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Abstract: The SrNixFe12−2xO19 (where x = 0.0–0.8) hexaferrites powders were synthesized using Co-

precipitation method and the pellets were prepared at 1100 °C/4 h in muffle furnace. XRD, FTIR, SEM 

and EDS analysis were used to analyze the samples structural parameters. The changes in the lattice 

parameters ‘a’&‘c’ are due to the differences in ionic radii. The average grain size (<D>) was estimated 

from SEM images and found to be in between 1.713 m (x = 0) - 0.549 m (x = 1.0). Observations 

indicated a decrease in saturation magnetization decreased from 68 emu/g (x = 0.0) to 50 emu/g (x = 

0.6) and for x > 0.6, MS increases to 64 emu/g (x = 0.8). The coercivity exhibit anisotropic variation 

with doping concentration. In the present investigation, the samples shows ε = 487; tanδ = 1.97 for x = 

0.6, and ε = 181; tanδ = 1.01 for x = 0.8, respectively. The observed results can be explained on the 

basis of composition,relaxationphenomena and super exchange interaction. 
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1. Introduction 

Current research focuses on altering dielectric, magnetic, and structural properties of 

hexaferrite by doping different divalent and trivalent cations at iron sites to get suitable 

saturation magnetization, coercivity, and dielectric properties for specific high-frequency 

applications. There are several articles on substituting the Fe3+ ions by magnetic or non-

magnetic 3+ ions but fewer studies on substitution of Fe3+ ions by magnetic or non-magnetic 

2+ ions in Ba-SrFe12O19 hexaferrite. Researchers reported that when trivalent cations such as 

Ce3+ [1], Sm3+ [2], Ga3+ [3] were substituted for Fe3+ ions increased the coercivity of Barium 

hexaferrite while substituting Al3+ [4], and Cr3+ [5] at Fe3+ decreased the coercivity. The 

substitution of Fe3+ ions by divalent metal cations such as Ca2+ [6], Co2+ [7], Mn2+ [8], Cu2+ 

[9] and Ni2+ [10-11] altered the structural, magnetic and dielectric properties. Monitoring of 

ferrites indicated that their properties are highly affected due to altered chemical composition, 

distribution of cations in the crystal lattice, and synthesis method. 

Different synthesis methods were reported for the preparation of hexaferrite, such as 

solid-state method [12-15], co-precipitation [16-19], sol-gel [20-22], and microwave 

hydrothermal [5], each though each method has its advantages and disadvantages. Therefore, 

in the present investigation, the Fe3+ ions were substituted by Ni2+ ions in SrFe12O19. The 
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substitution of Fe3+ by Ni2+ in SrFe12-xNixO19 will change the structural, magnetic, and dielectric 

properties because the ionic size and ionic sates are different for Fe3+and Ni2+ions. This 

substitution may create holes or oxygen vacancies in the system, which leads to a decrease in 

saturation magnetization. Pratap Behera et al. [10] prepared the BaFe12−xNixO19(x = 0 - 0.5) 

hexaferrite by sol-gel method and observed that MS decreased from 68.16 emu/g (x = 0) to 8.99 

emu/g (x = 1) with increase in Ni2+ion concentration. Mousavi Ghahfarokhi et al. [11] used the 

combustion sol-gel method to prepare SrFe12−xNixO19 nanoparticles (x = 0 - 1) and found a 

similar trend in volume and MS. 

The purpose of the present study is to synthesize the uniform distribution of particles 

using the Co-precipitation method. The Fe3+ ions were replaced by Ni2+ ions and maintained 

the stoichiometry of SrFe12-xNixO19 (0.0 ≤ x ≥ 1.0) hexaferrite. The impact of Ni2+ doping on 

the dielectric, magnetic, and structural were studied and reported in this paper. Since the ferrites 

are insulators at room temperature; therefore, their resistivity is high. Ni2+ doping into 

hexaferrite decreases the loss and dielectric constant, making them suitable for microwave 

devices and as dielectric filler in electromagnetic attenuation materials [23]. 

2. Materials and Methods 

2.1. Experimental method. 

In the present work, the SrNixFe12-xO19 (x = 0.0 – 1.0 @ 0.2 wt%) is synthesized using 

co-precipitation method. All the precursors used in the synthesis were of analytical grade 

nitrites. All the salts of ferric nitrate, strontium nitrate, and nickel nitrate were dissolved in 

deionized water as per the stoichiometry and stirred for 1 hour. A solution of 10 M NaOH was 

added to the salt solution, and the pH was maintained at ~12, and the stirring was kept 

sustained. The homogeneity of the mixture was maintained throughout by continuous stirring. 

