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Abstract: The effects of zinc substitution on barium-based and nickel-based hexagonal ferrites have 

been investigated. The ceramic technique prepared three series of hexagonal ferrites with nominal 

compositions, BaNi2-xZnxFe16O27 (x = 0.0, 0.4, 0.8, 1.2, 1.6, 2.0). The powder samples' structural 

properties have been investigated using the X-ray diffraction (XRD) technique. X-ray diffraction 

(XRD) patterns of samples confirm the single phase w-type hexagonal structure with p63/mmc space 

group. The average crystallite size of ferrites was within the range of 35 -36 nm. The lattice constant 

was increased with the increase in zinc concentration in all samples. Bulk density increased with the 

increase in zinc concentration in all sample ferrites, whereas X-ray density decreased with the increase 

in zinc concentration in all sample ferrites. Though the  constant lattice increases, the increase in mass 

follows up with the  increase in volume, so X-ray density increases. Porosity decreased with the increase 

in zinc concentration in all samples. The decrease in the surface area may be due to the increase in 

crystallite size. The ferrimagnetic materials with crystallite size lower than 50 nm can be potentially 

employed for the reduction of signal-to-noise ratio in numerous high-density recording and microwave 

applications. Tetrahedral bond length, octahedral bond length, tetrahedral edge, and shared and 

unshared octahedral edges increase as the Zn2+ content x increases. This could be related to the larger 

radius of Zn2+ ions as compared with Ni2+ ions. 
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1. Introduction 

The ferrites materials possess a crystalline structure having magnetic nature and high 

resistivity. The ferrites are gaining substantial interest among the research community because 

of better efficiency, low cost, and suitable dielectric loss; therefore, they find prospective 

applications in microwave and memory cores devices. These synthesis compositions can also 

be widely used in transformer cores, data storage, inductor, microwave devices, computer 

memory chips, antenna rods, etc. [1]. Ferrites exhibit excellent properties when the size of the 

particles approaches the nano range [2]. At the nanoscale, ferrites revealed excellent dielectric 

as well as magnetic properties. Therefore, curiosity in ferrites is increasing increasingly with 

the progress of nanotechnology. Various innovative assets of ferrites can be modified for 

utilization in magnetic storage, as magnetically guided delivery agents drugs, and as precursors 
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for ferrofluids, etc. Therefore, structural, electrical, magnetic, and dielectric properties also can 

be enhanced by controlling the particle size. Ferrite systems such as BaNi2CrxFe16-xO27, and 

BaZnxCo1-xFe16O27, are very significant for high-tech applications [3,4]. Ni–Zn bulk ferrite 

nanomaterials are the only core materials applicable to high-frequency applications [5-8]. 

The main drawback is that its performance is constrained to higher frequencies due to eddy 

current at high frequencies. The increased grain generates grain boundaries that behave as a 

barrier for electron flow, causing a reduction in the eddy current losses [9–11]. 

Also, doping of Ba-Ni by Zn ions ferrite has significant attention owing to their interesting 

and enhancement properties of the ferrites. Here, we discuss Zn ions' influence on Ba-Ni nano 

ferrites. This research aims to investigate the role of Zn substitution on the structural properties 

of Ba-Ni ferrites. The successful experimental approach will open a new gateway for 

improving devices based on BaNi-Zn ferrites, which are used in surface mount devices (SMD) 

and multilayer chip inductors (MLCI) due to their high electrical resistivity and soft magnetic 

properties at high frequencies. These devices are used in electronic applications such as 

telecommunication. These devices' efficiency depended on the materials' structural, electrical 

and magnetic properties. The possible reasons responsible for the substitution dependence of 

main structural properties have been discussed. Systematic research is still necessary for a more 

comprehensive understanding of and properties of such materials. 

