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Abstract 
 

Magnetic ferrites Ni1-xCoxFe2O4 are synthesized by means of a simple, clean and scalable route 
consisting of a solid-state reaction induced by high energy ball-milling between metal salts 
(Lewis’acids) and sodium hydroxide (base). The chemical reaction occurs at room temperature and 
produces nanocrystalline Ni1-xCoxFe2O4 and soluble byproducts, which are efficiently removed by 
washing. Thermal treatments at several temperatures are performed to favor the crystallization of the 
desired phase. The evolution of the system with mechanochemical reaction and heating is followed by 
X-ray diffraction, Raman spectroscopy, thermal analyses and scanning electron microscopy. The 
magnetic properties of the obtained ferrites are studied by Mössbauer spectroscopy and vibrating sample 
magnetometry. The adequate combination of mechanochemical and thermal treatments leads to obtain 
pure materials with excellent magnetic properties, depending on the composition, the particle size, the 
cation distribution and the canted spin structure at the surface of the nanoparticles. 
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Introduction 
The term ferrite is commonly used to describe a family of magnetic oxide compounds containing iron 
oxide as a main component. In fact, magnetite (Fe3O4) is a conspicuous member of this family and was 
the first known magnetic material [1]. Ferrites can adopt three different crystal lattices: spinel ferrites 
(cubic), hexaferrites (hexagonal) and garnets (cubic).  Each structure gives rise to characteristic 
magnetic properties, which in turn may change according to the chemical composition and ordering of 
the ions within the crystal lattice [2]. In particular, spinel ferrites have a general formula AFe2O4, where 
A are divalent ions, such as Fe2+, Cu2+, Zn2+, Mg2+, etc. The crystal structure can be described as a cubic 
close-packed arrangement of O2- anions, where cations occupy tetrahedral and octahedral sites. In 
normal spinels, divalent cations occupy one-eighth of the tetrahedral sites and one-half of the octahedral 
sites are occupied by Fe3+ ions. Inverse spinel ferrites are better expressed by writing Fe3+(AFe3+)O4, 
indicating that half of the Fe3+ ions occupy tetrahedral sites and the remaining half, together with the A2+ 
ions, occupy the octahedral interstitials. Between these two structural models there exist spinel ferrites 
with a variable cation distribution, which can be represented by the general formula (A2+

(1-), 
Fe3+

)
tet[A2+

, Fe3+
(2-)]

octO4, where  is the inversion degree of the spinel [3].  
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In the last decades, ferrite-based materials have drawn interest for a plethora of applications, such as 
catalysts and gas sensors [4,5], data storage [6,7], microwave devices [8], in biomedical applications 
(contrast agents in RMN and magnetic-guided devices) [9,10], etc. Besides their well-known magnetic 
properties, spinel ferrites are also investigated because of their interesting photocatalytic properties [11]. 
Absorption of visible radiation by ferrite nanoparticles facilitates photocatalytic processes, for example 
in degradation of water pollutants, being possible to achieve the magnetic separation of these particles 
after using [12,13]. 

Amongst all the spinel ferrites, CoFe2O4 has a partially inverse structure and it is a well-known hard 
magnetic material, with relatively high values of saturation magnetization and coercivity. NiFe2O4 is a 
completely inverse spinel and it behaves as a soft magnetic material (with high saturation magnetization 
and low coercivity) [14]. These properties make these ferrites very promising candidates for a variety of 
applications in biomedical, electronic as well as recording technology [15–17]. Moreover, Ni–Co 
ferrites are important electronic materials, which are used in electronic devices suited for high-frequency 
applications in the telecommunication field [18]. These materials are commercially used in high-quality 
filters, rod antenna radio frequency circuits, transformer cores, read/write heads for high-speed digital 
tape and operating devices [19, 20].  

Because of the extensive applicability of spinel ferrites, various synthesis routes have been developed 
since their discovery. These include the classical solid-sate reaction, sol–gel [21–23], co-precipitation 
[24,25], hydrothermal [26], microemulsion [27], plasma or microwave treatment [28,29], host template 
[30,31] and others. Some of the preparative methods have been focused on the fabrication of nanometric 
particles, with superparamagnetic behavior.  

