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Abstract 

PbFe12-xNixO19 nanoparticles (x = 0-1) were prepared by a sol–gel method. The influence of Ni2+ 

substitution on structural, magnetic and dielectric properties of PbFe12O19 nanoparticles was 

investigated. The samples of PbFe12-xNixO19 nanoparticles have been characterized by the X-ray 

diffractomere (XRD), Fourier transform infrared spectrometer (FT-IR), scanning electron 

spectrometer (SEM), vibrating sample magnetometer (VSM),  and an LCR meter. The results reveal 

that PbFe12-xNixO19 compounds up to x = 0.2 are single phase. The bands of absorption in the 400– 

500 cm-1  and the bands of absorption in the range of 500 -600 cm-1, corresponding to the formation of 

octahedral and tetrahedral sites which confirms the presence of metal– oxygen stretching band in 

ferrites. Also, SEM images show that by increasing Ni2+ doping grains size have been increased. 

However, for x  0.2, the secondary Ni spinel ferrite (NiFe2O4) appears which the saturation 

magnetization and magnetic coercivity decreases. In addition, Ni2+substitution reduces the dielectric 

constant, dielectric loss, and ac electrical conductivity for all samples decrease rapidly with 

increasing applied field frequency and reaches a constant value beyond a certain frequency which this 

is characteristic of the normal dielectric behaviour of ferrites and has been investigated by 

Maxwell–Wagner’s two-layer  model and Koop’s theory. The variation in ac conductivity (σac) with 

frequency shows that the electrical conductivity in these ferrites is mainly attributed to the electron 

hopping mechanism.Therefore; all single-phase Ni2+ substituted samples are suitable for use in 

magnetic recording media and microwave devices. 

Keywords: PbFe12-xNixO19 nanoparticles, Ni2+substitution, Structural properties, Dielectric 

properties, Magnetic properties 
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1. Introduction 

Recently, increasing attention has been paid to magnetic nanoparticles because of their wide 

application in industry and technology [1]. Magnetic hexaferrites have been used for many years. 

Among them, M-type hexaferritehas attracted more attention than others because of its application in 

permanent magnet, microwave devices, and high-density magnetic recording media, particularly for 

perpendicular magnetic recording [2-4]. In addition, these materials are well known because of 

excellent chemical stability, corrosion resistivity, large saturation magnetization and magnetic 

coercivity, high Curie temperature, good thermal durability, and mechanical hardness [5-10].In 

recent years, many attempts have been made to enhance the  structural, dielectric and magnetic 

properties of lead hexaferrite.One such attempt was to use the substitution of cations such as Cr3+, 

Al3+, Ga3+, and Co2+for Fe3+ sites of hexaferrites to enhance the above mentioned properties 

[7,11,12]. These substitutions strongly affect the structural, magnetic, and dielectric properties of 

hexaferrites [13]. The dielectric and magnetic properties of hexaferrites depend on the method of 

preparation, composition, and distribution of the substituted cations on the five crystallographic sites 

[14]. The effect of frequencies on the electrical behavior offers much valued information about the 

charge carriers which in turn helps to explicate the mechanisms responsible for charge transport 

phenomena and its dielectric behavior [15]. Since magnetic properties such as the saturation 

magnetization, the magnetic coercivity, and the magnetic anisotropy are related to the arrangement of 

cations in the hexagonal structure of the magnetoplumbite type, many studies have been performed 

on the substitution of cations in the hexaferrite structure. In addition to the chemical composition, 

particle size, shape, and method of hexafrite fabrication affect its magnetic properties, and some 

researchers have investigated the effect of these parameters. For example, Albanese et al., 

synthesized, [16] magnetic and mossbauer measurements have been performed on polycrystalline 

samples of Ga substituted M-type hexagonal ferrites having compositions PbFe12−xGaxO19 (0<x <11). 

