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Abstract: The barium hexaferrite magnetic materials Mn-doped BaZn1+x Mnx Fe12-2x O19 (x = 0.4, 0.8, 

1.2, 1.6, and 2)  were prepared using the ceramic method. The powder samples ferrite were subjected 

to XRD, FT-IR, and UV-Vis to investigate the nanoparticles' structural changes. UV–Vis spectroscopy 

is used to obtain the samples' absorption spectrum and calculate the band gap energy. X-ray diffraction 

patterns and FT-IR investigations confirmed the formation of a single-phase M-type hexagonal 

structure. The grain size was measured from Scherrer's equation, and it is found in the range of 43-56 

nm, with increasing the concentration of  Mn ions, which shows the enhancement in the degree of 

crystallinity and increase in the size of grain size. UV-vis spectroscopy was used to confirm the 

formation of the BaZn1+x Mnx Fe12-2x O19 nanoparticles. The transmission was found to increase slowly 

in the 200-290 nm wavelength and then decreased to  332 nm after that increase until the maximum for 

all samples was about 99% in 480-800 nm wavelengths. The highest transmission will be exclusively 

used for window layers in solar cells. The band gap energy increased gradually with a rise in Mn ions 

and a decrease in Zn ion concentration. The refractive index, dielectric constant, and optical dielectric 

constant decreased with an increase in Mn ions and a decrease in Zn ions concentration.  
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1. Introduction 

Nanotechnology research is becoming one of the most crucial fields due to its 

uniqueness and remarkable properties and rapidly expanding fields such as engineering, 

materials science, chemistry, physics, biology, and medicine. In particular, nanoscale ferrites 

are being investigated to enhance their structural, optical, electrical, and magnetic properties 

for to make them suitable for technological applications in catalysis, photoluminescence, 

humidity-sensors,  photocatalysis, biosensors, magnetic drug delivery, permanent magnets, 

microwave absorbers, magnetic refrigeration water decontamination, antimicrobial agents, and 

biomedicine and other advanced electronic devices [1-5]. In recent years, researchers have been 

more interested in hexagonal ferrites.Different types of hexagonal ferrites, also famous as 

hexaferrite, have a long journey since their discovery [6]. Hence, an improvement in one of 

them is M-type ferrites, BaM, or barium ferrite (BaFe12O19). M-type hexagonal barium ferrite 

(BaFe12O19) with its rare earth doping elements such as neodymium (Nd) 

and samarium (Lanthanum substituted in M-type barium hexaferrite have attracted much 

interest due to its technological uses in permanent magnets and prospective applications in 
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high-density magnetic recording media, and barium hexaferrite is ideal for microwave devices 

due to its enormous crystalline anisotropy, huge magnetism, strong intrinsic coercivity, 

excellent chemical stability, high Curie temperature, and low price. [7]. Using synthetic 

techniques and doping different rare earth/transition metal ions in hexagonal configurations, 

ferrites' structural and electromagnetic properties can be adjusted [8]. Ferrites' inherent 

characteristics, such as permittivity, dielectric losses, and conductivity, are governed by their 

chemical makeup, annealing process, and kind of doped metal ions. [9]. One of the essential 

instruments for satisfying a wide range of uses is doping some suitable elements in the parent 

material. Zaheer Abbas Gilani et al. Effect and Microstructure Behavior of Rare-Earth Element 

Cerium (Ce+3) in Barium Hexaferrite (BaCexFe12-xO19). Nanoparticles Ferric (Fe+3) sites can 

benefit from elemental replacements to increase their magnetic and dielectric characteristics. 

Researchers discovered that barium hexaferrite doped with cerium (Ce+3) has 

significantly improved microwave absorption properties, indicating that (BaCexFe12-xO19) can 

be used in electronic components, high storage devices, and microwave technologies. [10]. 

