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Na-Ta ions co-doped M-type barium ferrites, BaFe12-2x(NaTa)xO19, were synthesized at low temperature by the

solid-state method. Na-Ta ion could occupy crystalline sites but not change the phase formation of barium fer-

rite. SEM images showed that samples had the regular and hexangular shape with 1-2 μm size. With the

increase of Na-Ta, saturation magnetization (Ms) obviously decreased from 57.5 emu/g to 37.6 emu/g, and the

coercivity (Hc) decreased from 4156 Oe to 2069 Oe. For dielectric properties, the real part permittivity (ε')

increased when x from 0.0 to 0.3, reaching the maximum value in a range frequency of 10 MHz-500 MHz,

while decreasing when x=0.4. This material would be applied in electronic devices using LTCC technology. 

Keywords : barium ferrite, Na-Ta co-doping, magnetic properties, dielectric properties

1. Introduction

As one of the important classes of permanent magnetic
materials, M-type barium ferrite (BaFe12O19) have relative-
ly large saturation magnetization (Ms) and high coercivity
(Hc) as well as excellent chemical stability and corrosion
resistivity [1]. It has frequently been used as hard
magnetic magnets and magnetic recording media. And a
wide span of other applications in electro-mechanical and
electronic devices, such as circulator and isolator, it only
need to adjust related properties to meet the requirements
of devices [2]. Ions substitution has been carried out for
moderate coercivity or magnetic permeability [3]. Mean-
while, multilayer devices are the most popular in electronic
information field. To meet these needs, low temperature
co-fired ceramics (LTCC) technology, which was used to
fabricate multilayer devices in the past, has been investi-
gated to reduce the size of electronic devices [4].

M-type barium ferrites have been applied in several
ways. Now, to enlarge the wide range of applications,
researchers have explored the substitutions for various
trivalent cations for the Fe3+ ion in barium ferrites. The
Fe3+ ions can be replaced by an assortment of trivalent
cations such as Sc3+, In3+ and Al3+ etc. [5, 6], or divalent-
tetravalent cations pairs such as La-Co, Co-Ti, Ni-Ti and
so on [7-9]. In our research, we chose Na+ ion and Ta5+

ion to co-doped Fe3+ ion in M-type barium ferrites at low
temperature, to study the structure and magnetic
properties. Meanwhile, low melting point Bi2O3 additive
was added to lower the sintering temperature, to apply the
ferrite in LTCC technology.

2. Experiment

With analytical grade BaCO3, Fe2O3, Na2CO3 and Ta2O5

as raw materials and by means of solid state reactions,
Na+ and Ta5+ ions co-doping M-type barium ferrites were
synthesized, in the advantage of the chemical formula
BaFe12-2x(NaTa)xO19, x=0.0, 0.1, 0.2, 0.3, 0.4 and 0.5.
Those raw materials were in powder form. They were
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milled in a Teflon ball mill for 16 h with zirconia balls,
and deionized water as the grinding media. The mixed
material was dried and then pre-sintered at 1100 ºC for 4
h in air. The pre-sintered one was further milled for 12 h
in deionized water with 2.5 wt% Bi2O3 as sintering aid.
After being dried, the powder was granulated by adding 8
wt% of polyvinyl alcohol (PVA) as a binder and pressed
into some 2-3 mm thick-plate samples, which were then
sintered at 900 ºC for 6 h.

The phase compositions of the samples were pointed
out by an X-ray diffractometer (XRD, DX-2700, Haoyuan
Co.) with Cu Kα radiation. The microstructures of the
samples were characterized under a scanning electron
microscope (SEM, JEOL, JSM-6490). Magnetization
hysteresis loops were measured by a vibrating sample
magnetometer (VSM, MODEL, BHL-525), from which
the saturation magnetization and coercivity were calculated.
The real part of dielectric permittivity was measured by
Agilent 4991 impedance analyzer.

3. Results and Discussion

Figure 1 firstly presents the XRD patterns of 900 ºC
sintered samples with different levels of Na+ and Ta5+ ions
substitutions from x=0.0 to 0.4. It was obviously found
that the M-type hexagonal phase was formed in all the
samples. Moreover, it was clearly found that only the
single barium hexagonal phase in those samples with
different substitution amount. This indicated that single
phase M-type barium ferrite was successfully synthesized
with Na-Ta co-doped at a low temperature 900 ºC, while
the doping did not affect the structure of the M-type
barium ferrite.