The precipitate was filtered and washed several times using deionized water and further with 

ethanol. Washed precipitates were kept in a hot air oven (Universal itherm A1-7981) at 80 °C 

overnight. An average yield of 96% was obtained. 

Polyvinyl alcohol (binder) of 2 wt.% was mixed with synthesized powders and was 

pressed uniaxially at 800 kg/cm2 pressure to form pellets of 1.2 mm thickness and diameter of 

8 mm. Sintering of pellets at 1100 °C/4 h was done in a  muffle furnace in atmospheric air 

(Navyug India NIC-4000).  

2.2. Structural characterizations. 

The X-ray diffraction patterns were recorded for the sintered samples using an X-ray 

diffractometer (Phillips PAN analytical) with Cu- Kα irradiation (1.5406 Å) in the scanning 

range of 2θ = 20°-80° with a scan rate of 1°/min at 40 kV and 30 mA. The lattice constants 

(a&c), X-ray density (dx), and volume of the unit cell (V) were calculated using the following 

equations 

( )2 2 2

2 2 2

41

3

h kh l l

d a c

 + + 
= + 
   ; 

dx = 2M/NV; and V= a2csinθ. 

Where h, k, l are miller indices; a&c are lattice constants in Å; d is the interatomic distance in 

Å; M is the samples molecular weight, N is the Avogadro Number. A technique of non-linear 

fitting between measured and calculated diffraction patterns based on the crystal structure data 
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by the least-squares method is known as Rietveld method. Rietveld refinement for all the Ni2+ 

doped hexaferrite samples was carried out using MAUD software [24]. Fourier Transform 

Infrared (FTIR) spectrum was recorded on Brucker – Tensor 27 spectrometer in the mid-IR 

range of 4000 – 400 cm-1 with a resolution of 4 cm-1. The samples were prepared using KBr 

pellet method. A 2 mg of sintered powder was mixed with 300 mg of KBr powder 

(spectroscopic grade) and ground thoroughly to get a homogeneous mixture, which was pressed 

into 13 mm diameter pellets at 10 tons pressure. The pellets were then heated at 110 °C for 2 

to 3 hours. The microstructural analysis was carried out using a Scanning Electron Microscope 

(SEM) (Tescan, Vega 3 LMU) coupled with energy-dispersive X-ray spectroscopy (EDS) was 

used for elemental and morphological information. Image J software was used for the in-depth 

understanding of sample's microstructure (mean grain size, grain size distribution, histograms), 

and the effect of Ni doping on the granular structure [25]. Measurements of magnetization 

versus magnetic field (M–H) loops using vibrating sample magnetometer (VSM) Lakeshore 

7500, USA at normal temperature was used to study the magnetic properties that include 

coercive field (Hc), saturation magnetization (Ms), and remnant magnetization (Mr). The 

frequency variation of dielectric constant and loss (ε & tan δ) were measured using LCR meter 

(PSM 1705) in the range 102– 106 Hz at room temperature.  

The dielectric constant (ε) was determined using the relation:  

ε = Cd/ε0A 

where C the pellet's capacitance in farads, d is the thickness of the pellet in meters, A the pellets 

cross-sectional area, and ε0 the permittivity of free space. 

tan δ = Rs/ωLs, where ω, Rs and Ls are the angular frequency, circuit resistance and circuit 

inductance. For good electrical contacts for measurements, the sintered pellets were coated 

with silver paste with approximately 1 µm thickness. 

3. Results and Discussion 

3.1. XRD analysis. 

XRD is a versatile and non-destructive technique used for phase identification, 

measurement of crystallite size, and other structural parameters. Fig. 1 (a) displays the XRD 

patterns of Ni2+ doped SrFe12O19 (x = 0 to 1 with intervals 0.20) in which all diffraction peaks 

were indexed with JCPDS card No’s: 33-1340 within space group P63/mmc (no.194) 

(SrFe12O19), 33- 0664 (α-Fe2O3) and 73-1523 (NiO), 74-1913 (NiFe2O4), and it is found that 

all the peaks were matched well with the hexaferrite phase.  

 
Figure 1. (a) X-ray diffraction patterns of Ni2+substituted SrFe12O19 (0.0 ≤ x ≥ 1.0) hexaferrites. 
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The miller indices (1 0 7) and (1 1 4) are the characteristic peaks of SrFe12O19. No 

impurity phases were observed for x = 0.0 up to 0.4 concentration. At higher concentrations (x 

≥ 0.6) of Ni2+ ions doping, the secondary phases such as α-Fe2O3 and NiFe2O3 were observed. 