Barium hexaferrite (BaZnxFe12-xO19) having zinc (Zn) as a substituent is prepared via the sol-

gel method. Barium doped with a small concentration of Mn was investigated [11] as BaFe12-

xMnxO19, where x was 0.5, 1.0, 1.5, and 2.0. The results showed that the coercivity was greater 

when the Mn concentration was larger. The lattice parameter a was constant while the c lattice 

parameter decreased. This means decreasing the lattice volume. Although much research has 

been reported on the structure, ferroelectric and magnetic properties of BaFeO nanoparticles 

by adjusting the Pe, Cr, Zn, Ce, and doping concentration, the optical properties require further 

investigation. The present work first grew the influence of Mn doping on the optical properties 

of Ba Zn1+x Mnx Fe12-2x O19 (x = 0.4, 0.8, 1.2, 1.6, and 2). Barium ferrite nanoparticles are 

synthesized by the ceramic method. Then, the structures and optical properties of the samples 

were investigated. In particular, the impact of Mn doping on the structure and optical properties 

of the BaZn1-x MnxFeO19 nanoparticles ferrite were studied based on their absorption spectra. 

In this work, Investigations were conducted on the effects of Mn doping and zinc (zn) 

microstructure behavior in barium hexaferrite with the general formula BaZn1+xMnxFe12-2xO19 

(x = 0.0, 0.4, 0.8, 1.2, 1.6, and 2). The prepared ferrite material is characterized by x-ray 

diffraction (XRD), Fourier transform infrared spectroscopy (FTIR), and UV-Visible 

spectroscopy properties analysis.   

2. Materials and Methods 

Highly pure BaCO3, MnO, ZnO, and Fe2O3 to produce a sequence of polycrystalline 

M-type hexagonal nano ferrites in the correct ratio, manganese (Mn+2) doped  

barium hexaferrite  with compositional formula BaZn1+xMnxFe12-2xO19 (Where x = 0.0, 0.4, 

0.8, 1.2, 1.6 and 2) was prepared by using the ceramic method, as mentioned before [12]. First, 

the mixed oxides powders were ground for six hours using an  agate mortar for 10 h. The 

powders mixture was air-dried. The powders were then presintered for 8 hours at 950 K. The 

grain powders were cooled to room temperature gradually. The characterization of samples has 

been performed using different analytical methods such as (XRD, FT-IR, and UV) [12]. The 

crystal structure and phase purity of Mn-substituted BaZn1+xMnxFe12-2xO19 powder samples 

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

(Shimadzu EDX-720). FT-IR spectra fine powder for all compositions have been recorded in 

the range of 400 to 1000 cm-1, and measurements were made at room temperature (Perkin-

Elmer (Model 783) spectro-meter using with KBr as solvent.  
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3. Results and Discussion 

3.1. XRD analysis. 

In order to confirm the phase formation of BaZn1+xMnxFe12-2xO19 with compositions (0, 

0.4, 0,8, 1.2, 1.6, and 2) nanoparticles, an XRD study is carried out for all prepared samples. It 

can be observed in Figure 1a. XRD  measurements showed that all samples with Mn doping 

have a typical structure and exhibit a single phase of M-type hexagonal structure. The impact 

of Mn2+ substitution on the lattice parameters, united cell volume, and crystal size of sample 

ferrites has been studied. 

The lattice constant of hexagonal structures is computed using the relation (1) [13]: 

 

𝟏

𝒅𝒉𝒌𝒍
𝟐 =

𝟒

𝟑

𝒉𝟐+𝒉𝒌 +𝒌𝟐

𝒂𝟐 +
𝑳𝟐

𝑪𝟐    (1) 

 

By using Scherrer's equation 2, [14], the average crystallite sizes (D) have been  

calculated from all high-intensity peaks of the XRD pattern and listed in Table 1: 

 

                                         𝐷 =
0.9 

 cos 𝜃
                           (2) 

 

where 'D' is the average grain size, 0.9 is the shape factor,  λ is the wavelength of X-ray, which 

is equal to λ = 1.541874 Å, β represents the peak at half maximum width, while 2θ denotes the 

diffraction angle. 

With an increase in the Mn doping concentration, a small reduction in the average 

crystallite size was found within the range of 43.97–52.03 nm, as shown in Table 1. It is 

observed that with the rise of Mn content, the crystallite size also decreases. Materials with less 

than 60 nm crystallite size are generally considered good materials to obtain a high signal-to-

noise ratio for high-density recording media [15]. The results for all synthesis samples are 

summarized in table 1. The lattice constants and the unit cell volume for the Mn-doped 

nanoparticles ferrite are slightly smaller than the pure BaZnFe12O19 and tend to decrease with 

increasing the Mn doping; this decrease is attributed to the small distinction of ionic radii.  

