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Co-precipitation method was used to fabricate Zr-Al substituted M-Type barium 
hexagonal ferrite with a unique composition Ba1-xZr0.5x Al0.3 Fe11.7 O19 (x = 0.0, 0.1, 0.2, 
0.3, 0.4, and 0.5). The materials were characterized using Fourier Transform Infrared 
spectroscopy and a magnetic hysteresis loop. For each sample, the values of Ms, Hc, Mr, 
remanence ratios (Mr/Ms), and magneton number (nB) are determined using M-H loops. 
The Mr/Ms ratio of the synthesized hexaferrites particles is between 0.001017 and 
0.143103, indicating a single magnetic domain. FTIR spectroscopy was used to study the 
inter-atomic forces and gives information about the absorption and emission spectrum for 
solids, liquids and gases. The results indicate that the synthesized compounds may have 
potential use as perpendicular magnetic recording media due to the growing trend in 
saturation magnetization, remanence, and coercivity. 
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1. Introduction  
 
Nano particles are commonly utilized in current technologies and everyday goods. Atoms 

or molecules joined together and smaller than 100 nm are known as nanoparticles. Ferrites are 
oxide-based ceramic compositions in which iron is the predominant element. Ferrites are soft and 
hard magnetic materials. They have a tremendously magnetic character. Spinel ferrites, Garnets, 
Ortho ferrites, and hexaferrites are the four types of ferrites. Hard ferrites are only hexagonal; all 
others are soft. 

The chemical stability, low cost, and wide range of technological applications of ferrites 
based on magnate make them the most important materials. These include ferrofluids, high-quality 
filters, transformer cores, magnetic recording media, biomedical fields, and medical 
diagnostics[1]. Due to their crystal structure, hexagonal ferrites are able to be magnetized easily 
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along the c axis and exhibit high levels of uniaxial magnetocrytalline anisotropy. Most 
replacements in hexagonal ferrites reduce the anisotropy field, which produces hysteresis 
properties that are advantageous in many settings[2]. As a result of their high coercivity, 
remanence, magnetic energy product, and uniaxial magnetocrytalline anisotropy, as well as their 
excellent oxidation resistance, hexagonal ferrites (chemical formula: MFe12O19) find wide 
applicability as permanent magnets, microwave devices, magneto-optics, and magnetic recording 
media[3].  

We used hard ferrites in our investigation. A permanent magnet, recording medium, 
supercapacitor component, acoustic device, magnetic hose (to transmit magnetic field due to 
ferromagnetic nature), microwave electronic device, and many more uses are all part of the 
extensive list of uses for M-type hexaferrite AFe12O19 (A= Ba, Sr, Pb)[4]. Hexagonal ferrites are 
useful for applications involving radar and high frequency absorption due to their improved 
magnetic characteristics. The unit cell of M-Type hexaferrites has lattice parameters of a=5.88Å 
and c=23.2Å. With a magnetic moment of 5 µB, M-type barium hexaferrites (BaFe12 O19) exhibit a 
magnetic character as Fe+3 ions. This is the subject of our research. 

The M-Type barium hexaferrites are often prepared using the high energy ball milling 
method [5], the sol-gel method [6], the Co-precipitation technique[7], hydro thermal treatment, 
chemical mixing , etc. The co-precipitation process is the most efficient, simple, low-cost, and 
manageable way to get hexaferrites material. We want to learn more about M-Type barium 
hexaferrites that have been co-precipitated and replaced with Zr-Al (with x = 0.0, 0.1, 0.2, 0.3, 0.4, 
0.5) and have the formula Ba1-xZr0.5x Al0.3 Fe11.7O19. High-frequency and static magnetic 
characteristics have been determined.  

 
 
2. Experimental procedure 
 
Ba1-xZr0.5x Al0.3 Fe11.7 O19 hexaferrites with x=0.0, 0.1, 0.2, 0.3, 0.4, and 0.5 was prepared 

by Co-precipitation method which was reported iRASD (Journal of Materials and Physical 
Sciences) [8]. VSM wase used to study the magnetic property of the materials. The M-type 
hexaferrites' structural phase was determined using FTIR (Fourier transformation infrared 
analysis). 

