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A B S T R A C T

Mg ferrites are essential to stabilize the spinel structure of magnetic-dielectric composites. This study in-
vestigates the effect of Ga ions on the magnetic and dielectric properties and low-loss characteristics of Mg–Cd
composites sintered at low temperature with the addition of 2.5 wt% Bi2O3. The variation in the Ga substitution
of Fe at the octahedral site, with x increasing from 0.00 to 0.18 (Mg0.8Cd0.2Fe2-xGaxO4), increases magnetization,
which plays the key role in determining the permeability. The real part of the permeability (μ′) of the Ga-
substituted ferrites was reported to increase monotonically from 10 H/m to 56 H/m. Meanwhile, the real part of
the permittivity (ε′) was optimized by the Ga ions. Consequently, relatively matching impedance factor (Z ≈
1.34) and wideband characteristic factor (BWR ≈ 2.5 × 10−3) were obtained to achieve miniaturization and
high radiation performance of antennas. Additionally, enhanced magnetization (Ms = 22.32 emu/g,
Hc = 55.07 Oe) as well as magnetic (tanδμ~10−2) and dielectric tangents (tanδε~10−4-10−3) of low orders of
magnitude promise outstanding operating performance in the high-frequency region.

1. Introduction

The rapid development of modern wireless communication tech-
nology necessitates increased miniaturization and integration of
modern antennas [1]. This is of significant research interest in the case
of antennas working in the high frequency (3–30 MHz) to very high
frequency (300 MHz) regions [2–4]. Conventional antennas operating
in the two bands suffer from both large physical and low radiation ef-
ficiencies [5]. Therefore, exploring methods to realize miniaturization
without affecting the radiation performance of such antennas remains
an area of great interest. Generally, investigations on achieving min-
iaturization of antennas have focused on two methods: technically re-
ducing the antenna radiation patch size, such as by slicing corners or
inserting slits [6–10], and reducing the dimensions of the substrates and
patches synchronously by tuning the properties of the materials utilized
[11–14].

However, these methods have some limitations, as antenna perfor-
mance is inevitably dependent on the materials used. Thus, it is es-
sential to improve the fundamental properties of the materials utilized.
The increasing use of dielectric materials is a good solution. By taking

advantage of substrates with large dielectric constants, miniaturization
can be realized. However, the drawback is that surface waves are ex-
cited and trapped in the substrates, resulting in severe mutual coupling,
especially in arrays [15], which deteriorates radiation performance.
Hence, the timely upsurge in the use of a new class of materials with
magnetic and dielectric properties presents a better solution in two
aspects. On the one hand, magnetization not only balances the adverse
impacts of simplex dielectric substrates but also contributes sig-
nificantly to miniaturization, according to the following formula [16]:

=l C
f µ22 r (1)

where l is patch size in microstrip antenna, C is light velocity, fr is re-
sonance frequency, and μ and ε are relative permeability and permit-
tivity of the substrate, respectively. On the other hand, μ and ε play
dominant roles in determining the bandwidth (BW) of an antenna, ac-
cording to the following equation [17]:
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where λ is wavelength and h is thickness of the substrate. The rightmost
term is defined as the BW factor, which is usually very small in some
magnetic-dielectric materials reported. This equation reveals that BW is
heavily dependent on µ , if µ is fixed within a range. Thus, it is ne-
cessary to increase the ratio µ . However, the reflection losses arising
from the mismatch between the impedances of the antenna and air
remain unstoppable owing to the characteristic impedance (Z) of the
antenna, which can be calculated from the following equation [18]:

= =Z
µµ µ0

0
0 (3)

Here, = µ
0

0
0
contributes to the characteristic impedance of air.

