
Page 420 Volume 15, Issue 05, Jun 2025 ISSN 2457-0362 

 
 
 

  

 
          

XRD, TEM and EPR spectral studies of barium ferrite nano powders 

 
G.Pushpalatha1,2, T.Ravindra Reddy3,  K.Suresh Babu1,4* 

1. Department of Chemistry, BEST Innovation University, Gownivaripalli, Gorantla, 

Andhra Pradesh, India 

2. Dept of Chemistry, Annamacharya Institute of Technology and Sciences, kadapa, 

India. 

3. Dept of Physics, Annamacharya Institute of Technology and Sciences, kadapa, India. 

4. Dept of Chemistry, Marri Lakshman Reddy Institute of Technology and 

Management, Hyderabad, India 

 

Abstract 

Barium ferrite nano powder particles synthesis is carried out by solid state reaction 

route method. The nano particles of ferrite of basic composition CuxBa1-x.(AlxFe12-x)O19 (X= 

0.0 and 1.0) X-ray diffraction (XRD), transmission electron microscopy (TEM), electron 

paramagnetic resonance (EPR) and Mossbauer spectral characteristics are carried out.  XRD 

results confirm that the samples are hexagonal in structure. The unit cell parameters “a” and 

“c” were calculated as from 6.27 to 5.77 Å and 23.19 to 23.00 Å respectively with variation 

of composition from x = 0.00 and 1.00. The morphology of as prepared barium ferrite nano 

powders are characterized by transmission electron microscope (TEM). The average 

crystallite size of the synthesized nano particles was calculated through Scherrer formula and 

confirmed by TEM and was found to be 123 nm. EPR results at room temperature reveals 

that it is ferromagnetic with composition x = 0.0 and with x= 1.0 it is paramagnetic. 
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1.  Introduction 

     Magnetic materials are categorized into two primary types: magnetically soft materials, 

which are easily magnetized and demagnetized, and magnetically hard materials, which are 

challenging to magnetize and demagnetize. Barium nano ferrite powders are recognized as 

hard magnetic materials derived from iron oxide. Commonly referred to as ferrite magnets, 

they are not easily substituted by other types of magnets. [1]. Currently, the use of 

nanomaterials is prevalent across all domains of science and technology. Researchers are 

captivated by the potential of nanoscience and are dedicated to enhancing its size, 

functionality, and cost efficiency. The superior surface-to-volume ratio of nanomaterials 

compared to bulk materials provides exceptional physicochemical, electrical, optical, 
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magnetic, and quantum characteristics. [2,3,4,5,6,7]. Their applications range from medical 

to modern industries. These materials find applications across various domains, including 

sensors, solar cells, display technology, information technology, agriculture, industrial 

processes, medical diagnostics and drug delivery, electromagnetic shielding, wastewater 

treatment as catalysts, and energy storage devices, among others [8,9,10,11]. 

Ferromagnetic materials are compounds containing iron, nickel and cobalt. 

Electromagnetic interference has become a specific type of environmental pollution, due to 

rapid growth in utilization of electrical and electronic devices in industrial, commercial and 

military applications. Much attention has been needed towards finding suitable microwave 

absorber to solve this problem [12].  Ferrites play a vital role in technological applications 

such as radio frequency coils, electromagnetic interference suppressors, read/write heads and 

microwave devices [13].  Many researchers have indicated that ferrites with spinel and 

hexagonal structure are promising electromagnetic microwave absorbent [14].  The intrinsic 

magnetic properties of hexa ferrite can be significantly modified by substituting Fe3+ in 

different sites with other suitable ions such as Cu2+ and Al3+ [15] for Fe3+ ions of hexa ferrite.  

