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In the work, single-phase ferrite powders of NixCo1 – xFe2O4 systems were synthesised using the sol-gel 

technology with participation of auto-combustion. It was found that the average size of coherent scattering 
regions does not exceed 62 nm. The dependences of the lattice parameter, X-ray density and specific surface 
area of the ferrite powders versus the nickel content were obtained. The unit cell parameter a decreases 
linearly with nickel concentration due to smaller ionic radius of nickel. After annealing of ferrite powders 
at the temperature of 1300 °C, which were pressed in the form of a toroid at the pressure of 3.3·108 Pa, X-
ray analysis showed that the found rings are single-phase with the cubic structure of spinel space group 
Fd3m. The dependence of the initial permeability on the degree of substitution of cobalt cations by nickel 
cations is obtained. It is revealed that the crystallite size has a significant influence on the magnetic 
properties of the samples. With decreasing crystallite size of nickel-cobalt ferrite, the Curie temperature 
decreases. Because of strengthening of the A-B exchange interaction, the increase in the Curie tempera-
ture occurs with increasing parameter x.  It  is  shown  that  the  smaller  the  particle  size,  the  greater  the  
thickness of the surface layer with significant violations of the magnetic structure. 
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1. INTRODUCTION 
 
Ferrite nanoparticles, for today, are of great interest 

in the scientific aspect. Nanoferrites are promising ma-
terials due to a wide spectrum of applications in modern 
science and technology [1]. Recently, they have attract-
ed considerable attention of researches because of their 
structural, magnetic and electrical properties [2]. More-
over, their magnetic properties can be controlled taking 
into account the practical application by the right choice 
of several bivalent cations and their correlations in the 
structure of ferrites. 

Nanoscale powders have opened a new direction in 
physical material science, and the need for materials 
with high specific resistance has led to the synthesis of 
ferrites of different composition. 

Macro-crystalline cobalt ferrite is known as a hard-
magnetic material with high coercivity and low magne-
tization. These properties, together with high physical 
and chemical stability, promote its use in data storage 
devices as well as in magneto-optical and magneto-ele-
ctric devices [3-6]. In contrast to CoFe2O4, nickel ferrite 
is a typical soft magnetic material, which has many ap-
plications in electronic devices, namely, high-frequency 
inductance coils, transformers, antennas, etc. [7-9]. 

Both the magnetic and electrical properties of ferrites 
certainly depend not only on their chemical composition, 
but also on the synthesis method. This work is devoted 
to the study of NixCo1 – xFe2O4 ferrite nanopowders ob-
tained by the sol-gel method with participation of auto-
combustion (SGA). 

 
2. EXPERIMENTAL 

 
Ferrites of NixCo1 – xFe2O4 system  (   0.0, 0.1, 0.2, 

0.3, 0.4, 0.5) were synthesized by the SGA method [10]. 

The phase composition was controlled using the X-
ray analysis, which was performed by the diffractome-
ter DRON-3 with Cu( )-radiation in the range of scan 
angles of 20º  2  60º with the step of 0.02°. 

The determination of the structural-adsorption cha-
racteristics of the nickel-cobalt powders was carried out 
by the analysis of the sorption isotherms of nitrogen at 
the temperature of 77 K on the automated sorptometer 
Quantachrome Autosorb (Nova 2200e). The specific sur-
face area of the powders was calculated using the multi-
point Brunauer-Emmett-Teller (BET) method [11] for 
the linear dependence of 1/[W(P0/P) – 1] on P/P0 in the 
region of adsorption isotherm restricted by the range of 
P/P0  0.05-0.35. 

Ferrite cores in the form of a toroid are obtained by 
pressing under  a  pressure  of  3.3 108 Pa of synthesized 
powders with the outer (2.3 cm) and inner (1.4 cm) dia-
meters and height of about 0.2 cm. These samples were 
sintered at the temperature of 1300 C during 5 hours 
in the atmosphere of air with a gradual cooling. 

