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Abstract  

 

Hexagonal ferrites are a versatile and technologically important class of magnetic ceramic materials, 

renowned for their high magnetic anisotropy, chemical stability, and cost-effectiveness. Their 

properties are strongly influenced by synthesis methods, composition, and microstructure. This study 

investigates the preparation of hexagonal ferrites using the solid salt matrix method, including 

chromium-doped M-type ferrites to enhance magnetic performance. Importantly, the research 

explores, for the first time, the synthesis by the SSM method of complex hexaferrite structures 

including Y, Z, W, X, and U types, which are often challenging to obtain in a controlled and 

reproducible manner as single phase materials. Powders were synthesized via the solid salt matrix 

approach and compared with sol-gel-derived samples. Structural and morphological characterization 

was carried out using X-ray diffraction (XRD) to identify phase composition and crystallinity, and 

scanning electron microscopy (SEM) to analyze particle size and morphology. Magnetic properties 

were evaluated using vibrating sample magnetometry (VSM). Results demonstrate that the solid salt 

matrix method produces well-crystallized and homogeneous hexaferrites. Notably, most of the 

complex ferrites were obtained as nearly single-phase materials, achieving a key objective of the 

study. The approach provides a flexible and effective route to produce hexaferrites with tailored 

structures and enhanced magnetic properties, representing a significant advancement in the design 

and synthesis of advanced magnetic materials.  
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Introduction 
 

Magnetic materials experienced remarkable advancements during the 20th century. In the field of 

ferromagnetic systems, which represent the cornerstone of practical applications in magnetism, a key 

breakthrough was the control of coercivity. This achievement was made possible through the 

combined regulation of magnetocrystalline anisotropy and microstructural features. (J.M.D. Coey, 

2001) 

 

1. The Hexagonal Ferrites 
 

Hexagonal ferrites were dicovered in 1950, and they are the most used magnetic materials along with 

alloys and other ferrimagnetic ceramics, and are essential components in a multitude of modern-day 

electronic devices (Dhiman, Jasrotia, Goyal, & Mola, 2021). 

Hexagonal ferrites are ferrimagnetic materials whose magnetic behavior is determined by their 

crystalline structures. A key feature of these materials is their magnetocrystalline anisotropy (MCA), 

meaning that the induced magnetization tends to align along specific directions within the crystal 

lattice. Based on this property, hexagonal ferrites are generally classified into two categories: those 

with an easy axis of magnetisation, the uniaxial hexaferrites, have an MCA which is parallel to the c-

axis, coming out of the basal plane of the hexagonal crystal. This uniaxial anisotropy in effect fixes 

the magnetisation in the direction of the c-axis, and the magnetisation can only be moved out of this 

direction at the expense of the high anisotropic energy. However, some compounds containing a 

divalent cation, especially those containing cobalt, can have an easy plane (or cone) of magnetisation, 

and were named the ferroxplana or hexaplana ferrites. These compounds have spontaneous 

magnetisation either in the basal plane, perpendicular to the c-axis, or in a cone of magnetisation at 

an angle between 0 and 90° to the c-axis. (Smit J & Wijn , 1959)  
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There are six basic types of hexagonal ferrites, known as M-type, Z-type, Y-type, W-type, X-type 

and U-type respectively. 

A hexagonal crystal is described using four Miller indices (h, j, k, l). The principal axis lies in the 

(0001) direction along the crystal’s length, while the three other axes lie in the basal (0001) plane, 

spaced 120° apart. The principal axis, called the c-axis, corresponds to the lattice parameter c. 

In ferrites, the three basal axes are equal, so only one more parameter, a, is required, representing the 

length of a side in the basal plane. Thus, only two lattice parameters, a and c, define a hexagonal 

crystal’s dimensions. 

For the spinel structure the hexagonal crystal can also be viewed as close-packed cubic oxygen layers 

with metal ions in octahedral and tetrahedral interstices, similar to the spinel structure. 

In spinels, the oxygen layers repeat every three layers (ABCABC), spaced about 2.30 Å apart. 

Between these oxygen layers, there are three octahedral sites and one octahedral plus two tetrahedral 

sites per four oxygen atoms. 

Spinel plates vary in thickness; for the W structure there are six layer plates (S6), for the X structure 

alternating six- and four-layer plates (S6, S4) and for M, Y, Z, U structures four layer plates (S4). 

Hexagonal structures can be viewed as consisting of three distinct blocks (fig.1), each related to the 

structural units above and representing their unit cells and chemical compositions. 

The S block comprises two spinel units, with a unit formula Me₂Fe₄O₈ (where Me is a divalent metal 

ion), equivalent to the S₂ unit. It contains two layers of four oxygen atoms separated by three metal 

atoms, forming four octahedral and two tetrahedral sites. In cross-section, the S block shows threefold 

symmetry along the cubic structure’s diagonal mirror plane. 

The R block consists of three hexagonally packed oxygen layers, with one oxygen in the central layer 

replaced by a barium atom, giving BaFe₆O₁₁. This corresponds to the M₆ unit minus its top and bottom 

layers. 

The presence of barium causes asymmetry in cation sites, producing five octahedral sites, no 
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tetrahedral sites, and a unique five-coordinate trigonal bipyramidal site, where the cation is 

surrounded by five oxygen anions. 

The T block contains four oxygen layers, where two central oxygens are replaced by barium atoms, 

forming Ba₂Fe₈O₁₄ equivalent to the Y₆ unit without top and bottom layers. 

Due to the presence of large barium atoms on opposite sides, the five-coordinate sites are distorted 

into four-coordinate tetrahedral sites, resulting in two tetrahedral and six octahedral positions. (Smit 

J & Wijn , 1959) (Pullar R. C., 2012) 

 

Fig.1 Perspective view, space filling view and ball-and-stick view of the S, R and T blocks. 

(Sugimoto, 1980) (Kamishima K, 2011) 

 
 

1.1 The M Ferrites 
 

The M-type hexaferrites, particularly barium hexaferrite (BaM, BaFe₁₂O₁₉) and strontium hexaferrite 

(SrM, SrFe₁₂O₁₉) are well known for their exceptional properties, such as high coercivity, relatively 

large saturation magnetization, high Curie temperature, strong magnetocrystalline anisotropy, high 

electrical resistivity, and excellent chemical and corrosion stability. Barium hexaferrite has a 
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molecular weight of approximately 1112 g/mol and a theoretical density of 5.28 g/cm³, although 

ceramic samples typically reach only about 90% of this value in practice. Despite having a lower 

saturation magnetization than modern alloy magnets, BaM is significantly cheaper to produce, offers 

an electrical resistivity of about 10⁸ Ω·cm, and shows strong uniaxial magnetic anisotropy along the 

c-axis. Strontium hexaferrite (SrM), where barium is substituted by the smaller strontium ion, has a 

slightly lower density of about 5.11 g/cm³ and a molecular weight of around 1062 g/mol. 

Nevertheless, it maintains physical and magnetic characteristics closely comparable to those of BaM. 

Due to these favorable properties, M-type ferrites are extensively used in permanent and bonded 

magnets, as well as in microwave components such as isolators, circulators, phase shifters, and filters. 

They are also utilized in high-density magnetic and magneto-optical recording technologies. For such 

applications, achieving materials with controlled particle size and morphology, narrow size 

distribution, and excellent magnetic performance is essential. (Sapoletova, et al., 2015) (Pullar, 

Bdikin, & Bhattacharya, 2012). 

1.1.1 Crystal Structure of M-Type Hexaferrites 

M-type hexaferrites are composed of repeating structural units made of S and R blocks, which consist 

of oxygen layers arranged in both hexagonal and cubic packing. The plane where the barium ion is 

positioned acts as a mirror plane. Because of this symmetry, the two S blocks located above and 

below the central R block are rotated by 180 degrees around the c-axis. To maintain the structural 

continuity, a rotated R block, called R*, is added. As a result, (fig.2) the unit cell contains two S–R 

combinations and is described by the sequence SRS*R*, where the asterisk indicates a 180-degree 

rotation around the c-axis. In barium hexaferrite (BaM), the lattice parameters are approximately a = 

5.89 Å and c = 23.17 Å. The a-parameter is nearly constant in all barium-based hexagonal ferrites. 

The ratio between the c and a parameters is about 3.94, which reflects a strong crystalline anisotropy 

and plays an important role in the magnetic properties of the material. Strontium hexaferrite (SrM) 

has the same unit cell structure and ordering as BaM. However, due to the smaller ionic radius of Sr²⁺ 
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compared to Ba²⁺, its lattice constants are slightly lower, with values of approximately a = 5.86 Å and 

c = 23.03 Å. (Smit J & Wijn , 1959) (Pullar, Appleton, & Bhattacharya, 1998) 

 

 

 

Fig.2 Cross section view of the M ferrite (BaFeI2019) structure in which the vertical lines are axes of 

threefold symmetry. (Smit J & Wijn , 1959) 

 

 

1.2 The W Ferrites 

W-type ferrites follow the general chemical formula BaMe₂Fe₁₆O. In general, W-type ferrites exhibit 

uniaxial magnetic anisotropy, meaning that their magnetization tends to align along one main 

direction. The exception is Co₂W ferrite (BaCo₂Fe₁₆O₂₇), which has a molecular mass of about 1581 

g/mol and a density of 5.31 g/cm³. This compound shows a cone-shaped easy magnetization at a fixed 

angle of approximately 70 degrees from the c-axis between −273°C and −180°C. As the temperature 

increases, the direction of anisotropy gradually rotates toward the c-axis, becoming uniaxial around 
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280°C, where the magnetization remains aligned with the c-axis at higher temperatures. (Pullar, 

Taylor, & Bhattacharya, 1997) 

1.2.1 Crystal Structure of W-Type Hexaferrites 

The W-type ferrite structure is built from a molecular unit consisting of two S blocks and one R block. 

Although it resembles the configuration of M-type ferrites, it is not entirely identical. In this structure, 

(fig.3) two S blocks are positioned above and below the R block. A mirror plane is present within the 

R block, and to maintain symmetry and complete the structure, the unit cell contains two of these W-

type molecular units. This results in the stacking sequence SSRS*S*R*. For Fe₂W-type ferrite, the 

lattice parameter along the c-axis is approximately 32.84 Å. The structure belongs to the space group 

P6₃/mmc, and a detailed representation is provided in the corresponding figure. 

 

Fig.3 Cross-sectional view of W ferrite structure. (Smit J & Wijn , 1959) 
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1.3 The X ferrites 
 

X-type ferrites were first identified in 1952 as a mixed phase occurring together with M- or W-type 

ferrites. Their general chemical formula is Ba₂Me₂Fe₂₈O₄₆.  X-type ferrites display uniaxial anisotropy 

at room temperature, except for Co₂X (molecular mass 2688 g), which shows a cone of magnetization 

tilted at 74° with respect to the c-axis. (Pullar & Bhattacharya, 2001) 

 

1.3.1 Crystal Structure of X-Type Hexaferrites 

X-type hexaferrites have a structural arrangement that is closely related to that of W-type ferrites. In 

this case, the basic structural unit is formed by combining one M-type unit with one W-type unit. This 

combination generates the sequence SRS*S*R*, where the blocks from the W section are rotated by 

180 degrees around the c-axis in relation to those of the M section. (fig.4) The complete unit cell is 

not composed of just one of these sequences, but rather three identical repetitions, resulting in the 

overall structure described as 3(SRS*S*R*). The lattice parameter along the c-axis is approximately 

84.11 Å. From a crystallographic perspective, X-type hexaferrites belong to the R3m space group. 
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Fig.4 A cross-sectional view of the X-type ferrite structure (Ba₂Me₂Fe₂₄O₄₆) shows that the vertical 

lines represent the axes of threefold rotational symmetry. (Sugimoto, 1980) 

 

 

1.4 The Y Ferrites 
 

Y-type hexaferrites belong to the ferroxplana family and were first identified in the 1950s, following 

the synthesis of hexaferrites at Philips laboratories. The discovery of the Y-type phase by Jonker in 

1956 marked the beginning of extensive studies on this material system due to its magnetic and 

structural versatility. These ferrites have the general formula (Ba/Sr)₂Me₂Fe₁₂O₂₂, where Me is a 

divalent cation such as Co²⁺, Zn²⁺, Mg²⁺, or Ni²⁺. For Co₂Y, the molecular weight is approximately 

1410 g/mol, and its density is around 5.40 g/cm³. At room temperature, Co₂Y exhibits planar magnetic 

anisotropy; however, this changes to a conical magnetization below -58°C. Between this temperature 

and the Curie point, the anisotropy remains confined to the preferred plane. Structurally, Y-type 

hexaferrites crystallize in the rhombohedral space group R-3m and consist of alternating spinel (S) 
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and tetrahedral (T) blocks stacked along the hexagonal c-axis. Their combination of strong 

magnetocrystalline anisotropy, chemical stability, and favorable high-frequency properties makes 

them promising materials for microwave and electronic device applications. (Ibrahim Mohammed, et 

al., 2023) (Smit J & Wijn , 1959) 

1.4.1 Crystal Structure of Y-Type Hexaferrites 
 

The Y-type ferrite structure is composed of a molecular unit formed by one S block and one T block, 

resulting in a total of six atomic layers. The unit cell is built from three of these molecular units, 

giving a lattice parameter along the c-axis of 43.56 Å. Y-type ferrites belong to the R3m space group. 

