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Abstract

Aluminium doped Ni-Zn ferrite nanoparticles of general formula of NipsZnosAlxFez_x04 (x = 0.0, 0.2,
0.4, 0.6, 0.8, 1.0, 1.2, 1.4, 1.6, 1.8, 2.0) have been synthesized by sol-gel auto combustion method
and characterized using X-ray diffraction (XRD), scanning electron microscopy (SEM), energy dis-
persive X-ray (EDX), Fourier transform spectroscopy (FTIR) and vibrating sample magneto meter
(VSM). XRD studies confirm that all compositions show single phase cubic spinel structure. The
crystallite size was calculated using the Debye-Scherrer formula and found in the range of 17 - 52
nm. The lattice parameter “a” is found to decrease with increasing Al3* content. The SEM images
clearly show the crystalline structure and EDX patterns confirm the compositional formation of
the synthesized compositions. The results of FTIR analysis indicated that the functional groups of
Ni-Zn spinel ferrite were formed during the sol-gel synthesis process. The IR spectra showed two
main absorption bands, the high frequency band vi around 600 cm-! and the low frequency band
vz around 400 cm-! arising from tetrahedral (4) and octahedral (B) interstitial sites in the spinel
lattice. As doping is increased the magnetic behavior is found to decrease and the composition x =
2.0 ferrite appears to be exhibiting superparamagnetism as the coercive field and retentivity are
found near zero.
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1. Introduction

Since few decades, the ferrites have attained a good position of economic, engineering and magnetic importance
due to their excellent physical and chemical properties. Ferrites have a wide range of applications in microwave
absorbance, number of electronic devices as radio, TV sets, integrated non-reciprocal circuits, high frequency
transformers, memory core devices, rod antennas and telecommunication applications. Furthermore, they are
used for gas and ethanol sensors. Due to wide range of applications, the different compositional substitutions
into the ferrites have gained importance. The most common soft ferrites are Ni-Zn and Mn-Zn ferrites. The
crystal structure of Ni-Zn ferrites spinel configuration is based on a face centered cubic lattice of oxygen ions.
The unit cell consists of eight formula units of the type [ZnFe;JA[Ni;xFe1.x]BO,4, where A and B represent
tetrahedral and octahedral sites, respectively [1]-[8]. They have a low coercivity and are called soft ferrites. The
physical properties of such nanoferrites are highly sensitive to the method of preparation, grain size, chemical
composition, sintering temperature, atmosphere, type of substituents and the distribution of cations among tet-
rahedral and octahedral sites [9]. The conventional methods for the preparation of ferrites have certain limita-
tions such as long heating schedule at high temperatures, higher grain size, higher time consumption etc. The
experimental conditions used in the preparation of these materials play an important role in the properties and
the particle size of the ferrite nano particles produced. For this reason, a great variety of experimental methods
have been used in the production of nano particles, like the sol-gel auto combustion technique. Among several
synthesis methods including sol-gel auto-combustion [10], co-precipitation [11], hydrothermal [12], high-energy
ball milling [13] and micro-emulsion [14] are developed to make nickel ferrite nano particles. Sol-gel auto
combustion technique has many advantages over other methods such as the effect of minimal contamination,
processing simplicity, low cost, high level of reactivity, easy control of the particle size and the efficiency of
more homogeneous mixing of the component materials that lead to the formation of nanocrystallites.

Nickel-zinc ferrites are soft magnetic materials having low coercivity and high electrical resistivity, which
makes them an excellent core material for power transformer in electronic and telecommunication applications
[15]. Nickel and zinc have strong occupational preference for tetrahedral and octahedral sites respectively,
which makes nickel ferrite a model inverse spinel and zinc ferrite a model normal one [16]. However, in Ni-Zn
ferrites, the compositional variation can be resulted in the formation of mixed spinel structure, due to the redi-
stribution of metal ions over the tetrahedral and octahedral sites, which can be drastically modified the ferrites
properties [17] [18].

Aluminum substituted Ni-Co ferrites have high electrical resistivity, low eddy current losses, square nature of
hysteresis loops, high stability and high value of saturation magnetization, hence they have enormous technolo-
gical application over wide range of frequencies [19]. Recently, the diamagnetic substitution in mixed ferrites
has received special attention. The role played by the substituents in modifying the physical properties of basic
ferrites and the mechanism behind enhanced magnetic response is not widely studied. Fabrication of ferrite ma-
terials of high quality, low cost and low loss at high frequency for power applications is ever demanding. In this
aspect, we have chosen Al doped Ni-Zn ferrites with a composition of NigsZngsAlFe, «O4 (x = 0.0, 0.2, 0.4, 0.6,
0.8,1.0,1.2,1.4, 1.6, 1.8, 2.0) to obtain novel behavior of ferrites on the nanoscale.

