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The high-performance electromagnetic (EM) wave absorption material Ba(CoTi)xFe12−2xO19@BiFeO3 was pre-
pared by solid-state reaction, and its EM wave absorption properties were deeply studied. The results revealed that
Ba(CoTi)xFe12−2xO19@BiFeO3 could obtain excellent absorption properties in hundreds of megahertz by adjusting the
Co2+–Ti4+ content. The best comprehensive property was obtained for x = 1.2, where the optimal reflection loss
(RL) value reaches −30.42 dB at about 600 MHz with thickness of 3.5 mm, and the corresponding effective absorp-
tion band covers the frequency range of 437 MHz–1 GHz. Moreover, the EM wave absorption mechanism was studied
based on the simulation methods. The simulated results showed that the excellent EM wave absorption properties of
Ba(CoTi)xFe12−2xO19@BiFeO3 mainly originated from the internal loss caused by natural resonance, and the interface
cancelation further improved the absorption properties and resulted in RL peaks.

Keywords: microwave absorption, M-type ferrite, high permeability, impedance matching

PACS: 75.47.Lx, 78.20.Ci DOI: 10.1088/1674-1056/ac5240

1. Introduction
Nowadays, the rapid development of microwave tech-

nology and the widespread popularity of electronic com-
munication equipment have brought convenience to human
life.[1] The leakage from EM waves has also introduced exces-
sive pollution to the environment, which threatens the phys-
ical and mental health of human.[2] Various EM wave ab-
sorption materials with excellent properties have been devel-
oped to eliminate the adverse effects of excessive EM radi-
ation on human life.[3–6] These materials include dielectric
materials[7–11] such as carbon materials,[12,13] nonmagnetic
sulfides,[14] conjugated polymers[15] and magnetic materials
such as ferrites,[16–19] magnetic metals,[20–22] and rare earth
alloys.[23,24] However, most studies have mainly focused on
EM wave absorption materials in the gigahertz range, whereas
studies on absorption materials working in the hundreds of
megahertz range are relatively rare.[25–27] This means that se-
rious problems of EM pollution in the hundreds of megahertz
band have not been well solved.[28] In this frequency range,
effective absorption is difficult due to the long wavelength and
insufficient dielectric or magnetic loss.[29–31] It is a serious
challenge for researchers to explore materials with excellent
absorption properties in the hundreds of megahertz bands.

Ferrite materials have attracted much attention of re-
searchers as good EM wave absorption materials.[32] Among
them, M-type barium ferrites (BaFe12O19) have been deeply
investigated as an absorption material working in the giga-
hertz range because they have suitable permittivity, high sta-

bility, low density, and low cost.[33] However, the high reso-
nance frequency and low permeability of M-type ferrites are
not conducive to their absorption properties in the hundreds
of megahertz band.[34] Related reports have indicated that co–
substitution of trivalent iron ions in M-type ferrites by divalent
(Co2+, Mn2+, Zn2+, Ni2+) and tetravalent (Ti4+, Sn4+, Zr4+,
Ir4+) cations is a proven method for increasing the permeabil-
ity and decreasing the resonance frequency.[35] Among these,
Co2+–Ti4+ co-substitution is considered as the most effective
method for adjusting the absorption properties because that the
substitution of Co2+ and Ti4+ for Fe3+ in barium ferrite can
not only dramatically increase the permeability but also in-
crease the magnetic loss in range of hundreds of megahertz.[36]

In this work, Ba(CoTi)xFe12−2xO19 with high permeabil-
ity in hundreds of megahertz was obtained by substituting
Fe3+ distributed in five different lattice sites in BaFe12O19

with Co2+ and Ti4+. The permittivity was optimized by the
BiFeO3 dielectric phase formed by doping with Bi2O3, thus
obtaining superb impedance matching. The EM wave ab-
sorption properties for Ba(CoTi)xFe12−2xO19@BiFeO3 were
studied in detail and its EM wave absorption mechanism was
deeply discussed in hundreds of megahertz range.