Secondly, Fig. 1 showed that the diffraction peaks of

x=0.1 sample were lower than other samples. This was
because Na-Ta ions doped the different lattice sites. When
Na-Ta doped contents were few, the lattice orientation
(006) was weak. With the increasing of the doped con-
tents, the orientation (006) became stronger. Hence, the
diffraction peaks of x=0.1 sample were lower than other
ones.

Figure 2 presented the SEM images of the samples
sintered at 900 ºC with different Na-Ta ion amounts. At
first, It was shown that all the grain morphology of the
samples exhibited a regular hexagonal structure. The grain
sizes of samples were from 1 μm to 2 μm. Meanwhile,
the grain sizes became bigger as the co-doping amounts
of Na-Ta ions increased. The Na+ ion radius is 1.02 Å and
Ta5+ ion radius is 0.64 Å [10]. Compared to Fe3+ ions with
a radius of 0.645 Å, Ta5+ ions were similar, but Na+ ions
were much larger. When Na-Ta ions doped M-type barium
ferrite, it could cause lattice distortion, and then the lattice
constant would raise with the increase of Na-Ta ions
substitution. Correspondingly, this might also be the reason
for the increase in grain size. 

Secondly, as shown in Figure 2, the bulk density of the
samples also increased when the amounts of Na-Ta ions
substitutions raised. This was because that Na and Ta
atoms have higher relative atomic mass than Fe atoms.
The maximum reached when the doping amount is x=0.2,

Fig. 1. (Color online) XRD patterns of samples with different

Na-Ta contents.

Fig. 2. SEM images and bulk density of samples with differ-

ent Na-Ta contents.
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and then decreased. Due to the excessive doping of Na
and Ta ions, grain size started to increase. As a result, the
pores enlarged to decrease the compactness, in turn, which
reduced its bulk density. Once the magnetic properties
and dielectric properties met the requirements, good com-
pactness and fewer pores could be expected. Additionally,
as shown in Fig. 2, with the increase of Na-Ta ions co-
doping contents, the grain size increased, which brought
saturation magnetization increase but coercivity decrease.
Meanwhile, when the doping amount of Na-Ta ions is
x=0.2, the density of these samples reached the maximum
density, so x=0.2 is a more proper amount of addition.

Figure 3 showed the magnetic hysteresis loops of the
samples, with saturation magnetization and coercivity as a
function of Na-Ta doped. Hysteresis loops still indicated
samples with hard magnetic properties. The changes of
the saturation magnetization (Ms) and coercivity (Hc) with
different doping amounts of Na-Ta ions were also pre-
sented in Fig. 4. It was shown that while Na-Ta ions

contents increased from x=0.0 to 0.4, the saturation
magnetization (Ms) decreased from 57.5 emu/g to 37.6
emu/g, and the coercivity (Hc) decreased from 4156 Oe to
2069 Oe. Meanwhile, although the Na-Ta doping did not
achieve the transition of the M-type barium ferrite from
hard to soft magnetic, it changed its magnetic properties
yet. The saturation magnetization of ferrite was mainly
determined by the chemical composition and the total
magnetic moment of the materials, as well as their density
and the grain size [11-13]. From the above three aspects,
the changing reason in saturation magnetization of the
samples could be strongly explained.

Firstly, In the M-type barium ferrite, Fe3+ ions occupied
five different lattice positions: three octahedral sites 12k,
2a and 4f2, one tetrahedral site 4f1, and one bipyramidal
site 2b [14]. When Na-Ta ions were substituted for Fe
ions, different lattice positions would be occupied depend-
ing on the doping amount and the characteristics of the
ions themselves. The magnetic moment of Fe3+ ions was
5 μB, the magnetic moment of Na+ ions and Ta5+ ions was
0 μB, which was smaller than the magnetic moment of
Fe3+ ions. Therefore, Na-Ta ions doped would reduce the
total magnetic moment of the materials. This was one of
the main reasons why the saturation magnetization of the
material decreased with the increase of Na-Ta ions doped.

Secondly, For the M-type barium ferrite, the magnetic
source of the material was derived from the super-
exchange effect between the metal ions in the material, as
well as through the super-exchange effect of O2− ions.
The strength of super-exchange didn’t only depend on the
distance between metal ions, but also the number and
state of 3d electrons in metal ions. The substitution of Fe
ions by non-magnetic Na-Ta ions made the Fe3+-O2

−-Fe3+

exchange interactions effect weaker. In turn, this caused
the saturation magnetization of the material to decrease. 

