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With the development of information and communication technology, the use of 

high-performance mobile phones, household appliances, and advanced electronic 

devices are increasing. However, along with the fact that the sizes of electronic 

devices become smaller and more complicated with increasing their working 

frequencies, the electromagnetic interference (EMI) becomes a serious problem as 

electromagnetic waves emitted by electronic devices may interfere the operation of 

adjacent electronic devices causing malfunction. Therefore, the industrial demand 

for electromagnetic shielding technique that shields the incident electromagnetic 

signals and protects the electronic devices is growing in order to cope with the EMI 

problem. Among the electromagnetic shielding technique, the electromagnetic wave 

absorbing technique that absorbs or attenuate the unwanted incident electromagnetic 
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waves, particularly the microwaves having GHz frequencies has drawn the attention 

of many researchers. 

As the microwave absorption properties of microwave absorber mainly depend 

on the relative complex permeability (μr = μʹ − jμʹʹ) and permittivity (εr = εʹ − jεʹʹ) of 

the absorbing materials, various dielectric and magnetic materials have been 

extensively studied for microwave absorber applications. Among the various 

microwave absorbing materials, ferromagnetic oxide materials of hexaferrites are 

one of the promising candidates for microwave absorber application as they exhibit 

suitable μr and εr values at the GHz frequency region and as well as excellent 

chemical stability and low production cost. Thus in this study, we tried to synthesize 

the W and Y-type hexaferrites having novel chemical compositions and investigate 

their microwave absorption properties for the first time. To this end, the partial 

substitution of Zn2+ for Fe2+ leaving Fe2+ ions behind was carried out for the W and 

Y-type hexaferrites by sintering in the low oxygen pressure (PO2). Moreover, their 

phase stability, magnetic properties and microwave absorption properties were 

investigated. The major results are as the followings. 

Since the partial substitution of Zn2+ for Fe2+ leaves Fe2+ ions behind, and the Fe2+ 

ions are easily oxidized to Fe3+ inducing phase decomposition, a novel synthesis 

method is necessary for the synthesis of partially Zn-substituted hexaferrites. 

Therefore, the synthesis of non-substituted strontium W-type hexaferrite (SrFe18O27; 

SrW) was attempted by sintering and subsequent furnace-cooling in the low PO2 of 

10-3–10-2 atm before the conduction of partial substitution of Zn2+. As a result, the 

single phase of SrW polycrystalline samples were obtainable by sintering at 1300–

1315˚C and subsequent furnace-cooling to room temperature in the PO2 of 10-3 atm. 

In addition, the SrW phase was found to be stable at the temperature region between 
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1245 ± 5 and 1320 ± 5˚C in the PO2 of 10-3, and between 1275 ± 5 and 1380 ± 5˚C 

in the PO2 of 10-2 atm. With the determined phase stability regions, a stability phase 

diagram of SrW on the PO2 versus 10,000/T (K) plot in the PO2 region of 10-3–0.21 

atm was constructed. 

As the SrW single phase was obtained by sintering and subsequent furnace-

cooling in the PO2 of 10-3 atm, the Zn-substituted strontium W-type hexaferrite 

(SrZnxFe2-xFe16O27; SrZnxFe2-xW, 0.5 ≤ x ≤ 2.0) polycrystalline samples were tried to 

be prepared in the same manner. As a result, SrZnxFe2-xW-type solid solutions (0.0 

≤ x ≤ 1.0) could be obtained up to x = 1.0, while two-phase mixture of SrZnFeFe16O27 

and ZnFe2O4 was obtainable for x ≥ 1.25. And also, the phase stability regions of 

SrZnxFe2-xW phase in the PO2 of 10-3 atm was found to be 1245 ± 5–1320 ± 5˚C, 

1210 ± 5–1285 ± 5˚C, and 1190 ± 5–1255 ± 5˚C, for x = 0.0, 0.5, and 1.0, respectively. 

The magnetic property measurement revealed that the Zn2+ substitution for the Fe2+ 

site was found to be effective for the improvement of the saturation magnetization 

(Ms) of strontium W-type hexaferrite (SrFe18O27). With increasing x up to 1.0, Ms 

values were monotonously increased and the highest Ms value of 87.7 emu/g was 

obtained from the sample of x = 1.0 sintered at 1250˚C. In addition, post-annealing 

heat treatments of samples for oxygenation at 300˚C in pure oxygen gas revealed 

that oxygen non-stoichiometry increased with increasing the sintering temperature, 

leading to the increase in Ms, unit cell volume, and electrical conductivity.  

Furthermore, the Zn-substituted barium Y-type hexaferrites (Ba2ZnxFe2-xFe12O22; 

Ba2ZnxFe2-xY, 0.5 ≤ x ≤ 2.0) were also prepared by sintering and subsequent furnace-

cooling in the PO2 of 10-3 atm. After high-temperature sintering and subsequent 

furnace-cooling in the PO2 = 10−3 atm, the single-phase samples of x = 0.5, 1.0, and 

1.5 were successfully prepared while the single-phase sample with x = 2.0 was 
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obtainable only by sintering in air. The Ms value was first increased with increasing 

x from 0.5 to 1.0 and then decreased with further increasing x up to x = 2.0. As a 

result, the highest Ms value of 44.7 emu/g was obtainable from the sample of x = 1.0 

sintered at 1300°C for 2 h in the PO2 of 10−3 atm. 

The microwave absorption properties of SrZnxFe2-xW and Ba2ZnxFe2-xY in the 

frequency range of 0.5–18 GHz were investigated. For this, the composites having 

epoxy resin as a matrix, and SrZnxFe2-xW (x = 0.0, 0.5, 1.0, and 2.0) and Ba2ZnxFe2-

xY (x = 0.5, 1.0, 1.5, and 2.0) as magnetic fillers were fabricated with the ferrite 

volume fractions of 30, 50, 70, and 90 vol%. As a result, the composites made of 

SrZnxFe2-xW (x = 0.0, 0.5, and 1.0), and Ba2ZnxFe2-xY (x = 0.5, 1.0, and 1.5) exhibited 

larger εr values in the measured frequency range than the composite made of SrZn2W 

(x = 2.0) and Ba2Zn2Y (x = 2.0) that is attributable to the enhanced polarization due 

to the electron hopping between Fe2+ and Fe3+ ions. The μr values of the composites 

made of SrZnxFe2-xW (x = 0.0, 0.5, and 1.0), and Ba2ZnxFe2-xY (x = 0.5, 1.0, and 1.5) 

were also larger than the composites of SrZn2W and Ba2Zn2FeY. Owing to the 

increased μr and εr, the composites made of the partially Zn-substituted W and Y-

type hexaferrites exhibited enhanced microwave absorption properties even with a 

lower ferrite volume fraction and absorber thickness. Consequently, the partial 

substitution of Zn2+ was found to be effective in the reduction of microwave absorber 

weight and absorber thickness with enhanced microwave absorption properties. 

 

Keywords: W-type hexaferrite, Y-type hexaferrite, Zn-substitution, Low oxygen 
pressure, Phase stability, Magnetic property, Microwave absorption property  
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volume fraction of (a) 90, (b) 70, (c) 50, and (d) 30%. 

 
Figure 6.16  The plots of fm·dm as a function of ferrite volume fraction for the 

SrZnxFe2-xW-epoxy resin composites 
 
Figure 6.17  The plots of fm·dm as a function of ferrite volume fraction for the 

Ba2ZnxFe2-xY-epoxy resin composites 
 

Figure 6.18  The plot of |RL|/f·d values of various MAMs as a function of volume 
fraction, Vf of hexaferrite. 

 
Figure A1  Transmission line section containing dielectric material. 
 
Figure B1  Electromagnetic characteristic parameter map for zero-specular-

reflection absorber layer (dielectric loss tangent = 0). 
 
Figure B2  Electromagnetic characteristic parameter map for zero-specular-

reflection absorber layer (dielectric loss tangent = 0.01). 
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Figure B3  Electromagnetic characteristic parameter map for zero-specular-
reflection absorber layer (dielectric loss tangent = 0.1). 

 
Figure B4  Electromagnetic characteristic parameter map for zero-specular-

reflection absorber layer (dielectric loss tangent = 0.3). 
 
Figure B5 Electromagnetic characteristic parameter map for zero-specular-

reflection absorber layer (dielectric loss tangent = 1.0). 
 
Figure B6  Measured dielectric constant and magnetic permeability of nickel-

zinc ferrite. 
 
Figure B7  Predicted and measured normal-incidence reflectance for various 

thickness layers of ferrite. 
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Chapter 1 

Introduction 

The widespread use of telecommunication devices, local area network systems, 

and radar systems radiates a large amount of electromagnetic wave into our living 

spaces. This massive electromagnetic wave emission causes a serious problem called 

electromagnetic interference (EMI), which not only damages highly sensitive 

electronic equipment but also may have a harmful effect on human health [1]. 

Therefore, in order to solve the EMI related problem, microwave absorbing 

technology capable of low reflection and high absorption of the unwanted incident 

electromagnetic wave is now drawing the attention of many researchers. The 

microwave absorbing technique is effective in suppressing EMI pollution because 

they can intrinsically convert the incident electromagnetic radiation into thermal 

energy or dissipate through destructive interference at the interface between air and 

absorber [2, 3]. 

In the evaluation of absorption characteristics of microwave absorber, there are 

some factors should be considered as follows. First, how much the incident 

microwave is absorbed by an absorber. Second, how broad the frequency band of the 

incident microwave is absorbed by the absorber. Third, how thin and how light the 

absorber could be [4]. All these absorption characteristics are mainly determined by 

the complex permeability (μr = μʹ − jμʹʹ) and permittivity (εr = εʹ − jεʹʹ) spectra of an 
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absorber with respect to the frequency. Thus, tailoring the absorption characteristics 

of an absorber is directly related to the tailoring εr and μr of the absorber, and high εr 

and μr are favorable for excellent absorption characteristic. 

Since the absorption properties are highly dependent on the εr and μr values of an 

absorber, various materials possessing suitable εr and μr in the GHz frequency range 

have been widely studied for microwave absorber application. For examples, the 

dielectric materials possessing εr only, such as BaTiO3 [5, 6] SiC [7], and carbon-

based materials with various forms, such as graphite [8, 9], graphene [10-12], carbon 

nanotubes [13, 14], carbon nanofibers [15], and carbon nanocoils [16] have been 

studied as dielectric loss materials. In addition, the magnetic loss materials 

possessing both εr and μr, such as ferromagnetic metal of carbonyl iron [17], and 

ferrite materials of spinel ferrites [18, 19] and hexaferrites of M [20, 21], W [22, 23], 

and Y-type [24, 25] hexaferrites also have been studied. Furthermore, the composite 

materials combining dielectric and magnetic loss materials in order to add magnetic 

properties (μr) to dielectric materials also have been studied [26-29]. 

Between the dielectric loss and magnetic loss materials, magnetic loss materials 

are more suitable for microwave absorber application, because they possess εr and μr 

both thereby excellent microwave absorption with broad frequency bandwidth and 

small thickness is possible. However, the main drawback of magnetic loss materials 

is their heavyweight due to high density compared with carbon-based materials. 

Thus, the effort to reduce the weight of absorber made of magnetic loss materials is 

required. Since most of microwave absorbers are made in the form of composite 

having polymer material as a matrix and absorbing material as a filler, the weight of 

the absorber can be reduced by reducing the amount of absorbing materials in the 
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composite. For this purpose, εr and μr of the absorbing materials must be high enough 

so that the reduction of the amount does not seriously degrade the absorption 

property since the εr and μr of the composite absorber are proportional to the amount 

of absorbing material [18]. Consequently, the high εr and μr are required for the 

fabrication of microwave absorber with excellent absorption, low weight, and small 

thickness. 

Among the various candidate magnetic loss materials, hexaferrites are most 

promising because they exhibit high ferromagnetic resonance (FMR) frequency due 

to their strong magneto-crystalline anisotropy, and suitable μr in the GHz frequency 

range. For this reason, hexaferrites of W, M, Y, Z, and U-type hexaferrites have been 

widely studied for microwave absorber application as well as various high-frequency 

devices applications such as antenna and inductor [30-33]. 

Among the various hexaferrites, W and Y-type hexaferrites were studied in this 

thesis. The W-type hexaferrites have a nominal composition of AMe2Fe16O27, 

where A is a large divalent alkaline earth metal ion such as Sr2+and Ba2+, and 

Me is a divalent transition metal ion such as Fe2+, Co2+, Ni2+ Zn2+, and etc. 

The W-type hexaferrites exhibit the highest saturation magnetization (Ms) and 

anisotropy field (Ha) among the hexaferrite family. In the case of Y-type hexaferrites 

having a nominal composition of A2Me2Fe12O22, despite their relatively lower Ms 

values, they are highly applicable to the high-frequency device due to high μr in GHz 

frequency region. Therefore, we tried to synthesize W and Y-type hexaferrites 

having novel compositions that can be used as magnetic loss materials realizing the 

microwave absorber with excellent absorption, low weight, and small thickness. 

Specifically, partially Zn-substituted W and Y-type hexaferrites with the nominal 
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compositions of SrZnxFe2-xFe16O27 and Ba2ZnxFe2-xFe12O22, respectively, were 

synthesized for the first time by sintering in the low oxygen pressure (PO2), and their 

microwave absorption characteristics were investigated. 

The partial substitution of Zn2+ for Fe2+ in W and Y-type hexaferrites were carried 

out for the following reasons. First, the partial substitution of Zn2+ may improve εr 

in the GHz frequency range since the coexistence of Fe2+ and Fe3+ were reported to 

enhance the polarizability by the electron hopping between Fe2+ and Fe3+ ions [34, 

35]. And also, as it is well-known that the substitution of non-magnetic ion of Zn2+ 

improves the net magnetic moment and Ms value of the spinel ferrites[36], the 

improvement of Ms is also expected for the hexaferrites due to the similarity in the 

crystal structures with the spinel ferrites [31]. Thus, the partial substitution of Zn2+ 

may enhance μr, since the μr is proportional to Ms and inversely proportional to Ha. 

As a result, the partial substitution of Zn2+for Fe2+ is expected to improve the εr and 

μr of W and Y-type hexaferrites at the same time. 

However, the partially Zn-substituted W and Y-type hexaferrites cannot be 

obtained by normal sintering process because of the coexistence of Fe2+ and Fe3+ 

ions. In fact, barium W-type hexaferrite (BaFe18O27; BaW) and strontium W-type 

hexaferrite (SrFe18O27; SrW) possessing two Fe2+ ions and sixteen Fe3+ ions each in 

their molecules are high-temperature stable phases. For instance, the BaW is stable 

at 1495–1540°C in pure O2 [37] and the SrW is stable at 1350–1440°C in air [38]. 

This is because Fe2+ ions are unstable and easily oxidized into Fe3+ ions during the 

cooling process, and leading to the decomposition of the W-type phase. For this 

reason, the single phases of BaW and SrW are obtainable only by sintering and 

subsequent water-quenching process, otherwise, the W-type phase is decomposed 
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during the cooling process into other second phases stable at a low-temperature 

region. 

In order to prevent the oxidation of Fe2+ ions and obtain the single-phase W-type 

hexaferrites, sintering and subsequent furnace-cooling in the low PO2 was carried 

out. In Chapter 3, a successful preparation of SrW by sintering and subsequent 

furnace-cooling to room temperature in a low PO2 of 10-3 atm is reported. In addition, 

the experimental determination of the phase stability region of SrW in the PO2 of 10-

2 and 10-3 atm is reported. Furthermore, the stability phase diagram of the SrW phase 

in the PO2 region of 10-3–0.21 atm was constructed since previous papers on the 

phase stability of SrW in the low PO2 region reported by Y. Goto et al. [39] and H. 

Kojima et al. [40] are not only in disagreement with each other but also performed 

in a very limited PO2 vs 1/T region. 

Based on the results in Chapter 3, the synthesis of the partially Zn-substituted W-

type hexaferrites (SrZnxFe2-xFe16O27; SrZnxFe2-xW, 0.5 ≤ x ≤ 1.0) by sintering and 

subsequent furnace-cooling in the PO2 of 10-3 atm is reported in Chapter 4. In 

addition, the phase stability regions of SrZnxFe2-xW, (0.5 ≤ x ≤ 1.0) was also 

determined experimentally. The magnetic properties of SrZnxFe2-xW single-phase 

samples were also investigated and the effect of Zn-substitution on the magnetic 

properties are discussed. Furthermore, the existence of oxygen non-stoichiometry in 

the samples was revealed indirectly by post-annealing heat treatments at 300˚C in 

pure oxygen gas for oxygenation of the samples, and the effect of oxygen non-

stoichiometry on the magnetic properties is discussed qualitatively.  

Since the single-phase of partially Zn-substituted W-type hexaferrites are 

obtainable by sintering and subsequent furnace-cooling in the PO2 of 10-3 atm, we 
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tried to apply the same process to Y-type hexaferrite. In Chapter 5, the synthesis of 

the partially Zn-substituted Y-type hexaferrites (Ba2ZnxFe2-xFe12O22; Ba2ZnxFe2-xY, 

0.5 ≤ x ≤ 1.5) by sintering and subsequent furnace-cooling in the PO2 of 10-3 atm, 

and their magnetic properties are firstly reported.  

In Chapter 6, the microwave absorption properties of SrZnxFe2-xW and 

Ba2ZnxFe2-xY are investigated as a function of frequency, thickness, ferrite volume 

fraction, and substitution of Zn2+. Moreover, underlying mechanisms of the 

microwave absorption properties are discussed qualitatively. To the best of our 

knowledge, such study has not been reported on the above-mentioned hexaferrites 

compositions. 
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Chapter 2 

General background 

 

2.1 Hexaferrite 

The hexagonal ferrites or simply hexaferrites are oxide ferrimagnetic materials 

having hexagonal crystal structures. Owing to their crystal structure, they exhibit 

extraordinary magneto-crystalline anisotropy, which makes them available to be 

applied many applications. Since their discovery in the 1950s, there has been an 

increasing degree of interest in the hexaferrites, which is still growing exponentially 

today. The hexaferrites have become massively important materials commercially 

and technologically, accounting for the bulk of the total magnetic materials 

manufactured globally, and they have a multitude of uses and applications. As well 

as their use as permanent magnets, common applications are as magnetic recording 

and data storage materials, and as components in electrical devices, particularly those 

operating at GHz frequencies. 

There are many different types of hexaferrites according to their nominal 

compositions as follows, where Me stands for small divalent transition metal ions 

such as Fe2+, Co2+, Ni2+, Mn2+, Zn2+, etc. 

• M-type hexaferrites, (Ba or Sr)Fe12O19  

• W-type hexaferrites, (Ba or Sr)Me2Fe16O27 

• Y-type hexaferrites (Ba or Sr)2Me2Fe12O22 
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• Z-type hexaferrites (Ba or Sr)3Me2Fe24O41 

• X-type hexaferrites (Ba or Sr)2Me2Fe28O46 

• U-type hexaferrites (Ba or Sr)4Me2Fe36O60 

The best-known hexaferrite is M-type hexaferrite that is widely used as permanent 

magnet due to its excellent magnetic properties, chemical stability, and low 

production cost.  

 

W-type hexaferrite 

W-type hexaferrite, a member of hexaferrite family having the hexagonal structure, 

was first reported in 1952 as a phase mixed with M-type and X-type hexaferrites [1]. 

W-type hexaferrites are reported to possess the highest Ms of 78–80 emu/g, and Ha of 

19 kOe and high FMR frequencies of 30–60 GHz [2-4]. Due to their superior 

magnetic properties, the W-type hexaferrites had drawn special attention for their 

application as a new permanent magnet in the early stage. In 1980, F. K. Lotgering et 

al. [5] reported that BaW exhibited about 10% higher Ms value (≈ 78 emu/g) and 

almost equal anisotropy field (Ha ≈ 16 kOe) in comparison with M-type hexaferrites 

widely used as a ceramic permanent magnet. Thus, in the early stage, W-type 

hexaferrites had been studied for their application as the permanent magnet [6-13]. 

Unfortunately, however, the W-type hexaferrites are hardly applicable to permanent 

magnet since their highest coercivity (Hc) value ever reported [9] is 3600 Oe which 

is much lower than that of M-type hexaferrite (above 5000 Oe) [14-16]. Recently, 

many research groups have tried to investigate their applicability as antenna and 

microwave absorber due to their moderate permeability value in the microwave 
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region and high ferromagnetic resonance frequency, which determines the working 

frequency of device [3, 4, 17-21]. 

 

Y-type hexaferrite 

The Y-type hexaferrites, a member of hexaferrite family, are the first reported 

ferroxplana ferrites that have the basal c-plane, perpendicular to the c-axis, as the easy 

plane of the spontaneous magnetization at room temperature [21, 22]. All Y-type 

hexaferrites exhibit the magnetization easy plane except (Ba or Sr)2Cu2Fe12O22 which 

have the c-axis as the easy axis [23]. The Y-type hexaferrites of planar magnetic 

anisotropy have drawn special attention of many researchers since they have an 

advantage of exhibiting larger magnetic permeability in GHz frequency region 

relative to other hexaferrites with uniaxial magnetic anisotropy [24]. Therefore, there 

have been numerous reports on their microwave applications such as microwave 

absorbers and multilayer chip inductors. For this purpose, various transition metal 

ions have been substituted for the Me site in Ba(Sr)2Me2Fe12O22. For instance, 

Ba2Ni2Fe12O22 [25], Ba2Ni2-xZnxFe12O22 [26], Ba2CuxZn2-xFe12O22 [27, 28], BaSrCo2-

xNixFe12O22 [29], Ba1.5Sr0.5CoZnFe12-xAlxO22 [30], Ba2Co2Fe12O22 [31], and 

Sr2Co2Fe12-xAlxO22 [32] were investigated for microwave absorber applications. In 

addition, Ba2Zn2-2x-2yCo2xCu2yFe12O22 [33], Ba2Zn1.2-2xCo2xCu0.8Fe12O22 [34], 

Ba2Zn0.8Co0.8Cu0.4Fe12-xMnxO22 [35], Ba2Co2-x-yZnxCuyFe12O22 [36], Sr2Ni2Fe12O22 

[37], and Sr2Co2NixTixFe12-2xO22 [38] were reported for high frequency multi-layer 

chip inductors. 
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2.2 Theory of microwave absorption 

Fig. 2.1 illustrates a typical single layer microwave absorber backed by a metal 

plate. When the incident EM wave meets the front surface of the absorber, a part of 

the incident wave is reflected from the surface according to the impedance matching 

condition between the air and the absorber. The remaining wave penetrates into the 

absorbing layer and propagates till strikes the metal plate. When the EM wave meets 

the metal plates, the wave is perfectly reflected due to the larger difference in 

impedance, and then the wave comes out of the absorber into the air. There is also a 

part of the EM wave reflected back again at the interface between the absorber and 

the air and then reflected by the metal plate as marked as the internal multi-reflection 

in Fig. 2.1. As a result, there exists no transmitting wave due to the blocking of 

transmission wave by a metal plate. Thus, microwave absorption is measured as 

reflection loss (RL), the difference between the incident wave and the total reflected 

waves (wave (2) and wave (4) in Fig. 2.1). In other words, RL is a measure of how 

much the reflection of the incident wave is suppressed by a microwave absorber. 

In order to achieve maximum absorption of microwave or RL, two requirements 

should be considered. The first is quarter wavelength principle and the second is 

impedance matching. One can see that the total refection of the incident wave is 

composed of the wave (2) and (4) as shown in Fig. 2.1. Thus, if the extra distance 

the wave (4) travels causes it to be 180° out of phase with the wave (1), destructive 

interference between the wave (1) and (4) will occur. In other words, if the path 

difference between the wave (1) and (4) equals to the quarter of the wavelength of 

the wave, the two waves combine and cancel each other out due to the destructive 

interference when the wave (4) reaches the surface. This is the reason why it is called 
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‘quarter wavelength principle’. Therefore, there will be no wave energy reflected 

back to the free space and the absorption, the RL will be maximized. This condition 

can be satisfied when the absorber thickness (d) is equal to be simply expressed as 

follows. 

4
d �
�                            (2.1) 

In fact, however, since the wavelength of a wave traveling in a medium is 

shortened compared to the traveling in free-space according to the complex 

permeability and permittivity of the medium, the expression (2.1) can be expressed 

as follows, 

� �r r4Re
d �

� �
�                       (2.2) 

where n = � �r rRe � � is a refractive index of a medium. Here, it can be seen that a 

large refractive index is required in order to achieve a small thickness of the absorber. 
 

 

Fig. 2.1. Structure of single layer microwave absorber backed by a metal plate 
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The second requirement for a maximum RL is the impedance matching between 

air and the absorber. There are two different concepts of impedance matching. The 

first is the ‘matched-characteristic-impedance’ concept, in which the intrinsic 

impedance of the material is made equal to the intrinsic impedance of free-space. 

This entails making the dielectric constant and magnetic permeability of the material 

equal to each other, since the intrinsic impedance of the material equals to r r/� � , 

which becomes 1 in the case of the free-space. When the intrinsic impedance of the 

absorbing material and the free-space is matched, there is no front surface reflection 

from the material layer. Thus, the internal attenuation along the multi-reflection of 

the wave through the material layer reduces the emerging wave to an acceptably low 

amplitude by making the layer thick enough. The second concept is the ‘matched-

wave-impedance’ concept, in which the wave impedance of input impedance at the 

front surface of the single layer absorber backed by metal plate shown in Fig. 2.1 is 

made equal to the intrinsic impedance of free-space, thus results in zero reflection. 

The second concept of impedance matching will be addressed here. 

Theoretically, when the input impedance of a single layer absorber backed by a 

metal plate becomes equal to the intrinsic impedance of free space, no reflection of 

the incident wave occurs and the maximum absorption of the incident wave can be 

achieved. The input impedance of a single layer absorber backed by a metal plate is 

expressed according to the transmission line theory as follows [39]. 

in r
r r

0 r

2π
tanh

Z fdj
Z c

� � �
�

� 	� 
 �
� 

                  (2.3) 

Where Zin/Z0 is the normalized input impedance compared to the impedance in 
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free space, μr = μʹ − jμʹʹ, and εr = εʹ − jεʹʹ are the complex permeability and permittivity, 

respectively, f is the frequency of the incident wave, c is the speed of light in free 

space, and d the thickness of absorber. And also, the microwave absorption or RL of 

an absorber with normally incident EM wave is evaluated as follows [39]. 

in 0

in 0

RL(dB) 20log
Z Z
Z Z
�

�
�

                    (2.4) 

Therefore, in order to evaluate the absorption performance of an absorber, the 

dependence of μr and εr on frequency for the absorber need to be measured first. Then 

the dependence of RL on the measured frequency is evaluated by using equation (2.3) 

and (2.4) for a given absorber thickness d. Additionally, the absorption property of 

an absorber can also be directly obtained in coaxial line by detecting the reflection 

coefficients (S11-short) of the absorber terminated by a metal plate. 

