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Abstract 

Four compositions of spinel NixBa1-xFe2O4 of x =0, 0.05, 0.01, and 0.15 were prepared by the auto-
combustion route. X-ray diffraction (XRD), Fourier transform infrared spectroscopy (FTIR), and 
Scanning Electron Microscopy (SEM) analyses were utilized to determine the structural 
properties.   All samples showed a cubic spinel structure with a noticeable FTIR tetrahedral band 
blue shift as the molar ratio x was increased.   The crystallite size and particle size have the same 
behavior as x changed from 0 to 0.15. Spherical nanoparticles aggregated into large clusters were 
found throughout the samples.  Magnetic properties, displayed a drop in magnetization saturation 
as x increased to its max value. A saturation magnetization (Ms) of more than 48 emu/g was 
achieved at x = 0 and x = 0.15 while the coercivity did not change clearly.   The fitting by the 
Langevin equation using Originlab software showed very close values of Ms to those measured by 
the vibrating sample magnetometer (VSM) test. Magnetic parameters are generally affected by 
both composition and particle size. 
 
Keywords: Ba ferrite; langevin fitting ; magnetic properties; spinel; structural properties. 
 
1. Introduction   

Cubic spinel ferrite in nano-size has great significance because of its unique properties. Spinel 
ferrite possesses the prompt M2+Fe2O4 where M is a binary valence cation with 8 formula /unit 
cell  (Mulyawan et al, 2017). The octahedral sites contain 32 B-sites, and 64 A-sites for the 
tetrahedral sites (Saba et al, 2021). M-type Barium ferrite has a hexagonal structure and owns the 
prompt BaFe12O19 (Khotib et al, 2019).  Ferrites have a huge resistivity, a trivial eddy current and 
low magnetic losses, relatively low cost, good chemical stability (Muhammad et al, 2018; Bogdan 
et al 2017), superparamagnetism state, magnetic tunneling, good biocompatibility and easy to be 
synthesized (Rohit et al, 2019). 

Ferrites are divided into soft and hard. This classification makes ferrite to be suitable for large 
applications like electronics and microwave devices (Mulyawan et al, 2017), recording media, 
biomedicine, water purification (Rohit et al, 2019), drug delivery, hyperthermia, pigments, 
magnetic resonance imaging, Li-ion batteries electrodes and supercapacitors (Swati et al, 2018).  
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Synthesizing method has an essential role in crystallizing and particle size controlling. The 
auto-combustion technique owns a low cost and produces small changes in particle size. Different 
fuels were used in this process. The heavily used one is the Citric acid (Ravleen et al, 2020).  

(Sachin et al, 2021) synthesized BaFe12O19 via auto combustion process utilizing Jamun pulp 
as a fuel with different concentrations and firing at 900°C. The saturation magnetization (Ms) was 
58.9emu/g. (Yassine et al, 2020) prepared Sr0.5Ba0.5TmxSmxFe12-2xO19 (x = 0.00–0.05) by the 
combustion technique with an Ms value in the range of 48.1–64.6 emu/g.  (Tahseen et al, 2017) 
used the auto combustion method to synthesize (BaFe12O19) and fired it in the range of 700-900˚C. 
The particle sizes of their samples were (0.5, 0.6 and 0.8 μm). (Widyastuti et al, 2017) synthesized 
(BaFe12O19) using the auto combustion method. Ni and Zn were used as substitutions with mole 
fractions of 0.2, 0.4, and 0.6. The firing was at (600°C). The Ms of their samples was 95.48emu/g.  

In this study, an unprecedented Ba ferrite with a spinel structure was prepared and substituted 
with low nickel content. The study is supported by structural and magnetic analyses. A fitting was 
conducted to check some magnetic parameters.   

2. Experimental 

The used precursors were Ni(NO3)2, Ba(NO3)2, Fe(NO3)3, NH4OH and citric acid provided by 
Central Drug House. The metal salts were weighted as in Table1 and dissolved in 200 ml of distilled 
water in a beaker. A homogeneous aqueous solution was obtained by intensive stirring. The molar 
ratio of citric acid:iron nitrate was fixed at 1:1. Then, NH4OH was added until pH=7.5. Then the 
solution was heated to 80 °C to obtain the powder, followed by washing the powder with distilled 
water and methanol centrifugally, followed by firing at 600 °C for two hours.  
 

Table 1. The weights of the used salts for preparation of Ba ferrite. 