In the last decades, mechanochemically assisted synthesis has become a reliable tool for preparing a 
variety of inorganic and organic materials [32,33]. Some advantages of this method are the relative 
simplicity of the process, the use of common precursors (metal oxides or salts), the absence of organic 
solvents and the possibility of obtaining metastable phases with different properties to those of the 
conventionally prepared materials. The use of a mechanochemical procedure to modify the structure and 
properties of spinel ferrites dates back to the '80s, when Ni and Zn ferrites were investigated [34,35]. 
Some years later, several articles reporting the synthesis of spinel ferrites appeared, mainly with the aim 
to study the effect of mechanosynthesis on the magnetic properties and the possibility to obtain 
nanoparticles of these materials [36-39]. McCormick et al. developed an alternative mechanochemical 
route to obtain a variety of nanometric single oxides, such as ZnO, Fe2O3, Al2O3, TiO2, etc [40-44]. The 
method is based on an acid-base reaction between metal salts and inorganic bases, to produce 
nanocrystalline oxides mixed with a water soluble byproduct, which can be easily removed by washing. 
Although this preparative technique has been extensively used in the synthesis of single oxides, its 
application to complex oxides is really scarce [45,46]. Some of the authors of the present article have 
reported two previous studies about multiferroic nanocrystalline orthoferrites, synthesized by 
McCormick’s method, showing the effect of the mechanochemical activation in the cation distribution 
and its influence on the hyperfine structure and magnetic properties [47,48]. In this work, we apply this 
synthetic route to spinel ferrites, in order to develop a facile and clean preparation route for these 
materials, and to investigate the differences in formation of crystal structures, cationic distribution and 
magnetic orderings from those conventionally obtained.  
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Experimental 

 
Starting materials were FeCl3.6H2O (commercial reagent, 99%), Co(Ac)2.4H2O (commercial reagent, 
99.9 %), Ni(Ac)2.4H2O (commercial reagent, 99.9 %), and NaOH (commercial reagent, 99 %) . The 
reactants were mixed according to the stoichiometry of reaction (1), with x = 0.0, 0.3, 0.5, 0.7 and 1.0. 
These mixtures were milled under air atmosphere during 2 h in a planetary ball-mill Fritsch Pulverisette 
7, using vials (45 cm3) and balls (15 mm in diameter) made of silicon nitride. A ball-to-powder mass 
ratio of 4 and a rotation speed of 700 rpm were used.  
 

(1-x)Ni(Ac)2.4H2O + xCo(Ac)2.4H2O  + 2FeCl3.6H2O +  6NaOH + 4O2  → 

Ni1-xCoxFe2O4  + 6 NaCl  + 4CO2  +  22H2O         (1) 

After milling, the samples were washed by stirring with distilled water to remove the soluble by-
products. The obtained powders were filtered and dried at 60ºC and then calcined for 1 h at temperatures 
between 600 and 900ºC. The resulting samples were labeled as NCF-x-y, being x the Co content and y 
the calcination temperature.  

X-ray diffraction (XRD) was used to follow the phase evolution during mechanochemical and thermal 
treatments with an X’Pert PRO PANalytical diffractometer, equipped with a graphite monochromator, 
using CuKα radiation (λ= 1.5406 Å) at 40 kV and 40 mA. A scan range of 10-80° 2θ and a step size of 
0.02° were used. Lattice parameters (a) were calculated according to equation (2) for cubic systems, 
using interplanar distances (d) corresponding to plane (3 1 1), while Scherrer’s equation was used in 
order to estimate crystallite sizes [49]. 

=        (2) 

 

The microstructure and elemental composition of the samples was examined in a scanning electron 
microscope (SEM) Sigma Zeiss with field emission gun and an Oxford detector for X-ray emission 
spectroscopy (LAMARX facilities). 

TEM analyses were performed using a JEOL (JEM-2100) microscope with applied voltage of 120 kV. 
Previously to the observation, the samples were dispersed and suspended in Cu grids. 

Thermogravimetric analyses (TGA) were performed in a Shimadzu TGA-50H instrument under flowing 
air, using a heating rate of 10ºC/min and approximately 20 mg of sample mass.  

Raman spectroscopy was performed at room temperature using an Invia Reflex confocal Raman 
microprobe with Ar+ laser of 514 nm in backscattering mode, with a laser spot of 10 μm. An exposure 
time of 20 s and 3 accumulations were used, with a 50X objective. The laser power was reduced to 10% 
to prevent damage by heating (0.2 mW). 