In order to determine the initial magnetic permea-
bility, the coils were produced by the deposition of a 
winding of thin copper wire on the ferrite rings. For the 
analysis of the temperature dependence of the initial 
magnetic permeability of ferrites of the NixCo1 – xFe2O4 
composition, we have performed measurements of the 
inductance of coils with a ferrite core at the frequency 
of 1 kHz using the digital meter LCR of the type E7-8 
in a weak magnetic field (  0). 

 
3. RESULTS AND DISCUSSION 

 
3.1 X-ray studies of the synthesized powders 

 
In Fig. 1 we illustrate the X-ray diffraction patterns 

of the of nickel-cobalt ferrite powders obtained after auto-
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combustion. According to the performed analysis, peaks 
of the diffractograms indicate the presence of the cubic 
structure of spinel space group Fd3m. 

The average sizes of the coherent scattering regions 
(CSR) of the Ni-Co ferrite powders calculated using the 
Scherrer formula, lattice parameter a, and X-ray density 
dx are represented in Table 1. 

The decrease in the lattice parameter with increasing 
number of Ni2+ cations in the structure of nickel-cobalt 
ferrites can be explained based on the difference in ionic 
radiuses. In the studied NixCo1 – xFe2O4 system, larger 
Co2+ ions are substituted by smaller Ni2+ ions, therefore 
the lattice parameter decreases in this case. As for the 
X-ray density, its value linearly increases with nickel 
concentration, since Ni atom is heavier than the Co one. 

 

 
 

Fig. 1 – Diffraction patterns of the nickel-cobalt powders 
 

Table 1 – Structural parameters of the SGA ferrite powders 
 

The degree of  
substitution,  D , nm a, nm dx, g/cm3 

0.0 39 0.8381 5.293 
0.1 52 0.8375 5.303 
0.2 57 0.8368 5.316 
0.3 63 0.8364 5.324 
0.4 59 0.8358 5.335 
0.5 57 0.8353 5.343 

 
3.2 Adsorption characteristic of ferrite powders 

 
The values of the specific surface area of the studied 

system of ferrites are calculated by the experimentally 
obtained adsorption isotherms of nitrogen using multi-
point  BET  method.  The  values  of  the  specific  surface  
area of ferrite powders are represented in Table 2. The 
CoFe2O4 powder has, as expected, the greatest surface 
area. We should note that specific surface area of the 
powders decreases with addition of Ni2+ cations in Ni-Co 
ferrites to   0.3, probably due to the increase in the 
CSR sizes, and increases because of their decrease. 

Using the BET theory, the crystallite size dBET was 
evaluated as follows 

 

 6
BETd

S
,  

 
where  is measured in kg/m3, S  – in m2/kg, and dav 
– in m. Or 

 
36 10

BETd
S

,  

 
where  is the density, S  is the specific surface area. 

The calculated values of dBET by the above relation 
are given in Table 2. 

Comparing the average sizes of particles calculated 
by the Scherrer formula and formula (7), we can assume 
that the obtained values of dBET are the average sizes of 
agglomerates of ferrite powders. 

 
Table 2 – Dependence of the specific surface area and average 
size of agglomerates on the parameter  of nickel-cobalt ferrite 
powders 

 
The degree of  
substitution,  S , m2/g dBET, nm 

0.0 14.1 80 
0.1 10.2 111 
0.2 8.8 128 
0.3 7.6 148 
0.4 8.5 132 
0.5 9.7 116 

 
3.3 X-ray studies of nickel-cobalt ferrite rings 

 
In Fig. 2 we present the X-ray diffraction patterns 

of the ferrite rings of the NixCo1 – xFe2O4 system. Both 
for  the  ferrite  powders  and their  rings  sintered at  the  
temperature of 1300 C during 5 hours, peaks of the dif-
fractograms imply the presence of the cubic structure 
of spinel space group Fd3m.  This indicates that spinel 
does not decompose to the corresponding oxides at this 
temperature. 