  

The analysis devices were XRD Shimadzu 6000 x-ray diffractometer, SEM MIRA3 TESCAN, 
FTIR device was Spectrum Two N PerkinElmer Inc. and VSM device was MDK. 

3. Results and Discussion 

3.1. The XRD Analysis 
  

Figure 1 displays the XRD patterns of the fired and non-fired samples at different Ni molar ratios. 
There is no large difference between the fired and non-fired patterns. The important note for the 

Sample 
 

Molar 
ratio (x) 

(Fe(NO3)3.9H2O) 
(g) 

Ni(NO3)2  

(g) 
(Ba(No3)2) 

(g) 
(C6H8O7.H2O)  

(g) 
NH4OH 

1 0.0 11.627 0.00 0.654 6.00 Till=7.5 
2 0.05 12.12 0.0365 0.627 6.00 Till=7.5 
3 0.1 12.1243 0.0725 0.5883 5.7615 Till=7.5 
4 0.15 12.12 0.109 0.55 6.00 Till=7.5 
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firing action is the rising of the peak around 33̊ which is related to, as expected, hematite 
formation (Sadeq 2017).  The whole pattern shows a predominant cubic spinel structure. The XRD 
peaks (Miller indices) that match the spinel structure are (202), (311), (222), (400), (313), (422), 
(333), (404), (531), (424), (602), (533), (622) and (444), which correspond to the 2Ө around 30.33˚, 
35.74˚, 37.38˚, 43.40˚, 47.55˚, 53.80˚, 57.45˚, 63.08˚, 66.50˚, 67.26˚, 71.67˚, 74.74˚, 75.73˚ and 
79.67˚ in fit matching with magnetite JCPDF card no.96-900-2321 .  

One can specify that all the synthesized samples belong to the cubic spinel phase of space 
group Fd3m. MFe2O4 can take different structures, which are spinel (normal and inverse), post 
spinel, and stuffed tridimite rhombohedral (Yuichi et al, 2020). Another study (Ch.Sarda et al, 
1992) suggested residing Ba cations at the surface of γ-Fe2O3 and α-Fe2O3 submicron particles 
depending on the fact that large ions, like Ba (0.142 nm), may not be within such a cubic structure. 
The comparison between these study samples and the results of the latter mentioned studies gives 
reason to believe that the synthesized phase is spinel ferrite. The patterns of all samples match the 
cubic spinel structure of JCPDF card no.46-0113 very well.(B. C. Brightlin et al, 2016). The stuffed 
rhombohedral structure, (PDF: 00-020-0130), and post spinel of the orthorhombic structure with 
JCPDS card no.46-0113 (HANANE FODIL et al, 2017) have different patterns, hence they are 
excluded.  

On the other hand, the probability of forming BaCO3 of JCPDS No. 05-0378 and γ- Fe2O3 of 
JCPDS card No. 39-1346, as given in (Mali et al, 2005), despite the similarity of the diffraction 
peaks, is eliminated. This is because of the low intensity of the peak at 23.9˚ of the BaCO3, which 
means forming a low quantity of BaCO3. Besides, Ba2+ content measured by EDX, as it will be 
shown in section 3.4, is too much to be considered only residing on particle surfaces. The Ba 
content in the washing water is so small (less than 0.01wt% of the sample), as the atomic absorption 
analysis showed, which means most Ba atoms are involved in the synthesized solid structure. The 
last disagreement with the formation of the spinel structure is that Ba2+ has a large ionic radius that 
prevents it from being present in the spinel structure. Here, it is good to mention that the measured 
lattice constant was no less than 0.829 which does not contrast with a large radius of Ba2+ (0.142 
nm). The upper explanation was given to compare this study’s results with other studies supported 
with evidence to prove the formation of spinel structure. There are different studies that point to 
spinel BaFe2O4 formation (Sachin et al, 2021; Yue Liu, 2011) with no evidence of the existence of 
such a structure. These analyses support the formation of spinel Ba ferrite and no other spinel 
phase. 
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Fig. 1. XRD patterns of the prepared samples. (a) Samples that were not fired, (b) Samples that 
were fired at 600 C, and (c) Sample peaks at 2=35.74 with Miller indecies (311).Peakes were 
assigned H for hematite, BC for barium carbonate, M for maghemite and no sign for spinel 

ferrite. 