 
Figure 1. (a). X-ray diffraction patterns of BaZn1+xMnxFe12-2xO19; (b) Peak shift for BaZn1+xMnxFe12-2xO19. 
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Therefore, this decrease was owing to the smaller ionic radius of Fe3+ (0.64Å) and Zn 

(0.74 Å) than Mn2+ (0.80 Å). The united cell volume also is disposed to decrease with the 

increase of the Mn doping concentration. Usually this can often be a result of the distinction in 

radius caused by ion substitution created by the a- and c-axes undergoing distinct alterations. 

The intensity peaks observed changed with increasing Mn ions substitution doped, which 

moves slightly towards the higher angle, as shown in Figure 1b. This slight shift was a result 

of cationic replacement by larger ionic radii Mn2+ (0.80 Å) into smaller ionic radii Fe3+ (0.64 

Å) and Zn (0.74 Å). This proportional variation indicated the BaZn-Mn ferrite system 

agreement of Vegard's law [14]. 

Table 1. X-ray density(ρx),, bulk density (ρb), lattice constants (a, c), volume (v), grain size. 

x= ρx (g/cm3) ρb (g/cm3) A (nm) c (nm) V (cm3) grain size (nm) 

0 5.563 4.807 5.899 23.306 702.4033 52.038 

0.4 5.585 4.556 5.901 23.261 701.6789 49.9551 

0.8 5.621 4.546 5.895 23.233 699.2577 51.2875 

1.2 6.238 4.843 5.791 21.588 627.1789 46.886 

1.6 6.300 5.577 5.7886 21.625 627.577 48.0628 

2 6.149 5.375 5.800 22.133 644.869 43.9735 

 

The X-ray density (ρx) was calculated by using equation 3: 

  

𝜌𝑥 =
𝑍𝑀

𝑁𝐴𝑉𝑐𝑒𝑙𝑙
                                                   (3) 

 

where, M represents the molecular mass of samples, Z denotes the number of molecules per 

unit cell, and NA is Avogadro's number.  

The calculated values of x-ray density ρx are listed in Table 1. The result showed that 

the x-ray density behavior was noticed that with the increase of Mn dopant concentration, the 

x-ray density value increased. This increase depends on the  molecular weight of the sample  

 Bulk density (ρb) was estimated by using the following equation (4):  

 

𝜌𝑏 =
𝑚

𝜋𝑟2ℎ
                                                   (4) 

 

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

The values of bulk density were low as compared to X-ray density. 

3.2. Fourier transform infrared (FTIR) analysis. 

Figure 2 shows the plots of infrared spectra of Mn substituted BaZn1+xMnxFe12-2xO19 

ferrite. The spectra were recorded at room temperature in the frequency range of 400–1000 cm-

1. Tow frequency band confirmed the higher frequency band (ν1) (571–599 cm-1) and lower 

frequency band (ν2) (434– 464 cm-1) are assigned to the tetrahedral and octahedral sites, 

respectively [16, 17]. to be clear from Figure 2 show the single hexagonal structure with the 

formation two kinds of characteristic absorption bands. Thus, the formation of a single-phase 

hexagonal structure of ferrites was confirmed to clear the hexagonal structure with the 

formation of two kinds of characteristic absorption bands found at around 434-460 cm-1 and 

571-599 cm-1. These were associated with the stretching vibrations of tetrahedral (A-site) and 

octahedral (B-site) sites, respectively [18]. 
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Figure 2. Observed and calculated FT-IR spectra for BaZn1+xMnxFe12-2xO19. 

It can be observed from the IR plots that the band positions and changes slightly. This 

may be due to the distribution of Mn ions (ionic radius 0.64 Å) which are replacing Fe3+ ions 

(ionic radius of 0.67 Å) at the octahedral [B] site; thus, making some changes in the size of the 

tetra- and octahedron. It can be seen that the frequency shifted to higher frequencies with 

increasing Mn content, and the values of frequency bands are shown in figure 2. The fluctuation 

in the cation-oxygen bond length of the spinel's octahedral lattice may be the cause of the shift 

in band locations that occurs when the Mn content is increased. The displacement of Fe3+ ions 

by smaller Mn ions will result in a somewhat decrease in the metal-oxygen bond length and 

consequently will increase the wave number of bands. The band's splitting into bands of 

medium intensity may be logically attributed to the increasing quantity of the Mn2+ –O2- 

complexes as the Fe3+ content decreases at the B-site. The broad absorption in the 3350–3650 

cm-1 range is attributed to the –OH groups of H2O, indicating the existence of water absorbed 

on the surface of ZnO nanograins. 

