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Abstract. The aim of this work was to investigate the microwave absorption performances of barium hexaferrite 

multi-nanolayers synthesized by the ceramic method. The microwave absorption performances of BaFe12O19 and 

BaCoZnFe10O19 multi-nanolayers with thicknesses of 25, 50, 75, 100, 200, 300, 500, and 1000 nm were evaluated 

using a vector network analyzer (VNA) at room temperature to characterize the reflected signal (S11) and transmitted 

signal (S21) in the frequency range of 7–13 GHz. The microwave absorption performance of the multilayer structure 

was enhanced owing to the combination of nanolayers. The optimal absorption performance was achieved with a 

reflection loss of less than −30 dB (99.9% absorption) for layer thicknesses of less than 500 nm. 
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1 Introduction 

The rapid growth of electronic technology and microwave devices nowadays has attracted the attention of many 

researchers. However, interference and electromagnetic (EM) pollution have become serious problems in 

relation to electronic devices, radar systems, mobile communication devices, and human health [1–5]. To 

overcome these problems, development of EM wave absorbing materials has been urgently required. The two 

important requirements that will enable microwave absorbers to achieve high absorption performance are EM 

impedance matching and the ability to attenuate EM waves rapidly inside the absorbers [5–8]. Among various 

candidates, barium hexaferrite (BaFe12O19) as a magnetic material is highly potential as EM absorbers because 

of its magnetic features, strong magnetization, low cost, and easy preparation [6, 9–13]. BaFe12O19 also has 

strong dielectric and magnetic loss, so that the incident EM waves can be reduced as much as possible [1, 6, 14]. 

On the other hand, material properties, such as permeability and permittivity, play important roles in microwave 

absorption [6, 15, 16].  

Transition metal (Co, Zn, Ni) substitutions on BaFe12O19 have been found to contribute to the design of 

microwave absorbers at high frequencies owing to the high values of permeability and strong electric 

polarization loss [12, 17, 18]. Several effective designs and developments have been employed to enhance 

microwave absorption abilities, such as compositing with some magnetic absorbing materials and optimizing the 

structural design (e.g., single-layer, double-layer, and multilayer structures). For instance, Meena et al. prepared 

the U-type hexaferrite series, Ba4Co2−xMnxFe36O60, using a conventional solid-state reaction technique, and the 

microwave absorption composition with x=1 showed a single layer with a highest reflection loss (RL) of −28.4 



 

dB (99.84% absorption) at 8.45GHz for the sample with thickness of 1.7 mm [19]. Furthermore, Handoko et al. 

synthesized nanocrystalline barium hexaferrite (BaFe12−2xCoxZnxO19) with x=0.0, 0.2, 0.4, 0.6) by using the 

solid-state reaction technique. A single layer with RL of −29.98 dB was obtained at 10.8 GHz with a sample 

thickness of 1mm for nanocrystalline BaFe10.8Co0.6Zn0.6O19 [20]. Rusly et al. reported a double layer based on 

graphite and SrCoZnFe16O27, which showed an optimum RL of −19.5 dB with both layers having 1 mm 

thickness [1]. However, based on our literature studies, only few investigations conducted on single- and 

double-layer absorbers magnetic and nonmagnetic based-materials based on magnetic and nonmagnetic 

materials have been reported.  

In this work, we have synthesized magnetic materials of BaFe12O19 and BaCoZnFe12O19by the ceramic method. 

The microwave absorption performances of the single-layer and multi-nanolayer samples are discussed in detail. 

It has been shown that the microwave absorption ability of the multi-nanolayer absorbers was significantly 

superior at different thicknesses. Moreover, the mechanism of the enhanced microwave absorption ability ofthe 

multi-nanolayer absorbers has been studied in detail. 

 

2Experimental Methods 

2.1. Preparations 

Analytical-grade BaCO3, Fe2O3, Co3O4, and ZnO as starting materials were purchased from Sigma Aldrich and 

Merck Co., Ltd. BaFe12O19 and BaCoZnFe12O19 were synthesized from stoichiometric mixtures of BaCO3, 

Fe2O3, Co3O4, and ZnO by the ceramic method. The powder mixtures were pressed in the form of pellets and 

sintered at 1100 ◦C for 3 h for the final sintering. The sintered powders of BaFe12O19 and BaCoZnFe10O19 were 

prepared by SPEX M8000 high-energy ball milling for 1 h. Then, the magnetic powders with a small amount of 

epoxy resin as binder were prepared and placed on a sample holder for microwave absorption measurements. 

