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Abstract 

Technology important ferrites ceramic Sr2Ni2GaxFe12-xO22 (x=0.00, 0.2, 0.4, 0.6, and 0.8) 

samples were produced using sol-gel auto combustion route. Structural, electrical, dielectric, and 

magnetic parameters were identified by substituting Ga3+ at the Fe3+ site. It was recognized that 

an increase of Ga3+ content in (Sr2Ni2GaxFe12-xO22) ceramic samples first decreased, then 

increased lattice parameters, and the density of samples was observed. This is because of the 

ionic radii and atomic weight of Ga3+ and Fe3+ cations. FTIR spectra show two characteristic 

absorption bands at 444-513 cm-1 caused by metal-oxygen vibrations. Due to the contribution of 

smaller grains of samples, the higher values of resistivity were observed, which vary from 

3.78×1010 (Ω cm) to 1.13×1011 (Ω cm) by the substitution of Ga3+ ions at the octahedral site. The 

activation energy was measured between 0.20-0.61 eV. The dielectric response of Ga3+ 

substituted ferrite ceramic samples were studied in the 1 MHz-6 GHz frequency region. The 
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Maxwell-Wagner bilayer model studied the effect of polarization with applied frequency on 

dielectric parameters. With the substitution of Ga3+, minimal losses in the range 0.34-0.44, about 

6 GHz, and a high Q-value of about 10,000 were observed for each sample. In impedance 

spectroscopy analysis Cole-Cole plots confirm that the dielectric response is because of the 

influence of grain boundaries. The substitution of Ga3+ enhances saturation magnetization 

(68.20-71.78 emu/g) while coercivity decreases (655.86-507.86 Oe). In the present finding, the 

low dielectric loss, moderate permittivity, high value of the Quality factor, and very high value 

of resistivity of about 1.13×1011 that reduces the eddy current losses suggested that these 

materials are appropriate candidates for many high-frequency applications such as multilayer 

chip inductor, dielectric resonators, power applications, and microwave devices.  

Keywords: XRD; Sr-Ni-Ga-Fe-O System; FTIR; Resistivity; High-frequency Applications. 

 

1. Introduction  

Ferrites are a unique group of oxides with excellent magnetic characteristics which have 

been studied and used in several fields over the past 50 years [1]. Due to their curious electrical 

and dielectric properties, ferrites are very important for the electronic industry [2]. Ferrites in the 

nanocrystalline form are used in various novel technologies, including magnetically guided 

medication delivery, magnetic resonance imaging (MRI), catalysts, humidity and gas sensors, 

magnetic fluids, MLCI, and more [3]. These uses are based on the fundamental characteristics of 

ferrites, which include large saturation magnetization, high electrical resistivity, negligible 

electrical losses, and excellent chemical stability [1]. Spinel, garnets, orthoferrites, and 

hexaferrites are the four crystallographic classes of ferrites. Among these categories, hexagonal 

ferrites are useful for MW applications [4]. Went and colleagues [5] introduced the hexagonal 

phase in 1952; Jonker et al. followed in 1956 [6]. A series of closely related compounds with 

hexagonal and rhombohedral symmetry is known as hexagonal ferrites. Unlike garnet and spinel 

ferrites, hexagonal ferrites show many crystal structures [7]. These ferrites can be divided into 

seven categories based on their chemical composition and crystal structure: M, W, Y, X, Z, U, 

and R-type hexaferrites [8]. The formula for the crystal structure of Y-type hexagonal ferrite is 

Ba2Me2Fe12O22. Only metal ions occupy the tetrahedral (A) and octahedral (B) positions. Four 
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ions are in tetrahedral positions in Y-type ceramic material, and ten ions are found in octahedral 

sites in one formula unit, Ba2Me2Fe12O22 [9]. The interior layers of two R blocks can be linked to 

form a T block. Octahedral ions are stacked one on the other, and a second pair corresponding to 

two octahedral ions are transferred from the adjacent barium layer. Three octahedral ions are 

found in this way, stacked one over the other. The metal ion is short near the cores of the other 

oxygen tetrahedrons. S blocks are rotated concerning one another because T blocks do not 

include a mirror plane [10-13]. 

The researchers are synthesizing new ceramic materials with enhanced and outstanding electrical 

and dielectric properties in the GHz frequency range. Sr-based hexaferrites are excellent 

materials owing to their high electrical resistivity and semi-conductive nature to use them 

through the whole GHz range. Modern electronic device technology demands high resistivity ( ̴

1011 Ω cm) to reduce eddy current losses, soft magnetic nature, and high cut-off frequency at the 

GHz range. Thus Y-type hexagonal ferrite ceramics are attractive to researchers due to their wide 

range of applications [14, 15].      

 Due to their planar magnetic anisotropy, soft Y-type ferroxplana hexagonal ferrites display high 

cut-off frequency in the gigahertz range. Electrical and dielectric features of Ni2Y hexaferrites 

were significantly altered when we substituted cations at the Fe site. Faiza Aen et al. [16] 

investigate the Ga3+ substitution effect on the electromagnetic properties of W-type ferrites. 

Rehman et al. [17] study the Cr3+  substituted W-type ferrites; as the substitution level increase, 

eddy current losses decreases, which is highly desirable for high-frequency applications devices. 

Akthar et al. [18] synthesized  Ga3+ substituted Yttrium iron garnet. 

In the present work, trivalent Ga3+ metal ions are selected to substitute at the iron site of Ni2Y 

hexaferrite with chemical formula Sr2Ni2GaxFe12-xO22 (0.00 ≤ x ≤ 0.8 and Δx = 0.2) 

manufactured by sol-gel route. The main advantage of this method is cheaper; nanoscale 

formation and low annealing temperature were required. The reason for choosing Ga3+ at the iron 

site is that the ionic radii of Ga3+=0.62 Å are comparable to Fe3+= 0.64 Å, and the resistivity of 

Ga is more than iron. In the present work, the substitution of Ga3+ at the octahedral site limits the 

hopping of electrons; consequently, electrical resistivity increases, which decreases the eddy 

current losses, and optimized dielectric properties were observed to suggest that these samples 
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are favorable for many high-frequency applications which is the requirement of modern 

electronic devices.       

 

    

2. Experimental details 

2.1. Chemicals and reagents 

Initially, the following metal nitrates were used for the synthesis of Sr2Ni2GaxFe12-xO22 

(x=0.00, 0.2, 0.4, 0.6 and 0.8): Strontium nitrate (Sr(NO3)2), Nickel nitrate 6-hydrate 

(Ni(NO3)2.6H2O), Gallium nitrate hydrate (Ga(NO3)3. xH2O), Iron nitrate nano-hydrate 

(Fe(NO3)2 .9H2O) and as a chelating agent citric acid (C6H8O7. 1H2O). Finally, deionized water 

was employed as the solvent. All the necessary metal nitrates and chemicals were utilized as they 

were purchased without purification. 

