
Journal of Magnetism and Magnetic Materials 596 (2024) 171997

Available online 25 March 2024
0304-8853/© 2024 Elsevier B.V. All rights reserved.

Band gap, ferromagnetic resonance and strong microwave absorption of 
BaFe12-2xZnxSnxO19 compounds and enhanced dielectric loss in 
BaFe12-2xZnxSnxO19/carbon nano tube composites 

Haozheng Yang a,1, Zeen Jian a,1, Kewei Li b,1, Hong Chang a,*, Wenyun Yang b,*, 
Shunquan Liu b,* 

a School of Physical Science and Technology, Inner Mongolia University, Hohhot, China 
b School of Physics, Peking University, Beijing, China   

A R T I C L E  I N F O   

Keywords: 
Microwave absorption 
Ferrites 
Magnetic anisotropy 

A B S T R A C T   

The forbidden bandgap energy, magnetic properties, natural ferromagnetic resonance and microwave absorption 
are studied on the Zn2+ and Sn4+ doped BaFe12-2xZnxSnxO19. The forbidden band gap of BaFe12-2xZnxSnxO19 
increases with the increasing doping content x from 1.80 eV up to 1.97 eV. The coercive field, the anisotropy 
field and the magnetocrystalline constant of BaFe12-2xZnxSnxO19 decreases with the increasing doping. The 
natural ferromagnetic resonance is observed. The high permeability, accompanied with the ferromagnetic 
resonance, enables strong microwave absorption. BaFe10.4Zn0.8Sn0.8O19 has a wide effective microwave ab
sorption bandwidth (RL ≤ − 10dB) of 6 GHz with the material thickness below 2.5 mm in 11.4–17.4 GHz. The 
dielectric loss has little contribution to the excellent microwave absorption of BaFe12-2xZnxSnxO19. The BaFe12- 

2xZnxSnxO19/carbon nanotube (CNT) composites significantly increase the permittivity. The high dielectric loss 
and the high magnetic loss further improve the microwave absorption. With a very thin thickness of 1.8 mm, 
BaFe10.4Zn0.8Sn0.8O19/CNT has a bandwidth of 7.1 + GHz of 10.9–––18 + GHz. With the material thickness 
thinner than 3 mm, BaFe12-2xZnxSnxO19/CNT composites have very broad effective microwave absorption 
bandwidth of 11.4+, 10.7 and 10.7 GHz, with x  = 0.6, 0.8 and 1.0, respectively. It illustrates that both 
BaFe10.4Zn0.8Sn0.8O19 and BaFe12-2xZnxSnxO19/CNT composites are very promising microwave absorbers.   

1. Introduction 

As telecommunication enters the 5G and 6G era, the electromagnetic 
wave pollution in the GHz range is becoming a serious problem world
wide. Many efforts have been done to eliminate the electromagnetic 
wave pollution. Among them, the microwave absorption materials are a 
big group. The microwave are composed of rapidly alternating electric 
and magnetic fields. Therefore, the microwave energy can be consumed 
by either dissipating the electric energy or the magnetic energy. 
Generally, the electric energy is consumed by the dielectric materials 
with enough interfaces, such as the nano materials, Cu9S5 [1], graphe
ne@SiO2@NiO nanoflowers [2], carbon nano fibers @MnOx [3], Co@C 
[4], polyaniline@Ba0.5Sr0.5Fe12O19@multi wall carbon nanotubes 
(MWCNTs) [5]. Carbon nano tubes (CNTs) have very high conductiv
ity. MWCNT/epoxy composite has minimum reflection loss of − 15 dB 

with 3 GHz band width [6]. As an addition, CNTs are effective at 
improving some composites’ microwave absorbing capability, such as 
silicone oil/CNT [7], MWCNT/Al2O3 [8]. With some modification, 10 wt 
% CNT/SrFe12O19/NiFe2O4 composite have a bandwidth (RL < -10 dB) 
of 3.27 GHz [9]. CuS/CoFe2O4/MWCNT composites have a microwave 
absorption bandwidth of 5.26 GHz at the material thickness of 1.77 mm 
[10]. ZnO-C wire-in-tubes have an absorption bandwidth of 5.76 GHz 
[11]. NiCo alloy/carbon nanorod@CNT has an absorption bandwidth of 
6.5 GHz with the material thickness of 2.6 mm [12]. 