Mössbauer spectra were taken at room temperature (RT) with a conventional constant acceleration 
spectrometer in transmission geometry with a 57Co/Rh source. The absorber thickness was chosen to be 
the optimum according to the Long et al. criterion [50]. Least-squares fitting of the spectra were 
performed by using the Normos program [51]. Isomer shift (IS) values are given relative to that of α-Fe 
at RT. 

Magnetization (M) as a function of magnetic field (H) was measured in a vibrating sample 
magnetometer Lakeshore 7300. Hysteresis loops were registered at RT for all the heated samples.  

 



 

Results and discussion  
Figure 1 shows XRD diagrams of the as
NCF-1.0 respectively. 

Figure 1. XRD diagrams of as-milled samples NCF
these samples.  

 

High intensity peaks belonging to NaCl and NaAc are observed, indicating the occurrence of 
reaction during the mechanical treatment. There is 
the ferrite phase. The mechanochemical
sodium salts, although the oxidation of acetate groups 
with x = 0 and x = 1 (inset of Figure 1
to loss of water and CO2 in Ni(Ac)2.4H
the loss undergone by metallic acetates when 
of XRD and TGA results suggests that
formation of NaCl and NaAc. The oxidation of acetate groups to CO
solid mixtures at least at 400ºC. The absence of diffraction peaks 
evidences the very low crystallinity of the formed product, as a consequence of 
(high-energy ball milling and room temperature) 
Taking into account these observations

Figure 2 displays the diffractograms for sample

Figure 2. XRD diagrams of sample NCF

Figure 1 shows XRD diagrams of the as-milled samples for compositions x = 0 and x

 
milled samples NCF-0.0 and NCF-0.1. The inset shows TGA curves for 

belonging to NaCl and NaAc are observed, indicating the occurrence of 
reaction during the mechanical treatment. There is no evidence of remaining reactants or

echanochemical treatment produced an acid-base reaction with 
, although the oxidation of acetate groups to CO2 is not confirmed. TGA curves 

inset of Figure 1) show two thermal events at 100 and 300-360
.4H2O and Co(Ac)2.4H2O. A total mass loss of 

the loss undergone by metallic acetates when produced by oxidation of CO2 and water. The combination 
suggests that during the ball-milling an acid-base reaction takes place with 

he oxidation of acetate groups to CO2 requires a thermal treatment 
. The absence of diffraction peaks from the spinel

the very low crystallinity of the formed product, as a consequence of the synthesis conditions 
energy ball milling and room temperature) which difficult the crystallization of ferrite phases. 

Taking into account these observations, calcination temperatures were selected from 600 to 800ºC. 

diffractograms for sample NCF-0.5, calcined at 600, 700 and 800ºC.

 
XRD diagrams of sample NCF-0.5 heated at 600, 700 and 800ºC.

4 

0 and x = 1, NCF-0.0 and 

0.1. The inset shows TGA curves for 

belonging to NaCl and NaAc are observed, indicating the occurrence of a chemical 
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360ºC, corresponding 
of 35-36 % agrees with 

and water. The combination 
tion takes place with 

requires a thermal treatment of the 
from the spinel Ni1-xCoxFe2O4 

the synthesis conditions 
difficult the crystallization of ferrite phases. 
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, calcined at 600, 700 and 800ºC. 

0.5 heated at 600, 700 and 800ºC. 



 

The complete formation of Ni0.5Co0.5

improved crystallinity can be noticed
There is no evidence of impurities or secondary phases 
crystallite sizes are listed in Table 1. 
is observed.  

Magnetic hysteresis loops for sample NCF

Figure 3. Magnetization (M) as a function of magnetic field (H) for sample NCF
different temperatures. The inset shows saturation magnetization (Ms, open squares, left axis) and 
coercivity (Hc, solid circles, right axis) as a function of heating temperature. 