The peaks cited at 2Ө of 24.27˚, 33.8˚, 42.8˚ and 44.9˚ don’t match the spinel pattern, so they 
belong to other phases having a small amount, because their intensities are low compared to the 
spinel peaks. Hematite has peaks at, 33.8, 35.93, 62.97, and 24.33, which may relate to the 
mismatched peaks. Figure (1)c represents an enlargement of the peak for hkl (311), which shows 
that all peaks have the same  2Ө value, i.e. no shifts in the 2Ө values as a result of substitution were 
made.  

The lattice constant “a” is calculated by (Saba et al, 2021): 

𝑎!"# 	= 	𝑑$%& 	(ℎ' + 𝑘' + Ɩ'	)
!
" 											… 				 		            (1) 

Where dhkl is the interplane spacing. The X-ray density ρXRD is (Wei et al, 2019): 

𝜌()* 	= 	8 +
,#
𝑎- 																									…									       							(2) 

The average crystallite size (L) is given by (Reem et al, 2022):  
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𝐿	 = 	0.9	𝜆/	𝛽𝑐𝑜𝑠𝜃																										 …				       			(3) 

The ionic radii of A-site and B-site (rA, rB), and bond lengths of tetrahedral (A-O) and octahedral 
(B-O) sites are given by (Muhammad et al, 2018): 
𝑟. 	= 	 (µ −

/
0
)𝑎√	3 − 𝑟1 																	…						       (4) 

𝑟2 	= A3
4
− µB 𝑎 − 𝑟1 																								…				       (5) 

𝐴 − 𝑂	 = 	 (µ − /
0
)𝑎√	3																			 …				       (6) 

𝐵 − 𝑂 =	 (3
4
− µ)𝑎																												 …					       (7) 

Where rO is the oxygen ion radius (1.35 Å); μ for spinel equals 3/8. The results are listed in Table 
2. The tetrahedral and octahedral hopping lengths are denoted by (hA) and the (hB), and given by 
equations (8) and (9) (Wei et al, 2019) and listed also in Table 2. 

				ℎ. = 	𝑎	(3//'/4)								…								            (8) 
ℎ2 = 	𝑎	(2//'/4)								…								      	(9) 

Table 2. The XRD parameters at different molar ratio (x). 
 

Parameter x=0.0 x=0.05 x=0.1 x=0.15 
a  (nm) 0.830 0.830 0.8313 0.8292 
ρXRD  (g/cm3) 7.280 7.173 7.057  7.020  
L  (nm) 28.01 18.67 17.50 24.01 
Dislocation density x10-3  1/L2   (nm-2)   1.274 2.868 3.265 1.734 

rA  (nm) 0.0446 0.0448 0.0450 0.0445 
rB  (nm) 0.0724 0.0726 0.0728 0.0723 
A-O  (nm) 0.1796 0.1798 0.18 0.1795 
B-O  (nm) 0.2074 0.2076 0.209 0.2073 

hA (nm) 0.3593 0.3595 0.36 0.359  
hB  (nm) 0.2933 0.2936 0.294 0.2932 

 

The a parameter generally increases slightly as x increases. It is believed that the substitution 
action is sensible at the molar ratio of x = 0, where a noticeable growth occurs due to the 
substitution of some Ba2+ by a lower cation size Ni2+. The reduction in the ρXRD is for the same 
later reason. The behavior of (L) shows a drop and then increases as (x) increases due to the 
increasing nucleation rate and increasing nucleation centers (Sadeq, 2020).  

When x = 0.1, the crystallite size increases as the nucleation rate reaches saturation. A-site 
and B-site, A-O and B-O,  and A-site and B-site are all dependent on the lattice constant, so they 
follow its behavior.  
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3.2. The FTIR Analysis 
 
Figure 2(a) shows the infrared transmittance spectra of the samples, where all the spectra indicate 
the characteristic bands at 550-600 cm-1 of the stretching vibrations and 400-450 cm−1 of the lattice 
vibrations for the tetrahedral and octahedral sites, respectively (Zehra et al, 2014; Badawi et al, 
2020). The former vibration band (555.4 cm-1 ) is because of the metal-oxygen (Fe3+-O2-) stretching 
(Y. K. Dasan et al, 2017), it may shift depending on bond type and length (Raghvendra et al, 2018; 
Srinivasan et al, 1984).   

