
hexaferrites. Furthermore, rare earth (Gd) substi-
tution was employed to inhibit the grains growth
and to promote the fertilization reaction. It has also
been reported that the lanthanides can be used to
improve the mechanical materials hardness.14

EXPERIMENTAL

Samples Preparation

A co-precipitation method was employed to syn-
thesize the Ba-Co-based hexaferrites with chemical
composition (Ba0.5Co0.5GdxFe12�xO19, where x = 0.0,
0.2, 0.4, 0.6, 0.8, 1.0). The starting materials, i.e.
barium acetate (Ba(CH3COO)2), iron chloride
(FeCl3Æ6H2O), cobalt acetate (Co(CH3COO)2Æ4H2O),

gadolinium oxide (Gd2O3), sodium chloride (NaOH)
and sodium carbonate (Na2CO3) of analytical grade
having 99.9% purity were supplied by Merck (Ger-
many) and de-ionized water was used to make the
precursors. Required weights of salts of different
metals for various compositions were mixed in
25 mL of distilled water according to stoichiometric
calculations and stirred continuously with the help
of a magnetic stirrer until a homogeneous solution
was obtained. The precipitating agent was prepared
by mixing NaOH and Na2CO3 in 100 mL of
de-ionized water. The weights of NaOH and Na2CO3

for each sample were 1.40 g and 3.73 g, respectively,
to ensure a pH value higher than 10, required for the
chemical reaction to take place. When the precipita-
tion completed, the solution was then thoroughly
washed with de-ionized water several times. Addi-
tion of AgNO3 confirmed the removal of NaCl by the
precipitation technique because the solution was not
milky. The solution was then filtered and dried in an
electric oven at a temperature of 100�C for 24 h and
ground. Using a Paul-Otto Weber hydraulic press,
the powders were then pressed at �35 kN for about
2 min to form the required pellets. These pellets were
calcined at a temperature of 1200�C for 20 h and fi-
nal sintering was done at 1320�C for 4 h.

Experimental Techniques

In order to confirm the phase purity of all the sin-
tered samples, a JDX-3532 x-ray diffractometer at
40 kV and 30 mA equipped with Cu-ka (k = 1.5406 Å
with Ni filter) was used in the 2h range from 15� to 75�
at room temperature. A scanning electron microscope
(SEM; Hitachi S4160) was used to examine the mor-
phology and estimate the grain size of the sintered
ferrites. The bulk density (dB) for all the samples was
measured by Archimedes principle using the follow-
ing relationship15:

dB ¼ Wair

Weightloss in the liquid

� �
�Dt (1)

where Wair represents the weight of the sample in
air and Dt is the density of toluene, i.e. 0.857 g/cm3.
X-ray density (dx) of all the ferrites was calculated
using the relationship15:

dx ¼
2M

NAV
(2)

where M is the molecular weight of the sample, NA

is the Avogadro’s number and V is the unit cell
volume of hexagonal lattice.

The percentage porosity (%P) of all the samples
was also calculated using the relationship15:

ð%ÞP ¼ 1 � dB

dx

� �
� 100 (3)

DC resistivity (q) was measured by the two-probe
method using a DC power supply model IP-2717
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(Heath Kit) and a very sensitive electrometer model
610C (Keithly). In order to measure it, the following
formula was used15:

q ¼ RA

t
(4)

where R, A and t, are the resistance, area of cross-
section and thickness of the pellet, respectively.

The temperature-dependent DC resistivity was
also measured for all the samples in the tem-
perature range of 40–150�C with steps of 10�C.
Using the temperature-dependent resistivity data,
the activation energies for all the ferrite samples
were also calculated.

The magnetic parameters such as saturation
magnetization (Ms), remanent magnetization (Mr)
and coercivity (Hc) were measured by using a
vibrating sample magnetometer (VSM; BHV-50;
Riken Denish, Japan) at room temperature. The
reflection coefficient (RL) for a representative sam-
ple was measured at room temperature by an Agi-
lent Impedance/Materials Analyzer (Model E4991A
RF) over the frequency range of 1 MHz–3 GHz, with
the 16453A test fixture.

RESULTS AND DISCUSSION

Phase Identification

The x-ray diffraction (XRD) patterns for all the
samples of Ba0.5Co0.5GdxFe12�xO19 (x = 0.0, 0.2, 0.4,
0.6, 0.8, 1.0) are shown in Fig. 1. The observed
peaks for all the samples were compared to those for
standard patterns for M-type barium hexaferrite
using the JCPDS card (00-043-0002). The analysis
of observed patterns for all the samples shows that
all peaks belong to the pure M-type hexagonal fer-
rite phase and no extra peak is observed, thereby
confirming that all the samples are single phase
without any impurity phase. The lattice parameters
(‘a’ and ‘c’) were calculated using the following
equation16

Sin2h ¼ k2

3a2
ðh2 þ hkþ k2Þ þ k2

4c2

 !
l2 (5)

Here k represents the wavelength, a and c are the
lattice parameters and hkl are the corresponding
Miller indices.