Besides the electric energy loss, the microwave energy can also be 
consumed by the magnetic energy loss. Among them, the ferrites, 
including the Spinel or the M− type ferrites, are two series being studied 
most intensively [13–15]. BaFe12-2xZrxNixO19 with x  = 0.6 has a broad 
bandwidth of 6.9 GHz [16]. BaFe12O19@MnO2 has an effective 
absorbing bandwidth of 4.64 GHz [17]. SrZnCoFe16O27 has an 
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absorption bandwidth of more than 2.1 GHz [18]. The maximum 
bandwidth of Ni0.5Zn0.5Fe2O4 corresponding to RL⩽ − 10dB was 4.6 GHz 
at 1.71 mm [19]. Around the ferromagnetic resonance (FMR), both the 
real and the imaginary permeability are very high. It enables strong 
microwave energy absorption. The natural FMR originates from the 
magnetocrystalline anisotropy. With very high anisotropy field, Sr1-x/ 

12Cax/12Fe12-xAlxO19 (x = 1.5–5.5), Sr0.67Ca0.33Fe8Al4O19 [20–24] have 
the natural frequencies of FMR above 100 GHz. Instead, in SrFe12− 2x

NixRuxO19, a strong microwave absorption is observed below 18 GHz 
[25]. Some studies on the microwave absorbing properties based on 
FMR are explored, including the BaFe12-y-2xAlySnxMnxO19 M− type 
hexaferrite [26]. Recently, the magnetic properties have been studied on 
SrFe12-2xZnxFexO19 [27]. The maximum saturation magnetization and 
the coercivity are 77 emu/g and 2203 Oe when x  = 0.25. Generally, a 
high magnetization leads to a high permeability. Furthermore, the real 
part of the complex permeability tells the ability of storing the magnetic 
energy, and the high imaginary part tells the ability of dissipating the 
magnetic energy. It inspires us to further study the microwave absorbing 
properties of the Zn and Sn codoped M− type ferrites. In this paper, we 
explore the UV–vis spectra, the magnetic properties, and the microwave 
absorption of BaFe12-2xZnxSnxO19 in detail. The BaFe12-2xZnxSnxO19 
compounds and the BaFe12-2xZnxSnxO19/CNT composites have excellent 
microwave absorption properties with a high magnetic loss and a high 
dielectric loss. 

2. Experiments 

The BaFe12-2xZnxSnxO19 (x = 0.2, 0.4, 0.6, 0.8 and 1.0) compounds 
were synthesized by auto combustion method. Stoichiometric amount of 
Ba(NO3)2, Zn(NO3)2, SnCl2, were dissolved in deionized water, respec
tively. All the solutions were put into one container. Then, the citric acid 
with the molar ratio of Ba(NO3)2: citric acid = 1: 1.2 was added and 
stirred for 2 h. The gel was stirred at 90 ◦C until a black sticky solid gel 
was formed. Then, the solid gel was transferred to a beaker, and heated 
at 180 ◦C until auto combustion occurred. The powder was sinterred at 
1050 ◦C for 6 h with the heating rate of 5 ◦C/minute. The MWCNTs were 
bought from Zhongkeshidai Nano company, China. The outer diameter 
is in the range of 5–––15 nm and the length is about 10–––30 μm. The 
composites of BaFe12-2xZnxSnxO19 /MWCNT were prepared with the 
hydrothermal method. BaFe12-2xZnxSnxO19 and MWCNTs were put in an 
autoclave, and heated at 150 ◦C for 24 h. The x-ray powder diffraction 
(XRD) patterns were collected on a Bruker D8 diffractor with the Cu 
target (Kα = 1.5418 Å). The scanning electronic microscope (SEM) is 
carried out on JEOL JSM-6400 made in Japan. UV–Vis spectra were 
recorded in the 200–––800 nm domain with a PerkinElmer Lambda750 
UV–Vis spectrometer at room temperature. The magnetic properties 
were measured on a commercial PPMS-9 made in QuantumDesign 
company with the maximum applied magnetic field of 70 kOe at room 
temperature. The Agilent N5234A vector network was used to charac
terize the ferromagnetic resonance and the microwave absorption in 
1–18 GHz. The samples used for the microwave absorption were pre
pared by mixing 80 % of the samples with 20 wt% paraffin wax. 

