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1. Introduction 

Since the 20th century M-type hexaferrites (BaM or SrM) have been given strong attention in the 
research and proved to be ideal candidates for various important applications such as integral 
materials for recording media, permanent magnets, signal processing devices, 
telecommunication, super capacitor, microwave filters, audio devices, magneto-optic media, high 
density magnetic media and microwave devices [1–6]. In addition to these applications, ferrite 
nanoparticles become more important in biotechnology and biomedicine, as well as in technical 
areas like magnetic data storage over the past few years [7,8]. The excellent found properties of 
those materials such as high permeability, high saturation magnetization, large magneto-
crystalline anisotropy, high coercive field, excellent chemical stability, good dielectric 
properties, good corrosion resistivity, non-toxicity and low cost of production make them 
suitable materials to be used in numerous technological applications like next-generation-radar 
absorbing materials (RAMs), channel filters, sensors, tuning slugs, sound systems etc. [9–14]. 
 
Since the last few decades, scientists are working on the alteration of the coercive field of the M-
type hexaferrites. Coercive field properties of the BaM or SrM are the integral factors for the 
specific applications and depend on their large effective magnetocrystalline anisotropy. This 
magnetocrystalline anisotropy arises from the strong exchange coupling between the Fe3+ spins 
at the different sides of the M-type hexaferrites [15]. Over the past few decades, d-block 
magnetic or nonmagnetic elements such as Co, Ti, Ni, Cu, Mn, Zn etc., have been substituted 
with M-type hexaferrites to improve magnetocrystalline anisotropy of the hexaferrites [16–19].  
 
M-type hexaferrites with the general formula M1−yAyFe12−xZxO19 (M=Sr or Ba) are typically 
obtained by single or multiple cation substitutions for Fe3+ and or M2+ containing two transition 
metals, where A and Z having an oxidation state of A (+2) to Z (+3). M-type barium hexaferrites 
are among the well-known and most used hexagonal materials with the chemical formula of 
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Abstract: 
In this study, Barium hexaferrites with the chemical composition Ba1−xZnxFe12O19 (0.0 ≤ x ≤ 0.3) were produced 

by sol-gel approach. The Rietveld refinement of XRD powder patterns revealed both purity and the hexagonal structure of 
all products which have crystallite size within the range of 17 – 48 nm. The effect of Zn2+ ion substitution on the 
temperature-dependent and magnetic properties of Ba1−xZnxFe12O19 hexaferrites have been investigated in the temperature 
range 10 – 300 K and a magnetic field of   ± 50 kOe. Magnetization measurements revealed that all samples have hard 
ferromagnetic type magnetization and uniaxial anisotropy. As a result of Zn2+ substitution, the saturation magnetization 
gradually increases both at room temperature and at 10 K whereas coercivity decreases initially and then increases sharply 
reaching to saturation at the highest zinc amount. On the other hand, as the temperature decreases both the saturation 
magnetization and the coercivity increase. The increase in the saturation magnetization was explained by weakened 
fluctuations of magnetic moments due to the low thermal energy and the increase in coercivity was due to the changing 
magnetic anisotropy with Zn substitution. 
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BaFe12O19 where the molar ratio of Fe/Ba is a crucial factor for obtaining single phase hexagonal 
structure [20,21]. There are many ways to tune the magnetic properties of BaFe12O19 hexaferrites 
such as the synthesis process and the chemical composition [22].  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

 
 
Fig. 1. XRD powder pattern with Rietveld analysis patterns for Ba1−xZnxFe12O19 (0.0 ≤ x ≤ 0.3) hexaferrites. 

 
The magnetic properties can also be altered just by the partial substitution of Fe3+ or Ba2+ with 
using non-magnetic elements like La3+, Bi3+, Y3+ etc. [21–24]. Significant studies were 
conducted on BaFe12O19 hexaferrites by different nonmagnetic ions such as         
BaBixLaxYxFe12–3xO19 [24], BaTixFe12-(4/3)xO19 [23], BaBixLaxYxFe12–3xO19 [25, 26], etc. through 
different preparation methods. The only drawback of La, Y, Bi, substituted M-type hexaferrite is 
its high cost due to doping by using expensive metals. Synthesizing a low cost hexaferrite with 
improved magnetic property is still a challenge that attracts intense investigation on these 
materials. 
 
2. Experimental 
 
The starting materials, barium nitrate (Ba(NO3)2) (99.9%), iron(III) nitrate nonahydrate 
(Fe(NO3)3·9H2O; ( ≥ 96%), zinc nitrate (Zn (NO3)2·6H2O; (≥ 98%), citric acid (C6H8O7), and 
ammonia solution (25%) were obtained from Merck and used as received without any further 
purification. The detailed synthesis procedure has been already given in our previous publication 
[26,27]. Shortly, chemical sol-gel auto combustion technique was employed in the synthesis of 
Ba1−xZnxFe12O19 (0.0 ≤ x ≤ 0.3) hexaferrites. Stoichiometric amounts of Ba(NO3)2,                 
(FeNO3)3·6H2O and Zn(NO3)2 were dissolved in deionized water. The molar ratio of Fe:Ba was 
maintained at 10, while that of nitrates to citrate was 1:1. The solution was gently heated at 85 
°C to drive off the ammonia resulting in a colloidal sol which then dried and was transformed to 
a gel. The temperature was then adjusted to 300 °C at which temperature self-propagating 
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decomposition took place. The burnt powder was cooled, grounded and sintered at 1300 °C for  
2 h.  
X-ray diffraction measurements (XRD) were conducted using with Cu Kα radiation in the 2 h 
range of 20–70°. Magnetization measurements were performed using a vibrating sample 
magnetometer, (VSM) with a maximum applied magnetic field of 15 kOe. 
 