Unlike the R block in other hexaferrites, the T block does not possess a mirror plane. To accommodate 

the overlap between hexagonal and cubic close-packed layers, a sequence of three T blocks is 

required, with the positions of the barium ions repeating every three T blocks. This arrangement leads 

to the unit cell formula 3(ST), and the structural details are illustrated in the corresponding figure. 

 

Fig.5 A cross-sectional view of the Y-type ferrite structure. (Smit J & Wijn , 1959) 
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1.5 The Z Ferrites  
 

Z-type hexaferrite nanoparticles (ZTHNPs) have attracted attention for a lot of applications. At room 

temperature, its easy magnetization lies in the basal plane of the hexagonal structure. This material 

shows high permeability and resonance, which makes it promising for memory devices. (Singha, et 

al., 2023). Co₂Z, for example, has a molecular weight of 2522 g/mol and a maximum density of 5.35 

g/cm³. Most Z ferrites exhibit uniaxial anisotropy parallel to the c-axis, with the exception of Co₂Z. 

At room temperature, Co₂Z has planar anisotropy but displays a complex magnetic behavior with at 

least four distinct anisotropic states. 

At low temperatures, Co₂Z develops an easy cone of magnetization at an angle of approximately 65° 

to the c-axis, which remains stable down to -103°C. Between -103°C and -53°C, this angle gradually 

increases to 90°, and the magnetization remains in the basal plane until it eventually reorients along 

the c-axis at temperatures between 207°C and 242°C. (Pullar, Appleton, Stacey, Taylor, & 

Bhattacharya, 1998) (Pullar, Stacey, Taylor, & Bhattacharya, 2001) 

1.5.1 Crystal Structure of Z-Type Hexaferrites 

The crystal structure of Z-type hexaferrite (fig.6) is highly complex, formed by combining Y-type 

(Ba₂Me₂Fe₁₂O₂₂) and M-type (BaFe₁₂O₁₉) ferrites. Its unit cell, in space group P6₃/mmc, consists of 

four S blocks, two R blocks, and two T blocks arranged as STSRS*T*S*R*, with a 180° rotation 

along the c-axis. Divalent and trivalent metal ions occupy ten distinct crystallographic sites, which 

control the material’s magnetic and high-frequency performance. (Singha, et al., 2023) (Pullar, 

Stacey, Taylor, & Bhattacharya, 2001) 
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Fig.6 A cross-sectional view of the Z-type ferrite structure. (Smit J & Wijn , 1959) 

 

1.6 The U Ferrites 

U-type ferrites, with the general formula Ba₄Me₂Fe₃₆O₆₀, were discovered around the same time as 

the other hexagonal ferrites. However, they have been relatively little studied in terms of both 

structural and magnetic properties. They have a complex layered structure combining oxygen, Fe³⁺, 

and divalent metal ions, and crystallize in a rhombohedral/trigonal lattice with a large unit cell. These 

ferrites are valued for their high electrical resistivity, moderate magnetization, chemical stability, and 

strong magnetocrystalline anisotropy, making them suitable for magnetic and high-frequency 

applications. First identified in 1964, U-type ferrites were initially difficult to synthesize in pure form 

due to intergrowth with other hexaferrite phases. Subsequent research has refined their crystal 

structure and clarified their magnetic and microwave properties, highlighting their potential for 
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advanced electromagnetic devices. (Muhammad, M. Irfan, Majid Niaz Akhtar, & Muhammad Azhar 

Khan, 2024) 

 Most U-type ferrites exhibit uniaxial magnetic anisotropy, with the exception of Co₂U, which shows 

planar anisotropy at room temperature. The molecular weight of Co₂U is 3622 g/mol. (Pullar & 

Bhattacharya, 2001) 

1.6.1 Crystal Structure of U-Type Hexaferrites 

The U-type ferrite structure is composed of molecular units arranged either as Z + M or M + Y + M, 

resulting in a block sequence described as SRS*R*S*T (fig.7). Unusually, the unit cell contains only 

a single molecular unit. The lattice parameter along the c-axis is approximately 38.16 Å. In this 

arrangement, the R and S blocks of the Z section are rotated by 180 degrees relative to the M section. 

(Pullar & Bhattacharya, 2001) 

 

Fig.7 A cross-sectional view of the U-type ferrite structure. (Sugimoto, 1980) 
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1.7 Solid Salt Matrix 

 

The sol–gel tecnique enables the synthesis of hexaferrite particles with narrow size distribution and 

excellent magnetic properties at relatively low calcination temperatures. However, conventional sol–

gel products are often agglomerated or partially sintered, requiring milling that introduces crystal 

defects and reduces coercivity. To circumvent this, the solid salt matrix (SSM) approach have been 

employed. First reported by Sapoletova et al., SSM involves synthesizing SrFe₁₂O₁₉ crystallites within 

a solid NaCl matrix. A key distinction of the SSM approach is that the reaction is conducted below 

the melting point of NaCl (800 °C). Because the salt remains solid throughout calcination, the process 

is fundamentally different from conventional molten salt synthesis. In traditional salt melt methods, 

the salt forms a liquid medium that enhances diffusion but also promotes particle coarsening and 

uncontrolled grain growth. In contrast, the SSM method operates entirely in the solid state, where 

NaCl acts as a rigid, inert matrix. This solid confinement restricts mass transport and prevents 

excessive grain growth, enabling the formation of well-defined ferrite crystallites without sintering 

or aggregation. Using this solid-state salt environment, SrFe₁₂O₁₉ crystallites are synthesized within 

the NaCl matrix, producing platelike, freestanding particles that retain high saturation magnetization 

and coercivity while remaining non-agglomerated. The absence of a molten phase is therefore critical: 

it preserves particle individuality and morphology, allowing subsequent alignment under uniaxial 

pressure during compaction and facilitating high energy products. SSM is inexpensive, energy-

efficient, and rapid, but achieving the highest energy product requires crystallites that are both well-

aligned and highly coercive. Metal chlorides are used as precursors, eliminating the washing step, 

and NaCl formed during synthesis directly serves as the calcination matrix. (Eikeland, Gjørup, 

Andersen , & Christensen, 2024) (Sapoletova, et al., 2015) (Hölscher, et al., 2020) (Eikeland , 

Stingaciu , Mamakhel , Saura-Múzqu, & Christensen, 2018) (Saura-Múzquiz, et al., 2025) 
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1.8 Chromium Substitution in Hexagonal Ferrites 
 

A transition element, or transition metal, is defined as any element occupying the d-block of the 

periodic table, encompassing groups 3 to 12. Chromium is classified as one such transition metal and 

is further included among the refractory metals those possessing melting points higher than that of 

platinum (1,772 °C). In addition to the d-block elements, the f-block elements, comprising the 

lanthanide and actinide series, are also regarded as transition metals and are collectively referred to 

as the inner transition elements. Chromium is the 24th most abundant element in the Earth’s crust. 

(Lunk, 2015) 

The hexagonal ferrite structures can be interpreted as being composed of three distinct structural 

blocks, each corresponding to the units described above and reflecting their specific unit cell 

configurations and chemical compositions. Within these structures, chromium substitution occurs 

preferentially at certain cation sites, depending on the crystallographic environment and charge 

balance requirements. As reported by Rehman Cr³⁺ substituted Ba W-type hexaferrites have not been 

extensively investigated. The incorporation of Cr³⁺ ions is expected to enhance the electrical 

resistivity of the material, thereby minimizing eddy current losses an essential property for improving 

performance in high-frequency applications. Furthermore, the substitution of Cr³⁺ ions may influence 

both the magnetic ordering and structural stability of the hexaferrite lattice, potentially altering the 

saturation magnetization, coercivity, and anisotropy fields, which are critical parameters for 

optimizing the functional properties of these materials. (Rehman, Shaukat , & Haidyrah, 2021) 

In this study, chromium was employed in the synthesis of M-type ferrites. To date, no scientific 

reports or studies concerning these compounds have been reported in the literature. 
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Materials and methods 

2 Synthesis procedure and analysis methods 

2.1 Synthesis of M-type Ferrites 

M-type ferrites were synthesized using the solid salt matrix method. Several samples were prepared 

with different iron ratios per mole of ferrite (11.0, 11.5, and 12.0 mol of Fe per mol of ferrite) as 

shown in tab.1 in order to investigate the effect of iron stoichiometry on the structural, morphological, 

and magnetic properties of the final materials. 

Initially, a weighed amount of sodium carbonate (Supelco, Sigma-Aldrich, anhydrous for analysis) 

was placed in a 600 mL beaker, to which 150 mL of deionized water were added. The mixture was 

heated to 90 °C and maintained under continuous stirring until complete dissolution of the sodium 

carbonate was achieved. In a separate beaker, the required amounts of iron(III) chloride 6-hydrate 

(BDH Laboratory Supplies, ferric chloride) and either barium nitrate (Sigma-Aldrich, ACS reagent, 

≥ 99%) or strontium nitrate (Sigma-Aldrich, ACS reagent, ≥ 99%), depending on the desired ferrite 

composition, were weighed and dissolved in 130 mL of deionized water under magnetic stirring. 

Once the salts were fully dissolved, this solution was carefully added to the sodium carbonate 

solution, as effervescence occurred during mixing. Subsequently, a weighed quantity of citric acid 

(Sigma-Aldrich, ACS reagent, ≥ 99%) was dissolved in 50 mL of deionized water and added to the 

resulting mixture. The combined solution was kept on a hot plate under stirring for several minutes, 

until its color gradually turned dark green to almost black, indicating the formation of the precursor 

complex. The obtained solution was then placed in an oven at 130 °C and left to dry overnight. The 

following day, the solidified material was ground into a fine powder and transferred to a crystallizing 

dish for a pre-calcination step at 450 °C for 5 hours. After cooling, the pre-calcined powder was 

placed in a ceramic crucible and subjected to a final calcination in a muffle furnace at 790 °C for 1 

hour, yielding the M-type ferrite phase. 
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In the subsequent step, the resulting powder was washed to remove any residual salts. The powder 

was dispersed in deionized water and stirred magnetically for several minutes, followed by filtration 

under vacuum using a Büchner funnel. The collected solid, along with the filter, was placed in a 

ceramic crucible and dried again in an oven at 130 °C overnight. The dried sample was then collected 

and stored, while small portions were further calcined at 1000 °C and 1100 °C on alumina plates to 

evaluate the influence of high-temperature treatment. Finally, all synthesized samples were sealed in 

plastic bags and stored for subsequent characterization analyses. 

 

 Ratio of 

Fe:Ba/Sr 

Type Na2CO3 Sr(NO3)2 Ba(NO3)2 FeCl3×6H2O C6H8O7×H2O 

AB01 11.5 Ba-M 16.45g  2.35g 27.96g 48.89g 

AB02 11.5 Sr-M 17.22g 1.99g  29.28g 51.22g 

AB06 11 Sr-M 16.47g 1.99g  28g 48.99g 

AB07 11 Ba-M 15.72g  2.35g 26.74g 46.77g 

AB08 12 Sr-M 17.97g 1.99g  30.55g 53.44g 

AB09 12 Ba-M 17.16  2.35g 29.17g 51.03g 

Tab.1 Quantities of the various samples used in the realization of M-type Ferrites. 
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2.1.1 Synthesis of Chromium-Doped M-type Ferrites 

Chromium-substituted M-type ferrites were synthesized according to the general formula 

SrFe₁₂₋ₓCrₓO₁₉, where x represents the chromium substitution level (see tab.2). The synthesis 

procedure followed the same steps described for the undoped M-type ferrites, with the only 

modification being the addition of chromium ions to partially replace iron. In these samples, strontium 

was used as the alkaline-earth metal source, while barium was omitted. Appropriate amounts of 

chromium(III) nitrate (Sigma-Aldrich, ACS reagent, ≥ 99%) were weighed according to the desired 

substitution level and mixed with the corresponding quantities of iron(III) chloride and strontium 

nitrate in the same beaker. The chromium concentrations selected for this study were x = 0.2, 0.4, and 

0.6, which were subtracted from the total iron content (12 mol of Fe) to determine the precise 

stoichiometric ratios of the precursors. All subsequent synthesis steps, including dissolution, mixing 

with sodium carbonate and citric acid, drying, and calcination, were performed under the same 

conditions as described for the undoped ferrites. 