2. Experiment
2.1. Fabrication

The target Ba(CoTi)xFe12−2xO19 ferrite ceramics with
x = 0.9, 1.0, 1.1, 1.2, 1.3, and 1.4 were prepared by the
conventional solid-state reaction method. Analytical grade

†Corresponding author. E-mail: wtao@lzu.edu.cn
© 2022 Chinese Physical Society and IOP Publishing Ltd http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn
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BaCO3 (AR grade, ≥ 99%), Co2O3 (AR grade, ≥ 99%), TiO2

(AR grade, ≥ 99%), and Fe2O3 (AR grade, ≥ 99%), were
mixed and ball milled in a planetary ball mill for 12 h. Then,
the powders after ball milled were desiccated and pre-sintered
at 1100 ◦C for 6 h in a tube furnace under the air atmosphere.
The pre-sintered powders were secondly ball milled for 12 h
with 5 wt% Bi2O3 in the same mill grinder. After drying, the
powders were granulated by using 10.0 wt% polyvinyl alcohol
(PVA) adhesive. Finally, the granulated particles were pressed
at 1000 MPa for 10 min to form ring samples with an inner
diameter of 3.04 mm, an outer diameter of 7 mm, and a thick-
ness of 2–3 mm. The ring samples were sintered in the same
furnace at 935 ◦C for 6 h to form bulk samples.

2.2. Characterization

The crystal structure of the bulk samples was charac-
terized by x-ray diffraction (XRD) with a Cu-Kα radiation
source. The surface morphologies of bulk samples were char-
acterized by using a scanning electron microscopy (SEM). The
hysteresis loops of the bulk samples at room temperature were
measured by using a vibrating sample magnetometer (VSM) to
characterize the static magnetic properties of the material. The
EM parameters of the bulk samples were measured at room
temperature in a frequency range from 1 MHz to 1 GHz by
using an impedance analyzer.

3. Results and discussion
3.1. Structural characterization

The XRD patterns of Ba(CoTi)xFe12−2xO19 bulk samples
with various x (x = 0.9, 1.1, 1.2, 1.3, and 1.4) are shown in
Fig. 1(a). The results indicate that the crystal structure does
not change significantly with the variation of Co2+–Ti4+ con-
tent. The standard PDF cards and the crystal face index of the
diffraction peaks are shown in Fig. 1(b). It can be clearly seen
that the XRD patterns of bulk samples with various Co2+–
Ti4+ content show diffraction peaks that belong to two differ-
ent phases. Some strong diffraction peaks are the M-type bar-
ium ferrite Ba(CoTi)xFe12−2xO19 with hexagonal ferrite struc-
ture (PDF#39-1433), and the other diffraction peaks marked
with red symbols are the BiFeO3 with a typical rhombohe-
dral perovskite structure (PDF#20-0169). Except for the two
phases, no other impurity phases are detected in the XRD pat-
terns of all bulk samples. This indicates that the addition of
Bi2O3 does not affect the formation of Ba(CoTi)xFe12−2xO19

phase,[37] and the Bi2O3 just combines with Fe3+ to form Bi–
Fe compound (BiFeO3).[38] Then, the BiFeO3 enters into the
interstice between the Ba(CoTi)xFe12−2xO19 particles.[39]

The lattice parameters of the bulk samples change with
the substitution of Fe3+ by Co2+–Ti4+. Among them, lattice
constants a and c of the bulk samples are calculated using dif-
ferent diffraction peaks in the XRD patterns. The formula is
as follows:
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Fig. 1. (a) XRD patterns of the bulk samples with various x (x = 0.9, 1.0, 1.1, 1.2, 1.3, 1.4). (b) The standard cards and the crystal face index
of the diffraction peaks. (c) Lattice constants a and c for the bulk samples with various x. (d) Cell volume V for the bulk samples.
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d =

[
4
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(
h2 +hk+ k2

a2

)
+
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]−1/2

. (1)