They found that the saturation magnetization (σS) at 0 K falls with increasing x, from 20 μB for x = 0 to 

4.32 μB for x = 6. Guerrero-Serrano et al [17] reported the synthesis and study of the Lanthanum 

substitution in the lead M-Type Hexaferrite. They observed that the fall of two orders of magnitude in 

the magnetic coercivity is associated to the change of valence states of the iron cations located nearby 

of the lanthanum ions due to the substitution. M-type hexaferrites having a general formula MFe12O19 

that where, M represents a divalent ion such as Ba2+, Sr2+ or Pb2+. It has hexagonal structure 

composed of stacked spinel ionic layers with interspaced ionic layers of M2+, O2-, and Fe3+. The 
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divalent ion, M2+, is substituted for an oxygen atom at every fifth layer, the Fe3+ ions are distributed 

on five different crystallographic sites and closed-packed oxygen layers stacked along the hexagonal 

c-axis [12, 18]. Ni is a good candidate for the substitution of Fe in lead hexaferrites due to similar 

ionic radii and electronic configuration of Ni and Fe [19]. Many preparation conditions have been 

developed to synthesize nanoparticles of M-type hexaferrite, such as compositions, annealing 

temperatures and times, atmospheres, types and quantities of dopants, heat treatment, and different 

preparation methods, including co-precipitation, glass crystallization, and the sol–gel methods [2,20]. 

In the present work,we report the synthesis and characterization of the structural, magnetic, and 

dielectric properties of Ni2+ substituted lead hexaferrite nanoparticles prepared by a sol-gel method. 

2. Experimental Section 

2.1. Synthesis 

The nanoparticles composition of PbFe12-xNixO19 (where x = 0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, 1) 

chemical were synthesized by the sol-gel method. The chemicals used for the preparation of the 

samples were Fe (NO3)3).9H2O, Ni (NO3)2.6H2O, and Pb (NO3)2 and were dissolved in 150 ml of 

de-ionized water. Citric acid was added to the solution, and the molar ratio for the metallic mixture to 

acid was kept at 1:1.  The pH value of the solution was adjusted to 7 with addition gradual NH3. The 

obtained solution was heated using a hot plate on 80 °C with stirring until forming the gel. Then 

pepared gel was dried at temperature of 90 °C and time of 24 h in a oven of electric.The dry-gel was 

heated in afurnace in air atmosphere at a temperature 800 °C for 3 h. 

 

2.2 Characterization 

Thermo gravimetry (TGA: LINSEIS STA - PT1600) was carried out with a heating rate of 10 °C/min 

at ambient atmosphere. The prepared samples were examined by XRD using a Philips diffractometer 

(PW-1840) using Cu Kα radiation wavelength of λ = 1.54056 Å, and field emission scanning electron 

microscope (FESEM) (FESEM Hitachi- S-4160). The FT-IR studies have been performed on a 

Perkin Elmer spectrometer (model BOMEN/MB102) with KBr pellet technique in the range of 

400-4000 cm−1. The magnetic properties were measured using a VSM (AGFM/VSM 3886) in a 

magnetic field strength of ± 15 kOe at room temperature. To investigate the dielectric properties of 

the samples such as the parallel capacity (CP) and the parallel resistance (Rp), an LCR-meter (model: 

8110 G) was used in the frequency range of 1 KHz to 1 MHz. 
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3. Results and discussion 

3.1. Structural properties 

The curves TGA / DTA of dry- gel precursor of PbFe12-xNixO19 nanoparticles with x = 0.0, 0.2, and 

0.6 are shownin Fig.1(a)-1(c), respectively. From TGA curves of Fig. 1, one can see that during the 

heat treatment, several processes occur on samples such as dehydration, decomposition, combustion 

and weight loss. Also, the TGA curves of Fig. 1 show that the four step of weight loss.The first step at 

temperature range 50 - 180 °C is due to evaporation of water and volatile organic compounds in the 

sample. The second step of weight loss at temperature range about 180 –250 °C is mainly caused by 

the burning of citric acid, nitrates and organic compounds in the sample. The third step of weight loss 

at temperature range 250 –450 °C )Consistent with XRD results (is due to formation of hematite 

(α-Fe2O3). The fourth step at temperature range 450 - 1000 °C, a very low weight loss has been 

observed that is due to the gradual elimination of impurities and  formation  lead hexaferrite phase 