 

The typical magnetic behavior for soft magnetic materials can be observed, 
saturation at very low applied fields, relatively high saturation magnetization (Ms) values and very low 
coercivities (Hc). It is a well-known fact
spin magnetic moment of transition metal cations F
the result of the magnetic moment of each cation and its distribution among the different sites into the 
spinel structure. Thermal treatment
from 46.5 emu/g (600ºC) to 62.3 emu/g (800ºC). Temperature induces the formation of larger and 
crystalline grains, enhancing the magnetization. The inset shows the almost linear variation of saturation 
magnetization with heating temperature. Coerci
about 50% between 600 and 800ºC.  
NCF-0.5-800 agree with those previously reported for Ni
[28, 52-57]. It is important to remark that from the vast existing literature
reports dealing with materials with similar particle size and heating temperatures were selected
comparison. The effect of composition on 
VSM (see Figs. 8 and 9) 

Considering the previous results, a
compositions of the mechanosynthesized Ni
samples NCF-x-800. All the diffracto
absence of impurities, since all the obse
JCPDS-PDF 22-1086 and 10-0325 standard
peak positions to lower angles can be observed (the inset clearly displays this effect for 
1), corresponding to the most intense peak). 
increases, due to the larger ionic radium of Co

0.5Fe2O4 is observed already at 600ºC. For higher temperatures, 
n be noticed, shown by the increase of intensity and sharpening 

evidence of impurities or secondary phases in any of the samples. Lattice parameters and 
crystallite sizes are listed in Table 1. As expected, an increase in crystallite size with heating tempe

Magnetic hysteresis loops for sample NCF-0.5 heated at 600, 700 and 800ºC are shown in Figure 3. 

 
Magnetization (M) as a function of magnetic field (H) for sample NCF

different temperatures. The inset shows saturation magnetization (Ms, open squares, left axis) and 
coercivity (Hc, solid circles, right axis) as a function of heating temperature.  

for soft magnetic materials can be observed, 
at very low applied fields, relatively high saturation magnetization (Ms) values and very low 

known fact that for spinel ferrites the main contribution to magnetism is
spin magnetic moment of transition metal cations Fe3+, Co2+ and Ni2+. The observed net magnetization
the result of the magnetic moment of each cation and its distribution among the different sites into the 

Thermal treatments at higher temperatures increase magnetization values, changi
emu/g (600ºC) to 62.3 emu/g (800ºC). Temperature induces the formation of larger and 

, enhancing the magnetization. The inset shows the almost linear variation of saturation 
magnetization with heating temperature. Coercivity also shows a similar tendency with T, increasing 
about 50% between 600 and 800ºC.  As shown in Table 2, the obtained values of Ms and Hc

800 agree with those previously reported for Ni0.5Co0.5Fe2O4 synthesized by other methods 
]. It is important to remark that from the vast existing literature on this mixed ferrite

reports dealing with materials with similar particle size and heating temperatures were selected
The effect of composition on magnetism is further investigated by Ram

Considering the previous results, a calcination temperature of 800oC was selected for all the 
compositions of the mechanosynthesized Ni-Co ferrites. Figure 4 shows XRD patterns for 

ffractograms reveal the formation of the crystalline ferrite phase and the 
, since all the observed peaks correspond to the cubic spinel structure, matching the

standards (parent compounds). As Co content (x) increases, a shift of 
peak positions to lower angles can be observed (the inset clearly displays this effect for 

the most intense peak). This observation indicates an expansion of the unit cell as x 
increases, due to the larger ionic radium of Co2+ [58] compared to that of  Ni2+
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increase of lattice parameter and cell volume with cobalt content. 
crystallite size with x can be noticed, 
relative nucleation rate and crystal growth [

Figure 4. XRD diagrams of the series of samples NCF
correspond to spinel reflections. 

 

The nominal composition of the samples 
spectroscopy. An excellent agreement 

The samples’ microstructures are shown in Figure 5

temperature is evidenced in the imag
increase of the average particle size from 
Figures 5b, 5c and 5d reveal the influence of composition 
temperature, 800ºC). As the Co content grows, a size increment can be observed, in agreement with the 
variation observed for the crystallite size (Table 3
determining a more prismatic morphology 
SEM and its increasing trend with Co content (x). 
Scherrer’s equation are very close to the particle sizes observed by 
that the nanoparticles are mostly formed
show agglomerated nanoparticles with an irregular surface morphology.

increase of lattice parameter and cell volume with cobalt content.  Moreover, an increasing trend of 
be noticed, which may be related to the fact that Co2+ 

and crystal growth [56-59]. 