From the equation (2.3), it can be seen that the RL value of negative infinity is 

obtained when the Zin becomes equal to Z0, namely when the impedance is matched. 

The RL value is measured in the unit of dB and the absorption rate of the EM wave 

with respect to RL value is listed in Table 2.1. Consequently, in order to achieve the 

maximum RL values, the impedance matching condition of the absorber should be 

found in advance. The finding impedance matching condition is to find the specific 

f and d value, the matching frequency fm and thickness dm, that satisfy the expression 

(2.3) equals to unity. However, it is difficult to find the fm and dm by numerical 

calculation, since there are six parameters of μʹ, μʹʹ, εʹ, εʹʹ, f and d. Thus, the 

impedance matching condition is generally found by using graphical solution map 

[39, 40]. 
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Here, it should be noted that satisfying the impedance matching condition is more 

important than satisfying the quarter wavelength principle. In fact, even if the quarter 

wavelength principle is satisfied, the maximum RL value may not be obtained 

without the impedance matching between the free space and absorber. This is quite 

obvious because, without the impedance matching, most of the incident EM wave 

will be reflected at the front surface of the absorber so that the quarter wavelength 

principle becomes meaningless. Additionally, once the impedance matching 

condition is satisfied, the quarter wavelength principle is also satisfied. Therefore, 

satisfying the impedance matching condition is important to achieve excellent 

microwave absorption property. 

Table 2.1. The absorption rate of the EM wave energy according to the RL values 

Reflection loss (dB) Absorption (%) 

0 0 

−10 90 

−20 99 

−30 99.9 

−40 99.99 

−50 99.999 

 

2.3 Microwave absorbing materials 

The microwave absorbers are generally fabricated in the form of composites 

having polymer materials as a matrix and microwave absorbing materials (MAM) as 

a filler. The ideal microwave absorbing materials (MAM) should attenuate or absorb 
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the incoming EM waves as much as possible. As discussed in the earlier section, the 

μr and εr of MAM are very important parameters that can determine the microwave 

absorption properties of an absorber. The real parts of relative complex permittivity 

(μʹ) and relative complex permeability (εʹ) are on behalf of the storage capability of 

electric and magnetic energy, and the imaginary parts (μʹʹ and εʹʹ) describe the loss 

capability of electric and magnetic energy. 

The MAM can be categorized into dielectric loss material and magnetic loss 

material according to the two main loss mechanisms of dielectric loss ( tan �
��
�
��

�
�

) 

and magnetic loss ( tan �
��
�
��

�
�

). The dielectric loss materials absorb the microwave 

by dielectric loss only, while the magnetic loss materials absorb the microwave by 

dielectric and magnetic loss both. The typical dielectric loss materials are carbon-

based materials such as graphite, graphene, carbon nanotube (CNT), carbon nano 

coil, carbon nanofiber etc. The ferromagnetic metal of carbonyl iron and ferrite 

materials of spinel ferrites and hexaferrites are used as magnetic loss materials. The 

dielectric loss materials and magnetic loss materials have their advantages and 

disadvantages. 

The main advantages of dielectric loss materials are their high εr and lightweight. 

Particularly, due to their high εr values, the suitable εr value of microwave absorber 

can be obtained with only a very small loading ratio. Among the carbon-based 

dielectric loss materials, CNT and graphene have been extensively studied owing to 

their low density and high specific area [41]. However, due to the absence of 

magnetic property; the relative permeability and thus magnetic loss, the use of 
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carbon dielectric loss materials has the limit because of poor impedance matching 

characteristic. In fact, a large difference between the μr and εr results in poor 

impedance matching characteristic, which is undesirable for an excellent microwave 

absorption property. Additionally, since the microwave absorbers made of dielectric 

loss materials possess εr only, the value of the refractive index is not large and the 

thickness is rather thick. Therefore, in order to improve the impedance matching 

characteristic and thus to achieve excellent microwave absorption properties, the 

carbon materials are usually combined with magnetic loss materials. The microwave 

absorption properties of some carbon-based MAMs are listed in Table. 2.2. 

In the case of magnetic loss materials, they have the main drawback of 

heavyweight compared with dielectric loss materials. This is because most of the 

magnetic loss materials contain a large amount of Fe element that is heavy. However, 

they exhibit superior microwave absorption performance than dielectric loss 

materials. First, as the magnetic loss materials have both magnetic and dielectric loss, 

they exhibit a larger absorption rate of the microwave. In addition, they exhibit a 

larger refractive index capable of reducing the thickness of the absorber. The 

ferromagnetic metals of Fe, Co, Ni, and ferromagnetic oxide materials of ferrites 

such as spinel ferrites and hexaferrites are used as magnetic MAMs. The μr of 

magnetic loss materials experiences resonance called ferromagnetic resonance at the 

specific frequency which can be expressed as follows [42, 43], 

FMR a
2π

f H�
�                          (2.5) 

where fFMR is FMR frequency, γ is a gyromagnetic ratio, and Ha is the anisotropy 

field of material. Above the FMR frequency, the value of μʹ becomes almost unity, 
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which is the same as μʹ of free space. Thus, the FMR frequency of material should 

be considered according to the frequency of the microwave to be absorbed. The 

absorption properties of some magnetic loss materials are also listed in the Table. 

2.2. One can see that the content of magnetic loss materials as MAMs are larger than 

the case of dielectric loss materials. This is because of the relatively lower εr values 

of magnetic loss materials compared with dielectric loss materials. And also, in most 

magnetic loss materials, the εr values are larger than μr values, so that the content of 

magnetic loss materials must be sufficiently high to obtain a reasonable absorption 

performance. This is a serious problem of magnetic loss materials when it comes to 

real applications such as stealth technology and mobile telecommunication. Thus, 

the effort to reduce the content of magnetic loss materials as a filler material is 

required.  
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Table 2.2. The microwave absorption properties of various MAMs 

 

 

MAM Matrix 
MAM 

content 
(wt%) 

Frequency 
(GHz) 

Thickness 
(mm) 

RLmin 
(dB) 

−10 dB 
bandwidth 

(GHz) 
Ref. 

graphene 
silicone 
rubber 

1 12.3 2.5 −37.8 4.8 [44] 

graphene/PANI wax 10 10.3 3.5 −36.9 5.3 [45] 

CNF/Fe/Ni epoxy 40 10.0 2.4 −20.0 3.7 [46] 

RGO/ZnO wax 50 9.7 2.2 −45.1 2.5 [47] 

RGO/Fe3O4 wax 10 18.0 2.0 −27.0 2.6 [48] 

RGO/MnFe2O4 wax 5 9.2 3.0 −29.0 4.9 [49] 

RGO/NiO wax 8 12.5 3.0 −38.0 6.7 [50] 

3D- graphene /CNT wax 5 8.6 3.0 −44.6 3.3 [51] 

RGO/ZnO/Fe3O4 wax 15 11.0 5.0 −37.5 5.4 [52] 

RGO/CoFe2O4/ 
SnS2 

wax 33 16.5 1.6 −54.4 12 [53] 

RGO/Fe3O4/SiO2/ 
NiO 

wax 25 14.6 1.8 −51.5 5.1 [54] 

Fe-Co alloy 
silicone 
rubber 

50 7.0 2.0 −23.0 2.0 [55] 

(Li0.5Fe0.5)0.7Zn0.3 

Fe2O4 
- - 12.0 2.6 −37.6 1.0 [56] 

Ni0.5Zn0.5Fe2O4 wax 85 12.0 3.0 −30.0 2.5 [57] 

BaCo0.9Si0.95Fe10.15O19 
poly- 

urethane 
80 12.0 1.6 −24.5 3.0 [58] 

BaCo0.3Ti0.3Fe11.4O19 wax 83 39.0 0.8 −45.0 2.0 [59] 

BaNi1.6Co0.4Fe16O27 
silicone 
rubber 

80 32.0 0.9 −45.0 7.5 [18] 

SrZn1.6Co0.2Ni0.2Fe16O27 epoxy 70 14.6 2.0 −29.1 6.0 [60] 

BaSrCo1.5Ni0.5Fe12O22 - - 12.0 1.2 −45.0 5.0 [29] 

Ba1.5Sr0.5CoZnFe11.7 

-Al0.3O22 
wax 50 11.5 3.0 −19.0 5.5 [30] 
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Chapter 3 

Synthesis of strontium W-type hexaferrites in low 
oxygen pressure and their phase stability  

 

3.1 Introduction 

The pure W-type hexaferrites have a serious drawback that it is difficult to obtain 

their single phase without a quenching method in air since they are stable only at high 

temperature region. For instance, both BaW and SrW are stable at the temperature 

regions of 1495–1540˚C in pure O2 [1] and 1350–1440˚C in air [2], respectively. This 

is mainly attributable to the presence of Fe2+ ions in the W-type hexaferrites, which 

are easily oxidized into Fe3+ ions during the cooling process, leading to the 

decomposition of the W–type hexaferrite into two different stable phases of M-type 

hexaferrite and Fe2O3. In order to improve the phase stability and magnetic properties 

of the W-type hexaferrites, many research groups attempted to substitute various 

cations such as Zn [3], Zn-Li [4, 5], Zn-Co [6-12] , Zn-Mn [13], Mn [14, 15], Mg [16], 

Ni-Zn [17], Ni-Co [18], and Co [19-22] for the Fe2+. This approach was somewhat 

successful for the preparation of the pure W-type hexaferrites by solid-state reaction 

and subsequent furnace-cooling in air while the formation of the spinel phase as the 

second phase was hard to avoid for some compounds [4, 5, 13, 14, 16]. 

In this study, unlike previous approaches utilizing the cation substitution or 

quenching method, we tried to prepare the pure SrW phase by solid-state reaction and 

subsequent furnace-cooling to room temperature in the low PO2. The motivation of 
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our approach was that a reduced oxygen atmosphere was considered to be effective 

for preventing Fe2+ from the oxidation into Fe3+, and thus for suppressing the 

decomposition of the SrW phase during the furnace-cooling stage. Here, we report a 

successful preparation of the pure SrW polycrystalline samples in low PO2 and their 

magnetic properties. Furthermore, we tried to experimentally determine the phase 

stability regions of SrW and construct the stability phase diagram of the SrW phase 

in the PO2 region of 10-3–0.21 atm since previous papers on the phase stability of SrW 

in the low PO2 region reported by Y. Goto et al. [23] and H. Kojima et al. [24] are 

not only in disagreement but also performed in a very limited PO2 vs 1/T region. 

 

3.2 Experimental 

All samples were prepared by the standard solid-state reaction. The SrCO3 and 

Fe2O3 powders of 99.9% purity were used as precursors. Each powder was weighed 

and mixed to have the cation ratio of Sr: Fe = 1: 18. The powder mixture was ball-

milled for 24 h with zirconia balls in ethanol. The slurry was dried in an oven at 45°C, 

and then calcined at 1150 °C for 8 h in air. The as-calcined powder was composed 

of strontium M-type hexaferrite (SrFe12O19; SrM) and Fe2O3 phases. The as-calcined 

powder was ball-milled for 24 h, uniaxially pressed into pellets (15 mm diameter 

and of 2 mm thickness) under the pressure of 180 kg/cm2, and then consolidated by 

cold isostatic pressing under the pressure of 2 ton/cm2. The pellets were sintered at 

various high temperatures for 2 h with the heating rate of 3˚C /min, and then furnace-

cooled in an alumina tube furnace. The sintering process was performed in two 

different oxygen atmospheres, including air (PO2 = 0.21 atm) and the low PO2 

atmospheres of 10-3 atm. The PO2 was controlled by using O2-N2 mixed gases (1000 
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ppm O2 in N2; PO2 = 10-3 atm, and 1% O2 in N2; PO2 = 10-2 atm). The gas flow 

was controlled by a mass flow controller with the flow rate of 0.5 l/min. For 

microstructure analysis, sintered samples were polished by using sandpaper and 

etched in 35% HCl solution at 100˚C for 15 s.  

The phases and crystal structures of samples were examined by powder X-ray 

diffraction (XRD, BRUKER D8 ADVANCE α1 system) by using Cu-Kα1 radiation 

(λ = 1.5406 Å) with a divergence slit width of 0.2 mm. XRD patterns were measured 

by the θ-2θ method with a step size of 0.02˚, and time per step of 0.6 s and 2.4 s for 

the 2θ range of 20–70˚ and 29–38˚, respectively. For the selected samples, XRD 

patterns were measured with a step size of 0.02˚, and time per step of 2.4 s for the 

2θ range of 20–70˚ and refined using the Pawley refinement method (BRUKER AXS 

TOPAS software version 4.2). An internal calibration with a Si reference powder was 

performed. The microstructures of samples were observed by scanning electron 

microscopy (SEM, JEOL JSM-6360) with the secondary electron (SE), 

backscattered electron (BSE) mode, and energy-dispersive X-ray spectroscopy 

(EDS) mapping. Magnetic hysteresis loops were measured at 300K using a physical 

property measurement system-vibrating sample magnetometer (PPMS-VSM, 

Quantum Design) under the maximum field strength of 5 T. For the measurement of 

magnetic hysteresis loops, samples were cut into a rectangular parallelepiped shape 

(~1 × 1 × 3 mm3) and the magnetic field was applied parallel to the long axis. 
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3.3 Results and discussions 

3.3.1 Preparation of SrW in air 

The powder XRD pattern in Fig. 3.1(a) reveals that the sample, furnace-cooled 

after sintering at 1400˚C for 2 h in air, is composed of three different phases of SrW, 

SrM, and Fe2O3. In contrast, the XRD pattern in Fig. 3.1(b) exhibits that the water-

quenched sample consists of the pure SrW phase. These results show that a serious 

decomposition of the SrW phase into the SrM and Fe2O3 phases occurs during 

furnace-cooling in air. According to the SrO-Fe2O3 pseudobinary phase diagram 

reported by N. Langhof. et al. [2], SrW can be formed from the mixed phases of SrM 

and Fe2O3 at 1350˚C in air and incongruently melts into Fe3O4 and liquid at 1440˚C, 

implying that the SrW is stable at the temperature region of 1350–1440˚C in air. The 

decomposition of SrW into SrM and Fe2O3 is considered to be due to oxygen 

absorption as follows. 

18 27 2 12 19 2 3

1
SrFe O O SrFe O 3Fe O

2
� � � . 

 

3.3.2 Preparation of SrW in PO2 = 10-3 atm 

As previously mentioned in 3.3.1, in order to suppress the serious decomposition 

of the SrW phase, we tried to obtain the pure SrW phase by sintering at high 

temperatures ranging from 1250 to 1350˚C and subsequent furnace-cooling in the 

low PO2 of 10-3 atm. The XRD analysis results are shown in Fig. 3.2. Unlike the 

sample furnace-cooled in air shown in Fig. 3.1(a), the samples sintered at the 

temperature region of 1275–1325˚C in the PO2 of 10-3 atm mainly consist of the SrW 
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phase. In particular, the samples sintered at 1300, 1310, and 1315˚C exhibit the pure 

SrW phase. This is mainly due to a limited oxygen supply to the samples during 

furnace-cooling in low PO2 that retards oxidization of Fe2+ ions into Fe3+ ions. Here, 

it should be noted that the surface layer (layer thickness about few μm) of these three 

samples mainly consisted of Fe2O3, which was detected by XRD analysis of the as-

sintered sample surfaces as shown in Fig. 3.3. As shown in Fig. 3.3(a), XRD pattern 

for the surface of the as-sintered sample (sintered at 1300˚C for 2 h in the PO2 of 10-

3 atm) reveals that the surface mainly consists of Fe2O3 with a small amount of SrW. 

In contrast, Fe2O3 is undetectable on the XRD pattern for the rubbed-off surface of 

the as-sintered sample (Fig. 3.3(b)), which is almost identical to its powder XRD 

pattern (Fig. 3.3(c)). This result represents that it is impossible to prevent the 

decomposition of the SrW phase completely during the furnace-cooling process even 

in the low PO2 of 10-3 atm. Therefore, in order to exclude the effect of second phases 

on the magnetic properties, the surface layer of the samples was removed by using 

sandpaper before the characterization. 

On the other hand, the sample sintered at 1250˚C mainly consists of SrM and 

Fe2O3 with a small amount of SrW as shown in Fig. 3.2. The XRD pattern in Fig. 3.2 

is similar to that of the sample furnace-cooled after sintering at 1400˚C in air (Fig. 

3.1(a)), implying that the sintering temperature may also affect the decomposition 

behavior in addition to PO2 during the furnace-cooling process. The reason is that 

relatively lower sintering temperature resulting in lower sintered density can 

accelerate the decomposition process due to enhanced oxygen diffusion into the 

sample. Unlike these results, H. Kojima et al. [24], however, reported that the pure 

SrW powder could be obtained by firing the powder sample at 1250˚C for 5 h and 

subsequent cooling to room temperature within 1 h in the PO2 of 10-3 atm. This 
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discrepancy is most probably due to the difference in the cooling process. While our 

samples were furnace-cooled to room temperature for longer than 10 h, their samples 

were cooled down to room temperature within 1 h, which might effectively suppress 

the decomposition of SrW. Although not presented here, our independent study with 

the powder samples exhibited worse decomposition of SrW into SrM and Fe2O3 

compared with pellet samples for the same processing conditions in the low PO2 of 

10-3 atm. Consequently, one can see that the key processing parameters affecting the 

decomposition kinetics of the SrW phase are in the order of the cooling rate, PO2 

during the cooling process, and porosity (or sintered density). 

In the case of samples sintered at the temperature higher than 1325˚C, the XRD 

peaks of Fe3O4 are observable. Particularly, the sample sintered at 1350˚C mainly 

consists of Fe3O4 and a small amount of unidentified phases. The unidentified phases 

must be solidified from the liquid phase during the furnace-cooling after the 

incongruent melting of SrW into Fe3O4 and liquid [2]. 

Fig. 3.4 shows the Rietveld refined XRD patterns of the samples sintered at 1300, 

1310, and 1315˚C in the PO2 of 10-3 atm. The XRD patterns were fitted using the 

space group of P63/mmc, and the Si reference powder was used for internal 

calibration. One can see that experimental data are well fitted with calculated data. 

Refinement parameters and refined lattice parameters are listed in Table 3.1. The 

refinement result for the water-quenched sample is also listed in Table 3.1, although 

the refined pattern is not shown here. 

 

 



Chapter 3: Synthesis of strontium W-type hexaferrites 

 

35 

3.3.3 Determination of the lower phase boundary of SrW in PO2 = 10-3 atm 

The lower phase boundaries of the SrW phase, the phase boundaries between the 

SrW phases and the mixture phases of SrM, Fe2O3, and ZnFe2O4, were determined 

by the following manner. The lower phase boundaries were determined within ± 5˚C 

accuracy. It is shown in Fig. 3.2 that the sample sintered at 1240˚C consists of SrM 

and Fe2O3 without the SrW phase, representing that the temperature of 1240˚C is not 

high enough to form the SrW phase, and thus 1240˚C is out of the stability region of 

SrW in the PO2 of 10-3 atm. On the other hand, a small amount of the SrW phase is 

detectable for the sample annealed at 1250˚C, and the SrW phase becomes a major 

phase for the sample annealed at 1270˚C. Here, it should be noted that the three 

phases of SrW, SrM, and Fe2O3 coexist for the samples annealed at the wide 

temperature region of 1250–1270˚C. According to the Gibbs phase rule, the 

coexistence of three different phases in a binary system is possible only at the 

invariant points. Thus, the samples consisting of three different phases (SrW, SrM, 

and Fe2O3) must be in a non-equilibrium state. In other words, SrM and Fe2O3 may 

be unreacted phases due to an insufficient reaction or a decomposition byproduct of 

the SrW phase formed during the furnace-cooling process. Although it is difficult to 

tell whether the SrM and Fe2O3 phases are unreacted phases or decomposition 

byproducts at the moment, the temperatures of 1250 and 1270˚C are high enough to 

form the SrW phase in any case. 

In our previous report, it was found that the SrM and Fe2O3 phases are 

decomposition byproduct of the SrW phase by comparing the consisting phases of 

the two different annealed samples that one was furnace-cooled and the other was 

water-quenched [25]. The sample furnace-cooled after annealing at 1400°C for 2 h 
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in air was composed of three different phases of SrW, SrM, and Fe2O3 while the 

water-quenched sample consisted of the pure SrW phase, revealing that the 

decomposition of the SrW phase into the SrM and Fe2O3 phases had occurred during 

furnace-cooling in air. Likewise, the second phases of SrM and Fe2O3 for the samples 

annealed at 1250 and 1270°C are believed to originate from the partial 

decomposition of the SrW phase during the furnace-cooling process although the 

sample might be composed of SrW single-phase during the annealing process at 1250 

and 1270˚C. Thus, if a sample annealed at a given temperature contains the SrW 

phase regardless of its amount, it is clear that the SrW phase is stable at the given 

temperature. For this reason, the SrW phase is definitely stable at the temperature 

region of 1250–1270˚C in the PO2 of 10-3 atm. In addition, since the temperature of 

1240˚C is not enough to form the SrW phase, the lower phase boundary of SrW (the 

phase boundary between SrM + Fe2O3 and SrW) in the PO2 of 10-3 atm must be 

located between 1240 and 1250˚C, namely at 1245 ± 5˚C. 

The microstructures of polished samples were observed as shown in Fig. 3.5 for 

a more accurate phase analysis. Figs. 3.5(a)–(c) show the BSE images of the samples 

annealed at the temperatures in the vicinity of the lower phase boundary of SrW 

(1245 ± 5˚C) determined above. First of all, no phase contrast can be seen from the 

sample annealed at 1300˚C, indicating that the sample consists of SrW single-phase 

in accordance with the XRD data shown in Fig. 3.2. However, dark gray regions and 

light gray regions are observable from the samples annealed at 1240 and 1250˚C as 

shown in Figs. 3.5(a) and (b). In Fig. 3.5(a), the dark gray regions and light gray 

regions are uniformly distributed throughout the sample, indicating that these two 

phases are thermodynamically compatible with each other. On the contrary, the dark 
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gray regions in Fig. 3.5(b) are rather concentrated around the defects like pores and 

grain boundaries (marked with white circles), revealing that the dark gray region 

phase might be formed through the decomposition of light gray region phase during 

the furnace-cooling process. By comparing the XRD patterns in Fig. 3.2 with the 

EDS mapping results in Figs.3.6(a) and (b), it can be seen that the dark gray regions 

and light gray regions are the Fe2O3 and SrM phases, respectively. Consequently, the 

lower phase boundary of the SrW phase in the PO2 of 10-3 atm is obviously located 

at 1245 ± 5˚C. Similarly, the lower phase boundaries of the SrZnxFe(2-x)W phase for 

x = 0.5 and 1.0 were determined as 1210 ± 5 and 1190 ± 5˚C, respectively. 

 

3.3.4 Determination of the upper phase boundary of SrW in PO2 = 10-3 atm 

The upper phase boundary or the peritectic decomposition temperature of SrW 

(phase boundary between SrW and liquid plus Fe3O4) could be determined as the 

following. From Fig. 3.2, it can be seen that the sample annealed at 1315˚C consists 

of the SrW single-phase while the Fe3O4 peaks are commonly observable from the 

samples annealed at 1325 and 1350˚C. Particularly, Fe3O4 becomes a major phase 

for the sample annealed at 1350˚C. According to the pseudo-binary phase diagram 

of SrO-Fe2O3, the Fe3O4 phase can be obtained only from the incongruent melting or 

peritectic decomposition of SrW [2], and hence, it is obvious that the peritectic 

temperature of the SrW phase is higher than 1325˚C in the PO2 of 10-3 atm. 

Consequently, the upper phase boundary of SrW must be located at the temperature 

between 1315 and 1325˚C, namely at 1320 ± 5˚C. 

The BSE images of the samples annealed at the temperatures near the upper phase 
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boundary of SrW (1320 ± 5˚C) are shown in Figs. 3.5(d)–(f). The sample annealed 

at 1315˚C shows no phase contrast in Fig. 3.5(d), implying that the sample consists 

of the SrW single-phase, which is in good agreement with the XRD data in Fig. 3.2. 

On the contrary, large dark gray regions, light gray regions, and small white regions 

are observable from the sample annealed at 1325 and 1350˚C as shown in Figs. 3.5(e) 

and (f), respectively. The white region is a strontium-rich phase that is most probably 

a solidified liquid phase corresponding to the unknown phases of the sample 

annealed at 1350˚C shown in Fig. 3.2. In addition, the white and light gray regions 

exhibit irregular shapes, which is a typical characteristic of the solidified liquid phase. 

According to the EDS mapping results shown in Figs. 3.6(c) and (d), the light gray 

region seems to be the SrW phase and the dark gray region, which becomes dominant 

in Fig. 3.5(f), must be the Fe3O4 phase. Consequently, the upper phase boundary of 

the SrW phase in the PO2 of 10-3 atm is located at the temperature between 1315 and 

1325˚C (1320 ± 5˚C). Similarly, the upper phase boundaries of the SrZnxFe(2-x)W 

phase for x = 0.5 and 1.0 were determined as 1285 ± 5 and 1255 ± 5˚C, respectively. 

As a result, the phase stability regions of SrZnxFe(2-x)W phase in the PO2 of 10-3 atm 

could be experimentally determined as 1245 ± 5–1320 ± 5˚C, 1210 ± 5–1285 ± 5˚C, 

and 1190 ± 5–1255 ± 5˚C, for x = 0.0, 0.5, and 1.0, respectively in the PO2 of 10-3 

atm. 

 

3.3.5 Phase stability of SrW in PO2 = 10-2 atm 

In order to investigate the phase stability of SrW (x = 0.0) in the wide PO2 range 

of 10-3–0.21 atm, the phase stability region of SrW in the PO2 of 10-2 atm was also 

determined. Fig. 3.7 shows the powder XRD patterns of the samples annealed at the 
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temperature region of 1270–1405˚C for 2 h in the PO2 of 10-2 atm. The phases 

observed from XRD data are listed in Table 3.2. The phases obtained in the PO2 of 

10-3 atm are also listed for a comparison. First of all, unlike the experimental results 

obtained from the samples annealed in the PO2 of 10-3 atm, it was impossible to 

obtain the SrW single-phase by annealing in the PO2 of 10-2 atm. This implies that 

the PO2 of 10-2 atm is not low enough to suppress the oxidation of Fe2+ ions during 

the furnace-cooling process. 

