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Abstract 
Gallium substituted Z-type Sr3GaxCo2-xFe24O41 (x = 0.0 - 2.0 in steps of 0.4) hexaferrites 
were synthesised by the sol-gel auto-combustion process, and sintered at 1150 ºC. The 
structural, morphology, magnetic, Mössbauer, dielectric and microwave absorption properties 
were examined. XRD results of x = 0.0, 0.4, 0.8, and 1.2 samples show the formation of a 
single Z-type hexagonal phase. The samples x = 1.6 and 2.0 show the formation of Z and M 
phases. Hysteresis loops suggest that samples x < 1.6 possess a soft magnetic nature, while 
the samples x = 1.6 and 2.0 show a hard ferrite characteristics. All samples possess multi-
domain microstructures. The composition x = 0.4 [maximum  MS = 97.94 Am2kg-1] was fitted 
with seven sextets (Fe3+) and a paramagnetic doublet-A (Fe3+), while beyond x ≥ 0.8 two 
more doublets (Fe2+) were observed along with seven sextets in Mössbauer spectra. The 
maximum values of Fe2+ ions (1.26%) and relative area of paramagnetic doublets (1.91%) 
were observed for x = 1.6 composition, which is also responsible for the lowest value of MS 
(69.99 Am2kg-1) for this composition.  The average hyperfine magnetic field was found to 
decrease, whereas average quadrupole splitting  was found to increase, with Ga-substitution. 
The substitution of Ga ions enhanced permeability, dielectric constant, magnetic loss and 
dielectric loss, in a non-linear fashion. The reflection loss was maximum at lower frequencies 
for samples x = 0.0 and 0.8, and decreases with frequency. Sample x = 0.8 has maximum 
reflection loss of -12.44 dB at 8 GHz, a measured thickness of 3 mm, and a bandwidth of -10 
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dB at 1.18 GHz. The observed absorption has been discussed with the help of the input 
impedance matching mechanism and quarter wavelength mechanism. The observed 
coercivity in different samples also influenced microwave absorption which demonstrated 
potenial in microwave absorber applications. 
 Keywords: Z-type hexagonal ferrites, Ga-substitution, Mössbauer spectroscopy, 
Complex microwave properties  
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1. Introduction 
Recently, the enormous development in wireless technology has created severe 

electromagnetic pollution from electronic devices operating at high frequency ranges. Due to 

this pollution, electromagnetic interference (EMI)/radiation affects biological systems and the 

performance of electronic/electrical devices. Microwave absorbers are used to suppress GHz 

signals for military aircraft radar in stealth applications [1], and there has been a great deal of 

research in this area since World War II, particularly in the X-band, which covers around 8.2 

to 12.4 GHz. Such materials are characterised by the absorption of electromagnetic waves in 

the GHz regime, which is determined by their structure, magnetic and dielectric properties 

[2]. Depending upon the application, these absorbing materials require low reflection loss 

over the wide/narrow bandwidth [2, 3]. 

Numerous studies of hexaferrites have been reported for the development of microwave 

absorbing materials [4] and in this respect; they are superior to cubic spinel ferrites which 

typically operate in the vicinity of 1 GHz frequency. Hexaferrites are a family of complex 

ferrites discovered in the late 1950 [5], when they were of interest as microwave materials. 
The best known hexaferrites are the M-type ferrites (e.g., BaFe12O19), but owe complex 

phases too such as the Z-type hexaferrites [6]. These have the chemical composition 

A3Me2Fe24O41 where Arepresents strontium (Sr), lead (Pb) or barium (Ba), and Me represents 
a small divalent metal ion (typically a transition metal), a common example being Co2+ which 

typically forms a soft ferrite with high permeability [7]. Z-type Barium ferrites are known to 

show excellent microwave absorption properties in the low GHz region due to ferromagnetic 

resonance (FMR) [8-13]. However, this range of frequency can be increased by tailoring the 
Fe3+ substitution with different dopants to have FMR frequencies between 3.5-13.4 GHz [14-

18]. The microstructure of the ferrites affect their properties, and flaky Cu and Zn Z-type 

ferrites containing variable grains showed a good reflection loss of <-10 dB from 2.0 to 9.6 

GHz with a  minimal of -17 dB reflection loss at ~2.5 GHz [14]. 

 The Ba ion can be substituted with Sr to form SrZ-type (Sr3Co2Fe24O41) hexaferrite, 

first reported by Pullar and Bhattacharya [19] produced using the sol-gel process. The 

formation of  monophase Z-type Sr hexaferrite (SrZ) took place over a very narrow 

temperature range of 1180 to 1220 ºC, beyond which it decomposes to form SrCo2Fe16O27 
(SrW-phase) [20]. 

 There are hardly any reports accessible in the literature on microwave properties of 

SrZ-type hexaferrites. High frequency magnetoelectric measurements were carried out on SrZ 
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[21], looking at the effects of applied voltage on complex permeability at up to 4 GHz with a 

weak FMR peak between 2.5-3.5 GHz. Recently, Sr3Co2ZnFe24O41 was reported to have a 

reflection loss between -10 to -35 dB over the 8-12.5 GHz range [22], the best samples being 

2.6 mm thick. A stable method with precise chemical composition is required for synthesising 

Z-type hexaferrites, typical techniques including sol-gel, sol-gel auto-combustion, solid-state 

reactions and chemical co-precipitation [9, 21, 23, 24-30]. A sol-gel auto-combustion process 

is considered to be one of the best methods, as the metal ions chelation eliminates the 

elemental homogeneities present in the gels that play a significant part in producing the 

desired single phase [31, 32].  
 Ga3+substitution in M-type hexaferrites can enhance the absorption of electromagnetic 

energy which is appropriate for protective antiradar or EMI shielding from microwave 

radiation [33]. Trukhanov et al. have published several papers on the enhancing effect of Ga 

substitution on FMR frequencies in barium M ferrites (BaFe12–xGaxO19) [33-38], and Ihsan 

Ali et al. reported that the series obtained by substituting Cr-Ga in BaM hexaferrites are 

excellent materials for high-frequency applications [39]. Researchers have studied microwave 

absorption considering the simulated thickness of the material. For real-world applications as 

absorbers, EM absorption should be investigated as function of measured/actual thickness of 

the absorber. However, most of the reported work constitutes absorption investigation as a 

function of simulated thickness [22, 40, 41]. 

 In the current study, the sol-gel auto-combustion process is used to synthesise 
Sr3GaxCo2-xFe24O41 hexaferrites (where x = 0.0, 0.4, 0.8, 1.2, 1.6, and 2.0), which were then 

sintered at 1150 ºC. This is lower than the usual temperature required to forming the SrZ 

phase. The main purpose of the  current work is to investigate the structural, morphological, 

magnetic, electrical, impedance and microwave absorbing properties of these Sr3GaxCo2-

xFe24O41 (x = 0.0 to 2.0) hexaferrites when heated at 1150 ºC, significantly lower than the 

usual temperatures required (1180 to 1220 ºC), and their suitability for applications  like EMI 
and radar absorbing materials (RAM). This work also considers microwave absorption as a 

function of the measured thickness.    
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2. Experimental    details  

2.1 Synthesis of samples  
 Fig. 1 represents a flowchart for the synthesis of Sr3GaxCo2-xFe24O41 Z-type hexaferrite 

powder samples. High purity analytical grade strontium nitrate (Sr(NO3)2, 99.0% pure, Loba 
Chemie), gallium nitrate (Ga(NO3)3·H2O, 99.9% pure, Sigma Aldrich), cobalt nitrate 

(Co(NO3)2·6H2O, 99.99 % pure, Merck),  ferric nitrate (Fe(NO3)3·9H2O, 99 % pure, HPLC) 

and citric acid (C6H8O7·H2O, 99% pure, HPLC) were used as starting materials.  According 

to the stoichiometry of Sr3Co2-xGaxFe24O41 hexaferrites, these materials were weighed and 

dissolved in distilled water to form an aqueous solution. Then,  citric acid was added to the 

solution in a 1:1 molar ratio. Citric acid acts as a chelating agent during the process. 

 Thereafter, the pH value was adjusted to 7 to neutralise the mixed solution by the 

dropwise addition of ammonia solution (Merck specialties Private Limited, 25% w/v). The 

solution was continuously stirred to promote the entire chelation of nitrates with citric acid 

and the temperature was maintained at 80 °C. Subsequently, the solution got transformed into 

a viscous brown gel. As the temperature is raised, the gel started to ignite in a self-

propagating manner, forming fine powders of a black/dark brown colour. Thereafter, the as-

synthesised powders were kept for preheating at 550 °C in air, and then heated at 1150 °C for 

5 h in a muffle furnace to obtain Z-type Sr hexaferrite powder.  