3. Results and discussion 

XRD powder patterns of Ba1−xZnxFe12O19  (0.0 ≤ x ≤ 0.3) hexaferrites are given in Fig. 1. XRD 
analysis revealed that all peaks perfectly matched with standard theoretical pattern belonging to 
pure BaM with the index number (JCPDS 84–0757). The Full-Proof software was used in the 
XRD profile fitting by applying space group P63/mmc (No. 194) and no impurity was detected. 
Crystal sizes (D) of all samples obtained by Scherrer Eq. (1) using (114) peak for x=0.0, 0.1, 0.2 
and 0.3 are 16.8, 39.1, 41.1, 48.3 nm respectively [26,27].  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                    Fig. 2. Magnetic hysteresis loops of Ba1−xZnxFe12O19 (0.0 ≤ x ≤ 0.3) hexaferrites. 

 

 
Magnetic hysteresis (M-H) loops of Ba1−xZnxFe12O19 (0.0 ≤ x ≤ 0.3) hexaferrites substituted by 
Zn are presented in Figs. 2 and 3. The M-H spectra were recorded by varying the external 
magnetic field up to±15 kOe at room temperature (RT) (Fig. 2). Magnetization curves exhibit 
typical ferromagnetic behavior for all Zn concentrations. The saturation magnetization (Ms) 
values of samples were calculated from the hysteresis curves using the law of approach to 
saturation [28,29]. Accordingly, M vs. 1/H2 plots were obtained and Ms values, which were 
depicted in Fig. 4a, were determined from the intersection of the linearly fitted curve with M-
axis. Ms gradually increases with Zn concentration at both 300 K and 10 K. It reaches to 103.2 
emu/g at the highest Zn-amount (x = 0.3) at 10 K, while it is 73.6 emu/g at 300 K, which is 
relatively low as expected. The saturation magnetization of pure BaM was reported as 72 and 
100 emu/g at RT and 10 K respectively [30]. Our results seem to be slightly higher than those 
reported values due to the zinc substitution. It is well known that the magnetization of 
hexaferrites is related to the concentration of Fe3+ ions distributed among five different sub 
lattices. In this work, Fe3+ amount was the same in all samples, and thus, one may expect to 
have almost the same Ms values in all samples. In other words, the observed increase in Ms 
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values as Zn2+ concentration raises cannot be explained by the change of net magnetic moment 
of the samples. However, it can be related to the shrinkage of the unit cell due to the replacement 
of Ba2+ ions having an ionic radius of 1.35 Å with smaller Zn2+ ions with that of only 0.6 Å 
[31,32]. Fig. 4c shows the squareness ratio (i.e., Mr/Ms) for all samples at 300 K and 10 K. The 
Stoner-Wohlfarth theory implies that it is 0.5 for non-interacting particles having uniaxial 
anisotropy and 0.832 for cubic anisotropy [33]. At room temperature, the squareness ratio of our 
samples varies around 0.4 meaning that synthesized samples have uniaxial anisotropy.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

Fig. 3. Concentration-dependent magnetic hysteresis loops of Ba1−xZnxFe12O19 (0.0 ≤ x ≤ 0.3) hexaferrites for 

a) 300 and b) 

 
The coercivity initially decreases with the zinc inclusion and then increases rather sharply when 
x = 0.2. Further Zn replacement slightly increases it reaching to 1.35 kOe as shown in Fig. 4b. It 
is known that the coercivity is inversely proportional with the saturation magnetization and 
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linearly proportional with the anisotropy constant (K1) as indicated in the following equation, Hc 
= 2K1/Ms [34]. The tendency observed in Fig. 4b can be explained by the variation of anisotropy 
constant with changing zinc concentration, since Ms also increases in the same doping range as 
Hc. Fig. 5a depicts temperature dependence of saturation magnetization between 300 K and 10 
K. As in the case of ferromagnetic materials, it raises linearly, then, reaches to saturation at low 
temperatures. As the temperature decreases, thermal energy which tries to misalign magnetic 
moments also decreases and the net magnetization increases. On the other hand, coercivity is 
inversely proportional with Ms as mentioned before. Therefore, as Ms increases, coercivity 
decreases with decreasing temperature as observed in Fig. 5b.  
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
                                                                                                          Fig. 5. Temperature dependence of a)                       

        saturation magnetization, b) coercive field  

        of Ba1−xZnxFe12O19 (0.0 ≤ x ≤ 0.3)   

                   hexaferrites in the temperature range 10–300 K 
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Fig. 4. Variation of a) saturation magnetization,  

b) coercive field, c) squareness ratio with x of  

Ba1−xZnxFe12O19 (0.0 ≤ x ≤ 0.3) hexaferrites 

4. Conclusions 

Ba2+ ions have been replaced by Zn2+ ions in barium hexaferrites prepared by sol-gel technique 
in the form of Ba1−xZnxFe12O19 (0.0 ≤ x ≤ 0.3) hexaferrites. The magnetic characterization 
showed that all samples have hard ferromagnetic behavior at room temperature. Low-
temperature magnetic measurements at 10 K depicted that the coercivity of samples decreased 
substantially, whereas magnetization increased up to 103 emu/g while it was 73 emu/g at room 
temperature. This increase in Ms was explained the decrease of thermal energy, which causes 
random fluctuations of magnetic moments, preventing alignment of them along the field 
direction. Due to the Zn substitution, it was shown that the magnetic properties of 
Ba1−xZnxFe12O19 (0.0 ≤ x ≤ 0.3) hexaferrites can be changed substantially and they are suitable 
candidates to be used in magnetic applications.  
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