2.2. Synthesis procedure of Sr2Ni2GaxFe12-xO22 (0.0 ≤ x ≤ 0.8 and Δx = 0.2) 

hexaferrites 

Single phase Ga3+ substituted Sr-Ni-Y-type hexaferrites with chemical composition 

Sr2Ni2GaxFe12-xO22 (0.0 ≤ x ≤ 0.8 and Δx = 0.2) were prepared by environmentally friendly and 

low-cost sol-gel auto-ignition method. Firstly, the required amounts of metal nitrate (powders) 

and citric acid (chelating agent) were weighed in stoichiometric ratios and dissolved in separate 

beakers containing the deionized water necessary. Further, these metal nitrate solutions were 

stirred for 5-6 minutes to acquire uniform solutions. These solutions were mixed in five different 

clean beakers according to their desired stoichiometric ratios. They were kept on magnetic 

stirrers for continuous stirring and heating up to 45 ˚C by fixing the Temperature. By adding a 

chelating agent, the pH of the solutions was between 10 – 12, which was reduced to 7 by pouring 

a concentrated solution of ammonium hydroxide (30-33% NH3) in a dropwise manner. With the 

addition of ammonia, the color of the solutions was changed, and the pH was maintained at 7. 

Further, increased Temperature of up to 80 – 85 ˚C of magnetic hot plates and constant 

stirring for about 5-6 h to produce gel by the evaporation of water. The viscous gel was 
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automatically burnt and transformed into fluffy texture ash. After 15 minutes of grinding in a 

pestle and mortar, the fluffy precursor ash was converted to a fine powder. Finally, it was 

sintered in a digitally controlled box furnace at 1423 K for 5.5 h then sintered powders were 

ground to obtain a fine powder. For pellets formation, polyvinyl alcohol was used as a binder 

mixed in a sintered sample, then applying the pressure of 30 KN via hydraulic press for 3-4 

minutes to form a circular pellet of 7mm diameter. These pellets were again calcined at 200 ˚C 

for 30 minutes to remove the organic binder. For good ohmic contact, the silver paste was 

painted on the pellets.   

2.3. Characterization techniques 

To investigate the required phase formation and structural properties of these fabricated 

materials, they were confirmed by an XRD diffractometer (Bruker D8) using (Cu-Kα) as a 

radiation source in the angle range of 20˚-70˚. FTIR analysis was done by KBr pellet method 

technique in wave numbers 400-4000 cm-1 range using Bruker spectrometer. A two-point probe 

method measured temperature-dependent DC resistivity up to 400 ˚C using the Keithley 

electrometer model 2401 source meter. This study aims to learn more about the dielectric and 

impedance response of the fabricated samples from 1 MHz to 6 GHz. “Epsilometer R60 VNA” 

(Copper Mountain Technology) was used in this study. SEM analysis was used to understand the 

surface morphology of the synthesized samples. The magnetic behavior of Ga3+ substituted 

specimens was investigated through VSM 7400 at room temperature. 

3. Results and discussion 

3.1. Structural analysis 

XRD patterns of pure and Ga3+ substituted Sr-Ni Y-type ceramic ferrites are shown in 

Fig. 1. The observed sharp peaks in the XRD patterns confirm the phase purity and crystallinity 

of the fabricated samples. Identified peaks are well matched according to Y-type hexaferrites 

ICDD standard pattern with reference code (01-073-2035). These findings demonstrate that a 

pure single phase of Y-type hexaferrite materials formed using the sol-gel auto-combustion 

technique after only 5.5 hours of annealing at 1150 °C. In the developed samples, the peaks were 

shifted slightly in the direction of higher angle values by substitution of Ga3+ cations; this 
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shifting of peaks was associated with the difference in ionic radius of Ga3+ cation (0.62 Å) as 

compared to Fe3+ cation (0.64 Å) [19, 20]. The variation in d-spacing and decline in D (grain 

size) was observed caused by the shifting of peaks towards the higher angle values [17]. The 

lattice parameters a (Å), c (Å), and Vcell were calculated by using the following relations [21, 

22]. 

1

𝑑ℎ𝑘𝑙
2 =

4

3
[

ℎ2+ℎ𝑘+𝑘2

𝑎2 ] +
𝑙2

𝑐2                                                                                                                (1) 

𝑉𝑐𝑒𝑙𝑙 =
√3

2
𝑎2𝑐                                                                                                                                (2) 

Where d signifies the distance between two successive planes and hkl indicates the Miller indices 

correspondingly [23-25]. It was calculated that "a," "c," and Vcell decreased by increasing the 

content of Ga3+, as presented in Table 1 and figure 2. This is due to replacing Ga3+ (smaller 

ionic) cations instead of Fe3+ (larger ionic) cations. The decrease in unit Vcell was observed 

caused by the reduction in lattice parameters via the substitution content. The c/a ratio of these 

fabricated ferrites was calculated between 7.39 to 7.49, which confirms that the synthesized 

samples belong to Y-type hexagonal ferrite [26]. The variation in c/a value and unit cell volume 

with substitution content of Ga3+ is presented in Fig. 3. The crystallite size of these investigated 

ferrites depends on angle θ and FWHM (β), which was determined from the following relation; 

𝐷 =  
𝐾𝜆

𝛽𝐶𝑜𝑠𝜃
                                                                                                                                     (3) 

The values of (D) of these synthesized ceramic samples were calculated in 34- 41 nm, which 

approves that fabricated samples are in the nano range. The substitution effect of Ga3+ on the 

crystallite size and d-spacing is exposed in Fig. 4. 

Some important terms such as Dx, Db, and P (%) were calculated using the relation shown in Fig. 

5 [27] for the physical characteristics of these synthesized ferrite materials. 

𝐷𝑥= 
𝑍𝑀

𝑁𝐴𝑉𝑐𝑒𝑙𝑙
                                                                                                                                   (4) 

𝐷𝑏 =  
𝑚

𝜋𝑟2ℎ
                                                                                                                                     (5) 
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𝑃 (%) = (1 −
ρb

ρx
) × 100                                                                                                              (6) 

X-ray density (Dx) of the fabricated ferrite nano-materials was calculated from Eq. (4) [28], 

which showed that Dx was directly related to the molecular weight of ferrite ceramic samples and 

inversely related to the unit Vcell. The molecular weight of substituted (Ga) cations is greater than 

the host (Fe) ions. So in X-ray density, a non-linearly increasing trend was seen with Ga 

substitutions [29]. 