Consequently, Z is significantly different from η0 when µ is excessively
high. Therefore, a moderate ratio of µ ought to be considered during
material design to achieve an acceptable trade-off between wider
bandwidth and lower reflection loss. Although it is not easy to attain
such materials naturally, some investigations have been carried out in
this area. Harris et al. investigated Co–Ti-substituted low-loss M-type
hexaferrite composites with tailored magnetic and dielectric properties
and achieved equivalent μ′ and ε' [19]. In 2016, Saini et al. proposed
ferrites with equivalent μ′ and ε′ by combining Ni0.5Zn0.3Co0.2Fe2O4

with BaFe12O19 and achieved a reduction in reflection loss (−35 dB to
−28 dB) and an increase in bandwidth (1.6–6%) [16]. However, little
attention has been paid to Mg ferrites for this application.

Mg ferrites with mixed spinel structures possessing excellent mag-
netic and dielectric properties have been proposed as candidates for
antenna substrate materials. This is because their magnetic and di-
electric properties can be easily tailored via the partial replacement of
their constituent metallic ions, i.e., Mg and Fe ions, with other metallic
ions, such as Co, Ti, Mn, and Ni ions [20]. In Mg ferrites, the Mg/Fe ions
occupy both the tetrahedral (A) and octahedral (B) sites. The proportion
of the Mg/Fe ions occupying each site depends on the experimental
scheme [21], This is especially true in the case of substituted ions,
which govern the magnetic and dielectric performance by modifying
the super-exchange interactions between sites A and B. Some examples
are Fe3+(B) –O–Fe3+(A) , Fe3+(B) –O–Mg2+(B) , Fe3+(A)–O–Mg2+(B) , Fe3+(B) –O–Fe3+(B) , and
Fe3+(B) –O–Mg2+(A) [22].

The aim of the present work is to investigate Ga-substituted Mg–Cd
ferrites with moderate μ and ε (20–50) and slightly higher μ than ε for
antenna substrates in the radiofrequency band. As is well known, Bi2O3

is an excellent sintering aid to realize low-temperature sintering
[23,24]. Based on this, spinel ferrites with a composition of
Mg0.8Cd0.2Fe2-xGaxO4, where x = 0.0, 0.06, 0.12, and 0.18, are pro-
posed with the addition of 2.5 wt% Bi2O3 to achieve the above-
mentioned properties. Low values of dielectric loss and magnetic loss
are obtained mainly owing to the microstructure with denser grain
arrangement and uniform grain size, which result from low-tempera-
ture sintering. All the resultant properties can realize the purpose of
long-distance and high-efficiency transmittance of antennas.

2. Experimental

Ga ion-substituted spinel Mg ferrites, Mg0.8Cd0.2Fe2-xGaxO4, were
synthesized via the general solid-state reaction method. The raw oxi-
date powders, i.e., MgO (AR grade, ≥ 99%), CdO (AR grade, ≥ 99%),
Ga2O3 (AR grade, ≥ 99%), and Fe2O3 (AR grade, ≥ 99%), were
weighed in a stoichiometric proportion. They were then mixed and ball-
milled in a planetary ball mill for 12 h. The mixtures were then de-
siccated and pre-sintered at 1000 °C for 4 h in a muffle furnace for a
single-step reaction in air. The pre-sintered materials were milled again
for 12 h with the addition of 2.5 wt% Bi2O3 in the ball mill previously
used. The mixtures were desiccated and granulated with the addition of
approximately 10 wt% polyvinyl alcohol. The granulated particulates
were then pressed into slices and thick rings of a fixed size under a
pressure of 10 MPa. Finally, the molded samples were sintered in the

same furnace at 920 °C for 4 h.
The crystal structures of all the samples were characterized by X-ray

diffraction (XRD, DX-2700, Haoyuan Co.) using CuKα radiation
(λ = 1.54059 Å) at a 2θ geometric angle in the range 10–80° with a
scan speed of 0.5°/min and angle step of 0.03°/s. The XRD data were
calibrated via Rietveld refinement using the GASA refinement software.
In this process, it was first assumed that the fractions of the Mg, Cd, Ga,
and Fe ions occupying site A were a, b, c, and 1-x + a + b + c in a cell
unit. Thus, according to the regulation of cation distribution, the for-
mula of the composites containing ions at sites A and B was described as

