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Abstract—NiFe2O4 (nickel ferrite), ZnFe2O4 (zinc ferrite) and  

Ni0.5Zn0.5Fe2O4 (nickel-zinc ferrite) were prepared by 

mechanochemical route in a planetary ball mill starting from mixture 

of the appropriate quantities of the Ni(OH)2/Fe(OH)3, 

Zn(OH)2/Fe(OH)3 and Ni(OH)2/Zn(OH)2/Fe(OH)3 hydroxide 

powders. In order to monitor the progress of chemical reaction and 

confirm phase formation, powder samples obtained after 25 h, 18 h 

and 10 h of milling were characterized by X-ray diffraction (XRD), 

transmission electron microscopy (TEM), IR, Raman and Mössbauer 

spectroscopy. It is shown that the soft mechanochemical method, i.e. 

mechanochemical activation of hydroxides, produces high quality 

single phase ferrite samples in much more efficient way. From the IR 

spectroscopy of single phase samples it is obvious that energy of 

modes depends on the ratio of cations. It is obvious that all samples 

have more than 5 Raman active modes predicted by group theory in 

the normal spinel structure. Deconvolution of measured spectra 

allows one to conclude that all complex bands in the spectra are made 

of individual peaks with the intensities that vary from spectrum to 

spectrum. The deconvolution of Raman spectra allows to separate 

contributions of different cations to a particular type of vibration and 

to estimate the degree of inversion.  

  

Keywords—Ferrites, Raman spectroscopy, IR spectroscopy, 

Mössbauer measurements.   

I. INTRODUCTION  

HE ideal crystal structure of cubic spinel ferrites  

M2+Fe3+
2O

2-
4 (M = Mg, Mn, Fe, Co, Ni, Zn) has a face 

centered cubic unit cell of 32 oxygen anions with cations in 

24 of possible 96 interstitial sites: 8 tetrahedral (A-sites) (1/8 of 

the total tetrahedral sites number) and 16 octahedral [B-sites] (1/2 

of total number) [1], [2]. Cations Fe3+ and M2+, could be arranged 

in both sites: (M2+
1-δFe3+

δ)[M
2+

δFe3+
2-δ]O

2-
4 and, therefore, ferrites 

are classified according to cations degree of inversion δ 

(positioning between normal (δ = 0) and inverse (δ = 1) extreme 

patterns). The space group symmetry of normal  

  

cubic spinels is Fd3m [3]. The most of cubic ferrites at the 

nanosized scale have partially inverse (or “mixed”) structure. 

Cubic ferrites may also contain a mixture of divalent metal ions: 

M11-xM2xFe2O4. These quaternary compounds have interesting 

magnetic and magnetooptical properties that depend on the 

chemical composition (x), but are considerably affected by the 

cation distribution δ, also.  

The ion concentration and distribution among A and B sites has 

a crucial influence on the material’s microstructure, dielectric and 

magnetic properties [4]. It was referred that nano crystalline 

NiFe2O4, ZnFe2O4 and Ni0.5Zn0.5Fe2O4 were prepared by ball 

milling of oxide mixture [5]–[7], by coprecipitation method [8]–

[10], solid-state reaction [4], by thermal 

decomposition/combustion [11], citrate precursor [12], citrate gel 

method [13], sol-gel method [14]–[16]. To the best of our 

knowledge, it is not referred on soft mechanochemical method of 

the ferrite nano powder synthesis.   

The aim of this work was the synthesis of nanosized  

NiFe2O4, ZnFe2O4 and Ni0.5Zn0.5Fe2O4 ferrite by ball milling from 

starting hydroxide powder mixtures. According to [17], the phrase 

“soft mechanochemical route” will be used for the reaction of 

hydroxides. The characterization of nano powder ferrete samples 

are investigated by TEM, Raman, IR and Mössbauer 

spectroscopy.   

II. EXPERIMENTAL  

Starting materials for the soft mechanochemical synthesis of 

NiFe2O4, ZnFe2O4 and Ni0.5Zn0.5Fe2O4 samples were: Merck zinc 

and nickel hydroxides with 95% purity. Ferrichydroxide was 

made in laboratory. NaOH solution (25% mass), made from 99% 

purity NaOH (Merck) was added to the FeCl3 solution (25% 

mass), made from 99% purity FeCl3 x 6H2O (Merck) [18]. 

Obtained hydrated ferric-hydroxide (Fe (OH)3 x nH2O) in the 

form of dark brown precipitate was filtrated, washed with large 

amounts of water and dried in a vacuum desiccator. Before 

milling, the Fe(OH)3 x nH2O powder was heated at 105ºC for 24 

h. The material prepared in this way had 99.5% Fe(OH)3. It was 

confirmed by potentiometric redox titration.   