The studies on Al3+ or Cu2+ substituted Ba Fe12O19 are not seen in the literature.  Ba ferrite is 

M-type hexagonal ferrite. Barium ferrites are well known hard magnetic materials. Barium 

ferrite with magneto plumbite structure is commonly known as hexagonal ferrite. Hexagonal 

barium ferrites having the chemical formula of BaFe12O19 are widely used in magnetic 

recording media (disk drivers, video recording), microwave devices and electro-magnetic 

shielding fields [16,17,18]. This ferrite powder is suitable to form elastic magnetics with 

polymer matrix. 

Ferrites are a category of magnetic oxides characterized by iron oxide as their main 

constituent. Hard ferrites exhibit a hexagonal structure and can be categorized into M-, X-, Y-

, W-, and Z-type ferrites, each represented by specific formula. 

M-type   - RFe12O19 R= Ba, Sr, Pb. 

W- type - RMe2Fe16O27 Me = Fe2+, Ni2+, Mn2+ etc. 

X - type - R Me Fe28 O46  

Y – type – R2Me2Fe12O22  

Z-type – R3Me2Fe24O41  

 

W-, X-, Y-, and Z-type ferrites are not economically viable due to their relatively challenging 

processing requirements. In contrast, M-type ferrites, which share an isostructural 
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relationship with magnetoplumbite, are the most significant among hexagonal ferrites. M-

type ferrites are primarily utilized as permanent magnetic materials, exhibiting strong 

resistance to demagnetizing fields once magnetized, thereby holding a leading position in the 

permanent magnet market. They are favored over Alnico magnets because of their lower 

material and processing costs, as well as their superior coercivity. The two principal materials 

within the M-type ferrite category are Sr-Ferrite and Ba-Ferrite. These ferrites possess 

moderate magnetic properties, and the cost per unit of available magnetic energy is relatively 

low [19]. 

 

2. Materials and Methods 

 

     Samples of the mixed hexa ferrites Ba1-xCuxAlxFe12-xO19 with variable composition from 0 

and 1.00 are synthesized by using standard solid state reaction method. Mostly in the 

synthetic ferrite systems, Ba composition remains constant and is at its regular lattice site 

while Fe has been replaced by Cu, Mn, Ni. But in the present synthesis Ba, Cu, Al and Fe 

compositions are changed.  All the chemicals used are of analytical grade only. The synthesis 

process is described below:  

Synthesis of Nano BaFe12O19 

    (i) 2.442g of barium chloride is dissolved in1:1 HCl (ii) An amount of 47.056 g of ferrous 

ammonium sulphate is dissolved in 1:1 dilute HCl. Its color becomes very light green and 1:1 

NH4OH is added drop wise until the precipitate is formed. The color becomes dark green due 

to the formation of Fe(OH)2. The resulting mixture is stirred continuously for about 2 hours 

to convert it to Fe(OH)3 by oxidation.  It is then filtered through an ordinary filter paper and 

washed several times with distilled water. The proportionate weight used in each sample is 

given Table-1. 

Synthesis of Nano CuAlFe12O19 

     1.704 g of copper chloride is dissolved in1:1 HCl. (ii) An amount of 23.528 g of ferrous 

ammonium sulphate is dissolved in 1:1 dilute HCl. Its color becomes very light green and 1:1 

NH4OH is added drop wise until the precipitate is formed. The color becomes dark green due 

to the formation of Fe(OH)2. The resulting mixture is stirred continuously for about 2 hours 

to convert it to Fe(OH)3 by oxidation.  It is then filtered through an ordinary filter paper and 

washed several times with distilled water. (iii) 39.985 g of Al2(SO4)3 is weighed and is 

dissolved in 15 ml of distilled water, 2 gm of NH4Cl is added and 1:1 NH4OH is added drop 

wise until the precipitation is complete. It is filtered and washed thoroughly with distilled 
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water.  