 

 x in 

SrFe₁₂₋ₓCrₓO₁₉, 

Na2CO3 Sr(NO3)2 CrN3O9× 

9H2O 

FeCl3×6H2O C6H8O7×H2O 

AB03 0.2 17.67g 1.99g 0.75g 30.05g 52.57g 

AB04 0.4 17.37g 1.99g 1.50g 29.56g 51.67g 

AB05 0.6 17.10g 1.99g 2.26g 29.08g 50.87g 

Tab.2 Quantities of the various samples used for the synthesis of Chromium-Doped M-type 

Ferrites. 
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2.1.2 Sol–Gel Synthesis of M-type and Chromium-Substituted Ferrites 

To establish a consistent basis for comparison, an Fe(OH)₃ sol was first prepared using 22.83 g of 

iron(III) nitrate nonahydrate [Fe(NO₃)₃×9H₂O] as the precursor following the method reported by 

(Pullar, Appleton, & Bhattacharya, The manufacture, characterisation and microwave properties of 

aligned M ferrite fibres, 1998) in “The Manufacture, Characterisation and Microwave Properties of 

Aligned M Ferrite Fibres”. For the sol preparation, a diluted ammonia solution was obtained from a 

concentrated stock solution, and ferric nitrate hydrate was completely dissolved in water under 

magnetic stirring. The ammonia solution was then added dropwise to the iron solution under 

continuous magnetic stirring to control the gradual formation of the precipitate. The resulting solid 

was collected by filtration, thoroughly washed to remove residual ions, and subsequently treated with 

a dilute nitric acid solution. The mixture was concentrated under controlled heating and reduced 

pressure until gelation occurred. The gel was then redispersed in water, yielding a stable brown sol. 

Based on this sol, the stoichiometric calculations were performed to obtain four samples: two 

strontium-based ferrites (SrM 11.0 and SrM 11.5) and two barium-based ferrites (BaM 11.0 and BaM 

11.5). The prepared sol was evenly divided into four beakers, ensuring that each contained 

approximately the same mass. Subsequently, the corresponding amounts of strontium or barium 

nitrates (tab.3) were added according to the targeted compositions (BaM 11, BaM 11.5, SrM 11, and 

SrM 11.5). The beakers were then placed in an oven at 130 °C and left to dry overnight. The following 

day, the obtained solids were calcined at 1000 °C to promote ferrite phase formation. 
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 Concentration Ba(NO3)2 Sr(NO3)2 

BaM 11 11 0.33g  

BaM 11.5 11.5 0.33g  

SrM 11 11  0.27g 

SrM 11.5 11.5  0.27g 

Tab.3 Quantities of the various samples used with the sol-gel method. 

 

Using a second Fe(OH)₃ sol, three additional samples were synthesized containing strontium and 

varying amounts of chromium, following the formula SrFe₁₂₋ₓCrₓO₁₉. The chromium concentrations 

selected were x = 0.2, 0.4, and 0.6. For each composition, the appropriate quantities of strontium and 

chromium precursors (tab.4) were weighed and added to the sol according to the desired 

stoichiometry. The synthesis and heat-treatment procedures were then carried out under the same 

conditions as described for the undoped samples. 

 X Sr(NO3)2 CrN3O9× 9H2O 

Cr 0.2 0.2 0.25g 0.09g 

Cr 0.4 0.4 0.25g 0.19g 

Cr 0.6 0.6 0.26g 0.29g 

Tab.4 Quantities of the various samples used with the sol-gel method Chromium substituted 

Ferrites. 
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2.2 Solid Salt Matrix Synthesis of Y-, Z-, W-, X-, and U-type Ferrites 

In addition to M-type ferrites, Y-, Z-, W-, X-, and U-type ferrites were also synthesized using the 

solid salt matrix method. The procedure was the same as for M-type ferrites, with the main 

modification being the incorporation of cobalt(II) nitrate hexahydrate (Sigma-Aldrich, ACS reagent, 

≥ 98%) into the precursor mixture. For each ferrite type, two samples were prepared: one with 

strontium and one with barium as the alkaline-earth metal source (see tab.5). During the final heat-

treatment step, the samples were calcined at elevated temperatures of 1200 °C and 1250 °C to promote 

the formation of the desired crystalline phases. 

 Type Na2CO3 Sr(NO3)2 Ba(NO3)2 FeCl3×6H2O C6H8O7×H2O CoN2O6×6H2O 

AB10 Ba-Y 13.48g  3.69g 22.92g 40.09g 4.11g 

AB11 Sr-Y 14.5g 3.21g  24.66g 43.12g 4.42g 

AB12 Ba-Z 14.88g  3.05g 25.30g 44.25g 2.27g 

AB13 Sr-Z 16.02g 2.66g  27.24g 47.66g 2.44g 

AB14 Ba-W 14.04g  1,92g 23,87g 41.73g 4.28g 

AB15 Sr-W 14.57g 1.61g  24.78g 43.34g 4.04g 

AB16 Ba-X 16.47g  1.94g 28g 48.9g 2.15g 

AB17 Sr-X 17.13g 1.63g  29.14g 50.97g 2.24g 

AB18 Ba-U 15.74g  2.87g 26.76g 46.80 1.6g 

AB19 Sr-U 16.6g 2.46g  28.22g 49.36g 1.69g 

Tab.5 Quantities of the various type of samples. 
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2.3 Characterization analysis 

2.3.1 X-ray Diffraction 

The composition of the powders was assessed by X-ray Diffraction (XRD). Patterns were acquired 

with a Rigaku SmartLab, with a Cu k radiation (50 mA and 40 kV). The acquisition was performed 

for a 2 interval between 20° and 80o, with a step scan of 0.01° and an acquisition rate of 1 

degree/min. X-axis (2θ degrees) represents the angle at which the X-rays are diffracted. The positions 

of the peaks (the sharp vertical lines) tellls about the spacing between atoms in the crystal lattice 

according to Bragg's Law. Y-axis (Intensity) measures the relative quantity of difracted X-rays 

detected at that specific angle. Sharper peaks generally indicate better crystallinity. 

2.3.2 Magnetic Measurements 

Magnetic measurements were performed using a vibrating sample magnetometer (VSM) integrated 

into a Quantm Design Physical Property Measurement System (PPMS) equipped with a 

superconducting quantum interference device (SQUID). The PPM has a magnet up to 9 T, but here 

measurements were carried out at room temperature under magnetic fields of up to 1.75 T. 

2.3.3 Scanning Electron Microscopy (SEM)  

Morphological investigation was carried out with a Carl Zeiss Sigma VP Field Emission Scanning 

Electron Microscope (FE-SEM) equipped with equipped with a thermal field emission gun (Schottky 

emitter) source. The electron-optical column is a GEMINI design, and the instrument can work in 

variable-pressure (VP) mode, with pressures adjustable from 1 to 133 Pa, avoiding the need to coat 

non-conductive samples. 
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Results and discussion 
 

3 Structural Analysis by X-ray Diffraction (XRD) 
 

3.1 M Ferrites 
 

For clarity and consistency in the data analysis, the M-type ferrite samples were designated as 

follows: sample code AB09 refers to BaM1 (synthesized at 1000 °C) and BaM2 (1100 °C); sample 

code AB01 corresponds to BaM3 (1000 °C) and BaM4 (1100 °C); sample code AB07 identifies 

BaM5 (1000 °C) and BaM6 (1100 °C). In addition, for the strontium-based M-type ferrite samples, 

the following nomenclature was adopted: sample code AB08 corresponds to SrM1 (1000 °C) and 

SrM2 (1100 °C); sample code AB02 refers to SrM3 (1000 °C) and SrM4 (1100 °C); and sample code 

AB06 identifies SrM5 (1000 °C) and SrM6 (1100 °C). 

3.1.1 Ba-M Ferrites 

 The diffraction patterns of samples (fig.8) sintered at 1000 °C (BaM1, BaM3, BaM5) and 1100 °C 

(BaM2, BaM4, BaM6) were recorded in the 2θ range of 20°–80° and compared with the standard 

diffraction patterns of M-type barium hexaferrite (JCPDS No. 27-1029) and α-Fe₂O₃ hematite 

(JCPDS No. 33-0664). 
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Fig. 8 X-ray diffraction (XRD) patterns of Ba-hexaferrite (BaFe₁₂O₁₉) samples sintered at 1000 °C 

and 1100 °C. 

 

All diffraction patterns exhibit well-defined peaks located at identical 2θ positions, indicating the 

formation of the M-type barium hexaferrite (BaFe₁₂O₁₉) crystal structure in all samples. The absence 

of significant peak shifts confirms that the hexagonal magnetoplumbite structure is preserved 

irrespective of sintering temperature. The most intense reflections observed in the range of 30°-35°, 

along with additional characteristic peaks at higher angles, are consistent with the typical diffraction 

profile of BaM hexaferrite. The samples sintered at 1100 °C exhibit narrower and better-defined 

diffraction peaks compared to those sintered at 1000 °C, indicating improved crystallinity and grain 

growth with increasing sintering temperature. Overall, the XRD results demonstrate that increasing 

the sintering temperature from 1000 °C to 1100 °C significantly improves the structural ordering and 
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crystallinity of BaM hexaferrite without altering its fundamental crystal structure. The standard BaM 

diffraction pattern (JCPDS 27-1029) (fig.9) is characterized by intense reflections corresponding to 

the hexagonal magnetoplumbite structure with space group P6₃/mmc. Prominent peaks are observed 

in the regions of 2θ: 30°-35°, 37°, 43°, 54°-58°, and 62°-64°, which are associated with the 

characteristic crystallographic planes of BaFe₁₂O₁₉.  

 

Fig.9 X-ray diffraction (XRD) pattern of standard BaM (JCPDS 27-1029). 

 

A comparison of the experimental XRD patterns with the standard BaM reference confirms that all 

synthesized samples exhibit diffraction peaks that closely match those of M-type barium hexaferrite. 

No noticeable peak shifts are observed, indicating that the hexagonal magnetoplumbite structure is 

preserved across all samples and that no significant lattice distortion occurs as a function of sintering 

temperature. This agreement confirms the successful formation of BaFe₁₂O₁₉ in all cases. 

Making a comparison with α-Fe₂O₃ standard pattern (JCPDS 33-0664) (fig.10), on the other hand, 

exhibits distinctive reflections at approximately 24.1°, 33.1°, 35.6°, 40.9°, 49.5°, 54.1°, 57.6°, and 

62.5°, corresponding to the rhombohedral hematite structure. 
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Fig.10 α-Fe₂O₃ structure (JCPDS 33-0664). 

 

α-Fe₂O₃ (hematite) is widely reported as an intermediate or residual phase during the synthesis of 

BaM hexaferrite, due to incomplete reaction between iron oxide and barium-containing precursors at 

lower temperatures. The presence of hematite is typically identified by its characteristic low-angle 

reflection near 24° and additional peaks around 33° and 49°. In the present study, a careful 

comparison with the α-Fe₂O₃ standard (JCPDS 33-0664) reveals that none of the experimental 

diffraction patterns show distinct hematite-specific reflections. Although partial peak overlap 

between BaM and α-Fe₂O₃ may occur in the 33°-35° region, the absence of isolated hematite peaks 

in particular those at lower angles combined with the presence of multiple BaM-specific reflections 

confirms that α-Fe₂O₃ does not persist as a secondary phase in the synthesized samples. This 

observation indicates that the hematite precursor has been fully consumed during the formation of the 

BaM phase, resulting in high phase purity. 

3.1.2 Sr-M Ferrites 

The X-ray diffraction patterns of the strontium hexaferrite samples sintered at 1000 °C and 1100 °C 

are presented in figure 11. All samples exhibit diffraction peaks at identical 2θ positions, indicating 

the formation of a single crystalline phase across the entire set of compositions and sintering 
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conditions. The absence of additional diffraction peaks suggests that no secondary phases, such as 

hematite or strontium carbonate, are present within the detection limits of the measurement. A 

comparison between the samples sintered at different temperatures reveals that the fundamental 

crystal structure remains unchanged upon increasing the sintering temperature from 1000 °C to 1100 

°C. This structural stability indicates that the SrM phase is thermodynamically stable over the 

investigated temperature range. However, differences in the diffraction peak profiles can be observed, 

particularly in terms of peak width and definition. The samples sintered at 1100 °C display sharper 

and more clearly resolved diffraction peaks, while those sintered at 1000 °C exhibit broader 

reflections. This reduction in peak broadening at higher temperature is indicative of improved 

crystallinity, which can be attributed to enhanced atomic diffusion and grain growth during sintering. 

 

Fig.11 X-ray diffraction (XRD) patterns of Sr-hexaferrite (SrFe₁₂O₁₉) samples sintered at 1000 °C 

and 1100 °C. 

 

Although variations in peak intensity are noticeable among the different samples, these differences 

cannot be directly correlated with crystallinity. Absolute diffraction intensities are strongly influenced 

by experimental factors such as sample packing, surface flatness, and preferred orientation of 
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crystallites. Consequently, the crystallinity of the samples is more reliably assessed through peak 

sharpness rather than peak height. Overall, the XRD analysis confirms that single-phase M-type 

strontium hexaferrite is successfully synthesized in all samples. The improved peak sharpness 

observed at 1100 °C reflects enhanced crystallinity and microstructural development, while the 

stability of peak positions across all samples highlights the robustness of the magnetoplumbite 

structure under the applied thermal conditions. 

The experimental X-ray diffraction (XRD) patterns for samples SrM1–SrM6, calcinated at 

temperatures of 1000°C and 1100°C, were evaluated against the standard JCPDS card (33-1340) for 

M-type Strontium Hexaferrite (fig.12). All synthesized samples (SrM1–SrM6) exhibit the 

characteristic reflections associated with the space group. The primary diffraction peaks observed in 

the experimental data, those situated approximately at 30.3°, 32.2°, 34.1°, and 37.1° show excellent 

alignment with the (110), (107), (114), and (203) planes of the standard reference. 

