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This paper presents a study on attempting to substitute Gd into a Ca-Ba M-
type hexaferrite (Ca0.5Ba0.5GdxFe12�xO19, where x = 0, 0.05, 0.1, 0.15, 0.2,
0.25) using the sol–gel method. The structural, magnetic and microwave
properties of the resultant material were investigated. Since Gd has a much
larger ionic radius than Fe, substitution is not straightforward as revealed by
the structural analysis. X-ray diffraction (XRD) patterns revealed some sub-
stitution into the M-type phase due to a changing lattice parameter; however,
significant quantities of additional phases of hematite (a-Fe2O3) and
gadolinium orthoferrite started to form at concentrations of up to Gd = 0.10
and at higher Gd concentrations, respectively. High-resolution transmission
electron microscopy of selected compositions showed d-spacings corresponding
to the three phases observed in XRD, confirming the incomplete substitution
of Gd. Scanning electron microscopy showed platelet-shaped grains. Vibrating
sample magnetometry at room temperature showed varied results owing to a
myriad of interactions from the hexaferrite and secondary phases. The mi-
crowave complex permittivity and permeability in the frequency range of 2–
11 GHz showed little frequency dependence with nominal values for the
complex permeability. All the compositions exhibit low magnetic losses with
frequency except Gd = 0.10. Such type of materials can be used for microwave
devices in the low-GHz range and as well as permanent magnets.

Key words: Ca-Ba hexaferrites, magnetic properties, sol–gel process,
permeability, permittivity, rare-earth substitution

INTRODUCTION

Barium and strontium hexaferrites were discov-
ered in the 1950s. Due to their magnetic properties
and cost-effectiveness, they are used in various
domestic and commercial applications such as per-
manent magnets, magnetic recording media, micro-
wave devices, electromagnetic wave shielding
coatings, electric motors, antennas and many
others.1–8 Researchers working with hexaferrites
are exploring the substitution of various elements to
enhance their properties. The addition and

replacement of Me2+ ions (Me2+ = Ca2+, Ba2+ and
Pb2+) in barium or strontium hexaferrites showed
remarkable effects on their properties.9–14 In par-
ticular, tuneable magnetic saturation (Ms), coerciv-
ity (Hc) and magneto-crystalline anisotropy (Ha)
have been demonstrated which is important for
magnetically tuneable signal processing, magnetic
storage media and many other applications.15–17

The partial replacement of Ba2+ with Ca2+ ions in
the M-type ferrite reduced Ms due to non-collinear-
ity of the spin structure.18 The addition of different
rare-earth (RE) ions (Ce3+, Gd3+, Eu3+, La3+, Nd3+,
Sm3+, Pr3+ and Y3+) were also studied for M-type
hexaferrites.19–25 Litsardakis et al.21 reported a
high Hc in Gd-added BaM ferrites due to the(Received February 15, 2018; accepted May 29, 2018;
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presence of additional nonmagnetic secondary
phases. A decrease in Ms was also observed when
Gd and Nd were substituted into BaM ferrites.24

Me3+ ions like Al3+ and Cr3+ were also substituted to
BaM and PbM ferrites.5,26 The combination of Me2+

and Me3+ ions such as in La-Co doping is known to
have a beneficial effect on Hc as well as Ha.27 Co-Gd
substitution into BaM ferrites also showed an
improved Hc due to a high Ha field and lower
Ms.

20 The change in microstructure and its effect on
the magnetic properties as well as the dielectric
properties have also been discussed by many
researchers. Overall, La-Co-substituted M-ferrites
are reported to be particularly useful for permanent
magnets.28 The doping of different elements also
affects the microwave complex permeability and
permittivity, which is important for determining the
applicability in various microwave devices such as
circulators, isolators, phase-shifters, passive micro-
wave components and absorbers.5,29–35

To the best of our knowledge, structural modifi-
cations and their effects on the magnetic and
microwave properties of Gd-doped calcium-substi-
tuted Ba hexaferrites has not been reported yet.
Since calcium is a more abundant element than
barium and strontium and belongs to the same
periodic table group, these ferrites will be more
economically viable. Moreover, in this study, the
sol–gel method is employed to prepare the samples
while other researchers mentioned earlier in this
paper used the ceramic route or co-precipitation
method to prepare hexagonal ferrites.20,21 The sol–
gel process produces a homogeneous product with
particle size approaching the nano-sized range and
also is cost-effective on a commercial scale. Since
previously study has shown Gd to have some
unusual magnetic properties when added in small
amounts, Gd is doped to observe changes in mag-
netic properties; the optimal composition was
observed when x = 0.10. It was also observed that
Gd addition affects complex dielectric properties,
but complex permeability remain unchanged.