2.2 Characterisation 
 Fourier transform infra-red (FT-IR) spectra of sintered samples were measured at room 

temperature using a Perkin-Elmer LS-55 spectrometer, over the wavenumber range of 400 – 

4000 cm-1.  
 The phase purity and crystal structure of gallium substituted SrZ hexaferrite powder 

samples were investigated using X-ray diffraction (XRD) with Cu-Kα radiation of 1.5406 Å 

(Rigaku Geigerflex instrument). Equations 1 and 2 were used to calculate unit cell volume 

and the crystallite size, respectively, of the prepared Z-type hexaferrites: 

Vcell = (0.866) a2c              (1)    
The average crystallite size of each sample was measured by Scherer’s equation: 

Dxrd = 
�.��

���	
 (2) 
where θ = Bragg angle in degree, β = FWHM of the diffraction peak in degree and λ = X-ray  

wavelength (1.5406 Å). 
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X-ray density (dx) was determined using the following formula: 

�� = ��
�������

        (3) 

where M is the molecular mass of Sr3GaxCo2-xFe24O41, Z is the number of molecules per unit 

cell (Z is 2 here because 1 unit cell contains 2 molecules in Z-type hexaferrites) and NA is 

Avogadro’s number 

  Bulk density (dB) was determined using the following formula: 

�� = �
����            (4) 

where‘r’ is the radius, ‘h’ is the thickness and ‘m’ is the mass of the pellet. 

Porosity (P) was measured using the following expression: 

� (%) = ( − "#
"$) ×  ��%         (5) 

The surface morphology was examined    by Carl Zesis-Auriga field emission scanning 

electron microscope (FE-SEM). 

Magnetic hysteresis loops were measured for Sr3GaxCo2-xFe24O41hexaferrites at room 

temperature using a SQUID magnetometer,Quantum Design, MPMS5 withan applied field of 

4T. 

A conventional spectrometer operating in constant acceleration mode in transmission 

geometry with Co57source in Rh matrix of 50 mCi was used to record Mössbauer spectra. 

These spectra were fitted using the WinNormos site fit program. An enriched α-57 Fe metal 

foil was used to calibrate the velocity scale. The isomer shift values are relative to Fe metal 

foil (δ = 0.0 mm/s).The dependence of quadrupole splitting (∆) with Ga-substitution in 

Sr3GaxCo2-xFe24O41 hexaferrites provides information on the change in the type of magnetic 

anisotropy, namely c-axis anisotropy (if <∆> positive) and c-plane anisotropy (if <∆> 

negative)]. The relation of quadrupole splitting with the angle θ between the direction of 

hyperfine fields (internal magnetic field) and the principal axis of Electric Field Gradient 

(EFG) is given by[42]: 

∆=  
' �()(*�+,�- −  )     (6) 

where, q is the z component of the EFG along the principal axis and Q is the nuclear 

quadrupole moment. 
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The dielectric measurements of all samples were implemented in the frequency range of 
100 Hz to 2 MHz at room temperature by using a Precision LCR meter, Agilent E4980 A.  

 The dielectric constant (ε') of the samples was measured using the following relation: 

.′ = /01
.��        (7) 

where, 23is the permittivity of the free space, A is the cross-sectional area of the electrode, t 

is the thickness of pellets and Cp= capacitance 

 The ratio between ε'' (the imaginary dielectric constant) and ε' (the real dielectric 

constant) depicts the dielectric loss tangent (tan δ): 

456 7 = .′′
.′        (8) 

 The AC conductivity of all sampleswasmeasuredusing the formula: 

89� = ��:1/019;7
�        (9) 

 The electrical modulus (M) in terms of resistive (real i.e. M') and reactive (imaginary 

i.e. M'') parts can be expressed as: 

� = �′ + �′′        (10) 

where, �′ = .′(=)
[.′(=)]�@[.′′(=)]� and,   �′′ =  .′′(=)

[.′(=)]�@[.′′(=)]� 

 The maxima in Mʹʹ occur when the following condition is satisfied: 

ωτ = 1         (11) 

where, ω (angular frequency) = 2πfmax and τ = relaxation time 

 High-frequency complex permeability and permittivity measurements were performed 
over the microwave frequency region of 8-12.5 GHz using an Agilent N5231 PNA-L 

Microwave Network Analyser with a coaxial termination and an APC-7 connector as a 

sample holder.  

The reflection loss (RL) of a single layer absorber is measured with the aid of 

transmission line theory using the following relation: 

BC = ���+D E(�F;G�+)
(�F;@�+)E       (12) 

where, Zin= input impedance of a metal backed absorber, and Zo = 377 Ω is the characteristic 

impedance of free space  
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Zin is written as:  

�F; = �+Hµµµµ∗
εεεε∗ 19;� JK(��:1�

� )L(µµµµ∗. εεεε∗)M      (13) 

where, tm is thickness, f is frequency, ε* is complex permittivity, µ* is complex permeability 

and c denotes velocity of light 

Complex permittivity, complex permeability can be expressed by: 

µµµµ* = µꞌ - jµꞌꞌ (14) 

where, µꞌ= the real permeability, µꞌꞌ= the imaginary permeability, and j =  √−1. 
ε

* = εꞌ - j εꞌꞌ (15) 

where, εꞌ = the real dielectric constant and εꞌꞌ= the imaginary dielectric constant. 
Both real and imaginary dielectric constants and magnetic permeabilities contribute to 

dielectric and magnetic losses and absorbing behaviour in the material. 
Mathematically, matching thickness (tc)    can be expressed as: 

1� = ;P
':L|µµµµ∗∗∗∗εεεε∗∗∗∗| (16) 

where, n is an integer 1, 3, 5……. and ʋ denotes velocity of light 

 

3. Results and Discussion 

3.1. FTIR Analysis 
FT-IR spectra of heated samples are shown in Fig. 2 (a) x= 0.0 and 0.4 samples depict 

two characteristic peaks around 600 and 415 cm-1, while x > 0.4 shows three characteristic 

vibration peaks in the ranges of 400-430 cm-1, 530-550 cm-1 and 590-620 cm-1, respectively, 

ascribed to octahedral and tetrahedral clusters, which confirms the presence of Fe-O 

stretching bands. The characteristic peaks present at 400-430 cm-1 wavenumbers indicate the 

vibrations of octahedral clusters, while the other two peaks depict the tetrahedral bonds [1, 
43, 44]. The vibrations of octahedral (ν2) and tetrahedral (ν1) metal-oxygen bonds with 

respect to x are presented in Fig. 2 (b). The difference between the tetrahedral and octahedral 

band positions is expected, as vibrational modes of tetrahedral clusters are higher than those 

of octahedral clusters, because tetrahedral clusters have shorter bond lengths [45]. The 

characteristic bands were observed to be shifted to a lower wavenumber as Ga substitution 

increases. This is because Ga ions (69.723 amu) have a greater atomic weight than Co ions 
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(58.933 amu), and the wavenumber is inversely proportional to the atomic weight [46]. There 

were no other characteristic bands  present, which confirms that all the organic compounds 

were completely eliminated. 

3.2. XRD Analysis 
  The X-ray diffraction patterns of all samples are displayed in Fig. 3(a) and Fig. 3 

(b). Bragg peaks were identified using WINPLOTR software, and the obtained peaks were 

analysed with standard data (JCPDS file no. 19-0097; a = b = 5.88 Å, c = 52.31 Å and V = 

1566.28 Å3, space group P63/mmc) of the Z-type hexaferrite crystal structure.  