     All the two (x=0)/three (x=1)  solutions are mixed together and 3-5 ml of acetone is added 

for reducing the particle size and is filtered through an ordinary filter paper to remove any 

insolubles. Final solution is dried on sand bath. The synthesized final products of nano-size 

copper/aluminium substituted barium ferrites Ba1-xCuxAlxFe12-xO19 are calcinated in air by 

raising the temperature at the rate of 6 0C/minute in the hot air oven. The dried nano ferrite 

samples are taken in different silica crucible free from moisture and are then placed in the 

muffle furnace (Bio-craft Scientific Systems (P) Ltd, Agra. India). The temperature is raised 

to 1200 0C and then allowed to cool to room temperature. Now the compounds formed are 

nano-sized copper/aluminium doped barium ferrite. 

Table 1 

x CuCl2 2H2O 

(170.48) 

BaCl22H2O    

(244.28) 

Fe(NH4)2(SO4)26H2O  

(392.16) 

Al2(SO4)3.18H2O 

(666.42) 

0.00 -- 2.442 47.056 -- 

1.00 1.704 -- 23.528 39.985 

 

Ionic radii Ba2+ = 0.134 nm, Al3+ = 0.054 nm; Cu2+= 0.073 nm; Fe3+= 0.064 nm. 

 

3. Characterisation 

     We used an STOESTADI-P   X-ray diffractometer (XRD) in the range of 80202 to=  to 

analyze the crystalline structure of the samples. In order to acquire the morphological 

properties of the samples, we employed a  Philips CM 200 transmission electron microscope 

operating at 200 kV having a resolution 0.23 nm. EPR spectra of the samples (x= 0.0 and 

1.00) are also recorded at room temperature 300K on Carl JES X3 series ESR spectrometer 

operating at X band frequency (υ =9.198 GHz) having a 100 KHz field modulation to obtain 

first derivative EPR spectrum.  

4. Results and discussion 

 

4.1 X-Ray Diffraction Results: 

     Fig.1 represents the X-ray diffraction patterns of (Ba1-xCux)(AlxFe12-x)O19 shows that all 

the species have similar diffraction patterns which indicate that all have hexagonal crystal 

structures.  The values of the crystal lattice constant “a” and “c” for all the samples 

determined from X-ray data are listed in Table-2. All the diffraction peaks are sharper,  

Further it is noticed that XRD peaks grewing sharper with addition of Al and Cu indicating 

that an increase in the particle size. This shows that large crystalline sizes are formed [20,21]. 

By considering charge and ionic radii, it is assumed that Fe3+ is replaced by smaller ions of 
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Al3+ ions and Ba2+ by Cu2+ions. This suggests that copper is entering into barium place in the 

ferrite system and the formation of mixed spinel is very high.  From the Fig.1 it is observed 

that the substitutional effect of Fe3+ ion by Al3+ and Ba2+ ion by Cu2+ion. The lattice constant 

‘a’ is found to decrease with increase of Cu/Al concentration (x). The substitution of Fe3+ 

ions, which have a larger ionic radius (0.064 nm), for smaller Al3+ (0.054 nm) ions, and 

Ba2+ ions, which have a larger ionic radius (0.134 nm), for smaller Cu2+ (0.073 nm) ions, or 

combination Al/Cu ions, is responsible for this behavior of lattice constants with 

concentration. Cu/Al atoms have uniformly absorbed into the hexa-ferrite structure, as 

evidenced by the decrease in cell constant, the shift of reflections toward higher angles, and 

the absence of peak splitting as the concentration of Cu/Al increases. The reduction in lattice 

constants as the Al/Cu substitution increases suggests that the lattice undergoes compression 

while maintaining its symmetry. The lattice parameters align with previously reported values, 

confirming that the appropriate phases have been generated [22, 23]. 

