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a b s t r a c t

The effects of Sm3þ ion substitution on the magnetic and dielectric properties of Mg ferrites
(Mg0.8Cd0.2Fe2-xSmxO4) with 2.5 wt% Bi2O3 were investigated for use as high-frequency antenna sub-
strates. Various concentrations of Sm3þ ions (x ¼ 0.00, 0.02, 0.04, 0.06, 0.08 and 0.10) were employed to
modify the permeability (m0) and permittivity (ε0) of the ferrites. Experimentally, the composites syn-
thesized using the conventional solid-state reaction method exhibited equal m0 and ε

0 (x ¼ 0.10, m0 z 23H/
m, ε0 z 25 F/m) over a long frequency band covering 1 MHze100 MHz. Low loss tangents (dielectric loss
tandεz 0.004 and magnetic loss tandmz 0.038) were also obtained over the same frequency range.
Furthermore, a saturation magnetization of up to 24.45 emu/g and coercivity of up to 36 Oe were ach-
ieved when x increased to 0.10, indicating that the magnetization of the samples was enhanced. The
excellent properties obtained in the Sm3þ substituted Mg ferrites suggest that they could be promising
candidates for modern high-frequency antenna substrates.

© 2019 Elsevier B.V. All rights reserved.
1. Introduction

Miniaturization is the greatest requirement of modern antennas
operating at frequencies such as high frequency (HF) (3e30 MHz)
and very high frequency (VHF) (30e300MHz) bands. Generally, it is
not possible to use conventional antennas with a large physical size
[1]. One method to reduce the physical dimension of antennas is to
apply a class of material with high refractive index n (n ¼ ffiffiffiffiffiffiffiffi

m0ε0p
),

which can be obtained by adapting the materials with a high value
of permeability (m0) and permittivity (ε0) according to the rela-
tionship [2]:

lf
1
frn

Where l is the antenna patch length and fr is the resonance fre-
quency. This relationship indicates that if the resonance frequency
is fixed, the higher n is, the lower l will be. However, exceedingly
g), chenrt@austin.utexas.edu
high permittivity can excite surface waves and trap them in the
antenna substrate, which results in more mutual coupling between
antenna arrays [3,4]. Therefore, the radiation efficiency is lowered
and radiation pattern is attenuated. Based on this, it is quite
important to explore substrate materials with moderate permit-
tivity suitable for the requirement. With equivalent m0 and ε

0, these
materials achieve excellent impedance matching between the an-
tenna and free space when serving as an antenna substrate. This
can be explained using the following equation [5,6]:

Z¼
ffiffiffiffiffiffiffiffiffiffi
m’m’0
ε
’
ε
’
0

vuut ¼ h0

ffiffiffiffi
m’

ε
’

s

Where Z is the impedance of the antenna, h0 is the impedance of

free space, and is equal to
ffiffiffiffi
m’
0

ε
’
0

r
. If

ffiffiffi
m’

ε
’

q
is approximately equal to 1, Z

will approximately become equal to h0. Consequently, when the
antenna radiates, unnecessary energy loss due to reflections caused
by a mismatched impedance between the antenna and free space
can be eliminated [7]. From the perspective of efficiency, the loss of
energy due to heat resulting from the loss tangents lowers the
performance of the antenna, and hence the loss tangents (the
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Fig. 1. X-ray powder diffraction patterns for Mg0.8Cd0.2Fe2-xSmxO4 samples with
x ¼ 0.00e0.10, compared to the standard pattern of MgFe2O4. (a) The full measure-
ment range of 2q, (b) an expanded view of the region around 35� of 2q.
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magnetic loss tangent tandm and dielectric loss tangent tandε)
should be sufficiently small [8].

Recent investigations of the magnetic and dielectric properties
of ferrites tuned by introducing rare-earth cations such as Sm3þ,
La3þ, Nd3þ, and Gd3þ etc, which give rise to a higher anisotropy
constant and enhanced magnetization, have been conducted by
many researchers [9e11]. The rare earth ions with a 4f orbital are
totally screened by 5s and 5p orbitals that have a dominating po-
sition in tuning the electrical and magnetic properties of ferrites
[12]. Meanwhile, magnesium ferritewith a spinel structure is a kind
of soft magnetic material that can be a promising candidate for
high-frequency applications due to its excellent magnetic and
dielectric performance, along with its physical and chemical sta-
bility [13]. In our previous work, a study of the magneto-dielectric
properties of Cd-substituted Mg ferrites with a Bi2O3 dopant for
high-frequency antennas was carried out to realize the equivalence
of m0 and ε