To check the quality of the fabricated samples, we calculate the porosity of the samples, which 

were affected by annealing temperature, synthesis route, and Ga3+ content. Bulk density (Db) 

was measured at 3.21 g/cm3 to 3.39 g/cm3, which is always less than Dx by the occurrence of 

pores as they originated during the annealing of ceramic samples. The present investigation 

calculated porosity at 37.15 % to 32.74 %. Hence the ceramic samples were densified by the 

Ga3+ substitution content [30]. 

To investigate the variation in some other critical mechanical factors such as microstrain (ɛ), 

specific surface area (S) [31], stacking fault co-efficient (α) and dislocation density (δ) were 

measured from the XRD analysis by equations (7) to (10). Their corresponding values are 

presented in Table 1. Figure 6 demonstrates the correlation between these factors and 

substitution content (x). 

𝑆 =
6000

(Dx×D)
                                                                                                                                     (7) 

ε =
β

4tanθ
                                                                                                                                        (8) 

δ =
1

D2                                                                                                                                            (9) 

α =
2π2

45√3
(

Δ2θ

tanθ
)                                                                                                                            (10) 

As determined by microstrain, crystal deformation and defects in Ga3+ substituted Y-type 

hexagonal ferrites resulted from substituting Ga metal cations for the host iron ions. These 

mechanical factors shift XRD peaks from their original positions [32]. The stacking fault co-
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efficient was accountable for explaining the planar defects in the crystal lattice, while dislocation 

density was responsible for presenting the linear defects. 

3.2. FTIR analysis  

Fig. 7 shows the FTIR spectra of Sr2Ni2GaxFe12-xO22 (0.0 ≤ x ≤ 0.8 and Δx = 0.2) Y-type 

Hexa-ferrites at room temperature were recorded in the range from 400-4000 cm-1 as this range 

gives vital information about phase, structural and chemical changes in the fabricated samples 

that produce during the annealing process. In the 400-600 cm-1 range, characteristic absorption 

bands identified the development of Sr-Ni Y-type hexaferrites, the standard features of spinel, 

and M-type hexagonal ferrites [10, 33, 34]. The two important bands were identified accurately 

at 444 and 513 cm-1. This confirms the M-O stretching vibrations at the crystal lattice's 

tetrahedral (A site) and octahedral (B site). The first signature band that was observed at 444 cm-

1  contributes stretching vibration of the metal-oxygen band at tetrahedral (Fe-O4) sites, and the 

second signature band at 513 cm-1  confirms the stretching vibration of the metal-oxygen band at 

octahedral (Fe-O6) sites [35, 36]. Significant variations were observed in absorption bands with 

the substitution of Ga3+, which confirms the inclusion of Ga3+ into Y-type hexagonal ferrite 

crystal lattice. No bands were observed in the 3500 cm-1 range, which guarantees that the ceramic 

samples are water-free, the main advantage of the sol-gel method.   

3.3. Electrical properties 

One of their most notable characteristics is the DC electrical resistivity of ferrite ceramic 

materials. Typically, high resistivity is required for most electrical applications. DC electrical 

resistivity (ρdc) of these produced ceramic samples Sr2Ni2GaxFe12-xO22 (0.0 ≤ x ≤ 0.8 and Δx = 

0.2) were determined through I-V measurement technique in the temperature range of 303-673 K 

using the pellets of definite dimensions. The silver paste was applied on pellets from the ohmic 

contact. DC electrical resistivity of under-investigated samples was examined by varying the 

substitution level and Temperature by considering the relation; ρ=AR/L, here A, R, and L are the 

area, resistance, and width of the circular pellets. 

3.3.1. Temperature dependence of resistivity 
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The relationship between Temperature and the DC electrical resistivity was calculated in the 

range of 303-673 K. 

ρ = 𝜌˳exp (ΔE/KBT)                                                                                                                    (11) 

Resistivity at room temperature T is denoted by ρ, activation energy (ΔE) is given by the slope of 

the Arrhenius plot, and KB is the Boltzmann constant [37]. Y-type polycrystalline hexagonal 

ferrite ceramic material displays semiconducting behavior with the rise in Temperature. They 

show high DC electrical resistivity at room temperature in the 109-1011 Ω cm [38, 39]. The room 

temperature DC electrical resistivity at 303 K is presented in Fig 8. 

The change in the values of electrical resistivity of Ga3+ doped materials in the temperature range 

of 303-673 K is displayed in Fig. 9, confirming the semiconducting nature of fabricated materials 

and showing kink at that point. Initially, the value of resistivity increases with Temperature, then 

suddenly decreases with Temperature. This increase in resistivity at low temperatures is due to 

the hygroscopic nature of these synthesized materials because ferrite material quickly absorbs 

moisture from the surrounding atmosphere. The transition temperature after which the material 

becomes paramagnetic is called Curie temperature. Because of Temperature, thermal vibrations 

tend to disturb the orderliness of domains. Ferromagnetic materials preserve orderliness at some 

ordinary temperatures. Due to this reason, resistivity increases with Temperature in the 

ferromagnetic region. After that reduction in resistivity concerning Temperature in the 

paramagnetic region was observed, and many other researchers followed the same behavior and 

reported it in the literature [40]. Hence the decrease in resistivity values with Temperature 

illustrates the semiconducting behavior of Ga3+ doped Y-type hexagonal ferrites. Verwey’s 

hopping conduction mechanism is used to understand the conductivity in ferrite ceramic 

materials [41, 42]. In manufactured Sr2Ni2GaxFe12-xO22 (0.0 ≤ x ≤ 0.8 and Δx = 0.2) Y-type 

hexaferrites, electronic conduction was attributed to the sharing of electrons between metal 

cations of the same element that were in different valence states. When electrons hop from one 

ion of the same element to another, the distance between the ions and the activation energy plays 

a role. According to this mechanism, the electronic conduction in synthesized Sr2Ni2GaxFe12-xO22 

(0.0 ≤ x ≤ 0.8 and Δx = 0.2) Y-type hexaferrites was owing to the exchange of electrons between 

metal cations of the same elements available in different valence states. The hopping of electrons 

between ions of the same elements depends on the separation between these ions and the 
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activation energy. As we increase the Temperature, the charge carriers are thermally activated; 

they have sufficient power to overcome the hurdle; it also increases the drift mobility of charge 

carriers; as a result, the decline in resistivity with the rise in Temperature. In low-temperature 

ferromagnetic regions, the conduction is due to the jumping of electrons between ferric and 

ferrous ions, while in high-temperature regions, polarons are responsible for hopping [43-45].  