3. Results and discussions 

The XRD patterns of the BaFe12-2xZnxSnxO19 (x = 0.2, 0.4, 0.6, 0.8 
and 1.0) compounds are refined using the Fullprof program with the 
Rietveld method, as shown in Fig. 1(a). The space group is P63/mmc. It is 
the M− type ferrites with some Fe2O3 and BaFe2O4 impurities. In the 
refinements, the ions’ positions are assumed to be the same as in SrFe12- 

2xZnxSnxO19, i.e. 64 % Zn2+ and Sn4+ being at the 4f1 and 4f2 sites, 
while the others being at the 2a, 2b and 12 k sites [27]. As shown in 
Fig. 1(b), the XRD peak moves to the low angle side with the increasing 
doping content x. It indicates that the lattice constants increase, as 
shown in Fig. 2. According to the generally accepted Shannon-Prewitt 
table, the ionic radius of Fe3+, Zn2+ and Sn4+ ions are 0.49 Å in FeO4 

tetrahedra (or 0.55 Å in the FeO6 octahedra), 0.74 and 0.71 Å, respec
tively. They are in the order of Fe3+ < Sn4+ < Zn2+. The increasing 
lattice constants reflect that Zn2+ and Sn4+ ions are doped in the com
pounds up to x  = 1.0. The particle size is really large, with a diameter 
more than 5 μm, as shown in Fig. 3. 

The UV–vis spectra with a reflection mode are measured on BaFe12- 

2xZnxSnxO19. The Tauc relation describes the relation of the UV–vis 
absorption and the forbidden band gap Eg [28], 

αhν = K(hν − Eg)
n (1)  

where hν is the energy, α is the absorption, K is a constant. The index n is 
closely related to the transition type. For direct allowed transition, n =
1/2; and it is 3/2, 2 and 4 for direct forbidden transition, indirect 
allowed and indirect forbidden transition, respectively. BaFe12- 

2xZnxSnxO19 are direct band gap semiconductors [29]. Fig. 4 shows the 
(αhν)2 versus hν curves. The band gap Eg is 1.8, 1.87, 1.93, 1.96 and 1.97 
eV for the x  = 0.2, 0.4, 0.6, 0.8 and 1.0 compounds, respectively. Eg 
increases with the increasing doping content x. As the doping content 
approaches x  = 1.0, Eg tends to saturate, as shown in Fig. 4(f). It is 
reported that the band gap energies, Eg, of nano BaFe12O19, nano 
Ba0.5Sr0.5Fe12O19 and nano Ba1-xCaxFe11.4Al0.6O19 are 2.31 eV [30], 
2.86 eV [31], and in the range of 1.70 eV and 2.43 eV [32]. Eg varies in a 
wide range with the doping. It probably indicates that the forbidden 
bandgap of BaFe12O19 is very sensitive to many factors including the 
particle sizes and the compositions. 

The magnetic hysteresis curves are measured with the highest 
applied field as 70 kOe. The saturation magnetization, defined as the 
magnetization at 70 kOe, decreases with the increasing doping content 
x. BaFe12O19 and SrFe12O19 are ferrimagnetic [20]. The magnetic mo
ments at the 4f1 and 4f2 sites are anti-parallel to those Fe3+ ions at the 
2a, 2b and 12 k sites. The substitution of the nonmagnetic Zn2+ and Sn4+

may increase or decrease the magnetization. It depends on their occu
pation sites. Previously, it was reported that in SrFe12-2xZnxSnxO19, 64 % 

Fig. 1. (a) the refined XRD pattern of the x  = 0.4 sample, (b) the XRD patterns 
of 0.2, 0.4 0.6, 0.8 and 1.0 in the range of 31.5 ≤ 2θ ≤ 34.5. 