0 [6,14].
The objective of this study is to investigate the magneto-

dielectric properties by designing a kind of modified MgeCd
ferrite by substituting Fe3þ with Sm3þ ions using the formula
Mg0.8Cd0.2Fe2-xSmxO4 (x ¼ 0.00, 0.02, 0.04, 0.06, 0.08 and 0.10).
With various concentrations of Sm3þ ions, magnetization, mag-
netic, and dielectric spectra are characterized by correlating with
the changes in the microstructure. Finally, equivalent permeability
and permittivity samples with low loss tangent and excellent
magnetic properties are obtained.

2. Experiment

The proposed samples with formula Mg0.8Cd0.2Fe2-xSmxO4
(x¼ 0.00, 0.02, 0.04, 0.06, 0.08 and 0.10) were synthesized using the
conventional solid-state reaction method. Pure original materials,
MgO (AR grade, � 99%), CdO (AR grade, � 99%), Co2O3 (AR grade, �
99%), Sm2O3 (AR grade, � 99%), Fe2O3 (AR grade, � 99%), and Bi2O3
(AR grade, �99%) were mixed in a calculated proportion, and were
ball-milled for the first time in a planetarymixer for 12 h. Next, they
were dried and pre-sintered at 1100 �C for 4 h to realize the initial
reaction. The powder was then ball-milled a second time with
2.5 wt% Bi2O3 to realize low temperature sintering for another 12 h.
All the dried powder was pelletized by adding polyvinyl alcohol
(PVA). Next, the particles were pressed into wafers and rings in a
mold under the pressure of 10 MPa. Finally, low temperature sin-
tering of the molded samples was conducted at 950 �C.

The crystallography and phase analysis of the samples was
measured using X-ray diffraction (XRD) (DX-2700, Haoyuan Co.)
with CueKa radiation at a geometric angle of q-2q varying from 10�

to 80� with the angle increasing rate of 0.03� per second. Then
Rietveld refinement was employed to calibrate the measured XRD
results using GSAS refinement software. The magnetic hysteresis
loops of the composites were measured using a vibrating sample
magnetometer (VSM) (MODEL, BHL-525) with magnetic field
ranging from �2500 Oe to 2500 Oe. The magnetic and dielectric
behaviors were investigated using an HP-42391B RF impedance
analyzer with frequency varying from 1 MHz to 1.5 GHz. The
microstructure analysis was performed using a scanning electron
microscope (SEM) (JEOL, JSM-6490) with a magnification of 3400.
An auto density tester (GF-300D, AND Co.) was applied to measure
the bulk density using the Archimedes’ principle. All the mea-
surements were performed at room temperature.

3. Results and discussion

The XRD measurements were performed to investigate the
crystallography and phase of the samples (see Fig. 1). It can be
observed that there is no other impurity peak detected besides the
normal spinel peaks indexed to standard MgFe2O4 peaks, referred
to as standard PDF card files, No. 22e1086. All the diffraction peaks
are in good agreement with the indexed peaks, indicating that
intrinsic crystalline structure of spinel Mg ferrites is unmodified
despite Sm3þ ions substituting Fe3þ ions. These patterns indicate
that the introduced Bi2O3 did not generate a second phase due to
the Bi3þ ions in the small Bi2O3 fraction flowing into the lattice of
the spinel phase. This is because if the temperature exceeds 900

�
C,

Bi3þ ions begin to transform into the liquid state, and even evap-
orate when the synthesizing temperature of BieFe oxide is not
higher than 900

�
C [15]. Meanwhile, a slight shift of peaks towards

left is observed as x increases from 0.00 to 0.10, as the enlarged
figure of main peak shown in Fig. 1 (b). This is due to the increase in
lattice constant because of the large ionic radius of Sm3þ ions
compared to Fe3þ ions and the increasing Sm3þ ion concentration
[16,17].

The results for Rietveld refinement are displayed in Fig. 2, which
shows the observed, calculated and the difference between the
observed and calculated patterns. And the specific results for the X-
ray powder diffraction sample patterns with lattice constant, the
cations occupying at A site and B site, goodness of reliability (c2,
uRp and Rp), and the occupation of Sm ions are shown in Table 1. It
is noticed that the substituting Sm3þ ions occupy at octahedral (B)
site despite changeable Sm concentration. As Sm concentration
increases, a fraction of Mg ions migrate from A to B site, while some
Fe ions migrate in the opposite direction. Meanwhile, lattice con-
stant still increases with increasing Sm concentration, as
mentioned before. Meanwhile, the effect of different sintering
temperatures on the theoretical density (rT) for all samples are
calculated by Rietveld refinement using the equation [18]: rT ¼
8MW
NA�a3. And the numerical results are listed in Table 2.