 

2.2. Characterizations 

The BaFe12O19 and BaCoZnFe10O19 powders were characterized with a Phillips X-ray diffractometer (XRD) 

using cobalt K radiation (wavelength λ=1.79 Å) in the range of 2θ = 20–100° to analyze their structures. The 

magnetic curves of the samples were recorded using Permagraph Electromagnet EP3 with an external field of 1 

T to determine their magnetic properties. A Rohde‐Schwarz ZVA 67 vector network analyzer (VNA) was used 

to measure the reflected signal (S11) and transmitted signal (S21) in the frequency of 7–13 GHz. The electric 

equivalent circuit and schematic of the multilayer absorber composed of BaFe12O19(µ1, 1, d1) and 

BaCoZnFe10O19 (µ2, 2, d2) are shown in Fig.1. The RL of the multilayer magnetic materials was calculated 

based on transmit line theory following Eqs.(1)–(3) [21, 22]: 

Reflection Loss, RL (dB) = 20 Log [
(Zn−1)
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Here, n is the sum of the layer, µn is the complex permeability (µ=µ'–jµ"), n is the complex permittivity (='–

j"), f is frequency, d is the thickness of the n-layer of BaFe12O19 and BaCoZnFe10O19, and c is the velocity of 

light.  

 

Fig.1. (a) Electrical equivalent circuit and (b) multilayer schematic of BaFe12O19 (µ1, 1, d1) and BaCoZnFe10O19 

(µ2, 2, d2). 

 

3 Results and Discussion 

3.1. Phase identification 

Figure 2 shows XRD patterns of the BaFe12O19 and BaCoZnFe12O19. The main diffraction peaks are indexed to 

the hexagonal structure of barium hexaferrite standard pattern in international crystal diffraction data (ICDD) 

No. 98-015-7056, and correspond to (0 0 8), (0 1 7), (1 1 4), (0 2 3), and (0 2 5) crystal planes of the hexagonal 

phase with a space group of P63/mmc. No other impurities were found from the XRD patterns, proving that the 

hexagonal-structured BaFe12O19 and BaCoZnFe12O19 have high purity and high crystallinity. The peak intensity 

of hexagonal ferrites (BaCoZnFe12O19) increases, which may indicate that the Co2+ and Zn2+ ions have 

successfully replaced the Fe ions. On the basis of Scherrer’s formula, the average crystallite sizes  were 

calculated to be about 66.2 and 39.3 nm for BaFe12O19 and BaCoZnFe12O19, respectively (Table 1) [9, 14, 23–

25]. The lattice parameters of BaFe12O19 and BaCoZnFe12O19 were calculated by the Rietveld refinement 

method. The refinement results showed that Co2+ and Zn2+ ion doping can lead to a small lattice expansion, and 

the lattice constants (a = b and c) of BaFe12O19 and BaCoZnFe12O19 are 5.878 Å (a=b), 23.205 Å (c), and 5.875 Å 

(a=b), 23.153 Å (c), respectively (Table 2). It can be explained by the differences in the ionic radii of Co2+ (0.89 

Å), Zn2+ (0.88 Å), and Fe3+ (0.64 Å) [2, 18, 23].  



 

 

Fig. 2. XRD patterns of BaFe12O19 and BaCoZnFe12O19. 

 

Table 1. Peak positions and crystallite sizes of BaFe12O19 and BaCoZnFe12O19 

BaFe12O19 

 

BaCoZnFe10O19 

Position 

2 

(degree) 

FWHM 

2 

(degree) 

( hkl ) 
Crystallite 

size (Å) 

Position 

2 

(degree) 

FWHM 

2 

(degree) 

( hkl ) 
Crystallite 

size (Å) 

20.533 0.186 0 1 1 662.1 20.570 0.2832 0 1 1 318.5 

21.931 0.187 0 1 2 594.2 21.974 0.2837 0 1 2 339.8 

26.554 0.188 0 0 6 581.1 26.638 0.286 0 0 6 357.7 

35.242 0.191 1 1 0 637.9 35.287 0.2913 1 1 0 271.6 

37.375 0.192 0 1 7 659.1 37.466 0.2929 0 1 7 335.1 

39.702 0.193 1 1 4 659.2 39.764 0.2947 1 1 4 372.7 

43.231 0.194 0 2 3 635.9 43.289 0.2978 0 2 3 331.5 

47.062 0.196 0 2 5 577.8 47.134 0.3016 0 2 5 321.6 

49.563 0.198 0 2 6 601.3 49.644 0.3042 0 2 6 323.6 

64.834 0.209 1 2 7 672.1 64.932 0.3249 1 2 7 339.4 

66.639 0.211 0 2 11 649.5 66.781 0.328 0 2 11 265.2 

74.789 0.219 2 2 0 661.5 74.866 0.3434 2 2 0 325.5 

79.988 0.226 0 2 14 660.8 80.391 0.3559 0 2 14 353.9 

87.077 0.236 1 3 7 653.4 86.957 0.3733 1 3 7 328.8 

 

 

 

Table 2. Lattice parameters of BaFe12O19 and BaCoZnFe12O19 



 