The highly intense X-ray diffraction peak corresponding to (h k l) value (1 0 16) is 

viewed at 2θ ~ 32° in samples x = 0.0, 0.8 and 1.2 (Fig. 3(a)), providing clear evidence for the 

formation of single Z-phase, which matches well with the standard parameters (JCPDS #19-

0097). However, after substituting Ga in the initial x = 0.4 sample (Fig. 3(a)), the highest 

intensity peak was observedat 2θ ~ 34° indexed with a (h k l) value of (1110). Nevertheless, 

the peak positions all matched that for Z ferrite. The shifting of the highest intensity peak in 

the x = 0.4 sample, could be attributed to a texturing effect through the alignment of 

hexagonal grains in this sample [47]. With further substitution for x = 0.8 and 1.2, the high 

intensity peak was indexed to single Z-phase at 2θ ~ 32°, suggesting any texture effects were 

only present with the lowest level of Ga substitution. Thereafter, in samples x = 1.6 and 2.0 
samples (Fig. 3(b)), the SrM-phase (SrFe12O19, standard JCPDS card no. 72-0739; a = b = 

5.78 Å and c = 22.98 Å) was found to co-exist with the Z phase, shown by the strong peak at 

~34º with (h k l) value of (1 1 4).  

 SrZ hexaferrites has a very narrow range of formation, normally forming at around 

1180 ºC, and it easily decomposes to W-type hexaferrite above 1200 ºC. The M phase, SrM 

in the case of SrZ, always forms as a precursor to the Z phase between 800-1000 ºC, 

depending on the preparation method used [7]. In the current work, all the samples were 

heated at 1150 ºC in order to attempt to obtain a pure Z-phase, and to avoid the evolution of 

the W- phase. This unusually low temperature appears to have been successful for the 

formation of a pure Z phase for the unsubstitued Z ferrites and with Ga levels of x = 0.4-1.2, 

using the sol-gel auto-combustion process. At higher substitution levels (x = 1.6-2.0), the co-

existence of the SrM phase suggests that full conversion to the Z phase had not been 

achieved, and it seems that some higher temperature is required with this amount of added 

Ga. 
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Table 1 represents the unit cell volume, full width at half maximum (FWHM), c/a ratio, 
average crystallite size and lattice constants with gallium substitution (x). The variation of 

unit cell volume (V), lattice parameters (‘a’, ‘ c’) and aspect ratio (c/a) with respect to gallium 
substitution in SrZ hexaferrites is shown in Fig 3(c). All three parameters exhibit a decreasing 

tendency with increasing substitution of Ga, and this is because the ionic radius of Ga3+ (0.62 

Å in 6-coordination) is less than that of Co2+ (0.75 Å) [47]. Table 1 and Fig. 3 (c) clearly 

indicate that the decrease of ‘a’ is lower than that of ‘c’ and typically hexaferrites show more 

variation in the basal-plane hexagonal ‘c’ axis [48]. The values of c/a ratio as observed in Fig. 

3 (c) falls in the usual range of 8.86-8.89 [16], and slowly increased (from 8.866 to 8.881) 

with Ga-substitution, meaning that the crystal symmetry is not greatly altered by Ga 

substitution. The crystallite size of samples x = 0.0 to 1.6 increase from 22.56 nm to 30.08 

nm, and further decrease to 23.83 nm for x = 2.0 sample. 

 

3.3. Physical Properties 
 Density and porosity are considered to be crucial aspects in regulating the physical 

properties of polycrystalline ferrites. The role of Ga substitution on bulk density, X-ray 

density and porosity is represented in Fig. 4 and Table 2. 

 As Ga substitution increases, the X-ray density of all samples increases from 4.95 to 

5.03 g/cm3. Equation 3 clearly depicts that the X-ray density depends on molecular weight, as 

it is directly proportional to the ‘c’ parameter, while it is inversely dependent on cell volume. 
The decrease in ‘c’ parameter with risingGa content and the larger molecular weight of Ga 

(69.723 au) compared to Co (58.933 au) are mainly responsible for the increase in values of 

X-ray density [49]. However, the bulk density shows a decreasing trend and porosity was 

found to increase, which is at least partly because of the low density of Ga (5.9 g/cm3)in 

comparison with its host Co (8.86 g/cm3) [50]. This decreasing trend of bulk density is also 

ascribed to the increase in intra-granular porosity that results from discontinuous grain 

growth [51]. The values of bulk density are low as compared to X-ray density. This is due to 

cracks and pores present on the microscopic and macroscopic scale, and also due to the 

existenceof vacancies in the lattice on the atomic scale [50].As would be expected, the trend 

in porosity is observed to be opposite to that of bulk density. The unsubstituted sample x = 

0.0 has the lowest porosity and the highest bulk density; however, the changes are not exactly 

linear and x = 0.8 has the maximum porosity and minimum bulk density. 
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3.4. Surface Morphology 
Fig. 5 represents the FE-SEM micrographs of Sr3Co2Fe24O41, Sr3Co0.8Ga1.2Fe24O41, and 

Sr3Ga2Fe24O41 hexaferrite powders heated at 1150 °C for 5 h. Their shape shows platelet type 

morphology, typical of hexaferrites. The unsubstituted sample (x = 0.0) shows a different size 

distribution of the particles and sample x = 1.2 shows the increase in the agglomeration of 

grains. Sample x = 2.0 shows the evolutionof well-crystallized hexagonal plates along with 

the big cluster of agglomerated grains. Evidently, agglomeration of grains creates empty 

space in the form of porosity in all Ga substituted samples. This variation depicted in 

micrographs is consistent with porosity and density variation of the samples as listed in Table 

2. 

 

3.5. Magnetic Properties 

3.5.1. Hysterisis loops 
Fig. 6(a) represents the magnetic hysteresis loops of Sr3Co2-xGaxFe24O41 (x = 0.0, 0.4, 

0.8, 1.2, 1.6 and 2.0) hexaferrites. The individual hysteresis loop of the x = 0.8 sample is also 

presented in Fig. 6 (b). The values of remanant magnetisation (Mr), coercivity (Hc), saturation 

magnetisation (MS), and squareness ratio (Mr/MS) are obtained from the hysteresis loops and 

are tabulated in Table 3, and their variation with x is depicted in Fig. 6(c). 

For the unsubstituted x = 0.0, the values of remanant and saturation magnetization were 

found to be 0.1 A m2kg-1 and 80.27A m2kg-1, respectively. This MS is much higher than that 

usually reported for SrZ, which typically has MS of around 50 A m2 kg-1[7, 19, 20]. The XRD 

data, along with the extremely soft, narrow loop and low HC demonstrate that this sample 

contains no M phase. There was also no trace of magnetite (Fe3O4) in the XRD pattern - this 

is a soft spinel ferrite with a high MS of around 90 A m2 kg-1, but it would not be expected to 

be present in large quantities after heating to 1150 ºC in air, as the Fe2+ is oxidised. It is 

possible that there could be some SrW (SrCo2Fe16O27) phase present [52, 53], and studies of 

SrW-type hexaferrites show higher MS values around 67-73 A m2 kg-1 [54], although it was 

not identified in XRD analysis. SrW normally appears as a decomposition product of SrZ 

above 1200 ºC [8], and does not usually form at temperatures as low as 1150 ºC [54], 

although the samples prepared here have formed the Z phase at a lower than usual 

temperature. High MS values of around 80 Am2kg-1 were reported for Sm3+ substituted BaZ 

[55]. For now the anomalously high MS value of this seemingly single phase SrZ ferrite is 

unexplained, and the product of this synthesis route requires further study in the future. 
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The values of MS for samples after Ga substitution are in the range of 69-98 Am2kg-1 

with the highest MS value of 97.94 A m2kg-1 being observed for sample with x = 0.4. Only 

samples x = 0.8 and 1.6 have MS values below 80 A m2 kg-1. The variation in MS and itshigher 

values for x = 0.4, 1.2 and 2.0 compositions and lower values of MS for x = 0.8 and 1.6 

compositions have been explained in details in the next section by Mössbauer spectroscopy. 
 For values of substitution x between 0.0-1.2, all of the samples are soft ferrites, with 

extremely low HC and Mr values, although these do increase slightly with increasing Ga 

substitution. Sample x = 1.2 has significantly (although still very low) values of HC = 18.47 

kA m-1 (~300 Oe) and Mr = 12.3 A m2 kg-1. The individual loop of the x = 0.8 sample is 

presented in Fig. 6 (b), where it can be observed that it is an extremely soft ferrite (HC ~4 kA 

m-1). The irregular change in magnetisation at an applied field of around 0.5 T is typical for 

SrZ ferrites, and was first studied by Pullar et al. [19, 56]. This is not due to an impure phase, 

but is due to a change in the magnetic phases, and is associated with the magnetic non-

collinear spin structures which give rise to multiferroicity / magnetoelectricity in these 

ferrites [7, 57]. The existence of this behaviour in the Ga substituted SrZ attributes that this is 

also probably multiferroic ferrite at room temperature, and it also confirms that the samples 

are SrZ ferrite, despite their unusually high MS values.  