The presence of different cations, such as Ba2+, Fe3+, and Ni2+, may cause the splitting of the 
tetrahedral absorption band, as shown in Figure 2(b) (Shokrollahi et al., 2016). Further, the spectra 
show absorption bands at 1638.32 cm-1 corresponding to NO3-1 ions and the (COO-) group (Dasan 
et al. 2017). The weak absorption bands at 2975cm-1 are due to O-H stretching of H2O (Anand et 
al, 2019; Badawi et al, 2020; Sachin et al, 2021). There is a shift in the octahedral band to higher 
values as seen in Figure (2)b because of substitution in the tetrahedral and octahedral sites by Ni2+. 
 

 
 

Fig. 2. The FTIR spectra of the samples. (a) FTIR spectrum 400–4000 cm-1 and 
(b) 450–700 cm-1 magnification showing octahedral and tetrahedral vibration modes. 

 

3.3.  Morphology Analysis  
 

Figure 3(a) illustrates the SEM images of the samples and their particle distributions. As shown, 
the particles have homogenous size distributions. All NixBa1-xFe2O4 samples revealed a granular 
structure consisting mainly of spherical grains with a norma distribution of particle size. 

500 1000 1500 2000 2500 3000 3500 4000
75
80
85
90
95

100
105
110
115
120
125
130
135
140

H-O-H

Bending
H-O-H Bending

CH & CH-2 asym.

stretching 

O-H

NO3-1

COO
OH-

COO-
NO Stretching

OH-

Fe+3-OT%

wave number cm-1

 x=0.15
 x=0.1
 x=0.05
 x=0.0

O
ct

a
Te

tr
a

450 500 550 600 650 700

80

85

90

95

100

105

110

T%

wave number cm-1

 x=0.15
 x=0.1
 x=0.05
 x=0.0

Octahedral band

Splitted tetrahedral band

(a) (b) 

Magnetic properties of Ba Ferrite Substituted by Low Fraction of Ni Cations

6



 
 

 

 

 

 
Fig. 3.  (a), (c), (e), and (f) are SEM images, and (b), (d), (f), and (h) are their size distributions at 

x=0, 0.05, 0.1, and 0.15, respectively. 
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At x=0, the most counted size is ~22.5nm, and the average particle size is about 35nm. At x = 0.05, 
the most counted size is 17.5nm, while the average is ~25nm. When x = 0.1, the particle size with 
the most counts is ~15nm, whereas the average is ~20nm. For x = 0.15, the most counted size 
coincides with the average one, which is 22.5nm. The overall behavior of particle size decreased 
as x increased to 0.1 and then increased in a similar action to the crystallite size in Table 1. This 
illustrates the important role of nucleation and growth in controlling particle size. As particle size 
is larger than crystallite size, each particle has more than one crystal, and the particles are 
polycrystalline.  

3.4. Composition Analysis  
  
Figure 4(a) displays the composition analysis of the sample at x=0.5 obtained by EDX-SEM. The 
spectrum shows all the used cations besides the oxygen anions. The ratio of Ba/Fe is so close to 
the ratio in the composition Ni0.5Ba0.5Fe2O4 that it is proof of the spinel structure’s existence. 

The washing water was dried and analyzed by  EDX-SEM as shown in Figure 4(b). The ratio 
of Ba/Fe also coincides with the chemical prompt Ni0.5Ba0.5Fe2O4. This analysis is evidence that 
barium cations did not leave the structure during the auto-combustion process to be soluted cations 
in the washing water. 

   
  
Fig. 4. shows the SEM-EDX spectra of (a) the sample at x = 0.5 and (b) the solid residuals of the 

washing distilled dried water for the samples at x = 0.5. 
 

3.5. Hysteresis Loop Analysis 

Figure 5 shows the measured magnetic hysteresis loops of the NixBa1-xFe2O4 samples at x=0, 0.05, 
0.1 and 0.15. All samples display an s-shape and soft loop because of the actions of composition 
and nanosize. Table3 illustrates the Ms of the samples. The degradation of Ms by Ni2+ substitution 
can be explained by the preference of Ni2+ ions for octahedral sites (Sadeq, 2019). The 
redistribution of Fe3+ ions from the octahedral sites to tetrahedral sites decreases the magnetic 
moment (Al-Shakarchi, 2016). As Ni2+ ions are magnetic, this replacement will reduce 
magnetization. The small amount of Ni can produce a large drop in Ms because the octahedral sites 
are less than tetrahedral ones, besides the reduction in size as in equation (10) (Sadeq, 2017)  
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𝑀6(𝐷) 	= 	𝑀6(𝐵)	(	1	– 	6𝑡	/𝐷	)     …         (10) 
   
MS(D) is the magnetization for a particle size of D, MS(B) is the magnetization of bulk (70 
emu/g) (Singh, 2018), and t is the thickness of the magnetic dead layer. 
 