3.3.2. Effect of Ga3+ content on DC resistivity (ρDC) 

Table 2 and Fig. 10 illustrate the impact of Ga3+ substitution on the dc electrical 

resistivity values obtained at 303 K. Which confirms that electrical resistivity enhances from 

3.78×1010 (Ω cm) to 1.13×1011 (Ω cm) with increasing the substitution of Ga3+ at octahedral 

lattice sites. The highest resistivity value of 1.13×1011 (Ω cm) for the composition 

Sr2Ni2Ga0.80Fe11.20O22 is obtained, and its comparison with already reported resistivity values is 

presented in Table 3. Furthermore, the DC electrical resistivity of Y-type ferrite ceramics was 

powerfully affected by many parameters such as microstructure, grain size, stoichiometric 

composition, grain boundary content, porosity, and crystal imperfection. For all of these 

parameters, porosity is mainly important because pores (air/vacuum) in ferrites materials act as 

insulators. Due to this reason, the existence of porosity increases the resistivity of ferrite 

materials. In the present work, the increase in resistivity was contributed by porosity with the 

substitution of Ga3+, which increase the separation between grains, and as a result, charge carrier 

hopping decreases [17]. Ga contributed the other cause of to increase in resistivity is more 

resistive (270×10-9 Ω m) than Fe (96.1×10-9 Ω m). When Ga substitutes Fe, the resistivity of the 

fabricated material is improved, which was one of the chief objectives of the present 

investigation. The variation in log ρ with respect to substitution content (x) in the 313-673 K 

temperature range was displayed in Fig. 11. The resistivity shows random behavior up to 363 K 

temperature further as we increase the substitution of Ga3+.resistivity also increases. 

The conductivity in ferrite ceramic materials was understood by band theory or the hopping 

model of electrons. This describes the transfer of electrons between Fe2+/Fe3+ ion pairs on the 

octahedral site. When we replace Fe3+ with Ga3+ cations at the octahedral site, fewer Fe3+ ions 

are available for hopping electrons between Fe2+/Fe3+; as a result, resistivity increases [44]. 

3.3.3. Activation energy (ΔE) 
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The activation energies for prepared Sr2Ni2GaxFe12-xO22 (0.0 ≤ x ≤ 0.8 and Δx = 0.2) Y-

type ferrite ceramic materials were calculated from the relation: 

ΔE= 2.203×KB×1000×slope                                                                                                        (12) 

KB is the Boltzmann constant its value is 8.02 × 10-5 (eV/K), and the slope was determined from 

the linear fit of the plot log ρ vs. 1000/T. ΔE (activation energy) for successfully hopping 

electrons from one metal ion to the next [46]. ΔE in Para and ferromagnetic region are presented 

in Table 2. The variation in ΔE (activation energy) is directly related to the substitution content 

of Ga3+, as displayed in Fig. 12. The activation energy of the paramagnetic region is greater than 

the ferromagnetic region following the theory of Irkin and Turov. In the ferromagnetic region, 

the conduction is due to electrons hopping, so less energy is required compared to the 

paramagnetic region. In this region, the conduction is due to polaron, so more energy is required 

for polaron hopping compared to electron hopping. A high activation energy (ΔE) corresponds to 

a high resistivity (ρ) in a given material, and vice versa [47]. 

Ferrites were highly resistive materials and showed semiconductor behavior with Temperature 

due to the less availability of free charge carriers. The activation energy in ferrite ceramics relies 

on the mobility of charges rather than carrier concentration. The drift mobility μd of all Ga3+ 

substituted samples was calculated by using the relation [48]: 

𝜇𝑑=1
𝑛𝑒𝜌⁄                                                                                                                                        (13) 

In the above equation, n, e symbolizes the number and charge of electrons. Value of charge 

carrier “n” found by the relation: 

𝑛 =
𝑁𝐴𝑑𝑏𝑃𝐹𝑒

𝑀⁄                                                                                                                           (14) 

In this relation M (molecular weight), db (bulk density), NA (Avogadro’s number), and PFe devote 

the number of iron atoms in the chemical composition. The values of drift mobility increased in 

the range 9.46×10-15 (cm2v-1s-1) to 3.19×10-15 (cm2v-1s-1) were tabulated in Table 2 and shown in 

Fig. 12. The Ga3+ substituted hexaferrites with high electrical resistivity illustrate the small value 

of drift mobility and vice versa [49-51]. 

 3.4. Dielectric properties 
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The dielectric properties were essential to determine ferrite ceramic materials for many 

high-frequency applications, such as using them in integrated chip components. The dielectric 

properties of ferrite ceramic materials strongly depended on the applied frequency. They were 

influenced by many factors such as chemical composition, annealing temperature and time, 

occupation of cations on octahedral and tetrahedral lattice sites, and preparation method. 

Therefore the dielectric parameters were fundamental properties of interest for many high-

frequency applications. Thus to improve the dielectric properties of hexaferrite ceramic 

materials, the necessary condition for that is maintaining low conductivity [13]. 

3.4.1. Dielectric constant (ε)    

The permittivity or dielectric constant of Sr2Ni2GaxFe12-xO22 (0.0 ≤ x ≤ 0.8 and Δx = 0.2) 

Y-type hexagonal ferrites in the frequency of 1 MHz - 6 GHz range were calculated from pellets 

based on the equation given as 

𝐷𝑖𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 = 𝜀 =
𝐶𝑑

𝜀˳𝐴
                                                                                                 (15) 

In equation (15), C, A, and d represent the pellets' capacitance, area, and thickness, respectively. 

The permittivity of free space is ε˳. The dielectric constant behavior of synthesized 

Sr2Ni2GaxFe12-xO22 (x=0.00, 0.2, 0.4, 0.6, and 0.8) hexaferrites is shown in Fig. 13. Initially at the 

low-frequency region, the high value of permittivity is observed which suddenly decrease with 

applied frequency around 1 MHz, exhibit the ordinary behavior of ferrite ceramic samples with 

frequency due to dislocations, moisture, impurities, and voids were reported by many researchers 

[52]. Up to 2 GHz of applied frequency, the actual part of the permittivity increases significantly. 

Resonance peaks were found in the 2–4 GHz frequency band, where the dielectric constant is 

constant. The dielectric constant steadily rises with increasing frequency in the 4–6 GHz region. 

For x= 0.2 around 6 GHz, the dielectric constant is at its highest value of 2.70. The dielectric 

constant of Sr-Ni Y-type hexagonal ferrite grows more significant as the amount of Ga3+ in the 

material is increased. The electronic, ionic, dipolar, and interfacial polarization mechanisms all 

have a role in the frequency-dependent changes in the dielectric constant. The electronic 

polarization arises due to the shifting of the electronic cloud in the direction of the applied field 

[20]. The ionic polarization occurs due to ionic bonds between negative and positive ions of 

polycrystalline ferrite materials by the applied field. These two polarization processes required 
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normally high frequency (109 to 1012 Hz). The orientation polarization arises due to the 

alignment of dipoles in the direction of an applied field. The Maxwell-Wagner model was used 

to understand the interfacial polarization at the two-material interface and depends on the charge 

carrier conductivity in these two materials [53]. Polycrystalline ferrite ceramic samples contain 

electrically conducting grains by the regular arrangement of atoms broken at resistive thin grain 

boundaries. The accumulation of charges at resistive grain boundaries produces interfacial 

polarization. These accumulated charges at grain boundaries increase the interfacial 

polarizations, which enhances the dielectric constant. Some other factors are also responsible for 

the increase in interfacial polarization, i.e., oxygen vacancies, grain boundary defects, and local 

valence variations were the other reasons for the increase in dielectric constant [12]. 