(MgaCdbGacFe1-a-b-c)Tetrahedral[Mg0.8-aCd0.2-bGax-cFe-x+a+b+c]OctahedralO4

Meanwhile, the secondary composition (Bi–Fe oxide) was refined.
The steps of fitting and iteration were then conducted to attain accep-
table reliability. The bulk density was measured using an auto density
tester (GF-300D, A&D Co.) based on Archimedes’ principle. The surface
morphological images of all the samples were obtained via scanning
electron microscopy (SEM, JEOL, JSM-6490). The magnetic and di-
electric spectra were recorded using an HP-42391B RF impedance
analyzer in the frequency band 1 MHz to 1.5 GHz. The magnetic
measurements of the samples synthesized were obtained using a vi-
brating sample magnetometer (MODEL, BHL-525). All the measure-
ments were completed at a natural temperature of approximately 30 °C.

3. Results and discussion

The structural characterizations, including determination of the
crystalline phases, cell parameters, and strains, of the samples pro-
cessed were carried out via XRD. The XRD patterns of the
Mg0.8Cd0.2Fe2-xGaxO4 (x = 0.00, 0.06, 0.12 and 0.18) composites with
the addition of 2.5 wt% Bi2O3 are displayed in Fig. 1 (a), which in-
dicates that all the samples are crystalline in multiphase. The main
phases corresponding to the diffraction planes (111), (220), (311),
(222), (421), (422), (511), (620), (533), and (622) confirm the for-
mation of a normal spinel structure indexed to the MgFe2O4 peaks with
reference to the JCPDS card No. 22–1086 [25]. As indicated with the
color violet in Fig. 1 (a), the second phase of the Bi24Fe2O39 (BFO)
peaks, with minor low-intensity peaks corresponding to the diffraction
planes (201), (220), and (203) with reference to the JCPDS card No.
42–0201, is additionally detected as the dielectric phase in all the
samples. This illustrates that BFO is formed by the added Bi3+ and
dissociative Fe3+ ions [26]. In general, all the peaks reveal that the
objective materials with magnetic and dielectric properties were syn-
thesized as expected. In addition, it is observed that all the peaks in the
XRD patterns slightly shift towards higher 2θ angles with increase in
Ga3+ concentration, as seen in the enlarged view of the most intense

Fig. 1. XRD patterns of Mg0.8Cd0.2Fe2-xGaxO4 (x = 0.00, 0.06, 0.12 and 0.18)
samples.
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peaks (220) of the main peak in Fig. 1 (b). This shift in the XRD patterns
illustrates that Ga3+ substitution reduces the lattice constant and lattice
distortion as the Ga3+ ion has a smaller ionic radius than the Fe3+ ion
[27].

To further investigate the influence of Ga3+ ions on the crystalline
parameters, Rietveld refinement realized by GASA software was per-
formed for a detailed structural analysis of all the samples. The re-
finement process was started using the model with pure Mg–Cd ferrites
without Ga3+ substitution based on our previous work [28], in which
the model was expressed as:

(Mg0.26Cd0.2GacFe0.54-c)Tetrahedral[Mg0.54Fe1.46]OctahedralO4

The measured and fitted patterns as well as the variations between
them are displayed in Fig. 2. The refined results, including cell para-
meter, cations occupying sites A and B, and extent of reliability (χ2), are
shown in Table 1. It is found that all the Cd2+ ions occupy tetrahedral
(A) sites and all the substituted Ga3+ ions occupy octahedral (B) sites in
the samples. Thus, as Ga3+ concentration increases, some Fe3+ ions are
compelled to transfer from site B to site A and the movement of Mg2+

ions changes to the opposite direction. The measured and calculated

structural parameters, including lattice constant, X-ray theoretical
density (TD), and experimental density (ED) are listed in Table 2, which
shows good agreement between the theoretical and experimental re-
sults. It is noticed that in the case of the as-synthesized Ga3+ ion-sub-
stituted Mg ferrite composites, the lattice constant decreases with in-
crease in Ga3+ ion concentration. This is because the ionic radius of the
Ga3+ ion is smaller than that of the Fe3+ ion, and the substitution of
Fe3+ ions at site B induces internal stress, which causes lattice distor-
tion and expansion [29]. The variations in lattice constant and relative
density (RD) with Ga3+ ion concentration in the composites are dis-
played in Fig. 3. Monotonically increasing trends are observed in the TD
and ED values of the samples as x increases. This is owing to the density
being determined from the lattice constant and molecular weight.
Meanwhile, RD is derived from TD and ED using the equation:

=RD ED
TD (4)

The RD values of all that samples are high and exceed 94.8%, in-
dicating that the samples were synthesized well with excellent densi-
fication.