 

 
 

Fig. 2 – Diffraction patterns of the nickel-cobalt rings 
 
In Fig. 3 we illustrate the dependence of the aver-

age CSR sizes of SGA powders and sintered rings on the 
content of Ni2+ cations in the composition of the studied 
ferrites. The calculation results showed that the average 
CSR size of ferrite rings is in the range of 42-94 nm. 

For the ferrite rings, the values of the lattice para-
meter a and X-ray density dx are obtained by the follo-
wing formulas: 

 

 2 2 2

2sin
a h k l ,  

 
where l is the X-ray radiation wavelength;  are the an-
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gles, on which the peaks were observed; h, k, l are the 
Miller indices; 

 3
8

x
A

Md
N a

,  

 
where M is  the  molar  mass  of  NixCo1 – xFe2O4 ferrites, 
NA is the Avogadro number, and are shown in Fig. 4. 

 

 
 

Fig. 3 – Dependence of the CSR size on the composition  
 
 

 
 

Fig. 4 – Dependence of the lattice parameter and density dx of 
the rings on Ni2+ 

 
As seen from Fig. 4, with increasing content of Ni2+ 

cations, the lattice parameter of the rings decreases and 
the X-ray density increases in the NixCo1 – xFe2O4 sys-
tem. We should note that lattice parameter of the rings 
for each composition of the studied ferrites is slightly 
less than its value for the synthesized SGA powders. The 
value of the X-ray density of the rings similarly increa-
ses compared with the ferrite powders. Obviously, these 
changes are associated with the increase in the crystal-
lites size in the rings occurred as a result of prolonged 
sintering. 

The authors of [22] investigating the influence of the 
particles size on the properties of the CoFe2O4 powder 
have revealed that for the particles of the size of 6 nm, 
the lattice parameter is equal to 0.8177 nm. In turn, for 
the particles with the size of 50 nm obtained during the 
additional sintering at the temperature of 900 C, the 
above mentioned parameter is 0.8379 nm, which is very 
close to the value of   0.8376 nm calculated for the 
ferrite ring of the same composition with the average 
CSR size of 42 nm. 

Porosity P of the samples in the form of a toroid (see 
Table 3) is calculated by the formula 

 1 m

x

dP
d

,  

 
where dm is the volume density. 

The table data implies that the ring of the CoFe2O4 
composition, whose volume density is minimal, has the 
highest porosity, and the ring of the Ni0.4Co0.6Fe2O4 com-
position with the maximum value of dm has the lowest 
one. We should note that there is a clear correlation bet-
ween the CSR sizes of the rings and their volume density. 

 
Table 3 – Dependence of the volume density and porosity of the 
rings on the parameter  

 
The degree of  
substitution,  dm, g/cm3 P, % 

0.0 4.18 21.1 
0.1 4.25 19.9 
0.2 4.41 17.1 
0.3 4.49 15.7 
0.4 4.57 14.4 
0.5 4.56 14.8 

 
3.4 Temperature dependence of the initial  

magnetic permeability of ferrite rings 
 
The initial magnetic permeability  is an important 

magnetic characteristic of materials. As a rule, the value 
of  depends on two factors [13], namely, the contribu-
tion of spin rotation and contribution of domain wall dis-
placement. However, the contribution of spin rotation 
is much less than the contribution of domain wall dis-
placement [14], therefore, the initial magnetic permea-
bility is usually described by the expression 

 

 
231

4
S

i
M D ,  

 
where MS is the saturation magnetization, D is the ave-
rage grain size,  is the domain wall energy proportional 
to the crystallographic anisotropy constant K1 [15, 16]. 

It is known that saturation magnetization and ani-
sotropy constant decrease with increasing temperature. 
Together with this, K1 decays faster than MS. The initial 
magnetic permeability will take the maximum value at 
K1  0 [17] according to the expression 
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Thus, according to the equation (12),  is directly pro-
portional to MS and inversely proportional to K1. 