From the XRD patterns in Fig. 3.7, the samples annealed at the temperature 

region of 1280–1405˚C consist of the SrW phase mixed with other second phases. 

In contrast, the sample annealed at 1270˚C consists of SrM and Fe2O3 phases only 

indicating that 1270˚C is below the lower phase boundary of SrW. The lower phase 

boundary of SrW in the PO2 of 10-2 atm is surely located at 1275 ± 5˚C. On the other 

hand, in the case of upper phase boundary, the existence of Fe3O4 is important as 

discussed in the earlier section. Since a small peak of Fe3O4 is observable from the 

XRD pattern of the sample annealed at 1380˚C while it is unobservable from the 

sample annealed at 1370˚C, the upper phase boundary of SrW in the PO2 of 10-2 atm 

is obviously located at 1375 ± 5˚C. In addition, the microstructure analysis was also 

carried out for these samples as shown in Fig. 3.8 and Fig.3.9, representing the BSE 

images and EDS mapping results, respectively. One can see that the samples exhibit 

a microstructural change with respect to sintering temperature similar to those of the 

samples sintered in the PO2 of 10-3 atm (see Figs. 3.5 and 3.6). Moreover, their 

microstructures are consistent with the XRD patterns shown in Fig. 3.7. 

Consequently, the phase stability region of SrW in the PO2 of 10-2 atm exists between 

1275 ± 5 and 1375 ± 5˚C. 
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3.3.6 Stability phase diagram of SrW in PO2 = 10-3–0.21 atm 

Based on the results described in the previous sections and the literature reported 

by N. Langhof et al. [2], we were able to construct the stability phase diagram of SrW 

in the PO2 region of 10-3–0.21 atm on the PO2 versus 10,000/T (K) plot as shown in 

Fig. 3.10. The phase stability region of SrW in air (between 1350 ± 10 and 1440 ± 

10˚C) was taken from the report by N. Langhof et al. [2]. It is shown in Fig. 3.10 that 

the overall temperature range of the stability region is lowered with decreasing PO2, 

and the upper phase boundary temperatures, where the peritectic decomposition of 

SrW into Fe3O4 plus liquid occurs in the PO2 of 10-3, 10-2, and 0.21 atm, lie on a 

straight line marked by . The line  was plotted by using the least-square method 

and this line can be expressed by the following equation, 

2log O (atm) 24.55 43,887 / T(K)P � �  

According to the Clausius-Clapeyron relation shown below, 

2log O

1/ T 2.303

d P H
d R

�
� �  

where ΔH is the enthalpy change of thermodynamic reaction and R is the gas constant, 

the slope of stability line on the PO2 versus 1/T (K) plot indicates the ΔH value. And 

also, because the stability line  indicates the peritectic decomposition of SrW, the 

slope of the line representing ΔH (840 kJ/mol) should be constant over the PO2 and 

temperature range [26]. There are many reports on the straight stability line for the 

peritectic decomposition of single-phase compounds such as YBa2Cu3O7-δ [27, 28] 

and GdBa2Cu3O7-δ [29]. Thus, the points (1), (2) and (3) lying on the straight stability 
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line , reveal that the upper phase boundary temperatures of SrW in the PO2 of 10-

3 and 10-2 were correctly determined. In contrast, the lower phase boundary of SrW 

indicated by the stability line  is normally nonlinear because it is the phase 

boundary separating SrW from two solid phases of SrM and Fe2O3. 

In Fig. 3.10, the data from the literature are also plotted for a comparison. The blue 

circles and lines marked by  and  indicate the stability region of SrW reported 

by Y. Goto et al. [23]. The line  represents the stability line for the peritectic 

decomposition of SrW (corresponding to line ), and line  is the phase stability 

line between SrM + Fe2O3 and SrW (corresponding to line ). The discrepancy 

between our data and the data from Y. Goto et al. can be readily seen. First of all, Y. 

Goto et al. reported that the SrW phase is stable at the temperature region of 1400–

1475˚C in air which is higher than the region of 1350–1440˚C reported by N. Langhof 

et al. [2]. In addition, Y. Goto et al. reported that the stability region of SrW in a low 

PO2 region is located at a relatively lower temperature region compared with our 

result. Moreover, the slope of the stability lines reported by Y. Goto et al. are less 

steep, suggesting that the enthalpy change of the peritectic decomposition is much 

smaller. Although the reason for this discrepancy is unclear at this moment, the 

difference in mixed gases used in the experiments may be one reason since Y. Goto 

et al. used O2-CO2 mixed gas to regulate the PO2 while O2-N2 mixed gas was used 

for our experiment.  

On the other hand, H. Kojima et al. [24] who used O2-N2 mixed gas for PO2 control 

reported their results consistent with ours. Although they have not reported the 

stability phase diagram of SrW, their data are marked with orange triangles in Fig. 

3.10. At the annealing conditions marked by orange triangles (4) and (5), they 
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reported that the mixed-phase of spinel phase, SrW, and Sr2Fe30O46 (strontium X-type 

hexaferrite; SrX) were obtained. The spinel phase seems to be Fe3O4, and SrX can be 

formed during the cooling of the liquid phase according to the pseudo-binary phase 

diagram of SrO-Fe2O3 [2]. At the annealing condition of point (7), they also reported 

that three different phases of the spinel phase, SrM and SrW were obtained. The spinel 

phase obtained at the point (7) also seems to be Fe3O4, however, the reason for its 

formation is unclear. Referring to the black line, indicating the phase boundary 

between Fe2O3 and Fe3O4 in Fig. 3.10 [30], a small deviation in the PO2 or 

temperature from point (7) may form the Fe3O4 phase, which we guess might be a 

reason for its formation. And also, they argued that the SrW single-phase was 

obtainable at the temperatures and PO2 regions marked by orange triangles (6), (8) 

and (9) while three different phases of SrW, SrM, and Fe2O3 were obtained in our 

result. As previously mentioned it, this may be attributed to a difference in the cooling 

process since their samples were cooled to the room temperature within an hour, while 

our samples were furnace-cooled with the much slower cooling rate. Consequently, 

experimental results from H. Kojima et al. are in good agreement with our stability 

phase diagram of SrW experimentally determined in this study. 

 

3.4 Summary 

 In this study, we tried to prepare the SrW polycrystalline samples composed of the 

pure SrW phase by solid-state reaction and subsequent furnace-cooling to room 

temperature in low PO2. Unlike the processing route in air, it was very effective to 

maintain the low PO2 of 10-3 atm in the furnace-cooling stage for suppressing the 

phase decomposition of SrW into SrM and Fe2O3, which was confirmed by the XRD 
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and SEM analyses results. Thus, the SrW samples sintered at 1300, 1310, and 1315 °C 

and furnace-cooled to room temperature consisted of the pure SrW phase except for 

the surface layer of samples. Furthermore, by careful analyses of the phases and 

microstructures of the polycrystalline samples sintered at various temperatures in the 

low PO2 of 10-3 atm, we were able to determine the phase stability region of SrW 

samples in the PO2 of 10-2 atm. As a result, the SrW phase was found to be stable at 

the temperature region between 1245±5 and 1320±5˚C, and 1275±5 and 1380±5˚C in 

the PO2 of 10-3 and 10-2 atm, respectively. Based on the determined phase stability 

regions, we constructed the stability phase diagram of SrW on the PO2 versus 

10,000/T (K) plot in the PO2 region of 10-3–0.21 atm. In conclusion, it is possible to 

prepare the SrW polycrystalline samples by sintering and subsequent furnace-cooling 

in the reduced oxygen atmosphere, which is impossible in air without utilizing the 

quenching method. However, it is unable to fabricate a completely pure SrW sample 

because it is impossible to avoid the decomposition of the surface layer of the samples. 

 

 

 

 

 

 
 
 
 
 

 



Chapter 3: Synthesis of strontium W-type hexaferrites 

 

44 

 
 
 
 
 
 
 
 
 
Table 3.1. Refinement parameters, lattice parameters, and cell volumes of the 

samples sintered at 1300, 1310, and 1315 ˚C for 2 h in PO2 = 10-3 atm. * denotes the 

sample sintered in air and subsequently water-quenched. 
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Table 3.2. The phases analyzed from the powder XRD patterns of SrW samples 

annealed in the PO2 of 10-3 and 10-2 atm shown in Figs. 3.2 and 3.7. The phases in 

brackets indicate that those are hardly distinguishable on the XRD patterns. M: 

SrFe12O19, W: SrFe18O27, h: Fe2O3, m: Fe3O4, S: Sr-rich phase 
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Fig. 3.1. The powder XRD patterns of the samples (a) furnace-cooled and (b) water-

quenched after sintering at 1400 ˚C for 2 h in air. The SrW peaks are indexed 

according to the P63/mmc (194) space group. 
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Fig. 3.2. The powder XRD patterns of the samples sintered at the temperature region 

of 1250–1350 ˚C for 2 h in PO2 = 10-3 atm. The XRD patterns were measured with a 

step size of 0.02˚, and (a) time per step of 0.6 s for the 2θ range of 20–70˚ and (b) 

time per step of 2.4 s for the 2θ range of 29–38˚.  
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Fig. 3.3. The XRD patterns of (a) as-sintered surface, (b) rubbed-off surface, and (c) 

powder XRD pattern of the samples sintered at 1300 ˚C for 2 h in PO2 = 10-3 atm. 
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Fig. 3.4. Pawley refinement results of the XRD data for the samples sintered at (a) 

1300, (b) 1310, and (c) 1315 ˚C for 2 h in PO2 = 10-3 atm. The XRD patterns were 

measured with a step size of 0.02˚, and time per step of 2.4 s for the 2θ range of 20–
70˚. 
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Fig. 3.5. The SEM-BSE images of polished surfaces for the samples annealed at (a) 

1240, (b) 1250, (c) 1300, (d) 1315, (e) 1325, (f) 1350 ˚C for 2 h in PO2 = 10-3 atm. 
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Fig. 3.6. The BSE images and EDS elemental mapping of Sr and Fe for the samples 

annealed at (a) 1240, (b) 1250, (c) 1325, (d) 1350 ˚C for 2 h in PO2 = 10-3 atm. 
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Fig. 3.7. The powder XRD patterns of the samples annealed at the temperature region 

of 1270–1405 ˚C for 2 h in the PO2 of 10-2 atm. The XRD patterns were measured 

with a step size of 0.02˚, and (a) time per step of 0.6 s for the 2θ range of 20–70˚ and 

(b) time per step of 2.4 s for the 2θ range of 29–38˚. 
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Fig. 3.8. The SEM-BSE images of polished surface of the samples annealed at (a) 

1270, (b) 1280, (c) 1360, (d) 1370, (e) 1380 (f) 1405 ˚C for 2 h in PO2 = 10-2 atm. 
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Fig. 3.9. The BSE images and EDS elemental mapping of Sr and Fe for the samples 

annealed at (a) 1270, (b) 1280, (c) 1380 (d) 1405 ˚C for 2 h in PO2 = 10-3 atm. 
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Fig. 3.10. The stability phase diagram of SrW in PO2 = 10-3–0.21 atm. Red squares 

and lines indicate the phase boundaries of SrW determined on the basis of our 

experimental data. Pink squares (a), blue circles (b), and orange triangles (c) indicate 

the results from the literature [2], [23] and [24], respectively. The black line indicates 

the phase boundary between Fe2O3 and Fe3O4 [30]. 
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Chapter 4 

Synthesis of Zn-substituted W-type hexaferrites in 
the PO2 of 10-3 atm and their magnetic properties  

 

4.1 Introduction 

As previously mentioned, due to the phase instability, most of the reports on the 

W-type hexaferrites are cation-substituted W-type hexaferrites. In order to suppress 

the phase decomposition of W-type hexaferrites, many researchers tried to substitute 

Fe2+ ions with other divalent ions which are hardly oxidized. Among potential 

divalent substituents, the Zn element must be a good candidate since non-magnetic 

Zn2+ ions have the strongest preference for the tetrahedral site occupation [1]. In 

addition, since the partial substitution of Zn2+ ions for the Fe2+ ions, located at the 

tetrahedral sites of cubic spinel ferrites, could improve Ms [1], and hence the soft 

ferrites like Mn-Zn and Ni-Zn ferrites, widely being used for many different magnetic 

applications, could be developed. Likewise, if the partial substitution of Zn2+ ions for 

the Fe2+ ions located at the tetrahedral sites of W-type hexaferrite is enabled, an 

increase in Ms is expected. Referring to the previous papers on Zn-substituted SrW or 

BaW hexaferrites [2-8], however, studies have been limited to a full substitution of 

Zn2+ ions for the Fe2+ ion sites, which is most probably due to difficulty in the 

fabrication of partially Zn-substituted W-type hexaferrites in air. In our previous 

paper, however, we reported the successful synthesis of SrW [9] by sintering and 

subsequent furnace-cooling in the low oxygen pressure (PO2) of 10-3 atm for the first 
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time. Therefore, in this study, based on the previous results, we first tried to synthesize 

Zn-substituted strontium W-type hexaferrites (SrZnxFe2-xFe16O27; SrZnxFe2-xW, 0.0 ≤ 

x ≤ 2.0) samples by high-temperature sintering and subsequent furnace-cooling in the 

PO2 of 10-3 atm. And also, we tried to experimentally determine the phase stability 

regions of SrZnxFe2-xW, (0.0 ≤ x ≤ 1.0), and investigate the magnetic properties for 

the first time. 

 

4.2 Experimental 

The SrZnxFe2-xW (x = 0.0, 0.5, 1.0, 1.25, 1.5, and 2.0) polycrystalline samples 

were prepared by conventional solid-state reaction. The SrCO3, Fe2O3, and ZnO 

powders of 99.9% purity were used as precursors. The precursors were weighed, 

ball-milled for 24 h with zirconia balls in ethanol, dried in an oven at 45˚C, and then 

calcined at 1150˚C for 8 h in air. As-calcined powder consisted of strontium M-type 

hexaferrite (SrFe12O19; SrM), hematite (Fe2O3) and zinc spinel (ZnFe2O4). The 

calcined powder was ball-milled for 24 h and uniaxially pressed into pellets (15 mm 

of diameter and 2 mm of thickness) under the pressure of 180 kg/cm2. The pellets 

were sintered at the temperature region of 1125–1350˚C for 2 h in the PO2 of 10-3 

atm with a heating rate of 3˚C/min, and then furnace-cooled in an alumina tube 

furnace. During the sintering process, PO2 was controlled by using O2-N2 mixed gas 

(1000 ppm O2 in N2). The gas flow was controlled by a mass flow controller with a 

flow rate of 0.5 l/min. The phases and crystal structures of samples were analyzed 

by X-ray diffraction (XRD, BRUKER D8-ADVANCE α1 system) using Cu-Kα1 

radiation (λ = 1.5406 Å) with a divergence slit width of 0.2 mm. The lattice 
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parameters and cell volumes were calculated from the refined XRD patterns by using 

the Pawley whole powder pattern decomposition method (BRUKER AXS TOPAS 

software version 4.2). Internal calibration with standard Si powder was performed 

before the refinement process. The microstructures of polished samples were 

observed by field emission scanning electron microscopy (FE-SEM, ZEISS 

MERLIN Compact) with backscattered electron (BSE) mode and also by electron 

dispersive X-ray spectroscopy element mapping (EDS mapping). Magnetic 

hysteresis loops were measured at room temperature by using physical property 

measurement system-vibrating sample magnetometer (PPMS-VSM, Quantum 

design) with the maximum field strength of 5 T. For the measurement of magnetic 

hysteresis loops, samples were cut into rectangular parallelepiped shape (~1 × 1 × 3 

mm3) and the magnetic field was applied parallel to the long axis. The DC electrical 

resistivity was measured in the temperature region of 100–300K by using a standard 

four-point probe method. The samples were cut into a thin rectangular plate shape 

(~0.4 × 2 × 10 mm3) for the resistivity measurement. 

 

4.3 Results and discussion 

4.3.1 Synthesis of SrZnxFe2-xW (x = 0.0, 0.5, 1.0, 1.25, 1.5, and 2.0 ) 
 in PO2 = 10-3 atm 

First of all, according to the pseudo-binary phase diagram of SrO-Fe2O3 in air 

[10], a powder mixture of SrCO3 and Fe2O3 with the cation ratio of Sr: Fe = 1: 18 

undergoes several phase transformation processes with increasing temperature in air. 

Firstly, the SrM and Fe2O3 phases are formed at the temperature region lower than 
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1350˚C. At 1350˚C (the lower phase boundary temperature of SrW in air), the SrW 

phase begins to form from the mixture of SrM and Fe2O3, and then incongruent 

melting or peritectic decomposition of SrW into Fe3O4 + liquid occurs at 1440˚C (the 

higher phase boundary temperature of SrW in air. 

Fig. 4.1 shows the powder XRD patterns of the SrZnxFe2-xW (x = 0.0, 0.5, 1.0, 

1.25, 1.5, and 2.0) samples sintered at various high temperatures and furnace-cooled 

in the PO2 of 10-3 atm. The phases observed from the powder XRD patterns are listed 

in Table 4.1. Interestingly, one can see that all the samples undergo the same phase 

transformation process with increasing sintering temperature regardless of the x 

value. When samples are sintered at relatively low temperatures, they mainly consist 

of SrM, Fe2O3, and ZnFe2O4. As the sintering temperature is increased, the SrZnxFe2-

xW phase begins to form, and another phase transformation forming Fe3O4 occurs at 

the higher sintering temperature. As shown in Fig. 4.1 and Table 4.1, we could obtain 

the SrZnxFe2-xW single-phase sample by sintering and subsequent furnace-cooling in 

the limited temperature regions for the samples of x = 0.0, 0.5, and 1.0. These results 

reveal that the oxidation of Fe2+ ion into Fe3+ ion can be effectively suppressed by 

sintering and subsequent furnace-cooling in the PO2 of 10-3 atm. 

However, for the samples of x = 1.25 and 1.5, the existence of a small amount of 

the ZnFe2O4 second phase was unavoidable, and its amount was largely increased 

for the sample of x = 2.0, implying that the upper solubility limit of Zn2+ in the 

SrZnxFe2-xW solid solutions exists between x = 1.0 and 1.25 in low PO2 of 10-3 atm, 

and excessive Zn2+ ions over the solubility limit form the second phases. The 

existence of the upper solubility limit of Zn2+ in the SrZnxFe2-xW is noteworthy 

because the Zn2+ ions are reported to substitute the Fe2+ ion sites in the SrZnxFe2-xW 
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to the full extent of x = 2.0 when sintered in air [2, 11, 12]. The lowered PO2 during 

sintering is believed to lower the upper solubility limit of Zn2+ for the Fe2+ ion site. 

The formation of the second phases, including ZnFe2O4, due to the lowered upper 

solubility limit of Zn2+ can be explained as follows: If we assume that the upper 

solubility limit of Zn2+ exists at x = 1.1, the samples of x = 1.25 and 1.5 should consist 

of three different compounds of SrZn1.1Fe16.9W, Sr2Zn2Fe12O22 (Sr2Zn2Y), and 

ZnFe2O4 at equilibrium as the followings, 

for the sample of x = 1.25, 

1.25 16.75 27

1.1 16.9 27 2 2 12 22 2 4 2

214SrZn Fe O

205SrZn Fe O 4.5Sr Zn Fe O 33ZnFe O 6 O ( )g� � � �
 

for the sample of x = 1.5, 

1.5 16.5 27

1.1 16.9 27 2 2 12 22 2 4 2

214SrZn Fe O

190SrZn Fe O 12Sr Zn Fe O 88ZnFe O 16O ( )g� � � �
 

It can be seen that the amounts of Sr2Zn2Y and ZnFe2O4 phases are relatively small 

compared with that of the SrZn1.1Fe16.9W phase. Thus, the XRD peaks related to 

Sr2Zn2Y and ZnFe2O4 are barely detectable from the powder XRD patterns shown in 

Fig. 4.1. 

 

4.3.2 Phase stability of SrZnxFe2-xW (x = 0.0, 0.5, and 1.0)  
 in PO2 = 10-3 atm 

Each phase boundaries of SrZnxFe2-xW were determined by examining the XRD 

and FE-SEM analyses data. For the determination of the lower phase boundary, the 

presence of the SrZnxFe2-xW phase is important. For example, in the case of the 
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sample with x = 1.0, samples sintered at 1195 and 1200˚C consist of SrZnFeW, SrM, 

ZnFe2O4, and Fe2O3 while the sample sintered at 1185˚C consists of SrM, ZnFe2O4, 

and Fe2O3 as shown in Fig. 4.1(c) and Table. 4.1. The phases detected from the 

samples sintered at 1195 and 1200˚C must be in thermodynamically non-equilibrium 

state because four different phases (SrZnFeW, SrM, ZnFe2O4, and Fe2O3) are 

detected in the wide temperature range (1195–1200˚C) and four-phase equilibrium 

in a ternary system is only possible at the invariant points according to the Gibbs 

phase rule. Therefore, SrM, ZnFe2O4, and Fe2O3 must be decomposition products of 

SrZnFeW phase during the furnace-cooling stage. In other words, the sample must 

consist of SrZnFeW single-phase during the sintering stage at 1195–1200˚C since it 

is stable at 1195–1200˚C. For this reason, if a sample contains the SrZnxFe2-xW phase 

regardless of its amount at a given sintering temperature, the SrZnxFe2-xW phase must 

be stable at that sintering temperature. Consequently, the SrZnFeW phase is stable 

at the temperature region of 1195–1200˚C. On the contrary, the sample sintered at 

1185˚C consists of SrM, ZnFe2O4, and Fe2O3, implying that the temperature is not 

high enough to form the SrZnFeW phase. 

The same results with XRD analyses could be obtained from the microstructure 

analysis of samples shown in Fig. 4.2. From the BSE and EDS-mapping result of the 

sample sintered at 1185˚C by FE-SEM in Fig. 4.2(a), it can be seen that Zn and Sr 

are not uniformly distributed while Fe is uniformly distributed. Moreover, Zn and Sr 

elements show an opposite distribution behavior in the manner that the Zn-rich area 

corresponds to Sr-deficient area and vice versa. Compared with the XRD patterns in 

Fig. 4.1(c), it is clear that the Zn-rich area is a ZnFe2O4 phase and Sr-rich area is SrM 

phase. Consequently, ZnFe2O4 and SrM coexist as equilibrium phases, representing 
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that the temperature of 1185˚C is too low to form the SrZnFeW phase. On the other 

hand, the sample sintered at 1195˚C shows different morphology from the sample 

sintered at 1185˚C. In Fig. 4.2(b), the opposite distribution behavior of Zn and Sr can 

also be seen but it is rather concentrated around the defects like pores or grain 

boundaries of the sample. This implies that ZnFe2O4 and SrM are decomposition 

products of SrZnFeW phase since defects are vulnerable to phase decomposition 

during the furnace-cooling process. Consequently, the lower phase boundary of 

SrZnFeW was determined as 1190 ± 5˚C. 

In the case of upper phase boundary, the existence of Fe3O4 and Sr-rich phase is 

important since these two phases can only be formed by the incongruent melting of 

the SrZnxFe(2-x)W phase [10]. As shown in Fig. 4.1(c) and Table. 4.1, for the samples 

of x = 1.0, Fe3O4 is detectable from the samples sintered at 1260˚C and higher 

temperatures while it is undetectable from the sample sintered at 1250˚C which 

consists of the SrZnFeW single-phase. Microstructure analysis shows the same result 

as the XRD analysis. From the BSE image and EDS mapping images for the sample 

sintered at 1250˚C consisting of SrZnFeW phase only, Zn and Sr are uniformly 

distributed as shown in Fig. 4.2(c). However, irregular shape of the white-gray region 

can be seen from the BSE image of the samples sintered at 1260˚C shown in Fig. 

4.2(d). Compared with the EDS mapping image, this region is a Sr-rich phase that 

might be formed from the liquid phase, suggesting that the sample underwent 

incongruent melting during the sintering process. Besides the Sr-rich phase, Zn-rich 

(or Sr-deficient) phase also can be seen from the EDS mapping images. This phase 

might be a solid solution between ZnFe2O4 and Fe3O4 phases implying that the 

incongruent melting has occurred. Thus, it is obvious that the upper phase boundary 
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of SrZnFeW is located at 1255 ± 5˚C. Consequently, we could determine the phase 

stability region of SrZnFeW in the PO2 of 10-3 atm as 1190 ± 5–1255 ± 5˚C. All the 

other phase boundaries of the samples were determined in the same manner as 

described above. 

The phase stability regions of the SrZnxFe2-xW phases in the PO2 of 10-3 atm are 

represented for x = 0.0, 0.5 and 1.0 in Fig. 4.3. Above the upper phase boundaries of 

the SrZnxFe2-xW phases, two different phases of Fe3O4 and liquid are believed to exist 

while three different phases of SrM, Fe2O3, and ZnFe2O4 are in equilibrium below 

their lower phase boundaries. One can see that the width of the stability region for 

the SrZnxFe2-xW phases changes insignificantly with varying x from 0.0 to 1.0, but 

the boundary temperatures monotonously decrease with increasing x. Here, it should 

be noted that the phase stability region in Fig. 4.3 indicates the region where the 

SrZnxFe2-xW phases are thermodynamically stable. In other words, for the synthesis 

of single-phase SrZnxFe2-xW samples, their decomposition into another stable phase 

below the lower phase boundary during the cooling process to room temperature, as 

shown in Fig. 4.1, should be concerned. We could find out that there exists a limited 

region, marked by blue circles in Fig. 4.3, where the SrZnxFe2-xW single-phase can 

be obtained by sintering and subsequent furnace-cooling in the PO2 of 10-3 atm.  

From Fig. 4.3, it can be understood that the SrZnxFe2-xW single-phase is 

obtainable from the samples sintered at a relatively higher temperature within the 

phase stability region, but it is vulnerable to decompose for the samples sintered at 

relatively lower temperature within the phase stability region. The reason for this 

result can be understood in two different following aspects. At first, a porous 

microstructure of the sample sintered at a relatively low temperature may be one 
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reason. Since the decomposition of SrZnxFe2-xW phase involves oxygen uptake from 

the ambient atmosphere, a porous microstructure can promote oxygen diffusion into 

the sample and thus its decomposition can be accelerated. The micrographs in Fig. 