 

Fig. 12 X-ray diffraction (XRD) pattern of standard SrM. 

The absence of significant secondary peaks at 33.1° or 35.6° (typical of α-Fe₂O₃ hematite) suggests 

that the calcination temperatures of 1000°C and 1100°C were sufficient to facilitate a near-complete 

solid-state reaction. However, a slight broadening at the base of the peaks in the 1000°C series (SrM1, 

SrM3, SrM5) indicates the presence of minor lattice strain or incomplete grain growth compared to 

the higher temperature counterparts. SrM6 (1100°C) displays a slightly different intensity profile in 
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the range of 55°-65°, which may point to specific site occupancy preferences or localized structural 

distortions within the S or R blocks of the magnetoplumbite unit cell. 

3.2 Y Ferrites 

For the Y-type ferrite samples, a similar labeling procedure was adopted. Sample code AB10 

corresponds to BaY1 synthesized at 1000 °C and BaY2 synthesized at 1100 °C. Likewise, sample 

code AB11 refers to the strontium-based samples SrY1 (1000 °C) and SrY2 (1100 °C). 

3.2.1 Ba-Y Ferrites 

The X-ray diffraction patterns of the barium Y-type hexaferrite samples sintered at 1000 °C and 1100 

°C are shown in figure 13. Both diffraction patterns display a large number of well-defined reflections 

over the 2θ range of approximately 20°-80°, which is characteristic of Y-type hexaferrites. Although 

the overall diffraction profiles are similar, differences in peak shape can be observed between the two 

samples.  

 

Fig.13 X-ray diffraction patterns of barium Y-type hexaferrite samples sintered at 1000 °C and 

1100 °C. 
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No additional peaks associated with secondary phases such as α-Fe₂O₃ or spinel ferrites are detected, 

suggesting that the synthesized samples are phase-pure within the resolution of the XRD 

measurements. The X-ray diffraction patterns of the synthesized Y-type ferrite samples were 

compared with the reference pattern reported in JCPDS card no. 19-100 for Ba₂Co₂Fe₁₂O₂₂ (fig. 14) 

in order to evaluate phase formation and structural quality. The diffraction pattern of the sample 

synthesized at 1000 °C (BaY1) already exhibits the characteristic reflections of the Y-type hexaferrite 

structure, indicating that the desired phase begins to form at this temperature. However, the peaks 

appear relatively broad and of moderate intensity, suggesting limited crystallinity and the possible 

presence of minor secondary phases or incomplete reaction products. In contrast, the sample 

synthesized at 1100 °C (BaY2) shows sharper and more intense diffraction peaks, with positions and 

relative intensities in closer agreement with the standard JCPDS pattern. This improvement reflects 

a higher degree of crystallization and enhanced phase purity at the higher synthesis temperature. The 

comparison therefore demonstrates that increasing the synthesis temperature from 1000 °C to 1100 

°C promotes the formation of a well-crystallized single-phase Y-type ferrite, leading to structural 

characteristics more consistent with the reference material. 

 

Fig. 14 Ba₂Co₂Fe₁₂O₂₂ JCPDS (card no. 19-100).  
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3.2.2 Sr-Y Ferrites 

The X-ray diffraction patterns of the strontium Y-type hexaferrite samples sintered at 1000 °C and 

1100 °C are shown in figure 15. Both patterns exhibit a large number of diffraction peaks distributed 

over the 2θ range. 

 

Fig. 15 X-ray diffraction patterns of strontium Y-type hexaferrite samples sintered at 1000 °C and 

1100 °C. 

 

A comparison between the two diffraction patterns shows that the peak positions remain unchanged 

with increasing sintering temperature, indicating that the crystal structure of the SrY hexaferrite is 

preserved upon thermal treatment. The XRD data there, are indeed several minor peaks visible in 

both sam ples that suggest the presence of secondary phases rather than a single pure crystalline 

structure. The sample at 1100°C specifically shows variations in peak intensity around the 30-35 

degree and 43-45 degree ranges which implies that the higher temperature possibly encouraged the 

growth of parasitic phases or non-magnetic impurities. 
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3.3 Z Ferrites 

For the Z-type ferrite samples, the following labeling scheme was adopted. Sample code AB12 

corresponds to the barium-based compositions BaZ1 synthesized at 1200 °C and BaZ2 synthesized 

at 1250 °C. The strontium-based Z-type ferrites were initially labeled under sample code AB13, 

corresponding to SrZ1 and SrZ2. However, due to cobalt losses observed in these samples during 

synthesis, an additional set of samples was prepared and labeled as AB13 bis, corresponding to SrZ3 

and SrZ4. 

3.3.1 Ba-Z Ferrites 

The X-ray diffraction patterns for the BaZ (fig.16) material at 1200°C and 1250°C offer a visual 

representation of how thermal energy dictates the structural evolution of a solid. The difference 

between the two temperatures is the dramatic increase in peak intensity. At 1200°C, the primary 

reflections are relatively muted, suggesting that the material is either partially amorphous or 

composed of very small crystallites that do not diffract X-rays efficiently. When the temperature is 

raised to 1250°C, the intensity of the dominant peak near 31 degrees increases nearly fourfold. This 

phenomenon is typically attributed to grain growth and improved crystallinity. As the temperature 

rises, atoms gain sufficient kinetic energy to overcome diffusion barriers, allowing them to migrate 

into more stable, ordered positions. This reduces lattice strain and defects, resulting in sharper, taller 

peaks. 
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Fig. 16 X-ray diffraction patterns of barium Z-type hexaferrite samples sintered at 1200 °C and 

1250 °C. 

 

Furthermore, the emergence of new peaks at 1250°C, particularly in the lower angle range between 

20 and 25 degrees, indicates a chemical or structural transformation. This suggests that 1200°C was 

insufficient to fully form the desired BaZ crystalline phase. At the higher temperature, the system has 

crossed a thermodynamic threshold, allowing for the complete crystallization of the target phase or 

perhaps a transition from one polymorph to another. This change in the "fingerprint" of the graph 

confirms that the material's identity at the atomic level has shifted. The diffraction patterns of ferrite 

samples synthesized in the laboratory are compared with the standard reference pattern for the 

compound Ba₃Co₂Fe₂₄O₄₁ obtained from the JCPDF database (card no. 19-97) (fig.17). This 

comparison allows an assessment of whether the desired barium–cobalt ferrite phase has been 

successfully produced. 
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Fig.17 Ba₃Co₂Fe₂₄O₄₁ JCPDS (card no.19-97). 

A strong correspondence in peak positions can be observed. The major reflections present in the 

standard pattern are also clearly visible in both synthesized samples. This alignment of diffraction 

peaks indicates that the main crystalline phase formed during synthesis is consistent with 

Ba₃Co₂Fe₂₄O₄₁. 

During thermal treatment in the presence of Fe₂O₃, Co3O4 is not expected to remain stable, as it readily 

reacts to form the spinel ferrite CoFe2O4. Therefore, if cobalt were not fully incorporated into the 

Ba3Co2Fe24O41 structure, the most probable secondary phase would be CoFe₂O₄ rather than Co₃O₄. 

However, careful examination with figure 18 does not reveal any additional reflections that could be 

attributed to secondary cobalt-containing phases. Within the detection limits of X-ray diffraction, this 

suggests that cobalt is effectively incorporated into the Ba₃Co₂Fe₂₄O₄₁ phase. 
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Fig.18 The standard Co3O4 pattern from JCPDF (card no. 3-864). 

 

Furthermore, CoFe₂O₄ is strongly ferrimagnetic and would introduce a distinct secondary magnetic 

contribution. The absence of anomalous magnetic behavior or multiphase features in the hysteresis 

measurements further supports the conclusion that no spinel secondary phase is present. Taken 

together, these structural and magnetic results confirm that cobalt is effectively incorporated into the 

Z-type hexaferrite lattice and that the desired barium-containing ferrite phase has been successfully 

obtained. 

3.3.2 Sr-Z Ferrites 

It should be noted that no JCPDF database standards are available for SrZ hexaferrites. Therefore, 

the evaluation of phase formation and structural features must rely on comparisons with previously 

published data. Looking the synthesized samples, significant chemical variation is present in the SrZ1 

(fig.19). During the filtration process, this particular specimen suffered a loss of cobalt. In complex 

oxide systems, the stoichiometry of transition metals like cobalt is vital for maintaining the intended 

crystal lattice. A deficiency in cobalt could leads to a decrease in the intensity of certain reflections 

or a shift in peak positions as the unit cell adjusts to the missing atoms. When comparing SrZ1 to the 

other samples, the peaks appear less defined and show different relative intensities because the 

internal arrangement of atoms has been compromised by this elemental loss. 

10 20 30 40 50 60 70 80

0

20

40

60

80

100 Standard Co3O4

2θ degrees

in
te

n
s
it
y



35 
 

 

Fig. 19 X-ray diffraction patterns of strontium Z-type hexaferrite samples sintered at 1200 °C and 

1250 °C. 

 

The SrZ2 pattern exhibits a noticeably jagged and noisy profile compared to its counterparts. This 

visual interference is the result of the experimental parameters chosen during data collection, 

specifically the use of a larger step size of 0.1 degrees. Despite this noise, the underlying crystalline 

structure is still discernible, though the precision of the peak intensity is affected by the measurement 

technique rather than a lack of crystallinity in the material itself. The role of temperature remains a 

primary driver for the differences seen across all four graphs. At 1200°C, the thermal energy promotes 

better atomic diffusion, which typically results in sharper peaks and higher intensities as the grains 

grow and defects are annealed out. The XRD patterns of the SrZ samples were compared to the 

standard Co3O4 reference (JCPDF card no. 3-864) to check for any residual cobalt oxide. As expected, 

no Co3O4 peaks are present, indicating that cobalt fully reacted with iron during synthesis to form the 

CoFe2O4 spinel and, ultimately, the SrZ-type hexaferrite structure. In SrZ1, where some cobalt may 

have been lost during filtration, the peak intensities are generally lower and slightly broadened, 
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reflecting a small variation in crystallinity rather than the presence of a separate Co3O4 phase. In 

contrast, SrZ3 and SrZ4, heated at 1200-1250°C with full cobalt content, show well-defined peaks 

across the 30–70° range. At 1250°C, sharper peaks allow the resolution of additional reflections 

between 40–50° and near 60°, corresponding to the SrZ hexaferrite lattice with strontium 

incorporation. These observations confirm that both proper cobalt content and sufficient heating are 

critical to achieving single-phase, well-crystallized SrZ hexaferrite. 

The diffraction patterns reported in the paper “The synthesis and characterization of the hexagonal Z 

ferrite, Sr₃Co₂Fe₂₄O₄₁, from a sol-gel precursor” (Pullar & Bhattacharya, 2001) for the Sr3Co2Fe24O41 

sample treated at 400 °C, 1100 °C, and 1200 °C show (fig.20) a progressive evolution toward a well-

defined and highly crystalline Z-type structure. In particular, the pattern obtained at 1200 °C is 

characterized by sharp and intense reflections, along with a reduced background, indicating a high 

degree of crystallinity and phase purity. 

When compared samples with this patterns, the synthesized samples in the present study exhibit 

similar structural features, suggesting successful formation of the Z-type phase. In contrast, the 

cobalt-deficient samples display noticeable deviations in the diffraction profiles, which can be 

attributed to changes in phase stability and incomplete stabilization of the Z-type structure. 
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Fig.20 1200 °C,1100 °C and 400 °C SrZ reference samples. (Pullar & Bhattacharya, 2001) 

 

3.4 W Ferrites 
 

Regarding the W-type ferrite series, the samples were designated as follows: AB14 identifies the 

barium-based samples BaW1 and BaW2, prepared at 1200 °C and 1250 °C, respectively. The 

strontium-based W-type ferrites were grouped under sample code AB15, corresponding to SrW1 

synthesized at 1200 °C and SrW2 synthesized at 1250 °C. 

3.4.1 Ba-W Ferrites 

The most evident difference between the two patterns concerns the overall quality of the diffraction 

signal (fig.21). The spectrum acquired from the sample treated at 1200 °C appears considerably 

noisier, with broader and less well-defined peaks. This effect is partly related to the acquisition 

conditions, since this scan was collected using a step size of 0.1° in 2θ. In contrast, the pattern 

corresponding to the 1250 °C sample shows a much cleaner profile, with sharper reflections and a 

lower background level, indicating both improved data collection parameters and a more ordered 

crystalline structure. 
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Fig.21 X-ray diffraction patterns of barium W-type hexaferrite samples sintered at 1200 °C and 

1250 °C. 

 

Beyond the instrumental aspect, the differences between the two patterns also have a clear structural 

origin. At 1200 °C, the formation of BaW hexaferrite is likely still incomplete. The solid-state 

reactions involved in the synthesis of W-type hexaferrites require significant atomic diffusion and 

structural rearrangement, processes that may not be fully achieved at this temperature. As a 

consequence, the material obtained at 1200 °C probably consists of smaller crystallites, a higher 

concentration of lattice defects, and possibly residual precursor or intermediate phases. These 

microstructural features manifest in the XRD pattern as broadened peaks and reduced intensities. 