The calculated values of the lattice parameters (‘a’
and ‘c’) as a function of x for all the samples are
given in Table I. It can be observed that the values
of ‘a’ and ‘c’ for all the samples are very close to the
earlier reported values for M-type hexagonal
structures.17 From Table I, it can also be observed
that the value of the lattice parameter ‘a’ remains
almost unchanged in all Gd-substituted samples,
while the value of the lattice parameter ‘c’ is
decreasing with increasing Gd concentration. This
behavior is similar to La-Co-substituted hexagonal
ferrites, observed by Ogata et al.,18 F. Kools et al.19

and X. Liu et al.12

Table I. Lattice parameters (a and c), c/a ratios, bulk density (dB), x-ray density (dx), porosity %(P) and grain
size (D) for all hexagonal ferrites

Sample (x) a(Å) ± 0.001 c(Å) ± 0.001 c/a ratios dB ± 0.01 (g/cm3) dx (g/cm3) %(P) D ± 0.02 (lm)

0.0 5.864 23.289 3.970 4.753 5.134 7.418 2.8
0.2 5.871 23.520 3.937 4.924 5.257 6.329 2.7
0.4 5.873 22.915 3.901 5.114 5.398 5.260 1.6
0.6 5.875 22.714 3.866 5.254 5.542 5.187 1.6
0.8 5.877 22.616 3.847 5.375 5.661 5.052 1.0
1.0 5.920 22.519 3.803 5.419 5.702 4.962 1.1
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Fig. 1. XRD patterns of Gd-substituted M-type hexagonal ferrites
Ba0.5Co0.5GdxFe12�xO19 (a) x = 0.0, (b) x = 0.2, (c) x = 0.4, (d)
x = 0.6, (e) x = 0.8, and (f) x = 1.0.
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Microstructure and Grain Size

The SEM micrographs for all the samples of
Ba0.5Co0.5GdxFe12�xO19 for various concentrations

of Gd (x = 0.0, 0.2, 0.4, 0.6, 0.8, 1.0) are shown in
Fig. 2. From these micrographs, the grain size was
calculated using the line intercept method. The

Fig. 2. SEM micrographs of Gd-substituted M-type hexagonal ferrites Ba0.5Co0.5GdxFe12�xO19 (a) x = 0.0, (b) x = 0.2, (c) x = 0.4, (d) x = 0.6,
(e) x = 0.8, and (f) x = 1.0.
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average grain size estimated by this method as a
function of Gd concentration is given in Table I. An
average grain size (D) of about 2.8–1.0 lm can be
estimated from the micrographs, which is quite
large. Relatively higher sintering temperatures for
longer times can be the reason for the larger aver-
age grain size achieved in these samples. Larger-
sized grains are well known to enhance the
microwave absorption in stealth technology.20 This
phenomenon can be better understood by keeping in
view the fact that the ferrites with larger-sized
grains are in more periodic arrangement due to the
increased heat treatment, as in our case. When a
magnetic field is applied to such type of materials,
the spins can be easily aligned in the direction of the
applied field due to this periodic arrangement.
Consequently, high saturation magnetization can
be observed in these materials which is favorable to
enhance their permeability. Thus, enhanced per-
meability is suitable for impedance matching in
microwave absorption or for the reduction of radar
signatures in stealth technology.21

Furthermore, from these calculations, it was
observed that the grain size was smaller for
Gd3+-substituted samples as compared to the pure
one. This behavior of the grain size can be
attributed to the replacement of RE ions by Fe ions
as reported earlier by H. Taguchi et al., who stated
that the presence of RE at Fe sites inhibits the grain
growth.22

Physical Properties

The values of bulk density (dB) calculated by
Eq. 1 as a function of Gd contents (x) are provided in
Table I, from which it can be seen that bulk density
increases with increasing the Gd concentration (x)

in the hexagonal lattice. This behavior may be
attributed to the fact that the density of Gd (7.94 g/
cm3) is greater than that of Fe (7.874 g/cm3).23 As
the Gd3+ is replacing the Fe3+ and due to larger
charge concentration, the volume of the unit cell
shrinks. Also, due to the smaller grain size, the
surface contact area increases and hence the den-
sity increases. The values of x-ray density for all the
samples as a function of Gd concentration (x) were
calculated using Eq. 2 and are listed in Table I. The
x-ray density increases from 5.134 g/cm3 to
5.702 g/cm3 with the increase in Gd contents (x).
This increase can be explained on the basis of cor-
responding atomic weight of Gd (157.25 g), which is
very high compared to that for Fe (55.85 g). There-
fore, when Gd is substituted in the hexagonal lat-
tice, the increase in atomic weight dominates the
increase in unit cell volume, thus resulting in an
increased value of x-ray density. A similar type of
behavior was also observed by Ahmad et al. for
RE-substituted W-type hexagonal ferrites.15 The
calculated values of dx are in good agreement
with the earlier reported value for this structure
(5.3 g/cm3).24 Furthermore, it can also be observed
that the values of bulk density are less than the
x-ray density for all the samples, which can be
attributed to the presence of pores in the material.25