Fig. 2. The lattice constants a and c of BaFe12-2xZnxSnxO19.  
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Zn2+ and Sn4+ being at the 4f1 and 4f2 sites, while the others being at 
the 2a, 2b and 12 k sites [27]. Therefore, with the increasing doping 
content x, the saturation magnetization should increase. It is different 
from the measurements. It is probably due to the nonlinear alignment of 
the magnetic moments, similar to that is in SrFe12-2xZnxSnxO19 [27]. The 
nonmagnetic Zn2+ and Sn4+ ions drive the alignment of the magnetic 
moments become canted. As shown in Fig. 5(a), as a result of the canted 
alignment of the x  = 0.4, 0.6, 0.8 and 1.0 compounds, the magnetization 
keeps increasing even at the applied magnetic field as high as 70 kOe. 
The coercive field Hc rapidly decreases with the increasing doping 
content x from 4.01 kOe in x  = 0.2 down to 56.4 Oe in x  = 1.0. Because 
the annealing is carried out at the temperature as high as 1050 ◦C for 6 h, 
the particles are very large, with the diameter more than 5 μm. All of 
them are not single magnetic domains. The coercive field Hc reflects the 
variation of Ha, but is much smaller than Ha. 

In Fig. 6, the real and imaginary parts, μ′ and μ ″, of the magnetic 
permeability are shown. There are two resonance peaks in the x  = 0.2 
compound, at 1.2 and 17.0 GHz, respectively. The one at the low fre
quency gradually decreases with the increasing doping content x, and it 
is at 0.7 GHz in x  = 1.0. In the study of the reaction dynamics, it is 
reported that α-Fe2O3 and BaFe2O4 naturally exist as intermediate 
phases before the formation of the M− type Ba ferrites [29–32]. Gener
ally, the spinel ferrite has a low anisotropy field, the FMR frequency is in 
the MHz range. It is reasonable to assume that Ba(Fe,Zn,Sn)2O4 produces 
the resonance below 1.2 GHz. At high frequency, both the permeability 
and the permittivity have a resonance. It is probably due to the electric 
dipole oscillation, which can radiate electromagnetic wave. 

In the x  = 0.6, 0.8 and 1.0 compounds, both μ′ and μ ″ have a wide 
hump, and the peak of the μ ″ hump is at the half maximum of the μ′ 

hump. It clearly indicates that the wide hump is due to the FMR. The 
natural frequency (fr) of FMR is 16.4, 12.5 and 8.6 GHz in x  = 0.6, 0.8 
and 1.0, respectively. It linearly decreases with x. As discussed above, 
the coercive field Hc also linearly decreases from x  = 0.4 to 1.0, and both 
Hc and fr are proportional to Ha. The linear extrapolation gives a 
reasonable value of fr = 20.5 GHz in x  = 0.4, as listed in Table 1. The 
natural FMR originates from the magnetocrystalline anisotropy. fr and 
Ha has the relation, fr = γHa = 1.4gHa, with γ = qgμ0/2me, g as the g- 
factor, q, me and μ0 as the electron charge, the electron mass and the 
magnetic permeability of the vacuum, respectively. The increasing 
doping content x decreases fr and also Ha, as listed in Table 1. The 
magnetocrystalline anisotropy constant K1 is deduced from Ha = 2K1

ρMs
. 

The Zn2+ and Sn4+ doping seriously deteriorates K1. Compared with 
SrFe12-xGaxO19, K1 of BaFe12-2xZnxSnxO19 decreases much faster with x 
[33]. The magnetocrystalline anisotropy is a complex function of the 
valence state of Fe3-d ions, the noncentral symmetry at some Fe-O 
polyhedra [20], and also the nonmagnetic ions’ doping. 