When the sintering temperature is increased to 1250 °C, the additional thermal energy promotes 

further crystallization and grain growth. The diffusion processes become more efficient, enabling a 

more complete transformation into the desired W-type hexaferrite phase (fig.22). This structural 

improvement is directly reflected in the diffraction pattern, which exhibits narrower and more intense 

peaks, characteristic of a material with higher crystallinity and larger coherent domain size. 
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Therefore, even without considering the differences in acquisition conditions, the 1250 °C pattern 

can be regarded as representative of a more fully developed and structurally refined BaW phase. 

 

 

Fig.22The standard BaCo2Fe16O27  pattern from JCPDF (card no. 19-98). 

 

It should also be noted that, as expected, the BaW samples do not show any correspondence with the 

patterns of pure spinels such as CoFe2O4. This confirms that any spinel phases present in the 

precursors have fully reacted to form the BaW phase, without residual spinel or other secondary 

phases. Therefore, the reflections observed in the XRD patterns reflect exclusively the crystallization 

of the BaW-type structure. 

3.4.2 Sr-W Ferrites 

It should be noted that no JCPDF database standards are available for SrW hexaferrites. A primary 

consideration in the analysis of the first sample, SrW1, is the noticeable level of instrumental noise 

compared to the subsequent trial. The transition from 1200°C to 1250°C (fig.23) further illustrates 

the impact of thermal energy on crystalline maturity. While the W-phase is present in the SrW1 

sample, the SrW2 sample exhibits much sharper and more intense reflections that align with higher 

precision to the theoretical W-type standard. This suggests that the additional 50°C facilitated better 

grain growth and a more ordered atomic arrangement, effectively eliminating any lingering micro-

strain or intermediate phases. Ultimately, the data demonstrates that while 1200°C is sufficient to 
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initiate the phase transformation, the 1250°C treatment yields a superior crystalline product, despite 

the initial challenges posed by the acquisition resolution in the preliminary scans. 

 

 

Fig.23 X-ray diffraction patterns of strontium W-type hexaferrite samples sintered at 1200 °C and 

1250 °C. 

 

The two synthesized SrW samples (1200 °C and 1250 °C) were compared with a Co₂W sample treated 

at 1200 °C from the paper “Aligned hexagonal ferrite fibres of Co2W, BaCo2Fe16O27 produced from 

an aqueous sol–gel process” (Pullar, Taylor, & Bhattacharya, 1997) (fig.24), used as a structural 

reference. The comparison shows a clear correspondence in the main diffraction peak positions, 

particularly in the angular regions around 30-40°, 55-63°, and 65-75°. This agreement in 2θ positions 

indicates that the fundamental crystal structure is the same. The coincidence of peak positions 

confirms that the lattice symmetry and structural framework are consistent with the W-type phase. 
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Fig.24 Co₂W sample at 1200°C. (Pullar, Taylor, & Bhattacharya, 1997) 

 

Differences are mainly observed in the relative peak intensities. These variations are expected and 

can be attributed to the different cation composition, which affects the atomic scattering factors and 

cation distribution within the crystallographic sites. 

When comparing these synthesized samples to the Co3O4 standard, the data reveals a successful 

chemical transformation. The standard cobalt oxide pattern is defined by sharp, isolated reflections, 

most notably near 37° and 63°. In both the 1200°C and 1250°C samples, these specific precursor 

peaks have vanished as independent signals, indicating that the cobalt ions have been successfully 

consumed and incorporated into the R and S blocks of the hexaferrite structure.  
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3.5 X Ferrites 

For the X-type ferrite samples, the following labeling scheme was adopted. Sample code AB16 

corresponds to the barium-based compositions BaX1 synthesized at 1200 °C and BaX2 synthesized 

at 1250 °C. The strontium-based X-type ferrites were initially labeled under sample code AB17, 

corresponding to SrX1 and SrX2. It should be noted that no JCPDF database standards are available 

X-type hexaferrites.  

3.5.1 Ba-X Ferrites 

The patterns obtained for the samples (fig.25) treated at 1200 °C and 1250 °C both show the complex 

set of reflections expected for hexagonal Ba-type ferrites, suggesting that the desired phase was 

effectively formed. Nevertheless, the influence of the calcination temperature is evident. The sample 

prepared at 1200 °C exhibits broader and less intense peaks, together with a few weak additional 

reflections, which may indicate the presence of small amounts of unreacted or secondary phases. In 

contrast, the sample treated at 1250 °C shows sharper and better defined peaks, pointing to improved 

crystallinity and a more complete solid-state reaction. The comparison with the reference patterns of 

Co₃O₄ and α-Fe₂O₃ helps to evaluate possible impurities. No significant correspondence is observed 

with the Co₃O₄ standard suggesting that cobalt has been successfully incorporated into the ferrite 

structure rather than remaining as a separate oxide phase. Some weak features compatible with α-

Fe₂O₃ appear in the lower-temperature sample, while they are essentially absent after treatment at 

1250 °C. Overall, the results demonstrate that the solid salt matrix technique is effective for the 

preparation of BaX ferrite and that a calcination temperature of 1250 °C is more suitable to obtain a 

well-crystallized material with higher phase purity. 
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Fig. 25 X-ray diffraction patterns of barium X-type hexaferrite samples sintered at 1200 °C and 

1250 °C. 

 

Since a standard reference pattern for X-type ferrites is not readily available, the phase identification 

was based on a diffraction features reported in the literature for this class of materials. For the X-type 

is used as a reference the pattern of Co2X, (fig.26) from the paper “The synthesis and characterisation 

of Co2X (Ba2Co2Fe28O46) and Co2U (Ba4Co2Fe36O60) ferrite fibres, manufactured from a sol-gel 

process” (Pullar & Bhattacharya, 2001).  

The XRD analysis of BaX and Co₂X ferrites confirms the formation of a complex hexagonal X-type 

ferrite structure at high temperatures. Both systems share similar structural frameworks, the results 

demonstrate that X-type ferrites require elevated temperatures for complete structural development.  
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Fig.26 The XRD patterns for the Co2X composition fibres. (Pullar & Bhattacharya, 2001) 

 

3.5.2 Sr-X Ferrites 

The sample prepared at 1200 °C exhibits peaks that are slightly broader and less intense, suggesting 

a lower degree of crystallinity and the possible presence of small amounts of residual secondary 

phases. When the temperature is increased to 1250 °C, the diffraction peaks become sharper and 

better defined, and the overall intensity increases, which points to improved structural ordering and a 

more complete solid-state reaction. (fig.27) The comparison with the reference patterns of Co₃O₄ and 

α-Fe₂O₃ helps to evaluate the purity of the synthesized material. No significant correspondence is 

observed between the SrX patterns and the Co₃O₄ standard, indicating that cobalt oxide is not present 

as a separate phase and that any cobalt in the composition has been successfully incorporated into the 

ferrite structure. In contrast, some weak features in the 1200 °C sample appear in angular positions 

compatible with α-Fe₂O₃ reflections, particularly around 35°, suggesting that a small amount of 

unreacted iron oxide may still be present at this temperature. These features are essentially absent in 

the sample treated at 1250 °C, where the intensity distribution becomes more consistent with that 

expected for a single, well-crystallized phase. 
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Fig.27 X-ray diffraction patterns of strontium X-type hexaferrite samples sintered at 1200 °C and 

1250 °C. 

 

For this sample it is also used, as a reference, the pattern of Co2X (fig.26) from the paper “The 

synthesis and characterisation of Co2X (Ba2Co2Fe28O46) and Co2U (Ba4Co2Fe36O60) ferrite fibres, 

manufactured from a sol-gel process” (Pullar & Bhattacharya, 2001). SrX and Co₂X ferrites confirms 

the formation of a complex hexagonal X-type ferrite structure at high temperatures. By comparing 

these systems, is seen a clear correspondence and the successful creation of the phase. Both systems 

share similar structural frameworks. 

  

3.6 U Ferrites 

For the U-type ferrite samples, the following labeling scheme was adopted. Sample code AB18 

corresponds to the barium-based compositions BaU1 synthesized at 1200 °C and BaU2 synthesized 

at 1250 °C. The strontium-based Z-type ferrites were initially labeled under sample code AB19, 

corresponding to SrU1 and SrU2. However, due to cobalt losses observed in these samples during 

synthesis, an additional set of samples was prepared and labeled as AB19 bis, corresponding to SrU3 

and SrU4. It should be noted that no JCPDF database standards are available U-type hexaferrites.  
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3.6.1 Ba-U Ferrites 

The two BaU patterns at 1200°C and 1250°C (fig.28) show a series of sharp and well-defined peaks, 

indicating that both samples are highly crystalline. The higher temperature sample at 1250°C appears 

to have slightly sharper and more intense peaks than the 1200°C sample, which suggests that 

increasng the temperature promotes better crystallinity and possibly larger crystallite sizes. In terms 

of phase composition, the lack of a perfect match with either Co₃O₄ or α-Fe₂O₃ confirms that BaU 

forms a distinct phase, but the similarities in certain peak positions could indicate that some structural 

features or local coordination environments are reminiscent of these common oxides. Overall, the 

data shows that your BaU samples are single-phase, highly crystalline materials with unique 

diffraction features that distinguish them from known cobalt and iron oxides, and that the higher 

synthesis temperature tends to improve the crystallinity without introducing detectable secondary 

phases. 

 

Fig.28 X-ray diffraction patterns of barium U-type hexaferrite samples sintered at 1200 °C and 

1250 °C. 
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Since a standard reference pattern for U-type ferrites is not readily available, the phase identification 

was based on diffraction features reported in literature for this class of materials. For the U-type is 

used, as a reference, the pattern of Co2U (fig.29) from the paper “The synthesis and characterisation 

of Co2X (Ba2Co2Fe28O46) and Co2U (Ba4Co2Fe36O60) ferrite fibres, manufactured from a sol-gel 

process” (Pullar & Bhattacharya, 2001).  

 

Fig.29 The XRD patterns for the Co2U composition fibres. (Pullar & Bhattacharya, 2001) 

 

Comparing the peak positions, the samples show reflections in the same 2θ regions as the Co₂U 

pattern, particularly in the ranges around 30-35°, 50-60° and 63-70°, where the most intense 

characteristic U-type hexaferrite peaks are expected. The relative intensities and the presence of 

multiple sharp reflections at higher temperatures (especially at 1250 °C) further suggest improved 

crystallinity and the formation of a well-defined hexaferrite phase. 

3.6.2 Sr-U Ferrites 

The samples SrU1 and SrU3 sintered at 1200°C show broader, shorter peaks. (fig.30) This usually 

tells us that the crystals are still quite small and the reaction might not have fully finished. Once we 

step up to 1250°C, SrU2 and SrU4, the peaks become much sharper and taller. During the preparation 

of samples SrU1 and SrU2 there was the noticeable loss of the purple color, which is a clear indicator 

that cobalt was being lost. This loss left behind an excess of iron that had nothing to bond with. 
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Because the cobalt was gone, this iron settled into its own separate form, which is why the patterns 

show such a strong match with the α-Fe2O3 hematite standard.  

 

Fig.30 X-ray diffraction patterns of strontium U-type hexaferrite samples sintered at 1200 °C and 

1250 °C. 

 

The X-ray diffraction patterns of samples SrU3 and SrU4, calcined at 1200 °C and 1250 °C 

respectively, indicate a significant improvement in phase formation. Both patterns exhibit a dense 

distribution of reflections across the 2θ range, which is consistent with the structural complexity of 

U-type hexaferrites. A careful comparison with the reference patterns of α-Fe₂O₃ and Co₃O₄ does not 

reveal clear evidence of secondary crystalline phases. In particular, the absence of a pronounced 

reflection near 24° which is a strong and diagnostic peak of hematite suggests that residual α-Fe₂O₃ 

is either absent or present only in negligible amounts. Similarly, the characteristic spinel reflections 

of Co₃O₄, do not appear as isolated or dominant features in the SRU3 and SRU4 patterns. While 

reflections are present in these angular regions, they are consistent with the complex peak distribution 

expected for U-type ferrite and do not display the distinct intensity ratios typical of cobalt oxide 
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spinel. When comparing SrU3 and SrU4, the sample calcined at 1250 °C appears slightly more 

defined in terms of peak sharpness and intensity, which suggests improved crystallinity at the higher 

calcination temperature. The increase in temperature likely promotes enhanced diffusion of cations 

and more complete solid-state reaction, reducing the possibility of unreacted precursor oxides. The 

similarity in peak positions between the two samples indicates that the same crystalline phase is 

present in both cases. 

For this sample it is also used, as a reference, the pattern of Co2U (fig.29) from the paper “The 

synthesis and characterisation of Co2X (Ba2Co2Fe28O46) and Co2U (Ba4Co2Fe36O60) ferrite fibres, 

manufactured from a sol-gel process” (Pullar & Bhattacharya, 2001). SrU and Co₂U ferrites confirms 

the formation of a complex hexagonal U-type ferrite structure at high temperatures. By comparing 

these systems, is seen a clear correspondence and the successful creation of the phase. Both systems 

share similar structural frameworks, although the synthesized sample contains strontium, the one used 

as a comparison contains barium. 