 
2.1. M- H loop or magnetic properties 
The M-Type hexagonal ferrites Ba1-xZr0.5x Al0.3 Fe11.7O19 (x = 0.0, 0.1, 0.2, 0.3, 0.4, 0.5) 

magnetic hysteresis loops are shown in Figure 1.1. For each sample, the values of Ms, Hc, Mr, 
remanence ratios or squareness ratios (Mr/Ms), and magneton number (nB) are determined using 
M-H hysteresis loops, as indicated in table 1.1. In Figure 1.1 we see how the magnets' saturation 
magnetization (Ms) and coercivity (Hc) change as the Zr concentration changes. The distribution 
of cations, porosity, chemical composition, and grain size all affect the pattern and width of (M-H) 
loops[9]. The hysteresis loop is generated using a vibrating sample magnetometer (VSM). The 
phenomenon of super exchange contact is linked to magnetization, which is caused by the 
movement of iron (Fe) ions at five crystallographic sites, including 2a-2b-12k (spin up) and 4f1 
and 4f2 (spin down)[10]. 

An equation describing the relationship between magnetization (M) and high magnetic 
fields (H) is given below[11]. 

 
M = 𝑀𝑀𝑠𝑠  �1 − 𝐴𝐴

𝐻𝐻
− 𝐵𝐵

𝐻𝐻2� +  𝜒𝜒p𝐻𝐻       (1) 
 
The external magnetic field is denoted by H, inhomogeneity constant by A, and 

susceptibility by X. Constant A is close to zero and is neglected in a high magnetic field. 
Therefore, equation (1) is simplified into the follwing equation (2)[12] 

 
M = 𝑀𝑀𝑠𝑠(1- 𝐵𝐵

𝐻𝐻2 )        (2) 
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Fig. 1. Magnetic hysteresis loop for M-type hexaferrites Ba1-xZr0.5x Al0.3 Fe11.7O19  
(x = 0.0, 0.1, 0.2, 0.3, 0.4, 0.5). 

 
 
The prepared materials possess low coercivity Hc as shown in the M-H loop and it is the 

property of the soft ferrites. Fe3+ has a high spin, while Fe2+ has a low spin. The Mr and Ms ranges 
from (0.00000118-0.051) and (0.07-0.496) respectively. The Zr content may be varied to find the 
minimal value of Ms at x = 0.0, as shown in Figure 2(a, b). Afterwards, it shows an upward trend 
until x= 0.2, after which it declines. In the hexagonal ferrite unit cell, different cationic locations 
are linked to different Ms values. The declining trend in Ms is related to the magnetic moment of 
the non-magnetic replacement ion. Substitution of hexaferrites with non-magnetic large-sized ions 
often occurs at octahedral sites such as 12k, 2a, and 4f2[13].  

Furthermore, collinear arrangement of magnetically momentous Fe3+ ions is a result of 
the existence of super exchange contact. Changes in Ms may be directly traced to shifts in the 
distributions of cations at the surface's spin effect and A/B sites. With Mb and Ma standing for the 
relative magnetizations at sites B and A, respectively, the total magnetization is given by Mtotal = 
Mb - Ma[14]. As the Zr concentrations increased up to x = 0.2, the increase in magnetism may be 
due to the A-site replacement. Ions of iron show ferromagnetic behavior, while ions of zirconium 
are paramagnetic by nature. As the concentration of Zr4+ ions increase, the electronic spin at the 
Fe3+ site changes from collinear to non-collinear. Reductions in Ms and magnetic moment are 
brought about by the shifting behavior of electronic spin[15]. 

The higher ionic radii of substituted ions compared to Fe3+ ions are another factor that 
causes Hc decrease. With a lower Mr at increased substitution, the synthesized material may be 
used for high-speed recording. Recording media applications need low coercivity ferrite with high 
saturation magnetization. Therefore, Zr replacement has the benefit of producing excellent 
recording qualities while only employing small amounts of dopants [2].  The hysteresis loop has 
been used to determine magnetic parameters, and these parameters have been used to calculate the 
squareness ratio (Mr/Ms). When this value is at or above 0.5, the material is in a single magnetic 
domain; when it is below 0.5, multi-domain structures may be forming[16]. According to this 
study, the material exhibits a multi-domain structure with a squareness ratio ranging from 
0.001017 to 0.156364. 

 
Table 1. M-type hexaferrites' saturation magnetization (Ms), remanence (Mr), coercivity (Hc), and 

squareness ratio (Mr/Ms) for each composition of Ba1-xZr0.5x Al0.3 Fe11.7O19 (x = 0.0, 0.1, 0.2, 0.3, 0.4, 
0.5). 