 
 

Fig. 5. Hysteresis loops of the prepared NixBa1-xFe2O4 at x=0, 0.05, 0.1 and 0.15 with 
magnification for the loops around the origin.   

 

More Ni2+ content will partially position these cations on tetrahedral sites, increasing particle size 
and Ms. The measured Ms values are comparable to those in (Saba et al, 2021; Brightlin, 2016), 
somewhat lower than in (Eman, 2018), and higher than in (Muhammad et al, 2018). The difference 
is related to particle size, composition, and crystallinity. 

The coericivity field Hc variation against (x) is shown in Table 3. Hc depends on particle 
size for nanomaterial (Sadeq, 2019) besides composition. No clear behavior for this parameter was 
shown except a minimum value for x=0.05 because of the particle size effect. Comparable values 
are in (Saba et al, 2021; Muhammad et al, 2018; Eman, 2018) studies. The measured permeabililty 
µ follows Ms manner because of the effect of M compared to H. The results of the anisotropy 
constant Kan were calculated for the samples by the equation (11) (Raghvendra, 2017) and given 
in Table3, where the variation of Ms is mainly controlling Kan. 

𝐾78 =
+$	9&
:.<=

                 …                     (11) 
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Table 3. The parameters (Ms, Mr, Hc, µ and Kan) of the prepared NixBa1-xFe2O4 for x=0-0.15.  
   

Sample Ms (emu/g) Mr (emu/g) Hc (Oe) µ (emu/g.Oe) at 50Oe Kan  (emu.Oe/g) 
X=0.00 49.686 14.3 168.4 0.347 8715.7 
X=0.05 37.142 9.96 132.5 0.254 5126.3 
X=0.10 42.536 12.7 161.3 0.260 7146.9 
X=0.15 48.267 15.61 154.2 0.359 7752.8 

 
To estimate the particle magnetic moment and Ms, a fitting to the Langevin function was done by 
Originlab software. The Langevin function for magnetic hysteresis is given in equation (12) 
(Sadeq, 2020): 

𝑀(𝐻, 𝑇) = 𝑀> QR𝑐𝑜𝑡ℎ A
?'9
@(A

BS − T @(A
?'	9

UV + χB	H       …     (12)    

𝑚# =
+$	D	*')

=
												….													         (13) 

 
Here, mp, kB,  M(H,T), χa and Dp represent the particle magnetic moment, the Boltzmann 

constant, the magnetization at a temperature T and a field H, the high-field susceptibility and the 
particle size. The results of the fitting process is given in Table 4. The fitted Ms values in Table 3 
are in good agreement with the measured ones given in Table 3 (difference <1%). At a high field, 
the spinel Ba ferrite susceptibility decreased as Ni content increased due to particle size reduction 
([Beji, 2010; Mansour, 2020).  The particle magnetic moment according to equation(11) is also 
given in Table 3, which is nearly a reflection on Ms, as equation (13). 
 

Table 4. Magnetic parameters extracted by Langevin fitting where. 
 

 
4. Conclusion 

The sole-gel auto combustion succeeded in preparing spinel Ba ferrite. The firing process did not 
modify the crystalline structure clearly, which indicates the composition’s thermal stability. The 
substitution of  Ni in Ba ferrite showed different effects on the ferrite properties. The structural 
property that was affected by substitution is the crystallite size. The FTIR band of the tetrahedral 
sites seems to be shifted to a higher wave number. The particle distribution and the average particle 
size are modified by varying the molar ratio. The magnetic properties were altered as substitution 
was increased, even with a small Ni amount. Ms got a minimum at molar ratio x=0.05 and then 
increased as x was increased, associated with no dramatic coercivity change. The anisotropy 

Sample Ms (emu/g) χa ×10-3 at 1000 Oe mp (µB) 
x=0.00 50.15 0.55 12133.7 
x=0.05 37.41 0.072 3298.6 
x=0.10 43.28 0.066 1953.9 
x=0.15 49.12 0.026 3157.4 

Magnetic properties of Ba Ferrite Substituted by Low Fraction of Ni Cations

10



 
 

constant followed Ms. Generally, the prepared spinel Ba ferrite can be effectively modified by 
adding a small amount of nickel. 
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