 For x = 1.6 and 2.0 samples, the existence of the precursor SrM phase was observed by 

XRD. It is also supported by the hysteresis loops, which become much wider as a hard ferrite 

is formed – a mixture of the soft Z and hard M phases: HC increases to 94.53 and 186.87 kA 

m-1 (1185 and 2342.55 Oe), and Mr to 24.76 and 36.38 A m2 kg-1, respectively. The aspect 

ratio (c/a) of prepared Z-type hexaferrites increases with an increase in Ga3+ content as seen 

in Fig. 3(c). This increase in c/a is responsible for the continuous risein the HC because the 

magnetic moments in these Ga3+ substituted hexaferrites (x ≥ 0.8) are in the c-axis, due to 

which magnetic anisotropy increases as the easy axis of magnetisation shifts from thec-plane 

to the c-axis [58].  Thus, the high value of HC for x = 1.6 and 2.0  clearly depicts that the 

prepared hexaferrites are hard magnetic materials. Coercivity primarily depends upon 

anisotropy field (Ha) and microstructure: it varies in direct proportion with Ha and inversely 

with porosity. The anisotropy field has been calculated from hysteresis loops by the law of 

saturation [59]. 

 Fig. 6 (c) displays an increase in Ha from 917 kA m-1 to 1807 kA m-1 with the 

substitution of Ga from x = 0.4 to 2.0, and HC also follows the same trend from 0.46 kA m-1to 
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186.87 kA m-1 in the same samples. However, the trend of HC and Ha is not the same for 

samples x = 0.0 to 0.4 at lower substitution level: HC and Ha increases and decreases 

respectively from sample x = 0.0 to 0.4.  The substantial increase in porosity attributes to the 

rise in HC among the same sample. The very low Ha value for x = 0.4 would also be typical of 

a textured sample with the alignment of platy hexagonal grains, as possibly observed in the 

XRD data for this sample. Such texturing can also result in an enhancement in magnetisation 

values.  

The anisotropy field (Ha) depends on the occupancy of Fe3+ ions in 4f2 (spin down) and 

2b sites (spin up) [60]: 4f2 sites are more numerous than 2b sites, and the very low value of 

Ha implies that Fe3+ ions can be replaced by Ga3+ ions in a greater number of 4f2 sites. Since 

the mechanism of magnetisation depends upon different magnetic moments in spin up and 

spin down sites [MS = M (spin up)- M (spin down)], MS should increase in x = 0.4 due to 

greater occupancy of spin down sites by the substitution of poorly magnetic Ga3+ ions. The 

highest MS in x = 0.4 as shown in Fig. 6 (c) is consistent with the explanation of Ha. 

 

 The squareness ratio (Mr/Ms) also increases as the ferrites become harder, but is below 

0.5 for all samples, and confirms the formation of multidomain structures [61]. 

 

3.5.2.  Mössbauer analysis 
 Mössbauer spectroscopy is an outstanding experimental tool to interpret the magnetic 

properties of ferrites. It provides information on the ionic states (Fe3+ or Fe2+) and spin states 

(high spin, low spin) of Fe-ions in octahedral and tetrahedral interstices, cation distributions, 

variations from stoichiometry and types of ordering. Thus, this technique is becoming a 

general tool in ferrite technology [62, 63]. 

 Fig. 7 shows the Mössbauer spectra of all samples, and the results of analysis are given 

in Table 4. Mössbauer spectra of the un-substituted sample (x = 0.0) were fitted well with six 

sextets (Zeeman splitting patterns) and a paramagnetic doublet-A, while the x = 0.4 

composition was fitted with seven sextets and a paramagnetic doublet-A. After x ≥ 0.8 

compositions, two more doublets were also observed, labelled as doublet-B and doublet-C, 

along with seven sextets. Fig. 8 (a-h) shows the variation of different parameters with Ga-

substitution (x), such as isomer shift (δ), average isomer shift (<δ>), hyperfine magnetic field, 

average hyperfine magnetic field (<Hhf>), quadrupole splitting (∆), average quadrupole 
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splitting (<∆>), relative area of Fe3+ and Fe2+ (%), and relative area of sextets (ferrimagneic) 

and doublets (paramagnetic). The values of isomer shift represent the chemical state of the 

Fe-ions in the Ga-substituted Z-type hexaferrites.  There are ten crystallographic sites [six-

octahedral sites {12kVI (↑), 4fVI(↓), 4eVI(↓), 4fVI*(↑), 12kVI*(↑), and 2aVI(↑)}, three tetrahedral 

sites {4eIV(↓), 4f IV(↓) and 4f IV*(↓)}, and a five-fold site of 2dV] in Z-type hexaferrites, 

having space group P63/mmc. The Fe, Co and Ga ions were found to be located at these ten 

sites [64]. The total numbers of cations (Fe3+/Fe2+, Co2+, and Ga3+) are 26 in the present SrZ 

hexaferrites. Five types of site have spin up (16 Fe/Co-ions) and five types of site have spin 

down (10 Fe/Co-ions) directions of magnetic moment. Here, magnetic properties depend on 

occupancy and ionic states of these ions.  

The sextet F (δoct= 0.357mm/s, Hhf = 39.5 Tesla), which maybe belongs to 4fVI 

Octahedral site (spin down) along with other sites, had a relative area of nearly 39.7%. In the 

sample x = 0.4; this sextet F further converted into two sextets (F and G) with relative areas 

of 23% and 14%, respectively. So, there is a drastic reduction in the relative area of sextet F 

(spin down) and a sudden increase in (spin up) tetrahedral sites in the form of sextet-G (δtet= 

0.166 mm/s, Hhf = 41.1 Tesla), which may lead to an increase in the MS value for x = 0.4. 

Sample x = 0.8 is the less dense and most porous sample, which will affect MS, and x = 1.6 is 

a mixture of M and Z phases so the results of MS may alter here. This is also well known that 

the Z-type hexaferrites are ferrimagnetic materials (16Fe-ions have spin up and 10Fe-ions 

spin down directions). The higher values of MS in the other three samples; x = 0.4, 1.2 and 

2.0, are also due to the occupancy of Ga-ions at spin down sites, and the low percentage of 

paramagnetic ions confirmed from the Mössbauer spectra. The variation in the relative 

percentage of sextets (ferrimagnetic components) and paramagnetic doublets with Ga-

substitution are shown in Fig. 8h. The total paramagnetic components are found to increase 

with Ga-substitution, which effects and reduce the value of MS. The percentage of Fe3+ ions 

decreases, whereas Fe2+ ions increase with increasing Ga-substitution, and a maximum (Fe2+ 

ions of doublets = 1.26%) for x = 1.6 composition (Fig. 8g). This composition is also having 

a maximum relative area of paramagnetic doublets (1.95%), and one of the sextet-D has a 

higher isomer shift value (0.73 mm/s) due to (Fe3+ + Fe2+) ions (Fig. 8a). This means some of 

the Fe3+ ions are converted into Fe2+ ions in this sextet, and we know that the magnetic 

moment of Fe3+ ions > Fe2+ ions.  These two factors (maximum relative area of paramagnetic 

doublets and maximum Fe2+ ions in paramagnetic and magnetic state) are responsible for the 

lowest value of MS of this composition (x = 1.6). The value of MS will be reducing when the 
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percentage of ferrimagnetic components reduce and the percentage of paramagnetic 

components increase, as shown in Fig. 8h. The variation in MS is exactly following this rule 

for x ≥ 0.8 samples. 

 Fig. 8(b) shows the relation between the averaged isomer shifts with Ga-substitution. 