4.2 clearly show the porous structures of the samples sintered at lower temperatures. 

Secondly, it may be attributed to a nonlinear cooling rate of the sample. According to 

J. Lazaro et al. [13], the cooling rate of the specimen is not constant during the 

furnace-cooling process of a sintered Al-foam specimen. Instead, the cooling rate 

varies with the temperature of the specimen. At the early stage of the cooling process, 

the cooling rate is low but it increases and reaches its maximum, and then decreases 

until the cooling process is over. Therefore, if the sintering temperature is slightly 

higher than the lower phase boundary temperature, the sample will pass through the 

region below the lower phase boundary, where the SrM and Fe2O3 phases are stable, 

with a relatively slow cooling rate, so that the sample can spend enough time for the 

decomposition of SrW into SrM and Fe2O3. On the contrary, if the sintering 

temperature is sufficiently higher than the lower phase boundary temperature, the 

cooling rate will be high enough when the sample passes through the region below 

the lower phase boundary so that the sample will spend relatively short time for the 

phase decomposition. Consequently, high sintering temperature and the high cooling 

rate are important to prevent the phase decomposition of SrW. 

 

4.3.3 Structural and magnetic properties of SrZnxFe2-xW  
 (x = 0.0, 0.5, and 1.0) in PO2 = 10-3 atm 

The calculated lattice parameters a, c and cell volumes (Vcell = a2csin120˚) of the 

samples are listed in Table 4.2, and the plots of a, c and Vcell with respect to x are 
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shown in Fig. 4.4. Although the SrZnxFe2-xW solid solution with x = 2.0 could not be 

obtained by sintering in the PO2 of 10-3 atm due to the lowered solubility limit of 

Zn2+, its single phase was obtainable by sintering in air as previously reported [2, 5, 

7]. Thus the values of x = 2.0 samples sintered at 1300˚C for 2 h in air are also listed 

for a comparison. First of all, one can see that a, c and Vcell values of the samples 

having the same x increase with increasing sintering temperature for x = 0.0–1.0. In 

the case of the samples having x = 0.0, Vcell increases from 984.87 to 987.08 Å3 (ΔVcell 

≈ 0.22%) with increasing sintering temperature from 1300 to 1315˚C. This increase 

is probably attributed to an increase in the oxygen non-stoichiometry (δ) of samples 

caused by low PO2 sintering. Moreover, with increasing the δ value, the ratio of 

Fe2+/Fe3+ must be increased to satisfy the charge neutrality by the following reaction. 

2 3 2 3
2 16 27 2 2 16 2 27 2SrFe Fe O SrFe Fe O O

2
� � �

�� � � �
� � �� �  

Since the ionic radius of Fe2+ (0.61 Å) is larger than that of Fe3+ (0.49 Å), the Vcell 

value can be increased with increasing δ value for all samples. On the other hand, the 

increase in a, c and Vcell with increasing x can be understood as follows. For instance, 

Vcell increases from 984.87 to 991.73 Å3 (ΔVcell ≈ 0.69%) for the sample of x = 0.0 

sintered at 1300˚C and the sample of x = 1.0 sintered at 1250˚C, respectively. The 

ΔVcell for different x (0.69%) is much larger than ΔVcell for different sintering 

temperature (0.22%). The ΔVcell for different x shows a successful substitution of Zn2+ 

(0.74 Å) ions for smaller Fe2+ (0.61 Å) sites. One can see that the Vcell monotonously 

increases with increasing x until x = 2.0, which implying successful substitution of 
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Zn2+ for Fe2+. The previously reported Vcell values of 999.75 Å3 [7], 998.16 Å3 [5], 

and 993.03 Å3 [2] for SrZn2W are also similar to that of our sample. 

The magnetic hysteresis loops of some selected samples are shown in Fig. 4.5(a), 

and their Ms and Ha values are listed in Table 4.2. The Hc values of samples are in the 

region 90–120 Oe though they are not presented in this table. The Ms and Ha values 

were estimated from the hysteresis loops by using the law of approach to saturation 

[14]. The general expression of this law can be written as follows. 

s 2
1 p

A BM M H
H H

�� 	� � � �
 �
� 

 

Where M is magnetization induced by applied magnetic field H, Ms is saturation 

magnetization, A is inhomogeneity parameter related to the inhomogeneity of the 

material, χp is the high field susceptibility, and B is the anisotropy parameter related 

to the magneto-crystalline anisotropy. For the hexagonal crystal structure exhibiting 

uniaxial anisotropy, B can be expressed as follows. 

2 2
a 1

2
s

4

15 15

H KB
M

� �  

In high field region, where M vs. 1/H2 curve shows a linear relationship, the 

parameters A and χp become negligibly small. For our samples, the linear relationship 

between M and 1/H2 was found in the field region of 2–5 T, and thus the law was 

applied to the data in this field region in order to evaluate their Ms values. 
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The values of Ms and Ha respect to x values in SrZnxFe2-xW are plotted in Fig. 

4.5(b). The Ha value decreases from 19468 Oe to 14640 Oe with increasing x from 

0.0 to 2.0. This is attributed to the nonmagnetic ion of Zn2+ which can weaken the 

super-exchange interaction of magnetic ions and spin-orbit coupling interaction [1]. 

The Ha value of 14640 Oe for x = 2.0 sample is larger than the reported values of 

11812 Oe [7] and 12500 Oe [2]. The difference in the values might come from the 

different evaluation method. While we evaluated the Ha value by fitting the 

magnetization curve as described above, the reported values were evaluated by 

measuring two different magnetization curves for aligned sample with applied field 

parallel and perpendicular to the aligned axis (c-axis) [7], and by measuring the 

magnetic torque curve of single crystal sample [2], respectively.  

Contrary to the Ha value, the Ms value increases with increasing x up to x = 1.0 

and then decreases with further increasing x. The maximum Ms value of 87.7 emu/g 

was obtainable from the sample of x = 1.0 sintered at 1250˚C. This Ms value is about 

8% larger compared with that of pure SrW (Ms = 81.3 emu/g) and about 13% higher 

than fully Zn-substituted SrW (Ms = 77.3 emu/g). Here, it should be noted that the 

Ms value higher than 87.7 emu/g can be obtained if the amount of Zn substitution in 

the SrZnxFe2-xW single phase is optimized. The value of 77.3 emu/g for x = 2.0 

sample, sintered at 1300˚C in air, is slightly smaller than the value of 79 emu/g 

reported by H. Graetsch et al. [2], but it is much higher than the value of 57.6 emu/g 

reported by H. Yamamoto et al. [7]. The large discrepancy with the Ms value reported 

by H. Yamamoto et al. [7] is attributable not only to their relatively lower sintering 

temperature of 1200˚C in air but also our evaluation method of the Ms value. While 

we evaluated the Ms value by using the law of approach to saturation as previously 
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mentioned,  they reported the magnetization value at the applied field of 1 T as Ms 

value. According to their evaluation method, the magnetization value of our sample 

at 1 T is 63.5 emu/g. 

The improvement of Ms with increasing x, i.e., the amount of Zn substituent, is 

similar to that of Zn-substituted spinel ferrites. This similarity comes from a 

similarity between the crystal structure of W-type hexaferrite and spinel ferrite. The 

unit cell of W-type hexaferrite (SrMe2Fe16O27) can be expressed as stacking of spinel 

blocks containing two spinel molecular units (S, 2MeFe2O4) and hexagonal closed 

packed blocks (R, SrFe6O11) in the form of RSSR*S*S*, where the symbol * denotes 

180˚ rotation of the blocks around the c-axis. Further simplification enables W-type 

hexaferrite structure to be expressed as M + S where M is M-type hexaferrite 

(SrFe12O19) and S is spinel block as described above since the crystal structure of 

SrFe12O19 can be expressed as RSR*S*. As the unit cell of W-type hexaferrite is 

composed of two molecular units of W-type hexaferrite, 32 Fe3+ ions and 4 Me2+ ions 

occupy seven different magnetic sublattices in the unit cell. Each sublattice is 

presented in Table 4.3 [15]. There are four octahedral sites (12k, 4fVI, 6g, 4f), two 

tetrahedral sites (4e, 4fIV), and one hexahedral site (2d). Each sublattice has different 

spin alignment along with the c-axis. The direction of the spins in 12k, 6g, 4f, and 2d 

sites are parallel to the c-axis, and the spins in 4e, 4fIV, and 4fVI sites are antiparallel. 

If we assume that the Zn2+ ions in SrZnxFe2-xW occupy only the tetrahedral sites (4e, 

4fIV) in S block which has down spin alignment, then the net magnetic moment (mB) 

of SrZnxFe2-xW per molecule in Bohr magnetons (μB) at 0K can be expressed as 
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follows, 

mB = 12 × 5 − (6 − x) × 5 = 30 + 5x μB 

As a result, the net magnetic moment is increased with increasing Zn2+ content (x). 

This is exactly the same as the case of spinel ferrite that the substitution of magnetic 

ions (Fe2+) in a ferromagnetic material by nonmagnetic ions (Zn2+) leads to an 

increase in the net magnetic moment. 

There are some reports on the location of divalent metal ions in fully substituted 

W-type hexaferrites [15-20]. In the case of BaMg2W, the Mg2+ ion is reported to 

reside in both the octahedral and tetrahedral sites of the S block [16, 20]. The Co2+ 

ion in BaCo2W is also reported to occupy both the octahedral and tetrahedral sites of 

S block [17]. The Mn2+ ion is reported to enter the tetrahedral sites of S block with a 

preference for the 4e site [19]. The Zn2+ ion in BaZn2W is reported to have a tendency 

to occupy the tetrahedral sites of S-block [15, 18]. According to these reports, one 

can see that the Me2+ ions in SrMe2W tend to occupy the sublattices in S block, and 

their distribution in S block is similar to the distribution of the Me2+ ions in spinel 

ferrites. Thus, substitution of nonmagnetic Zn2+ ions in W-type hexaferrites has an 

effect on Ms similar to the case of spinel ferrite. This can also explain the reason why 

the Ms value is first increased and then decreased with further increasing x. While 

the net magnetic moments of Zn-substituted spinel ferrites are increased with 

increasing the amount of Zn substitution up to around 40–50mol% [1], for larger 

Zn2+ substitution, the alignments between the magnetic ions are weakened and the 
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anti-parallel alignment of spins is canted so that the net magnetic moment decreases 

and becomes zero for the full substitution of Zn2+ for the tetrahedral site, i.e., 

ZnFe2O4. For the same reason, fully Zn-substituted SrW samples (x = 2.0) sintered 

in air exhibited lower Ms value of 77.3 emu/g as shown in Table 4.2.  

From Table 4.2, it can be seen that Vcell and Ms values of samples vary with the 

sintering temperature. Fig. 4.6 shows the variation of a, c, Vcell and Ms values with 

respect to the sintering temperature. From the Fig. 4.6, one can see that both Vcell and 

Ms values increase with increasing sintering temperature for all samples. As we 

discussed in the previous section, the increase in Vcell with increasing sintering 

temperature may be attributed to an increase in the oxygen non-stoichiometry of the 

samples, and the increase in Ms values also seem to be closely related to the increase 

in oxygen non-stoichiometry. Because as the oxygen non-stoichiometry of a sample 

becomes larger, oxygen vacancy concentration within the sample becomes higher, 

and more Fe3+ ions can be oxidized into Fe2+ ions. Consequently, the excessive Fe2+ 

ions formed due to oxygen vacancy cause the increase in Ms since the magnetic 

moment of Fe2+ (4 μB) is smaller than that of Fe3+ (5 μB). In other words, the valence 

state change of Fe3+ ions occupying the spin-down sites can cause an increase in the 

net magnetic moment of SrW as in the case of Zn2+ substitution. Similar behavior of 

increase in the Ms values due to oxygen deficiency has been reported for the La-Ce-

Zn doped SrM sintered in the N2 atmosphere [21]. 
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 In order to clarify the influence of oxygen non-stoichiometry on the Vcell and Ms 

values, oxygen sintering was carried out. The samples of x = 0.0 which were sintered 

at 1300, 1310 and 1315˚C for 2 h in the PO2 of 10-3 atm were sintered at 300˚C for 

2–24 h in a pure oxygen atmosphere. Since the SrW phase can be decomposed into 

SrM and Fe2O3 during the oxygenation process [9, 10], the oxygen sintering 

temperature was carefully determined to prevent the phase decomposition of SrW. 

The change in the Vcell and Ms values after the oxygen sintering process is shown in 

Fig. 4.7. As the oxygen sintering period is extended, the Vcell values of three different 

samples decrease and become almost identical to each other as shown in Fig. 4.7(a). 

Moreover, the total decrease in Vcell is the largest for the sample sintered at 1315˚C in 

the PO2 of 10-3 atm, which is considered to be the most oxygen-deficient, while the 

total decrease in Vcell for the sample sintered at 1300˚C is the smallest. This result 

indirectly reveals that the difference of Vcell between the as-sintered samples is closely 

related to the oxygen non-stoichiometry, and the oxygen vacancy has been removed 

by the oxygen sintering process. 

There is another evidence that oxygen non-stoichiometry of the sample exists. Fig. 

4.8(a) and (b) show the DC resistivity (ρ) change of the samples at the temperature 

region of 100–300 K before and after the oxygenation process on the ρ versus T (K) 

and lnρ versus 1000/T (K) plots, respectively. In Fig. 4.8(b), the activation energy (Ea) 

for conduction is also calculated from the lnρ versus 1000/T (K) plots by using the 

Arrhenius equation as follows, 
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ρ = ρ0·exp(Ea /kBT) 

where ρ0 is the resistivity at room temperature and kB is the Boltzmann constant. 

Before the oxygenation process, the sample sintered at the higher temperature tends 

to be more electrically resistive as it can be seen from Fig. 4.8. In addition, the Ea is 

smaller for the sample sintered at the higher temperature as well as the ρ value. This 

is due to the facts that the electron hopping can occur more easily and frequently for 

the oxygen-deficient sample which can contain a larger amount of Fe2+ ions, and the 

dominant conduction mechanism in ferrite is the electron hopping between Fe2+ and 

Fe3+ ions [22]. Similar behavior of decrease in electrical resistivity has been reported 

for the Z-type hexaferrite sintered in the N2 atmosphere [23]. After the oxygenation 

process at 300˚C for 24 h in the O2 atmosphere, the values of ρ and Ea both increases 

for all samples, which indirectly reveals the removal of oxygen vacancy and reduction 

of Fe2+ ions in samples. However, further research is required for quantitative analysis 

of the Fe2+/Fe3+ ratio of samples for better understanding. 

 

4.4 Summary 

With the sintering and subsequent furnace-cooling process in the low PO2 of 10-

3 atm, we could successfully prepare single-phase SrZnxFe2-xW polycrystalline 

samples for 0.0 ≤ x ≤ 1.0. By careful analyses of the phases and microstructures of 

the polycrystalline samples sintered at various temperatures in the low PO2 of 10-3 

atm, we were able to determine the phase stability region of SrZnxFe2-xW (x = 0.0, 
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0.5, and 1.0) samples. The temperature range of the stability region for the SrZnxFe2-

xW single-phases tends to be lowered with increasing x or decreasing PO2 values, 

which may enable the low-temperature sintering process for their preparation. The 

lattice parameters and cell volumes of the samples increased with increasing x up to 

1.0, which also represents a successful substitution of Zn2+ for the Fe2+ site. The Ms 

values of samples monotonously increased from x = 0.0 to x = 1.0, and thus the 

highest Ms value of 87.7 emu/g was obtainable from the sample of x = 1.0 sintered 

at 1250˚C for 2 h. The increase in Ms value with increasing x is believed to originate 

from the occupation of Zn2+ ions to the tetrahedral site of S block in W-type 

hexaferrite structure, which can cause an increase in the net magnetic moment by 

reducing the magnetic moment of the down spin site. Although further quantitative 

analyses on the oxygen non-stoichiometry and the Fe2+/Fe3+ ratio of samples are 

required, oxygen-sintering experiment clearly suggests that the oxygen non-

stoichiometry is larger for the samples sintered at higher temperatures in low PO2 of 

10-3 atm, leading to the increase in the Ms, Vcell, and ρ values of samples. 
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Table 4.1. The phases analyzed from the powder XRD patterns of SrZnxFe2-xW 

samples sintered in the PO2 of 10-3 atm shown in Fig. 4.1. The phases in brackets 

indicate that those are hardly distinguishable on the XRD patterns. M: SrFe12O19, W: 

SrZnxFe2-xFe16O27, h: Fe2O3, s: ZnFe2O4, m: Fe3O4, S: Sr-rich phase 
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Table 4.2. Magnetic and structural properties of the SrZnxFe2-xW samples sintered in 
PO2 = 10-3 atm. The sample of x = 2.0 marked with * is sintered at 1300˚C for 2 h in 
air. 
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Table 4.3. Magnetic sublattices of W-type hexaferrite and their coordination, 

number of ions, and spin alignment 
 

Sublattice Coordination Block 

Number of 
ions per 
molecule 

Spin 

12k octahedral R-S 6 up 

4e tetrahedral S 2 down 

4fIV tetrahedral S 2 down 

4fVI octahedral R 2 down 

6g octahedral S-S 3 up 

4f octahedral S 2 up 

2d hexahedral R 1 up 
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Fig. 4.1. The powder XRD patterns of SrZnxFe2-xW samples for (a) x = 0.0, (b) x = 

0.5, (c) x = 1.0, (d) x = 1.25, (e) x = 1.5, (f) x = 2.0 sintered in PO2 = 10-3 atm. The 

XRD patterns were measured with a step size of 0.02˚, and time per step of 0.6 s for 

the 2θ range of 20–70˚ and time per step of 2.4 s for the 2θ range of 29–38˚. * denotes 

the patterns measured with 2θ range of 29–38˚ and slower scan speed.  
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Fig. 4.1. (Continued) 
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Fig. 4.2. BSE images and EDS elemental mapping images of polished surface of 
SrZnFeW (x = 1.0) samples sintered at (a) 1185˚C, (b) 1195˚C, (c) 1250˚C, (d) 
1275˚C for 2h in PO2 = 10-3 atm.  
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Fig. 4.3. The phase boundaries of the SrZnxFe2-xW samples sintered in the PO2 of 10-

3 atm. M: SrFe12O19, W: SrZnxFe2-xFe16O27, h: Fe2O3, s: ZnFe2O4, m: Fe3O4, L: liquid. 

The blue points indicate the sintering temperatures where the SrZnxFe2-xW single-

phase was obtainable. 
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Fig. 4.4. The plots of the values of (a) Vcell (a2csin120˚) and (b) a and c for the 

samples listed in Table 4.2. The numbers in Fig 4.4(a) indicate the sintering 

temperature of each data point. The data point marked with * is that of the sample 

sintered in air. 
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Fig. 4.5. (a) The magnetic hysteresis loops of the selected samples which mainly 

consist of SrZnxFe2-xW phase. The inset figure shows the magnetization curve in the 

field region of 2–5 T. (b) the plot of the values of Ms and Ha listed in Table 4.2 vs. x 

in SrZnxFe2-xW. 
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Fig. 4.6. The plots of (a) a and c vs. sintering temperature, (b) Vcell vs. sintering 

temperature, (c) Ms vs. sintering temperature for the samples listed in Table 4.2. 
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Fig. 4.7. The effect of oxygen sintering on the (a) Vcell and (b) Ms of the samples (x 

= 0.0) sintered at 1300, 1310 and 1315˚C for 2 h in PO2 = 10-3 atm. 
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Fig. 4.8. The plots of (a) ρ-T and (b) lnρ-1000/T in the temperature region of 100–
300K of the samples (x = 0.0) sintered at 1300, 1310 and 1315˚C for 2 h in PO2 = 

10-3 atm, and oxygen sintered at 300˚C for 24 h in PO2 = 1 atm. The inset figure in 

(a) is a ρ-T curve in the temperature range of 270–300K. 
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Chapter 5 

Synthesis of Zn-substituted Y-type hexaferrites in the 
PO2 of 10-3 atm and their magnetic properties 

 

5.1 Introduction 

The Y-type hexaferrites, a member of hexaferrite family, are the first reported 

ferroxplana ferrites that have the basal c-plane, perpendicular to the c-axis, as the easy 

plane of the spontaneous magnetization at room temperature [1, 2]. They have the 

chemical formula of (Ba or Sr)2Me2Fe12O22 where Me is usually the divalent transition 

metal ions such as Mn2+, Co2+, Ni2+, Cu2+
, Mg2+ and Zn2+ [3]. All Y-type hexaferrites 

exhibit the magnetization easy plane except (Ba or Sr)2Me2Fe12O22 hexaferrites which 

have the c-axis as the easy axis [4]. The Y-type hexaferrites of planar magnetic 

anisotropy have drawn special attention of many researchers since they have an 

advantage of exhibiting larger magnetic permeability in GHz frequency region 

relative to other hexaferrites with uniaxial magnetic anisotropy [5]. Therefore, there 

have been numerous reports [6-20] on their microwave applications such as 

microwave absorbers and multilayer chip inductors. For this purpose, various 

transition metal ions have been substituted for the Me site in Ba(Sr)2Me2Fe12O22. For 

instance, Ba2Ni2Fe12O22 [6], Ba2Ni2-xZnxFe12O22 [7], Ba2CuxZn2-xFe12O22 [8, 9], 

BaSrCo2-xNixFe12O22 [10], Ba1.5Sr0.5CoZnFe12-xAlxO22 [11], Ba2Co2Fe12O22 [12], and 

Sr2Co2Fe12-xAlxO22 [13] were investigated for microwave absorber applications. In 

addition, Ba2Zn2-2x-2yCo2xCu2yFe12O22 [14], Ba2Zn1.2-2xCo2xCu0.8Fe12O22 [15], 
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Ba2Zn0.8Co0.8Cu0.4Fe12-xMnxO22 [16], Ba2Co2-x-yZnxCuyFe12O22 [17], Sr2Ni2Fe12O22 

[18], and Sr2Co2NixTixFe12-2xO22 [19] were reported for high frequency multi-layer 

chip inductors. 

Up to date, researchers have focused only on a full substitution of transition metal 

ions for the Me site in (Ba or Sr)2Me2Fe12O22, and hence the magnetic properties of 

(Ba or Sr)2Me2Fe12O22 hexaferrites with a partial substitution for the Me site have 

never been reported yet to the best of our knowledge. The reason is most probably 

due to a difficulty in the preparation of their single phase in air. Like the case of the 

strontium W-type hexaferrites (SrFe18O27) including 2Fe2+ ions within the unit cell 

[20, 21], if the Me sites are not fully substituted by divalent transition metal ions other 

than the Fe2+ ion, there should exist a certain amount of Fe2+ ions in (Ba or 

Sr)2Me2Fe12O22. These Fe2+ ions are apt to oxidize into Fe3+ ions for charge neutrality 

if oxygen is absorbed by the sample during furnace-cooling to room temperature in a 

relatively high oxygen atmosphere, which is believed to destabilize the Y-type 

structure. On the other hand, it is well-known that the existence of Fe2+ ions in 

hexaferrites causes the electron hopping between Fe2+ and Fe3+ ions, leading to a local 

displacement of electric carriers, and hence an increase in complex permittivity [22-

27]. Therefore, it is desirable to generate Fe2+ ions in (Ba or Sr)2Me2Fe12O22 since 

microwave devices can be miniaturized by increasing the refractive index, n 

( Re( )r rn � �� ), where μr is the relative complex permeability (μr = μʹ − jμʺ) and εr 

is the relative complex permittivity (εr = εʹ − jεʺ). 

Among various divalent transition metal ions, we selected Zn2+ ion as a partial 

substituent for the Me site of Ba2MexFe2-xFe12O22. The reason is that, if the Zn2+ ions 

partially substitute for the Me sites of the Y-type barium hexaferrite, an increase in 
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Ms is expected in comparison with fully Zn2+-substituted one like the cases of spinel 

ferrites [3] and W-type hexaferrites [28], which is also desirable for the improvement 

of μr. As previously mentioned, the partial substitution of the Me site has never been 

reported yet, and thus we have focused on the fabrication of the single-phase samples 

of partially Zn-substituted barium Y-type hexaferrites with the compositions of 

Ba2ZnxFe2-xFe12O22. In our previous study [21, 28], we could fabricate the single-

phases of partially Zn-substituted strontium W-type hexaferrites via high-temperature 

annealing and subsequent furnace-cooling in the low PO2 of 10-3 atm. Likewise, we 

could fabricate partially Zn2+-substituted barium Y-type hexaferrites with the 

composition x less than 2.0 in the low PO2 of 10-3 atm, and hence identify their 

magnetic properties in this study. 

 

5.2 Experimental 

The polycrystalline samples with the nominal compositions of Ba2ZnxFe2-xFe12O22 

(x = 0.0, 0.5, 1.0, 1.5, and 2.0) were prepared by conventional solid-state reaction. 

The precursors of BaCO3, Fe2O3, and ZnO powders of all 99.9% purity were weighed 

and ball-milled for 24 h with zirconia balls in ethanol. The slurry was dried in an 

oven at 45˚C, pelletized with a uniaxial press, and then calcined at 800–1300˚C for 

8 h in air. As-calcined bulk samples were ground into powder, ball-milled for 24 h, 

and then uniaxially pressed into the pellets of 15 mm of diameter and about 2 mm of 

thickness. These pellets were sintered at the temperature region of 1200–1350˚C for 

2 h in the low PO2 of 10-3 atm with a heating rate of 3˚C/min, and then furnace-

cooled in an alumina tube furnace. The low oxygen partial pressure was controlled 
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by using O2-N2 mixed gases (1000 ppm O2 in N2) with a flow rate of 0.5 l/min. 

The phases and unit cell parameters of samples were analyzed by powder X-ray 

diffraction (XRD, BRUKER D8-ADVANCE α1 system) using Cu-Kα1 radiation (λ 

= 1.5406 Å) with a divergence slit width of 0.2 mm. The XRD patterns were 

measured by a θ-2θ scan with the step size of 0.02˚, and time per step of 1.2 sec and 

2.4 sec for the 2θ ranges of 20–70˚ and 28–38˚, respectively. The lattice parameters 

(a and c) and cell volumes (Vcell) were calculated from the refined XRD patterns by 

using the Pawley whole powder pattern decomposition method (BRUKER AXS 

TOPAS software version 4.2). Internal calibration was performed with the standard 

Si powder prior to the refinement of data. For microstructure analyses, the fractured 

surfaces of samples were observed by a field emission scanning microscope (FE-

SEM, ZEISS MERLIN Compact). Magnetic hysteresis loops were measured at room 

temperature with a vibrating sample magnetometer (VSM, Lake Shore VSM-7410) 

in the applied field up to 2.5 T. For the measurement of magnetization hysteresis 

loops, samples were cut into a cube shape with the dimension of ~2 × 2 × 2 mm3. 