Fig. 2. Rietveld refinement results of XRD patterns of Mg0.8Cd0.2Fe2-xGaxO4 composites with different x values (Mg–Fe: MgFe2O4, Bi–Fe: Bi24Fe2O39).

Table 1
Rietveld refinement results of XRD patterns of samples with A-site ions, B-site ions, χ2, ωRp, Rp, and occupation of Cd & Ga ions.

Ga content A site B site χ2 ωRp Rp Cd occupation Ga occupation

0.00 (Mg2+0.48 Cd2+0.2Fe3+0.32) [Mg2+0.32Fe3+1.68] 2.04 10.32% 8.52% Site A Site B
0.06 (Mg2+0.47Cd2+0.2Fe3+0.33) [Mg2+0.33Ga3+0.06Fe3+1.61] 1.96 9.95% 7.97% Site A Site B
0.12 (Mg2+0.45Cd2+0.2Fe3+0.35) [Mg2+0.35Ga3+0.12Fe3+1.53] 1.75 8.94% 7.12% Site A Site B
0.18 (Mg2+0.44Cd2+0.2Fe3+0.36) [Mg2+0.36Ga3+0.18Fe3+1.46] 2.12 10.89% 9.34% Site A Site B
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To investigate the effect of the substituted Ga3+ ions on the mi-
crostructures (particle size and densification) of the Mg0.8Cd0.2Fe2-
xGaxO4 ferrites, their cross-section images were obtained via SEM. The
morphological characterizations of the prepared Ga-substituted Mg–Cd
composites are shown in Fig. 4. It indicates that the particle size de-
creases with increase in Ga3+ content. The average particle size is de-
termined to be in the range 0.42–1.88 μm using a linear statistical
method. This can be attributed to the smaller ionic radius of Ga3+ ion
than that of Fe3+ ion. In addition, improved densification and uni-
formity are observed as Ga3+ concentration increases. As shown in

Fig. 4 (a), low densification with porosity is observed. Fig. 4 (b)–(d)
show a gradual change in densification with fewer pores among parti-
cles. The results indicate that grain growth is suppressed with the in-
troduction of Ga3+ ions. On the whole, Ga3+ ions significantly enhance
the microstructure, which plays a critical role in determining the
magnetic and dielectric behaviors.

The magnetic properties were measured, and the resultant values of
the saturation magnetization (Ms) and coercivity (Hc) of the
Mg0.8Cd0.2Fe2-xGaxO4 (x = 0.00, 0.06, 0.12, and 0.18) composites are
presented in Fig. 5. Fig. 5 (a) shows the hysteresis loops of the Mg
composites for various concentrations of substituted Ga3+ ions. It re-
veals a typical soft-magnetic performance of the samples despite the
variation in Ga3+ ion concentration. This property may be attributed to
the inherent magnetic behavior as well as the experimental uniform
grain arrangement and moderate grain size derived from low-tem-
perature sintering. And Fig. 5 (b) shows the enlarged view of Fig. 5 (a),
with a magnetic field range of 0–5000 Oe. The variations in Ms and Hc
are reflected in Fig. 5 (c), which demonstrates a monotonically in-
creasing trend of Ms with Ga3+ ion content. The highest value of Ms is
25.1 emu/g, which is obtained at x = 0.18. The low value of Ms at low
Ga content originates from lattice defects, weak magnetic super-ex-
change interactions between the tetrahedral and octahedral sites [21],
and unidirectional spin on the particle surface [30,31]. The Ga3+ ion
substitution of Fe3+ ions at the octahedral sites can promote spin
magnetic moment, resulting in higher Ms. The substitution additionally
influences the inter-sub lattice exchange energy between Mg–O-Ga and
Mg–O–Fe. Meanwhile, the energy of Mg–O–Fe is higher than the
Fe–O–Fe interaction energy. Thus, the increase in Ms reflects the in-
crease in the inter-sub lattice exchange energy with doped Ga3+ ions.