XRD diagrams of the series of samples NCF-x-800 (Ni1-xCoxFe2O4). All the observed peaks 

The nominal composition of the samples calcined at 800ºC was corroborated with X
. An excellent agreement with the real composition was found, as shown in Table 3.

are shown in Figure 5 (SEM) and 6 (TEM).  

images of samples NCF-0.5-600 (Fig.5a) and NCF-0.5
particle size from 30 nm to 50 nm is observed in the analyzed temperature r

d reveal the influence of composition on the particle size (at the same calcination 
Co content grows, a size increment can be observed, in agreement with the 

crystallite size (Table 3). TEM images of these samples (Figure 6) 
a more prismatic morphology of the nanoparticles, confirming the particle size 
increasing trend with Co content (x). Indeed, the values of crystallite size estimated with 

are very close to the particle sizes observed by electron microscopy
particles are mostly formed by single crystalline domains, as Figure 6 reveal

show agglomerated nanoparticles with an irregular surface morphology. 
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TEM images of these samples (Figure 6) allow 
particle size observed by 
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by single crystalline domains, as Figure 6 reveals. SEM images 



 

Figure 5. SEM images for samples NCF
800 (d). Bar: 200 nm. 

 

 

Figure 6. TEM images for samples NCF

 

The effect of Raman spectra for some of the obtained ferrites are 
the corresponding deconvolutions, performed with the software Origin 8.1

The five first-order Raman active modes predicted by Group theory for perfectly inverse spinel ferrites 
are noticeable in all the curves, in the 100
190 cm-1; Eg at ~ 320 cm-1; T2g(2) at ~
octahedral sites (O-modes), while the modes above this frequency 
phonons in the tetrahedral sublattice (T

SEM images for samples NCF-0.5-600 (a), NCF-0.5-800 (b), NCF-1.0-800 (c) and NCF

TEM images for samples NCF-0.0-800 (a), NCF-0.5-800 (b) and NCF-0.1

for some of the obtained ferrites are displayed in Figure 7
, performed with the software Origin 8.1.  

order Raman active modes predicted by Group theory for perfectly inverse spinel ferrites 
are noticeable in all the curves, in the 100-800 cm-1 range [60]. The modes below 600 cm

(2) at ~ 475 cm-1 and T2g(1) at ~ 565 cm-1) are related to the vibrations in 
modes), while the modes above this frequency (Ag(1) at ~ 695 

sublattice (T-modes) [61, 62]. After deconvoluting the spectra with 
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The modes below 600 cm-1 (T2g(3) at ~ 

are related to the vibrations in 
 cm-1) are ascribed to 

After deconvoluting the spectra with 



 

Lorentzians for every peak, a close inspection leads to the realization that some extra modes appear, 
mainly around the Ag(1) band.  

Figure 7. Raman spectra of selected samples. (a) NCF
NCF-0.0-800. All the spectra were fitted with Lorentzians and a linear backgr
coefficient R2=0.996 or better. The five theory
the peaks arising from the inhomogeneous cation distribution are displayed with solid (orange) lines.

 

This feature has already been observed in Co ferrite prepared by the sol
it was explained considering that the spinel is not perfectly inverse
distribution, thus giving rise to extra phonon vibrations in the 
that arises around 360 cm-1. 

It is evident from comparing Figure 7 (a) and Figure 7
sample NCF-0.5 from 600oC to 800o

expected for more ordered spinels. This is probably because a more energetic thermal treatment 
promotes more crystalline structure, in agreement with XRD and magnetization results.

Substituting Co for Ni in the formulation Ni
main five peaks, but it modifies the corresponding to the new bands around the A
with solid (orange) lines in the spectra of Figure 
peaks to the particular cation distribution in the spinel, which is not perfectly inverse [
spectrum of NCF-0.0-800 (nickel ferrite) shown in Figure 
respect to the spectrum of cobalt ferrite (
et al. [64] this shift is because the atomic mass of Ni ion (58.693 g) is lower than that of Co ion (58.933 
g).  