  The X-ray density ‘dx’ is calculated using the formula[23] 
3NV

ZM
d x =  Here “Z” (8) 

represents the number of molecules in a unit cell of the copper doped zinc aluminium nano 

ferrite lattice.  Where M -is the molecular weight of the compound, ‘N’ is the Avogadro’s 

number and ‘V’ (

 

V =
3

2
a2c = 0.8666a2c ) is the lattice volume of the sample.  The 

calculated X-ray densities for the samples are also given in Table-2. The X ray density 

decreases with increase of Cu/Al concentration (x) and hence follows similar trend to lattice 

constnt ‘a’ and ‘c’.  This is because the increase in composition of Cu/Al content in the 

hexaferrite system and the unit cell volume decreases with increasing doping the Cu/Al 

content and consequently the X-ray density decreases [25]. The particle size of the compound 

is evaluated from the line broadening of the peak (202) using Debye - Scherrer equation [26] 





cos

89.0

2
1

)( =hklD . Here D is the particle size of the crystal, λ is the wavelength of incident X 

ray, θ is the corresponding Bragg angle,
2

1 is the full width at the half maximum height 

(FWHM) of the peak. The size of the ferrite compound particles has been calculated and is 

presented in Table-2. 

 

Table 2 

Various X-ray parameters of (Ba1-xCux)(AlxFe12-x)O19 
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a c XRD 

0.00 6.276 23.195 0.27 791.2 1.4038 125 

1.00 5.777 23.00 0.25 665 1.300 122    

 

Units morphology index (MI) is developed from full width half mean (FWHM) of a peak of 

XRD data.  The FWHM of two peaks are related with MI to its particle morphology.  MI is 

obtained using the equation 

 

MI =
FWHMh

FWHMh + FWHMp

, where FWHMh is the highest FWHM 

value obtained from peaks and FWHMp is the value of particulars peak’s FWHM for which 

MI is to be calculated. The MI is lying in between 0.50 and 0.941. Lorentz polarization factor 

is the most important of the experimental quantities that control X-ray intensity with respect 

to diffraction angle.  In the intensity calculations Lorentz factor is combined with the 

polarization factor and further the variation of the Lorentz’s factor with the Bragg angle () is 

shown.  The overall effect of Lorentz factor is to decrease the intensity to these in the forward 

or backward directions. Lorentz factor




CosSinSin

Cos
LF

22 4

1

2
)( == .  Using the X-ray data 

Lorentz polarization factor is calculated using the formula 




CosSin

Cos
LPF

2

2 21
)(

+
= . The Micro 

strain can be calculated by using the formula 
4




Cos
= .  The LF, LPF, dislocation density 

and micro  strain values are given in Table 3. 

 

X 





22Sin

Cos
LF =
 



CosSin

Cos
LPF

2

2 21+
=

 ph

h

FWHMFWHM

FWHM
MI

+
=

 
2

1

D
=  

4




Cos
=  

0 0.883-27.870 3.848 - 218.982 0.5 - 0.941 0.0040-0.6841 0.0224-0.2867 

1 0.961-5.2321 4.379-37.956 0.5 - 0.75 0.0043-0.0139 0.0229-0.0424 

Table-3: L.F, L.P.F, MI, dislocation density, micro strain for all peaks. 
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Fig.1 XRD pattern of nano (Ba1-xCux)(AlxF12-x)O19 compound 

 

 

 

 

4.2 TEM Results 

 

Transmission electron microscopy (TEM) was utilized to examine the size and shape, 

as well as to verify the nanocrystalline characteristics of the synthesized copper/aluminum-

doped hexa-barium ferrite.Fig.2 shows the TEM images of the synthesized Ba1-xCuxAlxFe12-

xO19 nanoparticles. It is clearly observed that the hexa-ferrite particles exhibit well-defined 

shapes, including polygonal octahedra, tetrahedra, and bipyramids (x=0.0). 
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The entire surface was densely populated with hexa-ferrite nanoparticles. However, 

there was a reduced presence of variously sized core domains of nanoparticles due to the 

incorporation of copper and aluminum into the hexa-ferrite matrix. This indicates a decrease 

in ferromagnetic properties and an increase in super-paramagnetic characteristics as doping 

levels rise. Additionally, some grains overlapped, making individual identification 

challenging. At a doping level of x = 1.0, the particle size further diminished, resulting in a 

limited number of larger domains, some of which exhibited a lung-like shape. This 

observation reinforces the notion that ferromagnetic behavior has entirely vanished, leaving 

only paramagnetic characteristics of the compound, as supported by Mossbauer and EPR 

studies. The agglomeration of nanoparticles is typically understood as a strategy to reduce 

their surface free energy in nanomaterials. [27,28].  