 . 
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4 Vibrating sample magnetometer (VSM) 

4.1 M-type 

The magnetic properties (tab.6) of the samples BaM5-BaM6 (11), BaM3-BaM4 (11,5), and BaM1-

BaM2 (12) in figure 31 were investigated at room temperature through M–H hysteresis loops and 

their corresponding dM/dH curves after annealing at 1000 °C and 1100 °C. 

Samples Ms (Am²/kg) Mr (Am²/kg) Hc (T) Hsw (T) 

Ba(11) (1000°C) 68.4 34 0.24 0.27 

Ba(11.5) (1000°C) 68.0 35 0.26 0.29 

Ba(12) (1000°C) 66.8 37 0.43 0.51 

Ba(11) (1100°C) 67.2 33 0.25 0.27 

Ba(11.5) (1100°C) 67.9 34 0.29 0.36 

Ba(12) (1100°C) 66.2 38 0.46 0.52 

Sr(11) (1000°C) 66.3 35 0.41 0.47 

Sr(11.5) (1000°C) 65.3 36 0.39 0.45 

Sr(12) (1000°C) 66.5 39 0.57 0.64 

Sr(11) (1100°C) 67.4 38 0.34 0.37 

Sr(11.5) (1100°C) 70 39 0.32 0.36 

Sr(12) (1100°C) 70 41 0.54 0.62 

Tab.6 Summary of magnetic properties of M hexagonal ferrite. 

 

 All samples exhibit clear hysteretic behavior, confirming ferromagnetic ordering, with saturation 

magnetization values in the range of approximately 66–68 Am²/kg. A slight decrease in saturation 

magnetization is observed with increasing annealing temperature, which may be attributed to 

microstructural changes such as grain growth or cation redistribution. The coercive field (Hc) was 
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determined from the M–H loops as the value of the applied magnetic field at which the magnetization 

crosses zero, representing the field required to overcome domain pinning and randomize the magnetic 

domains. A key observation is that the coercivity and switching field are much lower for the non-

stoichiometric SrM ferrites and BaM (Sr, Ba=11.0 and 11.5), even though all samples remain 

magnetically hard. A complementary evaluation of the magnetization reversal process was obtained 

by analyzing the derivative curves (dM/dH), where the peak positions correspond to the maximum 

rate of change of magnetization and thus define the switching field, i.e. the field most effective in 

reversing the magnetic domains. The switching field values, extracted from the dM/dH versus H 

plots, are closely related to the coercive fields but are typically slightly higher, reflecting the dynamics 

of domain reversal. An increase in coercivity and switching field is observed with higher annealing 

temperature, indicating enhanced magnetic anisotropy and stronger domain wall pinning, with Ba 

(12) consistently exhibiting the highest values among the samples. The relatively square and 

symmetric hysteresis loops, together with the well-defined and symmetric dM/dH peaks, indicate 

good magnetic homogeneity, while the slight broadening of the derivative peaks at 1100 °C suggests 

a wider distribution of switching fields associated with increased microstructural or magnetic 

inhomogeneity. 



52 
 

 
 

Fig.31 Magnetic hysteresis and coercivity evolution in BaM hexaferrite samples annealed at 

different temperatures. 

 

Compared to the reference BaM sample reported in “Magnetic properties of randomly oriented BaM, 

SrM, Co₂Y, Co₂Z and Co₂W hexagonal ferrite fibres” (Pullar, Bdikin, & Bhattacharya, 2012), which 

had a saturation magnetization Ms = 63.8 A·m²/kg and coercivity Hc = 420 kA m-1, the samples in 

this work of study generally show higher Ms values (66.2–68.4 A·m²/kg) but much lower coercivity 

(0.24-0.46 T). For example, Ba (11) at 1000 °C exhibited the highest Ms (68.4 A·m²/kg) with 

moderate remanence (34 A·m²/kg), while Ba (12) at 1100 °C had the lowest Ms (66.2 A·m²/kg) but 

the highest coercivity (0.46 T) and remanence (38 A·m²/kg), highlighting a trade-off between 

magnetization and coercivity depending on Ba content and sintering temperature. Overall, these 

results suggest that tuning Ba stoichiometry and heat treatment can enhance the magnetic properties 

compared to the reference. 
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In the figure 32 are shown the magnetic hysteresis loops (M–H) and corresponding derivative curves 

(dM/dH) of Sr- substituted hexaferrite samples, labeled SrM5-SrM6 (11), SrM3-SrM4 (11.5), and 

SrM1-SrM2 (12), measured at room temperature after annealing at 1000 °C and 1100 °C, and resume 

in tab.6. All samples exhibit well-defined hysteresis loops characteristic of hard magnetic behavior, 

confirming the preservation of ferrimagnetic ordering upon Sr substitution. The saturation 

magnetization values range from approximately 65–70 Am²/kg at 1000 °C and increase slightly after 

annealing at 1100 °C, suggesting improved crystallinity and magnetic ordering at higher annealing 

temperature. The coercive field, extracted from the M–H loops as the field at which the magnetization 

crosses zero, increases with annealing temperature for all samples, with SrM (12) consistently 

exhibiting the highest coercivity. The relatively sharp and symmetric peaks observed in the dM/dH 

plots indicate a narrow distribution of switching fields and good magnetic homogeneity, while the 

slight peak broadening at 1100 °C suggests increased microstructural complexity associated with 

grain growth or local anisotropy variations. Overall, the results demonstrate that SrM hexaferrites 

effectively enhances coercivity while maintaining high saturation magnetization, making these 

materials promising candidates for permanent magnet applications. 
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Fig. 32 Magnetic hysteresis and coercivity evolution in SrM hexaferrite samples annealed at 

different temperatures. 

 

 

Compared to the reference SrM sample from the scientific article “Magnetic properties of randomly 

oriented BaM, SrM, Co₂Y, Co₂Z and Co₂W hexagonal ferrite fibres” (Pullar, Bdikin, & Bhattacharya, 

2012), SrFe12O19 sintered at 1000 °C, which had a saturation magnetization Ms = 63.3 A·m²/kg, 

remanence Mr = 31.3 A·m²/kg, and coercivity Hc = 455 kAm-1 the SrM samples in this study 

generally show higher Ms (65.3-70 A·m²/kg) and Mr (35-41 A·m²/kg). For example, Sr (11.5) and 

Sr (12) at 1100 °C reached the highest Ms of 70 A·m²/kg and Mr of 41 A·m²/kg, although their 

coercivity (0.32-0.54 T) varied with composition and sintering temperature. Overall, these results 

indicate that adjusting Sr content and sintering conditions can improve the magnetic performance 

compared to the reference, with a clear trade-off between saturation magnetization and coercivity. 
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4.1.1 Chromium-Doped M-type Ferrites 

All of the samples in figure 33 display the broad, open loops typical of hard magnetic materials. At 

1000 °C, a slight increase in saturation magnetization is observed with increasing Cr content, although 

the variation remains moderate and does not follow a strictly systematic trend at 1100 °C. Coercivity, 

which represents the field needed to reduce magnetization to zero, remains high for all samples. 

However, the sample with 0.4 Cr shows a slight reduction in magnetic hardness compared to the 

others. 

 

Fig.33 Magnetic hysteresis and coercivity evolution in Chromium-Doped M-type Ferrite samples 

annealed at different temperatures. 

 

In the bottom row each curve shows distinct, sharp peaks that align with the coercivity values found 

in the hysteresis loops. The presence of single, well-defined peaks indicates that the material is 

magnetically homogeneous and consists of a single phase; any significant impurities or secondary 
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phases would typically manifest as secondary peaks or shoulders. When comparing the two 

temperatures, the 1100°C samples maintain similar saturation levels but show subtle shifts in peak 

position, reflecting how higher thermal energy during sintering affects grain size and magnetic 

domain wall movement. Overall, the data confirms that Chromium doping up to 0.6 successfully 

tunes the magnetic properties of the M-ferrite without collapsing its structural integrity. 

Comparing between tab. 6 (SrM ferrites) and tab.7, Cr-doped M-ferrite samples show a very similar 

overall magnetic behavior. The saturation magnetization (Ms) values remain in the same range, with 

only slight variations, and the coercivity (Hc) does not exhibit a substantial enhancement with Cr 

addition. Likewise, the remanence ratio (Mr/Ms) stays nearly constant, indicating that the magnetic 

domain structure and anisotropy are not significantly altered. In contrast to the Sr:Fe ratio 

modifications reported in table 6, which produce somewhat more noticeable changes in Ms and Hc 

depending on composition and sintering temperature, the introduction of Cr leads only to minor 

adjustments. Overall, no significant differences are observed between the Cr-doped samples and the 

Sr M-ferrites, suggesting that Cr addition does not markedly modify the intrinsic magnetic properties 

of the M-type ferrite system. 

Sample Ms (Am2/kg) Mr/Ms Hc (T) Hsw (T) 

Cr (0.2) (1000°C) 60.5 0.54 0.58 0.65 

Cr (0.4) (1000°C) 65.1 0.54 0.49 0.55 

Cr (0.6) (1000°C) 67.5 0.54 0.57 0.62 

Cr (0.2) (1100°C) 60.6 0.54 0.55 0.61 

Cr (0.4) (1100°C) 66.2 0.55 0.43 0.5 

Cr (0.6) (1100°C) 65.4 0.55 0.47 0.54 

 

Tab.7 Summary of magnetic properties of Cr doped M-type Ferrites. 
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4.1.2 Cr doped M-type Ferrites (Sol-gel method) 

The hysteresis loops in the top panel (fig.34) reveal that these materials exhibit significant permanent 

magnet behavior. As the chromium concentration increases from x = 0.2 to x = 0.6, there is a clear 

and systematic reduction in both the saturation agnetization and the coercivity. This occurs because 

Cr3+ ions, which have a lower magnetic moment, typically replace Fe3+ ions in the hexagonal lattice, 

thereby weakening the overall magnetic exchange interactions. The irregular nature of the M-H loop 

indicates that this is not a strictly single magnetic phase material, as also suggested by the switching 

loops. 

 

Fig.34 Cr doped M-ferrites with sol-gel method. 

In this second graph, there are again three curves corresponding to the three Cr concentrations. Values 

around 0.57 T, 0.58 T and 0.59 T are indicated, which likely represent the positions of the main peaks 
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in the dM/dH curves. The presence of multiple peaks suggests that the material may exhibit more 

than one magnetic phase or that different magnetic domains contribute to the overall behavior. 

The ferrites synthesized via the sol–gel route (tab.8) exhibit noticeably lower magnetic performance 

when compared with the corresponding Cr-doped samples prepared by the solid salt matrix method 

(tab.7). 

Sample Ms (Am2/kg) Mr/Ms Hc (T) Hsw (T) 

Cr (0.2)  39.5 0.53 0.46 0.57 

Cr (0.4)  36.6 0.54 0.37 0.58 

Cr (0.6)  29.7 0.53 0.27 0.59 

 

Tab.8 Summary of magnetic properties of Cr doped M-type Ferrites (Sol-gel method). 

 

In particular, the sol-gel samples show significantly reduced saturation magnetization values (29.7–

39.5 Am²/kg), which are almost half of those obtained through the solid salt matrix approach. 

Moreover, coercivity progressively decreases with increasing Cr content in the sol–gel series, 

indicating a weakening of magnetic hardness. Although the remanence ratio remains comparable to 

that of the solid salt matrix samples, the overall magnetic response of the sol–gel ferrites is clearly 

inferior. These results suggest that the sol–gel process likely introduces structural disorder, smaller 

grain size, or surface spin effects that negatively affect magnetic ordering, whereas the solid salt 

matrix method promotes better crystallinity and stronger magnetic interactions. 

 

4.2 Y-type 

The magnetic characterization of the Y-type ferrite samples, as measured by a Vibrating Sample 

Magnetometer (VSM), reveals intriguing and somewhat unexpected behavior (tab.9). The VSM data 

presented include hysteresis loops (specific magnetization vs. magnetic field) and corresponding 



59 
 

differential susceptibility curve for Band Sr based Y-type ferrites synthesized at different sintering 

temperatures. 

Sample Ms (Am²/kg) Mr (Am²/kg) Hc (T) Hsw (T) 

BaY1(1000°C) 33.6 4 29.9mT 19.5 

BaY2(1100°C) 32.5 2 17.8mT 10.7 

SrY1(1000°C) 54.4 28 0.18 0.2 

SrY2(1100°C) 48.7 20 0.11 0.1 

Tab.9 Summary of magnetic properties of Y hexagonal ferrite. 

For the BaY samples, labeled BaY1 (1000°C) and BaY2 (1100°C) in figure 35, the hysteresis loops 

indicate typical soft ferrite behavior, with low coercivity values of 29.9 mT and 17.8 mT, respectively. 