The NiFe2O3 phase is dominant at higher (x = 1.0) dopant concentrations [11] due to smaller 

strontium hexaferrite units similar to S-shaped cubic block having spinel-like structure and R 

shaped hexagonal block containing Sr ions. The additional α-Fe2O3 phase (2θ = 33.10°) is 

observed, and it is more prominent at higher concentrations of Ni2+ doping. The charge 

neutrality in hexaferrite occurs when one cation replaces another cation compensating Fe ions 

(Fe2+ ↔ Fe3+) [26] among them. When Fe3+ ions are replaced by Ni2+ ions at B sites probability 

of Fe2+ reacting with oxygen to form a-Fe2O3 phase is high, which is evident from XRD 

(Fig.1a). There is no effect of the hematite phase on the magnetic properties of current samples 

since it is non-magnetic.  

 
Figure 1. (b) Rietveld refinement of Ni2+substituted SrFe12O19 (x = 0.0 & 1.0) hexaferrites. 

Figure 1(b) shows the Rietveld refinements for sample x = 0.0 and 1.0. Rietveld 

refinements of XRD patterns for all samples were carried out using MAUD software using 

P63/mmc space group and R3c used for the second phase, which indicated a good correlation 

between calculated and experimental data. The lattice parameter (a&c), Rp (profile fitting R-

value), Rwp(Weighted profile R-Value), RBragg (Bragg value), Rexp (expected value),Sig 

(goodness of fit (GOF) quality factor), X-ray density (dx), and unit cell volume (V) were 

tabulated in Table 1. The least values of Rp, Rwp,and Sig(GOF) indicate good quality samples 

and effective refinement. The increase in lattice constants with the addition of Ni+2 (0.69 Å) is 

because of Ni+2 ionic radius being greater than that of Fe+3 (0.645 Å) ions [10]. Our results are 

comparable with Pratap Behera et al. [10], where they reported an increase in the lattice 

parameters with Ni+2 doping in Barium hexaferrite synthesized using sol-gel method and 

sintered at 1150 ºC / 12 h. Mousavi Ghahfarokhi et al. [11] prepared SrFe12−xNixO19 

nanoparticles (x = 0.0 - 1.0) by a combustion Sol-gel method. The changes in unit cell volume 

(V) with Ni+2 doping is due to the incorporation of Ni2+ ions into the unit cell of SrFe12O19 

confirms that Fe2+/3+ ions are replaced by Ni2+ ions. The c/a ratio is less than 3.98, which shows 
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that the present samples belong to a hexagonal structure [27]. The changes in X-ray density 

with Ni2+ doping are due to the changes in the molar mass of the sample [28]. 

Table 1. The lattice parameters a and c, unit cell volume (V), X-ray density (dx), and Rietveld refinement 

parameters of SrFe12-xNixO19 samples. 

Parameters x = 0.0 x = 0.2 x = 0.4 x = 0.6 x = 0.8 x = 1.0 

Rp(%) 1.38 1.65 2.45 2.22 2.02 2.21 

Rwp(%) 1.54 1.45 3.05 1.68 2.52 2.73 

RBrag(%) 1.35 1.34 1.86 1.55 2.03 2.45 

Rexp(%) 10.22 11.20 10.54 10.74 11.51 11.56 

Sig (GOF) 1.38 1.37 2.90 1.54 2.19 2.35 

a (Å) 5.879 5.881 5.880 5.884 5.886 5.883 

c (Å) 23.0468 23.0478 23.0620 23.0627 23.0695 23.0510 

c/a 3.920 3.919 3.922 3.919 3.919 3.918 

V (Å3) 689.82 690.32 690.51 691.47 692.14 690.88 

dx (g/cm3) 5.100 5.109 5.116 5.107 5.094 5.103 

Avg grain size 

(μm) from SEM 

1.713 1.470 0.902 0.776 1.274 0.549 

3.2. SEM and EDS analysis. 

Fig.2 shows the SEM micrographs, histograms of grain size of SrNixFe12-xO19 (x = 0.0 

-1.0), and energy dispersive spectrum (EDS).  

 
Figure 2. SEM images (0.0 ≤ x ≤ 1), histogram of grain size (0.0 ≤ x ≤ 1) and EDS of Ni2+ doped SrFe12O19 (0.2 

≤ x ≤ 1) hexaferrites.(f) represents the histogram for wt% percentage of the elements with varying composition. 