Mössbauer analysis was performed in order to investigate the effect of 
properties of the ferrite nanoparticles.
samples NCF-x-800; the corresponding hyperfine

Lorentzians for every peak, a close inspection leads to the realization that some extra modes appear, 

Raman spectra of selected samples. (a) NCF-0.5-600; (b) NCF-1.0-800; (c) NCF
800. All the spectra were fitted with Lorentzians and a linear background, with a regression 

=0.996 or better. The five theory-predicted modes are shown with dashed (blue) lines, and 
the peaks arising from the inhomogeneous cation distribution are displayed with solid (orange) lines.

observed in Co ferrite prepared by the sol-gel combustion method [
it was explained considering that the spinel is not perfectly inverse due to an inhomogeneous cation 

, thus giving rise to extra phonon vibrations in the tetrahedral sites and a very 

evident from comparing Figure 7 (a) and Figure 7 (c) that increasing the calcining tempera
oC produces a systematic blue-shift in all the peaks, to the 

expected for more ordered spinels. This is probably because a more energetic thermal treatment 
promotes more crystalline structure, in agreement with XRD and magnetization results.

Substituting Co for Ni in the formulation Ni1-xCoxFe2O4 does not alter significantly the position of the 
the corresponding to the new bands around the A

with solid (orange) lines in the spectra of Figure 7). This is in agreement with the 
peaks to the particular cation distribution in the spinel, which is not perfectly inverse [

800 (nickel ferrite) shown in Figure 7 (d) displays a blue-shift in all its peaks with 
respect to the spectrum of cobalt ferrite (NCF-1.0-800, shown in Figure 7 (b)). As explained by Kumar 

because the atomic mass of Ni ion (58.693 g) is lower than that of Co ion (58.933 

in order to investigate the effect of Ni and Co ions on the 
properties of the ferrite nanoparticles. Figure 8 displays the Mössbauer spectra 

corresponding hyperfine parameters are shown in Table 4. 
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(b)). As explained by Kumar 
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Figure 8. Mössbauer spectra of the series of samples NCF

 

The spectra were fitted to three sextets, one of th
Fe3+- at tetrahedral position (A-site) and 
sites). There is no evidence for the presence of Fe
These features can be deduced from the isomer shift (IS) values. 

In a Mössbauer study of nanosized Co
authors fit the spectra with only two subs
our case a more accurate fit was done with one subspectra for tetrahedral and two for octahedral sites

 
spectra of the series of samples NCF-x-800. 

sextets, one of them characteristic of Fe ions in high spin trivalent state
site) and the other two denoting Fe3+ at octahedral position

There is no evidence for the presence of Fe2+, which confirms the stoichiometry of the samples. 
These features can be deduced from the isomer shift (IS) values.  

of nanosized Co-Ni ferrites synthesized by the PVA sol-gel 
authors fit the spectra with only two subspectra, one for tetrahedral and one for octahedral sites;
our case a more accurate fit was done with one subspectra for tetrahedral and two for octahedral sites
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at octahedral positions (B and B1-

, which confirms the stoichiometry of the samples. 

gel method [65], the 
al and one for octahedral sites; but in 

our case a more accurate fit was done with one subspectra for tetrahedral and two for octahedral sites, in 
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accordance to other authors who found more than one octahedral site for different cation substituted 
ferrites [66,67]. The use of an external magnetic field and low temperature spectra are sometimes 
necessary to perform a proper distinction between the contributions from tetrahedral and octahedral 
sites, due to a strong overlapping of lines in both cases. However, our spectra at RT allowed 
distinguishing the contribution of each lattice sites in order to roughly analyze the magnetic behavior.  

The Fe3+ ions are distributed over A, B and B1 sites, showing a slight preference towards tetrahedral (A) 
sites in most of the samples (see Table 4). This is in agreement with the analysis derived from Raman 
results.  It is known that Ni2+ ions have a preference for octahedral sites, while Co2+ and Fe3+ ions can 
occupy both octahedral and tetrahedral sites [54]. Fe3+ ions tend to occupy tetrahedral sites when the 
Co2+ concentration increases, as deduced from the comparison of the fraction of Fe3+ in tetrahedral sites 
relative to those in octahedral sites (fA/(fB + fB1) in Table 4) for the mixed substituted samples. For the 
parent compounds (NCF-0.0-800 and NCF-1.0-800), the fraction of iron cations on A sites equates. The 
hyperfine parameters are also very similar for those samples, probably due to the influence of other 
factors such as particle size and surface effects. 