Figure 1(c) shows the variation of lattice constants a and c as a
function of Co–Ti content x. It can be seen that there is a slight
and steady increase of the lattice constant a with Co–Ti sub-
stitution from 0.5891 nm to 0.5895 nm. The lattice constants
c has an overall decreasing trend with increasing x. The cell
volume V also has an overall decreasing trend, as x is changed
from 0.9 to 1.4, and the result is in good agreement with re-
searches conducted by Li et al.[45]

3.2. Morphological properties

Figures 2(a)–2(f) show the cross-sectional SEM im-
ages of bulk samples with various Co2+–Ti4+ con-
tent. The SEM images show that the particle size of
Ba(CoTi)xFe12−2xO19@BiFeO3 does not change significantly

with the increase of Co2+–Ti4+ content. The particle size
is approximately 500 nm–2 µm in all bulk samples. The
small particle size can be attributed to the liquid phase ef-
fect induced by the addition of excess Bi2O3 during the sin-
tering process.[40,41] Figure 2(g) shows the local magnified
view of the cross section for the bulk sample, where the part
marked by the yellow dotted line is Ba(CoTi)xFe12−2xO19

particles and the part marked by the blue dotted is BiFeO3.
It can be seen that the Ba(CoTi)xFe12−2xO19 particles are
coated by the BiFeO3 formed during the sintering process.
Figures 2(h)–2(i) show the elemental mapping images of
Ba(CoTi)xFe12−2xO19@BiFeO3 bulk samples. The elements
Ba, Fe, Co, and Ti are distributed uniformly inside the bulk
samples. The element Bi is observed mainly at the surface
of Ba(CoTi)xFe12−2xO19 particles. It is further proved that
BiFeO3 is coated on the surface of Ba(CoTi)xFe12−2xO19 par-
ticles.
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Fig. 2. (a)–(f) The SEM images of Ba(CoTi)xFe12−2xO19@BiFeO3: (a) x = 0.9, (b) x = 1.0, (c) x = 1.1, (d) x = 1.2, (e) x = 1.3, and (f) x = 1.4. (g)
The local magnified view of the cross section for the bulk sample. (h)–(i) The elemental mapping images of Ba(CoTi)xFe12−2xO19@BiFeO3.

3.3. Static magnetic properties

The hysteresis loops of the Ba(CoTi)xFe12−2xO19@BiFeO3

bulk samples with various x are shown in Fig. 3(a). The results
show that bulk samples exhibit typical soft-magnetic proper-
ties with the variation of x values. The variation of saturation
magnetization (Ms) and coercivity (Hc) with different x are
shown in Fig. 3(b). Ms decreases slightly with the increase
of x. Hc decreases rapidly with increasing x from 0.9 to 1.1.
As x continues to increase, Hc also decreases slowly. The
static magnetic properties of Ba(CoTi)xFe12−2xO19@BiFeO3

mainly depend on the magnetic phase Ba(CoTi)xFe12−2xO19.
In the basic structure of Ba(CoTi)xFe12−2xO19, Co2+ ions
first preferentially occupy the 2a and 2b lattice sites and
Ti4+ ions occupy 2a and 4 f2 lattice sites.[42] The ions at

the 2a and 2b lattice sites have an upward spin direction,
while the ions at the 4 f2 lattice sites have a downward spin
direction.[43] Ms is determined by the magnetic moment
of each metal cation and the amount of magnetic ions in
each lattice site.[44] Therefore, as x increases from 0.9 to
1.4, Ms of the Ba(CoTi)xFe12−2xO19@BiFeO3 bulk sample
decreases slightly. In addition, based on the S–W theory,
Hc ≈ 2K1/µ0Ms.[45] When the value of x is low, Co2+–Ti4+

ions first preferentially occupy the 2a, 2b, and 4 f2. This causes
the magnetocrystalline anisotropy constant (K1) value to de-
crease rapidly, then Hc decreases rapidly. As x continues to
increase, more Co2+–Ti4+ ions occupy the 2a and 4 f1 sites,
which leads to a slight decrease in K1 value and a correspond-
ing slow decrease in Hc.
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Fig. 3. (a) Magnetic hysteresis loops of Ba(CoTi)xFe12−2xO19@BiFeO3 with various x values. (b) Effects of Co2+–Ti4+ content on Ms and Hc of
Ba(CoTi)xFe12−2xO19@BiFeO3.