2. Materials and Methods 

A composition sample of the BaNi2-xZnxFe16O27 w-type ferrite system (with x= 0.0, 0.4, 

0.8, 1.2, 1.6, and 2) has been prepared using the usual ceramics method as mentioned earlier 

[12,13]. The schematic flow chart of synthesis is shown in Figure.1. Final powders have been 

obtained after final sintering at 950 °C for 8 hours. Powder X-ray diffraction patterns were 

recorded at room temperature. This facility was availed by the Yemen Geological Survey and 

Mineral Resources Board (YGSMRB), the model (Shimadzu EDX-720) diffractometer for the 

determination of lattice constant and crystal structure of the prepared compounds. The sample 

was used in powdered form; the powder was placed in a plate shape (20×18 mm2) sample 

holder (35×50 mm2) made of aluminum [14]. The powder of each sample was placed one by 

one. The monochromatic beam of X-rays CuKα (λ=1.5406 Å) radiations was generated at a 

point, and the intensity of the diffracted beam was detected with a counter. The X-rays pattern 

was obtained for each composition by changing the angle 2θ from 5o to 75o at a step size of 

0.04 o per second. The source was operating under an accelerating voltage of 40 kV with a tube 

current of 20 mA. A continuous scan was done with a constant scanning rate of 0.02/1sec. 

3. Results and Discussion 

3.1. XRD studies.  

Barium-Nickel ferrites with chemical formula BaNi2-xZnxFe16O27 for x ranging from 

0.0 to 2.0 with the step increment of 0.4 were prepared by the standard ceramic method. The 

variation of Zn substitution has a significant effect on the structural properties. The synthesis 

materials have been characterized by their grain size, sintered density, lattice constant, X-ray 

density, and porosity. X-ray powder diffraction of the samples was carried out at room 

temperature using a PANalytical diffractometer system with CuKα (λ = 1.5406Ǻ) radiations to 

check the formation of the required product and related structural properties. The indexed XRD 

patterns for all the samples corresponding to the system BaNi2-xZnxFe16O27 are shown in 
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Figure.1. These patterns confirm the formation of a single-phase w-type hexagonal structure. 
It was observed that all the samples are in good accordance with the BaNi2 W-type hexaferrite 

structure of p63/mmc. Zn-doped BaNi2-xZnxFe16O27 is consistent with standard powder 

diffraction data of JCPDS,54-0097. The Full-Proof software and MDI-Jade software were used 

in the XRD profile fitting by applying space group P63/mmc (No. 194). 

 
Figure 1. XRD patterns for BaNi2-xZnxFe16O27 (x = 0, 0.4, 0.8, 1.2, 1.6, 2) W-type hexaferrite.  

The lattice constants a and c were calculated by indexing the XRD patterns using 

equation 1[12]: 

1

𝑑ℎ𝑘𝑙
2 =

4

3

ℎ2 + ℎ𝑘  + 𝑘2

𝑎2
+

𝐿2

𝐶2
 

(1) 

It is noticed from Figure 2 a,b. that both lattice constants a and c increase with the 

increase of Zn concentration. It is due to the ionic radius of Zn+2 (0.74Ǻ) being larger than that 

of Ni2+ ion (0.69Ǻ), as reported by [15,16]. Also, since the ionic radius of Zn2+ (0.74 A˚) is 

greater than that of Ni2+(0.68 A˚) and since the unit cell expands when the substituted cation 

size is larger, so, the increase in the lattice constant can be attributed to the differences in the 

size of the cations [17]. Also, the increment of Zn2+  ions in Ni-ferrite causes the Fe3+ ions to 

migrate from the A site to the B site. These larger ions, Zn2+ (0.74 A˚) than Fe3+ ions (0.67 A˚) 

and Ni2+ ions (0.68 A˚), make the A sites, and thus the lattice expands, increasing the lattice 

parameter. Moreover, the value of parameters  c/a of hexagonal W-type structure is between 

5.33-5.55 [18]. Figure 2c show the value of c/a in our samples fitted well into this range, which 

implied that the magnetoplumbite structure was formed. The crystallite size is calculated by 

using Scherrer equation 2: 