Conduction in nanoscale ferrite ceramics is promoted by exchanging electrons among ferrous 

and ferric ions. In the present investigation, the increase in dielectric constant with Ga3+ 

substituted Sr2Ni2GaxFe12-xO22 (0.0 ≤ x ≤ 0.8 where Δx = 0.2) Y-type hexagonal ferrites is due to 

the site preference of Ga at the octahedral site. The highest value of permittivity was observed 

for Ga3+ substitution at x= 0.2. The comparison of dielectric results with the already reported 

results is listed in Table 4 [13, 54].   

3.4.2. Dielectric loss (ε') 

Fig. 14 illustrates the variation in ε' with applied frequency and substitution content of 

Ga3+. The imaginary part of permittivity indicates the dissipation of energy due to the dominant 

conduction process in ferrite ceramic material was the hopping of electrons and the effect of 

different types of polarization mechanism that is produced with the application of frequency in 

the range of 1 MHz- 6 GHz [55]. In this study, the imaginary part of dielectric permittivity 

remains constant up to 1 GHz. After that, the values ε' increases with applied frequency up to 6 

GHz. With increasing the substitution content of Ga3+, the losses also increased. This 

enhancement in dielectric loss is due to different types of polarization mechanisms, the 

contribution of grain boundaries, the site occupied by cations at their respective sites, and the 

ionic radius of the substituted cations [56, 57]. 

3.4.3. Dielectric tan loss 
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 Tangent loss of the fabricated Y-type polycrystalline materials is depicted in Fig. 15. The 

tan (δ) indicates the dissipation of electrical energy in ferrite ceramic materials due to various 

physical parameters such as electrical conduction, dielectric resonance, and dielectric relaxation. 

The dielectric losses originated due to the delay between the electric displacement vector and the 

applied electric field. In the present investigation tan (δ) increases with the applied frequency. 

The Maxwell-Wagner theory explains this rising trend of tan (δ). This observed tan (δ) behavior 

is like an imaginary part of dielectric loss as a function of applied frequency. Conduction in the 

low-frequency band (1 MHz-2 GHz) is primarily due to grain boundaries. Due to the resistive 

nature of grain boundaries, they operate as a hurdle for charge carriers, so a sufficient amount of 

energy is required for successful hopping. So in this region, tan (δ) remains constant. With more 

rise in frequency up to 6 GHz, the dielectric tangent loss enhanced, and some resonance peaks 

were observed in this due to matching the applied frequency with the hopping of electrons. The 

tan (δ) also increases with the substitution level of Ga3+, which is greatest at x= 0.8. Other 

factors affecting the value of dielectric tangent loss are annealing Temperature, synthesis 

method, grain boundaries, porosity, dopant atoms, and dislocations.  

3.4.4. AC conductivity 

AC conductivity is associated with charge carrier movement and hopping in terms of 

Fe3+/Fe2+ at the B site. So Verwey’s hopping mechanism and mobility of charge carriers are 

responsible for the conduction process in polycrystalline ferrite magnetic materials, which can be 

calculated with the help of the following relation: 

𝜎𝑎𝑐=2𝜋𝑓𝜀˳𝜀′=2𝜋𝑓𝜀˳𝜀(𝑇𝑎𝑛𝛿)                                                                                                              (16) 

The variation in AC conductivity versus frequency for the synthesized Sr2Ni2GaxFe12-xO22 (0.0 ≤ 

x ≤ 0.8 and Δx = 0.2) ferrites material is displayed in Fig. 16. There is a direct relation between 

applied field frequency and AC conductivity. AC conductivity is directly related to external field 

frequency, which enhances Verwey's hopping mechanism [30, 54]. This increasing behavior is 

well described by considering Maxwell-Wagner and Koop's theory. In light of these models, the 

microstructure of polycrystalline ferrite materials consists of conductive grains that are separated 

by resistive grain boundaries. The smaller value of σac is due to grain boundaries' contribution in 

the low-frequency region. Because of the increased efficiency with which electrons can easily 
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hop between two adjacent lattice sites at high frequencies (up to 6 GHz), a significant value of 

ac is observed at this frequency range attributed to the presence of conductive grains. As we 

increase the doping level of Ga3+, the σac rises, and the maximum value at x=0.2 is observed.  

3.4.5. Quality factor (Q) 

Quality factor (Q) is reciprocal of tan(δ): Q = 1/ tan(δ) is recognized as a dissipation 

factor to evaluate the efficiency of electrical circuits in terms of their components such as an 

inductor, resistor or capacitor according to their bandwidth and losses. Y-type polycrystalline 

ferrite ceramics were very efficient materials to use in high-frequency applications because they 

exhibit very high resistivity values; due to this reason, the quality factor is significant to measure. 

The variation in quality factor concerning the substitution content of Ga3+ and field frequency is 

shown in Fig. 17. With the application of frequency, Q values increase up to 1 GHz. After that, it 

becomes decreasing, attains the constant value, and shows frequency-independent behavior. All 

the fabricated samples revealed optimized dielectric parameters such as high Q values and low 

dielectric losses. A very high Q value is observed between 10000-12000. If the Q value exceeds 

1000, these materials were potentially used in high-frequency electronic devices such as high-

frequency filters, resonators, and multilayer chip inductors [52].     

3.4.6. Impedance spectroscopic studies 

The effective and powerful technique to account for the electrical transport parameters of 

ferrite ceramic materials in 1 MHz – 6 GHz frequency was determined through impedance 

spectroscopy. Real and complex parts of impedance were calculated using the relation given 

below. 

𝑍′ = 𝑍𝑐𝑜𝑠(θ)                                                                                                                              (17) 

𝑍′′ = 𝑍𝑠𝑖𝑛(𝜃)                                                                                                                             (18)  

Z represents the observed modulus of impedance and ‘θ’ denotes the phase angle. The dielectric 

factors are connected to the real Z' and imaginary Z" parts of the impedance as: 

𝑍′ =
𝜀′′

𝜔𝐶˳(𝜀′2
+𝜀′′2

)
                                                                                                                                     (19) 
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𝑍′′ =
𝜀′′

𝜔𝐶˳(𝜀′2
+𝜀′′2

)
                                                                                                                                     (20) 

Where Z', Z'' were complex impedance's resistive and reactive parts [58]. The real part Z' of 

complex impedance spectra of synthesized Y-type of Sr2Ni2GaxFe12-xO22 (0.0 ≤ x ≤ 0.8 and Δx = 

0.2) samples were shown in Fig. 18. The real part of impedance value was decreased with 

frequency and merged each other with the increase in frequency. Space charge polarization is the 

cause of this behavior in polycrystalline ferrite ceramics. The substitution effect of Ga3+ Z' will 

match the applied field frequency in the low-frequency range, but above 6 GHz, it will do so 

regardless of frequency or substitution level [59, 60]. 

