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Magneto—dielectric properties of Co,Z ferrite materials are tuned via Gd doping for applications in high-frequency
antennas and filters in the present work. BazCoyFeyq,GdO4; (x = 0.00, 0.05, 0.10, 0.15, and 0.20) materials are success-
fully prepared by using solid-state method at 925 °C for 4 h with 2.5-wt% Bi,Oj3 sintering aids. The content of Gd*>* ion
can affect micromorphology, grain size, bulk density, and magneto—dielectric properties of the ferrite. With Gd>* ion con-
tent increasing, saturation magnetization (M) first increases and then decreases. The maximum value of M is 44.86 emu/g
at x = 0.15. Additionally, sites occupied by Gd*>* ions can change magnetic anisotropy constant of the ferrite. Magne-
tocrystalline anisotropy constant (K7) is derived from initial magnetization curve, and found to be related to spin—orbit
coupling and intersublattice interactions between metal ions. The real part of magnetic permeability (¢') and real part of
dielectric permittivity (¢') are measured in a frequency range of 10 MHz—1 GHz. When x = 0.15, material has excellent
magneto—dielectric properties (1’ ~ 12.2 and &’ ~ 17.61), low magnetic loss (tan Oy ~ 0.03 at 500 MHz), and dielectric
loss (tan O¢ &~ 0.04 at 500 MHz). The results show that Gd-doped Co,Z ferrite has broad application prospects in multilayer

filters and high-frequency antennas.

Keywords: Co,Z ferrite, magneto—dielectric properties, Gd doping, high-frequency applications
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1. Introduction

With the development of communication systems, minia-
turization, integration, multi-function, and high-frequency
characteristics of electric equipment are becoming more and
more important. These requirements have strengthened the re-
search efforts to develop new electronic materials.!!! Hence,
the main goals of the research on electronic materials include
achieving high-frequency functionality, high performance,
and low-temperature sintering process, especially for the re-
quirements of 5G communication and intelligent electronics.
Miniaturized antennas and high-frequency filters are important
electronic devices for electronic products and systems.[>—]
The materials that make up the filters need to possess excel-
lent performances, including high magnetic permeability, low
magnetic loss, and high-frequency function.!® For miniatur-
ized antennas, the miniaturization factor (N = (u - €)'/?) is
derived from the following relationship:!% L, = ¢/22f,/11€,
where Ly, is the length of radiating patch, (t and € are the mag-
netic permeability and dielectric permittivity of substrate ma-
terial, respectively, c is the speed of light in free space, and f;
is the cut-off frequency. Hence, increasing the value of u, &,
and f; is the key to reducing the overall size of the antenna.
Thus, the utilization of materials with such performances as
multilayer filters and antenna substrates should be investigated
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in more depth.

The BazCo,Fep40y4;, often denoted as Co,Z, is a ferrite
material that has a magnetic easy plane perpendicular to the ¢
axis, where the magnetic moments can freely rotate. 71 Hence,
this material can possess high magnetization, permeability,
permittivity, and cut-off frequency. Singh et al. reported the
magnetic properties of Co,Z ferrites doped with SiO, and
Bi,03 in a frequency range from 1 Hz to 1 MHz.!®! Tran et al.
doped Co,Z ferrites with La ions to enhance their microwave
absorption and found that La doping endows the ferrites with
static magnetic properties and electromagnetic features in a
frequency range of 2 GHz—~18 GHz.[°! In recent years, many
metal ions have been selected for doping Co,Z ferrite materi-
als to adjust their microstructure and magnetic properties, such
as Zn>*, La**, Mg?*, and Cu?* ions.['%13] Furthermore, in
many studies, ferrite was doped with Ba®>* ions, thereby af-
fecting its magnetic properties to a certain extent because Ba>*+
ions are non-magnetic. The magnetic properties of Co,Z ma-
terials predominantly originate from total magnetic moment of
ferrite and superexchange interaction between magnetic ions.
Hence, in the present work, we select rare-earth Gd3* ions
to replace Fe3* ions and thus adjust magnetic and dielectric
properties of resulting ferrites. The magnetism and magnetic
properties of obtained ferrites are also discussed in detail.
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2. Experimental details