 

5.3 Results and discussion 

The XRD patterns of the samples calcined at 800˚C for 8 h in air are shown in Fig. 

5.1. As shown in Fig. 5.1, except the sample of x =2.0 having the full substitution of 

Zn2+ for the Me2+ site in Ba2ZnxFe2-xFe12O22, all other samples consist of three 

different phases of BaFe12O19, BaFe2O4, and ZnFe2O4 although their relative peak 

intensities are dependent on the amount of the Zn2+ substituent, x. With increasing x, 

the peak intensities of ZnFe2O4 and BaFe2O4 phases increase while the peak 
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intensities of BaFe12O19 decrease. The phases consisting of the samples calcined at 

800–1300˚C for 8 h in air are summarized in Table 5.1, representing that the single 

phase was obtainable only from the sample of x = 2.0 calcined at 1000˚C in air. 

Since the formation of hexaferrites is a very complicated process [1, 29], it is hard 

to fully understand their formation mechanisms only with XRD analysis data. In 

addition, since samples were not quenched but furnace-cooled after calcination, the 

furnace-cooled samples may not consist of equilibrium phases at the calcination 

temperatures. Hence, if samples contain the second phases, it is difficult to distinguish 

whether the second phases are intermediate ones, resulting from an insufficient 

calcination reaction, or a decomposition byproduct during cooling procedure. For 

example, in the case of x = 1.0 sample calcined at 900°C for 8 h consists of Ba2ZnxFe2-

xFe12O22, BaFe12O19, BaFe2O4, and ZnFe2O4. As the existence of these four solid 

phases violates the Gibbs phase rule, they are surely non-equilibrium phases. Thus, 

the three phases of BaFe12O19, BaFe2O4 and ZnFe2O4 are intermediate phases or the 

decomposition byproducts of the Ba2ZnxFe2-xFe12O22 phase formed during the 

furnace-cooling process. To identify the origin for the second phases, further 

investigation is required. Consequently, in air, the Y-type single phase was obtainable 

only from the sample of x = 2.0 in Ba2ZnxFe2-xFe12O22 (i.e., the sample with a full 

substitution of Zn2+ for the Me2+ site) while it was impossible to obtain the single-

phases from the samples with x = 0.5, 1.0, and 1.5. 

As it was impossible to obtain the Ba2ZnxFe2-xFe12O22 single phases except for the 

sample of x = 2.0 in air, we tried to perform sintering for the samples calcined at 

800˚C for 8 h in the low PO2 of 10-3 atm in order to suppress their decomposition 

during the furnace-cooling process. The phases of sintered samples are represented in 
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Table 2. Contrary to the samples sintered in air shown in Table 1, the Ba2ZnxFe2-

xFe12O22 single-phases could be obtained from the samples of x = 0.5–1.5 sintered in 

low PO2 of 10-3 atm.  Interestingly, however, the single-phase was unobtainable 

from the sample of x = 2.0 sintered in low PO2 of 10-3 atm, which is probably 

attributable to a lowered solubility limit of Zn2+ in Ba2ZnxFe2-xFe12O22. Similar 

behavior has been observed for Zn-substituted W-type hexaferrites in our previous 

study [28]. In addition, as shown in Table 2, the Ba2Fe2Fe12O22 phase was not only 

unobtainable as the single-phase but also undetectable from the samples of x = 0.0, 

sintered at various high temperatures in the PO2 of 10-3 atm, which is in a good 

agreement with previous report on the BaO-Fe2O3 binary phase diagrams at the PO2 

values of 0.01, 1, and 40 atm by H. J. Van Hook [30] since it does not include 

Ba2Fe2Fe12O22 as a stable equilibrium phase. 

 Fig. 2 shows the powder XRD patterns of the samples consisting of Ba2ZnxFe2-

xFe12O22 single-phases. As previously mentioned, the sample of x = 2.0 was sintered 

at 1000˚C for 2 h in air while other samples were sintered in low PO2 of 10-3 atm. The 

lattice parameters and cell volumes (Vcell = a2csin120˚) calculated from the XRD 

patterns in Fig. 2 are listed in Table 3. These data are also plotted as a function of 

composition x as shown in Fig. 3. With increasing x from 0.5 to 2.0, both a lattice 

parameters and unit cell volumes (Vcell) were linearly increased but c lattice 

parameters were linearly decreased, which is in good agreement with the Vegard’s 

law, and thus indirectly supports a successful substitution of Zn2+ (0.74 Å) ions for 

the Fe2+ (0.61 Å) ion sites to form Ba2ZnxFe2-xFe12O22 solid solutions. 

 All the diffraction peaks of the samples in Fig. 2 are well indexed with those of the 

Ba2Zn2Fe12O22 phase in JCPDS 00-044-0207, implying that the decomposition of 
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Ba2ZnxFe2-xFe12O22 phase during the furnace-cooling process could be successfully 

suppressed by performing the sintering and furnace-cooling process in low PO2. From 

this figure, it can also be seen that the (00l) peaks shift to higher 2θ angles with 

increasing x while other peaks shift to lower angles. Moreover, the intensities of (00l) 

peaks located at 24.48, 30.76 and 57.04˚, representing (0012), (0015) and (0027) 

planes, respectively, decrease with increasing x. As shown in Table 3 and Fig. 3, unit 

cells shrink along the c-axis direction while they expand along the a-axis direction 

with increasing x. This behavior is extraordinary since both a and c lattice parameters 

increase with increasing the amount of Zn2+ substituent in other type hexaferrites, 

such as Zn-substituted W-type hexaferrites; SrZnxFe2-xFe16O27 [28], BaCoxZn2-

xFe16O27 [31], and Zn-substituted M-type hexaferrite; BaZnxSnxFe12-xO19 [32]. The 

reason for this extraordinary behavior of partially Zn-substituted Y-type samples is 

unclear at the moment. It may be due to the location of Zn2+ ions in the unit cell. The 

crystal structures of W-type and M-type hexaferrites can be expressed as the stacking 

of R-block (R, BaFe6O11) and S-block (S, 2MeFe2O4) in the manners of RSSR*S*S* 

and RSR*S*, respectively, where the symbol * denotes 180˚ rotation of the blocks 

around the c-axis [1]. The Zn2+ substituents in W-type and M-type hexaferrites are 

reported to locate at the tetrahedral sites of S-block [32-34]. However, the crystal 

structure of Y-type hexaferrite can be expressed as the stacking of S and T blocks (T, 

Ba2Fe8O14) in the sequence of TS(TS)*(TS)**, where the symbol * denotes 120˚ 

rotation of the blocks around the c-axis, Zn2+ ions tend to reside in the tetrahedral sites 

of both S and T-blocks [35]. Thus, the Zn2+ ions residing in T-block might be 

responsible for the increase in a but decrease in c with increasing x as shown in Table 

3 and Fig. 3. 



Chapter 5: Zn-substituted strontium Y-type hexaferrites 

 

100 

 Here, it should be noted that even though the single-phases of Ba2ZnxFe2-xFe12O22 

could be obtained from the samples with x ranging from 0.5 to 2.0, their 

decomposition could not be completely suppressed. For a comparison, the XRD 

patterns for the as-sintered bulk surface, polished bulk surface, and powder sample, 

sintered at 1200˚C for 2 h in the PO2 of 10-3 atm, are shown all together in Fig. 4. As 

shown in Fig. 4, the small XRD peaks for BaFe12O19, BaFe2O4 and ZnFe2O4 phases 

can be observed from the as-sintered bulk surface while those are undetectable from 

the polished bulk surface or powder sample, which reveals that the decomposition of 

Ba2ZnxFe2-xFe12O22 phase dominantly occurs at the surface of the bulk sample during 

the furnace-cooling process. For the sample of x = 1.0, the phase decomposition of 

Ba2ZnxFe2-xFe12O22 can be expressed as follows. 

2 3
2 12 22 2 12 19 2 4 2 4

5
10Ba ZnFe Fe O  + O ( )  7BaFe O + 13BaFe O + 10ZnFe O

2
g� � �  

As it can be seen from the above reaction, the decomposition of Ba2ZnxFe2-xFe12O22 

involves oxygen gas uptake to the sample. In addition, because the oxygen exchange 

between the sample and the ambient atmosphere can easily occur at the surface of the 

sample, the decomposition of Ba2ZnxFe2-xFe12O22 should preferentially occur at the 

surface of the sintered bulk sample. The decomposed surface layer of the sintered 

bulk samples was rubbed off by using sandpaper before the characterization of their 

magnetic properties. 

 As just described it above, although the decomposition of the Ba2ZnxFe2-xFe12O22 

phase is rather limited to the surface region of the bulk sample, it can occur at the 

inner part of a porous bulk sample. This is the reason why the sample of x = 1.0 with 

a low sintered density due to sintering at 1150°C for 2 h in the PO2 of 10-3 atm 
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contains the second phase of BaFe12O19 while the single-phase samples of Ba2ZnxFe2-

xFe12O22 with a high sintered density could be obtained from the samples sintered at 

1200–1300°C in the PO2 of 10-3 atm. For the same reason, the sample of x = 2.0, 

calcined at 900°C in air, contains the second phases of BaFe12O19, BaFe2O4, and 

ZnFe2O4 in addition to the Ba2ZnxFe2-xFe12O22 phase while the single phase of 

Ba2ZnxFe2-x Fe12O22 was obtainable from the sample calcined at 1000°C as shown in 

Table 1. 

 The magnetic hysteresis loops measured for the single-phase samples of 

Ba2ZnxFe2-xFe12O22 (x = 0.5, 1.0, 1.5, and 2.0) at 300K are shown in Fig. 5(a). The 

sample of x = 2.0 was sintered at 1000°C for 2 h in air. The Ms and coercivity (Hc) 

values of samples are listed in Table 3., and also plotted as a function of x in Fig. 5(b), 

The Ms values were estimated from the hysteresis loops by using the law of approach 

to saturation [36]. From the Fig. 5(b), one can see that, with increasing x, the Ms value 

first increases until x = 1.0, and then decreases until x = 2.0. The Ms value of x = 2.0 

sample is 35.4 emu/g, and this value is slightly larger than the previously reported 

values of 32.9 emu/g [37] and 33.2 emu/g [8]. The Ms value of 44.7 emu/g was 

obtainable from the sample of x = 1.0, which is about 14 and 26% higher than those 

of x = 0.5 and 2.0 samples, respectively. The Ms value of 44.7 emu/g is the highest 

value among all Ms values previously reported for various Y-type hexaferrites [8-11, 

14, 15]. 

Unlike the Ms value, the remanence magnetization (Mr) and Hc values 

monotonously increase with increasing x as shown in Fig. 5 and Table 3. This is 

attributable to a decrease in the average grain size of the samples as shown in Fig. 6. 

As shown in Fig. 6, the average grain size of samples decreases from tens of μm to 
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less than 1 μm with increasing x value from 0.5 to 2.0. This is primarily due to the 

lowered sintering temperatures with Zn-substitution as shown in Table 2.  

The Mr and Hc values are related to the intrinsic properties of Ms and magneto-

crystalline anisotropy, respectively. The Hc value is proportional to K1/Ms, where K1 

is the first magneto-crystalline anisotropy constant [3] in the case of uniaxial 

anisotropy. Moreover, the Hc value is inversely proportional to the grain size because 

a grain boundary hinders the domain wall displacement during the demagnetization 

process [38]. Hence, if the effect of the grain size is negligible, the Hc value is 

determined by Ms and magneto-crystalline anisotropy. When the Zn2+ ions substitute 

for the Fe2+ sites in Ba2ZnxFe2-xFe12O22, Ms is increased while anisotropy field (Ha) is 

decreased because the Zn2+ ions are nonmagnetic ion and thus weaken the super-

exchange interaction. Thus, the Zn-substitution in Ba2ZnxFe2-xFe12O22 has both 

positive and negative effects on Hc simultaneously. However, the Hc values of some 

hexaferrites, including M-type hexaferrites of BaZnxSnxFe12-xO19 [32] and 

Sr(Zn0.7Nb0.3)xFe12-xO19 [39], and W-type hexaferrite of BaCoxZn2-xFe16O27 [31], were 

reported to decrease with increasing Zn2+ substituents in spite of the increase in Ms. 

Since the difference in the average grain size between samples is negligible in these 

reports, the decrease in Hc is mainly attributed to a decrease in Ha. In other words, the 

decrease in Ha resulting from Zn-substitution is more dominant than the increase in 

Ms. However, the grain size seems to have a larger effect on Hc than Ha in our samples. 

In addition, an increase in the porosity of the samples with increasing x as shown in 

Fig. 6 might be another reason for the increase in Ha since a linear increase in Hc with 

increasing porosity of the samples has also been reported for Ni0.5Zn0.5Fe2O4 [3]. 
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The variation of Ms with increasing the Zn2+ substituent, x shown in Fig. 5(b) is 

very similar to those of Zn-substituted spinel ferrites [3] and Zn-substituted W-type 

hexaferrites [28]. The increase in the Ms value with increasing non-magnetic Zn2+ ion 

substituent can be understood by considering the crystal structure of Y-type 

hexaferrites. The unit cell of Y-type hexaferrite (Ba2Me2Fe12O22) consists of three 

molecular units of Ba2Me2Fe12O22, and it can be expressed as the stacking of S-block 

(S, 2MeFe2O4), containing two spinel molecular units and hexagonal T-block (T, 

Ba2Fe8O14) in the form of TS(TS)*(TS)**, where the symbol * denotes 120˚ rotation 

of the blocks around the c-axis [1]. As the unit cell is composed of three molecular 

units of Y-type hexaferrite, 36 Fe3+ ions and 6 Me2+ ions occupy six different 

magnetic sublattices in the unit cell. Each sublattice is presented in Table 4 [40]. There 

are four octahedral sites (3aVI, 18hVI, 6cVI, 3bVI), and two tetrahedral sites (6cIV, 6cIV*). 

Since Y-type hexaferrites exhibit a preferred plane of magnetization, each sublattice 

has different spin alignment along with the c-plane in an anti-parallel manner each 

other. The spin directions in 3aVI, 18hVI and 3bVI sites are up, and the spin directions 

in 6cVI, 6cIV, and 6cIV* sites are down [40]. The imbalance between the magnetic 

moment of ions residing these sublattice sites results in the net magnetic moments of 

Y-type hexaferrites. On the other hand, there are some reports on the location of Zn2+ 

ions in Ba2Zn2Fe12O22 [35, 41, 42]. All of these reports commonly insist that the Zn2+ 

ions have the site preference for the tetrahedral sites (6cIV and 6cIV*). G. Albanese et 

al. [35] reported that the Zn+2 ions are equally distributed between the two tetrahedral 

sites in S-block (6cIV) and T-block (6cIV*) while A. Collomb et al. [41] and R. Slowak 

et al. [42] reported a marked preference of Zn2+ for the 6cIV site in S-block. 

Consequently, as both 6cIV and 6cIV* sites exhibit down spin orientations, the site 
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preference of non-magnetic Zn2+ ion for these sites can increase the net magnetic 

moment (mB) of Ba2ZnxFe2-xY per unit cell in Bohr magnetons (μB) at 0 K as follows, 

mB = 24 × 5 − (18 − 3x) × 5 = 30 + 15x μB 

Therefore, the Ms value is first increases with increasing x. However, for larger Zn2+ 

concentration, the alignments between the magnetic ions are weakened, due to the 

weaker super-exchange interaction between the ions and thus the net magnetic 

moment decreases as can be seen from the spinel ferrites and W-type hexaferrites [3, 

28]. 

 

5.4 Summary 

The Ba2ZnxFe2-xY polycrystalline samples for 0.5 ≤ x ≤ 1.5 could be successfully 

prepared by sintering and subsequent furnace-cooling in the low PO2 of 10-3 atm, and 

their magnetic properties were reported for the first time. The Ms values of Ba2ZnxFe2-

xY samples increased from x = 0.5 to 1.0, and decreased with further increasing x up 

to x = 2.0. The highest Ms value of 44.7 emu/g was obtained from the sample of x = 

1.0 sintered at 1300˚C for 2 h. This value is about 14 and 26% higher than those of x 

= 0.5 and 2.0 samples, respectively. The increase in Ms value with increasing x is 

attributable to the occupation of Zn2+ ions to the tetrahedral sites of S and T blocks in 

Y-type hexaferrite structure, which can cause an increase in the net magnetic 

moments by reducing the magnetic moments of down spin site. Consequently, the 

partial substitution of Zn2+ was found to be effective for the improvement of Ms, 

which is desirable for high relative permeability in the GHz frequency region. 
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Table 5.1. The phases analyzed from the XRD patterns of the samples calcined at 

800–1300˚C for 8 h in air. Each phase is indicated by following ID; Y: Ba2Zn2Fe12O22, 

Z: Ba3Fe26O41, M: BaFe12O19, B: BaFe2O4 (orthorhombic structure), α-B: α-BaFe2O4 

(hexagonal structure), S: ZnFe2O4. The question mark indicates the phases difficult 

to distinguish whether they exist or not from the XRD patterns. 
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Table 5.2. The phases analyzed from the XRD patterns of the samples sintered at 

1000–1350˚C for 2 h in the PO2 of 10-3 atm. 
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Table 5.3. Magnetic and structural properties of the Ba2ZnxFe2-xY samples of x = 0.5, 

1.0, 1.5, and 2.0. 
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Table 5.4. Magnetic sublattices of Y-type hexaferrite and their coordination, number 

of ions, and spin alignment 

Sublattice Coordination Block 

Number of 
ions per  

unit cell 
Spin 

6cIV tetrahedral S 6 down 

3aVI octahedral S 3 up 

18hVI octahedral S-T 18 up 

6cVI octahedral T 6 down 

6cIV* tetrahedral T 6 down 

3bVI octahedral T 3 up 
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Fig. 5.1. The powder XRD patterns of the samples calcined at 800˚C for 8 h in air (a) 

in the 2θ range of 20–70˚ and (b) 2θ range of 27–38˚. The XRD peaks of BaFe12O19, 

BaFe2O4, and ZnFe2O4 are indexed according to the JCPDS 00-043-0002, JCPDS 00-

046-0113, and JCPDS 00-022-1012, respectively. 
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Fig. 5.2. The powder XRD patterns of sintered Ba2ZnxFe2-xY samples (a) in the θ 

range of 20–70˚ and (b) 2θ range of 28–38˚. The samples of x = 0.5, 1.0, and 1.5 were 

sintered at 1350, 1300, and 1200˚C for 2 h in the PO2 of 10-3 atm, respectively. The 

sample of x = 2.0 was sintered at 1000˚C for 2 h in air. The XRD peaks are indexed 

according to the JCPDS 00-044-0207. 
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Fig. 5.3. The plots of (a) lattice parameter of a and c, and (b) Vcell as a function of x 

in Ba2ZnxFe2-xY. 
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Fig. 5.4. The XRD patterns for the as-sintered bulk surface, polished bulk surface, 

and powder sample of x = 1.0, sintered at 1200˚C for 2 h in the PO2 of 10-3 atm. (a) 

in the 2θ range of 20–70˚ and (b) 2θ range of 28–38˚. The XRD peaks of Ba2ZnxFe2-

xY (Y), BaFe12O19 (M), BaFe2O4 (B), and ZnFe2O4 (S) are indexed according to the 

JCPDS 00-044-0207, JCPDS 00-043-0002, JCPDS 00-034-1060, and JCPDS 00-

022-1012, respectively. 
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Fig. 5.5 (a) Magnetic hysteresis loops of Ba2ZnxFe2-xY samples and (b) the plots of 

Ms and Hc versus the substituent of Zn2+, x. The inset in (a) is the enlarged plot of the 

magnetic hysteresis loop. The samples of x = 0.5, 1.0, and 1.5 were sintered at 1350, 

1300, and 1200˚C for 2 h in the PO2 of 10-3 atm, respectively. The sample of x = 2.0 

was sintered at 1000˚C for 2 h in air.  
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Fig. 5.6. FE-SEM micrographs of fractured surfaces of samples. The samples of (a) 

x = 0.5, (b) x = 1.0, (c) x = 1.5 were sintered at 1350, 1300, 1200, respectively for 2 h 

in the PO2 of 10-3 atm, and (d) the sample of x = 2.0 was sintered at 1000˚C for 2 h in 

air. 

  



Chapter 5: Zn-substituted strontium Y-type hexaferrites 

 

115 

References 

1. Pullar R. C., Hexagonal ferrites: A review of the synthesis, properties 
and applications of hexaferrite ceramics. Progress in Materials 
Science, 2012. 57(7): p. 1191. 

2. Jonker G., H. Wijn, and P. Braun, Philips Tech. Rev. 18, 145 (1956). 

3. Smit, J. and H. Wijn, Ferrites (Philips Technical Library, Eindhoven, 
1959). 

4. Castelliz L., K. Kim, and P. Boucher, Preparation, stability range and 
high frequency permeability of some ferroxplana compounds. Journal 
of the Canadian Ceramic Society, 1969. 38: p. 57. 

5. Li Z. W. et al., Microwave attenuation properties of W-type barium 
ferrite BaZn2-xCoxFe16O27 composites. Journal of Applied Physics, 
2004. 96(1): p. 534. 

6. Shin J. and J. Oh, The microwave absorbing phenomena of ferrite 
microwave absorbers. IEEE Transactions on Magnetics, 1993. 29(6): 
p. 3437. 

7. Shin, J.-Y. and J.-H. Oh, The complex permeability and matching 
frequency of ferrite microwave absorber. Journal of the Korean 
Magnetic Society, 1995. 5(5): p. 800. 

8. Li Z. W., M. J. Chua, and Z. H. Yang, Studies of static, high-frequency 
and electromagnetic attenuation properties for Y-type hexaferrites 
Ba2CuxZn2 xFe12O22 and their composites. Journal of Magnetism and 
Magnetic Materials, 2015. 382: p. 134. 

9. Chua M. J., Z. H. Yang, and Z. W. Li, Structural and microwave 
attenuation characteristics of ZnCuY barium ferrites synthesized by a 
sol–gel auto combustion method. Journal of Magnetism and Magnetic 
Materials, 2014. 368: p. 19. 

10. Stergiou C. A. and G. Litsardakis, Y-type hexagonal ferrites for 
microwave absorber and antenna applications. Journal of Magnetism 
and Magnetic Materials, 2016. 405: p. 54. 



Chapter 5: Zn-substituted strontium Y-type hexaferrites 

 

116 

11. Song Y. et al., The electromagnetic and microwave absorbing 
properties of polycrystalline Y-type Ba1.5Sr0.5CoZnFe12-xAlxO22 
hexaferrites over the microwave range. Journal of Materials Science: 
Materials in Electronics, 2016. 27(4): p. 4131. 

12. Yang H. et al., Synthesis and electromagnetic characteristics of 
Co2Z/Co2Y composite material. Materials Letters, 2015. 161: p. 690. 

13. Nikzad A. et al., Correlation between structural features and 
microwave analysis of substituted Sr-Co2Y ceramic nanoparticles. 
Journal of Superconductivity and Novel Magnetism, 2016. 29(6): p. 
1657. 

14. Bai Y. et al., Complex Y-type hexagonal ferrites: an ideal material for 
high-frequency chip magnetic components. Journal of Magnetism and 
Magnetic Materials, 2003. 264(1): p. 44. 

15. Bai Y. et al., Frequency dispersion of complex permeability of Y-type 
hexagonal ferrites. Materials Letters, 2004. 58(10): p. 1602. 

16. Bai Y. et al., Effect of Mn doping on physical properties of Y-type 
hexagonal ferrite. Journal of Alloys and Compounds, 2009. 473(1): p. 
505. 

17. Bierlich S. and J. Töpfer, Zn-and Cu-substituted Co2Y hexagonal 
ferrites: Sintering behavior and permeability. Journal of Magnetism 
and Magnetic Materials, 2012. 324(10): p. 1804. 

18. Ahmad M. et al., Temperature dependent structural and magnetic 
behavior of Y-type hexagonal ferrites synthesized by sol-gel 
autocombustion. Journal of Alloys and Compounds, 2015. 651: p. 749. 

19. Ahmad B. et al., Synthesis and electrical behavior of Ni-Ti substituted 
Y-type hexaferrites for high frequency application. Journal of 
Magnetism and Magnetic Materials, 2018. 451: p. 787. 

20. Langhof N. et al., Reinvestigation of the Fe-rich part of the pseudo-
binary system SrO-Fe2O3. Journal of Solid State Chemistry, 2009. 
182(9): p. 2409. 

21. You J. H., H. J. Kim, and S. I. Yoo, Preparation of strontium W-type 



Chapter 5: Zn-substituted strontium Y-type hexaferrites 

 

117 

hexaferrites in a low oxygen pressure and their magnetic properties. 
Journal of Alloys and Compounds, 2017. 695: p. 3011. 

22. Gupta N. et al., Processing and properties of cobalt-substituted 
lithium ferrite in the GHz frequency range. Ceramics International, 
2005. 31(1): p. 171. 

23. Chakraborty S., N. S. Bhattacharyya, and S. Bhattacharyya, Single 
layered wide bandwidth nanosized strontium hexa-ferrite filled 
LLDPE absorber in X-band. Progress In Electromagnetics Research, 
2016. 71: p. 137. 

24. Wang L. et al., The microwave magnetic performance of Sm3+ doped 
BaCo2Fe16O27. Journal of Alloys and Compounds, 2009. 481(1–2): p. 
863. 

25. Mosleh Z. et al., Structural, magnetic and microwave absorption 
properties of Ce-doped barium hexaferrite. Journal of Magnetism and 
Magnetic Materials, 2016. 397: p. 101. 

26. Stergiou C. A. et al., Dielectric and magnetic properties of new rare-
earth substituted Ba-hexaferrites in the 2–18 GHz frequency range. 
Journal of Magnetism and Magnetic Materials, 2010. 322(9-12): p. 
1532. 

27. El Saadawy M., DC conductivity for hexaferrites of the Zn2- 

xCuxBa1Fe16O27 system. Journal of Magnetism and Magnetic 
Materials, 2000. 219(1): p. 69. 

28. You J. H. and S. I. Yoo, Improved magnetic properties of Zn-
substituted strontium W-type hexaferrites. Journal of Alloys and 
Compounds, 2018. 763: p. 459. 