The values of porosity calculated by Eq. 3 for all the
samples of Ba0.5Co0.5GdxFe12�xO19 (x = 0.0, 0.2, 0.4,
0.6, 0.8, and 1.0) as a function of x are listed in
Table I. The porosity of the samples decreases with
the Gd concentration x, which can be attributed to
the increase in bulk density, smaller-sized gains
and reduced unit cell volume as described earlier in
the XRD analysis.

Electrical Measurements

Room temperature resistivity for all the samples
was measured by the two-probe method using
Eq. 4, and the calculated values as a function of
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Fig. 3. Variation of resistivity as a function of temperature of M-type
hexagonal ferrites Ba0.5Co0.5GdxFe12�xO19.
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Gd-concentration are shown in Fig. 3, from which it
is clear that the resistivity increases from
6.285 9 107 X-cm to 8.250 9 107 X-cm with in-
creasing Gd concentration in the hexagonal lattice,
which may be explained as follows;

1. Inthepresentwork, since the samplesareprepared
by the wet method, a fine particle size is expected,
which increases the grain boundary area resulting
in an increased value of the resistivity. This effect
has also been observed by Stijintjes et al.26

2. As the Gd concentration is increased, which has
alarger value of resistivity (1.310 9 10�4 X-cm)
as compared to that for Fe (1.0 9 10�5 X-cm), the
room temperature resistivity of these ferrites
increases.27 Due to the increased values of
resistivity with increasing Gd concentration,
the present samples can be used for high-fre-
quency applications and microwave devices
where low eddy current losses are desirable.28

Temprature-dependent resistivity of all the samples
was also measured in the temperature range of

300–450 K. The corresponding graphs of 1000/T
versus log (q) for each sample are shown in Fig. 3,
from which it can be seen that the behavior in each
sample follows the Arrhenius equation;

q ¼ qo exp DE=KBTð Þ (6)

where DE is the activation energy, T is the absolute
temperature, and KB is Boltzmann’s constant.

The decreasing trend of resistivity with increas-
ing temperature in the present samples dictates
that they exhibit a semiconducting behavior, which
is the well-established fact for all the ferrites.29

Using the temperature-dependent resistivity data,
the activation energies were also calculated for all
the samples. The activation energies calculated
from the slope of the graphs (1000/T vs. logq) for all
the samples are shown in Fig. 4, from which it can
be observed that the value of the activation energy
is increasing with the increase in Gd concentration
(x) from 0.204 eV to 0.317 eV. This increase in
activation energy seems to be due to the increase in
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Fig. 5. M–H loops of Gd-substituted M-type hexagonal ferrites Ba0.5Co0.5GdxFe12�xO19.

Table II. Magnetic parameters as a function of Gd-substitution for all M-type hexagonal ferrites

Sample (x) Ms (emu/g) Mr (emu/g) Mr/Ms Hc (Oe)

0.0 64.33 3.55 0.06 100.15
0.2 68.09 4.96 0.07 147.94
0.4 70.05 5.38 0.08 271.67
0.6 67.02 5.33 0.08 256.33
0.8 66.03 11.44 0.17 302.50
1.0 72.01 9.79 0.14 242.19
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resistivity with the increase in x. This behavior
supports the established theory that a sample with
high resistivity would have high activation energy
and vice versa.

Magnetic Measurements

The M–H loops for all the sintered samples of the
compound Ba0.5Co0.5GdxFe12�xO19 (x = 0, 0.2, 0.4,
0.6, 0.8, 1) are shown in Fig. 5. It can be seen that
the coercive field Hc has a value of a few hundred
oersteds which reveals that the prepared ferrites
have soft characters due to higher calcination or
sintering temperatures for longer durations. It has
been reported in earlier published data that the
coercivity of a few hundred oersteds is one of the
necessary conditions for electromagnetic (EM)
materials,30,31 hence making these ferrites suitable
for the suppression of electromagnetic interference
(EMI). The values of the coercive field (Hc) with
increasing Gd concentration is provided in Table II.
It can be observed that Gd-substituted samples
have larger values of Hc as compared to the
unsubstituted one. This behavior of Hc may be due
to the enhancement of the magneto-crystalline
anisotropy10,13 with anisotropic Fe2+ ions locating
on 2a sites, as usually found in RE ions substitu-
tion.10 In addition, we have achieved a lower value
of coercivity (Hc) for the investigated samples as
compared to the earlier reported values of hex-
agonal ferrites for the same structure. The lower
value achieved makes these materials suitable
for high-frequency applications, enhancement of
permeability and for the suppression of EMI.31