The morphology of the ferrites synthesized with various Sm3þ

ion concentrations is shown in Fig. 3. It can be observed that the
ferrites definitely have spinel construction. There is an evident
change in grain size and densification, which play key roles in
determining magnetic and dielectric properties. The grain size first
increases monotonously as x increases from 0.00 to 0.06. The grain
size then drops off as x continuously increases up to 0.10.

The grain growth is mainly determined by the mobility of grain
boundaries in the sintering process from two aspects. The first one
is grain boundary diffusivity for host ions is changed by the defect
chemistry and the dopant-defect associations [19], the increase in
grain size in this study is attributed to the higher mobility of Sm3þ

ions caused liquid phase sintering [17,20,21], which flows into gaps
between gains and assists to grain growth. The second factor is the



Fig. 2. Rietveld refinement results for the X-ray powder diffraction patterns of Mg0.8Cd0.2Fe2-xSmxO4 samples with different Sm3þ ions, the observed patterns (rings in red), the best
fit Rietveld profiles (calculated, lines in various colors corresponding to XRD patterns), and difference between the observed pattern and the best-fit Rietveld profiles (cyan solid
line) and Bragg peak positions (pink vertical line segments). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this
article.)

Table 1
Rietveld refinement results for the X-ray powder diffraction sample patterns with A-site ions, B-site ions, lattice constant (Lc) (with standard deviation), c2, uRp, Rp, and the
occupation of Sm (So) ions for various Sm content (Sc).

Sc A site B site Lc (Å) c2 uRp Rp So

0.00 (Mg2þ 0.48Cd2þ
0.2Fe3þ 0.32) [Mg2þ 0.32Fe3þ 1.68] 8.4531 (2) 1.81 9.76% 8.56% e

0.02 (Mg2þ 0.47Cd2þ
0.2Fe3þ 0.33) [Mg2þ 0.33Sm3þ

0.02Fe3þ 1.65] 8.4696 (4) 1.85 10.01% 8.92% B site
0.04 (Mg2þ 0.45Cd2þ

0.2Fe3þ 0.35) [Mg2þ 0.35Sm3þ
0.04Fe3þ 1.61] 8.4755 (1) 1.94 10.87% 10.04 B site

0.06 (Mg2þ 0.45Cd2þ
0.2Fe3þ 0.35) [Mg2þ 0.36Sm3þ

0.06Fe3þ 1.59] 8.4826 (2) 1.76 8.98% 7.89% B site
0.08 (Mg2þ 0.44Cd2þ

0.2Fe3þ 0.33) [Mg2þ 0.36Sm3þ
0.08Fe3þ 1.59] 8.4903 (3) 2.19 11.73% 10.16% B site

0.10 (Mg2þ 0.43Cd2þ
0.2Fe3þ 0.33) [Mg2þ 0.37Sm3þ

0.10Fe3þ 1.57] 8.5011 (5) 2.03 10.85% 10.28% B site
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amount of doped ions that segregates at the grain boundary and
restrains the grain boundarymovement.When the amount exceeds
0.06, the decrease in grain size is observed with the appearance of
agglomerated grains and open areas because deposition of Sm3þ

ions on the grain boundaries [19,21,22]. The average grain size
reflected in Table 2 is evaluated using the Scherrer equation that
complies with the crystalline nature. Regarding the densification,
the samples first become denser due to less pores between grains,
when x increases from0.00 to 0.06, and then become sparser due to
more appearance of pores, which results in the decrease in bulk



Table 2
Average grain size (AGZ), theoretical density (rT), experimental density (rB), and
relative density (rR) of Mg0.8Cd0.2Fe2-xSmxO4 samples with x ¼ 0.00e0.10.

x value 0.00 0.02 0.04 0.06 0.08 0.10

AGZ (mm) 2.97 3.12 3.43 3.89 2.78 2.64
rT (g/cm3) 4.871 5.034 5.060 5.096 5.047 4.99
rB (g/cm3) 4.445 4.647 4.711 4.771 4.645 4.511
rR (%) 91.26 92.32 93.11 93.62 92.07 90.42