3.3. Optical study. 

The bandgap energy and, therefore, the optical property of the as-prepared material 

were measured by using a UV-Visible spectrometer at room temperature within the wavelength 

range of 200 to 800 nm. The optical absorption of the ferrite nanoparticles is very 

important because of the UV–vis absorption edge, which is related to the band gap energy of 

the photocatalyst. Figure 3a and Figure 2b show the variation of transmission and optical 

absorption spectra with wavelength, respectively. The transmission is found to increase slowly 

in the 200-290 nm wavelength and then decrease to  332 nm after that increase until the 

maximum for all samples is about 99% in 480-800 nm wavelengths. Therefore, it shows the 

highest transmission performance because of less light scattering and will be exclusively used 

for window layers in solar cells [19]. Then for higher dopants in Mn, the surface texture 

modified towards increased roughness, voids presence, lattice distortion, and increased residual 

stress, as noticed in XRD results. Hence, the increased scattering of photons by crystal defects 

in samples could also be attributed to the reduction of optical transmittance [20]. 

Besides, defects within the microstructure strongly influence the transmission of the 

nanoparticles and, therefore, aligns with the study of Sahu et al. [21]. 
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A distinction within the absorption edge was observed with Mn dopants concentration. 

A sharp absorption edge has been observed at around 334 nm. As Mn dopant concentration 

increased, significant red shifting of absorption edge has been observed towards the upper 

wavelength at 334 to 336 nm range as shown in figure 3b. These shiftings are because of the 

enhanced lower band gap indicator for these doped samples. It was found that the absorbance 

initially decreased sharply and then decreased gradually for all the samples in the visible range. 

The decrease in absorbance with doping could also be attributed to the decrease in the size of 

nanoparticles that ultimately widens the bandgap [22]. The band gap energy has been 

calculated from the spectrum absorption data by using the Tauc plot relation as follows in 

equation 5 [13]: 

 

                         α = 
𝐴(ℎ−𝐸𝑔)𝑛

ℎ
      (5) 

 

where, hυ is the incident photon energy, A is constant; therefore, the band gap has been 

calculated by extrapolating the linear region of the plots (αhυ)2 versus hν on the energy axis. 

The band gap values concluded from the graph range of 2.85 eV to 3.07  eV. The variation of 

band gap energy with Zn ions substitution is depicted in Figure 4 and Table 2. Figure 4 shows 

that the energy band gap increases with increased zinc ions substitution. The energy band gap 

value increase is attributed to the quantum confinement phenomenon at the nano-regime. 

Quantum confinement at the nanoscale plays a vital role in increasing the band gap. Several 

properties, like the size of the particles, a dopant, absorption coefficient, and preparation 

methods, affect the material's optical band gap. The material, which includes a high band gap, 

is helpful for solar cell applications [23]. The optical band gap significantly increased for all 

samples. Such increase in the optical band gap with increasing  Mn dopant concentration where 

an enhancement of n-type carrier concentration occurred in BaZn1+xMnxFe12-2xO19, structure 

due to (Fe3+ doping) will be well explained by Burstein–Moss effect [24]. These effects show 

that with the increase of n-type carrier concentration with doping, absorption edge forms at 

much shorter wavelengths than intrinsic samples and lowers the fermi level down into the 

conduction band, which increases the band gap. This can be well-known as Burstein–Moss 

effect. The band gap energy is shown in table 2, which increases gradually with the increase of 

the Mn concentration percent. The bandwidth of conduction and valance bands increased as 

the manganese concentration increased, resulting in a band gap. In addition, the band gap 

values increase with increases in Mn concentrations which means the energy levels within the 

bands are increased in which each electron requires less energy to jump from the valance band 

to the conduction band. 

3.4. Refractive index (n). 

The index of refraction (n) of samples doped with Zn ions was calculated by using 

equation 6 [13]: 

     

n = [(1+R)/(1-R)] +[(4×R)/(1-R)2-k2]1/2   (6) 

 

where, R is the coefficient of reflection and k is the extinction coefficient.  