D=𝑘𝜆/𝛽ℎ𝑘𝑙𝑐𝑜𝑠𝜃 (2) 

where λ = 1.5406 Ǻ is the wavelength of X-ray diffraction, θ is Bragg's diffraction angle, k is 

the shape factor, its value is 0.9, while βhkl is full width at half maximum (FWHM). Figure 2d 

Shows variations in crystallite size with an increase in zinc contents. Initially, the crystallite 
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size of barium-based ferrites (BaNi2-xZnxFe16O27) for x = 0.0 was 36.5nm, and with zinc 

substitution (x=0.4), crystallite size decreased to 35.18nm. Then gradually increased to reach 

36.7nm as zinc concentration increased up to x= 2. This increase in crystallite size with zinc 

concentration shows that nickel act as a crystallite inhibitor. This is in agreement with [19]. 

 
Figure 2.The relation between (a): lattice parameters (a), (b): lattice parameters, (c): ratio (c/a), (d): Crystallite 

size and Zn2+ concentration for BaNiZnFe16O27.  

3.2. Experimental density.  

The experimental density ρs was calculated by equation 3: 

𝜌𝐵 =
𝑚

 r2ℎ
 (3) 

where m, r, and h are the mass, the radius, and the thickness (height) of the pellet, respectively. 

The experimental density was increased from 4.189 g/cm3 to 4.62 g/cm3 with the enhancement 

of doped concentration (Zn), as shown in Figure 3b. This increase in experimental density is 

due to the difference in ionic radii between Ni and Zn. Also, this increase may be due to the 

higher density of zinc (8.96 g/cm3) than that of nickel (8.90 g/cm3). Similar behavior has been 

reported by others [20,21]. 
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3.3. X-ray density.  

The X-rays density (ρx) of the samples was calculated using equation 4 given by Smit 

and Wijn [22]. 

ρ𝑥 =
𝑍𝑀

𝑁𝐴𝑉
 (4) 

where Z represents the number of molecules per unit cell, Z has a value of 2 of W-type 

hexagonal ferrites, M is the molecular weight of the sample, NA is Avogadro's number 

(6.02x1023 g/mol), and V is the unit cell volume. 

Figure 3a shows the results of x-ray density. It was decreased from 5.375 g/cm3 to 5.235 

g/cm3 with an increase in Zn concentration, as given in Figure 3a X-rays density depends upon 

the lattice constant this result could be understood by equation 4, which increased x-ray density 

with the increase in Zn2+ ions concentration, which may be due to the increase in lattice 

constant, so the corresponding X-rays density decreased with the increase in Zn concentration. 

The molar mass of Ni is less than Zn, and the unit cell volume (V) increased with the increase 

of Zn ions concentration doping. It proved that zinc ions had entered the lattice successfully. 

A similar trend has been reported by [21]. Table.1 shows that the lattice constant increased 

with the increase in zinc concentration, so the corresponding X-ray density decreased with the 

increase in Zn concentration. 

3.4. Porosity.  

The relative porosity (%P) of the samples has been calculated from x-ray density and 

experimental density by using equation 5. 

%𝑃 = (
𝜌𝑥−𝜌𝐵

𝜌𝑥
) × 100 (5) 

The porosity is a crucial parameter when deciding the magnetic susceptibility of the 

samples. Figure 3c show the porosity with Zn concentration which was tabulated in Table 1. It 

is observed that as the concentration of zinc increases, porosity decreases. This is due to Zn's 

larger ionic radius than Ni. As depicted in Figure 3c, the porosity decreased from 0.354 to 

0.102 with increasing Zn ions concentration, which should be expected because of the above 

reasons. The creation of more oxygen vacancies with increased Zn doped in the samples and, 

as a result, few cations are created. This is another reason leading to decreased porosity [23]. 

It was noted that the porosity behavior was opposite to bulk density. The composition x = 0.0 

has the highest bulk density and lowest porosity. It is observed that the X-ray density of each 

sample is larger than the corresponding sintered density. This may be due to the existence of 

pores in the samples. Similar kinds of results have been reported by others [21]. 