Ba3CoyFeyq Gd,Oy4 ferrite materials (x = 0.00, 0.05,
0.10, 0.15, and 0.20) were prepared via solid-state reaction by
using analytical reagent (AR grade, > 99.5%, Aladdin Co.)
BaCOj3, Co,03, Fe, O3, and Gd, 03 chemicals as raw materi-
als. These chemicals were combined via ball-milling stoichio-
metrically. They were mixed with deionized water for 16 h.
After being dried at 80 °C and a heating rate of 2 °C/min, these
mixtures were pre-sintered at 1200 °C for 4 h. Then, 2.5-wt%
Bi;03 was added and mixed with powders using planetary mill
for 12 h. The dried powers were granulated using polyvinyl
alcohol (PVA) adhesive and then pressed into 2-3-mm-thick
plates and columnar samples. Finally, the materials were sin-
tered at 925 °C in air for 4 h.

The phase constitution of the ferrite was identified via x-
ray diffraction (XRD, DX-2700, Haoyuan Co.) using Cu-Ka
radiation. The fractured cross sections of the samples were ob-
served via scanning electron microscopy (SEM, JEOL, JSM-
6490). Their bulk densities were measured by using an auto
density meter (GF-300D, A & D Co.). Their initial magne-
tization curve and magnetic hysteresis loops were measured
by using a vibrating sample magnetometer (VSM, MODEL,
BHL-525) in a direct-current (DC) magnetic field ranging
from —10 kOe to +10 kOe (1 Oe=79.5775 A-m~"). Complex
magnetic permeability and dielectric permittivity of each sam-
ple were measured by using an impedance analyzer (E4991B,
Agilent). All the measurements were performed at room tem-
perature.

3. Results and discussion

Figure 1 shows the XRD patterns of materials with dif-
ferent quantities of Gd3* ions. Firstly, as shown by the XRD
patterns, all samples exhibit a single hexagonal phase, and no
other phases are observed. The crystal structure of Z-type
hexagonal ferrite is complex and belongs to P36 /mmc space
group.!'*) The XRD patterns in a range of 28°~32° show that
the diffraction peaks shift toward a lower angle for the case
of Gd doping, indicating that the lattice constant of the doped
material is higher than that of the undoped one. The ionic ra-
dius of Gd** is 0.94 A, which is greater than that of Fe* ion
(0.64 A). Hence, when a small quantity of Gd** ions are incor-
porated, they enter into the crystal lattice and occupy the lattice
sites, replacing Fe>* ions. As Gd** ion content increases to
x = 0.20, the XRD peaks shift toward higher angles, which il-
lustrates that a large number of incorporated Gd>* ions cause
lattice distortion. Hence, the XRD results show that Gd>* ions
enter into the lattice cells, and no other phases appear, while
Gd doping increases the lattice content and causes lattice to be
distorted. Additionally, the materials are prepared at low tem-
perature with 2.5-wt% Bi; O3 sintering aids. No Bi;O3 phase

can be seen in the XRD patterns, which shows that Bi;O3 sin-
tering aids provide the energy of chemical reaction, and part
of BiyO3 is evaporated.
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Fig. 1. XRD patterns of materials with different quantities of Gd>* ions.
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Fig. 2. SEM images and bulk density of materials with different quantities of
Gd>* ions.
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The SEM images of materials are shown in Fig. 2. These
images reveal the presence of hexagonal grains with a platelet-
like shape. As Gd>* ion content increases, the grain changes
from regular shape into irregular shape. This change is due to
the different ionic radii and characteristics of Gd>* and Fe3*+
ions. The substitution of Gd** ions for Fe** ions causes lattice
to be distorted, resulting in a change in grain size and shape.
The change in grain shape and chemical composition leads to
different bulk densities, as shown in Fig. 2. With the quantity
of Gd** ions increasing, the bulk density of the investigated
ferrite first increases from 4.83 g/cm? (x = 0.00) to 5.03 g/cm?
(x = 0.10) and then decreases to 4.84 g/cm® (x = 0.20). The
increase in bulk density is predominantly attributed to two fac-
tors: (i) the atomic mass of Gd>* ion is greater than that of
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Fe3" ion, and (ii) there are less pores between grain bound-
aries when x = 0.10. When x = 0.15 and 0.20, the decrease
in bulk density is mainly due to irregular grain shape and the
presence of more pores. Additionally, the pores between grain
boundaries hinder domain wall from moving, thereby affect-
ing the magnetic properties.