2. Experimental

The starting materials were analytical grade (AR) with 99% of purity. The materials were zinc nitrate hexahy-
drate-Zn(NO3),-6H,0(AR), nickel nitrate-Ni(NO3),-6H,O(AR), aluminium nitrate nonahydrate-Al(NO3)5-9H,0
(GR), Ferric Nitrate-Fe(NO3);-9H,0(GR) & citric acid monohydrade-CsHgO;-H,O(GR). Citric acid helps for the
homogenous distribution and segregation of the metal ions. During water dehydration, it suppresses the precipi-
tation of metal nitrates because it has electronegative oxygen atoms interacting with electropositive metal ions.
Therefore, at a relative low temperature the precursors can form a homogenous single phase ferrite. The mixed
solution was neutralized to pH 7 by adding ammonia, it helps for the well formation of gel and improves the
solubility of metal ions. Metal nitrates taken in the required stoichiometric ratio were dissolved in a optimum
amount of distilled water and mixed together. Then the citric acid was added to the nitrate solution in 3:1 molar
ratio. The analytical grade liquid ammonia was added drop by drop to the nitrate solution under constant stirring
to maintain the pH value 7. The resulting solution was constantly heated on the magnetic stirrer around 300°C to
allow gel formation.

The resultant gel was kept in open air environment to remove the absorbed water [20] and the precursor pow-
der was sintered under the constant heating conditions at 600°C for 5 hours to obtain the final product. The re-
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sultant powder was grinded into fine particles by an agate mortar and pestle. Finally, the fine power was pressed
into pellets with the help of hydraulic press by applying the 5 tons pressure. The structural properties of samples
was studied by Rigaku X-ray diffractometer (Rigaku Miniflex I1) using the CuK radiation (wavelength = 1.5406
A). Scanning electron microscopy (SEM) images were obtained using a TESCAN, MIRA 11 LMH microscope.
The composition was determined by energy dispersive X-ray spectroscopy (EDX, Inca Oxford, attached to the
SEM). FTIR analysis carried out including the magnetic properties by using vibrating sample magnetometer (EZ
VSM model) at room temperature.

3. Results and Discussions

The XRD patterns of NigsZngsAlFe, O, (x = 0.0, 0.2, 0.4, 0.6, 0.8, 1.0, 1.2, 1.4, 1.6, 1.8, 2.0) ferrite nanopar-
ticles presented in Figure 1 confirmed that all the calcined samples at 600°C are in crystalline state with cubic
spinel crystal structure [21]. Broadening of the XRD peaks says the nano-crystalline behaviour of ferrite. The
grain size of the nano-particles were calculated from the most intense peak (3 1 1) of XRD data using Debye-
Scherer equation.

0.9

- pcosé
Lattice parameter, X-ray density were calculated by the following equations.

a=dvh?+k?+I? 2)

8M
P =N )
The calculated particle size was found in the range of 17 nm to 52 nm, Figure 2 shows the lattice parameter
values were found to decrease from 8.472 A to 8.205 A with increasing the Al doping [22]. The lattice parame-
ter values observed in NigsZngsAlFe,_,O4 (x = 0.0, 0.2, 0.4, 0.6, 0.8, 1.0, 1.2, 1.4, 1.6, 1.8, 2.0) are in good
agreement with the reported values of cubic spinel ferrites [23] [24]. The decrease in the value of lattice pa-
rameters with increase in AI** doping can be explained on the basis of difference in their ionic radius of Fe and
Al ions. (lonic radius of AI** ion is 0.57 A and Fe** ion 0.67 A). The decrease in the lattice parameter is due to
the replacement of Fe** ion by AI** ion of a smaller ionic radius [25]. Similar behavior of lattice constant was
reported in the literature [26].
Using the values of lattice constant (a) and the distance between magnetic ions (ion jump lengths) available in
tetrahedral (A-site), octahedral (B-site) i.e. “La” and “Lg” respectively was calculated by using the following re-

lations [27].
)

2
L - [ ZJa ©)
where, a = lattice constant.

Calculated values of ion jump lengths (L, and Lg) are given in Table 1, which shows that ion jump lengths
decreased by the increasing the Al content. The ion jump lengths (L, and Lg) are directly proportional to lattice
constant (a) value. Hence, it was observed that the ion jump lengths decreased with the increasing of the Al
concentration.

Figure 3 represents the complete samples (total = 11) SEM images. SEM images of compositions (x = 1.6
and x = 2.0) have somehow been reversed.

Figure 4 shows the EDX pattern of NigsZnosAlFe, O, (x = 1.0), the peaks of the elements Ni, Zn, Al, Fe
and O were observed on the EDX image and all samples confirmed the homogeneous mixing of the Ni, Zn, Fe,
Al and O atoms in pure and doped ferrites. The observed composition is almost equal to that of the sample pro-
duced by stoichiometric calculations without precipitating cations [28].

FTIR spectra for the compositions of NiysZngsAlFe, 0, (x = 0.0, 0.2,0.4,0.6,0.8,1.0,1.2,1.4,1.6, 1.8, 2.0)
have been taken using in the range of 500 - 4000 cm . Figure 5 shows the higher frequency band and lower
frequency band are assigned to the tetrahedral and octahedral complexes [29] [30]. The FTIR image is reported
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Figure 1. X-ray diffraction pattern of NigsZnysAlxFe, O, (X = 0.0, 0.2, 0.4,
0.6,0.8,1.0,1.2, 1.4, 1.6, 1.8, 2.0) ferrite nano-particles.
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Figure 2. Lattice parameter, grain size with Al composition graphs of NiysZngsAlFe, O, (x = 0.0, 0.2, 0.4, 0.6, 0.8, 1.0,
1.2,1.4, 1.6, 1.8, 2.0) ferrite nano-particles.

the formation of spinel structure and the strong absorption bands around 600 cm™ and 400 cm™ which are
characteristic of the tetrahedral and octahedral metal ions have been reported in the literature [31].