Table 2
Effect of Ga3+ ion concentration on structural parameters of Mg0.8Cd0.2Fe2-xGaxO4.

Ga content Lattice constant (Å) Theoretical density (g/cm3) Experimental density (g/cm3) Relative density (%)

0.00 8.4402 (0.002) 4.831 4.581 94.83
0.06 8.3891 (0.001) 4.763 4.540 95.32
0.12 8.3523 (0.002) 4.730 4.491 94.95
0.18 8.3319 (0.003) 4.652 4.437 95.38

Fig. 3. Variations in lattice constant and relative density with Ga3+ ion sub-
stitution in Mg0.8Cd0.2Fe2-xGaxO4 (x = 0.00, 0.06, 0.12, and 0.18) samples.

Fig. 4. Surface morphologies of Mg0.8Cd0.2Fe2-xGaxO4 samples where (a) x = 0.00, (b) x = 0.06, (c) x = 0.12, and (d) x = 0.18.
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Fig. 5 (c) additionally shows a reduction in coercivity (Hc), with the
lowest value of 54.38 Oe obtained at x = 0.18. This is mainly owing to
the reduction in anisotropy energy resulting from the Ga3+ ions [32].
The variations in Ms and Hc match well with the theoretical relation-
ship [33]:

=H K
M

0.96
c

s

1

(5)

where K1 is a constant. This illustrates an inversely proportional re-
lationship between the two magnetization parameters.

The complex magnetic and dielectric spectra of the Mg–Cd-Ga fer-
rites sintered at low temperature with the addition of 2.5 wt% Bi2O3 are
presented in Fig. 6. As shown in Fig. 6 (a), the real part (μ′) of per-
meability increases from approximately 10 H/m to 55 H/m with in-
crease in Ga3+ ion concentration in the frequency range 1–100 MHz.
Meanwhile, lower resonant frequency is observed at higher μ′ value,
which is consistent with Snoek's law [34]. The imaginary part (μ′′) of
permeability has a very low order of magnitude in the frequency band
proposed (as shown in Fig. 6 (c)). Therefore, the order of magnitude of
the magnetic loss tangent, i.e., tanδμ (µ

µ
), reaches 10 2 for all the

samples in general. This is mainly owing to the uniform and dense
microstructure originating from low-temperature sintering with Bi2O3

as additive. Two moderate μ′ values with low magnetic loss are ob-
tained for the samples with x = 0.06 (μ′ ≈ 40 H/m) and 0.12 (42 H/m)
in the long frequency range 1–100 MHz.

Further discussion on the effect of Ga3+ ion substitution on per-
meability is conducted based on two aspects: spin rotation, and mag-
netic domain wall motion. The complex permeability can be described
by the following equation [35]:

= + +µ 1 spin d (6)

where spin and d donate the magnetic susceptibilities to spin rotation
and domain wall motion, respectively. In this study, spin dominates μ
owing to weak domain wall motion (causing low d) because of the
small particle size [36]. In other words, equation (6) can be rewritten as
[37,38]:

= + =
+

µ Ms
H H

1 4
spin

d a (7)

where Hd and Ha represent the demagnetizing field and magnetic ani-
sotropy field, respectively. Hence, the measured values of μ and Ms
exhibit variation tendencies identical to the positive correlation char-
acteristic of their theoretical values.