29. Neckenburger E. et al., Ferrite hexagonaler Kristallstrustur mit hoher 
Grenzfrequenz. Z. Angew. Phys, 1964. 18: p. 65. 

30. Van Hook H., Thermal Stability of Barium Ferrite (BaFe12O19). 
Journal of the American Ceramic Society, 1964. 47(11): p. 579. 

31. Hemeda D., A. Al-Sharif, and O. Hemeda, Effect of Co substitution on 
the structural and magnetic properties of Zn-W hexaferrite. Journal of 



Chapter 5: Zn-substituted strontium Y-type hexaferrites 

 

118 

Magnetism and Magnetic Materials, 2007. 315(1): p. L1. 

32. Fang H. et al., Preparation and magnetic properties of (Zn-Sn) 
substituted barium hexaferrite nanoparticles for magnetic recording. 
Journal of Magnetism and Magnetic Materials, 1998. 187(1): p. 129. 

33. Albanese G., M. Carbucicchio, and G. Asti, Spin-Order and 
Magnetic-Properties of BaZn2Fe16O27(Zn2-W) Hexagonal Ferrite. 
Applied Physics, 1976. 11(1): p. 81. 

34. Collomb A. and J. Mignot, The Ba(Sr)Mn2Fe16O27 W-type hexagonal 
ferrites as permanent magnets. Journal of Magnetism and Magnetic 
Materials, 1987. 69(3): p. 330. 

35. Albanese G., G. Asti, and C. Lamborizio, Mössbauer Measurements 
in ZnY (Ba2Zn2Fe12O22) and Mn0.625-ZnY Ferrites. Journal of Applied 
Physics, 1968. 39(2): p. 1198. 

36. Grössinger R., A critical examination of the law of approach to 
saturation. I. Fit procedure. physica status solidi (a), 1981. 66(2): p. 
665. 

37. Lee S. G. and S. J. Kwon, Saturation magnetizations and Curie 
temperatures of CoZn Y-type ferrites. Journal of Magnetism and 
Magnetic Materials, 1996. 153(3): p. 279. 

38. Givord D., M. Rossignol, and D. Taylor, Coercivity mechanisms in 
hard magnetic materials. Le Journal de Physique IV, 1992. 2(C3): p. 
C3-95. 

39. Fang Q. et al., The effect of Zn-Nb substitution on magnetic properties 
of strontium hexaferrite nanoparticles. Journal of Magnetism and 
Magnetic Materials, 2004. 278(1-2): p. 122. 

40. Albanese G. et al., Influence of the cation distribution on the 
magnetization of Y-type hexagonal ferrites. Applied physics, 1975. 
7(3): p. 227. 

41. Collomb A. et al., Crystal structure and zinc location in the 
BaZnFe6O11 Y-type hexagonal ferrite. Journal of Magnetism and 
Magnetic Materials, 1989. 78(1): p. 77. 



Chapter 5: Zn-substituted strontium Y-type hexaferrites 

 

119 

42. Slowak R. et al., Model for the low magnetic moment of 
Ba2Zn2Fe12O22 (Zn2Y). Applied physics, 1977. 14(3): p. 325. 

 

  



 

 

  



Chapter 6: Microwave absorption properties 

 

 

 121    

Chapter 6  

Microwave absorption properties of Zn-substituted W 
and Y-type hexaferrites 

 

6.1 Introduction 

The hexaferrites are promising candidates for magnetic MAMs for microwave 

absorber application working at GHz frequency regime since they possess high FMR 

frequency, suitable μr and εr values, excellent chemical stability and low production 

cost. However, the main drawback of magnetic loss materials as MAMs is their 

heavy weight compared with dielectric loss materials. To compensate for this 

disadvantage, the amount of magnetic loss materials need to be reduced when they 

are used as a magnetic filler of microwave absorber. And also, since the μr and εr of 

microwave absorber are proportional to the volume fraction (Vf) of MAMs [1], the 

μr and εr of MAM should be high enough to achieve reasonable microwave 

absorption properties despite the reduction in Vf. 

Therefore, to reduce the volume fraction of MAMs and thus to realize lightweight 

microwave absorber, the μr and εr of MAMs need to be greatly improved. However, 

the efforts to improve the μr and εr of hexaferrite have been carried out somewhat 

individually as improvement of μr, and improvement of εr. The efforts to improve μr 

of W and Y-type hexaferrites were made primarily by substitution of various cations 

of Zn, Ni, Co, and Cu etc. for Fe2+ ions [2-18]. In the case of the improvement of εr, 

the application of the dielectric material coating on hexaferrites [19] and a composite 
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of dielectric materials and hexaferrites [19-22] have been studied. Thus we tried to 

improve the μr and εr at the same time, by the partial substitution of Zn2+ for Fe2+ 

ions of W and Y-type hexaferrites. In spite of many attempts, the partial substitution 

of metal ions for Fe2+ has never been reported yet which is probably due to the phase 

instability caused by the presence of Fe2+ ions. However, the partial substitution of 

Zn2+ for Fe2+ can improve the μr and εr at the same time. It is well known that for 

spinel ferrites, the Ms is improved when the Zn2+ is partially substituted than when it 

is fully substituted. We found that the same occurs for W and Y-type hexaferrites, 

thus, the μr can be improved due to the increased Ms since the μr is proportional to 

Ms. In addition, Fe2+ ions introduced by the partial substitution of Zn2+ enhances 

polarization via electro-hopping between Fe2+ and Fe3+ ions, so that the εr can be 

improved [10, 23]. 

Therefore, in this report, we investigated the microwave absorption properties of 

the partially Zn-substituted strontium W and Y-type hexaferrites as a function of 

frequency, thickness and substitution of Zn2+, and discussed qualitatively underlying 

absorption mechanisms. 

 

6.2 Experimental 

The polycrystalline samples of the Zn-substituted W and Y-type hexaferrites of 

SrZnxFe2-xFe16O27 (SrZnxFe2-xW, where x = 0.0, 0.5, 1.0, and 2.0) and Ba2ZnxFe2-

xFe12O22 (Ba2ZnxFe2-xY, where x = 0.5, 1.0, 1.5, and 2.0) were prepared as discussed 

in the earlier chapters. For microwave absorption measurement, the polycrystalline 

samples were ground by using alumina pestle and mortar, and then the ground 
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powders were mixed with epoxy resin in the ferrite Vf of 30, 50, 70, and 90%. The 

ferrite-epoxy resin mixture powders were pressed into the toroidal shape of 7 mm in 

outer diameter and 3.04 mm in inner diameter, then hardened at 175˚C for 1 h. The 

thicknesses of the toroidal samples ranged 0.8–2 mm in order to avoid the sample 

size resonance during the measurement. The εr and μr values were measured in the 

frequency range of 0.5–18 GHz by using the transmission and reflection method 

based on the algorithm developed by Nicolson, Ross, and Weir [24, 25]. The 

measurement was conducted by using a vector network analyzer (VNA, Agilent 

Technologies PNA-X Network Analyzer N5245A) with a coaxial airline. The full 2-

port calibration was performed before the measurement. 

 

6.3 Results and discussion 

6.3.1 Complex permittivity and permeability spectra 

Fig. 6.1 shows εr and μr of the SrZnxFe2-xW (x = 0.0, 0.5, 1.0, and 2.0) and 

Ba2ZnxFe2-xY (x = 0.5, 1.0, 1.5, and 2.0) ferrites-epoxy composites with Vf of 90% in 

the frequency range of 0.5–18 GHz. Particularly, in order to compare the static 

magnetic properties of Ms with μʹ according to the Snoek’s law stating fFMR(μ0 – 1) = 

(4/3)γMs [26, 27], μʹ values at 0.5 GHz are compared with respect to x values in 

Ba2Fe2-xZnxY. Moreover, as εʹ value decreases with increasing frequency, εʹ values at 

0.5 GHz are compared in Fig. 6.2 and 6.3. It is obvious that the composites made of 

partially Zn-substituted W and Y-type hexaferrites; SrZnxFe2-xW (x = 0.0, 0.5, and 

1.0) and Ba2ZnxFe2-xY (x = 0.5, 1.0, and 1.5) exhibit higher εʹ and εʹʹ values than the 

composite made of fully Zn-substituted ones as shown in Fig. 6.2 and Fig. 6.3. This 
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increment in εʹ and εʹʹ values are attributable to the existence of Fe2+ ion in SrZnxFe2-

xW and Ba2ZnxFe2-xY which enables the electron hopping between Fe2+ and Fe3+ ions 

and thus improves the electric dipole polarization process.  

The dielectric behaviors of polycrystalline ferrites are dependent on their 

polarization mechanisms such as electronic polarization, ionic polarization, intrinsic 

electric dipole polarization and interfacial polarization [6]. The electron hopping 

between Fe2+ and Fe3+ ions can induce a local displacement of electrical charge 

carriers and hence enhance intrinsic electric dipole polarization. Therefore, an 

increase in the concentration of Fe2+ ions in SrZnxFe2-xW and Ba2ZnxFe2-xY can 

enhance the electric dipole polarization, leading to an increase in the εʹ and εʹʹvalues, 

which is the same result as previous reports on the εr spectra of some other 

hexaferrites containing Fe2+ ions [10, 28]. In addition, unlike the composite samples 

made of fully Zn-substituted BaY-type hexaferrite (Ba2Zn2Y), which shows almost 

frequency-independent εʹ and εʹʹ values, the Ba2ZnxFe2-xY (x = 0.5, 1.0, and 1.5) 

composite samples commonly exhibit a gradual decrease in εʹ values with increasing 

frequency and broad peaks in εʹʹ values. This is typical dielectric behavior of 

polycrystalline hexaferrites containing both Fe2+ and Fe3+ ions, which is attributed to 

a heterogeneous structure composed of grains of higher conductivity separated by 

grain boundary layers of lower conductivity [29]. 

Since the electron hopping between Fe2+ and Fe3+ ions is a dominant conduction 

mechanism in hexaferrites [30], hexaferrites containing both Fe2+ and Fe3+ ions 

exhibit high electrical conductivity. In fact, the partially Zn-substituted Y-type 

hexaferrites exhibit higher electrical conductivity compared with fully Zn-

substituted one, although not shown here. Moreover, during the cooling process after 
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sintering, Fe2+ ions present in grain boundaries are vulnerable to oxidization into Fe3+ 

ions thereby producing layers of low conductivity surrounding highly conducting 

grains [31]. As a result, polycrystalline hexaferrites containing both Fe2+ and Fe3+ 

ions exhibit a gradual decrease in εʹ values with increasing frequency and broad 

peaks in εʹʹ values. The heterogeneous structure of higher conductivity grains 

separated by grain boundary layers of lower conductivity and decreasing trend of εʹ 

with frequency is not limited to the polycrystalline sintered ferrites. These can also 

be found in the composite of well-conducting metal powder and insulating paraffin 

wax [29]. For this reason, conductive polycrystalline SrZnxFe2-xW and Ba2ZnxFe2-xY 

(x = 0.5, 1.0, and 1.5) powders dispersed in the insulating epoxy-resin matrix exhibit 

a decreasing trend of εʹ and broad peaks of εʹʹ as shown in Fig. 6.1(a) and (c). On the 

contrary, because Ba2Zn2Y exhibits high resistivity due to the absence of electron 

hopping, the composite sample of x = 2.0 does not exhibit a decreasing trend of εʹ 

with frequency but constant εʹ with frequency. 

The μr spectra of Ba2ZnxFe2-xY -epoxy composites with 90% of Vf are shown in 

Fig. 6.1(d). The resonance behavior of μr is commonly observable for all samples. 

Interestingly, two different resonance frequencies are observable for the composite 

samples of Ba2ZnxFe2-xY (x = 0.5, 1.0, and 1.5), one in lower frequencies around 0.5 

GHz and one in higher frequencies in the region of 4–9 GHz. On the contrary, only 

a single resonance is observed for the Ba2Zn2Y composite sample (x = 2.0). Generally, 

two different resonance mechanisms of μr exist for polycrystalline ferrites under the 

alternating magnetic field: FMR (or natural resonance) and domain wall resonance. 

The FMR occurs due to the precessional motion of the magnetization vector, and the 

fFMR for the hexaferrites having the c-axis and c-plane anisotropy can be expressed 

as the followings, 
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FMR a
2π

f H�
�                          (6.1) 

and  

FMR
2π

f H H� �
�

�                       (6.2) 

for c-axis and c-plane anisotropies, respectively. The gyromagnetic ratio γ/2π is equal 

to 2.8 MHz/Oe, Hθ and Hϕ are out-of-plane and in-plane anisotropy field, 

respectively [26, 32]. Therefore, fFMR is proportional to an intrinsic anisotropy field 

and thus varies with the chemical composition of ferrites. In general, the anisotropy 

field Ha
2 is larger than the product of Hθ and Hϕ, since Hϕ is about a few hundred 

Oersteds. Therefore, samples with c-axis anisotropy have higher FMR frequency as 

high as tens of GHz. This is the reason why two resonance peaks are observable for 

Ba2ZnxFe2-xY, where x = 0.5, 1.0 and 1.5, while only single resonance peak is 

observed for the other samples since SrZnxFe2-xW exhibit c-axis anisotropy and 

Ba2ZnxFe2-xY samples exhibit c-plane anisotropy regardless of x value. As a result, 

the resonances observed for SrZnxFe2-xW composites are attributed to domain wall 

resonance. 

The domain wall resonance occurs due to an oscillation of domain wall under the 

alternating magnetic field, and the frequency of the domain wall resonance is 

determined by domain wall elasticity and its mass [33]. In addition, the domain wall 

resonance frequency is reported to be generally located at the frequency around 1 

GHz, for hexaferrites [17, 34-36]. Consequently, while the resonance observed at the 

frequency less than 1 GHz is surely due to the domain wall resonance, the resonance 

occurring at several GHz is attributable to the FMR. One can see that no domain wall 

resonance is observable for the composite sample of fully Zn-substituted BaY-type 
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hexaferrite (i.e., Ba2Zn2Y with x = 2.0). This is related to the microstructures of 

Ba2ZnxFe2-xY reported in the earlier chapter [37]. The Ba2ZnxFe2-xY samples of x = 

0.5, 1.0, and 1.5 exhibit average grain size larger than several μm, and thereby 

possess multi-domain structure while the sample of x = 2.0 exhibits the grain size 

less than one μm so that the sample may possess single-domain structure without 

domain walls. For this reason, domain wall resonance does not occur for the 

composite of x = 2.0. Moreover, it can be readily seen that the fFMR decreases from 

~8.7 to ~3.7GHz with increasing x from 0.5 to 2.0 as shown in Fig. 6.1(d). This is 

attributable to a decrease in both Hθ and Hϕ values with increasing Zn2+ substitution 

since the Zn2+ ion is nonmagnetic and fFMR is proportional to H H� � .  

As can be seen from Fig. 6.2(b) and Fig. 6.3(b), the value of μʹ at 0.5 GHz 

increases up to x = 1.0 and then decreases with further increasing x. This behavior is 

similar to that of Ms as reported in the earlier chapters [37, 38]. The reason is that μʹ 

− 1 is proportional to Ms and inversely proportional to anisotropy field Ha or Hϕ 

according to the Snoek’s law for the case of c-axis anisotropy and c-plane anisotropy 

expressed as follows; 

s

a

4π 1
1

3

M'
H

� � �   for c-axis anisotropy    (6.3) 

s4π 1
1

3

M'
H�

� � �   for c-plane anisotropy   (6.4) 

Fig. 6.4 shows the frequency dependence of the εr and μr values for the SrFe2W (x 

= 0.0) and Ba2Zn0.5Fe1.5Y (x = 0.5) composites with their Vf values of 30, 50, 70, and 

90%. The values of εʹ, εʹʹ, μʹ, and μʹʹ decrease with decreasing Vf or with increasing 
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the amount of epoxy-resin of the composite samples, which is due to the epoxy resin 

possessing relatively smaller εr and μr values of about 3 and 1, respectively. 

 

6.3.2 Microwave absorption properties 

With the measured μr and εr spectra of the composite samples, microwave 

absorption properties can be evaluated. The microwave absorption of a single layer 

microwave absorber backed by a perfect conductor or a metal plate is mainly 

determined by impedance matching between the free space and the absorber. 

According to the transmission line theory [39], the normalized input impedance Zin 

of a single layer absorber is given by 

in r
r r

0 r

 tanh (2π / )
Z j fd c
Z

� � �
�

� �� � �                (6.5) 

where Z0 = 0 0/� �  is the characteristic impedance of free space, μr and εr are the 

relative complex permeability and permittivity of an absorber, respectively. In 

addition, c is the speed of light, f is the frequency of incident microwave and d is the 

thickness of an absorber. The reflection loss (RL) due to absorption of the incident 

microwave by an absorber can be calculated with Zin/Z0 in the following equation 

[39], 

in 0

in 0

 
RL (dB) = 20log

 

Z Z
Z Z
�
�

                  (6.6) 

One can see from the equations (6.5) and (6.6) that the RL value becomes negatively 

infinity, which means a perfect absorption of the incident microwave without any 
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reflection when the impedance between the absorber and free space is matched 

(Zin/Z0 = 1). Therefore, the impedance matching between the microwave absorber 

and the free space is very important, and thus it must be taken into account for 

designing a microwave absorber. 

By using the equations (6.5) and (6.6), the RL spectra can be calculated for each 

μr and εr spectra of our composite samples. Here, it should be noted that the different 

RL spectra for different d values could be obtained for given μr and εr spectra. For 

this reason, RL map is required for comparing the microwave absorption properties 

of the composite samples with different x values in SrZnxFe2-xW and Ba2ZnxFe2-xY. 

Fig. 6.5 shows a 3-D RL map for the SrFe2W (x = 0.0) composite of Vf = 70% with 

d values up to 10 mm. Fig. 6.6 shows 2-D RL maps for the SrZnxFe2-xW composites 

of Vf = 70% with d values up to 10 mm. The 2-D RL maps in Fig. 6.6 can be obtained 

by projection of 3-D RL map in Fig 6.6 onto the plane formed by axes of thickness 

and frequency. In the RL maps shown in Fig. 6.6, the regions of RL ≤ −10 dB (90 % 

absorption of an incident microwave) are enclosed with black lines.  

Figs. 6.7 and 6.8 show the RL maps for RL ≤ −10 dB regions of SrZnxFe2-xW and 

Ba2ZnxFe2-xY composites with Vf of 30, 50, 70, and 90%. It is noteworthy that the 

RL ≤ −10 dB regions show the hyperbolic decline curves. This is because the RL ≤ 

−10 dB regions satisfy the quarter wavelength principle, stating that the minimal 

reflection of incident microwave occurs when the thickness of the absorbers 

approximates a quarter of the propagating wavelength [40]. The quarter wavelength 

principle can be expressed as follows. 

r r
4 4 Re

cd
n f
�

� �
� �                     (6.7) 
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It is clear from the equation (6.7) that smaller d can be obtained from a sample with 

higher refractive index n. This can explain the reason why the RL ≤ −10 dB regions 

for the composite samples of SrZnxFe2-xW (x = 0.0, 0.5, and 1.0) and Ba2Fe2-xZnxY 

(x = 0.5, 1.0, and 1.5) in Figs. 6.7 and 6.8 are located at a relatively smaller thickness 

area compared with the composite sample of SrZn2W and Ba2Zn2Y (x = 2.0).  

It is also noteworthy that for the Ba2ZnxFe2-xY composite samples of x = 0.5, 1.0, 

and 1.5, RL ≤ −10 dB regions are not found for Vf = 70 and 90%, while they can be 

seen for Vf = 30 and 50%. This is due to a difference in their impedance matching 

characteristics. In other words, the impedance matching characteristics of x = 0.5, 

1.0, and 1.5 composites are poor for the Vf of 70 and 90% while they are good for 

the Vf of 30 and 50%. As previously mentioned it, the impedance matching is 

important for the achievement of excellent microwave absorption properties. 

Theoretically, the highest performance of a microwave absorber can be achieved 

when its Zin/Z0 ratio is equal to unity. The Zin/Z0 value is calculated with the variables 

of μr, εr, f, and d as can be seen from the equation (6.5), and there exist matching 

frequency fm and matching thickness dm that satisfy the impedance matching 

condition for a given μr and εr spectra. However, the impedance matching conditions 

(fm, dm) do not always exist for any given μr and εr spectra. In general, a large 

difference between the values of μr and εr results in a poor impedance matching 

characteristic, thereby a poor absorption property. This is the reason why the 

Ba2ZnxFe2-xY (x = 0.5, 1.0, and 1.5) composite samples with Vf of 70 and 90% exhibit 

degraded microwave absorption properties. With decreasing Vf, however, the 

microwave absorption properties are improved along with improved impedance 

matching characteristic as shown in Fig. 6.8. On the contrary, the RL ≤ −10 dB 

regions of the composite samples of SrZnxFe2-xW almost disappear for the Vf of 30% 
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as can be seen from in Fig. 6.7. This implies that the SrZnxFe2-xW composites are 

favorable for the Vf higher than 30% while Ba2ZnxFe2-xY composites are favorable 

for the Vf of 30%.  

In order to verify the improvement of impedance matching characteristic with 

decreasing Vf, Zin/Z0 was calculated as shown in Fig. 6.9 and 6.10. Since the 

impedance ratio of Zin/Z0 is calculated with the variable of thickness d for a given μr 

and εr, the d values were selected as the value at which the minimum RL is obtained 

for a given μr and εr as listed in Table 6.1 and 6.2. From Fig. 6.10, it can be seen that 

the minimum RL values are achieved at the frequency where the real part of Zin/Z0 is 

close to 1, and the imaginary part of Zin/Z0 is close to 0. When the Vf is 30%, 

impedance matching is achieved at 14.6 GHz with the d value of 1.52 mm and the 

RL value of −60.7 dB. In the case of the composites having Vf of 50, 70 and 90%, 

however, Zin/Z0 is not close to 1, resulting in lower |RL| values. As a result, the partial 

substitution of Zn2+ ion for the Fe2+ ion site enables the reduction of Vf from 90 to 

30% without a serious degradation in microwave absorption property compared with 

the composite sample of x = 2.0 having Vf of 90%. Here, it should be noted that the 

|RL| value becomes larger as the Zin/Z0 ratio is getting close to 1. This implies that 

the impedance matching does not always need to be perfectly matched to obtain 

meaningful RL values as can be seen from Figs. 6.9 (a) and (b). 

Although a dramatic improvement of impedance matching characteristic with 

decreasing Vf was verified by the calculation of Zin/Z0 above, the underlying reason 

for the improvement is still unclear. The reason can be clearly seen by using the 

impedance matching solution map as shown in Fig. 6.11. The detailed description of 

the impedance matching solution map can be found in previous reports [39, 41]. 
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Each solution map in Fig. 6.11 could be constructed for the conditions listed in Table 

6.2. For the composite sample of x = 0.5, as shown in Fig. 6.11 (a) and (b), the 

impedance matching characteristic is greatly improved with decreasing Vf from 90 

to 30%, which is mainly attributable to the decreased εʹ value. On the contrary, the 

impedance matching characteristic of x = 2.0 composite sample is deteriorated with 

decreasing Vf as shown in Fig. 6.11 (c) and (d). This is because its εʹ value is so low 

relative to its μr value. In general, for a good impedance matching, the values of both 

εr and μr should be appropriate. Also, the appropriateness of εr and μr depends on their 

relative values. Therefore, there is no general rule for the relationship between the 

values of εr and μr required for good impedance matching. Instead, the proper values 

of εr and μr can be found by using the impedance matching solution map. For example, 

when Vf is 90%, the relation between the εr and μr of x = 2.0 composite sample is 

appropriate for good impedance matching while εr of x = 0.5 composite sample is 

too large to obtain good impedance matching. However, the situation changes for Vf 

of 30%. As εr is decreased, the impedance matching characteristic is improved for 

the x = 0.5 composite sample while the εʹ value is too low to obtain good impedance 

matching in the case of x = 2.0 composite sample. This suggests that the partially 

Zn-substituted BaY-type hexaferrites are more favorable for low Vf than fully Zn-

substituted BaY-type hexaferrite. Consequently, greatly improved εr values by the 

partial substitution of Zn2+ is unfavorable for good impedance matching and thus for 

microwave absorption properties in the case of large Vf values. On the contrary, the 

large εr value enables the improvement of impedance matching characteristic with 

decreasing Vf, implying that the reduction of Vf without serious degradation of 

microwave absorption is possible by the partial substitution of Zn2+ ion. 

Fig. 6.12 and 6.13 show the RL curves of the SrZnxFe2-xW and Ba2ZnxFe2-xY 
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composite samples, respectively. The RL curves were obtained for the d values listed 

in Table 6.1 and 6.2. In the case of SrZnxFe2-xW composite samples, the composites 

made of partially Zn-subsituted SrZnxFe2-xW (x = 0.0, 0.5, and 1.0) exhibit better 

absorption properties than fully Zn-substituted SrZnxFe2-xW (x = 2.0) composite for 

the Vf of 30, 70, and 90%. This is most probably due to the improved impedance 

mathcing characteristic along with enhanced εr and μr. In the case of Ba2ZnxFe2-xY 

composites, the composite of Ba2Zn2Y (x = 2.0) with the Vf values of 50, 70, and 

90%, exhibit excellent microwave absorption property while the other composite 

samples exhibit poor absorption properties due to poor impedance matching 

characteristics as discussed it earlier. For the Vf value of 30%, however, the 

composite sample of Ba2Zn2Y (x = 2.0) exhibits poor absorption property while other 

composite samples exhibit excellent absorption properties in the frequency range of 

14–18 GHz.  

The minimum achievable RL (RLmin) values at each frequency with varying 

thickness from 0.1 to 4.0 mm for each SrZnxFe2-xW and Ba2Fe2-xZnxY composite are 

shown in Fig. 6.14 and 6.15, which directly shows the absorbing ability of absorber 

in the wide frequency range. For SrZnxFe2-xW composites, the composites made of 

partially Zn-subsituted SrZnxFe2-xW (x = 0.0, 0.5, and 1.0) exhibit better absorption 

properties in the whole frequency rage than fully Zn-substituted SrZnxFe2-xW (x = 

2.0) composite except for the Vf of 50%. On the contrary, for Vf of 30%, one can see 

that the composite samples of Ba2ZnxFe2-xY (x = 0.5, 1.0 and 1.5) exhibit better 

microwave absorption properties than the composite sample of Ba2Zn2Y (x = 2.0) in 

the whole measured frequency region. These reveals that partially Zn-substituted 

SrW and BaY-type hexaferrites are more appropriate for MAM than fully Zn-

substituted one in the large frequency range because of their relatively higher μr and 
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εr values.  