[21]. The DTA curve in the pure sample has three endothermic peaks at temperatures of 86, 125 and 

161 °C, which relate to the evaporation of residual water and the organic compounds present in the 

sample. Three exothermic peaks are observed at temperatures of 215, 266 and 534 °C. The 

exothermic peak at 215 °C is caused by the burning of citric acid and the reaction between metal 

nitrates and citric acid.The exothermic peaks around 266 °C are probably related to the onset of the 

formation of α-Fe2O3 phase, and the peaks at 534 °C are related to the onset of the formation of lead 

hexaferrites [22, 23].The endothermic and  exothermic peaks in Fig. 1(b) and 1 (c) which related to 

samples of PbFe11.8Ni0.2O19 and PbFe11.4Ni0.6O19 are almost the same as pure sample (PbFe12O19 ). In 

addition to the endothermic and exothermic peaks mentioned in the above, two exothermic peaks can 

be seen at temperatures of 934  and 950 °C on the Fig. 1(b) and 1 (c) respectively, which it can be seen 

these peaks related to formation of PbFe12-xNixO19 phases.  

Fig. 2 shows the XRD patterns of PbFe12-xNixO19 with x = 0.0-1annealed at 800 ºC for 3 h. The 

indexed peaks on the XRD patterns of the lead hexaferrite phase (PbFe12O19), mono Ni ferrite phase 

(NiFe2O4), and hematite phase (-Fe2O3) in Fig. 2 corresponding to JCPDS card numbers 

01-084-2046, 00-044-1485, and 01-072-0469, respectively. The reflection peaks with 2  30, 36, 43, 

and 63 corresponding to (220), (311), (400), and (440) planes of the NiFe2O4.  Also the reflection 

peaks with 2  33, 54, and 64 corresponding to (104), (116), and (300) planes of the -Fe2O3. Fig. 2 

shows that, all samples of PbFe12-xNixO19 up to x = 0.2 have the M-type lead ferrite hexagonal 

magnetoplumbite structure that is in agreement with JCPDS card number 01-084-2046. It seems that 
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the Fe3+ ions are substituted by Ni2+ ions [24] in the crystallographic sites of the PbFe12O19 structure. 

Also, changes in the intensity of peaks can be related to the occupation of the Ni2+ions in the 

crystallographic sites. In contrast, for the x  0.2 cases, the NiFe2O4 phase has been materialized in the 

samples. Also,  

Fig. 2 show that by increasing Ni2+substitution, the NiFe2O4 phase percent in the sample with x =1 

increases.The lattice constants (Eq. 1), unit cell volume (Eq. 2), X-ray density (Eq. 3), and average 

crystallites size (Eq. 4) for the samples with x = 0-1 are given in Table 1. The results of X-ray 

diffraction patterns show that by increasing Ni content the lattice parameter (c) decreases (Fig. 2), as 

the charge density of Ni2+ is lower than Fe3+, therefore repulsion of Ni2+ion by the adjacent ions in the 

lattice would be decreased. In order to minimize the repulsion and to maintain overall stability of the 

structure, the crystal structure condensed and as a result lattice parameter of c decreases [25]. Thus, 

by decreasing the constant  c, the unit cell volume decreases. As the X-ray density is directly related 

with the molar mass of the sample (according to equation 3), therefore by increasing Ni (58.69 amu) 

substitution for Fe (55.85 amu), X-ray density of the Ni substituted samples increases [14, 26]. The 

average values of D were calculated in terms of the Scherer formula (Eq. 4). The D values of all 

samples much smaller than the critical size (270 nm) [27], so structure these samples are of the 

single-domain. The results reveal that the particles with single-domain structure and narrow size 

distribution can be prepared via the sol–gel method [28, 29]. 