EXPERIMENTAL

Chemicals

The chemicals used for the preparation of the
Ca0.5Ba0.5GdxFe12�xO19 (x = 0.0–0.25) compositions
were Fe(NO3)3Æ9H2O (Sigma-Aldrich, 99%+),
Ba(NO3)2 (Sigma-Aldrich, 99%+), Gd(NO3)3

(Sigma-Aldrich, 99%+) and Ca(NO3)2 (Sigma-
Aldrich, 99%+) as precursors. NH4OH solution
(Analar, 34%) was used to maintain the pH while
citric acid (Sigma-Aldrich, 99%+) was used as a
chelating agent.

Synthesis

The Ca-Ba M-type hexaferrites (target phase:
Ca0.5Ba0.5GdxFe12�xO19, where x = 0.00, 0.05, 0.10,
0.15, 0.20, 0.25) were prepared by the sol–gel

method. The metal salt solutions for the required
molarities were prepared in de-ionized water. The
solutions were mixed and placed on a hot plate with
a magnetic stirrer to homogenize the mixture. A
stoichiometric amount of the citric acid was added
as a chelating agent. The solution was evaporated
slowly at 80�C with continuous stirring on the hot
plate. After evaporation, the solution converted into
a brown gel. The gel was then dried at 300�C for 2 h
to obtain a powder. Finally, this powder was heat-
treated at 900�C for 3 h in a carbolite furnace (type
HTC 15/3) to obtain the required phase.

Characterization

X-ray diffraction (XRD) patterns of the samples
were obtained using a Philips PW1710 x-ray diffrac-
tometer. Scanning electron microscopy (SEM) was
performed using a Zeiss NTS S360 scanning elec-
tron microscope. High-resolution transmission elec-
tron microscopy (HRTEM), scanning tunneling
electron microscopy (STEM) and energy-dispersive
x-ray spectroscopy (EDX) of a selection of the
samples was performed using a JEM-2100 electron
microscope. The magnetic properties were mea-
sured using a Lakeshore vibrating sample magne-
tometer (VSM, model no. 7410) at room
temperature. The effective complex permittivity
(er;eff ¼ e0eff � je00eff , where dielectric loss tangent is
defined as tande ¼ e00eff=e

0
eff ) and permeability

(lr;eff ¼ l0eff � jl00eff , where magnetic loss tangent
tandl ¼ l00eff=l

0
eff ) of the powders were measured at

discrete frequencies between 2 and 11 GHz using
the cavity perturbation method36–39 and a Keysight
N5232 PNA-L microwave vector network analyser.

RESULTS AND DISCUSSION

X-ray Diffraction Analysis

The XRD patterns shown in Fig. 1a give the Gd
doping and Fig. 1b reveals three separate phases;
the M-type hexaferrite phase (ref no. 00-043-0002)
and two secondary phases of hematite (a-Fe2O3, ref
no. 00-024-0072) and gadolinium orthoferrite
(GdFeO3, ref no. 00-015-0196). Trace amounts of
GdFeO3 started to appear at Gd doping concentra-
tions of greater than 0.1. The reason for the
formation of these secondary phases is that Gd is
only partially soluble into the M-type hexaferrite
phase due to its large ionic radius, electronic
configuration and magnetic moment.40 Hence, the
substitution of Gd may only occur up to a given
threshold concentration, leading to the generation
of the secondary phases.21 Heat treatment and
sintering temperatures affect the purity, where
temperatures above 1000�C may obtain single
phases with some compromise on grain size.41,42

However, due to some laboratory limitations, this
was not possible in the current study. Henceforth,
all results presented are a bulk contribution of a
multi-phase material. The averaged grain size of
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each of the phases was calculated from XRD pat-
terns using the Debye–Scherer formula. The calcu-
lated grain sizes lie in the nanometre range for all of
the phases (from approximately 12 nm to 90 nm for
the M-type hexaferrite phase, 16 nm to 87 nm for a-
Fe2O3 and 10 nm to 65 nm for GdFeO3). To specif-
ically examine the concentration of Gd ions that
substituted into the hexaferrite lattice, one can
observe the (110) and (006) peaks at 2h � 30.3072�
and 2h � 23.0839�, respectively, associated with
just the M-type hexaferrite. The lattice parameters
‘a’ and ‘c’ were calculated using the following
equation:

dhkl ¼
4

3
� h

2 þ hkþ k2

a2
þ l2

c2

� ��1
2

The calculated lattice parameter ‘a’, shown in
Fig. 2b, initially increases at concentrations below
0.05 and then decreases thereafter to its original
value, while the lattice parameter ‘c’ increases at
Gd = 0.05, becomes constant at Gd = 0.1 and fur-
ther increases at Gd = 0.25. The c/a ratio, shown in
Fig. 2a, shows an increasing trend from
3.920 ±0.001 to 3.955 ±0.001 as the error calcu-
lated shows uncertainty in data up to three decimal
points. This c/a ratio was well within agreement of
already studied values of M-type structures; Ver-
stegen and Stevels showed that M-type structures
can be assumed if the observed c/a ratio value is less
than 3.98.43 The addition of Gd causes local distor-
tion of the structure44 which is represented in the
change in a and c at low concentrations; however, at
higher concentrations, the plateau response of c
implies that addition of high-valence cations in the
ferrites under an oxidizing environment introduces
cation vacancies and dopant diffusion into M-type
lattice is also affected.45,46

Gd substitution predominantly affects the ‘a’
lattice parameter at low concentrations, and pre-
dominantly affects the ‘c’ lattice parameter at

higher concentration. The change in lattice param-
eters can be ascribed to dopant diffusion into the
lattice, distortions in lattice due to ionic radii of
dopants, creation of vacancies under oxidizing con-
ditions and site occupancy.45,46

EDX measurements, obtained using STEM, are
given in Table I and show the presence of different
elements in the compositions. The wt.% values of Ba
and Ca showed that Ca2+ is present along with Ba2+

ions in the barium M-type lattice.21 The Gd wt.%
value shows the presence of Gd-rich grains corre-
sponding to Gd substituted into the M-type hexag-
onal lattice and GdFeO3.21,40 These results
corroborate with those of XRD.

SEM Analysis

The SEM micrographs taken from a coarser grain
area are given in Fig. 3. Figure 3a was taken at
lower resolution of 500 lm to obtain a general view
of the grain distribution. Figure 3b and c shows that
the resultant material has pores as well as a grains
and flaky structure. Ca and Gd have been shown to
introduce porosity and flakiness in M-type hexago-
nal materials.28,35,43 Park et al.47 also observed
platelet-shaped nano-grains in SrM ferrites.

HRTEM Analysis

The HRTEM image in Fig. 4a (x = 0.15) shows the
morphology and grain distribution. A zoomed-in
view of a selected coarser-grain area is given in
Fig. 4b where x = 0.25 and the d-spacing corre-
sponds to the (111) plane of GdFeO3. Similarly,
Fig. 4c and d, where x = 0.15, shows the d-spacing
corresponding to the (114) plane of the M-type
hexaferrite phase and the (104) plane of a-Fe2O3

(hematite phase), respectively. These images con-
firm the presence of the secondary phases identified
in the XRD patterns. In Fig. 4d (x = 0.15), A repre-
sents the planes related to the grain and B repre-
sents the grain boundary.

Fig. 1. (a) XRD patterns from 20� to 80� 2h with varying Gd concentrations. (b) Pattern for Gd = 0.25 indicating three different phases: M-type
hexaferrite, a-Fe2O3 and GdFeO3.
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Magnetic Properties

Room-temperature magnetic properties of the Gd-
doped Ca-Ba M-type hexaferrites are shown in
Fig. 5. Ms and Ha were calculated by using the law
of approach to saturation magnetization48–51 using
the relation:

M ¼ Ms 1 � A

H
� B

H2

� �
þ vH

where A is a constant which depends on micros-
tress, inclusions and defects, B is a constant which
arises due to the magneto-crystalline anisotropy
and vH is the high-field susceptibility or forced
magnetization. A is generally neglected at high
magnetic fields and thus B can be calculated. The
constant B can be calculated using the equation
B ¼ Ha2=15 for a system with hexagonal
symmetry.32,52

The variation of magnetic properties due to Gd
doping is shown in Fig. 5, with values plotted in
Fig. 6. It can be observed that Ms varies dramati-
cally, with almost no correlation with Gd doping
concentration. This is due to a myriad of factors
including: the varying concentrations of the main
hexaferrite phase and the secondary phases, the
concentration of Gd that is actually substituted into
the hexaferrite lattice and its effect on Ms of the
intrinsic Ca-Ba M-type hexaferrite phase, the size
and morphology of each of the phases and finally the
packing density and geometrical variance in the
sample preparation for each VSM measurement.