The saturation magnetization (Ms), remanence
(Mr) and squareness ratios (Mr/Ms) for all the sam-
ples were also obtained from the M–H loops and
their values are provided in Table II. It can be

observed that the values of saturation magnetiza-
tion (Ms) were found to be in the ranges of (64.33–
72.01 emu/g) which are quite large compared to the
earlier reported values for M-type hexagonal ferrites
prepared by other methods.32 In addition, the values
of Mr and Mr/Ms were found to be in the ranges of
3.55–11.44 emu/g and 0.06–0.17 emu/g, respective-
ly, for all the samples. Furthermore, it has been
observed that the substitution of Gd3+ ions for Fe3+

ions causes the higher values of magnetization in
these ferrites. This is because Gd has a higher value
of magnetic moment (7.94 lB) as compared to that for
Fe (5 lB). The Hc in the present work is lower and Ms

is higher than the values reported by Xiao-Hui Wang
et al.33 Figure 6 represents the low field coercivities
of M-type Ba0.5Co0.5GdxFe12�xO19 (x = 0.0–1.0) hex-
agonal ferrites. The relationship between the per-
meability and saturation magnetization can be
representated by the following equation34

li ¼ 1 þ ð4pMsÞ2

ð4pMsÞHa � ðf=2:8Þ2 þ jað4pMsÞðf=2:8Þ
(7)

where f is the frequency, Ms is the saturation
magnetization and Ha is the magnetic anisotropy
field. From the above equation, it is obvious that
permeability increases with the increase of Ms and
the decrease of Ha. Due to high Ms, low Hc and
larger sized grains, these materials can be used to
improve the permeability and absorption of
microwaves. It is also known that the enhanced
absorption bandwidth and the minimum reflection
losses can be achieved by higher permeability of
ferrites. Therefore, excellent electromagnetic prop-
erties can be achieved by microwave-absorbing
materials filled with the investigated ferrites to be
considered as potential candidates for microwave-
absorbing purposes.

Microwave Absorption Properties

The frequency-dependent (1 MHz–3 GHz) reflec-
tion coefficient (C) for the M-type Ba0.5-

Co0.5GdxFe12�xO19 (x = 0.2) hexaferrite at room
temperature is shown in Fig. 7. The reflection
coefficient (C) is reduced with the rise of the applied
field frequency. The absorption peak appeared at a
specific frequency of 2.2 GHz. The peaking nature
occurs due to resonance when the electrons jumping
frequency between Fe3+ and Fe2+ becomes equal to
the applied field frequency.35,36 A similar kind of
peak has also been observed in the case of the
M-type Ba hexagonal ferrites.37 A material with low
reflection loss, wide absorption bandwidth and low
matching thickness is useful for good microwave-
absorber material. There exists no ideal material
which satisfies all these requirements. The reflec-
tion coefficient in the present study decreased with
the increase of the frequency of the applied AC field.
Therefore, the synthesized materials may be
beneficial for high-frequency applications such as
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microwave radiation absorption, camouflaging pur-
poses, and the attenuation of EMI.

CONCLUSIONS

On the basis of the above results and discussion
for Gd-substituted M-type hexagonal ferrites, the
following conclusions can be drawn from this study:

1. Single phase M-type hexagonal ferrites can be
successfully synthesized by the coprecipitation
method by substituting Gd ions in place of Fe
ions in the hexagonal lattice.

2. The average grain size was observed to be
smaller for Gd-substituted hexagonal ferrites,
which is due to the well-established fact that the
replacement of RE by Fe inhibits the grain
growth. In addition, larger-sized grains were
achieved for all the samples, which is favorable
for microwave absorption.

3. The value of room temperature DC resistivity
was observed to increase with increasing Gd
concentration for these hexagonal ferrites.

4. Temperature-dependent resistivity of all the
samples shows a decreasing trend with increas-
ing temperature, demonstrating the semicon-
ducting nature of these ferrites.

5. The low value of Hc (of a few hundred oersteds)
and higher saturation magnetization were
achieved for all the samples, as compared to
previous work.

6. Minimum reflection was observed at a frequency
of about 2.2 GHz, showing that there is a
maximum absorption at this frequency.

Because to all these different parameters, it can be
affirmed that these ferrites may be potential

candidates for high-frequency applications and for
microwave-absorbing purposes.
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