Grain size distributions of materials with different quan-
tities of Gd>* ions are determined from SEM images and the
results are shown in Fig. 3. With the quantity of Gd** ions in-
creasing, the average grain size of materials increases from
~ 2.2 pum (x = 0.00) to ~ 3.5 um (x = 0.20). This phe-
nomenon can be attributed to the effect of Gd>* ions on the
ferrite. Firstly, Gd>* has greater ionic radius than Fe*", which
leads to larger grains. Secondly, more Gd>* ions exist at the
grain boundaries, which makes the shape of grains irregular
and larger. In addition, Bi; O3 sintering aids can provide the
energy required for the chemical synthesis of Co,Z ferrites.
Bi, O3 produces a thick liquid phase, which suppresses grain-
growing and widens grain boundary, thereby generating a sur-
face tension force in liquid phase and directly affecting grain
size and pores. 1]

Figure 4 shows the magnetic hysteresis loops of materi-
als with different quantities of Gd3" ions, and the inset shows
a magnified part of the loops in the magnetic field range of
H = 0 kOe—10 kOe. It can be seen that all samples show
relatively smooth hysteresis loops and typical soft magnetic
performances. With the quantity of Gd>* ions increasing, sat-
uration magnetization (M) of Gd-doped Co,Z ferrite first in-
creases from 43.66 emu/g (x = 0.00) to 44.86 emu/g (x = 0.15)

and then decreases to 38.57 emu/g (x = 0.20). In the basic

structure of Co,Z ferrite, Fe3t ions are distributed on ten dif-
ferent interstitial sublattices, which consist of the following
six octahedral (FeOg) sites: 12kvyy, 4fyry, 4evi, 4fvrs, 12kyr,
and 2avyy, three tetrahedral (FeQy,) sites (4eyy, 4fry, and 4fpy+),
and one pentahedral (FeOs) site (2by) for transition metal ions
(including Fe and other metal ions). The main origin of the
saturation magnetization is related to the total magnetic mo-
ment of the ferrite and the Fe3*—O>—Fe?* superexchange in-
teraction in the hyper field at 12k and 4f sites.['®) The Gd is
a rare-earth element and also a special ferromagnetic element.
Its magnetic moment is contributed by the non-filled 47 elec-
tronic shell. The magnetic moment of the Gd>* ion is 7.94 ug,
which is larger than that of the Fe3t ion (4.9 us). When the
Gd>* ions replace the Fe?* ions, the Gd** ions preferentially
occupy the 2ayy or 4fyy octahedral sites, which results in an in-
crease in the total magnetic moment of the ferrite.!'”! Hence,
as the Gd>* ion content increases from 0.00 to 0.15, the satu-
ration magnetization increases. Secondly, Wang et al. reported
that the saturation magnetization is related to the density and
average grain size of the ferrite.!!8] The result is in good agree-
ment with the above-mentioned trend of density. As a result,
the increase in density and average grain size are possibly re-
sponsible for the increase in M. However, as the quantity
of the Gd3T ions increases further, a part of Gd3 ions oc-
cupy 4f1y+ tetrahedral sites, resulting in a decrease in the total
magnetic moment of the ferrite. The change in the bulk den-
sity and the presence of pores present two further reasons for
the My variation. On the other hand, Bi;O3 sintering aid is
nonmagnetic, so the addition weakened the overall magnetic

properties of the Co,Z ferrite.
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For ferrite magnetic materials, the initial magnetization
of Co,Z ferrite is related to the magnetocrystalline constant
Kj. The initial magnetization curves of materials with differ-
ent quantities of Gd** sions are shown in Fig. 5(a). In the
initial magnetization curves, the area surrounded by the M-
H curve and the M axis (as shown in the inset of Fig. 5(a))
represents the magnetocrystalline anisotropy energy. Kj can
be expressed as the magnetocrystalline anisotropy energy in a
unit volume, and obtained from the following equation:

1 M
Ky =— HdM
1 VA )

where V is the crystal cell volume. The value of K; is cal-
culated based on the results in Fig. 5(b). With Gd** ions
doped, the K; value is ~ 6.0 x 10* J/m>. Meanwhile, the dif-
ferent values of coercivity (H,) of samples are obtained from
Fig. 5(b). The Gd** ion doping clearly affects the coercivity of
Co,Z ferrite, and the value of H, first increases from 55.2 Oe
(x=10.00) to 139.7 Oe (x = 0.10) and then decreases to 67.4 Oe
(x =0.20). It is found that the coercivity of Z-type barium fer-
rite is mainly affected by anisotropic field and grain size.!!"]
Among the possible lattice sites that Gd*>* ions can occupy,
the 2d, fivefold site has the greatest effect on H,. Therefore,
Gd3* ion doping changes the grain size and causes H, to in-
crease. Incorporated Gd>* ions mainly occupy 2ayy, 4fyy, and
4fy+ sites, but these occupancies influence lattice position of
2d, site, leading the lattice to be distorted and affecting the
coercivity of material.

For barium ferrite, coercivity is closed related to mag-
netocrystalline anisotropy. It is found that according to
Heisenberg model, the magnetic ion whose orbital is not to-
tally frozen contributes significantly to the magnetocrystalline
anisotropy.'?l The magnetic moment of Gd>* ion is larger
than that of Fe3* ion. Hence, replacing Fe’* ions with Gd>*
ions leads the magnetic properties of the sample to increase
slightly but does not cause the number of magnetic ions to

increase. Therefore, Gd doping does not cause magnetocrys-
talline anisotropy constant to change significantly. In addition,
it has been reported that the anisotropy of hexaferrite is primar-
ily contributed by Fe3* ions at 2by sites and Co>* ions.[?!]
In the above discussion, Gd3* ions mainly occupy 2ayy, 4fvr,
and 4fyy+ sites, which is another reason for the unusual change
in magnetocrystalline anisotropy constant. When x = 0.15 and
0.20, the decrease in K] is due to the presence of small amount
of Gd>* ions at grain boundaries and lattice distortion. The
contribution of magnetic ions decreases, and the magnetocrys-
talline anisotropy constant is reduced.
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Fig. 5. (a) Initial magnetization curves of materials with different quanti-
ties of Gd>* ions, with inset showing integration image and (b) variations of
coercivity and K changes with quantities of Gd** ions.

Figure 6 shows the spectra of the real part of magnetic
permeability (1) and dielectric permittivity (€") of Gd-doped
Co,Z ferrite in a frequency range from 10 MHz to 1 GHz. For
all quantities of Gd*>* ions under investigation, the value of p’
first increases and then decreases before the cut-off frequency.
The maximum value of g’ (~ 12.2) is found at x = 0.15, and
this trend is the same as that observed for the saturation mag-
netization. According to the Globus model, the change in mag-
netic permeability can be explained according to the following
equation:

MZ2D
K
where D is the average grain size. Therefore, the change in

M o<

M leads the permeability to change. Based on the above dis-
cussion, the Mg value is mainly determined by metal ion oc-
cupancy, and the K; value is dictated by the metal ion prop-
erties of 2by site and 12k site. In addition, the permeability
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of ferrite is also affected by grain size. As shown in Fig. 3,
the grain size increases gradually with the quantity of Gd3*
ions increasing from x = 0.00 to x = 0.15, which contributes
to the enhancement of magnetic permeability. The grain is the
largest at x = 0.20, but shapes of grains are uneven, and sev-
eral pores can be observed, which negatively affects magnetic

permeability.
25
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Fig. 6. (a) Real part of magnetic permeability and (b) real part of dielectric
permittivity of materials with different quantities of Gd>* ions.

Figure 6(b) shows the variations of real part of dielec-
tric permittivity (€') with frequency of samples. The values
of & are almost the same for all samples with a pronounced
fluctuation between 13.66 and 17.61 in the frequency range
of 10 MHz—-1 GHz. The Co,Z ferrite with x = 0.15 has the
highest value of € (17.61) in all investigated samples. The
higher value of € can be explained by Koop’s model, accord-
ing to which dielectric structure consists of conduction grains
separated by resistive grain boundaries.??! The surface charge
polarization at the interface between grains and grain bound-
aries is responsible for the higher €’ value. The good dielectric
properties of Co,Z ferrite are due to the hexagonal platelet-like
shape particles and the fact that the ion substitution prevents
charge from moving. It can be seen that Gd-doped samples
exhibit larger grains with more pronounced platelet shape than
undoped sample, which provides higher surface area and gen-
erates surface polarization. Hence, the value of €' increases
with the quantity of Gd** ions increasing from 0.00 to 0.15.
When x = 0.20, grains of different shapes and pores provide
more hindrance to domain wall motion and grain conduction,
which leads to sharp reduction in dielectric constant.
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Fig. 7. (a) Variations of imaginary part of magnetic permeability and

(b) imaginary part of dielectric permittivity of materials with quantity
of Gd** ions.

