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Abstract 
An important task of chemical materials science is to obtain materials with set parameters and to provide a reliable prediction 
of their properties. At the moment, an important task is to develop promising absorbing coatings based on dispersed 
magnetic materials. To ensure more effective use of dispersed powders of cobalt-zinc ferrite for fillers absorbing microwave 
radiation, we studied the changes in their magnetic properties and morphology depending on the conditions of the sol-gel 
synthesis. 
In our study, we synthesised Co0.65Zn0.35Fe2O4 ferrite powders of various degree of dispersion using the sol-gel method. The 
samples were analysed using X-ray diffractometry. The microstructure and the morphology of the nanoparticles were 
studied by means of scanning electron microscopy. The ratio of the concentration of metal atoms in ferrite powders and 
the features of their distribution on the surface of the particles were determined by energy dispersive X-ray spectroscopy. 
Magnetometry was used to determine the specific saturation magnetization and the coercive force.
The study demonstrated that the main factor resulting in low values of the saturation magnetization of the cobalt ferrite 
nanopaticles is the formation of the magnetic dead layer on their surface. This layer is formed due to a number of factors 
including noncollinearity of spins, disordering of cations, defectiveness, amorphous state, and the difference in the 
composition occurring because the processes of reciprocal diffusion of cations during and the formation of the spinel 
structure during the synthesis are not complete. 
The study determined the ways to reduce the size of the inactive magnetic layer by controlling the parameters of the sol-
gel synthesis in order to find effective methods of obtaining ferrite powders with increased magnetization, degree of 
crystallinity and the intermediate particles size between a superparamagnetic and a multidomain state. Such materials 
can be used as fillers for coating absorbing microwave radiation.
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1. Introduction 
Ferrites are used in a large number of industries, 

but they are also actively used as microwave 
absorption materials. Recently, manufacturers 
have also focused on nanosized powders, which 
are used in biomedical diagnostics and medicine 
[1, 2]. However, we should point out that the use 
of highly dispersed magnetic particles as, for 
instance, absorbers of electromagnetic radiation 
or electronic components for creating magnetic 
fields can be rather difficult. The problem lies 
in the fact that, when using such particles, 
the saturation magnetization of nanosized 
magnetic materials is often lower than that of 
bulk samples [3, 4]. A decrease in the saturation 
magnetization of ferrites following the transition 
to the nanosized state, is explained by a violation 
of the magnetic order in the subsurface layer of 
the particles. In this case, the magnetic moments 
of magnetically active atoms demonstrate the 
state of spin glasses [5, 6]. The size of such 
surface layers with noncollinear spins calculated 
as a result of measuring the dependence of the 
specific saturation magnetization on the specific 
surface area of the powders is 1–2 nm [7]. It is this 
layer, called the magnetic dead layer, that causes 
a decrease in magnetization. The magnetization 
decreases, as compared with the magnetization 
of the bulk material, because a large number of 
atoms constituting nanoparticles are located 
in the subsurface layer. Moreover, as a result of 
the propagation of the inactive magnetic layer 
to the whole particle following a decrease in its 
size, the particle acquires superparamagnetic 
properties [8]. The magnetic moment of such 
particles can change its direction randomly 
depending on the temperature. When there is no 
external magnetic field, the mean magnetization 
of superparamagnetic particles equals zero. A 
decrease in the magnetization obviously affects 
the consumer performance of the material [9, 
10]. Thus, at the moment, superparamagnetism 
observed in nanoparticles above the blocking 
temperature is one of the main obstacles for 
the creation of high-density magnetic memory 
devices [11, 12].

In our study, we synthesised Co0.65Zn0.35Fe2O4 
ferrite powders of various degrees of dispersion 
using the sol-gel method. We used a fixed ratio 
of the cobalt-zinc ferrite with a spinel structure 

because this composition has the highest specific 
saturation magnetization [13, 14]. The sol-gel 
method was used because it enabled us to control 
the microstructure of ferrite powders during the 
synthesis [15–18]. 