The isomer shift values of sextets for all samples were found to be in the range of 0.134 – 

0.575mm/s (except sextet D of x= 1.6 composition) (Table 4 and Fig. 8a). These values are 

the typical values of Fe3+ with high spin state [65-68]. The δvalue of sextet D for composition 

x= 1.6 is found to be 0.73 mm/s, that confirms the more Fe2+ ions along with Fe3+ ions at this 

site [67, 68]. When the relative percentage of Fe3+ and Fe2+ ions are equal at a site for the 

sextet, as in Fe3O4 spinel ferrite, for the octahedral site then the value of δoct is between 0.5-

0.65 mm/s [69-71]. However, in the present case, the value of  δ is higher, meaning that this 

site has more Fe2+ than Fe3+ ions. The isomer shift for the octahedral site (δoct) is greater than 

that of the tetrahedral site (δtet), which helps to identify the different Fe-sites [72-74].  The 

isomer shift values of doublet-A for all samples are found to be between 0.136 to 0.33 mm/s, 

which is also indicating a Fe3+ high spin state [65-68, 75, 76]. The values of δ for doublet-B 

in samples x ≥ 0.8 are found to be between 1.41-1.89 mm/s (Fe2+ high spin). These values 

belong to Fe2+ ions in high spin state at octahedral sites [65-68]. The values for doublet-C in 

samples x ≥ 0.8 are between 0.39-0.605 mm/s (∆EQ = 4.78-4.92 mm/s, Fe2+ low spin state) 

[77]. The variation in the relative area of Fe2+ and Fe3+ ions with increasing the Ga-

substitutions is shown in Fig. 8 (g). There is no presence of Fe2+ ions in x ≤ 0.4 compositions. 

As x increases (x ≥ 0.8), there is a small amount of Fe2+ ions (x = 0.8, 0.4% Fe2+ ions) present 

in these compositions and the percentage of Fe2+ ions increases with Ga-substitution. This 

suggests that beyond x ≥ 0.8 compositions the Ga3+ begins to substitute not only for Co2+, but 

also at some Fe3+ sites and trying to balance the charge in the system the substituted Fe3+ will 

in turn reduce to Fe2+ and reside in the Co2+ sites. The existence of these Fe2+ ions increases 

greatly up to x = 1.6 composition (1.26%), and then slightly decreased for x = 2.0 (1.1%), 

with the decrease between these two possibly being attributable to the existence of more of 

the SrM phase with x = 2.0. 

 Fig. 8(e) shows the decreasing nature of the average hyperfine field (<Hhf>) with Ga-

substitution. The decrease in <Hhf> is attributed to the decrease in the exchange interactions, 

and also to the weak interaction between the non-magnetic ions (Ga) and magnetic ions 

(Fe/Co) in sub-lattices [78]. The SrM phase is also present in x = 1.6 and 2.0 compositions, 

reducing the overall contribution of the Ga-Co interactions. The relative area of doublets also 
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increases with Ga-substitution. These aspects also account for the decrease in MS and Hhf 

with Ga-substitution. 
 Fig. 8(f) shows the compositional dependence of averaged quadrupole splitting (<∆>) 

which gives information on the variation in magnetic anisotropy i.e c-axis and in-plane 

anisotropy. The value of <∆> was found to be increased with the Ga-substitution due to 

structural and magnetic distortion, which also confirmed the decreasing trend in the magnetic 

anisotropy. The magnetic moment of Fe3+-ions are either in the c plane or along the c axis, 

<∆> will have significantly different sign and magnitude due to different θ value in Equation 

6. The increasingly positive value of <∆> (Fig. 8f) of Sr3Co2-xGaxFe24O41 hexaferrites 

indicates that the magnetic anisotropy is progressing towards the c-axis with Ga-substitution 

[42, 64, 75], meaning that the angle of the cone of magnetisation to the c-axis found in 

unsubstituted SrZ hexaferrite will probably becoming smaller, and as a result HC will also 

increase for Ga-substituted samples [79]. The magnetic anisotropy of Sr3Co2-xGaxFe24O41 

hexaferrites is modified from the c plane to c axis orientation at x = 0.4 - 0.8. We have also 

observed similar types of trend for  <Hhf>, <∆>, and relative area of Fe2+ ions  with 

increasing the Ga-substitution in our previous studies on Z type hexaferrites Sr3Co2-

xGaxFe24O41 synthesized at 1200 °C [79]. 
 

3.6. Dielectric measurement at low frequency (100Hz-2MHz) 
  The dependence of dielectric constant (ε') and loss tangent (tan δ) are presented in Fig. 

9 (a and b). The values of dielectric constant are high (ε' > 20) in the low-frequency range 

(Fig. 9 (a)), and it decreases as frequency increases to 2 MHz. The high dielectric constant 

observed at low frequency is attributed to the dislocations, voids and defects existing in the 

crystal structure. The varying dielectric constant with frequency is ascribed to the space 

charge polarisation, which depicts the inhomogeneous dielectric structure, as described by 

Maxwell-Wagner in correspondence with Koop’s phenomenological theory [80]. 
 When the frequency further rises beyond a certain point, the polarisation decreases 

because the movement of dipoles cannot follow the alternating field. It levels out to more-

or-less constant values above ~500 kHz. In the low-frequency regime, there is a non-linear 

fall in ε' with the substitution of Ga. The substitution renders (i) increase in grain size easing 

the flow of charge carriers (ii) increases porosity and reduces bulk density impeding the 

flow of charge carriers (iii) decreases Fe3+ reducing the hopping between charge carriers 

Fe3+ and Fe2+ ions. These factors altogether cause non-linear ε' in the samples. The main 
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mechanism of electrical conduction in ferrites at room temperature is electron hopping 

between Fe2+ and Fe3+ions, unlike in polarisation, which will typically increase with 

frequency [81]. Above x = 0.4, the increase in x leads to an increase in Fe2+ ions and an 

increase in conduction will lead to increased dielectric losses (tan δ) as well.  

 As observed in Fig. 9(b), the trend in dielectric losses is quite similar between all 

samples, but those with x > 0.4 tend to show slightly greater losses. The dielectric loss 

tangent is based on types and number of charge carriers, structural homogeneity, 

stoichiometry, Fe2+ content, heating temperature and composition [82, 83]. The high values 

of loss tangent are high in the low-frequency region as higher energy is required for electron 

exchange between Fe2+ and Fe3+ ions that is induced by the high resistance of grain 

boundaries. As frequency increases, less energy isneeded for electron exchangedue to the 

low resistivity of conductive grains and, therefore, the observed value of tan δ is low  [84]. 
The loss peak appears when the frequency of the applied ac field matches with the jumping 

frequency of electrons between Fe2+ and Fe3+ [85]. Sr3Co2Fe24O41 (x = 0.0) show a loss peak 

at ~1.2 kHz, and most of the other samples are similar, except for Sr3Co1.6Ga0.4Fe24O41 (x = 

0.4) with a higher loss peak at ~13.3 kHz. The increased permittivity in this sample is 
between 1-10 kHz and this higher loss peak could be due to microstructure differences as 

discussed earlier. We suspect that sample maybe textured and this sample also has the 

highest MS value. 

Generally, the electrical conductivity in ferrites is  due tothe hopping of electrons 

betweentheions of the same element  that exists in more than one valence state, and is 

assigned arbitarily over crystallographically  identical sites[86], e.g. when Fe3+ and Fe2+ 

coexists in the same site. The variation of AC conductivity (σac) with frequency is represented 

in Fig. 9(c).  The AC conductivity is found to increase with an increase in frequency, and 

samples show relatively large dispersion at low frequency regimes. According to Maxwell-

Wagner’s theory, the grain boundaries are more effective in low frequency region, which 

impedes the electron hopping among Fe3+ and Fe2+ ions. The conductive grains become more 

active with the increasing frequency, and encourage the hopping of the electron between Fe3+ 

and Fe2+ ions. The sample with x = 0.4 shows a significantly higher conductivity above 10 

kHz, where it also had a peak in tan δ. 
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3.7. Frequency-dependent impedance (100 Hz-2 MHz) 
Studying the nature of a material’s response to an applied a.c. field alongwith the 

impedance behavior helps to understand the grain and grain boundary relaxation process. 
Fig.10 (a) represents the real part of impedance (Z') with the applied frequency and Fig. 10 
(b). shows the complex part of impedance (Z'')  with the applied frequency of Sr3Co2-

xGaxFe24O44 (x = 0.0, 0.4, 0.8, 1.2, 1.6, 2.0) hexaferrites. 
 The impedance decreases as frequency increases, and the curves of all samples merge 

at frequencies above 1 kHz, and approach near to zero which, indicates a frequency- 

independent phenomena. This minimum level is associated with the possibility of space 

charge generation and a decrease in energy barrier [87, 88]. The relaxation time decreases as 

frequency increases, resulting in the rapid recombination of space charge. This decrease in 

space charge polarisation with increasing frequency leads to the intermixing of curves [89].   

 The relaxation peak present in samples with x = 0.4 and 2.0, as seen in Fig. 10 (b), 

depicts the hopping of electrons at lower frequencies (inset of Fig. 10 b). These relaxation 

peaks observed at lower frequencies suggest the possible generation of oxygen vacancies 

during the hopping of electrons. 