Figs.3 and 4 show that the FT-IR spectra of the PbFe12-xNixO19 with x = 0.0 before annealing (dry-gel) 

and annealed samples with x = 0.0, 0.2, 0.4, and 1 at temperatures of 800 oC in the range  

400 -4000 cm-1, respectively. According to the Fig. 3, in the sample before annealing (dry-gel), band 

absorption in about of 3142.01 cm-1 indicates of the stretching vibration are attributed to water 

molecules O-H (water). The bands absorption in 1371.18 and 826.01 cm-1, corresponding to 

stretching vibration bond NO3, which indicates the presence of nitric acid in the sample before 

annealing [ 30 ].The bands absorption in 400 - 1000 cm-1, corresponding to the stretching vibration of 

the metal-oxygen (M-O).The bands of absorption in the 400– 500 cm-1  and the bands of absorption in 

the range of 500 -600 cm-1, corresponding to the formation of octahedral and tetrahedral sites which 

confirms the presence of metal– oxygen stretching band in ferrites. The vibration mode of tetrahedral 

clusters is higher as compared to that of octahedral clusters, which is due to the shorter band length of 

tetrahedral clusters [21]. The results of FT-IR spectra show that Ni2+substitutionis displaced bands 
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toward to the wave number less which these changes are due to large ionic radius and electro 

negativity of Ni2+ [ 19 ]. 

Fig. 5 shows the EDX pattern of PbFe11.8Ni0.2O19 nanoparticles annealed at 800 ºC for 3 h. It can be 

seen that there is no impurity element in the samples, which means that, the samples are not 

contaminated during the synthesis process. Of course, there are amounts of very low impurity 

elements such as Al and Au in the EDX pattern of PbFe11.8Ni0.2O19 nanoparticles that these elements 

are due to preparation method of samples for measurement of SEM images. Because, usually from 

Al and Au elements for substrate and  covering of the samples has been used.  

The morphologies of the Ni2+substituted hexaferrites samples were analysed by SEM. Fig.6 shows 

the SEM images of the PbFe12-xNixO19 nanoparticles with x = 0.0-1annealed at 800 ºC for 3 h. The 

results of SEM prepared PbFe12-xNixO19 with x = 0.0-1 show that nanoparticles shape for the samples 

up to x = 0.4 are spherical, and well-defined. Also, the results show that by increasing Ni doping 

grains size have been increased. The minimum average nanoparticles size (44 nm) is observed in the 

sample with x = 0.2. 

3.2. Magnetic properties 

Fig. 7 shows the M-H hysteresis loops of PbFe12-xNixO19 samples with x = 0.0-1. The magnetic 

properties such as the saturation magnetization (Ms), the remanence magnetization (Mr), the magnetic 

coercivity (Hc), the squareness ratio (Mr/Ms), the crystalline anisotropy field (Ha),the  

magnetocrystalling anisotropy constant (K), and the demagnetization field (Hd) are given in Table 2. 

According to the results of Table 2 and Fig. 7, it is observed that by increasing Ni (x) doping, first at 

x = 0.1 the saturation magnetism decrease and then at x = 0.2 the saturation magnetization increases. 

The amount of Ni the saturation magnetization in the sample x = 1 (4.062 (emu /g)) decreases.  In 

other words, the saturation magnetization values for x = 0.2 are higher than magnetization for other 

doping values. 

 Fig. 8 shows the saturation and the remanence magnetization as a function of Ni contents for samples 

of PbFe12-xNixO19 with x = 0.0-1. Fig. 8 shows that by increasing Ni2+substitution,the saturation and 

the remanence magnetization of samples have been decreased. The magnetic behaviors of M-type 

hexaferrite materials are largely governed by the distribution of iron ions in the crystal lattice sites 

such as three octahedral (2a, 12k, and 4f2), one tetrahedral (4f1) and one trigonal bipyramid (2b). It is 

know that the Ni2+ ion has a strong preference for octahedral site. As the magnetic moment of the Fe3+ 

ion (5µB) is higher than of Ni2+ ion (2µB); thus, by increasing Ni2+substitution for the iron ions in the 
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sites having spins in the upward direction (12k, 2a), is expected to the total magnetic moment of the 

samples decrease and as a result the saturation and the remanence magnetization decreases 

[26,31,32].  