 
X Sat. Mag 

Ms(emu/g) 
Hc (Oe) Remnant 

Mag. 
Mr(emu/g) 

Squareness 
ratio 
Mr/Ms 

Molecular 
Mass 

Magnetic 
Moment 
nB (µB) 

0 0.07 0.00000118 0.0000712 0.001017 1102.788 0.01382 
0.1 0.411 0.0051 0.04 0.097324 1093.62 0.080479 
0.2 0.496 0.000267 0.051 0.102823 1084.445 0.096309 
0.3 0.097 0.00000149 0.0137 0.141237 1075.274 0.018675 
0.4 0.11 0.000031 0.0172 0.156364 1055.102 0.020998 
0.5 0.58 0.0000179 0.0083 0.143103 1056.93 0.010976 
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Using Eq (3), the connection between Ms and a number of magnetons nB was computed.  
 

Magnetons number (𝑛𝑛𝐵𝐵) = 𝑀𝑀𝑀𝑀𝑠𝑠
5585

      (3) 
 
In this case, Ms is the total molecular mass and M is the magnetization of the whole 

composition[17]. According to Table 1, the addition of Zr4+ raises the Bohr magneton number by 
an amount between 0.010976 µB and 0.096309 µB. The saturation magnetization trend was 
detected for nB because it is a function of Ms and M.W (molecular weight) of the sample [18]. 
The microstructure of MPs determines both their intrinsic and extrinsic behaviors, including the 
Hc, which is related to the cation distribution, size, and shape of the crystal. 

 
 

 
 

Fig. 2. Influence of Zr concentration (x) on saturation and remnant magnetization of the  
M-Type Ba1-xZr0.5x Al0.3 Fe11.7 O19 (x = 0.0, 0.1, 0.2, 0.3, 0.4, 0.5) hexaferrites. 

 
 
The magnetic single as well as the multi-domain nature of samples may be determined by 

the squareness ratio. In general, ferrites with a squareness ratio more than 0.5 are single-domain 
materials, whereas those with a squareness ratio less than 0.5 are multi-domain materials[18-21]. 
These ferrites' squareness ratio values fell between 0.001017 and 0.156364, according to the 
research. As a result, the ferrites are all multi-domain materials. Multiple domains were likely 
responsible for the samples' weak coercivity[22].  

 
 

 
 

Fig. 3. Influence of Zr concentration (x) on nB and Mr/Ms of the M-Type Ba1-xZr0.5x Al0.3 Fe11.7 O19  
(x = 0.0, 0.1, 0.2, 0.3, 0.4, 0.5) hexaferrites. 
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2.2. FTIR analysis 
To study the inter atomic forces caused due to the atomic vibration we use Fourier 

Transmission Infrared spectroscopy. It is also gives the absorotion and emission spectrium for 
solids, liquids and gases. We can guess the purity of the materials by using the FTIR analysis.  
Figures 4(a,b,c,d,e,f) show the FTIR spectra of every sample of Ba1-xZr0.5x Al0.3 Fe11.7 O19 (x = 0.0, 
0.1, 0.2, 0.3, 0.4, and 0.5), with a wave number range of 400 cm-1 to 4000 cm-1.  

 
 

 

 
 

Fig. 4. (a, b, c, d, e, f) Shows the spectra of FTIR for M-type hexaferrites Ba1-xZr0.5x Al0.3 Fe11.7O19  
(x = 0.0, 0.1, 0.2, 0.3, 0.4, 0.5). 
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Table 2. Parameters (υ1) and (υ2), molecular weight, force constant for octahedral and tetrahedral  
(Ko, Kt) and Bond length of Ba1-xZr0.5x Al0.3 Fe11.7 O19 nanoparticle. 

 
Parameters X =0.00 X=0.1 X=0.2 X=0.3 X=0.4 X=0.5 
υ1 602.64 596.42 604.75 572.76 557.54 581.72 
υ2 437.1 431.99 431.99 410.39 431.99 451.57 
K0 (N/m) 140.0699

93 
136.81
4107 

136.81
4107 

123.4744
3 

136.81
4107 

149.49
7406 

Kt (N/m) 266.2559
99 

260.78
8172 

268.12
3727 

240.5076
2 

227.89
5398 

248.09
1271 

L (m) 5.795056
18 

5.6205
3301 

5.7071
9790 

5.772196
6 

5.7590
7865 

5.6467
6923 

ΘD (K) 747.5730
6 

739.42
679 

745.41
606 

706.8848
5 

711.47
207 

742.93
551 

 
 
Fig 4 shows the tetrahedral site stretching vibrations at 602.64 cm1 in Ba1-xZr0.5x Al0.3 

Fe11.7O19 (x = 0.0, 0.1, 0.2, 0.3, 0.4, 0.5) M-Type ferrite, whereas the octahedral site stretching 
vibrations appear at 437.10 cm1. These two vibration peaks indicate the hexaferrite phase and the 
stretching of the Fe-O band. In other words, the hexaferrite structure is guaranteed to have 
molecular (Fe3+ O2-) vibrations on a fundamental level due to the existence of two bands. (𝑣𝑣1) is 
larger than (𝑣𝑣2) because the tetrahedral site occupies more vibrational modes than the octahedral 
site due to the shorter bond length. Changes in the internuclear distance between Fe-O ions in the 
octahedral and tetrahedral sites are what lead to changes in band position. 