The purpose of our study was to develop 
control parameters for the sol-gel synthesis in 
order to identify effective methods for obtaining 
ferrite powders with increased magnetization, 
degree of crystallinity and the intermediate 
particles size between a superparamagnetic 
and a multidomain state. The material obtained 
as a result, can be used as a filler for coatings 
absorbing microwave radiation.

2. Experimental
To obtain a Co0.65Zn0.35Fe2O4 cobalt-zinc 

ferrite, a sol was formed by mixing a citric acid 
solution and a solution of metal nitrates. All 
the initial reagents were of analytical grade. 
The solution of metal nitrates was obtained 
by dissolving Co(NO3)2·6H2O, Zn(NO3)2·6H2O, 
Fe(NO3)3·9H2O with a stoichiometric ratio of 
metal ions Co:Zn:Fe = 0.65:0.35:2.0 and the total 
concentration C(Me) = 0.3 mol/dm³ in distilled 
water. The aqueous solution of citric acid with 
the concentration C(C6H8O7) = 0.9 mol/dm³ was 
obtained by dissolving C6H8O7·H2O in distilled 
water. The sol was formed by adding the citric 
acid solution to the solution of metal nitrates 
with vigorous stirring for 4 hours. By adding a 
25% ammonia solution we obtained a neutral 
mixture with pH = 7. By heating at 90  °С the 
sol was transformed into a gel formed due to a 
significant increase in the volume concentration 
of the dispersed phase. As a result of the following 
thermal treatment (at 90 °С) we obtained a glass-
shaped gel which was heated at 450 °С for 5 hours 
in order to remove any traces of carbon. The 
synthesised powder was washed with distilled 
water and dried in air. During the last stage, the 
powder was thermally treated at 500, 700, 900, 
and 1150 °С for 2 hours. 

The samples were analysed using several 
physical and chemical methods.

X-ray diffraction patterns of the powder samples 
were registered using a DRON-2.0 diffracto me ter 
with CoKa-radiation (l = 0.178896 nm) and a Ni 
monochromator. Scanning was carried out in the 
range of angles 2q = 20–80°. 
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The microstructure and the morphology 
of the nanoparticles were studied by means 
of scanning electron microscopy using a LEO 
1455 VP microscope. For this, a thin layer of the 
powder suspension was deposited on sitall plates. 
Simultaneously the ratio of the concentration of 
metal atoms in ferrite powders and the features 
of their distribution on the surface of the particles 
were determined by energy dispersive X-ray 
spectroscopy (EDX-analysis).

The specific saturation magnetization and the 
coercive force were studied using the Cryogen 
Free Measurement System by Cryogenic Ltd.

The sizes of coherent scattering regions (CSR) 
corresponding to the size of the crystallites of 
the obtained ferrite were determined by the 
broadening of diffraction reflections (Scherrer 
method). 

The following expressions was used to perform 
calculations according to the Scherrer method:

β
λ λ

β
= fi =K
D

K
Dcos

cos
q

q 1
, (1)

where b  is the width of the reflection at half 
height, rad; D is the size of the CSR, nm; K is the 
dimensionless particle drag coefficient (the 
Scherrer constant), l is the wavelength of X-ray 
radiation, nm; and q is the diffraction angle, rad.

Coefficient K may vary depending on the 
shape of the particles. For spherical particles K is 
usually assumed to be 0.9, while for cubic crystals 
the Scherrer constant can be calculated for each 
reflection using the following formula:
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where h, k, and l are Miller indices.
Lattice parameter а for a cubic cell is deter-

mined using the ratio:

a d h k l= + +2 2 2 ,   (3)
where d is the interplanar distance.

The shortest distance between the magnetic 
ions in tetrahedral (A) and octahedral (B) nodes 
of the lattice, also called the jump distance, 
considering the lattice constant was calculated 
using the following ratios [19]:

L
a

A = 3
4

,   (4)

L
a

A = 2
4

.   (5)

The theoretical X-ray density can be 
determined based on the X-ray diffraction 
patterns using the ratio [19] and taking into 
account the fact that each unit cell in the spinel 
structure consists of eight formula units, 

N
M

N aA

=
◊Â 8

3 ,   (6)

where M is the molecular weight of the ferrite,  
NA is Avogadro number, and a³ is the unit cell 
volume. 