 

    

 
Fig. 2 TEM images of  nano (CuxBa1-x)(AlxFe12-x)O19 powder. 

 

4.3 EPR Spectral results  
 

     Fe3+, a 3d5 ion exhibiting a 6S5/2 spin state, divides into three Kramer’s doublets that are 

approximately 1.0 cm-1 apart. In this scenario, only the lowest doublet is occupied, allowing 

for the observation of resonances at g = 9.0. [29,30].  Conversely, if the central Kramer’s 

doublet is populated, a g value of 4.29 is anticipated. Should the third doublet also be 

populated, g values may vary between 0.3 and 4.29. Several systems are recognized to 

display resonances from all three Kramer’s doublets [30,31]. The substitution of Fe with Al, 
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Cu, or a combination of both in M-ferrites influences the lattice dimensions and site 

distribution. Consequently, an increase in the content of Al or Cu leads to a reduction in 

magnetization. Figure 3(a) illustrates the EPR spectra obtained for nano barium ferrite 

powder (BaFe12O19) at room temperature (300 K). Figure 3(a) clearly illustrates a single 

resonant signal characterized by a strongly symmetric resonance across all temperatures, 

exhibiting a g value of 2.12 along with varying line intensity and width. This phenomenon is 

attributed to Fe(III) ions located in octahedral coordination sites. The observed ferrimagnetic 

resonance is associated with Fe(III) cations within the ferrite, which are situated at different 

interstitial sites and couple anti-ferromagnetically as a result of superexchange interactions 

[32].  Similar ‘g’ value is noticed for BaFe12O19 in the literature [33,34,35].  

 

 

Fig. 3(a,b) EPR spectrum of nano (CuxBa1-x)(AlxFe12-x)O19 powder. 

 (iv) EPR spectrum of nano Cu (AlFe12) O19 recorded in the room temperature (300 K) 

is shown in Fig.3(b). The spectrum exhibits a clear resolution with five distinct 

resonant signals that span from low to high field. The presence of these five resonant 

signals suggests that the compound could possess five Fe(III) sites. These signals 

arise from the presence of Fe3+ and Cu2+, indicating that the compound is 

characterized by super-paramagnetic properties. This is explained as follows It is 

presumed that Ba2+ is completely substituted by Cu2+, while only one Fe3+ ion is 

replaced by diamagnetic Al3+ ions within the unit cell. Consequently, the 

paramagnetic characteristics of Cu2+ are predominant. From the spectrum, the g 

values obtained for Cu2+ are g11 = 2.70 and ⊥g = 2.27 which indicate that Cu2+ is in 

tetragonal distortion. For Cu2+ if g11 > ⊥g . 22 yx
d

−
[36-37]. Using the above data, a new 

parameter G is defined [38] as 

 

G =
g11 − ge

g⊥ − ge
2.61.  If G value falls in between 3 and 5, 
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the unit cell contains magnetically non-equivalent ions.  If the G value is below 3, the 

exchange coupling between the magnetically non-equivalent Cu(II) ions within the 

unit cell is relatively weak. Conversely, when G exceeds 5, a robust exchange 

coupling occurs among the magnetically non-equivalent Cu(II) ions in the unit 

cell.[39-43].    

 

 

5. Conclusions: 

 

1. Nano particle size of barium hexa ferrite have been  synthesized by solid state 

route method.  

 

2. The XRD results indicate that barium hexa ferrite plays a critical role in the 

crystallite size. 
 

3. TEM images are indicating that the structure of ferrite is  hexagonal. 
 

4. EPR studies at x=0 composition indicate that the compound is purely ferro-     

Magnetic. x=1.0 the sample is purely super paramagnetic and gives five 

resonant signals. 
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