 

3.8. Complex modulus analysis (100 Hz-2 MHz) 
 Electric modulus analysis is applicable to understand the electric characteristics of 

materials like ion hopping rates, conductivity relaxation time, etc. The study of relaxation 

behaviour and grain-grain boundary contribution to total conductivity of a material is carried 

out using the complex electric modulus.  

 Fig.11 (a) represents the real part of dielectric modulus (M') with frequency and 

substitution of Ga causes a non-linear increase in M'. The Mʹ values are very small in the 

lower frequency region as observed in Fig. 11 (a) and Mʹ increases with frequency, attaining a 

maximum value at 2 MHz. The induced electric field reduces the restoring force controlling 

the mobility of charge carriers, which are responsible for the rise in Mʹ. The small value of 

restoring force supports the conduction mechanism in hexaferrites and it increases the 

conductivity with the increasing frequency, which is in agreement with conductivity graphs 

[Fig. 9 (c)] [90]. It can be seen that M´ is significantly greater at higher frequencies (> 10 

kHz) for x = 1.6 and 2.0, the samples with SrM as a second phase. It is evident from the plots 
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that samples have nearly zero value of M' in the low-frequency regime, which signifies the 

negligible electrode polarisation in the samples [91, 92].  

 Fig.11 (b) represents the variation of an imaginary part of dielectric modulus (Mʹʹ) with 

frequency. The distinct peaks found in all samples are associated with the dielectric 

relaxation as well as the mobility of charge carriers that leads to the hopping of electrons 

from one site to another. The frequency region beneath the maximum peak represents the 

mobility of charge carriers over long range. The frequency region over the maximum peak 

depictsthe mobility of charge carriers over short distances as charge carriers are constrained 

to potential wells [93].  

 It can be seen that for x = 0.4 the long-range charge mobility continues to much higher 

frequencies,  perhaps suggesting that inter-grain conduction mechanisms are more favoured 

in a textured sample, with aligned planar crystal faces in contact. This could also explain why 

it lacks the lower frequency ε' peak at ~1 kHz observed in the other samples. 

3.9. Cole-Cole plot 
 The Cole-Cole plot depicts the interfacial polarisation effect, separating the grain and 

grain boundary contributions. The Cole-Cole plot using real (M') and imaginary modulus 

(M'') is shown in Fig. 12. Two semicircular arcs are observed in all the samples: The left-hand 

semicircle at the low-frequency partdepicts the grain boundary contributions [94], whereasthe 

right-hand semicircle is associated with the grain resistance for high frequency [95].The 

centre of semi-circular arcs lies above M′-axis implying Debye relaxation in the samples.  

 

3.10. Complex permittivity and permeability at high frequency (X-band, 8GHz-12.5 
GHz) 

 Fig. 13 (a, b, c and d) presents the dielectric constant (ε') and imaginary dielectric 

constant    (ε"), real permeability    (μ') and imaginary permeability (μ'') of the Sr3Co2-xGaxFe24O41 

ferrites between 8 GHz-13 GHz. There is an observation of a non-monotonic increase in ε', 

ε", μ' and μ'' with the substitution of Ga ions. The resonance or dielectric relaxation is seen in 

samples x    =    0.4, 1.2 and 1.6 after 10 GHz. The dielectric loss    in samples    x = 0.0, 0.8, 2.0 

depicts    nearly frequency independent nature. It can be seen from the plots that sample x    =    1.6 

has a negative peak in μ'' and it is 1800 out of phase with respect to the ε" peak. Therefore, 

total loss does not oscillate with frequency, and this variation is attributed to measurement 

uncertainty. Similar variations were observed by Handoko et al. in Co-Zn doped Barium 
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hexagonal ferrite, when μ'' and ε" were in anti-phase with each other [96].    The large 

dispersion is seen in μ'' for samples x    =    0.0, 0.4 and 0.8, and it decreases with frequency.    
There is not any significant change to be discussed in μ' and μ'' with substitution in the rest of 

the samples. 

3.11. Reflection Loss (Microwave Absorption) 
The reflection loss (RL) determines the absorbing properties of materials with    

electromagnetic waves. The wave transmissivity of materials has an enormous effect on 

absorbing    properties.    It suggests that when electromagnetic waves are incident on the surface 

of a material and it enters to its deepest part, then the attenuation of the electromagnetic wave 

takes place and a wave    is absorbed by absorber efficiently. Hence, the lower the value of RL, 

the better will be the capability for the absorption of those frequencies by the materials [97]. 

The variation of reflection loss (RL)    as a function of frequency for    
experimental/measured thickness of 3 mm, is shown in Fig 14. A reflection loss, or 

reflectivity, of -10 dB corresponds to 90% of the power incident on the absorber being    
absorbed or attenuated and is considered the minimum value for an effective EM absorber. It 

is clear from the plots that reflectivity or reflection loss is minimum in sample    x    =    0.8, with a 

value of -12.44  dB at 8 GHz and with a -10 dB bandwidth of 1.18 GHz. x    =    0.0    has RL 

around -11.83 dB at 8 GHz, and a -10    dB bandwidth of 1.13 GHz. 

An interesting point to note is that a useful RL minima is not seen in sample x = 0.4, 

which has a minimum RL of only -4.3 dB,    along with the highest dielectric loss and magnetic 

loss. Poor input impedance matching is the reason    for this abnormal behavior. According to 

this criterion, equality between characteristic impedance and absorber impedance    allows the    
majority of the microwave signal to enter the absorber. On the contrary, the amount of 

reflected microwave signal from the absorber depends upon the extent of impedance 

mismatch between the absorber and characteristic impedance. An ideal matching condition 

has the real impedance Zr = Zo (Zo is the characteristic impedance of free space), and 

imaginary impedance Zim=0. The detailed analysis of this mechanism has been discussed 

elsewhere [98]. 

To elucidate this, Fig.14 displays plots of real (Zr) and imaginary impedance (Zim) 

associated with the reflection loss for x = 0.0, 0.4, and 0.8    compositions. It is evident that for 

x = 0.4, Zr and Zim    are quite far from Zo = 377Ω  and zero ohm, respectively, with values of 

92Ω and -32Ω at 8 GHz. Therefore, the majority of the microwave signal is reflected back 
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due to the impedance mismatch, and only a small portion of the signal can enter into the 

absorber, thereby causing lower absorption or small RL in x = 0.4. The same mechanism of 

impedance mismatch is found in samples    x = 1.2, 1.6 and 2.0. However, for samples x  = 0.0 

and 0.8, which had useful reflection loss values at around 8 GHz, Zr was much higher at 

225Ω and 230 Ω, respectively, and Zim was smaller, at -23 Ω and  -11 Ω, respectively. 

Therefore, these had much better impedance matching, and more of the signal was able to 

enter the sample and be absorbed or attenuated. 

 Fig.15 represents plots of RLwith frequency for measured thickness (tm) of 3 mm and 

calculated matching thickness (tc) derived from quarter wavelength mechanism[98]: this 

mechanism is associated with maximum absorption for that thickness of composition which 

is proportional to multiple of quarter wavelength (λ/4) of the microwave signal.  

The calculated thickness is 2.85 mm (8.01 GHz), 1.73 mm (8.0 GHz)    and 2.77 mm 

(8.01) in samples x    =    0.0, 0.4 and 0.8, respectively, analogous to the minimum RL of -11.83 

dB, -4.3 dB and -12.44 dB, respectively, at 3 mm measured thickness. Thus,    tc is more near to 

tm in x    =    0.0 and 0.8 than x    =    0.4, which is also the attributing factor to the large absorption or 

low reflection loss in the same samples. The plots for the rest of the compositions are not 

displayed as they exhibited a large difference between tc and tm. Porosity also can play an 

important role for the attenuation of the microwave signal from multiple reflections inside the 

material. Sample x = 0.8 has the highest porosity of 31.56%, and it also features the 

maximum reflection loss among the samples.    
The nature of a hard ferrite discourages microwave absorption [100], since hard ferrites 

have a large coercivity and remanent magnetization; thus they are not able to magnetize and 

demagnetize in accordance with the changing positive and negative cycles of the microwave 

signal. Therefore, the signal tends to pass through the sample with low absorption. Samples x 

= 1.6 and 2.0 have the largest coercivities, and hence the large hysteresis losses of 95.7 kAm-

1 (1199.6 Oe) and 183.4 kA m-1(2299.6Oe)  respectively and, therefore, a low RL or 

microwave absorption is observed in these samples, which also suffered impedance mismatch 

and the non-existence of quarter wavelength criteria.    
 