The two local magnetic fields for the Fe3+ octahedral sites (B and B1), with different 2εQ values, are 
assigned to different distortions of the octahedral environment. The zero value for 2εQ in B sites 
suggests a symmetrical octahedral site meanwhile that in B1 points out to a lower symmetry site. This 
change is due to the variation in the angles between the principal axis of the electric field gradient and 
the spin direction. This fact let us infer that spin canting exists at B1 sites-associated with Fe3+ ions at 
octahedral sites (probably in the surface of the nanoparticles) [67]. With Co addition, there is an 
increment of the B1 area fraction of the mixed substituted samples, denoting a higher fraction of canted 
spins (Table 3). Even if spin canting tends to lower the magnetic moment, the net magnetization 
increases as can be seen further below in the magnetization measurement analysis (Fig. 9). This effect is 
likely related to the cationic distribution in the surface of the nanoparticles. When Co concentration is 
0.0 (NCF-0.0-800), the fraction of A, B and B1 sites equals that of NCF-1.0-800; however Ms is higher 
for NCF-1.0-800 due to the magnetic moment of Co2+ (3 µB) compared to that of Ni2+(2 µB) and to the 
nanoparticle sizes (there is a visible increment of nanoparticle size in NCF-1.0-800 compared to that of 
NCF-0.0-800, see SEM and TEM results). 

The hyperfine magnetic field values (Bhf) at A sites seem to remain rather constant, meanwhile Bhf 
values at B sites slightly increase when Ni2+ ions are substituted by Co2+ ions. This can be explained by 
the weakening of the superexchange interactions due to the above described cation distribution and to 
the spin canting in the surface of the nanoparticles. As a consequence, there is an increase in coercivity 
and magnetization (see discussion below) and therefore in anisotropy, when Co content increases. These 
results show that aside from interactions, surface and size effects, the occupancy of octahedral B and B1 
sites is crucial to define the magnetic properties of the studied ferrite nanoparticles being also closely 
related to the spin structure. 

The magnetic behavior at RT of the series of samples NCF-x-800 is shown in Figure 9. As Co content 
grows, a significant increase of Ms and Hc can be observed. In general, the registered values are in good 
agreement with those reported previously (see Table 1). From a fundamental point of view, Co2+ ions 
have a higher magnetic moment than Ni2+ ions (3 µB and 2 µB, respectively). Assuming that Co2+ ions 
occupy the same sites of Ni2+ ions, a linear increase of magnetization with x is expected, as can be 
observed up to x = 0.5. For Co2+ contents higher than 0.5, a faster increase of Ms is evidenced. This 
could be related with the occupation of tetrahedral sites by Co2+ ions, taking into account the partially 
inverse spinel-structure predicted for CoFe2O4. Coercivity values also increase with Co content, steeply 
up to x = 0.5 and mildly from x = 0.5 to x = 1. It is well-known that the magnetocrystalline anisotropy of 



 

CoFe2O4 is higher than that of other spinel ferrites, such as NiFe
measured for the compositions richer in Co. 

Figure 9. Magnetization (M) as a function of magnetic field (H) for samples with different Co content 
(x) calcined at 800 ºC.  The inset shows saturation magnetization (Ms) and coercivity (Hc) as a function 
of x. 

 

For NCF-1.0-800 nanoparticles, the saturat
it is 46.1 emu/g. These values are slightly 
reported in literature (93.9 emu/g and 50.0 emu/g, respectively
canted spin structure and spin non-collinearity at the surface o

 

Conclusions 
The mechanochemical treatment of acid salts and sodium hydroxide produced the formation of poorly 
crystalline Ni1-xCoxFe2O4 together with soluble byproducts. Pure and nanocrystalline ferrites with 
average particle and crystallite sizes between 30 and 50 nm were obtained by successively heating and 
washing of the milled powders. 

The analysis of the Mössbauer spectra revealed the existence of two local magnetic fields for the Fe
octahedral sites, which were assigned to different distortions of the octahedral environment 
(symmetrical and non-symmetrical sites).

The magnetic properties are found to vary with the particle size, the magnetic interactions but 
with the cation distribution, which in turn is associated to the canted spin structure at the surface of the 
nanoparticles. 

The proposed mechanosynthesis method p
obtain magnetic nanocrystalline materials
synthesis variables (milling conditions and 
properties, according to a selected specific application.