Fig. 9 shows the magnetic coercivity, the crystalline anisotropy field and the demagnetization field as 

a function of Ni contents for PbFe12-xNixO19 samples with x = 0.0-1. Fig. 9 shows that the magnetic 

coercivity, the crystalline anisotropy field, and the demagnetization field values of all samples 

decrease with increasing Ni2+substitution.There are three reasons for reduce of Hc with increase Ni 

content. The first reason is the increase Ni spinel (NiFe2O4) by increasing Ni content. As the magnetic 

coercivity of NiFe2O4 is small as a result by incresing Ni content  the magnetic coercivity of the Ni2+ 

substituted samples beginns to decrease. The second reason for decrease of the  magnetic coercivity is 

that the ionic radius of the Ni2+ (0.69 Å) is larger than of the Fe3+(0.64 Å),so that the uniaxal 

anisotropy dose not remain along the easy c-axis; therefore, Ni2+substitution changes the easy 

magnetization direction and as a result decreasing the anisotropy constant and the magnetic coercivity 

[22].The third reason decrease of the magnetic coercivity with substitution of Ni2+ reduces in 

anisotropy that related to intrinsic effect associated with replacement of Fe3+ ions at both 4f2 and 2b 

sites. These two sites contribute to large magneto-crystalline anisotropy field [33]. Also, the 

crystalline anisotropy energy determines the easy magnetization direction in hexaferrite; therefore, 

Ni2+substitution changes the easy magnetization direction and as a result decreasing the anisotropy 

constant (Fig. 10) [22]. In addition, it has been reported that a squareness ratio (Mr/Ms) at or above 0.5 

indicates a magnetic domain below 0.5 is due to the formation of multi-domain structure. In this 

paper, the squareness ratio (Mr/Ms) is about 0.5, in the samples up to x = 0.4 which indicating these 

samples are in the single magnetic domain [34]. 

3.3. Dielectric properties 

The dielectric properties of ferrites depends on factors such as types of charge carriers, which 

themselves depend on synthesis  method, sintering conditions, chemical composition,ionic charge, 

and grain size. In this paper, the dielectric properties such as the dielectric constant (ε), the dielectric 

loss (), the ac conductivity (σac), the magnetic permeability (μ),the loss of magnetic permeability 

(µ ), and the inductance (L) were measured as a function of frequency in the frequency range of 1 

KHz to 1 MHz with accuracy ±510-4 using an the inductance capacitance resistance (LCR) meter 

bridge. 
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Figs. 11 and 12 show the curves of the dielectric constant (ε) and the dielectric loss () as a function 

of applied frequency for all samples, respectively. From these curves, one can see that the both ε and 

for all samples decrease rapidly by increasing applied field frequency and reach a constant value 

beyond a certain frequency. This is characteristic of the normal dielectric behaviour of ferrites, which 

has been investigated by Maxwell–Wagner’s two-layer modeland Koop’s theory. The higher 

dielectric constant at low frequency is due to voids, dislocations, and other defects. Figs. 11 and 12 

also show that the values of εand ε decrease by increasing Ni2+substitutions. The behaviour of ε and 

εwith Ni2+substituted can be explained on the basis of the mechanism of dielectric polarization in 

ferrites which is similar to the process of electrical conduction.The values of the both ε and εof the 

PbFe12-xNixO19 samples decrease due to the occupation of octahedral sites by Ni2+ions [26].Thus, the 

conduction mechanism in hexaferrite is the hopping of electrons at the octahedral sites. When the 

Ni2+ions replace the iron ions at octahedral sites, the number of iron ions at octahedral site decrease as 

a result the hopping of electrons which are responsible for conductivity in the samples were reduced. 

Also, the values of ε and εdecrease with Ni content,one can use these materials for applications in 

microwave devices [35, 36]. 

The real ac conductivity σac consists of two terms: 

σ= σ1 (T) + σ2 (ω, T)                                                                                                                     (19) 

Where, σ1 is the dc conductivity, which is dependent only on temperature, whereas σ2 depends on 

both temperature and frequency and was calculated by the following formula [12]: 

σ2 (ω, T) =B (T) ωn (T) (20) 

Where, ω is the angular frequency, the parameter B has the units of conductivity, and the exponent n 

is non-dimensional. 