Fig. 3. Morphology of the synthesized Mg0.8Cd0.2Fe2-xSmxO4 samples with
x ¼ 0.00e0.10.
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density, as x increases to 0.10. In other words, the samples exhibit
the same tendency for change in porosity and grain size. Fig. 4 and
Table 2 display the change in the experimental bulk density (rB)
Fig. 4. Experimental bulk density and relative density of the synthesized
Mg0.8Cd0.2Fe2-xSmxO4 samples with x ¼ 0.00e0.10.
and relative density (rR ¼ rB/rT) of the samples with various Sm
concentrations, with the numerical value being listed in Table 2. It
shows that density first increases and then decreases, which is in
good correspondence with SEM images, validating the tendency for
change in the microstructure. It also observed that rR is higher than
90% for all samples, meaning that the synthesized samples are
processed with comparatively dense microstructure.

Magnetic properties of processed samples are depicted in Fig. 5.
The magnetic hysteresis loops in Fig. 5 (a) reveal that the processed
spinel Mg ferrites possess excellent soft magnetic properties,
including high saturation magnetization (Ms) and high coercivity
(Hc) tuned by the Sm3þ ions. As shown in Fig. 5 (b),Ms first displays
an upward trend from 20 emu/g to 28.63 emu/g when x increases
from 0.00 to 0.06, and then falls back to 24.45 emu/g as x reaches
0.10, whereas Hc displays a negative correlation with Ms when x
changes.

It is evident that magnetization is relatively dependent on the
amount of Sm3þ ions, and magnetization is generally enhanced
after comparing the samples with and without Sm3þ ions. The
increased Ms is related to the morphology. Higher Ms is achieved
with larger grain size and less pores [23]. For decreased Ms, as
discussed earlier, the inclusion of Sm3þ ions leads to further dis-
tortions and thus changes the bond angle of MgeFe (Sm)-O.
Additionally, more pores between grains and lower densification
result in reduced saturation magnetization. The obstruction of
dissociated magnetic domain wall movement between grains is
degraded, causing lowered Ms.

In magnetic materials, three factors determine Hc: shape
anisotropy, magnetocrystalline anisotropy, and magnetoelastic
anisotropy. Here, the magnetocrystalline anisotropy and magne-
toelastic anisotropy mainly account for the change in Hc that first
decreases and then increases. The shape anisotropy caused by
grains in a unidirectional arrangement has only a small influence on
Hc [24]. Generally, the relation between Ms and Hc follows the
following Stoner-Wohlfarth theory, which is based on experimental
results [5,25].

Hc ¼ 0.98K/Ms

Where K is the anisotropy constant.
Fig. 6 shows the frequency dependence of complex permeability

and permittivity of the processed ferrites on various values of x.
Fig. 6 (a) depicts the frequency dependence of magnetic spectra of
the samples substituted with various concentrations of Sm3þ ions.
The real part of the permeability (m0) increases monotonically from
approximately 40H/m to 65H/m when x increases from 0.00 to
0.06. After this, m0 decreases to approximately 25H/m when x in-
creases to 0.10. This shows the same change trend as that of Ms.
According to the following relationship, the initial permeability, m,
is directly proportional to Ms [26]:

mf
Ms2

Ku1þ lss

Where Ku1 is the first-order anisotropy constant. ls and s represent
the magnetostriction coefficient and internal stress, respectively.
lss is always small enough to be neglected. Thus, permeability
mainly depends onMs. In addition, it can be observed that the peak
frequency point, i.e. the resonance frequency, Fr of m0 increases as m0

decreases. This is due to the Snoek’s limit [27]:

Frf
1
m

It is another factor that the value of permeability associatedwith



Fig. 5. Magnetic properties of the synthesized Mg0.8Cd0.2Fe2-xSmxO4 samples with various Sm contents (x ¼ 0.00e0.10). (a) Magnetic hysteresis loops, (b) saturation magnetization
and coercivity.