3.5. Specific surface area.  

The specific surface area (S) for the synthesis compositions were calculated by using 

equation 6 [24]: 

𝑆 =
6000

𝐷𝜌𝑥
 (6) 

The variation of specific surface area (S) as a function of Zn ions concentration was 

shown in Figure 3 d. It indicates an increasing trend with (x=0.4). The rise in the surface area 

could also be because of the reduction in crystallite size. This means the smaller the crystallite 

size, the bigger is the number of surface atoms, and therefore the larger the surface area. After 
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that decreased with increasing Zn concentration, the surface area decrease may be due to the 

increase in crystallite size. When the crystallite size becomes larger, these will become the 

number of surface atoms, and the smaller will be the surface area. When the crystallite size is 

small, the surface area is bigger, indicating that the number of atoms at the surface is greater, 

i.e., when the surface covered by atoms at the material's surface is more relevant when the 

crystallite size is small. The ferrimagnetic materials with crystallite size of fewer than fifty 

nanometers (D50nm) may be potentially utilized to reduce signal/noise ratio in various high-

density recording and microwave applications. 

 
Figure 3. The relation between (a): X-ray density, with Zn concentration for BaNi2-xZnxFe16O27 (b): bulk 

density with Zn concentration for BaNi2-xZnxFe16O27,.(c): porosity, with Zn concentration for BaNi2-

xZnxFe16O27.(d): surface area, with Zn2+ concentration for BaNi2-xZnxFe16O27.  

Though the  constant lattice increases, the increase in mass follows up the  increase in 

volume, and therefore X-ray density increases. 

The distance between magnetic ions and the hopping lengths in tetrahedral sites (LA) 

and octahedral sites (LB) were also calculated using the relation (7-8) [25,26] and are given in 

Table.1. and also presented graphically in Figure 4a shows the relation between the hopping 

lengths in octahedral and tetrahedral sites as a function of Zn content. 

LA = 0.25a√3 (7) 

LB = 0.25a√2 (8) 
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The calculated values of LA and LB are given in Table 1, and Figure 4b shows the 

relation between the hopping lengths in octahedral and tetrahedral sites with Zn content. It is 

observed that the hopping length increases as the Zn2+ ions content increases. The behavior of 

hopping length with zinc-doped concentration may be due to the lattice's constant variation 

with the zinc content. In other words, the increase in distance between the magnetic ions 

increases with an increase in the zinc concentration. This may be explained based on the 

difference in ionic radii. This may be ascribed to the fact that Ni2+ ion has a smaller radius (0.68 

Å) than Zn 2+ ion, i.e. (0.74 Å). Also, the enlargement of the unit cell is caused by doping 

relatively bigger zinc ions instead of smaller nickel ions. Hence, the distance between the 

magnetic ions increases as the Zn content increases. 

Using the experimental values of lattice parameter a, oxygen positional parameter u (u 

= 0.381 Å) and by using the equation 9-10, tetrahedral and octahedral bond lengths dAx and 

dBx, tetrahedral edge, were calculated [27,28]. Also, shared and unshared octahedral edges 

(dAxE, dBxE, and dBxEU) were calculated using equations 11, 12, and 13 [29,30], and the values 

are arranged as in Table 2 and also presented graphically in Figure 4. 

𝑑𝐴𝑥 = 𝑎√3 (𝑢 −
1

4
) 

(9) 

𝑑𝐵𝑥 = 𝑎 [3𝑢2 − (
11

4
) 𝑢 + (

43

64
)]

1
2
 

(10) 

𝑑𝐴𝑥𝐸 = 𝑎√2 (2𝑢 −
1

2
) 

(11) 

𝑑𝐵𝑥𝐸 = 𝑎√2(1 − 2𝑢) (12) 

𝑑𝐵𝑥𝐴𝑢 = 𝑎 [4𝑢2 − 3𝑢 + (
11

6
)]

1
2
 

(13) 

Table 1 indicates that tetrahedral bond length, octahedral bond length, tetrahedral edge, 

and shared and unshared octahedral edges increase as the Zn2+ content x increases. This could 

be related to the larger radius of Zn2+ ions as compared with Ni2+ ions. 