In the microwave absorption, the real part of the permeability re
flects the capability of storing the magnetic energy, and the imaginary 
part indicates the dissipating capacity. The big humps observed in μ′ and 
μ ″ provide high storing and high dissipating capacity of the microwave 
energy. It indicates strong absorption of the microwave energy. The 

magnetic tangent loss tanδμ =
μ ″

μ′ denotes the capability of consuming the 

magnetic energy of the microwave. As shown in Fig. 6(f), tanδμ =
μ ″

μ′ is 
obviously higher in the x  = 0.6, 0.8 and 1.0 compounds than their peer 
x  = 0.2 and 0.4 compounds. It is largely due to the contribution of the 
big hump originating from the FMR. The highest tanδμ = 0.45 is in x  =

Fig. 3. SEM image of the (a) x  = 0.4, (b) x  = 0.6, (c) x  = 0.8, (d) x  = 1.0 compounds.  
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0.6, and it moves to the low frequency side in x  = 0.8 and 1.0 with 
tanδμ = 0.4. 

The dielectric permittivity is shown in Fig. 7, with ε′ and ε ″ as the real 
and the imaginary parts, respectively. Similar to the permeability, the 
real part of the permittivity denotes the capability of storing the electric 
energy, and the imaginary part tells the capability of dissipating the 
electric energy. Except for the rapidly decreasing ε′ and ε ″ below 2 GHz 
in x  = 0.2, 0.4, 0.6 and 0.8, ε ″ is close to zero in all the compounds. It 
indicates that the dielectric loss is rather low. 

In the microwave absorption, the impedance matching plays an 
important role. It is calculated with the equation 

Zin = Z0

̅̅̅̅̅
μ r

ε r

√

tanh[j
2πfd

c
̅̅̅̅̅̅̅̅̅̅μ rε r

√
] (5)  

where Zin and Z0 as the material and the free air impedance, respec
tively, μ r and ε r as the complex permeability and permittivity, respec
tively, f as the frequency and d as the material thickness. As Zin

Z0 
is close to 

1, the microwave is able to fully enter the material. As Zin
Z0 

deviates from 1 
very far, the microwave is reflected back into the air. As shown in Fig. 8, 
the range with 0.5⩽Zin

Z0
⩽1.5 is highlighted with the dark blue, light blue, 

green and brown. In the x  = 0.4 compound, with 4mm⩽d⩽6mm, the 
frequency range of 0.5⩽Zin

Z0
⩽1.5 is above 16 GHz. In x  = 0.6, with the 

thickness between 1 and 3 mm, 0.5⩽Zin
Z0

⩽1.5 is in the frequency range of 
15––18 GHz. In x  = 0.8, 0.5⩽Zin

Z0
⩽1.5 is in a wide frequency range of 

13–16 GHz with the thickness of 1.2–3.5 mm. Compared to the x  = 0.8 
compound, the x  = 1.0 compound has a shrinking frequency range, but 
still covers a wide 7–11.5 GHz frequency range with the thickness below 
6 mm. 

A good microwave absorption is expected with a good impedance 
matching. The microwave absorption is defined by the reflection loss 
(RL). It is calculated with the equation 

RL = 20log
Zin − Z0

Zin + Z0
(6)  

Herein, the effective absorption is defined as RL⩽ − 10dB, with more 
than 90 % microwave energy being consumed. In Fig. 9, the variation of 
RL with the thickness and the frequency is shown. Because the x  = 0.2 
compound does not have good microwave absorption, it is not shown in 
Fig. 9. In x  = 0.4, the effective absorption has 2 parts, i.e. in 16–––18 +
GHz with the thickness of 4.2–––5.5 mm, and in 8.6–––11.6 GHz above 
7.2 mm. The second stripe with RL⩽ − 10dB in x  = 0.4 is above 7.1 mm 
in 14–18 + GHz. 

In x  = 0.6, there are 3 stripes of absorption below 9.9 mm and in the 
frequency range of 1–18 GHz. The first one has a bandwidth of 3.6 +
GHz with a very thin thickness of 1.4–2.1 mm in 14.4–––18 + GHz. At a 
single layer thickness of 2 mm, the effective absorption band is in 
14.4–––18 + GHz with a bandwidth of 3.6 + GHz. Another two stripes 
are at thick material thicknesses above 4.8 mm. In x  = 0.8, there are 2 
stripes. The one at thin thickness of 1.9–2.5 mm has a bandwidth of 6 
GHz in 11.4–17.4 GHz. The single layer absorption band at 2.2 mm has a 
bandwidth of 5 GHz in 12–17 GHz. In x  = 1.0, there are 2 absorption 
stripes. The one between the thickness of 2.7–3.9 mm covers the fre
quency of 7.9–11.8 GHz. 