The product of fm and dm values are plotted as a function of Vf in Fig. 6.16 and 

6.17. According to the quarter wavelength principle, the dm becomes smaller for 

higher fm. Thus, the lower fm·dm value indicates that the absorber can absorb the 

microwave of a given frequency with a smaller thickness. Consequently, The lower 

fm·dm values of the partially Zn-substituted ferrite composites than those of fully Zn-

substituted composites reveals that the partial substitution of Zn2+ is effective to 

reduce the thickness of absorber.  

In order to compare the microwave absorption characteristics of SrZnxFe2-xW and 

Ba2ZnxFe2-xY with other MAMs, the |RL|/f·d value was calculated as a figure of merit. 

Since the lower f·d indicates that an absorber can absorb the microwave of a given 

frequency with a smaller thickness and the RL value is a measure of the absorption, 

larger |RL|/f·d value implies an absorber with higher absorption and smaller 

thickness. The |RL|/f·d values of various MAMs are plotted with respect to Vf in Fig. 

6.18, and the values are listed in Table 6.3. Except for our samples, it can be seen 

that sintered ferrites having Vf of 100% generally possess relatively larger |RL|/f·d 

values than other MAMs with lower Vf values. The largest |RL|/f·d value of 3.33 

dB/GHz among the various MAMs is obtained from the sintered BaSrCo2Fe12O22 

sample having 100% of Vf. Except for the sintered hexaferrites having 100% of Vf, 

SrZnxFe2-xW (x = 0.5) having Vf of 90% exhibits the largest |RL|/f·d value of 5.79 

dB/GHz·mm among the SrZnxFe2-xW composites. This value is about 74% larger 

compared with 3.33 dB/GHz·mm of BaSrCo2Fe12O22. Moreover, Ba2ZnxFe2-xY (x = 

0.5) having Vf of 30% exhibits the largest |RL|/f·d value of 2.74 dB/GHz·mm among 

the Ba2ZnxFe2-xY composites and this value is about 18% lower compared with 3.33 
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dB/GHz·mm of BaSrCo2Fe12O22 but with only 1/3 of Vf value. 

In addition, the Ba2ZnxFe2-xY composite samples of x = 0.5, 1.0, and 1.5 having 

30% of Vf possess larger |RL|/f·d values than other MAMs including Ba2Zn2Y 

composite. Furthermore, their |RL|/f·d values are larger than those of Ba2Zn2Y 

composite in spite of lower Vf values. In contrast, SrZnxFe2-xW composites having Vf 

values of 50, 70, and 90% exhibit |RL|/f·d values much larger than those of 

Ba2ZnxFe2-xY composites, while poor |RL|/f·d values was obtained in the case of 30% 

of Vf. This reveals that the partial substitution of Zn2+ is effective for the reduction 

of Vf with improvement of absorption properteis. In addition, SrZnxFe2-xW and 

Ba2ZnxFe2-xY composite samples possess small thickness values of 0.80–2.40 mm, 

which is suitable for the real application. Consequently, the partially Zn-substituted 

W and Y-type hexaferrites are strong candidates for microwave absorber application 

as they exhibit excellent microwave absorption properties with low Vf and small 

thickness. In particular, SrZnxFe2-xW exhibit excellent absorption properties for Vf of 

50–70%, and Ba2ZnxFe2-xY are suitable for lightweight absorber having a low Vf of 

30% with good absorption properties. 

 

6.4 Summary 

The complex permittivity εr and complex permeability μr of SrZnxFe2-xW and 

Ba2ZnxFe2-xY-epoxy resin composite samples were measured in the frequency range 

of 0.5–18 GHz in order to evaluate their microwave absorption properties. Compared 

with the full substitution of Zn2+ leading to the compositions of SrZn2W and Ba2Zn2Y 

(x = 2.0), the partial substitution of Zn2+ leading to the compositions of SrZnxFe2-xW 
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(x = 0.0, 0.5, and 1.0) and Ba2ZnxFe2-xY (x = 0.5, 1.0, and 1.5) is very effective for 

the improvement of the εr value due to the existence of Fe2+ ions which enables the 

electron hopping between Fe2+ and Fe3+ ions with a slight increase in the μr value 

because of improved Ms values. Owing to the improved εr and μr, the composite 

samples of partially Zn-substituted SrW and BaY-type hexaferrites exhibited larger 

|RL| values with lower Vf and smaller thickness compared to the composite sample 

of fully Zn-substituted SrW and BaY-type hexaferrites. In conclusion, partially Zn-

substituted SrW and BaY-type hexaferrite composites with epoxy resin are a strong 

candidate for microwave absorber application since excellent microwave absorption 

properties can be obtained from those samples with smaller Vf and thinner thickness. 
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Table 6.1. The list of dm, fm, fm·dm, RL, and -10dB bandwidth of SrZnxFe2-xW-epoxy 
resin composites 
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Table 6.2. The list of dm, fm, fm·dm, RL, and -10dB bandwidth of Ba2ZnxFe2-xY-epoxy 

resin composites 
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Table 6.3. The list of volume fraction, d, f, f·d, RL, and |RL|/f·d of various MAMs. 

CNF: carbon nanofiber, RGO: reduced graphene oxide, MWCNT: multi-wall carbon 

nanotube,SWCNT: single-wall carbon nanotube, CB: carbon black. 

MAM 
Volume  
fraction 

(%) 

d 
(mm) f (GHz) f·d 

(GHz·mm) 
RL 
(dB) 

|RL|/f·d 
(dB/GHz·mm) Ref. 

SrFe18O27 

90 2.64 3.7 9.77  -22.2 2.27 

Our 
work 

70 1.26 9.9 12.47  -52.5 4.21 
50 0.92 16.6 15.27  -38.5 2.52 
30 3.94 17.3 68.16  -47.5 0.70 

SrZn0.5Fe17.5O27 

90 2.62 3.8 9.96  -57.7 5.79 

70 0.80 15.4 12.32  -48.1 3.90 
50 1.16 13.4 15.54  -42.6 2.74 
30 3.82 16.8 64.18  -42.9 0.67 

SrZnFe17O27 

90 3.16 3.5 11.06  -25.6 2.31 

70 2.40 5.7 13.68  -69.9 5.11 
50 1.90 9.3 17.67  -60.6 3.43 
30 1.42 17.9 25.42  -21.1 0.83 

SrZn2Fe16O27 

90 0.94 17.1 16.07  -21.2 1.32 

70 1.14 17.1 19.49  -27.1 1.39 
50 1.94 11.4 22.12  -60.6 2.74 
30 2.38 13.5 32.13  -9.7 0.30 

Ba2 Zn0.Fe13.55O22 30 1.52 14.6 22.19 -60.7 2.74 

Ba2ZnFe13O22 30 1.80 14.0 25.20 -55.1 2.19 

Ba2 Zn1.5Fe12.5O22 30 1.58 17.5 27.65 -48.3 1.75 

Ba2 Zn2Fe12O22 
90 2.92 11.1 32.41 -66.7 2.06 

70 3.44 9.5 32.68 -57.7 1.77 
50 3.92 8.1 31.75 -54.0 1.70 

SrFe12O19 90 3.00 10.3 30.90 -39.7 1.28 [23] 

BaCo0.9Fe0.05Si0.95Fe10.1O19 48 1.60 12.0 19.20 -24.0 1.25 [42] 

Ca(CoTi)0.2Fe11.6O19 19 2.30 10.4 23.92 -47.0 1.96 [43] 

BaFe12O19 50 2.00 13.8 27.60 -28.5 1.03 [44] 

BaFe12O19 100 2.00 14.8 29.50 -53.7 1.82 [45] 

SrTi1.25Zn1.25Fe9.5O19 35 1.80 13.4 24.17 -36.1 1.49 [46] 

Ba0.5Sr0.5Co0.2Al0.2Fe11.6O19 100 1.50 10.6 15.90 -39.7 2.49 [47] 

BaMg0.5Zn0.5ZrFe10O19 19 5.00 12.4 62.00 -20.2 0.33 [48] 

SrMn1.5Ti1.5Fe9O19 35 1.80 26.0 46.80 -18.8 0.40 [49] 
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Table 6.3. (Continued)

Sr1.1Co1.9Fe15.8O27 100 1.70 16.4 27.88 -64.0 2.30 [50] 

Ba(Co0.5Zn0.5)2Fe16O27 41 3.00 10.0 30.00 -13.0 0.43 [51] 

Ba0.8La0.2Co0.9Zn1.1Fe16O27 49 2.00 12.6 25.20 -39.6 1.57 [6] 

Ba(MnZn)0.4Co1.2Fe16O27 35 2.80 7.3 20.44 -40.7 1.99 [52] 

BaCoZnFe16O27 50 2.40 8.0 19.20 -17.0 0.89 [53] 

Ba0.85Sm0.15Co2Fe16O27 35 1.80 17.0 30.60 -23.0 0.75 [54] 

BaCoZnAl0.2Ce0.2Fe15.6O27 100 4.37 6.83 29.85 -34.7 1.16 [55] 

BaCo2Fe16O27 26 2.00 15.4 30.80 -12.5 0.41 
[56] 

Ba0.7La0.3Co2Fe16O27 26 2.00 15.4 30.80 -14.5 0.47 

Ba2Cu2Fe12O22 50 7.40 3.1 22.94 -28.0 1.22 [15] 

BaSrCo2Fe12O22 100 0.90 15.0 13.50 -45.0 3.33 

[17] BaSrCo1.5Ni0.5Fe12O22 100 1.20 12.0 14.40 -45.0 3.13 

BaSrCoNiFe12O22 100 2.80 5.9 16.52 -45.0 2.72 

Ba1.5Sr0.5CoZnAl0.5Fe11.5O22 18 8.00 15.0 120.0 -36.0 0.30 [16] 

CNF/Fe/Ni 40 2.40 10.0 24.00 -20.0 0.83 [57] 

RGO/MnFe2O4 5 3.00 9.2 27.60 -29.0 1.05 [58] 

RGO/NiO 8 3.00 12.5 37.50 -38.0 1.01 [59] 

RGO/Fe3O4 10 4.00 8.0 32.00 -27.0 0.84 [60] 

RGO/ZnO/Fe3O4 15 5.00 11.0 55.00 -37.5 0.68 [61] 

RGO/CoFe2O4/SnS2 33 1.60 16.5 26.40 -54.4 2.06 [62] 

RGO/Fe3O4/SiO2/NiO 25 1.80 14.6 26.28 -51.5 1.96 [63] 

MWCNT/Fe 16.7 1.20 11.0 13.20 -24.8 1.88 [64] 

MWCNT/Fe 16.7 2.00 11.0 22.00 -17.5 0.80 [65] 

MWCNT/CoFe2O4 16.7 1.40 9.0 12.60 -18.0 1.43 [66] 

SWCNT 5 2.00 8.8 17.60 -22.0 1.25 [67] 

MWCNT 4 2.00 7.6 15.20 -17.0 1.12 [68] 

MWCNT 30 2.80 7.7 21.59 -26.4 1.22 [69] 

CB 10 1.90 11.6 22.04 -22.0 1.00 [70] 

heat-treated CB 11.1 6.00 16.2 97.20 -22.0 0.23 [71] 

CNF 4 4.00 18.4 73.60 -26.0 0.35 [72] 

graphite 25 2.00 14.5 29.00 -12.7 0.44 [73] 
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Fig. 6.1. The (a) εr and (b) μr spectra of SrZnxFe2-xW-epoxy resin composites, and 
the (c) εr and (d) μr spectra of Ba2ZnxFe2-xY-epoxy resin composites with the ferrite 
volume fraction of 90%.  
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Fig. 6.1. (Continued) 
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Fig. 6.2. (a) εʹ at 0.5 GHz and the maximum εʺ, (b) μʹ at 0.5 GHz and the maximum 
μʺ of SrZnxFe2-xW-epoxy resin composites of x = 0.0, 0.5, 1.0 and 2.0 with the 
hexaferrite volume fraction, Vf of 90%. 
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Fig. 6.3. (a) εʹ at 0.5 GHz and the maximum εʺ, (b) μʹ at 0.5 GHz and the maximum 
μʺ of Ba2Fe2-xZnxY-epoxy resin composites of x = 0.5, 1.0, 1.5 and 2.0 with the 
hexaferrite volume fraction, Vf of 90%.  



Chapter 6: Microwave absorption properties 

 

 

 145    

 

Fig. 6.4. The (a) εr and (b) μr spectra of SrZnxFe2-xW-epoxy resin composites, and 
the (c) εr and (d) μr spectra of Ba2ZnxFe2-xY-epoxy resin composites of x = 0.0 with 
the ferrite volume fraction of 30, 50, 70, and 90%. 
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Fig. 6.4. (Continued)  
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Fig. 6.5. 3-D RL map for SrZnxFe2-xW-epoxy resin composites of (a) x = 0.0 with the 
ferrite volume fraction of 70%. 
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Fig. 6.6. 2-D RL maps for SrZnxFe2-xW-epoxy resin composites of (a) x = 0.0, (b) x 
= 0.5, (c) x = 1.0, and (d) x = 2.0 with the ferrite volume fraction of 70%. 
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Fig. 6.7. The regions with RL ≤ -10dB on the RL maps of SrZnxFe2-xW-epoxy resin 
composites with the ferrite Vf of (a) 90, (b) 70, (c) 50, and (d) 30%. 
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Fig. 6.8. The regions with RL ≤ -10dB on the RL maps of Ba2ZnxFe2-xY-epoxy resin 
composites with the ferrite Vf of (a) 90, (b) 70, (c) 50, and (d) 30%. 
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Fig. 6.9. The plots of the real and imaginary parts of the normalized Zin and RL as 
functions of frequency for the SrZnxFe2-xW-epoxy resin composites of x = 2.0 with 
Vf of (a) 90%, (b) 70%, (c) 50%, and (d) 30%. The values are calculated for d = dm 
in table 6.1. 
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Fig. 6.10. The plots of the real and imaginary parts of the normalized Zin and RL as 
functions of frequency for the Ba2ZnxFe2-xY -epoxy resin composites of x = 0.5 with 
Vf of (a) 90%, (b) 70%, (c) 50%, and (d) 30%. The values are calculated for d = dm 
in table 6.2. 
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Fig. 6.11. The impedance matching solution maps for the Ba2ZnxFe2-xY-epoxy resin 
composites of (a) x = 0.5 Vf = 90%, (b) x = 0.5 Vf = 30%, (c) x = 2.0 Vf = 90%, and 
(d) x = 2.0 Vf = 30%. 
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Fig. 6.12. The plots of RL as a function of frequency for the SrZnxFe2-xW-epoxy resin 
composites with the hexaferrite volume fraction, Vf of (a) 90, (b) 70, (c) 50, and (d) 
30%. 
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Fig. 6.13. The plots of RL as a function of frequency for the Ba2ZnxFe2-xY-epoxy 
resin composites with the hexaferrite volume fraction, Vf of (a) 90, (b) 70, (c) 50, 
and (d) 30%. 
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Fig. 6.14. The plots of RLmin as a function of frequency with maximum thickness of 
4 mm for SrZnxFe2-xW-epoxy resin composites with the ferrite volume fraction of (a) 
90, (b) 70, (c) 50, and (d) 30%. 
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Fig. 6.15. The plots of RLmin as a function of frequency with maximum thickness of 
4 mm for Ba2ZnxFe2-xY-epoxy resin composites with the ferrite volume fraction of 
(a) 90, (b) 70, (c) 50, and (d) 30%. 
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Fig. 6.16. The plots of fm·dm as a function of ferrite volume fraction for the SrZnxFe2-

xW-epoxy resin composites 
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Fig. 6.17. The plots of fm·dm as a function of ferrite volume fraction for the 
Ba2ZnxFe2-xY-epoxy resin composites 
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Fig. 6.18. The plot of |RL|/f·d values of various MAMs as a function of volume 
fraction, Vf of hexaferrite. 

 

  

0 20 40 60 80 100
0

1

2

3

4

5

6
 

 SrW x = 0.0
 SrW x = 0.5
 SrW x = 1.0
 SrW x = 2.0
 BaY x = 0.5
 BaY x = 1.0
 BaY x = 1.5
 BaY x = 2.0
 Magnetic
 Carbon-based
 Carbon+magentic

�R
L�

/ f
�d

 (d
B

/G
H

z�
m

m
)

Volume fraction (%)



Chapter 6: Microwave absorption properties 

 

 

 161    

References 

1. Rozanov K.N., M.Y. Koledintseva, and J.L. Drewniak, A mixing rule 
for predicting frequency dependence of material parameters in 
magnetic composites. Journal of Magnetism and Magnetic Materials, 
2012. 324(6): p. 1063. 

2. Shin J. and J. Oh, The microwave absorbing phenomena of ferrite 
microwave absorbers. IEEE Transactions on Magnetics, 1993. 29(6): 
p. 3437. 

3. Ruan S.P. et al., Microwave absorptive behavior of ZnCo-substituted 
W-type Ba hexaferrite nanocrystalline composite material. Journal of 
Magnetism and Magnetic Materials, 2000. 212(1-2): p. 175. 

4. Kim Y. J. and S. S. Kim, Microwave absorbing properties of Co-
substituted Ni2W hexaferrites in Ka-band frequencies (26.5–40 GHz). 
IEEE Transactions on Magnetics, 2002. 38(5): p. 3108. 

5. Jing W. et al., Microwave absorbing properties of rare-earth elements 
substituted W-type barium ferrite. Journal of Magnetism and 
Magnetic Materials, 2007. 312(2): p. 310. 

6. Deng L. et al., Electromagnetic properties and microwave absorption 
of W-type hexagonal ferrites doped with La3+. Journal of Magnetism 
and Magnetic Materials, 2011. 323(14): p. 1895. 

7. Guo F. et al., Effect of different rare-earth elements substitution on 
microstructure and microwave absorbing properties of 
Ba0.9RE0.1Co2Fe16O27 (RE = La, Nd, Sm) particles. Journal of 
Magnetism and Magnetic Materials, 2012. 324(6): p. 1209. 

8. Farhadizadeh A. R., S. A. S. Ebrahimi, and S. M. Masoudpanah, 
Magnetic and microwave absorption properties of ZnCo-substituted 
W-type strontium hexaferrite. Journal of Magnetism and Magnetic 
Materials, 2015. 382: p. 233. 

9. Sun M. et al., Effect of Zn substitution on the electromagnetic and 
microwave absorbing properties of BaCo2 hexaferrite. Journal of 
Materials Science: Materials in Electronics, 2015. 26(12): p. 9970. 



Chapter 6: Microwave absorption properties 

 

 

 162    

10. Mosleh Z. et al., Structural, magnetic and microwave absorption 
properties of Ce-doped barium hexaferrite. Journal of Magnetism and 
Magnetic Materials, 2016. 397: p. 101. 

11. Bai Y. et al., Complex Y-type hexagonal ferrites: an ideal material for 
high-frequency chip magnetic components. Journal of Magnetism and 
Magnetic Materials, 2003. 264(1): p. 44. 

12. Bai Y. et al., Frequency dispersion of complex permeability of Y-type 
hexagonal ferrites. Materials Letters, 2004. 58(10): p. 1602. 

13. Bierlich S. and J. Töpfer, Zn- and Cu-substituted Co2Y hexagonal 
ferrites: Sintering behavior and permeability. Journal of Magnetism 
and Magnetic Materials, 2012. 324(10): p. 1804. 

14. Chua M. J., Z. H. Yang, and Z. W. Li, Structural and microwave 
attenuation characteristics of ZnCuY barium ferrites synthesized by a 
sol–gel auto combustion method. Journal of Magnetism and Magnetic 
Materials, 2014. 368: p. 19. 

15. Li Z. W., M. J. Chua, and Z. H. Yang, Studies of static, high-frequency 
and electromagnetic attenuation properties for Y-type hexaferrites 
Ba2CuxZn2-xFe12O22 and their composites. Journal of Magnetism and 
Magnetic Materials, 2015. 382: p. 134. 

16. Song Y. et al., The electromagnetic and microwave absorbing 
properties of polycrystalline Y-type Ba1.5Sr0.5CoZnFe12-xAlxO22 
hexaferrites over the microwave range. Journal of Materials Science: 
Materials in Electronics, 2016. 27(4): p. 4131. 

17. Stergiou C. A. and G. Litsardakis, Y-type hexagonal ferrites for 
microwave absorber and antenna applications. Journal of Magnetism 
and Magnetic Materials, 2016. 405: p. 54. 

18. Ahmad B. et al., Synthesis and electrical behavior of Ni-Ti substituted 
Y-type hexaferrites for high frequency application. Journal of 
Magnetism and Magnetic Materials, 2018. 451: p. 787. 

19. Tang X. et al., Synthesis, characterization and microwave absorption 
properties of titania-coated barium ferrite composites. Journal of 
Physics and Chemistry of Solids, 2006. 67(12): p. 2442. 



Chapter 6: Microwave absorption properties 

 

 

 163    

20. Zhang J., L. Wang, and Q. Zhang, Electromagnetic properties and 
microwave-absorption properties of BaTiO3/BaZn2Fe16O27 composite 
in 2–18 GHz. Journal of Materials Science: Materials in Electronics, 
2014. 25(12): p. 5601. 

21. Molaei M. J. and M. R. Rahimipour, Microwave reflection loss of 
magnetic/dielectric nanocomposites of BaFe12O19/TiO2. Materials 
Chemistry and Physics, 2015. 167: p. 145. 

22. Dadfar M. R., S. A. S. Ebrahimi, and M. Dadfar, Microwave 
absorption properties of 50% SrFe12O19–50% TiO2 nanocomposites 
with porosity. Journal of Magnetism and Magnetic Materials, 2012. 
324(24): p. 4204. 

23. Chakraborty S., N.S. Bhattacharyya, and S. Bhattacharyya, Single 
Layered Wide Bandwidth Nanosized Strontium Hexa-Ferrite Filled 
LLDPE Absorber in X-Band. Progress In Electromagnetics Research, 
2016. 71: p. 137. 

24. Nicolson A. and G. Ross, Measurement of the intrinsic properties of 
materials by time-domain techniques. IEEE Transactions on 
Instrumentation and Measurement, 1970. 19(4): p. 377. 

25. Weir W. B., Automatic measurement of complex dielectric constant 
and permeability at microwave frequencies. Proceedings of the IEEE, 
1974. 62(1): p. 33. 

26. Snoek J. L., Dispersion and absorption in magnetic ferrites at 
frequencies above one Mc/s. Physica, 1948. 14(4): p. 207. 

27. Smit, J. and H. Wijn, Ferrites (Philips Technical Library, Eindhoven, 
1959). 

28. Stergiou C. A. et al., Dielectric and magnetic properties of new rare-
earth substituted Ba-hexaferrites in the 2–18 GHz frequency range. 
Journal of Magnetism and Magnetic Materials, 2010. 322(9-12): p. 
1532. 

29. Koops C. G., On the Dispersion of Resistivity and Dielectric Constant 
of Some Semiconductors at Audiofrequencies. Physical Review, 1951. 
83(1): p. 121. 



Chapter 6: Microwave absorption properties 

 

 

 164    

30. Bai Y. et al., Electrical properties of non-stoichiometric Y-type 
hexagonal ferrite. Journal of Magnetism and Magnetic Materials, 
2004. 278(1): p. 208. 

31. Moltgen G., Dielectric analysis of ferrites. Zeitschrift fur Angewandte 
Physik, 1952. 4: p. 216. 

32. Smit J. and H. P. J. Wijn, Ferrites: physical properties of 
ferrimagnetic oxides in relation to their technical applications. 1959. 

33. Cullity B. D. and C. D. Graham, Introduction to magnetic materials. 
2011: John Wiley & Sons. 

34. Rado G. T., Magnetic spectra of ferrites. Reviews of Modern Physics, 
1953. 25(1): p. 81. 

35. Li Z., L. Chen, and C. Ong, High-frequency magnetic properties of W-
type barium-ferrite BaZn2-xCoxFe16O27 composites. Journal of 
Applied Physics, 2003. 94(9): p. 5918. 

36. Kwon H. J., J. Y. Shin, and J. H. Oh, The microwave absorbing and 
resonance phenomena of Y type hexagonal ferrite microwave 
absorbers. Journal of Applied Physics, 1994. 75(10): p. 6109. 

37. You J. H. and S. I. Yoo, Magnetic properties of Zn-substituted Y-type 
hexaferrites, Ba2ZnxFe2-xFe12O22. Journal of Magnetism and Magnetic 
Materials, 2019. 471: p. 255. 

38. You J. H. and S. I. Yoo, Improved magnetic properties of Zn-
substituted strontium W-type hexaferrites. Journal of Alloys and 
Compounds, 2018 763: p. 459. 

39. Naito Y. and K. Suetake, Application of ferrite to electromagnetic 
wave absorber and its characteristics. IEEE Transactions on 
Microwave Theory and Techniques, 1971. 19(1): p. 65. 

40. Amin M. B. and J. R. James, Techniques for utilization of hexagonal 
ferrites in radar absorbers. Part 1: Broadband planar coatings. Radio 
and Electronic Engineer, 1981. 51(5): p. 209. 

41. Musal H. and H. Hahn, Thin-layer electromagnetic absorber design. 
IEEE Transactions on Magnetics, 1989. 25(5): p. 3851. 



Chapter 6: Microwave absorption properties 

 

 

 165    

42. Abbas S. M. et al., Complex permittivity, complex permeability and 
microwave absorption properties of ferrite-polymer composites. 
Journal of Magnetism and Magnetic Materials, 2007. 309(1): p. 20. 

43. Singh P. et al., Complex permittivity, permeability, and X-band 
microwave absorption of CaCoTi ferrite composites. Journal of 
Applied Physics, 2000. 87(9): p. 4362. 

44. Li L. et al., Attractive microwave-absorbing properties of M-
BaFe12O19 ferrite. Journal of Alloys and Compounds, 2013. 557: p. 
11. 

45. Sharma R., R. C. Agarwala, and V. Agarwala, Development of radar 
absorbing nano crystals by microwave irradiation. Materials Letters, 
2008. 62(15): p. 2233-. 

46. Seyyed Afghahi, S. S. et al., Improvement of the performance of 
microwave X band absorbers based on pure and doped Ba-hexaferrite. 
Journal of Magnetism and Magnetic Materials, 2017. 421: p. 340. 