Fig. 6 (b) shows the frequency-dependence complex dielectric
spectra of the Ga-substituted Mg–Cd ferrites with 2.5 wt% Bi2O3 ad-
ditive sintered at a low temperature. The real part (ε′) of permittivity of
all the samples increases in the range 20–25 F/m, with a moderate
value of 24 F/m, as x increases to 0.12. The order of magnitude of the
imaginary part (ε'') of permittivity is 10−2 (as shown in Fig. 6 (d)), and
that of the dielectric loss tangent (tanδε) can be calculated ( ) to be as
low as 10−4–10−3. Here, two factors are responsible for the complex
permittivity. One is the Bi2O3 additive, which becomes BFO with di-
electric properties by the combination of the dissociative Fe3+ ions and
O2− ions, and this factor mainly affects ε'. The other is the micro-
structure with dense structure and appropriate grain size, which results
in comparatively low tanδε.

To explore the behaviors of various Ga3+ ion-substituted Mg–Cd
ferrites in the experimental frequency range, a few comparisons (at

50 MHz) between µ (Z factor) and
+ µ4 17

µ

(BW factor) of the
samples in formulae (1) and (2) were made. These are listed in Table 3
and graphed in Fig. 7. It is noticed that the Mg0.8Cd0.2Fe2-xGaxO4

Fig. 5. Magnetization of Mg0.8Cd0.2Fe2-xGaxO4 (x = 0.00, 0.06, 0.12, and 0.18) samples: (a) Hysteresis loops, (b) Enlarged hysteresis loops with magnetic field from
0–5000 Oe, and (c) Saturation magnetization and coercivity.
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composites without Ga substitution exhibit low values of Z and the
composites with x = 0.18 reveal a narrow operating frequency band.
The best performance with Z = 0.34, BW = 0.0025, and wide oper-
ating frequency among all the samples is obtained in the composite
with x = 0.12.

4. Conclusion

Spinel ferrites Mg0.8Cd0.2Fe2-xGaxO4 were successfully synthesized
as potential agents for the miniaturization of high-frequency wideband
antennas. The as-prepared magnetic and dielectric composites were
measured and characterized in terms of crystalline structure, micro-
structure, and magnetic-dielectric properties. Experimentally, in-
creasing the Ga concentration resulted in reductions in lattice para-
meters and strain. This was owing to the smaller sized Ga3+ ions
substituting Fe3+ ions with larger ionic radius at site B, which affected
the super-exchange interactions between sites A and B. Thus, magne-
tization and permeability were modified. Meanwhile, by adding 2.5 wt
% Bi2O3, denser microstructure and more uniform particles were ob-
tained with increase in Ga concentration. Therefore, dielectric proper-
ties with appropriate ε′ and comparatively low loss tangent were cus-
tomized. As a result, relatively matching impedance (Z = 1.34) factor
and wideband characteristic factor (BWR = 2.5 × 10−3) of the
Mg0.8Cd0.2Fe2-xGaxO4 composites operating at 1–70 MHz were obtained
at x = 0.12. In other words, miniaturization, high operating frequency,
and wideband operation were achieved. Additionally, enhanced mag-
netization (Ms = 22.32 emu/g, Hc = 55.07 Oe) as well as magnetic
(tanδμ ~10−2) and dielectric (tanδε ~10−4–10−3) tangents of low or-
ders of magnitude were obtained over the discussed frequency band.
This indicated the good performance of the as-prepared composites,
guaranteeing high operating efficiency at high frequencies.
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Fig. 6. Magnetic spectra and dielectric spectra of Mg0.8Cd0.2Fe2-xGaxO4 (x = 0.00, 0.06, 0.12, and 0.18) samples: (a) Complex magnetic permeability, (b) Complex
dielectric permittivity, (c) Imaginary part of permeability, and (d) Imaginary part of permittivity.

Table 3
Comparison of Mg0.8Cd0.2Fe2-xGaxO4 composites with various Ga3+ ion con-
centrations.

x value μ′ ε′ Z factor BW factor Operating frequency

0.00 10 22 0.67 0.0026 1–70 MHz
0.06 40 22.5 1.33 0.0023 1–60 MHz
0.12 42 23.5 1.34 0.0025 1–60 MHz
0.18 56 21.8 1.60 0.0026 1–20 MHz

Fig. 7. Z and BW factors of Mg0.8Cd0.2Fe2-xGaxO4 composites with various Ga3+

ion compositions.
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