1000

Figure 7 shows the variations of imaginary part of mag-
netic permeability and imaginary part of dielectric permittivity
of materials with the quantity of Gd®>* ions. As a result, the
magnetic loss tangent (tan &) and the dielectric loss tangent
(tan &) are obtained from the equation: tand, = pu”/u’ and
tand; = €”/€’. The values of magnetic loss tangent (tan J)
and dielectric loss tangent (tan ;) of the materials at differ-
ent frequencies are shown in Table 1. These loss tangents are
defined as tany, = p”/p’ and tan 8, = €” /€', which indicate
magnetic and electric energy loss ability, respectively. For fer-
rite materials, tan &, is contributed by three main components:
hysteresis loss tangent tan &y, eddy current loss tangent tan Je,
and residual loss tangent tan §;.1>3! The tan &, is the predom-
inant loss at low frequency (in a range of 10 Hz—1 MHz).!!]
Hence, the change in magnetic loss at high frequency is at-
tributed to tand, and tand;, while tan &, is inversely propor-
tional to the DC resistivity, and tan d; is proportional to the
grain size of the ferrite. Smaller grains can provide more grain
boundaries and enhance the DC resistivity. The Gd doping in-
creases the grain size (as shown in Fig. 3), which results in an
increase of the resistivity, thereby leading the magnetic loss
to increase slightly. Additionally, the change of the resistiv-
ity not only increases tan §. but also influences the dielectric
loss. The concentration of the Fe3* ions at lattice sites (2avyy,
4fyy, and 4f1y+ sites) decreases gradually with the Gd3* con-
tent increasing. Therefore, the probability of hopping between
Fe3* and Fe?* ions is improved, causing the polarization to

[24,25

increase. I Furthermore, BiyO3 sintering aids bring the

thicker grain boundary, affecting the loss. The uneven shape

097501-5



Chin. Phys. B 32, 097501 (2023)

of grain and pore affects the magnetic loss and dielectric loss
when x = 0.20.12%! Besides, the low real permeability and real

permittivity are another factors influencing the magnetic and
dielectric losses.

Table 1. Values of magnetic loss tangent (tan &), and dielectric loss tangent (tan &) at different frequencies.

tan Oy tan &g
Sample
10 MHz 100 MHz 500 MHz 1 GHz 10 MHz 100 MHz 500 MHz 1 GHz

x=10.00 0.28 0.06 0.04 0.06 0.05 0.06 0.06 0.06
x=0.05 0.31 0.08 0.04 0.07 0.04 0.04 0.04 0.04
x=0.10 0.36 0.08 0.03 0.06 0.05 0.07 0.05 0.05
x=0.15 0.29 0.06 0.03 0.05 0.03 0.07 0.04 0.05
x=0.20 0.31 0.5 0.04 0.08 0.05 0.08 0.06 0.04

4. Conclusions

The Z-type ferrite materials, specifically Gd-doped
BazCoyFeysGd, 041 with 2.5-wt% Biy O3 sintering aids, are
prepared, and their magnetodielectric properties are investi-
gated. Gd doping does not change the phase of Co,Z fer-
rite but affects their grain size and shape, contributing to the
magnetic and dielectric properties with Gd** ion substitu-
tion. When x = 0.15, the Ba3Co,Fe), 35Gdy 1504, material
processes high saturation magnetization (Ms = 44.86 emu/g),
low magnetocrystalline anisotropy constant (K; = 5.88 x
103 J/m?), high magnetic permeability (1’ = 12.2) and dielec-
tric permittivity (¢’ = 17.61), and low magnetic loss and di-
electric loss in the frequency range from 10 MHz to 1 GHz.
The results indicate that the prepared magnetodielectric mate-
rials have great potential applications in high-frequency anten-
nas and filters.
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