4. Conclusions 
 Ga substituted Sr3Co2-xGaxFe24O41 (x = 0.0, 0.4, 0.8, 1.2, 1.6, 2.0)    Z-type hexaferrites 
have been prepared by the sol-gel auto combustion process. XRD studiesof x = 0.0, 0.4, 0.8 
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and 1.2 samples reveals the formation of a single Z-phase, while x = 1.6 and 2.0 shows the Z-

phase along with some M-phase. Magnetic analysis of all samples depict a soft magnetic 

behavior, except for samples x = 1.6 and 2.0, which contained some M phase and hence 

showed hard ferrite characteristics. Mössbauer spectroscopy confirmed the presence of only 

Fe3+ ions below x ≤ 0.4 compositions. Beyond x ≥ 0.8 composition, Fe2+ ions were also 

present (0.4 - 1.3%) in the paramagnetic state. At low frequencies, the dielectric constant of 

the samples decreases with Ga substitution except for x = 1.2. The x = 0.0 sample and fully 

substituted sample (x = 2.0), both show loss peaks at ~1.18 kHz and ~13.296 kHz, 

respectively. The substitution of gallium caused the enhancement of dielectric properties 

more than magnetic properties over the investigated X-band. More than 90% microwave 

absorption (over -10 dB) was noted in samples x = 0.0 and 0.8 at GHz, attributing to 

impedance matching, quarter wavelength mechanism and low coercivity, rendering their 

potential use for microwave absorbers as suppression of electromagnetic interference. 
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Fig.1. Flowchart for the preparation of Sr3GaxCo2-xFe24O41 hexaferrite powder samples. 
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Fig.2 (a). FT-IR spectra of Sr3GaxCo2-xFe24O41 powder samples with x = 0.0, 0.4, 0.8, 1.2, 1.6, 

and 2.0, heated at 1150 °C for 5 h, and (b) variation in vibrations with Ga substitution (x) of 

tetrahedral (ν1) and octahedral (ν2) metal-oxygen bonds. 
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Fig. 3. XRD patterns of Sr3GaxCo2-xFe24O41(a) x = 0.0, 0.4, 0.8, and 1.2; (b) x =1.6 and 2.0 
hexaferrite powder samples heated at 1150 °C for 5 h.; (c) The change in lattice constants (a, 
c), unit cell volume (V) and variation in the aspect ratio (c/a) versus Ga substitution (x). 
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Fig.4. Variation of the Bulk density, X-ray density and Porosity with Ga substitution (x). 
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Fig. 5. FE-SEM images of Sr3GaxCo2-xFe24O41(x = 0.0, 1.2, and 2.0) hexaferrite samples heated 

at 1150 °C for 5 h. Jo
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Fig. 6    (a). Room temperature magnetic hysteresis loops of Sr3GaxCo2-xFe24O41 (x = 0.0, 0.4, 

0.8, 1.2, 1.6, and 2.0) hexaferrite powder samples heated at 1150 ºC for 5 h., (b) the 

individual hysteresis loop of  Sr3Ga0.8Co1.2Fe24O41(x = 0.8), (c) Variation of remanent 

magnetisation (Mr), saturation magnetisation (MS), coercive field (HC), squareness ratio (Mr / 

MS) and anisotropy field (Ha) with Ga substitution 
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Fig.7. Room temperature Mössbauer spectra of Sr3Co2-xGaxFe24O44 (x = 0.0, 0.4, 0.8, 1.2, 1.6, 

and 2.0) hexaferrite samples heated at 1150 °C for 5 h. 
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Fig.8. Variation in Mössbauer parameters (a) isomer shift, (b) quadrupole splitting, (c) 

hyperfine magnetic field, (d) average isomer shift, (e) average hyperfine field, (f) average 

quadrupole splitting, (g) relative area of Fe3+ and Fe2+ (%) and (h) relative area of sextets and 

saturation magnetization (Ms) with Ga-substitution (x).    

Jo
urn

al 
Pre-

pro
of



100 1k 10k 100k 1M
5

10

15

20

25

30

35

40
D

ie
le

ct
ric

 c
on

st
an

t 
( εε εε

′)

Frequency (Hz)

 x = 0.0
 x = 0.4
 x = 0.8
 x = 1.2
 x = 1.6
 x = 2.0

(a)

 

100 1k 10k 100k 1M
0.0

0.2

0.4

0.6

D
ie

le
ct

ric
 lo

ss
 ta

ng
en

t 
(ta

n 
δδ δδ)

 

Frequency (Hz)

 x = 0.0
 x = 0.4
 x = 0.8
 x = 1.2
 x = 1.6
 x = 2.0

(b)

 

Jo
urn

al 
Pre-

pro
of



100 1k 10k 100k 1M

10-7

10-6

10-5

A
C

 c
on

du
ct

iv
ity

 (
ΩΩ ΩΩ

-1
m

-1
) 

Frequency (Hz)

 x = 0.0
 x = 0.4
 x = 0.8
 x = 1.2
 x = 1.6
 x = 2.0

(c)

 

Fig. 9. Variation of (a) real dielectric constant (ε'), (b) dielectric loss tangent (tan δ) and (c) 
AC conductivity (σac) as a function of frequency for Sr3GaxCo2-xFe24O41 (x = 0.0, 0.4, 0.8, 1.2, 
1.6, and 2.0) hexaferrite powder samples 

100 1k 10k 100k 1M

0.0

5.0x108

1.0x109

1.5x109

2.0x109

R
ea

l p
ar

t o
f i

m
pe

de
nc

e 
Z

' (
ΩΩ ΩΩ

)

Frequency (Hz)

 x = 0.0
 x = 0.4
 x = 0.8
 x = 1.2
 x = 1.6
 x = 2.0

(a)

100 1k 10k 100k 1M

0.0

5.0x108

1.0x109

1.5x109

 

 

 

Jo
urn

al 
Pre-

pro
of



100 1k 10k 100k 1M

0.0

5.0x108

1.0x109

1.5x109

2.0x109

2.5x109

3.0x109

 x = 0.0
 x = 0.4
 x = 0.8
 x = 1.2
 x = 1.6
 x = 2.0

C
om

pl
ex

 p
ar

t o
f i

m
pe

de
nc

e 
Z

'' 
( ΩΩ ΩΩ

)

Frequency (Hz)

(b)

100 1k 10k 100k 1M

0.0

5.0x108

1.0x109

 

 

 

Fig.10. Variation of (a) real dielectric impedance (Z' (ohm)) with frequency for Sr3GaxCo2-

xFe24O41 (x = 0.0, 0.4, 0.8, 1.2, 1.6, and 2.0) hexaferrite samples and its inset shows a clear 
view of sample x = 0.4, (b) complex dielectric impedance (Z" (ohm)) of all samples and its 
inset shows the expanded view of samples x = 0.4 and 2.0 heated at 1150 °C for 5 h 
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Fig. 11 (a). Real part of dielectric modulus (M') and (b) Imaginary part of dielectric modulus 

(M'') as a function of frequency for Sr3GaxCo2-xFe24O41(x = 0.0, 0.4, 0.8, 1.2, 1.6, and 2.0) 

hexaferrite samples heated at 1150 ºC for 5 h 
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Fig. 12. Cole-Cole plot of Sr3GaxCo2-xFe24O41(x = 0.0, 0.4, 0.8, 1.2, 1.6, and 2.0) hexaferrite 

samples heated at 1150 ºC for 5 h. 
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Fig. 13.Variation of (a) real dielectric constant (ε'), (b) dielectric loss (ε''), (c) real 

permeability μ' and (d) magnetic loss (μ'') with the frequency between 8 GHz-13 GHz 
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Fig.14. Variation of reflection loss (RL) peak, real impedance (Zreal) and imaginary 

impedance (Zimg) as a function of frequency for samples x = 0.0, 0.4, and 0.8 at 3.0 mm 

thickness 
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Fig. 15. Quarter Wavelength Mechanism in samples x = 0.0, 0.4 and 0.8 

 

List of tables 

Table 1. Lattice parameters, c/a ratio, FWHM, unit cell volume and average crystallite size of 

Sr3Co2-xGaxFe24O41 (x = 0.0, 0.4, 0.8, 1.2, 1.6, and 2.0) hexaferrite powder samples, heated at 

1150 ºC for 5 h. 