 

Acknowledgements  
The authors wish to thank CONICET, UNMdP, ANPCyT for the financial support given to this work. J. 
A. Castrillón Arango specially acknowledges ANPCyT for the conceded fellowship. 

 

other spinel ferrites, such as NiFe2O4. This explains the higher Hc values 
measured for the compositions richer in Co.  

 
Magnetization (M) as a function of magnetic field (H) for samples with different Co content 

(x) calcined at 800 ºC.  The inset shows saturation magnetization (Ms) and coercivity (Hc) as a function 

nanoparticles, the saturation magnetization (Ms) is 87.7 emu/g and for 
slightly lower than the bulk values measured at room temperature 
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allite sizes between 30 and 50 nm were obtained by successively heating and 
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Tables 
Table1.  Values of interplanar spacing (d), lattice parameter (a), unit cell volume (V) and crystallite size 
(t) for sample NCF-0.5 calcined at several temperatures  

Sample d(Å) a (Å) V (Å3) t (nm) 

NCF-0.5-600 2.520 8.351 584.1 16 

NCF-0.5-700 2.519 8.357 583.6 23 

NCF-0.5-800 2.521 8.361 584.6 32 

 

Table 2.Magnetic properties reported for Ni0.5Co0.5Fe2O4 synthesized by different methods.  

Synthesis route Temperature 
(ºC) 

Particle 
size (nm) 

Ms (emu/g) Hc 
(Oe) 

Reference 

Sol-gel 500 150 65 760 [46] 

Sol-gel 1100 sintered 65 355 [47] 

Combustion  Not measured 61 33 941 [48] 

Co-precipitation  700 20 * 49 920 [49] 

Co-precipitation 90 15 * 12 214 [50] 

Thermal plasma Not measured 30 47 521 [22] 

Microemulsion 500 70-80 15 625 [51] 

Microemulsion 800 150 45 973 [51] 

Mechanochemical 800 32 56 920 Present   

* crystallite size 

 

Table 3. Nominal and real Ni:Fe and Co:Fe atomic compositions determined from X-ray spectroscopy 
results, values of interplanar spacing (d), lattice parameter (a), unit cell volume (V) and crystallite size 
(t) for the series of samples NCF-x-800. 

Sample Formulation Nominal 
Ni:Fe 

Real 
Ni:Fe 

Nominal 
Co:Fe 

Real 
Co:Fe 

d(Å) a (Å) V (Å3) t 
(nm) 

NCF-0.0-800 NiFe2O4 0.5 0.5 0 0 2.514 8.337 579.5 30 
NCF-0.3-800 Ni0.7Co0.3Fe2O4 0.35 0.37 0.15 0.16 2.518 8.352 582.6 32 
NCF-0.5-800 Ni0.5Co0.5Fe2O4 0.25 0.24 0.25 0.26 2.521 8.361 584.6 32 
NCF-0.7-800 Ni0.3Co0.7Fe2O4 0.15 0.14 0.35 0.35 2.525 8.375 587.4 44 
NCF-1.0-800 CoFe2O4 0 0 0.5 0.49 2.530 8.389 590.4 52 
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Table 4. Hyperfine parameters.A: tetrahedral sites, B and B1: octahedral sites, IS: isomer shift, 2εQ: 
quadrupole shift, Bhf: hyperfine magnetic field, f: relative fraction. 

 

 

Sample Sites IS 

[mm/s] 

2εQ 

[mm/s] 

Bhf 

[mm/s] 

f  

(%) 

fA/(fB+fB1) 

NCF-1.0-800 

B 0.36 0.00 52.6 30 1.22 

B1 0.45 0.24 49.7 15  

A 0.22 -0.03 48.9 55  

NCF-0.7-800 

B 0.36 -0.03 52.3 12 1.38 

B1 0.48 0.18 49.2 30  

A 0.24 -0.05 49.0 58  

NCF-0.5-800 

B 0.37 0.00 52.2 22 1.27 

B1 0.42 0.19 49.2 22  

A 0.24 -0.04 48.9 56  

NCF-0.3-800 

B 0.36 0.00 52.3 30 0.96 

B1 0.44 0.17 49.0 21  

A 0.23 -0.03 48.8 49  

NCF-0.0-800   

B 0.36 -0.01 52.4 29 1.22 

B1 0.48 0.21 49.5 16  

A 0.21 -0.03 48.9 55  
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