Sample 
Lattice parameter 

a (Å) b (Å) c (Å) 

BaFe12O19 (ICDD :98-002-6834) 5.893 5.893 23.194 

BaFe12O19 5.878 5.878 23.205 

BaCoZnFe10O19 5.875 5.875 23.153 

 

3.2. Magnetic properties 

Saturation magnetization (Ms), remanent magnetization (Mr), and coercivity (Hc) are the three main parameters 

of the magnetic properties. Figure 3 shows the hysteresis loops of BaFe12O19 and BaCoZnFe12O19. The two 

samples display wide hysteresis loops and exhibit typical hard magnetic characteristics. Meanwhile, their 

magnetizations basically reach saturation in a magnetic field of 1000 kA/m. Table 3 shows that Ms increases 

from 0.269  to 0.336 T with the doping of Co–Zn contents, which may be attributed to the fact that the 

substitution of Co2+ and Zn2+ ions produced an internal stress that enhances the magnetic interaction [26]. As is 

well known, the components and cation distribution of a material play an important role in its magnetic 

properties [5]. Mr and Ms have similar values. The Hc of BaCoZnFe12O19 decreases from 230 to 40 kA/m with 

the substitution of Co2+ and Zn2+ ions. Among the two samples, BaCoZnFe12O19 has maximum Ms and 

minimum Hc values, which may be mainly caused by the large magnetic moments and magnetic anisotropy 

constants of Co2+ and Zn2+ ions [5, 14]. On the other hand,BaFe12O19 has a small magnetic moment and 

magnetocrystalline anisotropy constant, resulting in relatively low Ms and high Hc values for the undoped 

material of Co2+ and Zn2+ ions [18, 23, 27]. The formula formagnetic permeability is µ=4πMs/He, where He is 

the effective anisotropy field, which directly correlates with Hc [15]. Thus, from these results, it can be 

concluded that the high Ms coupled with the low Hc in our work may increase the permeability and enhance the 

microwave absorption performances of. Ghasemi et al. reported that ferrites having a small Hc and a high Ms 

could be candidates for large microwave-absorbing materials [7]. 

 

 

 

Fig. 3. Hysteresis loops of BaFe12O19 and BaCoZnFe12O19 at room temperature. 

 

Table 3. Magnetic properties of BaFe12O19 and BaCoZnFe12O19 



 

 

Sample 
Mr 

(T) 

Hc 

(kA/m) 

Ms 

(T) 

BaFe12O19 0.152 231.5 0.269 

BaCoZnFe10O19 0.153 41.7 0.334 

 

 

3.3. Microwave absorption 

Figure 4 shows the relative complex permeability (μ=μ′−jμ″) and relative complex permittivity (ε=ε′−jε″) 

values of BaFe12O19 and BaCoZnFe12O19 having both real and imaginary parts in the range from 7 to 13 GHz, 

which have been calculated from scattering parameters of microwave reflection (S11) and transmission (S21) 

signals by the Nicholson–Ross–Weir method [9, 26, 28].The real parts of the permeability (μ′) and permittivity 

(ε′) are associated with magnetic and electric fields in the barium hexaferrite, respectively. Their imaginary parts 

(μ″and ε″) are related with the dissipation of energy. Analyses of these data revealed that the real and imaginary 

parts of the permeabilities of BaFe12O19 and BaCoZnFe12O19 remain almost constant in the range of 

measurements between 7.5 and 12.5 GHz. On the other hand, the real and imaginary parts of permittivity 

increased and decreased, respectively, as the frequency increases to up to 13 GHz. The magnetic tangent losses 

(tan μ =μ″/μ′) are lower than the dielectric tangent losses (tan ε =ε″/ε′). BaFe12O19 and BaCoZnFe12O19 have 

fluctuating dielectric characteristics. It is expected that the absorption due to the dielectric characteristic of 

barium hexaferrites is more dominant owing to the magnetic loss. 

 

Fig. 4. Relative complex permeability and permittivity values of (a) BaFe12O19 and (b) BaCoZnFe12O19. 

 

To analyze the microwave absorption performances of BaFe12O19 and BaCoZnFe12O19, the relative complex 

permeability and permittivity are used to calculate RL using Eq. (1), and the results are shown in Fig. 5 [9, 19, 

29, 30]. For the single-layer barium hexaferrite, the microwave absorption curves result in different absorptions, 

and the peaks shift to lower frequency with different thicknesses (Table 4).  