In Fig. 5 we illustrate the temperature dependence 
of the initial magnetic permeability of ferrites of the 
NixCo1 – xFe2O4 system. As seen from Fig. 5, at a certain 
temperature for each composition of the studied system 
the magnetic permeability reaches its maximum value, 
after that it sharply decreases. The same phenomenon 
has  been  already  observed  in  Li-Cu  [18],  Cu-Zn  [19],  
Mg-Cu-Zn [20] and other ferrites. We should note that 
this behavior of the dependence (T),  according to the 
Globus model, indicates high uniformity of all the sam-
ples [21]. Proceeding from this, Ni0.3Co0.7Fe2O4 sample is 
the most uniform one. 
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Fig. 5 – Temperature dependence of the magnetic permeability 
of nickel-cobalt ferrites 

 
It is known [22] that for the initial magnetic perme-

ability one can observe the maximum at a temperature, 
which is slightly lower than the Curie point. Therefore, 
a linear extrapolation of the sharpest region of the de-
pendence (T) to the intersection with the abscissa axis 
was carried out for the determination of the real Curie 
temperature of ferrites. 

Such behavior of the temperature dependence of the 
initial magnetic permeability can be explained by the 
increase in the domain wall mobility with increasing 
temperature that promotes the growth of magnetization. 
However, the intensification process of the domain wall 
motion cannot proceed infinitely. So, after reaching the 
Curie temperature, thermal motion becomes so intense 
that its energy is sufficient for the destruction of domains. 
This means that the substance loses its ferromagnetic 
properties and passes into the paramagnetic state. 

On the other hand, increase in  with increasing tem-
perature is explained by the decrease in the magneto-
striction and magnetic crystallographic anisotropy con-
stants, i.e. the forces which counteract the domain wall 
displacement and rotation of domain magnetic moments 
are attenuated when heating a ferromagnet. High-tem-
perature decay of the magnetic permeability at a tem-
perature of T > Tmax is associated with a sharp decrease 
in the domain magnetization. 

In Table 4 we present the values of the Curie tempe-
rature and magnetic permeability (at room temperature) 
for all the samples. Analyzing the table data, we should 
note that  decays and Tc increases with increasing de-
gree of substitution. 

Curie temperature is determined by the strongest ex-
change interaction, i.e. the superexchange A-B interac-
tion. It was established in [23] that substitution in the 

 
Table 4 – Dependence of the initial magnetic permeability and 
Curie temperature on the degree of substitution x 

 
The degree of  
substitution,   Tc, C 

0.0 38.8 459 
0.1 37.1 468 
0.2 35.4 476 
0.3 34.6 483 
0.4 34.5 507 
0.5 33.1 509 

NixCo1 – xFe2O4 system  of  Co2+ cations by Ni2+ cations 
leads to the strengthening of the superexchange A-B 
interaction that is expressed in a monotonic increase in 
the Curie temperature. At the same time, increase in the 
exchange interaction between A and B cations of spinel 
sublattices with increasing parameter x leads to the in-
crease in the crystallographic anisotropy and magneto-
striction constants. Due to this fact, the initial magnetic 
permeability decays, as a rule, in weak fields. 

As known from [24], for the macrocrystalline CoFe2O4 
ferrite obtained using the ceramic technology, the Curie 
temperature is approximately equal to 520 °C. However, 
based on the data of Table 4, Tc for a sample of the same 
composition is much lower than the above mentioned 
temperature. Moreover, the same trend also persists for 
other samples of the NixCo1 – xFe2O4 system. Decrease in 
the Curie temperature compared with the macrocrystal-
line samples can be associated with the increase in the 
distance between the magnetic moments of the A and B 
sublattices of the studied system that is confirmed by the 
increase in the lattice parameter a. 

Moreover, it is known that the smaller the grain size, 
the more noticible is the influence of different factors on 
the state of surface layers and, correspondingly, on the 
sample properties in whole. Obviously, the greater part 
of atoms in the composition of these fine particles belongs 
to the surface layer, the more exchange bonds between 
atoms are found to be dangling. Therefore, according to 
the Curie point, there is a possibility to obtain the quan-
titative information about the structural features of the 
surface layer of a nanoparticle. 