3.4. Complex permittivity and permeability

The dependence of complex permittivity and permeabil-
ity on frequency of Ba(CoTi)xFe12−2xO19@BiFeO3 with vari-
ous x are shown in Fig. 4. The real parts (ε ′) of the permittivity
of all samples at 1 MHz–1 GHz are about 20, while the imagi-
nary parts (ε ′′) are almost 0. For the samples with x = 0.9, 1.0,
1.1, 1.2, 1.3, and 1.4, the real parts (µ ′) of the permeability at
1 MHz can reach 2.51, 3.53, 15.46, 20.86, 16.38, and 13.49,

while the imaginary parts (µ ′′) exhibit obvious peak between
100 MHz and 1 GHz for the samples with x = 1.1, 1.2, and
1.3. The above measurement results show that the substitution
of Co2+–Ti4+ does not have a significant effect on the permit-
tivity of Ba(CoTi)xFe12−2xO19@BiFeO3, while it has a sig-
nificant effect on the permeability.[46] The µ ′ firstly increases
and then decreases with the increase of x. Notably, the high-
est µ ′ of Ba(CoTi)xFe12−2xO19@BiFeO3 is about 20.86 when
x = 1.2, which is almost equal to ε ′.
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Fig. 4. (a) and (b) The complex permittivity of Ba(CoTi)xFe12−2xO19@BiFeO3 with various x, (c) and (d) the complex permeability of
Ba(CoTi)xFe12−2xO19@BiFeO3 with various x.

The complex permeability of Ba(CoTi)xFe12−2xO19@ BiFeO3 mainly depends on two types of moment dynamics. One
is the domain wall motion, and the other is the spin rotation. To further study the contribution of these two mechanisms to
the complex permeability, the measured complex permeability spectrum is fitted by the domain wall motion and spin rotation
mechanism
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where χd is the static susceptibility provided by the domain wall motion mechanism, ωd is the angular frequency of the domain
wall resonance, β represents the damping factor of the domain wall motion mechanism, χs is the static susceptibility of the spin
rotation mechanism, ωs is the angular frequency of the natural resonance, α represents the damping factor of the spin rotation
mechanism, and ω is the angular frequency of the applied magnetic field (ω = 2π f ).
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Fig. 5. Theoretical imaginary and real part of the permeability dispersion spectra, and the comparison of theoretical and measured complex
permeability dispersion spectra; (a)–(c) x = 0.9, (d)–(f) x = 1.0, (g)–(i) x = 1.1, (j)–(l) x = 1.2, (m)–(o) x = 1.3, (p)–(r) x = 1.4.
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Firstly, the above mentioned parameters can be obtained
to simulate the measured imaginary part of the permeability
spectrum by using Eq. (3). The simulation results are shown
in Figs. 5(a), 5(d), 5(g), 5(j), 5(m), and 5(p). These parame-
ters were then substituted into Eq. (2) to obtain the real part of
the permeability spectrum, as shown in Figs. 5(b), 5(e), 5(h),
5(k), 5(n), and 5(q). The measured and simulated curves are
shown in Figs. 5(c), 5(f), 5(i), 5(l), 5(o), and 5(r), respectively.
The good overlap between the fitted and measured permeabil-
ity amply proves that the magnetization process includes do-
main wall motion and spin rotation mechanisms. According
to the fitted results, the spin rotation component significantly
affects the permeability dispersion spectra compared to the do-
main wall movement component.

3.5. EM wave absorption properties

The EM wave absorption properties of Ba(CoTi)xFe12−2x

O19@BiFeO3 can be characterized by its RL– f curves. Based
on the transmission line theory, the RL– f curves with a certain
thickness can be calculated from the complex permeability and
permittivity by the following equation:[47]

Z =
Zin

Z0
=

√
µr

εr
tanh

(
j
2π f t

c
√

εrµr

)
, (4)

RL(dB) = 20Log
∣∣∣∣Z−1
Z +1

∣∣∣∣ , (5)

where Zin is the input impedance, Z0 is the impedance in free
space, µr and εr are the complex permeability and permittiv-
ity, respectively, f is the frequency of the EM wave, t is the
thickness of the absorber, and c is the velocity of light in free
space.