Fig. 4. (αhν)2 versus hv curves of BaFe12-2xZnxSnxO19 with (a) x  = 0.2, (b) x  =
0.4, (c) x  = 0.6, (d) x  = 0.8 and (e) x  = 1.0, and (f) the band gap energy Eg 
versus the doping content x. 

Fig. 5. (a) the hysteresis curves of BaFe12-2xZnxSnxO19 (x = 0.2, 0.4, 0.6, 0.8 
and 1.0), (b) the variation of the coercive field Hc and the saturation magne
tization Ms with the Zn and Sn doping content x. 

Fig. 6. The real and imaginary parts, μ′ and μ ″, of the magnetic permeability of 
BaFe12-2xZnxSnxO19 with (a) x  = 0.2, (b) x  = 0.4, (c) x  = 0.6, (d) x  = 0.8 and 
(e) x  = 1.0, and (f) the magnetic tangent loss tanδμ versus the doping content x. 
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Noticed that in all the compounds, the absorption has several stripes, 
it is due to the quarter wavelength criteria. Supposed that the material 
has a metal bottom. As the microwave radiates toward the material, part 
of the microwave is reflected back into the air and part enters the ma
terial. As the microwave meets the metal bottom, it is reflected back and 
enters the air again. If the two beams in the air are exactly anti phase, the 
overall microwave is canceled. It demands the material thickness is λ/4 
or odd times λ/4. It is called the quarter wavelength criteria. The opti
mum thickness satisfying the quarter wavelength criteria fulfills the 
equation 

dm =
nc

4fm
̅̅̅̅̅̅̅̅̅̅̅
|μrεr |

√ (7)  

In Figs. 8 and 9, the calculated optimum thickness at corresponding 
frequency is shown as the black, red and blue lines. As shown in Fig. 8, 
the range with 0.5⩽Zin

Z0
⩽1.5 is around the optimum thickness. Both the 

good impedance matching and the quarter wavelength criteria enable 
good microwave absorption. As shown in Fig. 9, the range with 
RL⩽ − 10dB is around the optimum thickness of the quarter wavelength 
criteria. 

In order to further study the factors determining RL, Fig. 10 is drawn 
with RL, μ ″, the optimum thickness dm, and | Zin

Z0
|. In x  = 0.4, at d = 4.6 

mm and 17.8 GHz, the minimum RL is RLmin = -26 dB with a compar
atively highμ ″ = 0.19. The optimum thickness of the quarter wavelength 
criteria is exactly at dm = 4.6 mm, and| Zin

Z0
| = 1.1. The minimum RL is a 

combining effect of μ ″, dm, and | Zin
Z0
|. In the x  = 0.6 compound, with the 

material thickness 2 mm (different from the optimum dm = 1.8 mm), 
RLmin = -12 dB.μ ″ = 0.44 is high, and| Zin

Z0
| = 1.18. Similar to x  = 0.6, the 

x  = 0.8 and 1.0 compounds have a highμ ″ = 0.38, but the material 

thickness is not the optimum one. The high μ ″ results in the wide 

Table 1 
The lattice parameters a and c, the saturation magnetization (Ms), and the coercive field (Hc), the NFMR frequency (fr), the anisotropy field (Ha) and the magneto
crystalline constant K1 (erg/cm3) of BaFe12-2xZnxSnxO19.  

x a(Å) c(Å) Hc(kOe) Ms(emu/g) fr(GHz) Ha (kOe) K1(erg/cm3) 

0.2  5.89889  23.25469  4.01  72.84    
0.4  5.9072  23.29688  0.578  64.9  20.5  7.32143  1.27857 
0.6  5.91417  23.33274  0.2846  56.5  16.4  5.85714  0.89827 
0.8  5.91897  23.35914  0.1868  50.3  12.5  4.46429  0.61548 
1  5.92541  23.39454  0.0564  39.6  8.6  3.07143  0.33626  

Fig. 7. The real and imaginary parts, ε′ and ε ″, of the dielectric permittivity of 
BaFe12-2xZnxSnxO19 with (a) x  = 0.2, (b) x  = 0.4, (c) x  = 0.6, (d) x  = 0.8 and 
(e) x  = 1.0, and (f) the dielectric tangent loss tanδε versus the doping content x. 