Considering that the particles are spherical with the 
same radius r,  we assume that  a  half  of  the  exchange 
bonds, due to which there is a magnetic ordering inside 
the particle below its Curie point, of the surface magne-
to-active atoms will be dangling. In the case of a macro-
crystalline particle, the number of exchange bonds per 
unit volume is equal to n, then for the surface magneto-
active atoms of the nanoparticle this number will be n/2. 
Considering that Curie temperature for the nanoparticle 
is proportional to the average number of exchange bonds, 
the ratio of the Curie temperatures of nano- and macro-
crystalline particle can be expressed by the formula 

 

 
/ 31

2
c

c

T r
T r

,  
 

where r is the thickness of the layer with half dangling 
exchange bonds. In this case, r is the averaged parame-
ter, which characterizes the features of the defect stru-
cture of nanoparticles. That is, the smaller the particles 
sizes, the greater effective thickness r of the violation 
of their magnetic structure. As follows from (13), para-
meter r  0 at Tc   Tc. 

In the study of nickel-cobalt ferrites synthesizes us-
ing the mechanical-chemical process, the authors of [25] 
obtained for the cobalt ferrite with the crystallite size of 
about 200 nm the values of the Curie temperature equal 
to 516 °C, while for the ferrite of the same chemical com-
position obtained by the ceramic technology Tc  520 °C. 
Having performed simple calculations, we determined 
the imperfection parameter for the CoFe2O4 ferrite with 
the size of 200 nm which is equal to 0.51 nm. Based on 
similar considerations, for the studied ring at   0.0 
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( D   42 nm) we obtained r  1.64 nm. Obviously, the 
obtained values of the Curie temperature for ferrites of 
the NixCo1 – xFe2O4 system can be explained by the mani-
festation of the size effects. 

This is confirmed by experimentally obtained close 
values of the Curie temperature for the samples with 
  0.4,   0.5. It is clearly seen from Fig. 3 that parti-

cles size of the sintered Ni0.4Co0.6Fe2O4 sample is much 
larger than the particles of Ni0.5Co0.5Fe2O4.  Because of 
this fact, Curie temperature of the Ni0.4Co0.6Fe2O4 ring 
declines towards higher temperatures with respect to the 
linear dependence Tc( ). 

 
4. CONCLUSIONS 

 
Thus, the SGA method allowed to synthesize single 

phase nanopowders of nickel-cobalt ferrites. The average 
CSR size of ferrite powders with the spinel structure is 
in the range of 39-62 nm, while the crystallite size of 
the rings does not exceed 94 nm. It is established that 
the average sizes of powder agglomerates belong to the 
range of 80-148 nm. 

The lattice parameter and X-ray density are calcu-
lated for both the SGA powders and ferrites sintered at 

the temperature of 1300 °C. It is found that parameter 
a decreases, while X-ray density linearly increases with 
increasing concentration of Ni2+ cations for two systems 
of nickel-cobalt ferrites. 

It should be noted that there is a clear correlation 
between the CSR sizes of the rings and their volume 
density. Toroid of the Ni0.4Co0.6Fe2O4 composition with 
the maximum CSR value, namely, 94 nm, was found to 
be the sample, whose porosity is the lowest. 

The initial magnetic permeability and Curie tempe-
rature are determined for each composition of the stud-
ied system. With increasing number of nickel cations in 
the composition of the NixCo1 – xFe2O4 system, there is a 
decay of the magnetic permeability, at that the value of 
Tc increases. Increase in the Curie temperature with 
increasing parameter x occurs due to the strengthening 
of the superexchange A-B interaction, since Ni2+ cations 
occupy exclusively B sublattice displacing in this case 
Fe3+ cations to A sublattice. 

The obtained values of the Curie temperature com-
pared with its values for bulk samples indicate a signifi-
cant impact of the surface layer thickness of crystallites 
with magnetic structural imperfection on the properties 
of ferrite rings that is associated with the size effects. 
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