3. Results and discussion 
Fig. 1 demonstrates X-ray diffraction patterns 

of Co0.65Zn0.35Fe2O4 powders annealed at various 
temperatures. The study determined that when 
the sol-gel method is used, the phase with a 
spinel structure forms directly after the synthesis 
without any additional thermal treatment. 
Iron-citrate complexes are formed at higher 
concentrations of citric acid (2:1), and their 
compositions depend significantly on the рН of 
the solution. In this case, citric acid is used as a 
chelating agent.

Diffraction peaks of the cubic spinel are 
indexed as crystallographic planes: (111), 
(220), (311), (222), (400), (422), (511), and 
(440), which corresponds to the face-centred 
cubic crystal structure (JCPDS 22-1086) with 
the space group Fd-3m. Intensive reflections 
of the sample annealed at 900 °С demonstrate 
that Co0.65Zn0.35Fe2O4 nanoparticles are well-
crystallized at this temperature. The average 
size of the crystallites of the obtained dispersed 
powders calculated using the Scherrer equation 
is given in Table 1. The study demonstrated that 
at higher annealing temperatures the perfection 
of the structure, crystallinity, and the size of the 
particles improve. In this case, not only does the 
intensity of the characteristic X-ray reflections of 
the spinel grow, but their broadening decreases 
for the annealing temperature range of 200–
500 °С. This also indicates an increase in the size 
of the crystallites, a decrease in the degree of their 
defectiveness, a decrease in the inhomogeneity 
of the composition, and an increase in the degree 
of crystallinity. For instance, the average size 
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of crystallites for the CoZn ferrite obtained by 
the sol-gel method changed from 20 to 77 nm 
when annealed at 500 and 1150 °С. Some studies 
attribute such a growth of crystallites following 
an increase in the annealing temperature to 
the so-called Ostwald ripening effect [20, 21]. 
The analysis of the X-ray diffraction patterns 
demonstrated that when the temperature of 
annealing decreases after the synthesis, the 
background of the spectrum grows, and its 
reference line rises. This means that the particles 
are not fully crystallised and the fraction of the 
amorphous phase close to the crystal material 
increases. Obviously, this has a negative effect 

on the magnetic properties of the samples, for 
instance, on the specific saturation magnetization 
[22]. The study demonstrated that the lattice 
constants of these samples varied from 8.401 to 
8.420 Å. They were calculated for the cubic phase 
of the spinel. The calculated jump distance and 
the length of the bond for tetrahedral (A) and 
octahedral (B) nodes of the lattices of the studied 
samples are given in Table 2. We should note 
that the X-ray density of the obtained samples 
tends to decrease. This can be explained by the 
redistribution of cations in the sublattices and 
changes in the degree of crystallinity.

Fig. 2 presents SEM images of the powders 
annealed at various temperatures. The images of 
the microstructure demonstrate that the powders 
annealed at low temperatures consist of dispersed 
aggregated and agglomerated particles of a 
nearly spherical shape. When the temperature 
of annealing increases, we observe the formation 
of larger particles which are slightly faceted and 
agglomerated. The agglomeration of particles 
can be caused by magneto-dipole interaction 
decreasing with an increase in the annealing 
temperature and the growth of the particles. 
After annealing at 900 °С, the images of the 
powders showed that the particles increased in 
size and acquired an ellipsoid shape. When the 

Fig. 1. X-ray diffraction patterns of the obtained powders

Table 1. Calculated and observed size of the 
crystallites

Annea ling 
tempera-
ture, °C

Crystallite 
size by 
average 

peak, nm

Crystallite 
size by 

reflection 
(311), nm

Particle 
size (SEM), 

nm

0 20.8 20.6 –
500 20.6 21.0 40
700 23.5 21.3 80
900 63.8 59.4 150

1150 77.0 89.1 900
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annealing temperature was further increased to 
1150 °С, the particles grew rapidly to 1 μm. The 
start of the crystallisation of the samples with 
tetrahedral faceting was observed. The growth of 
the particles, presumably, proceeds according to 
the Ostwald ripening mechanism. [20, 21].