Addressing the contribution from each variable
individually is not a trivial task since several
mechanisms are present in each phase. The discus-
sion henceforth gives a piecewise overview of mag-
netism within the M-type structure followed by the
effects of the secondary phases.

Fig. 2. Plot of (a) c/a ratio versus Gd concentration. (b) Calculated lattice parameters ‘a’ and ‘c’ versus Gd concentration from the XRD patterns
of the M-type hexaferrite samples.

Table I. Data taken from EDX of STEM images of Ca0.5Ba0.5Fe122xO19Gdx

Gd (conc.) O (wt.%) Fe (wt.%) Ca (wt.%) Ba (wt.%) Gd (wt.%)

x = 0.00 34.91–34.88 55.82–54.65 1.80–2.28 7.47–8.19 0
x = 0.15 41.65–22.48 48.11–65.17 2.92–1.67 4.47–7.08 2.85–3.61
x = 0.25 38.30–19.04 46.15–61.52 2.18–2.69 7.90–9.44 5.46–7.31

Fig. 3. Representative SEM micrographs taken from coarser-grain areas of Gd-doped Ca-Ba M-type hexaferrites: (a) low-resolution grain
distribution, (b) selected area showing pores, and (c) platelet-shaped grain morphology.
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M-type hexaferrites contain Fe3+ ions in three
types of coordination sites and five different crys-
tallographic points. These coordination sites are
octahedral, tetrahedral and trigonal bipyramid. The
octahedral site is represented by 12k, 2a and 4f2,
tetrahedral is represented by 4f1 and trigonal
bipyramid is represented by 2b. Fe3+ ions with up-
spin occupy 12k, 2a and 2b sites while opposite
spins occupy 4f1 and 4f2 sites.3,31 An explanation for
the large variability in the magnetic properties may

be explained by the influence of Gd doping concen-
tration and impurity concentration on the spin
states of these ions.

Decreases in Ms may be caused by magnetic
dilution on the macroscopic and microscopic scale.
On the microscopic scale, magnetic dilution occurs
when Fe3+ (high spin) valence states change to a

Fig. 4. Selected HRTEM micrographs of the Gd-doped Ca-Ba M-type hexaferrites: (a) the morphology of grain distribution for Gd = 0.15; (b)
GdFeO3 phase, d-spacing corresponding to the (111) plane for Gd = 0.25; (c) M-type hexaferrite phase, d-spacing corresponding to the (114)
plane; and (d) Fe2O3 (hematite phase), d-spacing corresponding to (104) plane for Gd = 0.15. B shows grain boundaries and A shows planes of
a grain.

Fig. 5. M–H loops of Ca0.5Ba0.5Fe12�xO19Gdx (x = 0.00–0.25) at
room temperature representing the magnetic behaviour of compo-
sitions at 15 kOe.

Fig. 6. Effect of Gd doping on Ha, Hc,Ms andMr of the Ca-Ba M-type
hexaferrite samples.

Kanwal, Ahmad, Meydan, Cuenca, Williams, Farid, and Murtaza5374



low-spin Fe2+ (low spin) state at 2a sites. The Fe3+–
O–Fe3+ super exchange interaction is interrupted
and weakened by Fe2+ ions and the phenomenon of
spin canting may occur.30,53 Another reason may be
due to the presence of Ca influencing the Gd3+

substitution for Fe3+ ions which ultimately effects
the (Gd, Fe)3+–O–Fe3+superexchange interaction in
ferrites.54 Substituted Gd also affects the hyperfine
fields at 12k and 2b sites, which changes Fe3+–O–
Fe3+ superexchange interaction and hence net mag-
netization Ms.

30,55

On the macroscopic scale, the ratio of hard-to-soft
magnetic phases may also affect the magnetic
properties.56,57 The impurity phase of a-Fe2O3 has
a low saturation magnetization and, therefore, with
increasing concentration, will decrease the observed
Ms.

58,59 Similarly, GdFeO3 is antiferromagnetic at
room temperature,60 but there seems no correlation
between the impurity phase concentration and Ms.
Additionally, air gaps in the measured sample are
due to the packing density of the sample powder;
however, this systematic error is expected to be
minimal as all samples are prepared by the same
procedure.