Fig. 8. The impedance matching Zin
Z0 

of BaFe12-2xZnxSnxO19 with (a) x  = 0.4, (b) 
x  = 0.6, (c) x  = 0.8, (d) x  = 1.0 at the different material thickness and fre
quency, the lines are calculated from the quarter wavelength criteria. 

Fig. 9. RL of BaFe12-2xZnxSnxO19 with (a) x  = 0.4, (b) x  = 0.6, (c) x  = 0.8, (d) 
x  = 1.0 at the different material thickness and frequency, the lines are calcu
lated from the quarter wavelength criteria. 
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absorption bands in x  = 0.6 at 2 mm, in x  = 0.8 at 2.2 mm, and in x  =
1.0 at 3.2 mm. If only | Zin

Z0
| is good enough, a high μ ″ dissipates the mi

crowave energy, even when the quarter wavelength criteria is not 
fulfilled. 

As shown above, the microwave absorption is mainly contributed by 
high magnetic absorption. The dielectric loss is very low. In order to 
further increase the microwave absorption, BaFe12-2xZnxSnxO19/carbon 
nanotube (CNT) composites are prepared with the hydrothermal 
method. The real and imaginary parts of the magnetic permeability, μ′ 

and μ ″ of the x  = 0.6, 0.8 and 1.0 compounds and the BaFe12- 

2xZnxSnxO19/CNT composites are shown in Fig. 11. The addition of CNT 
does not change μ′ and μ ″ very much. 

The BaFe12-2xZnxSnxO19 compounds have very low ε ″. Compared 
with the compounds, the BaFe12-2xZnxSnxO19/CNT composites have 
much higherε ″ = 3.4, 1.8, 2.4 in the composites with x  = 0.6, 0.8 and 
1.0, as shown in Fig. 12. The high ε ″ means that the dissipating capacity 
is greatly enhanced by the addition of the CNTs. As shown in Fig. 13, the 
Cole-Cole curves have long tails in the composites with x  = 0.6, 0.8 and 
1.0. It supports that the highly conductive CNT introduce leakage 

Fig. 10. RL of BaFe12-2xZnxSnxO19 with (a) x  = 0.4, (b) x  = 0.6, (c) x  = 0.8, (d) x  = 1.0 at the different material thickness and frequency, the lines are calculated 
from the quarter wavelength criteria. 

Fig. 11. μ′ and μ ″ of the BaFe12-2xZnxSnxO19/CNT composites with (a) x  = 0.6, (b) x  = 0.8, (c) x  = 1.0.  
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conduction. As a result of the enhanced ε′ and ε ″, the dielectric tangent 
loss tanδε =

ε ″

ε′ of the composites becomes significantly higher than their 
peer compounds, as shown in Fig. 13(d). 

As mentioned above, the BaFe12-2xZnxSnxO19 compounds have high 
magnetic loss with a high μ ″ due to the FMR. The BaFe12-2xZnxSnxO19/ 
CNT composites keep the high magnetic loss. At the same time, the 
dielectric dissipation increases in the BaFe12-2xZnxSnxO19/CNT com
posites due to the increased ε ″. Therefore, the BaFe12-2xZnxSnxO19/CNT 
composites are expected to have a very strong microwave absorption. As 
shown in Fig. 14, below 3 mm, the composites with x  = 0.6, 0.8 and 1.0 
have very broad absorption bands of 6.6–––18 + GHz, 7.3–––18 + GHz, 
and 6.1–––17.3 GHz, respectively. The bandwidths are 11.4, 10.7 and 
11.2 GHz, respectively. As for a single layer absorption, at 1.8 mm, the 
composite with x  = 0.8 has a broad bandwidth of 7.1 + GHz from 10.9 
to 18 + GHz. As for RL < -5 dB, at the material thickness of 1.2 mm, the 
composite with x  = 0.8 has the bandwidth of 6.4 + GHz in 11.6–18 +
GHz. In Table 2, RL are compared with the compounds from the latest 
highly honored publications. BaFe10.8Zn0.6Sn0.6O19/CNT and 
BaFe10.4Zn0.8Sn0.8O19/CNT have very broad effective microwave ab
sorption at very thin thickness. They are very competitive microwave 
absorbers. 