It is observed that the size of the particle is decreased with the Al content and for the composition X = 2 the
particle size is found lowest. Figure 6 shows the M-H curves of NiysZnysAlFe, O, (X = 0.0, 0.2, 0.4, 0.6, 0.8,
1.0, 1.2, 1.4, 1.6, 1.8, 2.0) ferrite nanoparticles. The magnetization curves display narrow hysteresis for all the
compositions except the composition X = 2.0 showed no hysteresis and both retentivity and coercivity parame-
ters are almost found zero. The results reveal that the saturation magnetization of the nanoparticles decreased,
while the coercivity kept at almost near zero value with increasing Al substitution. The saturation has not been
reached even at its maximum applied field of 20 kOe. This phenomenon can be as signed to the fact that the
magnitude of the magnetic field required to reach saturation magnetization depends on the size of the particles
[32]. It is also clear that, all the compositions exhibited narrow loops, with a behaviour characteristic of soft
magnetic materials (easy magnetization and demagnetization) [33]-[35]. All compositions exhibit low magneti-
zation values and small coercive fields. The low values of magnetization can be explained on the basis of core-
shell model which explains that the finite size effect of then a no particles leads to an on collinearity or canting
of spins on their surface which there by reduces the magnetization. The decrease in the magnetization value may
also be attributed to the presence of AI** paramagnetic ions with down-spin configuration instead of Fe** cations
with up-spin configuration in the octahedral sites.

The hysteresis curves of NigsZngsAlFe, 04 (X = 2.0) ferrite nanoparticles are shown in Figure 7. The mag-
netization curves display no hysteresis and both retentivity and coercivity parameters are found almost zero and
the ferrimagnetic hysteresis seems to have disappeared at room temperature. Verdes et al. [36] mentioned that

O,
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Figure 3. SEM images of NigsZngsAlFe,O,4 (x = 0.0, 0.2, 0.4, 0.6, 0.8, 1.0, 1.2, 1.4, 1.6, 1.8, 2.0) ferrite nano-particles.

Table 1. Structural properties of NigsZngsAlFe, O, (x = 0.0, 0.2, 0.4, 0.6, 0.8, 1.0, 1.2, 1.4, 1.6, 1.8, 2.0) ferrite nanopar-
ticles.

Composition Lattice parameter X-ray density Grain size La Ls
*) A) (g/em’) (hm) A) A)
x=0.0 8.472 5.373 51.47 3.668 2.994
x=0.2 8.308 5.263 41.16 3.597 2.936
x=0.4 8.295 5.192 34.29 3.591 2.932
x=0.6 8.290 5.138 34.29 3.589 2.930
x=0.8 8.285 5.013 20.58 3.587 2.928
x=1.0 8.275 4.896 20.58 3.583 2.925
x=12 8.250 4.804 19.60 3.572 2.916
x=14 8.229 4.703 18.70 3.563 2.908
x=16 8.226 4570 17.15 3.561 2.907
x=1.8 8.219 4.444 17.15 3.558 2.905
x=20 8.205 4.328 17.15 3.552 2.900
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Figure 4. EDX pattern of NigsZngsAlFe,—O,4 (X = 1.0) ferrite nano-particles.
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Figure 5. FTIR of NigsZngsAlFe, O, (x = 0.0, 0.2, 0.4, 0.6, 0.8, 1.0, 1.2, 1.4,
1.6, 1.8, 2.0) ferrite nano-particles.

the low values of coercivity have been attributed to the particle-particle interactions among the nano-crystals
owing to their extremely small size. The proximity of particles has a large effect on the hysteresis as they either
become increasingly exchange coupled or show magnetostatic interactions with decreasing distance between the
particles [37]. In other words, such magnetic behavior can be expressed in terms of superparamagnetism.

4. Conclusion

We successfully synthesized and characterized the NiysZnysAlFe, O, (x = 0.0, 0.2, 0.4, 0.6, 0.8, 1.0, 1.2, 1.4,
1.6, 1.8, 2.0) ferrite nanoparticles using sol-gel auto combustion technique. XRD and the FTIR pattern showed
that all the compositions were formed into single phase cubic spinel structure. The lattice parameters and the
grain size were found decreasing with Al content. The SEM images showed the crystalline structure where as
EDX patterns confirmed the compositional formation of the synthesized samples. It is observed that particle size
is decreased with the Al content. For the composition NigsZngsAlFe, 04 (X = 2.0), the magnetization curves
display no hysteresis and both retentivity and coercivity parameters are found almost zero and such magnetic
behavior can be expressed in terms of superparamagnetism.
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Nig.sZngsAlFe,_,O,4 (X = 2.0) ferrite nano-particles.
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