The specific saturation magnetizations are 33.6 Am²/kg and 32.5 Am²/kg, showing a slight decrease 

with increasing sintering temperature, these values are in close agreement with the Co₂Y hexaferrite 

Ms (32.8 Am²/kg) reported by Pullar et al. (Pullar, Bdikin, & Bhattacharya, Magnetic properties of 

randomly oriented BaM, SrM, Co2Y, Co2Z and Co2W hexagonal ferrite fibres, 2012), confirming 

the expected magnetic behavior of Y-type ferrite fibres. The differential susceptibility curves show 

sharp peaks near the coercive field, confirming a relatively narrow switching field distribution and 

soft magnetic nature. These results are consistent with the general understanding of Ba-based Y-type 

ferrites, which are expected to exhibit low coercivity and moderate saturation magnetization due to 

their spinel-related layered structure. The sharp, well-defined peaks also suggest that the samples are 

of good quality and essentially single-phase, with no significant secondary magnetic phases present. 
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Fig.35 The magnetic characterization of the BaY-type ferrite sample. 

The magnetic charactrization of the SrY1 and SrY2 samples (fig.36) reveals a surprising departure 

from the expected behavior of Y-type hexaferrites. While these materials are traditionally classified 

as soft magnets, the hysteresis loops presented here indicate a distinct hard magnetic nature. This is 

most evident in the high coercivity values, which reach 0.18 T for the 1000 °C sample and 0.11 T for 

the 1100 °C sample. Such values, paired with the square-like shape of the loops, suggest strong 

magnetic anisotropy and a significant resistance to demagnetization. 

The saturation magnetization also shows a slight dependency on the sintering temperature, decreasing 

from 54.4 Am²/kg in the lower temperature sample to 48.7 Am²/kg in the higher one. This change 

might be attributed to alterations in grain size or subtle shifts in the crystalline structure during the 

heating process. Supporting this data, the differential susceptibility plots show sharp peaks that align 

perfectly with the coercive fields. The two peaks in the differential switching field plot, especially at 

1100 °C, indicates two clear magetization phases.  
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Fig.36 The magnetic characterization of the SrY-type ferrite sample. 

 

This anomaly often suggests the presence of a second parasitic phase, such as M-type hexaferrite 

which is naturally very magnetically hard. Even a small percentage of M-phase, sometimes difficult 

to clearly distinguish in low-resolution XRD, can drastically alter the magnetic properties of the final 

material. 

 

4.3 Z-type 

The magnetic characterization of the Z-type ferrite samples are summarized in tab.10. Both samples 

(fig.37) exhibit the narrow, S-shaped curves typical of soft magnetic materials, which are 

characterized by their ability to magnetize and demagnetize with minimal energy loss. However, the 

sample treated at the higher temperature of 1250°C demonstrates a superior saturation magnetization, 

but seem to be BaZ already formed at 1200°C, a lower temperature than normal. 
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Fig.37The magnetic characterization of the BaZ-type ferrite sample. 

Conversely, the coercivity the field required to reduce magnetization to zero drops significantly from 

16 to 6.8mT as the temperature increases. This suggests that the higher temperature likely promoted 

grain growth or improved crystalline perfection, making the magnetic domains easier to rotate. 

Sample Ms (Am²/kg) Mr (Am²/kg) Hc (mT) Hsw (mT) 

BaZ1(1200°C) 49.8 18 16 9.6 

BaZ2(1250°C) 52.6 12 6.8 9.5 

SrZ1(1200°C) 56.4 14 7 8,8 

SrZ2(1250°C) 75.2 18 8 9.7 

SrZ3(1200°C) 62.8 18 6.5 10.9 

SrZ4(1250°C) 78.5 22 8.7 9.6 

Tab.10 Summary of magnetic properties of Z hexagonal ferrite. 

The magnetic properties of the present BaZ samples were further compared with literature data 

reported in “Magnetic properties of randomly oriented BaM, SrM, Co₂Y, Co₂Z and Co₂W hexagonal 

ferrite fibres” (Pullar, Bdikin, & Bhattacharya, Magnetic properties of randomly oriented BaM, SrM, 
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Co2Y, Co2Z and Co2W hexagonal ferrite fibres, 2012). In that study, Co₂Z (Ba₃Co₂Fe₂₄O₄₁) treated 

at 1250 °C exhibited a saturation magnetization (Ms) of 44.8 Am²/kg, a remanent magnetization (Mr) 

of 9.2 Am²/kg, and a coercive field (Hc) of 19 mT. In the present study, the BaZ2 sample treated at 

1250 °C shows a higher saturation magnetization (52.6 Am²/kg) and a lower coercivity (6.8mT), 

while the BaZ1 sample treated at 1200 °C already exhibits Ms = 49.8 Am²/kg. These differences may 

be attributed to variations in synthesis route, microstructural development, grain size distribution and 

degree of phase purity. The higher Ms values obtained in this work suggest a well-developed 

magnetic ordering of the BaZ phase, whereas the lower coercivity may indicate reduced domain wall 

pinning and improved soft magnetic behavior under the present processing conditions. 

The second graph (fig.37) provides further insight by plotting the differential magnetization, or the 

rate of change of magnetization with respect to the field dM/dH. This derivative plot highlights the 

magnetic susceptibility of the samples. The 1250°C sample produces a much sharper and taller peak 

at the origin, indicating a more rapid and uniform magnetic switching process. Despite the difference 

in peak height, the width of these peaks remains remarkably similar, with values of 9.6 mT and 9.5 

mT respectively. This suggests that while the "softness" of the magnet changed, the overall 

distribution of the internal switching fields within the material remained relatively stable. 

Collectively, these graphs show that increasing the sintering temperature enhances the magnetic 

capacity of the ferrite while simultaneously making it more responsive to external magnetic 

influences. 

Looking the samples in figure 38 increasing the sintering temperature from 1200°C to 1250°C results 

in a marked improvement in saturation magnetization, with values climbing as high as 78.5 Am²/kg 

in the second sample set, which is too high for pure SrZ, which has a magnetisation closet to 50-60 

Am²/kg. This enhancement is likely the result of superior crystallization and the development of a 

more magnetically active phase at higher temperatures, probably SrW ferrite which forms from the 

decomposition of SrZ. There is no evidence of a seond magnetic phase in the differenetial switching 
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field loops in SrZ heated to 1250 °C, indicating that it has all decomposed to another phase, probably 

SrW, which has a greater magnetiation. It known that pure SrZ is very hard to make, with a synthesis 

window typcally between 1185-1215 °C, decomposing to SrW above this. (Pullar R. C., 2012) (Pullar 

& Bhattacharya, 2001). 

 

Fig.38 The magnetic characterization of the SrZ-type ferrite sample. 

While the saturation levels improve, the strontium samples show a distinct behavior regarding 

coercivity compared to typical barium-based ferrites. Rather than becoming magnetically "softer" at 

higher temperatures, these samples exhibit a slight increase in coercivity, rising from roughly 6.5 mT 

to 8.7 mT in the most extreme case. This suggests that the higher thermal energy may be introducing 
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new domain-wall pinning sites or structural changes that make the material slightly more resistant to 

demagnetization. 

The differential magnetization curves further support these findings by illustrating the rate of 

magnetic switching. In these plots, the 1200°C samples often display sharper, higher peaks, which 

correlates with their lower coercivity and suggests a more uniform and sudden reversal of magnetic 

moments. In contrast, the 1250°C samples show slightly broader switching distributions, indicating 

a more complex interaction within the material's internal magnetic fields. 

 

4.4 W-type 

The curves in figure 39 reveal that both materials behave as soft magnets due to their narrow loops 

and low coercivity. In the barium samples, increasing the temperature from 1200°C to 1250°C 

actually decreases the saturation magnetization from 64.6 Am²/kg to 53.1 Am²/kg. Conversely, the 

strontium samples show the opposite trend, where the higher temperature significantly boosts 

magnetization from 71 Am²/kg to 82.9 Am²/kg. This suggests that while 1250°C may promote better 

phase formation in SrW, it might lead to unfavorable grain growth or secondary phases in BaW. 

These Ms values are also similar to those reported for the supposed SrZ sample heated to 1250 °C, 

which has likely decomposed to form SrW. 
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Fig.39 The magnetic characterization of the BaW and SrW-type ferrite samples. 

The right column displays the differential susceptibility (dM/dH), which measures how quickly the 

material's magnetization changes in response to the field. The sharp, central peaks confirm that the 

most intense magnetic switching occurs near zero field. For the BaW samples, the 1250°C variant 

results in a pure phase, whereas for the 1200°C sample there seems to be the presence of a small 

second phase, as also seen by XRD. 

In tab.11 is reported the summary of magnetic properties of W hexagonal ferrite. 

Sample Ms (Am²/kg) Mr (Am²/kg) Hc (mT) Hsw (mT) 

BaW1 (1200°C) 64.6 28 28.1 10.8 

BaW2(1250°C) 53.1 18 15.5 10.7 

SrW1(1200°C) 71 25 12.8 0.7 

SrW2(1250°C) 82.9 30 11.4 10.5 

Tab.11 Summary of magnetic properties of W hexagonal ferrite. 
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 Compared to the values reported in “Magnetic properties of randomly oriented BaM, SrM, Co2Y, 

Co2Z and Co2W hexagonal ferrite fibres” (Pullar, Bdikin, & Bhattacharya, 2012), the BaW samples 

in this study show notable differences in magnetic behavior. The reference Co2W ferrite sintered at 

1250 °C exhibits a saturation magnetization (Ms) of 44.2 Am²/kg, a remanent magnetization (Mr) of 

39 Am²/kg, and a coercivity (Hc) of 24.7 T. In contrast, the BaW1 sample sintered at 1200 °C shows 

a higher Ms of 64.6 Am²/kg but a lower Mr of 28 Am²/kg and a slightly higher Hc of 28.1 T, indicating 

stronger overall magnetization but more easily reversible domains. Increasing the sintering 

temperature to 1250 °C (BaW2) reduces Ms to 53.1 Am²/kg, Mr to 18 Am²/kg, and Hc to 15.5 T, 

suggesting grain growth and reduced magnetic anisotropy. Overall, the studied BaW samples 

demonstrate higher saturation magnetization but lower remanence compared to the reference, with 

coercivity trends dependent on sintering temperature. 

 

4.5 X-Type 

For the BaX samples (fig.40), increasing the temperature from 1200°C to 1250°C results in a decrease 

in saturation magnetization from 72.2 Am²/kg to 68.4 Am²/kg, alongside a reduction in coercivity 

from 20.8 mT to 19.4 mT. In contrast, the SrX samples remain highly stable regardless of the 

temperature change, maintaining a saturation magnetization of approximately 76 Am²/kg, though 

their coercivity drops slightly from 10.7 mT to 9.2 mT at the higher temperature. These extremely 

low coercivity values and narrow loop shapes categorize all these variants as soft magnetic materials, 

characterized by their ability to be easily magnetized and demagnetized. 
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Fig.40 The magnetic characterization of the BaX and SrX-type ferrite samples. 

The differential susceptibility dM/dH curves on the right provide insight into the switching dynamics 

of these materials. The BaX2 sample (1250°C) exhibits a significantly higher susceptibility peak 

compared to its 1200°C counterpart, despite having a lower overall saturation magnetization; this 

indicates a more concentrated and rapid magnetic reversal process. Conversely, the SrX samples show 

nearly identical, sharp susceptibility peaks for both temperatures, reflecting the high consistency in 

their magnetic behavior observed in the hysteresis loops. The values labeled in millitesla (mT) on 

these plots represent the width of the switching field distribution, where lower values generally 

indicate greater magnetic uniformity within the crystalline structure. In tab.12 is reported the 

summary of magnetic properties of X hexagonal ferrite. 
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Sample Ms (Am²/kg) Mr (Am²/kg) Hc (mT) Hsw (mT) 

BaX1 (1200°C) 72.2 27 20.8 15.1 

BaX2(1250°C) 68.4 23 19.4 20.5 

SrX1(1200°C) 76.4 21 10.7 11.6 

SrX2(1250°C) 76 20 9.2 10.8 

Tab.12 Summary of magnetic properties of X hexagonal ferrite. 

The magnetic properties of the Co2X ferrite samples prepared in this work were compared with 

previously reported values from the scientific article “The synthesis and characterisation of Co2X 

(Ba2Co2Fe28O46) and Co2U (Ba4Co2Fe36O60) ferrite fibres, manufactured from a sol-gel process”. 

(Pullar & Bhattacharya, 2001) According to the article, Co2X sintered at 1200 °C exhibits a saturation 

magnetization Ms of 45.0 Am²/kg and a coercivity Hc of 0.085 T. The BaX1 sample, sintered under 

the same conditions, shows a higher Ms of 72.2 Am²/kg and Hc=20.8 mT, while BaX2 sintered at 

1250 °C presents Ms=68.4 Am²/kg and Hc=19.4 mT. The Sr-substituted samples (SrX1 at 1200 °C 

and SrX2 at 1250 °C) exhibit slightly higher saturation magnetization (Ms=76.4 and 76 Am²/kg, 

respectively) but lower coercivity (Hc=10.7 and 9.2 mT) compared to the Ba-based ferrites. These 

results are consistent with the trends reported in the literature, with variations attributed to differences 

in sintering temperature and cation composition. 