The refractive index showed a decrease from 2.948 to 1.563 with Mn2+ ions 

concentration increase, as shown in Table 3. The effects of large ionic size and concentration 
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of Zn2+ ions may be responsible for the decrease. The same behavior was reported by [13, 25]. 

This could result in substituting Mn and Fe with Zn ions with higher polarizability.   

 
Figure 3. (a) Transmittance (T%) as a function of wavelength; (b) Absorption as a function of 

wavelength. 

 

Figure 4. Band gape of BaZn1+xMnxFe12-2xO19 ferrites nanocomposites. 

Table 2. The optical band gap of BaZn1+xMnxFe12-2xO19 ferrites nanocomposites. 

Sample Mn Concentration Bandgap (ev) 

BaZn Fe10O19 0 2.85 ev 

BaZn1.4Mn0.4Fe11.2O19 0.4 2.807 ev 

BaZn1.8Mn0.8Fe10.2O19 0.8 2.84 ev 

BaZn2.2Mn1.2Fe9.6O19 1.2 2.96 ev 

BaZn2.4Mn1.6Fe8.8O19 1.6 3.07 ev 

BaZn3Mn2Fe8O19 2 2.978 ev 

3.5. Dielectric constant. 

The dielectric function (constant) is directly associated with the  energy band gap, and 

therefore, the  dielectric constant during this work was obtained using the formula reported by 

[26]: 

                 ε = n2                                                    (7) 

3.6. Optical dielectric constant. 

The relationship between the optical dielectric constant and the refractive index, 

polarization (p), and the static dielectric, as reported by [27], was used: 
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                           =p 
𝑑𝑝

𝑑𝑡
=  − 1 = 𝑛2 − 1                (8) 

 

The dielectric and optical dielectric constants, as given in table 3. decreased from 8.691 

to 2.444 and 7.691 to 1.444, respectively, with an increase in the concentration of Mn ions. The 

decrease in the value of the two dielectric constants, as shown in Table 3, indicates a decrease 

in the optical absorption and extinction coefficient of the samples with increasing Mn ions 

concentration. 

Table 3. Zinc ion concentration, Refractive index  (n), energy band gap (E), dielectric constant (ε), optical 

dielectric constant (εopt) of the Mn-doped BaZn1+xMnxFe12-2xO19. 

Mn n ε  = n2   εopt = n2 – 1 

0 2.948 8.691 7.691 

0.4 2.803 7.858 6.858 

0.8 2.665 7.102 6.102 

1.2 2.268 5.1439 4.143 

1.6 1.824 3.327 2.327 

2 1.563 2.444 1.444 

4. Conclusions 

The BaZn1+xMnxFe12-2xO19 (x =0.0,  0.4, 0.8, 1.2, 1.6, and 2) composition doped by Mn 

ions has been successfully synthesized using ceramic. The structural studies are done using 

XRD, UV,  and FT- IR techniques. The X-ray diffraction investigations performed at room 

temperature confirmed the formation of a single-phase hexagonal structure and indicated the 

influence of Mn2+ substitution on the sample structure. For the samples, the range of the 

average crystallite size is 43–56 nm. The M-hexagonal structure of ferrites was confirmed from 

FT-IR  with the formation of two kinds of characteristic absorption bands found at around 434-

460cm-1 and 571-599 cm-1.These were associated with the stretching vibrations of tetrahedral 

(A-site) and octahedral (B-site) sites, respectively and the frequency bands shifted to higher 

frequencies with increasing Mn content. The absorbance of the sample was measured by UV 

spectroscopy. The transmission was found to be increased slowly in the 200-290 nm 

wavelength and then decreased to  332 nm after that increase until the maximum for all samples 

was about 99% in 480-800 nm wavelengths. The highest transmission will be exclusively used 

for window layers in solar cells. The energy band gap increases gradually with the increase of 

dopant sample concentration. The increase in the band gap value is attributed to the quantum 

confinement phenomenon taking place at the nano-regime. The bandwidth of conduction and 

valance bands increase as the concentration of Mn ions increases, which results in a band gap, 

The material which includes a high band gap is helpful for solar cell application. While the 

refractive index, dielectric constant, and optical dielectric constant decreased with increasing 

concentration of Mn ions. 
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