The ac conductivity (σac) values as a function of applied frequency and Ni contents for all samples are 

shown in Fig. 13 (a) and 13 (b) respectively. It can seen from Fig.13 (a) which by increasing 

ferquency the ac conductivity decreases because, according to Koop’s model, the conductivity at low 

frequencies comes from the grains boundary which has a low conductivity. The conductivity at high 

frequency comes from the grains which have high ac conductivity. Fig. 13(b) shows that by 

increasing Ni contents the ac conductivity decreases because conduction mechanism in hexaferrite is 

the hopping of electrons at the octahedral sites. When the Ni2+ions replace the iron ions at octahedral 
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sites, the number of iron ions at this site decrease as a result the hopping of electrons which are the ac 

conductivity value of the samples. 

The plots of magnetic permeability (μ) as a function of applied frequency for all PbFe12-xNixO19 with 

x = 0.0-1 are shown in Fig. 14 (a). The observed reduction in magnetic permeability at high frequency 

is due to an increase in vortical currents at high frequencies because; by increasing vortical currents 

applied magnetic field decrease as a result the magnetic permeability decreases. Fig. 14 (b) also 

shows that by increasing Ni2+ contents the magnetic permeability was reduced.  Because, with 

substitute of Ni2+(2µB) for Fe (5µB) magnetic moment in the samples decrease. Also, by increasing 

Ni2+ contents the magnetic permeability of samples is slowly increased which this increase is due to 

presence Ni ferrite (NiFe2O4). 

The plots of the loss of magnetic permeability (μ) as a function of applied frequency for all 

PbFe12-xNixO19 with x = 0.0-1 are shown in Fig. 15. Fig. 15 reveals that by increasing frequency the 

loss of magnetic permeability of samples were decreased which this reduces in high frequncies is 

normal behaviour of ferrites.  

4. Conclusions 

PbFe12-xNixO19 samples with x = 0.0-1 were synthesized by a sol-gel method and the role of 

Ni2+substitution on structure, magnetic and dielectric in the Lead hexaferrite nanoparticles have been 

investigated. The XRD measurements reveal that the structures of PbFe12-xNixO19 samples up to 

x = 0.2 are single-phase, whereas a second phase (NiFe2O4) appears in the samples with x  0.2. The 

SEM images of all samples show that by increasing Ni doping grains size were increased.                    

The minimum average nanoparticles size (44 nm) is observed in the sample with x = 0.2. The 

reduction in the saturation and the remanence magnetization for high Ni2+ contents is mainly 

attributed to the decrease in  molar magnetic moment by the substitution of Ni2+ (~2B) for Fe3+ 

(~5B ). Also, the magnetic coercivity values of all samples decrease by increasing Ni content. The 

results of LCR meter measurements show that the values of ε, ε, and σac decrease by increasing Ni2+ 

contents. The variations in the dielectric constant and dielectric loss with frequency are discussed on 

the basis of the Maxwell- Wagner and Koop’s theories. These observation suggests that papered 

samples in this research are suitable for applications in microwave devices. The observed reduction in 

magnetic permeability at high frequency is due to an increase in vortical currents at high frequencies. 
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Also, by increasing frequency the loss of magnetic permittivity of samples were decreased which this 

reduces in high frequncies is normal behaviour of ferrites. 
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Figures 

 

Fig. 1: TGA/DTA curves of the dry-gel percursor of PbFe12-xNixO19 nanpparticles annealed at 800 ºC 

for 3 h with (a) x = 0.0; (b) x = 0.2 and (c) x = 0.6. 
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Fig. 2:  XRD patterns of PbFe12-xNixO19 nanoparticles annealed at 800 ºC for 3 h with x = 0.0-1. 

 

 

Fig. 3: FT-IR pattern of PbFe12-xNixO19 nanoparticles dry-gel. 
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Fig. 4: FT-IR patterns of PbFe12-xNixO19 nanoparticles annealed at 800 ºC for 3 h with (a) x = 0.0; (b) 

x = 0.2; (c) x = 0.4 and (d) x=1. 