Ga 

content 

(x) 

Lattice parameters 

     a (Å)        c (Å) 

c/a 

ratio 

FWHM 

(°) 

Unit cell 

volume  

V (Å3) 

Average 

crystallite 

size 

Dxrd(nm) 

0.0 5.921 52.493 8.8656 0.3832 1593.71 22.56 

0.4 5.919 52.483 8.8669 0.3538 1592.33 24.60 

0.8 5.913 52.472 8.8740 0.3776 1588.77 22.89 

1.2 5.909 52.462 8.8783 0.2950 1586.32 29.30 
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1.6 5.907 52.456 8.8803 0.2888 1585.06 30.08 

2.0 5.905 52.441 8.8808 0.3644 1583.54 23.83 

 

Table 2. The X-ray density, bulk density and porosity of Sr3Co2-xGaxFe24O41 (x = 0.0, 0.4, 

0.8, 1.2, 1.6, 2.0) hexaferrite powder samples heated at 1150 °C for 5 h. 

Ga content 

 (x) 

X-ray density  

dx 

(g/cm3) 

Bulk density 

dB 

(g/cm3) 

Porosity 

P 

(%) 

0.0 4.95 3.83 16.70 

0.4 4.96 3.80 23.49 

0.8 4.99 3.41 31.56 

1.2 5.00 3.59 28.08 

1.6 5.01 3.63 27.59 

2.0 5.03 3.49 30.67 

 

Table 3. Magnetic parameters for Sr3Co2-xGaxFe24O41 (x = 0.0, 0.4, 0.8, 1.2, 1.6, and 2.0) 

hexaferrites 

Ga 

content 

(x) 

Saturation 

Magnetisation 

MS 

(A m2kg-1) 

Remanant 

Magnetisation 

Mr 

(A m2 kg-1 ) 

Mr/MS 

Coercivity 

HC 

(kA m -1) 

Coercivity 

HC 

(Oe) 

Anisotropy 

field  

Ha 

(kA m -1) 

0.0 80.27 0.10 0.001 0.14 1.79 1237.47 

0.4 97.94 0.37 0.003 0.46 5.74 917.56 

0.8 75.56 3.55 0.046 3.99 50.0 1147.19 

1.2 88.74 12.27 0.138 18.47 231.6 1353.96 

1.6 69.99 24.76 0.353 94.53 1185.0 1750.44 

Jo
urn

al 
Pre-

pro
of



2.0 84.01 36.38 0.432 186.87 2342.55 1807.13 

 

 

Table 4. The values of hyperfine field (Hhf), isomer shift (δ), quadrupole splitting (∆), line 

width (Γ) and relative area (RA) of tetrahedral (tetra), octahedral (octa) and trigonal    
bypiramidal (tbp) sites of Fe3+ ions for Ga-substituted Sr3Co2-xGaxFe24O41 (x = 0.0, 0.4, 0.8, 

1.2, 1.6, and 2.0) hexaferrites, derived from Mössbauer spectra recorded at room temperature. 

*Isomer shift values are with respect to α-Fe metal foil 

Ga- 

content 

(x) 

Iron  

sites 

Ionic 

state 

(high 

spin) 

Relative 

area 

(RA) 

(%) 

Isomer 

shift* 

(δ) 

mm/s 

±0.01 

Quadrupole 

splitting (∆∆∆∆) 

mm/s 
Hyperfine 

field (Hhf) 

Tesla ±0.1 

Outer 

line 

width 

(ΓΓΓΓ) 

mm/s  

±0.05 

Fitting 

quality 

(χ2) 
±0.02 

0.0 

Sextet-A Fe3+ 9.43 0.368 -0.08 51.97 0.343 

1.57 

Sextet-B Fe3+ 16.88 0.435 0.039 49.475 0.565 

Sextet-C Fe3+ 16.98 0.204 -0.083 48.91 0.481 

Sextet-D Fe3+ 9.42 0.389 -0.075 45.74 0.648 

Sextet-E Fe3+ 6.67 0.266 -0.797 41.227 0.749 

Sextet-F Fe3+ 39.68 0.357 -0.174 39.464 0.663 

Doublet-A Fe3+ 0.94 0.228 0.521 -- 0.547 

0.4 

Sextet-A Fe3+ 10.69 0.391 -0.079 52.215 0.301 

1.84 

Sextet-B Fe3+ 8.69 0.476 0.049 50.017 0.274 

Sextet-C Fe3+ 22.66 0.219 -0.084 49.299 0.492 

Sextet-D Fe3+ 4.65 0.467 0.242 47.435 0.589 

Sextet-E Fe3+ 15.17 0.394 -0.357 40.045 0.478 

Sextet-F Fe3+ 23.10 0.377 -0.094 39.483 0.312 

Doublet-A Fe3+ 1.09 0.231 0.571 -- 0.389 
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Sextet-G Fe3+ 13.95 0.166 -0.659 41.074 1.832 

0.8 

Sextet-A Fe3+ 5.04 0.401 -0.033 51.996 0.287 

1.40 

Sextet-B Fe3+ 19.58 0.451 0.105 49.522 0.545 

Sextet-C Fe3+ 17.65 0.185 -0.036 48.924 0.443 

Sextet-D Fe3+ 9.99 0.431 -0.059 45.311 0.895 

Doublet-B Fe2+ 0.27 1.887 4.228 -- 0.23 

Sextet-E Fe3+ 25.99 0.359 -0.149 39.785 0.5967 

Doublet-A Fe3+ 0.86 0.33 0.443 -- 0.565 

Sextet-F Fe3+ 13.01 0.354 0.408 40.95 0.455 

 
Sextet-G Fe3+ 7.47 0.435 0.161 36.284 0.674 

 
Doublet-C Fe2+ 0.14 0.601 4.78 -- 0.23 

1.2 

Sextet-A Fe3+ 9.17 0.449 0.271 50.613 0.396 

1.46 

Sextet-B Fe3+ 21.75 0.409 0.141 48.69 0.591 

Sextet-C Fe3+ 13.19 0.134 -0.066 48.812 0.385 

Sextet-D Fe3+ 5.56 0.462 -0.036 44.612 0.5 

Doublet-B Fe2+ 0.21 1.518 2.764 -- 0.23 

Sextet-E Fe3+ 9.32 0.384 -0.054 39.159 0.472 

Doublet-A Fe3+ 0.63 0.136 0.489 -- 0.516 

Sextet-F Fe3+ 28.65 0.352 0.383 41.154 0.456 

Sextet-G Fe3+ 11.19 0.392 0.341 35.964 0.571 

Doublet-C Fe2+ 0.33 0.605 4.81 -- 0.23 

1.6 

Sextet-A Fe3+ 10.04 0.295 0.267 51.284 0.257 

1.33 

Sextet-B Fe3+ 12.49 0.371 0.21 48.939 0.564 

Sextet-C Fe3+ 21.43 0.14 0.117 48.536 0.454 

Sextet-D Fe3+ 1.94 0.73 -0.049 44.214 0.199 

Doublet-B Fe2+ 0.71 1.512 2.803 -- 0.319 

Sextet-F Fe3+ 26.46 0.287 0.399 40.907 0.369 
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Doublet-A Fe3+ 0.65 0.219 0.882 -- 0.851 

Sextet-E Fe3+ 7.81 0.288 0.469 41.949 0.506 

Sextet-G Fe3+ 17.91 0.325 0.423 36.15 0.702 

 
Doublet-C Fe2+ 0.55 0.393 4.729 -- 0.407 

2.0 

Sextet-A Fe3+ 12.10 0.348 0.28 51.364 0.263 

1.61 

Sextet-B Fe3+ 11.26 0.423 0.193 49.177 0.482 

Sextet-C Fe3+ 19.73 0.203 0.125 48.694 0.397 

Sextet-D Fe3+ 1.39 0.203 0.626 46.057 0.16 

Doublet-B Fe2+ 0.62 1.4 2.92 -- 0.327 

Sextet-E Fe3+ 4.37 0.575 1.148 39.325 0.448 

Doublet-A Fe3+ 0.29 0.265 0.13 -- 0.23 

Sextet-F Fe3+ 35.26 0.335 0.399 41.095 0.379 

Sextet-G Fe3+ 14.49 0.356 0.439 36.02 0.553 

 
Doublet-C Fe2+ 0.49 0.498 4.924 -- 0.23 
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