The effective mass is calculated as where Mfe is the iron mass and MO is the oxygen 
mass[23]. 

 
μ = 𝑀𝑀𝑓𝑓𝑓𝑓∗𝑀𝑀𝑜𝑜

𝑀𝑀𝑓𝑓𝑓𝑓+𝑀𝑀𝑜𝑜
       (4) 

 
The force constants KT and KO are determined using the tetrahedral and octahedral bands 

in accordance with the following relation:[24]. 
 

K = 4π2c2ν2 μ      (5) 
 
In this case, μ represents the decreased mass of the cation, "v" denotes the vibrational 

frequency of the tetrahedral or octahedral arrangement, and "c" stands for the speed of light[25].  
 
 

 
 

Fig. 4. (a) Variation of wave numbers at A and B sites with Zr-Al concentration. (b) force constants  
with Zr-Al concentration (x) at the tetrahedral and octahedral sites. 
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L= ��𝑎𝑎2

3
+ �1

2
− 𝑈𝑈�

2
𝐶𝐶2�                                (6) 

 
U= 𝑎𝑎2

3𝐶𝐶2 + 0.25        (7) 
 
The tetrahedral site has a force constant between 268.123 and 227.895 Nm-1, whereas the 

octahedral site has a force constant between 140.069 and 123.474 Nm-1. Table 2 shows how the 
redistribution of cations across A sites is responsible for the observed change in the force constant 
upon Zr-Al substitution[6, 26]. Fig. 4 (a) displays the concentration-dependent variation of the 
wave numbers at the A and B sites, and fig 4 (b) displays the concentration(x) dependent variation 
of the force constants at the tetrahedral and octahedral sites. The force constant KO and KT are 
depend on the lattice parameters.  

Table 2 displays the overall composition's bond length variation and its increasing trend 
with substitution. Zr-Al doped M-type ferrites Debye temperatures are calculated as follows[27]: 

 
   𝜃𝜃𝐷𝐷 = ℎ𝑐𝑐

𝐾𝐾𝑏𝑏
∗ 𝑣𝑣𝑎𝑎𝑎𝑎 = 1.438 ∗  𝑣𝑣𝑎𝑎𝑎𝑎    (8) 

 
where 𝑣𝑣av = (𝑣𝑣1 + 𝑣𝑣2)/2 represents the mean of the absorption bands (𝑣𝑣1, 𝑣𝑣2). The value of Debye 
temperature is obtained from this relation suggested by the Waldron are given in the table 2. The 
change in Debye temperature as a function of composition is seen in Fig. θD falls between x = 0 
and x = 0.3, before rising between x = 0.3 and x=0.5. The principle of specific heat may be used to 
explain this behavior. For x ≤ 0.3, the absorption of some heat by electrons and the possible drop 
in θD indicate that the conduction in these samples is n-type. The x > 0.3 samples then experience 
a phase transition to the p-type, with a subsequent increase in θD due to electron-transfer heat 
absorption. As a result, the specific heat and, therefore, Debye's temperature should be 
substantially influenced by electrons[24, 28, 29]. 
 
 

 
 

Fig. 5. The effect of Zr-Al ions concentration on the variation of the Debye temperature. 
 
 
4. Conclusion 
 
Zr-Al substituted Ba hexaferrite nanomaterials have been successfully synthesized using a 

low-cost sol-gel technique. For x = 0.1 and 0.2, the values of Ms and Mr increase from 0.411 to 
0.496 and 0.04 to 0.051 respectively after that for x = 0.3 to x = 0.5 they show decreasing trend. 
Moreover, with increasing the substitution level, the Hc values demonstrated increasing trend from 
0.00000118 to 0.0000179. In FTIR, the existence of the bands confirms the hexagonal structure of 
Ba based M-type ferrites from 400-4000cm-1. The magnetic analysis suggested that the 
synthesized compounds may be useful as perpendicular magnetic recording medium. 
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