 

 

Fig. 5: EDX pattern of PbFe11.8Ni0.2O19nanoparticles annealed at 800 ºC for 3 h. 
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Fig. 6: SEM images of PbFe12-xNixO19 nanoparticles annealed at 800 ºC for 3 h with (a) x = 0.0, (b)  

x = 0.2, (c) x = 0.4, (d) x = 0.6 and (e) x =1. 
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Fig. 7: M-H hysteresis loops of PbFe12-xNixO19 nanoparticles annealed at 800 ºC for 3 h with x = 

0.0-1. 

 

Fig. 8: The variations of Ms and Mr with respect to x values for PbFe12-xNixO19 

nanoparticles annealed at 800 ºC for 3 h. 
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Fig. 9: The variations of Hc, Ha and Hd with respect to x values for PbFe12-xNixO19 nanoparticles 

annealed at 800 ºC for 3 h. 

 

Fig. 10: The variations of K with respect to x values for PbFe12-xNixO19 nanoparticles annealed at 

800 ºC for 3 h. 
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Fig. 11: Variation of the dielectric constant as a function of frequency for PbFe12-xNixO19 nanoparticles 

annealed at 800 ºC for 3 h with x = 0.0, 0.2, 0.4, 0.6, 0.8 and 1: (a) in the range of all applied frequencies 

and (b) in the range 20Hz -50Hz. 

 

Fig. 12: Variation of the dielectric loss as a function of frequency for PbFe12-xNixO19 nanoparticles 

annealed at 800 ºC for 3 h with x = 0.0, 0.2, 0.4, 0.6, 0.8 and 1: (a) in the range of all applied frequencies 

and (b) in the range 20Hz -50Hz. 

 

 

 

 



21 
 

Fig. 13: Variation of ac electric conductivity as a function of frequencyfor PbFe12-xNixO19 

nanoparticles annealed at 800 ºC for 3 h with x = 0.0, 0.2, 0.4, 0.6, 0.8 and 1: (a) in the range of all 

applied frequencies and (b) x values with f = 20Hz-200Hz. 

Fig. 14: Variationof µ as a function of frequency for PbFe12-xNixO19 nanoparticles annealed at 800 ºC 

for 3 h with x = 0.0, 0.2, 0.4, 0.6, 0.8 and 1: (a) in the range of all applied frequencies and (b) x values 

with f = 20Hz-200Hz. 
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Fig. 15: Variation of µ as a function of frequency for PbFe12-xNixO19 nanoparticles annealed at 800 ºC 

for 3 h with x = 0.0, 0.2, 0.4, 0.6, 0.8 and 1: (a) in the range of all applied frequencies and (b) in the 

range 20Hz -50Hz. 
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Tables 

 

Table 1: The values (a, c), Vcell, D, and dx for PbFe12O19 nanoparticles annealed at 800 ºC for 3 h with 

x = 0.0-1. 

 

x a(Å) c(Å) 
𝒄𝒂 Vcell (Å𝟑) D (nm) dx (g.cm-3) 

0.0 5.859 23.982 4.093 713.429 28 5.479 

0.1 5.860 23.971 4.091 713.346 26 5.718 

0.2 5.862 23.042 3.931 686.168 28 5.739 

0.3 5.862 23.061 3.933 686.258 25 5.738 

0.4 5.864 23.031 3.928 686.308 23 5.741 

0.5 5.867 23.024 3.924 686.802 21 5.755 

0.6 5.860 22.991 3.923 686.680 17 5.737 

0.8 5.861 22.734 3.879 684.182 21 5.730 

1 5.864 22.173 3.781 660.741 21 5.703 
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Table 2: The values of Ms, Mr, Mr/ Ms, Hc, Ha, Hd, and K for PbFe12O19 nanoparticles annealed at 800 

ºC for 3 h with x = 0.0-1.  