Mechanochemical synthesis was performed in air atmosphere 

in planetary ball mill Fritsch Pulverisette 5. Ballsto-powder mass 

ratio was 20:1. The angular velocity of the supporting disc and 

vial was 32 and 40 rad s-1, respectively. The powders obtained 

after milling were pressed into disc shaped samples with thickness 

of 2.0 mm and diameter 8.0 mm.   

Transmission electron microscopy studies were performed 

using a JEOL JEM-2100F Microscope (Jeol Inc., Tokyo, Japan) 

with maximum acceleration voltage of 200 kV equipped with an 

ultra-high resolution objective lens pole piece having a point-to-

point resolution of 0.19 nm, being sufficient to resolve the lattice 

images of nanoparticles. Electron diffraction patterns (EDP) of 

nanocrystals were recorded to obtain the diffraction rings with 

specific structure d-values and in that way verify the crystal 

structure.  

The Raman scattering measurements of NiFe2O4, ZnFe2O4 and 

Ni0.5Zn0.5Fe2O4 nanopowder samples were performed in the 

backscattering geometry at room temperature in the air using a 

Jobin-Yvon T64000 triple spectrometer, equipped with a confocal 

T 
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microscope (100x) and a nitrogen-cooled charge coupled device 

detector (CCD). The spectra have been excited by a 514.5 nm line 

of Coherent Innova 99 Ar+ - ion laser with an output power of less 

than 20 mW to avoid local heating due to laser irradiation. Spectra 

were recorded in the range from 100 cm 1 to 800 cm-1.   

The reflectivity measurements were carried out with a 

BOMMEM DA-8 spectrometer. A DTGS pyroelectric detector 

was used to cover the wave number range from 50 cm 1 to 700 

cm-1.  

The Mössbauer spectra were collected at the room temperature 

in the transmission mode with a constant acceleration, using a 

57Co/Rh source. The calibrations of spectra were done by laser. 

The isomer shift (IS) values were in agreement with values for a 

standard α-Fe foil at 300K. Least squares fits were calculated 

using the SITE option of the WINNORMOS software. Line width 

corrections were carried out by the transmission integral. The 

DIST/ISO option of the program, based on the histogram method, 

was used to perform distributions of Mössbauer's lines [19].  

III. RESULTS AND DISCUSSION  

The XRD - analysis of the NiFe2O4, ZnFe2O4 and  

Ni0.5Zn0.5Fe2O4 powder samples obtained after 25 h, 18 h and 10 

h milling of starting hydroxide mixtures shows that the soft 

mechanochemical activation (i.e. milling of amorphous 

hydroxides) gives practically pure spinel ferrite phase.   

Fig. 1 shows TEM images of NiFe2O4, ZnFe2O4 and  

Ni0.5Zn0.5Fe2O4 nano ferrites obtained after appropriate milling 

time with corresponding EDPs. TEM analysis revealed that all 

samples are composed of nanosized particles (around 20 nm). The 

final grain size in the NiFe2O4 (average ~ 10 nm) is about twice 

as large as that in the ZnFe2O4 (average ~ 20 nm), which is a 

consequence of different reaction paths in these two ferrite 

processing routes. The particles in NiFe2O4 and ZnFe2O4 samples 

have irregular shape and are highly agglomerated, while the 

particles in Ni0.5Zn0.5Fe2O4 sample are roundish and less 

agglomerated.  

 

Fig. 1 TEM images with corresponding electron diffraction 

patterns  

(Debye-Sherrer rings) of NiFe2O4, ZnFe2O4 and Ni0.5Zn0.5Fe2O4 

ferrite samples obtained from the mixture of appropriate hydroxides 

powders by milling for 25 h, 18 h and 10 h, respectively  

  

A mechanochemically produced nanopowder sample of 

Ni0.5Zn0.5Fe2O4 ferrite has mixed spinel structure and belongs 

to P4322 tetragonal space group [20]. However, it is usual, for the 

sake of simplicity, to assign Raman and IR modes as in normal 

cubic spinel, as the symmetry group is Fd3m. The factor group 

analysis predicts 5 Raman active modes: A1g + Eg + 3F2g and 4 IR 

active modes 4F1u from the center of Brillouin zone in the normal 

spinel.   

It is obvious that all samples have more than 5 Raman active 

modes predicted by group theory in the normal spinel structure. 