Figure 19 depicts the variation of the imaginary portion of the impedance (Z") as a function of 

the applied frequency. The imaginary part of impedance exhibits the decreasing behavior with 

frequency in the start, and the values of Z'' merge other and are independent of frequency in the 

high-frequency region. The Z'' shows the same behavior as Z' with applied frequency. 

Fig. 20 shows the Cole-Cole plots of synthesized Y-type of Sr2Ni2GaxFe12-xO22 (0.0 ≤ x ≤ 0.8 and 

Δx = 0.2) samples at moderate (room) temperature. Cole-Cole plots were also drawn in 

connection to other factors, which are shown below [61]: 

tan(𝛿) = 𝜀′′
𝜀′

⁄ = 𝑍′
𝑍′′

⁄ = 𝑌′
𝑌′′

⁄ = 𝑀′′
𝑀′

⁄                                                                               (21) 

The cole-Cole plot describes conducting layers of grains and resistive thin grain boundaries 

impact on understanding dielectric properties of ferrite materials [62]. In the Cole-Cole plot, we 

observe two semicircle types that identify the contribution of less resistive grains and high 

resistive grain boundaries. In the present investigation, all the samples show a single semicircle. 

High dielectric constant values are evidenced by the high resistance of these materials, which is 

caused by the influence of grain boundaries [20, 59, 63]. 

3.5 Surface morphological analysis 

SEM analysis was employed to investigate the surface morphology of the Ga3+ substituted Y-

type ferrite samples with composition Sr2Ni2GaxFe12-xO22 (x=0.00, 0.2, 0.4, 0.6, and 0.8) sintered 

at 1150 ˚C. In the present finding, the hexagonal plate-like shape of grains is confirmed, as 

depicted in Fig. 21. This type of shape is desired for microwave-absorbing devices. The SEM 
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images of all the compositions exposed that close-packed hexagonal shapes were observed with 

irregular grain size. With increasing the substitution content of Ga, the grain size increases. 

However, the accumulations of particles were observed due to the chemical changes at high 

sintering temperatures. The magnetic forces and weak Van der Waals bonds hold these 

agglomerations. The average grain size was measured in the 0.57-0.89 µm [64, 65].        

3.6 Magnetic Properties  

The MH loops for all Sr2Ni2GaxFe12-xO22 (x=0.00, 0.2, 0.4, 0.6, and 0.8) Y-type hexagonal 

ferrites are depicted in Fig. 22 show that all the compositions display a sharp rise in 

magnetization at the low applied field and slow change at a high applied magnetic field. The 

variation in magnetic parameters including (Mr), (Hc), (Ms), and squareness ratio (Mr/Ms) with 

the substitution content of Ga3+ were determined from M-H loops are listed in Table 5. The 

variations in these magnetic parameters are well understood by their cationic stoichiometry and 

occupancy of these metallic cations in S and T blocks of the ferroxplana Y-type hexagonal ferrite 

lattice. The y-type hexaferrite crystal structure consists of six different non-equivalent 

crystallographic sites out of these two tetrahedral (6cɪv and 6cɪv) and four octahedral (3avɪ, 3bvɪ, 

6cvɪ, and 18hvɪ) sites are responsible for the magnetic properties of ferrite ceramic materials are 

depicted in Table 6 [66].  

The change in the values of magnetic parameters such as Ms, Hc, and Mr with the substitution of 

Ga3+ cations in Sr-Ni Y-type ferrites is shown in Fig. 23. It is clear that both the values of Ms. 

and Mr. Increase from 68.20 to 71.78 (emu/g) and 31.63 to 33.33 (emu/g) with the increase in 

substitution content of Ga. The present finding obtained the highest saturation magnetization and 

retentivity values than the already published results for Y-type hexaferrites. The superexchange 

interaction in the spinel ‘S’ block of Y ferrite between tetrahedral 6cɪv and octahedral 3avɪ lattice 

sites of metal cations is responsible for the change in magnetic parameters. The entire 

magnetization produced in ferrite ceramic samples is determined by the total magnetization of B-

sites (octahedral) and A-sites (tetrahedral) sites and the difference between the magnetization of 

B and A  sites [67]. In the present finding, the enhancement in Ms and Mr is due to the 

distribution of cations among octahedral and tetrahedral crystal structure sites. The replacement 

of Fe3+ ions by the poorly magnetic Ga3+ ions in the spin-down magnetic moments of tetrahedral 

(6cɪv) and octahedral (6cvɪ) sites. This increase in saturation magnetization and retentivity is due 
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to the remaining net upward magnetic momentum of Fe3+ ions [68, 69]. The decline in coercivity 

value from 655.86 to 513.64 Oe was observed with the substitution of Ga3+. This decrease in 

coercivity is directly linked with a reduction in magnetocrystalline anisotropy. In addition, the 

decline in coercivity is due to the decrease in the porosity of the samples. The coercivity is 

inversely proportional to saturation magnetization, and many other researchers observed the 

same behavior. 

The Bohr magneton or magnetic moment of Sr2Ni2GaxFe12-xO22 (x=0.00, 0.2, 0.4, 0.6, and 0.8) Y 

ferrites were calculated by using the relation given below [70]: 

Magnetic moment = 
𝑀.𝑊 × 𝑀𝑠

5585
  

M.W and Ms represent the molecular weight and saturation magnetization of each composition. 

The values of magnetic momentum increase from 16.05 to 16.97, following the same behavior as 

that of saturation magnetization [71]. 