Figures 6(a)–6(f) show the thickness dependence of the
RL– f curves for the Ba(CoTi)xFe12−2xO19@BiFeO3 with var-
ious x. As shown in Figs. 6(a) and 6(b), the samples with

x = 0.9 and 1.0 display poor EM wave absorption prop-
erties with the minimum value of reflection loss (RLmin)
above −10 dB when thickness is from 2.0 mm to 4.0 mm.
As shown in Fig. 6(c), when x increases to 1.1, the RLmin

reaches −34.43 dB at 955 MHz and the effective bandwidth
is 120 MHz (880 MHz–1 GHz) for a thickness of 3.5 mm.
The sample with x = 1.2 exhibits extremely good EM wave
absorption properties, as shown in Fig. 6(d). Its RLmin can
reach −30.42 dB at 617 MHz and the corresponding effective
bandwidth reaches 563 MHz in the range of 437 MHz–1 GHz
when the thickness is 3.5 mm. The sample with x = 1.3 also
shows excellent EM wave absorption properties. Its RLmin

reaches −40.63 dB at 910 MHz and the effective bandwidth
is 190 MHz (810 MHz–1 GHz) for a thickness of 4 mm, as
shown in Fig. 6(e). For the sample with x = 1.4, the EM
wave absorption properties are slightly decreased. The RLmin

reaches−25.41 dB at 990 MHz and the effective bandwidth is
22 MHz (978 MHz–1 GHz) for a thickness of 3 mm, as shown
in Fig. 6(f).

It is well known that good impedance matching prop-
erties are the necessary condition for excellent EM wave
absorption properties.[48,49] Figures 7(a)–7(f) show the rel-
ative input impedances (|Zin/Z0|) versus frequency of
Ba(CoTi)xFe12−2xO19@BiFeO3 with a thickness of 2–4 mm.
It can be clearly seen that the value of |Zin/Z0| increases
with frequency for samples with x = 0.9 and 1.0, but is much
smaller than 1.0 in the megahertz band. Therefore, their EM
wave absorption properties are poor due to the impedance mis-
match and the low permeability. For samples with x = 1.1,
1.2, 1.3 and 1.4, the impedance matching properties are im-
proved due to increased permeability, the |Zin/Z0| value firstly
increases and then decreases with frequency, and approach 1.0
at relatively high frequency bands (400 MHz–1 GHz), which
means that these samples may obtain better microwave absorp-
tion properties in high frequency bands.
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Fig. 6. Thickness-dependent RL– f curves of Ba(CoTi)xFe12−2xO19@BiFeO3 absorbers; (a) x = 0.9, (b) x = 1.0, (c) x = 1.1, (d) x = 1.2, (e)
x = 1.3, and (f) x = 1.4.
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3.6. EM wave absorption mechanism

It can be seen from Fig. 6(d) that the RL peak frequency of
the sample with x= 1.2 moves from 661 MHz to 596 MHz and
the intensity firstly increases then decreases with the absorber
thickness increases from 2.5 mm to 4.0 mm. This phenomenon
can be explained by the interface cancelation model.[50,51] Ac-
cording to the interface cancelation model

tm =
(2k−1)c

4 fmn
, (6)

where tm and fm are matching thickness and matching fre-
quency of a RL peak, εr and µr are complex permittivity and
permeability, and c is the velocity of light, k is a positive inte-
ger, n=Re[

√
εrµr],[52] the RL peak frequency is inversely pro-

portional to the thickness of the absorber. Therefore, the RL
peak moves to lower frequency with the increase of absorber
thickness. In addition, the strong magnetic resonance shown
in Fig. 4(d) can be found around 600 MHz. The loss inside the
absorber may also play an important role in the absorption of
EM waves for Ba(CoTi)1.2Fe9.6O19@BiFeO3.[34,35]