Deconvolution of measured spectra allows one to conclude that 

all complex bands in the spectra are made of individual peaks with 

the intensities that vary from spectrum to spectrum. In order to 

determine the origin of the peaks, we have compared the Raman 

spectra of NiFe2O4 and ZnFe2O4 [21], with the spectrum of single 

phase Ni0.5Zn0.5Fe2O4, Fig. 2. On the example of single phase 

sample of Ni0.5Zn0.5Fe2O4 obtained by milling of hydroxides for 

10 h it is visible that modes originated from vibrating of different 

cations (in NiFe2O4, or ZnFe2O4) are reproduced in Raman spectra 

of mixed Ni0.5Zn0.5Fe2O4.   
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Fig. 2 Raman spectra of the NiFe2O4, ZnFe2O4 and 

Ni0.5Zn0.5Fe2O4 ferrite samples obtained from the mixture of 

appropriate hydroxides powders by milling for 25 h, 18 h and 10 h, 

respectively  

  

The high frequency first order mode A1g is due to symmetric 

stretching of oxygen atoms along Zn-O, Fe-O and Ni-O bonds in 

the tetrahedral coordination [22]. The mode at 637 cm-1 is related 

with stretching along Zn-O bonds in tetrahedrons [23], [24]. The 

mode at 670 cm-1 is related with Fe-O bonds stretching [25], at 

689 cm-1 with Ni-O bonds [18], [26] and a small mode at 721 cm-

1 corresponds to A1g mode of maghemite, that is to oscillations of 

Fe-O in uncompleted tetrahedrons (with oxygen vacancies) [27]. 

In principle, modes F2g(2) and F2g(3) correspond to the vibrations 

of the octahedral group, but it seems that components of these 

modes can hardly be resolved in the Raman spectra of  

Ni0.5Zn0.5Fe2O4. At about 370 cm-1 is the Zn-component of F2g(2) 

mode, at 480 cm-1 is Ni - F2g(2) and between them Zn - component 

of F2g(3) mode, Fig. 2. These modes are not very strong and the 

possible fitting error can be too high because of rather high level 

of noise. For that reason we tried to analyze the most exaggerate 

A1g mode and to estimate the inversion parameter from the ratio 

of the intensities of A1g components. The integrated intensity of 

certain component of A1g mode is proportional approximately to 

the contribution of the corresponding cations in A-sites. The 

participation of Zn2+ in A-sites should be: xZn(A) = IZn /(IZn + INi 

+IFe + IFe*). In the exact formula intensities of Lorentzians are 

multiplied by corresponding force constants. We can suppose that 

the force constant in the case of “maghemite” oscillation is much 

smaller than the force constants of other vibrations (in regular 

surrounding) and to neglect its contribution. In this 

approximation, for hydroxide sample, Fig. 2, we obtained:  

Fe0.20Ni0.35Zn0.44, what is roughly like the result of Rietveld 

analysis (Rietveld analysis gives: Fe0.17Ni0.31Zn0.48).  

  

 Positions of F1u(TO) modes Positions of F1u(LO) modes 

    

 
  

Fig. 3 Comparison of the results of Kramers-Krönig analysis of IR 

spectra of NiFe2O4, ZnFe2O4 and Ni0.5Zn0.5Fe2O4 ferrites  

  

In Fig. 3 are compared the results of Kramers-Krönig analysis 

of three FIR spectra: NiFe2O4, ZnFe2O4 and mixed Ni0.5Zn0.5Fe2O4 

ferrite. It is visible that the positions of both  

TO and LO modes shift to lower wave numbers with increasing 

of total mass of divalent cations. Considering that in literature 

could be found various values of frequencies even for sintered 

ferrites, we cannot expect accurate estimation of cation 

distribution in nanopowders on the basis of FIR measurements. 

However, there is no doubt that FIR technique could show the 

presence of small amounts of unreacted starting compounds.   

The Mössbauer spectra show distributions of hyperfine fields. 

In order to investigate valence and coordination number (CN) of 

iron cations in the spinel, distributions are partitioned on disjunct 

subspectra based on Lorentzian lines.   

The Mössbauer spectrum (Fig. 4 (a)) of NiFe2O4 consists of 

nine subspectra, precisely seven sextets and two doublets. 

According to the Mössbauer parameters, the sextets are divided in 

three types marked with letter L, M, and S. The sextets marked 

with L represent resonance response of ion 57Fe from the large 

NiFe2O4 nanoparticles. The existence of magnetic ions on both 

(A) and [B] sites allows three types of antiferromagnetic exchange 

interactions: (A)-(A), (A)-[B], and [B]-[B]. The strongest 

interactions, according to the Weiss model, are between Ni2+ or 

Fe3+ ions at tetrahedral sites and Fe3+ ions at the octahedral sites 

[28].   