At last, like mentioned above, the density and the grain
size also affected the saturation magnetization of the
material. As shown in Fig. 2, the grain size increased with
the increase of the doping amounts of Na-Ta ions, the
pores would increase as well. Hence, reduced compact-
ness of the sample was the third reason to decrease
saturation magnetization of the material.

The coercive force of the material was proportional to
the constant of magneto-crystalline anisotropy of the
material and inversely proportional to its saturation
magnetization. For the M-type barium ferrite, the coercive
force could be expressed as Hc ≈ (2·K)/ (μo·Ms), where K,
μo, Ms represented magneto-crystalline anisotropy constant,
initial permeability and saturation magnetization. Magneto-
crystalline anisotropy was mainly affected by electron
spin and domain wall displacement [14]. Na-Ta ions

Fig. 3. (Color online) Room temperature hysteresis loops of

samples.

Fig. 4. (Color online) Saturation magnetization and coercivity

as a function of Na-Ta doped.
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doping made the grain size increase, and then the effect of
grain boundary resistance to domain wall displacement
would become weaker, which indicated magneto-crystal-
line anisotropy constant got lower. In addition, the effect
of magneto-crystalline anisotropy on coercive force was
much greater than the effect of saturation magnetization
on coercive force. Therefore, the coercive force of the
samples would decrease as the added amount of Na-Ta
increased.

In summary, the magnetic properties of the material
could be controlled by changing the doping amount of
Na-Ta ions to meet the expectation. In this study, both the
saturation magnetization and the coercive force of the
samples decrease with the increase of the amount of Na-
Ta ions.

The real part of the dielectric permittivity (ε′) of the
samples with different doping amounts of Na-Ta ion were
measured in a range frequency of 10 MHz-500 MHz, as
shown in Fig. 5. It could be found that the real part of the
dielectric permittivity first increased when x from 0.0 to
0.3, reached the max value when x=0.3, but decreased
when x=0.4. Considering the dielectric polarization pro-
blem from a microscopic point of view, the causes of
polarization could be divided into the following four
types: electronic displacement polarization, ionic polari-
zation, polar orientational polarization and space charge
polarization. According to the Clausius equation, the di-
electric constant of the material can be expressed as
ε=1+(N*α/εo) * (Ei/E), where N, α, εo, Ei and E represent
the number of molecules per unit volume of the material,
polarizability, vacuum dielectric constant, effective electric
field and the average of macro electric field. At the same
time, α is the sum of polarizability produced by four

different polarization mechanisms. The dielectric constant
of the material was related to the N value of the material
which could be expressed by the sample density. This can
be considered as a greater density meaning that there are
more ferrite particles and fewer pores per unit volume,
corresponding to a higher dielectric constant [15, 16].
According to Fig. 2, the change in dielectric constant of
the sample had the same trend as the sample density that
both of them increased first and then decreased. So the
possible reason for the change in the dielectric constant of
the sample might be the change in the density of the
sample. Furthermore, in the high frequency field, the
dielectric properties of ferrites were mainly attributed by
the polarization of atomic and electronic in grain, and the
content of Fe2+ ions plays an important role [17-19]. Since
Fe2+ ions had one more electron than Fe3+ ions, Fe2+ ions
were more likely to be polarized with respect to Fe3+ ions
and thus had a greater polarizability. Although it was
expected that only Fe3+ ions were present in all samples,
due to various reasons, Fe2+ ions would still be produced.
In particular, the increase in grain size and inhomogeneity
would cause the content of Fe2+ ions rising, resulting in an
increase in dielectric constant. Therefore, the increase of
the dielectric constant at the beginning may be related to
the increase of the grain size and the amount of Fe2+ ions
in the samples.

4. Conclusion

In this study, Na-Ta ions co-doped M-type barium
ferrite were successfully synthesized at low temperature
by the solid-state method. While Na-Ta contents increased
from x=0.0 to 0.4, the saturation magnetization (Ms)
decreased from 57.5 emu/g to 37.6 emu/g, at the same
time that the coercivity (Hc) reduced from 4156 Oe to
2069 Oe. For dielectric properties, the real part per-
mittivity increased when x changed from 0.0 to 0.3, until
reaching the max value in a range frequency of 10 MHz-
500 MHz, and then decreased when x=0.4. By adjusting
the doping amount, ferrite materials can be made out to
meet a certain requirement. The result of our research can
be used to prepare devices under LTCC technology.
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