47. Singh J. et al., Tunable microwave absorption in CoAl substituted M-
type BaSr hexagonal ferrite. Materials & Design, 2016. 110: p. 749. 

48. Afghahi S. S .S., M. Jafarian, and Y. Atassi, Microstructural and 
magnetic studies on BaMgxZnxX2xFe12-4xO19 (X = Zr,Ce,Sn) prepared 
via mechanical activation method to act as a microwave absorber in 
X-band. Journal of Magnetism and Magnetic Materials, 2016. 406: p. 
184. 

49. Tabatabaie F. et al., Microwave absorption properties of Mn- and Ti-
doped strontium hexaferrite. Journal of Alloys and Compounds, 2009. 
470(1): p. 332. 

50. Stergiou C. and G. Litsardakis, Design of Microwave Absorbing 
Coatings With New Ni and La Doped SrCo2-W Hexaferrites. IEEE 
Transactions on Magnetics, 2012. 48(4): p. 1516. 

51. Yang Y. et al., Microwave absorption studies of W-hexaferrite 
prepared by co-precipitation/mechanical milling. Journal of 
Magnetism and Magnetic Materials, 2003. 265(2): p. 119. 



Chapter 6: Microwave absorption properties 

 

 

 166    

52. Qin X. et al., Microwave Absorbing Properties of W-Type Hexaferrite 
Ba(MnZn)xCo2(1-x)Fe16O27. Journal of Materials Science and Chemical 
Engineering, 2013. 1(04): p. 8. 

53. Wu Y. P. et al., Microstructural and high-frequency magnetic 
characteristics of W-type barium ferrites doped with V2O5. Journal of 
Applied Physics, 2005. 97(6): p. 63909. 

54. Wang L. et al., The microwave magnetic performance of Sm3+ doped 
BaCo2Fe16O27. Journal of Alloys and Compounds, 2009. 481(1–2): p. 
863. 

55. Iqbal M. J. et al., W-type hexaferrite nanoparticles: A consideration 
for microwave attenuation at wide frequency band of 0.5–10 GHz. 
Journal of Alloys and Compounds, 2011. 509(28): p. 7618. 

56. Shen G., Z. Xu, and Y. Li, Absorbing properties and structural design 
of microwave absorbers based on W-type La-doped ferrite and carbon 
fiber composites. Journal of Magnetism and Magnetic Materials, 2006. 
301(2): p. 325. 

57. Park K. Y. et al., Microwave absorbing hybrid composites containing 
Ni-Fe coated carbon nanofibers prepared by electroless plating. 
Composites Part A: Applied Science and Manufacturing, 2011. 42(5): 
p. 573. 

58. Zhang X. J. et al., Enhanced Microwave Absorption Property of 
Reduced Graphene Oxide (RGO)-MnFe2O4 Nanocomposites and 
Polyvinylidene Fluoride. ACS Applied Materials & Interfaces, 2014. 
6(10): p. 7471. 

59. Zhang H. et al., Facile synthesis of RGO/NiO composites and their 
excellent electromagnetic wave absorption properties. Applied 
Surface Science, 2014. 314: p. 228. 

60. Hu C. et al., 3D graphene-Fe3O4 nanocomposites with high-
performance microwave absorption. Physical Chemistry Chemical 
Physics, 2013. 15(31): p. 13038. 

61. Sun D. et al., Controllable synthesis of porous Fe3O4@ZnO sphere 
decorated graphene for extraordinary electromagnetic wave 



Chapter 6: Microwave absorption properties 

 

 

 167    

absorption. Nanoscale, 2014. 6(12): p. 6557. 

62. Zhang N. et al., Coupling CoFe2O4 and SnS2 nanoparticles with 
reduced graphene oxide as a high-performance electromagnetic wave 
absorber. Ceramics International, 2016. 42(14): p. 15701. 

63. Wang L. et al., Synthesis and microwave absorption enhancement of 
graphene@Fe3O4@SiO2@NiO nanosheet hierarchical structures. 
Nanoscale, 2014. 6(6): p. 3157. 

64. Che R. C. et al., Microwave absorption enhancement and complex 
permittivity and permeability of Fe encapsulated within carbon 
nanotubes. Advanced Materials, 2004. 16(5): p. 401. 

65. Che R. et al., Electron energy-loss spectroscopy characterization and 
microwave absorption of iron-filled carbon-nitrogen nanotubes. 
Nanotechnology, 2007. 18(35): p. 355705. 

66. Che R. et al., Fabrication and microwave absorption of carbon 
nanotubes⁄ CoFe2O4 spinel nanocomposite. Applied Physics Letters, 
2006. 88(3): p. 033105. 

67. Liu Z. et al., Microwave absorption of single-walled carbon 
nanotubes/soluble cross-linked polyurethane composites. The Journal 
of Physical Chemistry C, 2007. 111(37): p. 13696. 

68. Fan Z. et al., Electromagnetic and microwave absorbing properties of 
multi-walled carbon nanotubes/polymer composites. Materials 
Science and Engineering: B, 2006. 132(1-2): p. 85. 

69. Qi X. et al., Large-scale synthesis, characterization and microwave 
absorption properties of carbon nanotubes of different helicities. 
Journal of Solid State Chemistry, 2009. 182(10): p. 2691. 

70. Kwon S. K. et al., Microwave absorbing properties of carbon 
black/silicone rubber blend. Polymer Engineering & Science, 2002. 
42(11): p. 2165. 

71. Wen B. et al., Electromagnetic wave absorption properties of carbon 
powder from catalysed carbon black in X and Ku bands. Journal of 
Physics D: Applied Physics, 2006. 39(9): p. 1960. 



Chapter 6: Microwave absorption properties 

 

 

 168    

72. Nanni F., P. Travaglia, and M. Valentini, Effect of carbon nanofibres 
dispersion on the microwave absorbing properties of CNF/epoxy 
composites. Composites Science and Technology, 2009. 69(3-4): p. 
485. 

73. Fan Y. et al., Evaluation of the microwave absorption property of flake 
graphite. Materials Chemistry and Physics, 2009. 115(2-3): p. 696. 

 

  



Chapter 7: Conclusion 

 

 

 169    

Chapter 7  

Conclusion 

 

We tried to prepare the single-phase of SrW, which is a high-temperature stable 

phase in air, by sintering and subsequent furnace-cooling in a low PO2. Unlike the 

processing route in air, it was very effective to maintain the low PO2 of 10-3 atm in 

the furnace-cooling stage for suppressing the phase decomposition of SrW into SrM 

and Fe2O3, which was confirmed by the XRD and SEM analyses results. Thus, the 

SrW samples sintered at 1300, 1310, and 1315 °C and furnace-cooled to room 

temperature consisted of the pure SrW phase except for the surface layer of samples. 

Furthermore, by careful analyses of the phases and microstructures of the 

polycrystalline samples sintered at various temperatures in the low PO2 of 10-3 atm, 

we were able to determine the phase stability region of SrW samples in the PO2 region 

of 10-2–10-3 atm. As a result, the SrW phase was found to be stable at the temperature 

region of 1245±5–1320±5˚C, and 1275±5–1380±5˚C in the PO2 of 10-3 and 10-2 atm, 

respectively, which enabled the construction of stability phase diagram of SrW on the 

PO2 versus 10,000/T (K) plot in the PO2 region of 10-3–0.21 atm. In conclusion, it is 

possible to prepare the SrW polycrystalline samples by sintering and subsequent 

furnace-cooling in the reduced oxygen atmosphere, which is impossible in air without 

utilizing the quenching method. 

Since the single-phase of SrW was successfully prepared, we tried to synthesize 

the partially Zn-substituted strontium W-type hexaferrites of SrZnxFe2-xW by 

sintering and subsequent furnace-cooling in the low PO2 of 10-3 atm. As a result, the 

single-phase of SrZnxFe2-xW could be obtained up to x = 1.0, while a two-phase 
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mixture of SrZnFeW and ZnFe2O4 was obtainable for x ≥ 1.25. The phase stability 

region of SrZnxFe2-xW in the PO2 of 10-3 atm was shifted to lower temperature region 

with increasing x. The stability regions of SrZnxFe2-xW phase in the PO2 of 10-3 atm 

were determined as 1210 ± 5–1285 ± 5˚C, and 1190 ± 5–1255 ± 5˚C, for x = 0.5, and 

1.0, respectively. With increasing x from 0.0 to 1.0, Ms values were monotonously 

increased and decreased with further increasing x. The highest Ms value of 87.7 

emu/g was obtained from the sample of x = 1.0 sintered at 1250˚C. This similar 

behavior of Ms with respect to Zn2+ substitution to the spinel ferrites comes from the 

site preference of Zn2+ to the tetrahedral sites having down spin alignment.  

By using the process of sintering and subsequent furnace-cooling in the PO2 of 

10-3 atm, the partially Zn-substituted barium Y-type hexaferrites of Ba2ZnxFe2-xY 

were also successfully prepared. The single phase samples of x = 0.5, 1.0, and 1.5 

were obtainable, while the sample of x = 2.0 could be obtained by sintering in air. As 

in the case of SrZnxFe2-xW, the Ms value was first increased with increasing x from 

0.5 to 1.0 and then decreased with further increasing x up to x = 2.0, which is also 

attributed to the site preference of Zn2+ for tetrahedral sites. The highest Ms value of 

44.7 emu/g was obtained from the sample of x = 1.0 sintered at 1300˚C for 2 h.  

The complex permittivity εr, complex permeability μr, and microwave absorption 

properties of SrZnxFe2-xW, and Ba2ZnxFe2-xY composites in the frequency range of 

0.5–18 GHz were investigated. The composites of SrZnxFe2-xW (x = 0.0, 0.5, and 

1.0), and Ba2ZnxFe2-xY (x = 0.5, 1.0, and 1.5) exhibited larger εr values than the 

composite made of SrZn2W and Ba2Zn2Y. This is attributable to the introduced Fe2+ 

ions due to the partial substitution of Zn2+ because of the electron hopping between 

Fe2+ and Fe3+ ions which enhances interfacial polarization. The μr values were also 

slightly higher for the composites made of SrZnxFe2-xW (x = 0.0, 0.5, and 1.0), and 
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Ba2ZnxFe2-xY (x = 0.5, 1.0, and 1.5) compared to the SrZn2W and Ba2Zn2FeY 

composites. Owing to the improved εr and μr, the composites made of partially Zn-

substituted W and Y-type hexaferrites exhibited enhanced microwave absorption 

with a smaller absorber thickness and lower ferrite volume fraction. Consequently, 

the partial substitution of Zn2+ was found to be effective in the reduction of absorber 

thickness and ferrite volume fraction with enhanced microwave absorption 

properties. Therefore, the partially Zn-substituted W and Y-type hexaferrites are 

strong candidates for high performance light weight microwave absorber working at 

the frequency range of 1–18 GHz. 
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Appendix A 

Measurement of complex permittivity and 
permeability 

 

With the advent of the computer and automatic test equipment, new techniques 

for measuring εr and μr can be considered. Such a technique is described where a 

system is employed that automatically measures the complex reflection and 

transmission coe5cients that result when a sample of material is inserted in 

waveguide or a TEM transmission line. Measurement results of εr and μr for two 

common materials are presented. The measurement of complex dielectric constant 

and complex permeability is required not only for scientific but also for industrial 

applications. For example, areas in which knowledge of the properties of materials 

at microwave frequencies (as described by εr and μr) are applications of microwave 

heating, biological effects of microwaves, and nondestructive testing [1].  

Numerous measurement methods suitable for different ranges of the numerical 

values of εr and μr have been given in the books edited by Von Hippel [2] and in 

publications of the American Society for Testing and Materials. It is possible, 

however, to rapidly make measurements over the frequency range from 100 MHz to 

18 GHz with a computer-controlled network analyzer such as the Hewlett-Packard 

Model 8540 series, and by means of appropriate data processing, to determine the 

complex values of εr and μr for materials.  
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Using the method described in this paper, the complex values of εr and μr are 

determined from measurements made directly in the frequency domain. A somewhat 

analogous method has been developed [3] where measurements are made in the time 

domain of the transient response to subnanosecond pulses from a dielectric material. 

With the time-domain measurement approach, a Fourier transformation is required 

to determine εr and μr from the measured transient response. Furthermore, with this 

approach, the frequencies at which εr and μr values are obtained are band-limited, 

depending on the time response of the pulse and its repetition frequency. Using the 

system described in this paper, discrete frequencies in less than 20 kHz steps may be 

selected anywhere within the entire 100 MHz to l8 GHz band. 

 

A.1 Automatic measurement system 

A computer-controlled network analyzer is used to measure the parameters of a 

network consisting of a section of transmission line containing the sample of material. 

The transmission line section may either be waveguide or a TEM transmission line. 

The network is shown schematically in Fig. A1. If coaxial-to-waveguide adapters are 

required, additional lengths of waveguide are inserted between them and the sample 

holder. This is to insure that the higher order evanescent modes due to the coaxial-

to-waveguide adapters are significantly attenuated prior to reaching the sample under 

test. 

Under computer control, network analyzer system calibration and measurement 

are obtained at the reference planes indicated in Fig. A1. This is done over a number 

of predetermined frequencies at which the complex values of εr and μr for the material 
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are to be determined. The normalized scattering parameters (Sij) of the transmission 

line section containing the material are measured at the calibration reference planes 

at ports A and B and corrected for system errors included in the calibration data. The 

measured scattering parameters are normalized to the characteristic impedance (Z0) 

of the transmission line section. The reflection coefficient (S11) at the air to- dielectric 

interface, and the transmission coefficient (S21) through the material, are found at 

reference planes 1 and 2. These coefficients are found directly from the measured 

scattering parameters after the appropriate phase corrections have been applied to 

account for the shift in the reference planes from ports A and B to the material 

interfaces (i.e., planes 1 and 2, Fig. A1). 

Fig. A1 Transmission line section containing dielectric material. 

From the complex reflection and transmission coefficients, the computer 

associated with the network analyzer determines the real and imaginary parts of the 
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dielectric constant and permeability, the loss tangent, and the attenuation per unit 

length of material. In addition, data taken at several frequencies are used to find the 

average group delay through the sample. Average group delay, in turn, is used to 

automatically resolve phase ambiguities that result when the sample length of 

material is greater than a wavelength in the dielectric. The complex εr and μr, loss 

tangent, and attenuation data are automatically listed by a teleprinter, or rapidly 

plotted on an X-Y recorder, or both. 

 

A.2 Data processing techniques 

The equations used to compute complex εr and μr from the measured reflection 

(S11) and transmission (S21) coefficients are presented below together with the 

equations that relate εr and μr to attenuation and loss tangent. As will be seen, an 

infinite number of roots exist in the solution for the equations εr and μr, but the correct 

root is related to the length of the sample in terms of wavelength within the material. 

The means of determining the correct solution is shown. Referring to Fig. A1, the 

propagation factor for a wave propagating through the material is defined as 

( ) =  = l j lP e e� � �� � �                         (1) 

where γ is propagation constant, α is attenuation constant, and β is phase constant. 

A time factor of j te  is not explicitly shown in (1). The phase constant is equal to 

g

2

λ
!� �                             (2) 

where λg is the transmission line guide wavelength. Consistent with the definition of 

the propagation factor from equation (1), εr and μr are defined in terms of their real 
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and imaginary parts as follows: 

r 0 0( )' j� � � � � ���� � �                       (3) 

r 0 0( )' j� � � � � ���� � �                      (4) 

The reflection coefficient (Γ) at the interface between the air-filled transmission line 

and dielectric-filled line when the material sample is infinite in length may be found 

from the measured reflection (S11) and transmission (S21) coefficients for a sample of 

finite length (l):  

2 1� �" � # �                        (5) 

where 

2 2
11 21
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� � �
�                        (6) 

The propagation factor P can, in turn, be found from S11, S21, and Γ: 
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� �"

�
� � "

                      (7) 

The complex dielectric constant and permeability can be determined from P and Γ: 
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                    (9) 

where λ0 is free space wavelength, λc is cutoff wavelength of the transmission line 

section (λc = ∞ for a TEM line), and 
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g

1 1
RE

λ
� 	 �
 �&� 
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Equation (8) has an infinite number of roots since the imaginary part of the 

logarithm of a complex quantity [P in (8)] is equal to the angle of the complex value 

plus 2πn, where n is equal to the integer of (l/ λg). Equation (8) is ambiguous because 

the phase of the propagation factor P does not change when the length of the material 

is increased by a multiple of wavelength. However, the delay through the material is 

strictly a function of the total length of the material and can be used to resolve the 

ambiguity. 

The phase ambiguity is resolved by finding a solution for εr and μr from which a 

value of group delay is computed that corresponds to the value determined from 

measured data at two or more frequencies. For this method to work, the discrete 

frequency steps at which measurements are obtained must be small enough so that 

the phase of the propagation factor (P) changes less than 360˚ from one measurement 

frequency to the next. With the use of an automatic measurement system as described 

here, discrete frequency steps, small enough to meet this requirement, can easily be 

selected. The group delay at each frequency may be computed for each solution of 

εr and μr assuming that the changes in εr and μr are negligible over very small 

increments of frequency: 

1/2

r r
2 2

0 c

1

λ λgn
n

dl
df

� �'
� �� 	
$ %� �
 �
$ %� � �

                    (10) 

where f is the frequency in hertz and τgn is the group delay in seconds for the nth 

solution of (8) and (9). The measured group delay is determined from the slope of 

the phase of the propagation factor versus frequency: 
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1 ( )

2
g

d
df
�'

!
�

�                          (11) 

where ϕ is the phase in radians of P. Accuracy in the determination of τg may be 

increased by applying numerical differentiation techniques where the slope is 

computed using data for three or more frequencies. The correct root, n = k, is found 

when 

τgk − τg ≈ 0. 

Once the correct values of εr and μr have been found at each of the measurement 

frequencies, the loss tangent and attenuation per unit length may be determined. In 

general, for both an electrically and magnetically lossy material, a loss tangent is 

defined by 

r

r

δ
tan δ

δ '
��

�                           (12) 

where 

δrʹ = μrʹεrʹ − μrʺεrʺ 

and 

δrʺ = μrʹεrʺ + μrʺεrʹ 

The attenuation in nepers per length is found from the following equation. 

1/2
r 2

0

2δ
1 tan δ 1

λ
!

�
�
� �� � �� �

                 (13) 

 

* This article is excerpted from the paper William B. Weir, Proceeding of the IEEE, 62 (1974) 

  



Appendix A: Measurement of complex permittivity and permeability 

 

 

 180     

References 

1. Robinson L.A., W.B. Weir, and L. Young, Location and recognition of 
discontinuities in dielectric media using synthetic RF pulses. Proceedings of 
the IEEE, 1974. 62(1): p. 36. 

2. Von Hippel, A.R., Dielectric materials and applications. Vol. 2. 1954: 
Artech House on Demand. 

3. Nicolson A. and G. Ross, Measurement of the intrinsic properties of 
materials by time-domain techniques. IEEE Transactions on Instrumentation 
and Measurement, 1970. 19(4): p. 377. 

 

 



Appendix B: Impedance matching solution map 

 

 

 181     

 

Appendix B 

Impedance matching solution map 

 

The design of effective broad-band, thin layer, electromagnetic absorbers or 

operation in the VHF/UHF frequency regime has led to the creation of design aids 

for custom-tailoring magnetic materials for this application. Theoretical analysis has 

implicitly determined the material configuration and electromagnetic parameter 

values of a single homogeneous layer of dielectric/magnetic material that will 

produce zero specular reflection. Based on this analysis, an easy-to-use explicit 

graphic aid for determining these properties has been produced. This graphic aid not 

only simplifies the design process, but also provides an overall view of the 

interrelated numerical values of material properties required to implement specular 

electromagnetic absorber designs.  

In response to the need for effective electromagnetic absorbers for operation in 

the VHF/UHF frequency regime, attention has been directed toward custom-

tailoring magnetic materials for these applications because of their potential for thin-

layer broad-band performance. An important application mode is the reduction of 

specular reflections from highly-reflective surfaces. Theoretical analyses have 

determined the material configurations and electromagnetic parameters of a single 

homogeneous layer of dielectric/magnetic material required for optimum 

effectiveness in this application.  

There are two different concepts that can be applied in the specular reflection 
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reduction application. The first is the "matched-characteristic-impedance" concept, 

in which the intrinsic impedance of the material is made equal to the intrinsic 

impedance of free-space. This entails making the dielectric constant and magnetic 

permeability of the material equal to each other, in which case there is no front 

surface reflection from the material layer, and making the layer thick enough so that 

internal attenuation along the round-trip path through the material layer reduces the 

emerging wave to an acceptably low amplitude. The second concept is the "matched-

wave-impedance'' concept, in which the wave impedance at the front-surface of the 

reflector-backed material layer is made equal to the intrinsic impedance of free-space, 

thus producing no reflection. It is this concept that is addressed here. 

 

 

B.1 Zero-specular-reflection absorber 

It is theoretically possible to design a homogeneous dielectric/magnetic 

electromagnetic wave absorber layer that will reduce the normal specular reflection 

from a perfectly reflective substrate to zero at a specified frequency (or wavelength). 

There are six characteristic dimensions involved; namely: wavelength (λ), layer 

thickness (t), and the real and imaginary (loss) components of the complex dielectric 

constant (ε) and magnetic permeability (μ). Analytic statement of the zero-reflection 

condition results in a transcendental equation description of the required relationship 

between these parameters, which can only be evaluated numerically.  

Ruck, et a1. [1] have presented solutions to this equation in graphical form for a 

non-magnetic lossy dielectric layer and for a lossy magnetic layer with no dielectric 

losses. An alternative, and more easily interpreted, graphical representation of these 

relationships for the lossy magnetic layer has been suggested by Naito and Suetake 
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[2]. Unfortunately, their published graphs are only semi-quantitative. Following their 

general format, a sequence of more precise parameter maps has been constructed for 

a lossy dielectric/magnetic layer that produces zero specular reflection.  

Fig B1 shows the parameter map for the lossless dielectric case. A sequence of 

similar maps, shown in Figs B2–B5, has been constructed for a sequence of non-zero 

dielectric loss cases. In constructing the lossy dielectric maps, it was decided to hold 

the dielectric loss tangent (Im(ε)/Re(ε)) constant in each map.  

 

 

Fig B1. Electromagnetic characteristic parameter map for zero-specular-reflection 

absorber layer (dielectric loss tangent = 0). 
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Fig. B2. Electromagnetic characteristic parameter map for zero-specular-reflection 

absorber layer (dielectric loss tangent = 0.01). 

 

Fig B3. Electromagnetic characteristic parameter map for zero-specular-reflection 

absorber layer (dielectric loss tangent = 0.1). 
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Fig. B4. Electromagnetic characteristic parameter map for zero-specular-reflection 

absorber layer (dielectric loss tangent = 0.3). 

 

Fig. B5. Electromagnetic characteristic parameter map for zero-specular-reflection 

absorber layer (dielectric loss tangent = 1.0). 
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It can be seen that for dielectric loss tangents as large as 0.01, the entire map is 

essentially the same as the zero loss map. For loss tangents up to 0.1, the Im(μ) ≥ 

Re(μ) part of the map is essentially unchanged, and for loss tangents up to 0.3, the 

rectilinear Im(μ) ≥ 3Re(μ) part of the map is essentially unchanged. The knees of the 

thickness contours (t/λ = constant) for the low dielectric loss maps lie along Im(μ) = 

Re(μ), which also defines the extent of the map for the unity dielectric loss tangent 

map. Note that there are two distinctly different parameter regimes on the low 

dielectric loss maps where very thin layers will produce zero reflection. They are 

where Im(μ) is large and Re(μ) and Re(ε) are small, contrasted to where Im(μ) and 

Re(μ) are small and Re(ε) is very large. Any place on these maps represents a set of 

numerical values of the four parameters [t/λ, Re(ε), Re(μ), and Im(μ)] required to 

construct a zero-specular-reflection absorber, when the fifth parameter [Im(ε)] is as 

given by the specific map that is used. 

In the upper left-hand part (Im(μ) ≥ 3Re(μ)) of all the maps where the loss tangent 

is less than 0.3 the parameter requirements are well-approximated by the simple 

analytic relationships: 

t/λ = 1/[2π Im(μ)]                       (1) 

Re(ε)) = 3Re(μ)                        (2) 

Equation (1) is recognized as the usual condition for a magnetic Salisbury screen [1, 

2], and equation (2) has been explicitly given by Akita [3]. The first relationship 

determines the required layer thickness in terms of the radiation wavelength and only 

the imaginary part of the magnetic permeability at that wavelength (frequency). Note 

that the required thickness is independent of Re(ε) and Re(μ). If Im(μ) varies directly 

with wavelength (inversely with frequency) over some frequency bandwidth, it can 

be seen that the required thickness will be constant for that bandwidth thus leading 
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to potential broad-band performance. However, the second relationship, which 

involves the real parts of the dielectric constant and magnetic permeability, must be 

satisfied in order to very closely approach zero reflection.  

To illustrate the use of these maps, consider how the potential of a specific nickel-

zinc ferrite material could be evaluated for use as a specular absorber. Fig. B6 shows 

the measured values of dielectric constant and magnetic permeability over the 

frequency range from 100 MHz to 1 GHz. 

Fig. B6. Measured dielectric constant and magnetic permeability of nickel-zinc 

ferrite. 

Because Im(μ) is greater than 3Re(μ) over the entire frequency range, this material 

appears in the rectilinear part of the parameter map and therefore equations (1) and 

(2) are applicable. Using equation (1), the required thickness is calculated to range 

from 5.7mm at 100 MHz to 5.3mm at 1 GHz, which is almost constant due to the 

decreasing magnitude of Im(μ) with increasing frequency. Equation (2) is satisfied 

at a frequency of 225 MHz, where the required thickness is 5.3mm. Fig, B7 shows 
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the theoretically predicted reflection coefficients for layers of this material having 

these thicknesses. Also shown is the measured reflection coefficient at normal 

incidence for a thickness of 5.5mm. 

Fig. B7. Predicted and measured normal-incidence reflectance for various thickness 

layers of ferrite. 

The anticipated broad-band performance of this material, and the requirements 

for zero-reflection, are seen to be validated by the correlation between theory and 

measurement. The approximate condition for zero reflection predicts quite 

accurately where the minimum will occur, but the value of reflectance achieved is 

quite sensitive to the thickness. Achieving good correlation at very low reflectance 

appears to require better than 5 percent accuracy in parameter measurement and 

control. 

 

* This article is excerpted from the paper H. M. Musal et al., IEEE Transactions on Magnetics, 2 (1989) 
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