For the single-domain or multi-domain nature of synthesized materials, it is essential to 

determine their squareness ratio (Mr/Ms). If the squareness ratio is less than 0.5, synthesized 

materials are multi-domains; otherwise, single domains are natural. In our experimental data, the 

values of Mr/Ms vary from 0.48 to 0.43, which confirms that the Ga-substituted Y ferrites exhibit 

a multi-domain nature [72, 73].    
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Single phase nanostructure Ga3+ substituted ferroxplana ferrite ceramic sample 

Sr2Ni2GaxFe12-xO22 (0.00 ≤ x ≤ 0.8 and Δx = 0.2) were manufactured by sol-gel auto ignition 

synthesis. The specimens were annealed at a comparatively low Temperature of 1150 ˚C for 5.5 

hours. Lattice parameters (a, c) vary with the incorporation of Ga3+ in the crystal lattice. The 

crystallite size (D) was measured in the 34 – 41 nm range. FTIR analysis exhibits two 

characteristic peaks in 444-513 cm-1, confirming metal-oxygen bonds resulting in polycrystalline 

Y-type hexaferrites. Room Temperature DC resistivity increases (3.78×1010-1.13×1011 Ω cm) 

with the substitution of Ga3+ due to its strong preference for octahedral lattice sites. There is a 

direct relation between resistivity and activation energy. Conduction in the ferromagnetic region 

below the Curie point is caused by electrons, while polarons are responsible in the paramagnetic 

region. Multi domains nature of synthesized materials is confirmed by its squareness ratio (0.48-

0.43). Coercivity (655.86-507.86 Oe) confirms synthesized materials' soft magnetic nature, 

which is desirable for longitudinal recording media. Optimized dielectric parameters were 

achieved with the substitution of Ga3+ ions. The high value of resistivity and Q values suggested 

that these materials are powerful candidates for (MLCIs) components and high-frequency 

applications. 
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Table 1 

Various structural parameters including lattice parameters (‘a’ and ‘c’), volume of unit cell 

(Vcell), full width at half maxima (β), crystallite size (D), bulk density (Db), x-ray density (Dx) 

and porosity P (%), specific surface area (S) and Microstrain (ε) of Sr2Ni2GaxFe12-xO22 (0.00 ≤ x 

≤ 0.8 and Δx = 0.2). 

X 0.00 0.2 0.4 0.6 0.8 

d (Ǻ) 

2.51 2.5 2.5 2.51 2.51 

β (˚)  

0.2202     0.2411 0.2301 0.1997 0.218 

D (nm) 
37.48 34.25 35.88 41.33 37.86 

a (Ǻ) 5.89 5.78 5.80 5.89 5.89 

c (Ǻ) 43.54 43.38 43.48 43.60 43.57 

c/a 7.39 

 

7.49 

 

7.39 

 

7.40 

 

7.39 

 

V(Ǻ3) 1307.42 

 

1257.93 

 

1302.19 

 

1308.87 

 

1310.61 

 

Dx (g.cm-3) 
5.01 5.22 5.05 5.04 5.04 

Db (g.cm-3) 
3.21 3.28 3.36 3.22 3.39 

P (%) 
35.86 37.15 33.47 35.94 32.74 

Molecular weight (amu) 1314.76 1317.54 1320.31 1323.09 1325.86 

S (107cm2g-1) 
31.95 33.56 33.11 28.8 31.44 

Dislocation density δ (10-3 nm-2) 
0.71 0.85 0.78 0.58 0.7 

Microstrain ε (10-3) 
2.98 3.25 3.11 2.7 2.95 

Stacking fault coefficient (α) 
0.0004 0.007 0.004 0.0004 0.0004 
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Table 2 

DC electrical resistivity (ρDC) at 303 K, curie temperature, activation energy of paramagnetic 

region (Ep), activation energy of ferromagnetic region (Ef) and drift mobility (μd)  of Gd3+ 

substituted Y-type hexaferrites Sr2Ni2GaxFe12-xO22 (0.00 ≤ x ≤ 0.8 and Δx = 0.2). 

 

X ρ at 303 K 

     (Ω cm) 

Tc 

(K) 

PM region Ep 

             (eV) 

          

 

FM region Ef 

             (eV)                              

ΔE=Ep-Ef 

          (eV) 

μd  at 303 K 

(cm2v-1s-1) 

 

0.00 

 

3.78×1010 
333 0.57 0.15 0.42 9.46×10-15 

 

0.2 

 

9.51×1010 
333 0.54 0.15 0.39 3.71×10-15 

 

0.4 

 

1.92×1010 
333 0.55 0.35 0.20 1.82×10-14 

 

0.6 

 

3.89×1010 
353 0.63 0.19 0.44 9.57×10-15 

 

0.8 

 

1.13×1011 
343 0.64 0.03 0.61 3.19×10-15 

 

Table 3 

Comparison of the DC electrical resistivity with different Y-type hexaferrites at 303 K. 

Sr.No. Compound Composition Synthesis method ρdc (Ω cm) Reference 

1 Sr2Co2Ti0.5Ni0.5Fe11O22 Sol-gel 4.9 × 109 [44] 

2 Sr2Co1Ni1.0Eu0.1Fe11.90O22 Microemulsion 3.07 × 109 [43] 

3 Ba2Zn2Tb0.10Fe11.90O22 Sol-gel 4.73 × 108 [48] 

4 Sr2Ni1.4Mn0.6Fe10.5Cr1.5O22 Sol-gel 7.37 × 109 [39] 

5 Sr1.90Nd0.01Co2Mn1Fe11O22 Sol-gel 2.376 × 109 [52] 

6 Sr2Ni2Ga0.80Fe11.20O22 Sol-gel 1.13×1011 Present Work 
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Table: 4  

Comparative study of dielectric constant (ε') and dielectric loss (ε'') for Y-type hexagonal ferrites 

at different frequency regions 1 MHz, 3 GHz and 6 G Hz with other researcher work. 

 

Sr. 

No. 

 

Composition 

 

1 MHz 

 

3 GHz 

 

 

6 GHz 

 

Reference 

 

ε' 

 

ε'' 

 

ε' 

 

ε'' 

 

ε' 

 

ε'' 

 

01 

 

Sr2Co2Fe12-2xMnxGexO22 

(x=0.0, 0.1, 0.2, 0.3, 0.4, 0.5) 

 

14.70 

 To  

11.25 

 

5.80 

 To 

2.90 

 

14.80 

 To 

7.5 

 

2.80 

 To 

0.50 

 

-- 

 

-- 

 

[41] 

 

02 

 

Sr2Co2Fe12-2xTixNixO22 

(x=0.0, 0.1, 0.2, 0.3, 0.4, 0.5) 

 

16.0 

 To  

6.0 

 

2.40  

 To 

1.0 

 

14.10 

 To  

3.10 

 

1.70 

 To 

0.40 

 

-- 

 

-- 

 

[44] 

 

03 

 

Sr2Ni2Dyx Fe12-xO22 

(x=0.0, .05, .10, .15, .20, .25) 

 

5.60 

 To 

3.80 

 

0.45 

 To 

0.24 

 

5.50 

 To 

3.60 

 

0.20 

 To 

0.22 

 

-- 

 

-- 

 

[10] 

 

04 

 

SrBaCu2-xNixNdyFe12-yO22 

(x=0-1.0, y=0.0-0.1) 

 

5.10  

 To  

2.50 

 

1.20  

 To 

0.34 

 

3.20  

 To 

2.20 

 

0.45 

 To 

1.0 

 

-- 

 

-- 

 

[12] 

 

05 

 

SrBaNi2ZrxCoxFe12-2xO22 

(x=0.0, 0.25, 0.50, 0.75, 1.0) 

 

2.99  

  To 

4.71 

 

0.01 

 To 

0.71 

 

2.27 

 To 

2.68 

 

0.30 

 To 

0.77 

 

2.76 

 To 

3.46 

 

0.65 

 To 

1.41 

 

[61] 

 

06s 

 

Sr2Ni2GaxFe12-xO22 

(x=0.00, 0.2, 0.4, 0.6, 0.8) 

 

2.91 

 To 

3.16 

 

0.00 

 To 

0.00 

 

2.21 

 To 

2.30 

 

0.24 

 To 

 0.29 

 

2.60 

 To 

 2.70 

 

0.34 

 To 

 0.44 

 

Present 

work 
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Table: 5  

Magnetic parameters of Sr2Ni2GaxFe12-xO22 (x=0.00, 0.2, 0.4, 0.6 and 0.8) measured at room 

temperature. 