 

x Ms(
𝐞𝐦𝐮𝐠 ) Mr(

𝐞𝐦𝐮𝐠 ) 
𝐌𝐫𝐌𝐬 Hc(Oe) Ha(Oe) Hd(Oe) K(

𝐞𝐦𝐮𝐠 KOe) 

0.0 50.279 29.204 0.581 3609.67 14507 6987 364.69 

0.1 40.323 22.235 0.554 2730.78 10283 4593 207.37 

0.2 43.401 23.235 0.535 2897.49 11761 5933 255.23 

0.3 38.133 21.414 0.561 2732.52 10065 4372 191.90 

0.4 38.285 19.589 0.511 1468.20 8663 5605 167.57 

0.6 33.642 15.158 0.450 943.65 7457 5492 125.44 

0.8 4.230 1.594 0.377 716.53 6952 5460 14.70 

1 4.062 1.555 0.383 678.67 6522 5109 13.25 

 

 

 

 

 

 

 

 

 



Figures

Figure 1

TGA/DTA curves of the dry-gel percursor of PbFe12-xNixO19 nanpparticles annealed at 800 ºC for 3 h
with (a) x = 0.0; (b) x = 0.2 and (c) x = 0.6.



Figure 2

XRD patterns of PbFe12-xNixO19 nanoparticles annealed at 800 ºC for 3 h with x = 0.0-1.

Figure 3

FT-IR pattern of PbFe12-xNixO19 nanoparticles dry-gel.



Figure 4

FT-IR patterns of PbFe12-xNixO19 nanoparticles annealed at 800 ºC for 3 h with (a) x = 0.0; (b) x = 0.2; (c)
x = 0.4 and (d) x=1.

Figure 5

EDX pattern of PbFe11.8Ni0.2O19nanoparticles annealed at 800 ºC for 3 h.



Figure 6

SEM images of PbFe12-xNixO19 nanoparticles annealed at 800 ºC for 3 h with (a) x = 0.0, (b) x = 0.2, (c)
x = 0.4, (d) x = 0.6 and (e) x =1.



Figure 7

M-H hysteresis loops of PbFe12-xNixO19 nanoparticles annealed at 800 ºC for 3 h with x = 0.0-1.

Figure 8

The variations of Ms and Mr with respect to x values for PbFe12-xNixO19 nanoparticles annealed at 800
ºC for 3 h.



Figure 9

The variations of Hc, Ha and Hd with respect to x values for PbFe12-xNixO19 nanoparticles annealed at
800 ºC for 3 h.

Figure 10

The variations of K with respect to x values for PbFe12-xNixO19 nanoparticles annealed at 800 ºC for 3 h.



Figure 11

Variation of the dielectric constant as a function of frequency for PbFe12-xNixO19 nanoparticles
annealed at 800 ºC for 3 h with x = 0.0, 0.2, 0.4, 0.6, 0.8 and 1: (a) in the range of all applied frequencies
and (b) in the range 20Hz -50Hz.

Figure 12

Variation of the dielectric loss as a function of frequency for PbFe12-xNixO19 nanoparticles annealed at
800 ºC for 3 h with x = 0.0, 0.2, 0.4, 0.6, 0.8 and 1: (a) in the range of all applied frequencies and (b) in the
range 20Hz -50Hz.



Figure 13

Variation of ac electric conductivity as a function of frequencyfor PbFe12-xNixO19 nanoparticles
annealed at 800 ºC for 3 h with x = 0.0, 0.2, 0.4, 0.6, 0.8 and 1: (a) in the range of all applied frequencies
and (b) x values with f = 20Hz-200Hz.

Figure 14

Variationof µ' as a function of frequency for PbFe12-xNixO19 nanoparticles annealed at 800 ºC for 3 h
with x = 0.0, 0.2, 0.4, 0.6, 0.8 and 1: (a) in the range of all applied frequencies and (b) x values with f =
20Hz-200Hz.



Figure 15

Variation of µ" as a function of frequency for PbFe12-xNixO19 nanoparticles annealed at 800 ºC for 3 h
with x = 0.0, 0.2, 0.4, 0.6, 0.8 and 1: (a) in the range of all applied frequencies and (b) in the range 20Hz
-50Hz.