Hc and Ha also vary inversely with Ms and Mr as
can be seen in Fig. 6.27 The interdependence of Ha

and Hc is already a well-studied phe-
nomenon.27,30,32,55 Other parameters which affect
the coercivity are particle size, composition and
crystalline ordering.54,55

Microwave Permeability and Permittivity
Properties

The effective microwave complex permittivity of
the compositions Ca0.5Ba0.5GdxFe12�xO19 (x = 0.0–
0.25) are shown in Fig. 7. The effective dielectric
constant and losses shows a maximum at a Gd
doping concentration of 0.10. An increase is noticed
at approximately 8 GHz, but clear identification of
this is not possible since the measurement is taken

at discrete frequencies and is not continuous.
Besides this increase, the dielectric constant is
independent of frequency while the losses decrease
with frequency which is typical of ferrites.14,31

While an extremely sensitive technique, this is a
limitation of the cavity perturbation method.

Dielectric properties in this frequency range can
be ascribed to the polarization of Fe ions and atoms
as well as any charge transfer mechanisms, i.e.
electron hopping.1 The addition of RE atoms (such
as Gd) affects electron hopping mechanisms in the
M-type hexaferrite lattice because their large ionic
radii introduce defects and local strains.59 In addi-
tion to the polarization mechanisms of the main
hexaferrite phase, the additional secondary phases
(a-Fe2O3 and GdFeO3) create an inhomogeneous
material with conducting and insulating inclusions.
Polarization is therefore modelled using the Max-
well–Wagner–Sillars’ model. Regions of the con-
ducting phases are separated by the insulating
phase, thereby effectively creating microscopic
capacitors. On the application of an external electric
field, charges in the conducting regions polarise at
the insulating boundaries. Charge carriers, there-
fore, tend to accumulate at the grain boundaries
and the observed result is a high resistance and
dielectric constant.60,61 Additionally, Koops theory
states that when the frequency of the applied field is
low, then polarisation is dominated by grain bound-
aries polarisation, whereas at higher frequencies,
the polarisation mechanisms within the grains start
to dominate.62

The effective complex permeabilities of the
Ca0.5Ba0.5GdxFe12�xO19 (x = 0.0–0.25) compositions
are shown in Fig. 8. Complex permeability in the
microwave frequency range is normally associated
with ferromagnetic resonance, whereby at frequen-
cies higher than the natural resonance frequency,
the magnetic permeability is equivalent to air. This
resonance frequency is associated with Ha through:

Fig. 7. Effective microwave complex permittivity of the Gd-doped Ca-Ba M-type hexaferrite samples using the cavity perturbation method. (a)
The effective dielectric constant showed an increased at 8 GHz in all compositions. (b) The effective dielectric loss decreases with frequency,
while the largest loss was obtained for Gd doping concentrations of 0.1 and 0.25.
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f ¼ cHa

2p

where c is the gyromagnetic ratio and Ha is the
magnetocrystalline energy.19

From Fig. 8, the magnetic permeability is approx-
imately 1 and the losses approach zero, implying
that the ferromagnetic frequency is much lower
than the measured frequency range. The overall
effect of Gd doping has little effect on the microwave
magnetic properties though a small increase in both
the real and imaginary parts is noticed at Gd =
0.1%. The ferromagnetic resonance frequencies for

Ba M-type hexagonal ferrites generally lie in the
30–40-GHz range; however, this is not noticed for
this material.3,8,31 The reason for these low values
may be due to the large concentration of the
impurities, which do not have large microwave
permeability.57

CONCLUSIONS

This paper presents the structural, magnetic and
microwave properties of Gd-doped Ca-Ba M-type
hexaferrites. While the initial aim of this study
was to obtain Ca0.5Ba0.5GdxFe12�xO19 (where x =
0…0.25), the results show that Gd may only substi-
tute into the Ca-Ba M-type hexaferrite lattice at low
initial doping concentrations (Gd< 0.1) with some
formation of a-Fe2O3. At higher concentrations, the
addition of Gd forces two noticeable secondary
phases to be formed, a-Fe2O3 and GdFeO3. While
full substitution is not achieved, the presence of
these phases has a large effect on the M–H loops
obtained using a VSM. The microwave properties of
the ferrite are largely unaffected by the Gd doping
concentration, implying that the partially Gd-sub-
stituted Ca-Ba M-type hexaferrite has a similar low
microwave permittivity and permeability to a-Fe2O3

and GdFeO3.
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