Sr. No. Ga3+ content (x) Ms (emu/g) Mr (emu/g) Hc (Oe) Mr/Ms nB 

1 0.0 68.20 31.63 655.86 0.46 16.05 

2 0.2 64.12 30.92 507.86 0.48 15.13 

3 0.4 71.78 33.33 619.60 0.46 16.97 

4 0.6 69.40 31.23 446.58 0.45 16.44 

5 0.8 70.22 30.36 513.64 0.43 16.67 

 

Table: 6  

Distribution of the ions and spin orientation for the various sub-lattices of Y-type hexagonal 

ferrite. 

Sublattice Coordination Block Number of ions Spin 

6cɪv Tetrahedral S 2 Down 

3avɪ Octahedral S 1 Up 

18hvɪ Octahedral S-T 6 Up 

6cvɪ Octahedral T 2 Down 

6cɪv Tetrahedral T 2 Down 

3bvɪ Octahedral T 1 Up 
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Fig. 1. XRD patterns for Sr2Ni2GaxFe12-xO22 (0.00 ≤ x ≤ 0.8 and Δx = 0.2) Y-type hexagonal 

ferrites. 
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Fig. 2. Variation in lattice parameter “a” and “c” of Sr2Ni2GaxFe12-xO22 (0.00 ≤ x ≤ 0.8 and Δx = 

0.2) hexagonal ferrites. Jo
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Fig. 3. Variation in unit cell volume and c/a with Ga3+ substitution content (x). 
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Fig. 4. Variation in crystallite size (D) and d-spacing of Sr2Ni2GaxFe12-xO22 (0.00 ≤ x ≤ 0.8 and 

Δx = 0.2) hexagonal ferrites. 
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Fig. 5. Variation in X-ray density, experimental density and porosity with substitution content of 

Ga3+. 
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Fig. 6. Variation in Dislocation density (δ), Micro strain (ε), and Stacking fault coefficient (α) 

with substitution content of Ga. 
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Fig. 7. FTIR spectra of Sr2Ni2GaxFe12-xO22 (0.0 ≤ x ≤ 0.8 and Δx = 0.2) Y-type hexagonal 

ferrites.  
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Fig. 8. Variation in DC electrical resistivity (ρdc) and Curie temperature (Tc) of Sr2Ni2GaxFe12-

xO22 (0.00 ≤ x ≤ 0.8 and Δx = 0.2) Y-type hexagonal ferrites. Jo
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Fig. 9. 1000/T versus log ρ of Ga3+ substituted Sr2Ni2GaxFe12-xO22 (0.00 ≤ x ≤ 0.8 and Δx = 0.2) 

Y-type hexagonal ferrites. Inset clearly shows the Curie temperature after which the 

ferrimagnetic materials become paramagnetic materials.   
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Fig. 10. Temperature T (K) versus log of DC resistivity of Ga3+ substituted Sr2Ni2GaxFe12-xO22 

(0.00 ≤ x ≤ 0.8 and Δx = 0.2) Y-type hexagonal ferrites.    Jo
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Fig. 11. Graph between log of resistivity and concentration content of Ga3+ substituted 

Sr2Ni2GaxFe12-xO22 (0.00 ≤ x ≤ 0.8 and Δx = 0.2) Y-type hexagonal ferrites at different 

temperature range (313 K-673 K).     

Jo
urn

al 
Pre-

pro
of



12 
 

 

Fig. 12. Graphical representation of activation energy (ΔE) and drift mobility with substitution 

content of Ga3+.  Jo
urn
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Fig. 13. The variation in dielectric constant values of Sr2Ni2GaxFe12-xO22 (0.00 ≤ x ≤ 0.8 and Δx 

= 0.2) Y-type ferrites with applied frequency. 
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Fig. 14. The variation in dielectric loss values of Sr2Ni2GaxFe12-xO22 (0.00 ≤ x ≤ 0.8 and Δx = 

0.2) Y-type ferrites with applied frequency. 

Jo
urn

al 
Pre-

pro
of



15 
 

 

Fig. 15. The variation in Tan loss values of Sr2Ni2GaxFe12-xO22 (0.00 ≤ x ≤ 0.8 and Δx = 0.2) Y-

type ferrites with applied frequency. 
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Fig. 16. The variation in ac conductivity values of Sr2Ni2GaxFe12-xO22 (0.00 ≤ x ≤ 0.8 and Δx = 

0.2) Y-type ferrites with applied frequency. Jo
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Fig. 17. The variation in Q-values versus frequency of Sr2Ni2GaxFe12-xO22 (0.00 ≤ x ≤ 0.8 and Δx 

= 0.2) Y-type hexaferrites. 
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Fig. 18. The variation in Z' versus frequency of Sr2Ni2GaxFe12-xO22 (0.00 ≤ x ≤ 0.8 and Δx = 0.2) 

Y-type hexaferrites. 
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Fig. 19. The variation in Z'' versus frequency of Sr2Ni2GaxFe12-xO22 (0.00 ≤ x ≤ 0.8 and Δx = 0.2) 

Y-type hexaferrites. 
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Fig. 20. Cole-Cole plot of Sr2Ni2GaxFe12-xO22 (0.00 ≤ x ≤ 0.8 and Δx = 0.2) Y-type hexaferrites. 
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Fig. 21. SEM micrographs of Sr2Ni2GaxFe12-xO22 (0.00 ≤ x ≤ 0.8 and Δx = 0.2) Y-type hexagonal 

ferrites. 
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Fig. 22. Hysteresis loops of Sr2Ni2GaxFe12-xO22 (x=0.00, 0.2, 0.4, 0.6 and 0.8) Y-type hexagonal 

ferrites. 
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Fig. 23. The variation of Ga3+ concentration vs magnetic parameters for Sr2Ni2GaxFe12-xO22 

(x=0.00, 0.2, 0.4, 0.6 and 0.8) Y-type hexagonal ferrites. 
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