4.6 U-type 

BaU hexaferrite (fig.41) displays magnetic properties that are highly sensitive to synthesis 

temperature. When the annealing temperature is increased from 1200°C to 1250°C, the material 

undergoes a significant enhancement in its magnetic performance (see tab.13). The saturation 

magnetization rises from 45.8 Am²/kg to 56.5 Am²/kg, suggesting that the higher temperature 

promotes better crystallization, larger grain sizes, or a more ordered distribution of metal ions within 

the complex hexagonal lattice. 
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Fig.41 The magnetic characterization of the BaU-type ferrite sample. 

The coercivity which represents the resistance to demagnetization drops sharply from 24.9 mT down 

to 9.4 mT. This behavior is further clarified by the switching field distribution shown in the right-

hand graph. The derivative of magnetization dM/dH shows a much sharper, more intense peak for 

the sample treated at 1250°C. This indicates that the magnetic domains within the 1250°C sample 

reverse their orientation much more uniformly and at lower applied fields compared to the 1200°C 

sample, which has a broader and shorter peak indicating a more staggered or difficult reversal process. 

Sample Ms (Am²/kg) Mr (Am²/kg) Hc (mT) Hsw (mT) 

BaU1(1200°C) 45.8 6 24,9 10.9 

BaU2(1250°C) 56.5 8 9.4 9.8 

SrU1(1200°C) 63.1 15 9.8 9.6 

SrU2(1250°C) 78 19 8.7 10.9 

SrU3(1200°C) 64.6 16 9.5 10.8 

SrU4(1250°C) 74.4 21 7.9 8.8 

Tab.13 Summary of magnetic properties of U hexagonal ferrite. 
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The magnetic properties of the Co2U ferrite samples prepared in this work were compared with values 

reported in the scientific article “The synthesis and characterisation of Co2X (Ba2Co2Fe28O46) and 

Co2U (Ba4Co2Fe36O60) ferrite fibres, manufactured from a sol-gel process” (Pullar & Bhattacharya, 

2001). According to the article, Co2U sintered at 1200 °C exhibits a saturation magnetization  of 

51.5 Am²/kg and a coercivity of 0.059 T (≈59 mT). The Ba-based samples show similar trends: BaU1 

(1200 °C) has Ms=45.8 Am²/kg and Hc=24.9 mT, while BaU2 (1250 °C) exhibits Ms=56.5 Am²/kg 

and a reduced coercivity of 9.4 mT, indicating that higher sintering temperatures enhance 

magnetization but lower resistance to domain reversal. The Sr-substituted samples display higher 

saturation values, with Ms ranging from 63.1 to 78 Am²/kg and coercivity decreasing from 9.8 to 

7.9 mT as sintering temperature increases. The switching field  remains relatively constant between 

8.8 and 10.9 mT for all samples, suggesting minimal changes in domain reversal dynamics. Overall, 

the magnetic behavior of the synthesized fibres is in good agreement with literature trends, with 

variations attributed to cation substitution and sintering temperature effects. 

The loss of cobalt during the synthesis of SrU1 at 1200°C (fig.42) significantly impacts the resulting 

magnetic profile by limiting the material's ability to reach high saturation magnetization. While the 

strontium-based U-type structure typically benefits from cobalt's contribution to magnetic anisotropy 

and saturation, the deficient SrU1 sample only achieves a specific magnetization of 63.1 Am²/kg, 

whereas the fully realized SrU2 sample at 1250°C reaches a much higher 78 Am²/kg. This disparity 

confirms that the higher sintering temperature, combined with a proper chemical composition, is 

necessary to optimize the phase purity and grain growth of the strontium hexaferrite. 

The thermal sensitivity of these samples is further evidenced by the shift toward "magnetically softer" 

behavior as the temperature increases to 1250°C. In the first batch, the coercivity reduces from 9.8 

mT to 8.7 mT, while the second batch shows a similar decline from 9.5 mT to 7.9 mT. This reduction 

in coercivity suggests that the higher temperature minimizes internal defects and grain boundary 

pinning, allowing the magnetic domains to reverse more easily under a lower applied field. 



72 
 

 

Fig.42The magnetic characterization of the SrU-type ferrite samples. 

The derivative curve for SrU1 shows a broader central peak and small secondary "humps" near 1.0 

T, which are characteristic signatures of magnetic inhomogeneity or the presence of secondary phases 

that did not integrate correctly due to the missing cobalt. Although the differential susceptibility and 

M-H measurements suggest a dominant magnetic phase, it is likely that these Sr-based U-type ferrite 

samples contain more than one phase. Achieving a fully single-phase material appears to be more 

challenging than for Sr-based Z-type ferrites, and very few studies have successfully attempted this 

so far. Nevertheless, the main phase clearly governs the magnetic behavior, and the observed trends 

in saturation magnetization and coercivity remain consistent with expectations for Sr-based U-type 

ferrites. In contrast, the 1250°C samples (SrU2 and SrU4) exhibit much sharper and taller dM/dH 

peaks, indicating a much more uniform and synchronized magnetic reversal process throughout the 

material. 
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5 Scanning electron mycroscopy (SEM) 

5.1 M-type 

SEM images were acquired using scanning electron microscopy to observe the surface morphology 

of the synthesized samples. For the M-type samples synthesized using the solid salt matrix technique, 

SEM images were acquired for the samples with a ratio of 12. Although XRD and VSM 

measurements confirm a single-phase composition, the BaM sample exhibits a highly heterogeneous 

microstructure, consisting of a mixture of large micron-scale grains and significantly smaller 

particles. In particular if we look the images labelled BaM1000_01, _02, and _03 (fig.43), shows 

different areas of the same BaM sample sintered at 1000 °C and each image includes a scale bar from 

1 to 3 µm indicating that the observations are at micrometric resolution at high magnification. 

 

Fig.43 BaM sample sintered at 1000°C. 

The first image BaM1000_01 reveals a porous and irregular aggregate in which coarse grains coexist 

with very fine particles. The second image BaM1000_02 shows dense clusters of particles surrounded 

by regions composed of extremely fine and loosely packed grains which highlights the broad grain 

size distribution within the sample, the third image BaM1000_03 presents a slightly more compact 

region where some grains appear better defined although a significant amount of fine material is still 

present and the overall structure remains non-uniform. In BaM1000_01 and the centre of 

BaM1000_04 (fig.44), some well-defined hexagonal grains can also be seen. 
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Fig.44 BaM sample sintered at 1000°C. 

The two SEM images labelled SrM1000_01 and SrM1000_03 in figure 45, shows different regions 

of the SrM sample sintered at 1000 °C, the first has a scale bar of 3μm and the second 2μm with 

different level of magnetization used. 

 

Fig.45 SrM sample sintered at 1000°C. 

The first image SrM1000_01 displays a loose and porous arrangement of grains where individual 

particles appear poorly connected and vary significantly in size and shape. The second image 

SrM1000_03 confirms this behaviour showing dense agglomerates surrounded by regions composed 

of very small particles which further highlights the broad grain size distribution within the material. 

However, compared with BaM, there are fewer grains with an obvious hexagonal morphology. 
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5.2 Y-type 

The sample of Y-ferrite treated at 1000 °C was used for SEM analysis in order to observe the 

microstructural features. (fig.46) The photos were acquired at 10.00 K X and 5.00 K X with a scale 

bar of 2 μm and 3 μm. The images clearly show the morphology and distribution of the ferrite grains, 

allowing evaluation of their size and surface characteristics. 

 

Fig.46 BaY sample sintered at 1000°C. 

Typically, Y-ferrite forms relatively small grains. This behavior is observed in samples BaY1000_00 

and BaY1000_01, where the grain size is around 1 micron or less. In sample BaY1000_01, some 

grains also exhibit a hexagonal morphology. 

5.3 Z-type 

In sample BaZ1250, areas BaZ1250_00 and BaZ1250_01 (fig.47) were taken at 5.00 K X with a scale 

bar of 3 μm, growth steps can be observed with small hexagonal grains located on top of them, which 

subsequently expand laterally to form the larger underlying layers. These structures consist of flat, 

plate-like grains arranged one on top of another, the Z structure is made by: M+Y. This effect is 

attributed to the rapid and excessive growth of large, platy grains, known as discontinuous grain 

growth (DGG), occurring during the formation of the Co₂Z phase. As reported in article 

”Decomposition, shrinkage and evolution with temperature of aligned hexagonal ferrite fibres” , this 
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mechanism ultimately compromises the structural integrity of the fibers. (Pullar, Stacey, Taylor, & 

Bhattacharya, 2001) 

 

Fig.47 BaZ sample sintered at 1250°C. 

5.4 W-type 

Sample BaW with images BaW1250_00 and _01 (fig.48) also clearly exhibit these growth steps M+2 

spinels (S) and the formation of large grains arranged in layered structures, consistent with the 

discontinuous grain growth (DGG) mechanism described above. In several areas, some grains appear 

as long, thin needle-like features; however, these are interpreted as plate-shaped grains observed from 

the side. The layered morphology is therefore a result of the lateral expansion of such plates, which 

progressively overlap to generate the coarse microstructure. These observations are supported by the 

micrographs acquired at different magnifications: one image was taken of 4.24 KX and a field of 

view of approximately 4 µm, while the other was obtained at 5.00 KX with a 3 µm scale. Together, 

these images further confirm the presence of pronounced DGG and its influence on the final 

microstructural evolution 
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Fig.48 BaW sample sintered at 1250°C. 

5.5 X-type 
 

SEM image BaX1250_00 (fig.49), acquired at an accelerating voltage of 10 kV with a 3 µm scale bar 

and 5,000x magnification, shows a distribution of X-type hexaferrite grains characterized by stepped 

morphologies and well-defined layered structures. These features reflect the crystallographic nature 

of X-type ferrite, which is formed by the intergrowth of W and M phases. Image BaX1250_02, 

recorded under the same operating conditions at 10 kV with a 1 µm scale bar and 15,000× 

magnification, highlights a single large hexagonal grain whose surface clearly exhibits terraces and 

growth steps. The coexistence of such well-developed hexagonal grains with finer particles is 

indicative of a discontinuous grain growth mechanism, typical of X-type hexaferrite systems. 

 

Fig.49 BaX sample sintered at 1250°C. 
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5.6 U-type 
 

The SEM image of the BaU-type hexaferrite sample (fig.50), acquired at an accelerating voltage of 

10 kV with a 10 µm scale bar and 2,000x magnification, reveals the presence of large, irregularly 

shaped agglomerates composed of highly faceted plate-like grains. The observed morphology is 

consistent with the crystal structure of U-type hexaferrite, which is formed by the stacking sequence 

M+M+Y. The coexistence of very large, well-developed particles alongside much smaller crystallites 

suggests the occurrence of a discontinuous grain growth process. This growth mechanism, typical of 

complex hexaferrite systems, leads to the formation of oversized grains with layered and terraced 

surfaces, as clearly evidenced in the micrograph. 

 

Fig.50 BaU sample sintered at 1250°C. 
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Conclusion 
 

This work of thesis has successfully demonstrated the synthesis of a wide range of hexaferrites using 

the solid salt matrix (SSM) method, marking the first application of this technique to Y, W, Z, X, and 

U-type ferrites. The XRD analyses revealed predominantly single-phase diffraction patterns for 

nearly all compositions, reflecting excellent phase purity and precise control of the synthesis process. 

Notable exceptions included SrY at 1100 °C, which showed the onset of decomposition, BaW at 

1200 °C, which had not yet fully formed, and SrU at both investigated temperatures, suggesting that 

these compositions require a very narrow temperature window for single-phase formation, similar to 

SrZ. Comparisons between Ba- and Sr-based hexaferrites highlighted subtle differences in phase 

stability, while SSM consistently produced single magnetic phases across the majority of materials, 

demonstrating its superiority over conventional sol-gel synthesis, particularly for M-type ferrites. 

Magnetic measurements were in good agreement with the structural characterization, confirming that 

the synthesized phases exhibit the expected magnetic behavior and further validating the reliability 

of the synthesis approach. SEM analyses provided clear evidence of well-defined hexagonal 

morphologies characteristic of hexaferrites, and higher temperature treatments were shown to 

enhance crystallinity and promote more distinct crystal growth. For more complex ferrites, the 

microstructure revealed the integration of simpler ferrite blocks, providing insight into the 

hierarchical nature of these systems. Given that reference XRD standards are not available for several 

of these complex compositions, the successful synthesis and structural identification achieved in this 

work represent a significant contribution and a valuable reference for future studies. 

Overall, this study establishes the solid salt matrix method as a versatile and efficient route for the 

preparation of both conventional and complex hexaferrite systems. It enables the formation of high-

quality structural and magnetic phases at relatively lower temperatures and shorter processing times, 

offering advantages over traditional synthesis techniques. By expanding the range of accessible 
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hexaferrites and providing new insights into their structural and magnetic behavior, this work makes 

a meaningful contribution to the field of ferrite materials and demonstrates the considerable potential 

of SSM for the development of novel ferrite systems. 
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