The Mössbauer spectroscopy of 25 h milled mixture 

Fe(OH)3/Ni(OH)2 reveals that more of 90% emergent iron 

containing powder, is in the NiFe2O4 phase. Using a formula 

[A(A)/A[B] = f(A)/f[B]×δ/(2-δ)], where A is area of subspectrum, and 

assuming that the ratio of the recoil-less fraction is f[B]/f(A)  

= 0.94 at the room temperature, one could obtain δ [29]–[30].  
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According to the areas of measured sextets, only for large size 

particles, the estimated value for the degree of inversion is 70%, 

with uncertainty of 40%.   

The Mössbauer spectrum taken from 18 h milled 

Zn(OH)2/Fe(OH)3 sample consists of three sextets and three 

doublets (Fig. 4 (b)). The parameters of one sextet with relative 

abundance of 2.9% refer on the presence of α-Fe. The resonant 

signals make sextets having the origin from iron ions on 

tetrahedral sites. On the other side, the doublets are created by 

signals from octahedral standing iron ions. For this sample, the 

inversion parameter δ is 0.58(63). The δ is calculated by data, 

based on followed total fitted area: A(A) = 56(32) and A[B] = 

41.1(18.7).  

The Mössbauer spectrum of the sample obtained from the 

mixture of Ni(OH)2/Zn(OH)2/Fe(OH)3 powders after 10 h of 

milling is fitted by 10 sextets, two superparamagnetic doublets 

and two singlet (Fig. 4 (c)). Two sextets with the smallest isomer 

shift are referred to tetrahedral A-site with different occupation 

numbers and the other sextets are referred to B-site surrounded 

with different number of magnetic ions or disturbed in other way. 

Two doublets (SPD), with high isomer shift, could be connected 

with Fe3+ ions in very small superparamagnetic nanoparticles. 

There are also two superparamagnetic singlets (SPS), which could 

be assigned to the tetrahedral (SPSA) and to the octahedral 

(SPSB) site. All subspectra correspond to the pure spinel ferrite 

phase. We find that the degree of inversion estimated for the single 

phase nickel-zinc ferrite sample obtained during 10 h milling of 

starting hydroxides is δ = 0.36(3). The presented analysis of the 

Mössbauer spectra of the Ni0.5Zn0.5Fe2O4 sample is in good 

agreement with conclusions of previous measurements (XRD, 

EDP, EDS, Raman and IR).  

  

  

Fig. 4 Mössbauer spectra of (a) NiFe2O4, (b) ZnFe2O4 and (c) 

Ni0.5Zn0.5Fe2O4 ferrite samples obtained from the mixture of 

appropriate hydroxides powders by milling for 25 h, 10 h and 18 h, 

respectively  

IV. CONCLUSION  

It is important to emphasize that the aim of this study is to show 

that under the laboratory conditions, it is simple to prepare the 

good quality nanosized NiFe2O4, ZnFe2O4 and Ni0.5Zn0.5Fe2O4 

ferrite powders by soft mechanochemical synthesis. It was 

examined evolution of the synthesis of nano ferrites starting from 

the appropriate mixtures of powders milled in different duration 

time. The starting materials were:  

mixture  of  Ni(OH)2/Fe(OH)3,  Zn(OH)2/Fe(OH)3  

Ni(OH)2/Zn(OH)2/Fe(OH)3 hydroxide powders. The NiFe2O4,  

ZnFe2O4 and Ni0.5Zn0.5Fe2O4 ferrite obtained by milling after 25 

h, 18 h and 10 h, respectively. These samples are compared and 

investigated using various characterization methods. Xray 

diffraction of the obtained samples shows single phase cubic 

spinel structure. TEM analysis revealed that all samples are 

composed of agglomerated nanosize particles (on average ≈ 20 

nm). In the Raman and IR spectra are observed all of first-order 

Raman and IR active modes. In the Raman spectra of 

Ni0.5Zn0.5Fe2O4 modes originated from vibrating of different 

cations (Ni-ferrite-like, Zn-ferrite-like, or magnetite-like) are 

clearly visible. The degree of the cation inversion of 

Ni0.5Zn0.5Fe2O4 is estimated for spinel fraction in all samples. The 

Mössbauer spectra of samples were fitted by several subspectra 

and according to known subspectral areas of both iron sites the 

degree of inversion was calculated. In the case of single phase 

Ni0.5Zn0.5Fe2O4 sample obtained from the mixture of appropriate 

hydroxide powders for 10 h milling the cation inversion is δ = 

0.36(3).  
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