It clearly shows that the grains have a hexagonal shape (plate-like structure for x). The 

values of average grain sizes are listed in Table 1 and found between 1.713 (x = 0) – 0.49 m 

(x = 1.0). The hexagonal shape is clearly seen for x = 0.0 to 0.6 and x > 0.2, the particles are 

agglomerated. Along with a hexagonal plate-like structure, a small amount of α-Fe2O3 and 
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NiFe2O4 (seen in XRD, Fig. 1a) can be seen. With Ni2+ doping, the agglomeration of grains 

increased. The variation in grain size was due to the agglomeration of the particle collections, 

which resulted in inhomogeneous size distribution. 

Energy Dispersive X-ray Spectroscopy (EDS) is a technique of analyzing an element 

that can give information related to the chemical composition of a sample. It is a qualitative as 

well as a quantitative technique. Confirmation of chemical composition of SrNixFe12-xO19 ( x = 

0.2 - 1.0 in steps of 0.2 wt% ) can be done through the quantitative elemental analysis by using 

EDS spectrometer attached to the SEM for all samples. Table 2 shows the estimated and 

obtained EDS results for doped samples indicating atomic percentage (wt %) of Ni, Sr, O, and 

Fe, which correlate with designed composition, and these elements are found to be evenly 

distributed throughout the entire area, which reveals uniform chemical phase.  

Table 2. EDS data for Ni substituted SrFe12O19hexaferrites. 

Sample Estimated wt % of elements Obtained wt % of elements from EDS 

Sr Fe Ni O Sr Fe Ni O 

x = 0.2 8.248 62.032 1.105 28.615 8.248 61.890 1.100 28.760 

x = 0.4 8.243 60.948 2.209 28.599 8.243 60.775 2.205 28.59 

x = 0.6 8.239 59.867 3.310 28.584 8.239 59.980 3.298 28.49 

x = 0.8 8.235 58.784 4.413 28.568 8.235 58.792 4.360 28.46 

x = 1.0 8.230 57.703 5.513 28.554 8.230 57.810 5.454 28.5 

3.3. FTIR analysis. 

Figure 3, depicts FTIR spectra for Ni2+ doped SrFe12O19 (0.0 ≤ x ≤ 0.8) measured in the 

range 400–4000 cm-1. The absorption bands are seen between 590 cm-1–610 cm-1 and 400cm-

1–450 cm-1 were due to tetrahedral and octahedral bands of hexaferrite.  

 
Figure 3 FTIR spectrum for Ni2+ doped SrFe12O19 (0.0 ≤ x ≤ 0.8) hexaferrites. 

The changes in the tetrahedral and octahedral bands are due to the changes that occurred 

in the Fe3+ - O2- bands because of Ni2+ doping [29]. The bands of metal-oxygen stretching 

vibrations are observed around 550 cm-1 and 590 cm-1 show the formation of hexagonal 

structure [30]. The peak shift to the higher wavenumber side is due to the distance between 

Fe3+ and O2- ions with increasing doping concentration. The stretching and bending vibration 

band of Sr-O and Fe-O observed around 910 cm-1 and 1020 cm-1, respectively [31]. The band 

intensity decreased with Ni2+ doping concentration are due to ionic replacement and changes 
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in the magnetic dipole moment. Fig. 3 also shows two bands at 1388 cm-1 and at 3400 cm-1 

corresponds to NO3- stretching vibration and O-H group, respectively. 

3.4. Magnetic studies. 

Fig. 4(a) shows the hysteresis loops of Ni2+ doped SrFe12O19 (0.0 ≤ x ≥ 0.8) at room 

temperature, indicating that the samples are magnetically ordered. The saturation 

magnetization (MS), remanence (Mr), the ratio of Mr/MS, and coercivity (HC) were tabulated in 

Table 3. It is clear from Fig. 4(b) that saturation and remnant magnetization decreased with x 

up to 0.6 and then increased with further doping of Ni2+. The value of MS decreases from 68 to 

50 emu/g (x = 0.0 to x = 0.6) and for x> 0.6, MS is increased to 64 emu/g (x = 0.8). In hexaferrite, 

one tetrahedral (4f1), three octahedral (2a, 12k, and 4f2), and one trigonalbipyramidal (2b) sites 

are present. Three sites (2a, 12k and 2b) are of parallel (spin up, ) while two sites (4f1 and 4f2) 

are of antiparallel spins (spin down, ) [9]. The ferromagnetic structure is formed by a 

superexchange interaction between the iron atoms in the structural sites through O2- ions [32]. 

The increase of Ni2+cations replaces Fe3+ ions, (x = 0 to 0.6), the saturation magnetization (MS) 

decreased as the magnetic moment per unit volume decreased. For x> 0.6, MS is increased 

because, at higher concentrations of x, a very small amount of NiFe2O3 as a secondary phase 

is formed (seen in XRD, Fig.1). The substitution of higher concentration of Ni2+ ions increase 

the superexchange interaction between Fe3+ ions at spin up sites and therefore the MS increased 

from 50 emu/g (x = 0.6) to 64 emu/g (x = 0.8).  