4. Conclusion 

The forbidden energy band gap of BaFe12-2xZnxSnxO19 increases with 
the increasing doping content x from 1.80 eV up to 1.97 eV. The coercive 
field, the saturation magnetization and the anisotropy field decrease 
with the increasing doping content x. Strong natural ferromagnetic 
resonances are observed in the x  = 0.4, 0.6 and 1.0 compounds. The 
high imaginary part of the permeability induces the strong microwave 
absorption. BaFe10.4Zn0.8Sn0.8O19 has a wide effective microwave ab
sorption bandwidth (RL⩽ − 10dB) of 6 GHz with the material thickness 
below 2.5 mm in 11.4–17.4 GHz. 

The BaFe12-2xZnxSnxO19/CNT composites have both high permit
tivity and high permeability. The microwave absorption further im
proves. With the material thickness thinner than 3 mm, BaFe12- 

2xZnxSnxO19/CNT composites have very broad effective microwave ab
sorption bandwidth of 11.4+, 10.7 and 10.7 GHz, with x  = 0.6, 0.8 and 
1.0, respectively. With a very thin thickness of 1.8 mm, 
BaFe10.4Zn0.8Sn0.8O19/CNT has a bandwidth of 7.1 + in 10.9–18 + GHz. 
It illustrates that the BaFe12-2xZnxSnxO19/CNT composites are promising 
microwave absorbers. 

Fig. 12. ε′ and ε ″ of the BaFe12-2xZnxSnxO19/CNT composites with (a) x  = 0.6, 
(b) x  = 0.8, (c) x  = 1.0. 

Fig. 13. The Cole-Cole curves, ε′ ~ ε ″, of the BaFe12-2xZnxSnxO19/CNT com
posites with (a) x  = 0.6, (b) x  = 0.8, (c) x  = 1.0, and (d). 

Fig. 14. RL of the BaFe12-2xZnxSnxO19/CNT composites with (a) x  = 0.6, (b) x 
= 0.8, (c) x  = 1.0. 

Table 2 
The comparison of the microwave absorption properties, at the absorber 
thickness d (mm), the microwave absorption bandwidth BW (GHz), the ab
sorption frequency band (GHz), and the references.   

d (mm) BW 
(GHz) 

Band (GHz) Ref. 

BaFe10.8Zn0.6Sn0.6O19/CNT 3 11.4+ 6.6–––18+ Present 
work 

BaFe10.4Zn0.8Sn0.8O19/CNT 3 10.7 7.3–––18+ Present 
work 

BaFe10ZnSnO19/CNT 3 11.2 6.1–––17.3 Present 
work 

BaFe10.4Zn0.8Sn0.8O19/CNT 1.8 7.1+ 10.9–––18+ Present 
work 

BaFe10.4Zn0.8Sn0.8O19 2.5 6 11.4–17.4 Present 
work 

SrFe10.6Ni0.7Ru0.7O19 2.1 8.8+ 9.20–––18+ [25] 
SrFe11.0Ni0.5Ru0.5O19 2.1 11.31+ 6.69 to 18+ [25] 
Fe3O4/graphene 3.5 4.3 7.5–11.8 [34] 
Nano TiO2/BaFe12O19 2.4 4.5 6–10.5 [35] 
Nano BaTiO3 2 1.7 13.3–15 [36] 
Ba0.5Sr0.5Co0.2Al0.2Fe11.6O19 1.5 3.27 9.23–12.5 [37] 
Ag3PO4 nanorod/SrFe12O19 3 10.5+ 7.5–18+ [38]  
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