Table 1. Hopping length (LA) and (LB), tetrahedral bond length (dAx), octahedral bond length (dBx), tetrahedral 

edge (dAxE), shared (dBxE) and unshared (dBxEU) octahedral edges as a function of Zn2+ concentration.  

  Hopping length Edges 

X (Zn) a (Å) LA (Å) LB (Å) dAx (Å) dBx (Å) dAxE (Å) dBxE (Å) dBxAu (Å) 

0 5.975 2.5872 2.1124 1.3557 1.4587 2.2138 2.0110 2.1136 

0.4 5.976 2.5876 2.1128 1.3559 1.4590 2.2142 2.0114 2.1140 

0.8 5.978 2.5885 2.1135 1.3564 1.4595 2.2149 2.0120 2.1147 

1.2 5.98 2.5894 2.1142 1.3568 1.4600 2.2157 2.0127 2.1154 

1.6 5.981 2.5898 2.1146 1.3570 1.4602 2.2161 2.0131 2.1158 

2 5.998 2.5972 2.1206 1.3609 1.4643 2.2224 2.0188 2.1218 

Figure 4a indicates that the tetrahedral bond length dAX increases as Zn content x 

increases, and the octahedral bond length dBX decreases. Figure 4c shows that the tetrahedral 

edge dAXE, unshared octahedral edge dBXEU, and shared octahedral edge dBXE increase with an 

increase in the dopant concentration of zinc. This increase may be related to Zn's larger ion 

radius than small Ni ions and the fact that nonmagnetic Zn occupies a strongly tetrahedral A-

site while the magnetic Ni occupies an octahedral B-site. 
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Figure 4. (a) Variation of hopping lengths in octahedral (LA) with tetrahedral (LB) sites with the Zn content x of 

the series BaNi2-xZnxFe16O27. (b) Tetrahedral dAX and octahedral dBX bond lengths with Zn content x of the 

series BaNi2-xZnxFe16O27. (c) Tetrahedral edge dAXE, shared dBXE, and unshared dBXEU octahedral edge with Zn 

content x of the series BaNi2-xZnxFe16O27.  

4. Conclusions 

The composition BaNi2-xZnxFe16O27 ( x = 0, 0.4, 0.8, 1.2, 1.6, and 2) has been 

successfully synthesized by a ceramic method. The effect of Zn2+ ion doping on the 

microstructure properties of the samples has been studied. Based on observations and 

experiments, it is concluded that the substitution of Zn ions in BaNi2-xZnxFe16O27 ferrites 

produces appreciable changes in its structural properties. The characteristic peaks of W-type 

barium ferrite were found in XRD patterns, confirming the single-phase hexagonal structure, 

which matched well with the standard card pattern (JCPDS card No.54-0097). The lattice 

constants, a, and c, were found to increase with the increase in Zn ions dopant concentration 

due to the larger ionic radius of Zn2+ ions compared to that of Ni2+ ions. The crystallite size 

was to increase and reached the maximum value of 36 nm as the Zn2+ ions concentration 

increased. The bulk density increases with the increase in Zn concentration. This is due to the 
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ionic difference between Ni2+ and Zn2+ ions. At the same time, X-ray density and porosity 

decrease with the increase in Zn concentration. The porosity decreased as opposed to bulk 

density behavior. Though the  constant lattice increases, the increase in mass follows up the 

increase in volume, so X-ray density increases. The variation of surface area as a function of 

Zn ions concentration was shown as an increasing trend with (x=0.4). The increase in Specific 

surface area (S) may be due to the reduction in crystallite size. The smaller the crystallite size, 

the greater will be the number of surface atoms, and the larger will be the surface area after 

that decreases with increasing Zn concentration. The decrease in the surface area may be due 

to the increase in crystallite size and the increase of Zn ions. Tetrahedral bond length, 

octahedral bond length, tetrahedral edge, and shared and unshared octahedral edges increase as 

the Zn2+ ions content increases. This could be related to the larger radius of Zn2+ ions as 

compared with Ni2+ ions. 
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