Fig. 6. Magnetic and dielectric spectra for the synthesized Mg0.8Cd0.2Fe2-xSmxO4 samples with x ¼ 0.00e0.10. (a) Complex magnetic permeability, (b) complex dielectric
permittivity.
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permittivity should not be too large.
The imaginary part of permeability (m00) with an order of

magnitude 1 � 10�1, as shown in Fig. 6 (a), indicates that low
temperature sintered samples possess low magnetic loss tangent
(tandm), which is derived using the following equation [8]:

tandm ¼m00
m0

Here, we specifically discuss the low loss of the sample with
x¼ 0.10. According to the equation, the value of tandm of the chosen
sample can be calculated to be as low as approximately 3.8 � 10�2

over a long frequency band of 1e100 MHz. This characteristic is
attributed to three factors: the eddy current loss tangent tande,
hysteresis loss tangent tanda, and the remaining loss tangent tandc,
which make up tandm, as described in the following equation [5]:

tandm ¼ tande þ tanda þ tandc

Among these factors, tande internally comes from electro-
magnetic induction generating cover fever and power dissipation,
and is closely related to Hc. Adjustment of the microstructure, such
as raising the densification or crystal size, can lower tande. The
reduction in the area of hysteresis loop and Hc mainly contributes
to the lowering of tanda. Tandc is comparatively easy to tune using
physical methods such as careful shaping, and ensuring grinding
thickness uniformity. Overall, in this study low tandm is obtained
through densification sintering.

The dielectric spectra in Fig. 6 (b) show a flat response over a
long frequency band of 1e500MHz. The value of the real part of the
permittivity (ε0) floats in the small range of 20e25 F/m with three
distinct regions. Specifically, it first increases from approximately
20 F/m to 25 F/m when x increases to 0.04, and then decreases to
approximately 21.5 F/mwhen x increases up to 0.08. Finally, ε0 again
becomes approximately 25 F/m when x is 0.10. During the first
stage, the increase in ε

0 is attributed to the increase in grain size and
denser grain arrangement. During the second stage, the grain
growth is suppressed by the introduction of Sm, resulting in the
formation of small-size grains. Consequently, ε

0 decreases [28].
During the last stage, the increase in ε

0 is mainly due to the inter-
facial polarization and intrinsic electric dipole polarization [29].

The imaginary part of permittivity (ε0 0) shows excellent stable
and low values covering 1 MHze500 MHz. Low tandε is also ach-
ieved for all the samples, especially the value of the x¼ 0.10 sample
reaches 4 � 10�3, which is a very low order of magnitude for ferrite
materials. Like tandm, tandε is calculated using the following rela-
tionship [16]:

tandε ¼ ε00
ε0

Microstructure always plays a key role in determining the
dielectric loss [30], for example, uniform grain boundaries between
crystals and polycrystalline material can reduce ε

00 [31], lower
porosity will also lead to lower ε

0 0. The equation summarized as
follows illustrates their relationship [30]:

tandε ¼ð1� PÞtand0 þ CPn

Where P is the porosity, tand0 is the dielectric loss tangent of the
material with full densification, and C is a material dependent
constant. A reasonable explanation is given by equation, based on



Fig. 7. Equivalent permeability and permittivity and low loss properties of the
Mg0.8Cd0.2Fe2-xSmxO4 samples with x ¼ 0.10.
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both intrinsic and extrinsic aspects, of which (1-P)tand0 is the
intrinsic loss depending on the formation of the material, and
external loss CPn is small enough to be neglected with large n and
small P (0� P� 1). Thus, densification sintering also give rise to low
dielectric loss.

Equivalent permeability and permittivity and low-loss proper-
ties of the sample for x¼ 0.10 are shown in Fig. 7, which is extracted
from Fig. 6. We see that both m0 and ε

0 (m0 z 23H/m, ε0 z 25 F/m) are
nearly equal over a wide frequency band of 1 MHze100 MHz.
Therefore, great impedance matching between antenna and free
space is achieved as discussed in the introduction. At the same
time, low loss (tandε z 0.004, tandm z 0.038) over long frequency
range exhibited by the sample ensures good insulativity and
electro-magnetic performance, resulting in less energy loss gen-
eration from heat.
4. Conclusion

The formula for Sm substituted MgeCd spinel ferrites
(Mg0.8Cd0.2Fe2-xSmxO4) with 2.5 wt% Bi2O3 dopant was proposed to
realize equivalent ε0 and m0, and low loss properties. Experimentally,
ε
0 and m0 were tailored to be nearly equal (m0 z 23H/m, ε0 z 25 F/m)
covering the frequency range from 1 MHz to 100 MHz. Low tandm
and tandε (tandε z 0.004, tandm z 0.038) were also obtained over
the same long frequency range. In addition, excellent magnetiza-
tion, including enhanced Ms (24.45 emu/g) and appropriate Hc
(36 Oe), should ensure excellent magneto-dielectric performance
of the material in applications. These characteristics validate that
ferrites processed at low temperature possess dielectric and mag-
netic properties suited to a broad range of applications involving HF
and VHF radiofrequency communications.
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