 



 

Fig. 5. Reflection loss values of single-layer (a) BaFe12O19 and (b) BaCoZnFe12O19 with different thicknesses 

 

Table 4. Reflection loss characteristics of BaFe12O19 and BaCoZnFe12O19 absorbers 

Sample 

Minimum  

RL value  

(dB) 

Optimum 

thickness  

(mm) 

Optimum 

frequency  

(GHz) 

Frequency range  

(RL <−5 dB) 

(GHz) 

Frequency range  

(RL <−10 dB) 

(GHz) 

BaFe12O19 

     

−53.24 1 10.54 8.48−12.80 9.29−11.09 

−12.67 2 12.30 9.87−12.94 11.98−12.61 

−13.94 3 7.61 7.18−12.97 7.51−7.85 

−12.47 3 8.43 7.18−12.97 8.22−8.592 

−15.24 4 7.74 7.18−12.94 7.46−8.39 

BaCoZnFe12O19 

−19.58 1 9.95 8.64−11.12 9.56−10.70 

−15.49 2 12.26 10.88−12.73 11.82−12.47 

−15.54 3 8.40 7.19−8.83 8.22−8.56 

−13.11 3 10.62 9.08−12.78 10.47−10.71 

−35.80 4 7.76 7.21−12.78 7.45−8.42 

−13.92 4 9.08 7.21−12.78 8.92−9.24 

 

 

Table 5. Microwave absorption characteristics of some earlier studied double-layer and multilayer absorbers  

Composition 

Minimum  

RL value  

(dB) 

Optimum 

thickness  

(mm) 

Optimum  

frequency  

(GHz) 

Frequency range 

(RL < −10 dB) 

(GHz) 

References 

Double layers of graphite as 

matching layer 

and SrCoZnFe16O27 as absorbing 

layer 

−29.0 3 8.2 1.6 [1] 

Double-layer absorbers based on 

spherical NiO and 

Co0.2Ni0.4Zn0.4Fe2O4ferrite 

composites 

–67.0 3.2 9.2 3.9 [31] 



 

Double-layer absorbers based on 

spindle magnetite nanoparticles 

(SMNPs) and flower-like copper 

sulfide microspheres (FCSMSs) 

−74.3 2 10.9 5.34 [32] 

Ba(Co,Zn)2-W-type hexagonal 

ferrites in five layers of 

chlorosulphonated polyethylene 

matrix composite 

–18.0 2 7.5–9.5 7 [33] 

Double layer of barium 

hexaferrite and silica 
−15 2 9.0–12.4 3.4 

Previous 

work 

BaFe12O19 andBaCoZnFe10O19 

multi-nanolayers 

less than 

−30 

less than 

0.005 
7.0–12.5 5.5 This work 

 

In Table 5, the microwave absorption characteristics of the present magnetic materials are compared with some 

representative double-layer and multilayer absorbers previously reported [1, 31, 32,33]. It can be seen that the 

multilayer absorbers developed in this work have stronger absorption performance and larger absorption 

bandwidth at a thinner layer thickness. The BaFe12O19 and BaCoZnFe10O19 multi-nanolayers are very promising 

to give the optimum RL of EM wave absorbers.  

According to the circuit and schematic (Fig.1)ofthe multilayer absorber composed of BaFe12O19(µ1, 1, d1) and 

BaCoZnFe10O19 (µ2, 2, d2), the RL values of the multilayer magnetic materials were calculated and simulated 

using Eqs. (1)–(3). Figure 6 shows the microwave absorption performances of multilayer structures of 

BaFe12O19(µ1, 1, d1) and BaCoZnFe10O19 (µ2, 2, d2) with different layer thicknesses, which were investigated in 

the frequency range of 7–13 GHz using a network analyzer. The results show that the multilayer absorbing 

material has better microwave absorption performance than the single-layer BaFe12O19 (µ1, 1, d1) and 

BaCoZnFe10O19 (µ2, 2, d2). The multilayer absorbing material consisted of 10 layers with different thicknesses. 

The multi-nanolayer composed of BaFe12O19 and BaCoZnFe10O19 with layer thicknesses of 25, 50, 75, 100, 200, 

300, 500, and 1000 nm demonstrated higher RL values of less than −30 dB (99.9%  absorption) when the layer 

thicknesses were less than 500 nm.  

 

 

Fig. 6. Frequency dependence of simulated reflection loss values of (a) multi-nanolayer magnetic materials with various 

layer thicknesses. (b) Two-dimensional representations of RL curves of multi-nanolayer magnetic materials. 

 

4 Conclusions 



 

In summary, BaFe12O19 and BaCoZnFe12O19 multi-nanolayers were used as magnetic layers for preparing 

microwave absorbers. The multilayer structures of BaFe12O19 (µ1, 1, d1) and BaCoZnFe10O19 (µ2, 2, d2), which 

consisted of 10 layers with different thicknesses, were prepared. The results showed that the microwave 

absorption performance of the multilayer structure was enhanced owing to the combination of nanolayers. The 

absorption bandwidth was also increased when multi-nanolayer structures were employed. The optimal 

absorption performance was achieved with RL of less than −30 dB (99.9% absorption) when the layer 

thicknesses were less than 500 nm. 
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