In our previous study, a symmetry model was proposed
to separate the internal loss and the interface cancelation.[53]

The reflected waves originating from the front (W1) and
back (W2) interfaces of absorber were separated by us-
ing the symmetry model to calculate the internal energy
loss (Eloss) and interface cancelation energy loss (E ′loss) of
Ba(CoTi)xFe12−2xO19@BiFeO3 absorber with x = 1.2. As-
suming that the energy of incident EM wave is 1, then the total
energy (Etotal) absorption by the absorber can be calculated by
its RL– f curves

Etotal = 1−10
RL
10 , (7)

the total energy absorption by the absorber includes the part of
interface cancelation and the part of internal loss

Etotal = E ′loss +Eloss, (8)

among them, the energy of the EM wave loss inside (Eloss) the
absorber can be calculated by separating waves W1 and W2

Eloss = 1−10
W1
10 −10

W2
10 , (9)

the calculation results are shown in Figs. 8(a)–8(d), where the
blue solid lines represent the total energy (Etotal) absorbed by
the absorbers, the red solid lines represent the attenuated en-
ergy (Eloss) of the EM waves inside the absorber, and the solid
green lines represent the cancelation energy (E ′loss) of reflected
waves at the front and back interfaces, and the symbol lines
represent the RL– f curves. It can be seen that the red solid
lines are much higher than the green solid lines in the effec-
tive absorption frequency band (RL ≤ −10 dB). This means
that the absorption of EM waves by the absorber mainly orig-
inates from the high loss inside the absorber. The internal loss
mainly comes from the magnetic loss caused by the natural
resonance.[54] As shown in Fig. 8(a), when the thickness of
the absorber is 2.5 mm, Eloss accounts for 56%–77% of the
incident wave energy, the bandwidth is 514 MHz. The Eloss

increases with the increasing thickness of the absorber. When
the thickness of the absorber reaches 4 mm, Eloss accounts
for 63%–85% of the incident wave energy, and the bandwidth
reaches 585 MHz. This indicates that high internal loss can
increase the bandwidth of the absorber.

For absorber with a thickness of 3.5 mm, Eloss increases
with frequency, and the maximum value at 1 GHz is about 83%
(−7.70 dB) of the energy of the incident wave, which does not
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match with the frequency and intensity of the RL peak. It indi-
cates that strong absorption peaks cannot be achieved by only
internal loss. E ′loss firstly increases and then decreases with fre-
quency, the maximum value of E ′loss moves to lower frequency
with the increase of absorber thickness. The RL– f curves ex-
hibit the same trend with the variation of frequency and thick-
ness. This further indicates that the RL peaks are attributed
to interface cancelation. The interface cancelation enhances

the absorption properties and generates sharp absorption peaks

(−30.42 dB). From above discussions, it can be concluded that

the excellent wave absorption properties are based on the com-

bination of high loss inside the absorber and the interface can-

celation. The frequency and intensity of RL peak are mainly

determined by the interface cancelation, and the internal loss

plays a crucial role in expanding the bandwidth.
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4. Conclusion

Herein, the Ba(CoTi)xFe12−2xO19@BiFeO3 EM wave ab-

sorption material with different Co2+−Ti4+ content is suc-

cessfully prepared, and its low−frequency EM wave absorp-

tion properties are investigated. The experimental results

show that Ba(CoTi)xFe12−2xO19@BiFeO3 exhibits excellent

wave absorption properties at different Co2+–Ti4+ content.

The best comprehensive property is obtained for x = 1.2,

in which case, the absorber has the highest permeability,

internal loss and the best impedance matching properties,

where the RLmin and effective bandwidth are −30.43 dB,

617 MHz, respectively. The investigation on absorption mech-

anism shows that the strong EM wave absorption properties

of Ba(CoTi)xFe12−2xO19@BiFeO3 are mainly originated from

the internal loss caused by natural resonance, and the interface

cancelation of the reflected waves from the front and back in-

terfaces further improves the absorption intensity and gener-

ates a RL peak.
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