 
Figure 4. (a) Room temperature magnetic hysteresis loops of SrNixFe12-xO19 (0.0 ≤ x ≥ 0.8) (b) Dependence of 

Magnetic data (Ms, Mr, and Hc) with Ni2+substitution. 

The range of squareness ratio (Mr/MS) between 0.560-0.656 confirms the single domain 

of prepared samples [33-36]. The coercivity (HC) increased anisotropically with doping. The 

value of HC increased for x = 0.2 and then decreased uptox = 0.6 and for x = 0.8, HC increased 

again. The substitution of ions at octahedral (12k, 4f2) and trigonal bi-pyramidal (2b) sites 

contributes to magnetocrystalline anisotropy in hexaferrite. The decrease in coercivity for x = 

0.2 to 0.6 may be related to the magnetocrystalline anisotropy field [9]. The increase in HC for 

x = 0.8 is due to the formation of impurity phases, which is evident from XRD (Fig.1a) and 

SEM (Fig. 2), respectively. 
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Table 3. Room temperature data of Ms, Mr, Hc, ε and tanδ (at 100 Hz) for Ni2+ doped strontium hexaferrite. 

x Ms 

(emu/g) 

Mr 

(emu/g) 

Mr/Ms Hc 

(Oe) 

ε tanδ 

 

0.0 68 43 0.632 4525 14531 6.13 

0.2 65 40 0.615 4720 10338 4.77 

0.4 59 37 0.627 4662 4489 4.50 

0.6 50 28 0.560 3602 487 1.97 

0.8 64 42 0.656 3936 181 1.01 

3.5. Dielectric studies. 

Fig. 5(a & b) shows the frequency variation of dielectric constant (ε) and tanδ for 

SrNixFe12-xO19 (x = 0.0 - 0.8) at room temperature measured between 102 to 106 Hz.  

 
Figure 5. (a) Dielectric constant (ε') and (b) tanδ as a function of log f (Hz) for SrNixFe12-xO19 hexaferrite at 

room temperature. 

Figure 5a indicates a high value of ε at 100 Hz and a low value above 1kHz due to the 

relaxation process accompanied by a relaxation peak observed in Fig. 5b (x = 0.4 & 0.6). Space 

charge polarization decreases ε value with frequency increase. The decrease in ε at a higher 

frequency is due to the lag in the change in orientation of the dipoles due to the inertial and 

spatially oriented defects [37]. The values of dielectric constant (ε) and tanδ at 100 Hz are given 

in Table 3. It is observed that ε and tanδ decreased with Ni2+ doping. Iwauchi [38] reported that 

in ferrites, the conduction mechanism and polarization are similar. It is reported that the 

hopping of electrons between Fe2+/Fe3+ at octahedral sites takes place in the conduction 

mechanism, whereas dielectric polarization might be due to conduction between positive holes 

and electrons that arise due to oxygen loss during sintering and/or substitution of metal ions 

[28]. The doping of Ni2+ ions into hexaferrite decreased dielectric constant and loss. In the 

present investigation, the samples shows ε = 487; tanδ = 1.97 for x = 0.6, and ε = 181; tanδ = 

1.01 for x = 0.8, respectively. The penetration depth of electromagnetic waves can be decreased 

by the materials possess a high dielectric constant. Therefore, the materials with lower 

dielectric constant and loss can be useful at high frequency [39-41]. 

4. Conclusions 

 The SrNixFe12-xO19 (0.0 ≤ x ≥1.0) hexaferrites were synthesized using Co-precipitation 

method and densified at 1100 ºC/4h using conventional sintering method. No impurity phases 

were observed for x = 0.0 upto 0.4 concentration but for x ≥ 0.6, secondary phases were 

observed. The changes in lattice parameters were due to the difference in the ionic radii. The 

values of average grain sizes are found between 1.713 (x = 0) – 0.49 m (x = 1.0). The MS 

decreased with x upto 0.6 and for x> 0.6, MS increased. The decrease in coercivity for x = 0.2 
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to 0.6 is may be related to the magnetocrystalline anisotropy field. The squareness ratio (Mr/MS) 

range between 0.560 - 0.656 confirming single domain of prepared samples. It is observed that 

ε and tanδ decreased with Ni2+ doping. In the present investigation, the samples shows ε = 487; 

tanδ = 1.97 for x = 0.6, and ε = 181; tanδ = 1.01 for x = 0.8, respectively. 
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