Since the average size of the crystallites 
is about 30 nm, the particles annealed at 

high temperatures include several separate 
crystallites. The number of crystallites in 
one particle decreases at lower annealing 
temperatures reaching 1. The samples annealed 
at lower temperatures have a morphology of 
irregular shape and are agglomerated.

To determine the ratio of metal ions in the 
synthesised CoZn ferrite, we performed energy 

Table 2. Calculation of the parameters of the crystal lattice

Annealing 
temperature, °C

Lattice  
constant a, Å

Jump length at 
tetrahedral lattice 

sites, Å

Jump length at 
octahedral lattice 

sites, Å

Radiographic density,  
g/cm³

0 8.401 3.64 2.97 5.30
500 8.401 3.64 2.97 5.30
700 8.412 3.64 2.97 5.29
900 8.416 3.64 2.98 5.28

1150 8.420 3.65 2.98 5.27

c                                                                                                   d
Fig. 2. SEM images of CoZn ferrite powders annealed at 500 °С (a), 700 °С (b), 900 °С (c), and 1150 °С (d)

a                                                                                                   b
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dispersive X-ray spectroscopy of the sample 
annealed at 700 °С. The analysis determined 
that the amount of iron, cobalt, zinc, and oxygen 
corresponds to the formula Co0.64Zn0.35Fe2.01O4, 
which is in agreement with the target composition.

To determine the magnetic properties of 
the powders, we analysed the field dependences 
of the specific magnetization in the magnetic 
field H = ± 4 T. Magnetization curves presented 
in Fig. 3 indicate the presence of the magnetic 
order in the analysed samples. Based on the 
changes in the specific magnetization of the 
particles of the Co-Zn ferrite depending on the 
strength of the external magnetic field, we can 
conclude that the magnetization curves of the 
samples annealed at 900 and 1150 °С reach 
the saturation region, when the strength of the 
magnetic field is over 3 T. This could mean that 
the type of the magnetic order is close to the 
ferrimagnetic. The study determined that the 
slope of the obtained curves and the saturation 
magnetization increase significantly following 
the growth of the annealing temperature. This 
can be interpreted as an indication of a significant 
decrease in the size of the inactive magnetic 
layer on the surface of the nanoparticles. Besides 
the noncollinearity of spins, this layer can also 
have a composition different from that of the 
nucleus of the particle because the process of 

reciprocal diffusion of cations during the spinel 
synthesis is not complete. We can assume that 
disordering of cations and defectiveness can also 
take place in this layer. We should also remember 
the possibility that the formation of the spinel 
structure can be incomplete. This is indicated by 
broad reflections of the spinel phase on the X-ray 
diffraction patterns, which indicates the existence 
of different compositions of the material with 
different lattice constants. The existence of an 
amorphous material in this layer during certain 
synthesis stages is also possible.

Despite the fact that an increase in the 
annealing temperature (as determined for the sol-
gel method) results in the growth of the specific 
magnetization of the CoZn ferrites, it does not 
reach the values characteristic for bulk samples, 
yet alone for single crystals (~98 A·m2·kg–1) for 
Co0.65Zn0.35Fe2O4 [23]. This is also explained by the 
existence of the inactive magnetic layer on the 
surface of the nanoparticles, since a decrease in 
its fraction following an increase in the annealing 
temperature and a decrease in the surface area 
of the nanopowders during thermal treatment 
results in a significant increase in the saturation 
magnetization of the highly dispersed material.

As demonstrated by the study, a decrease 
in the size of the nanoparticles to several 
nanometres results in their transition to the 

Fig. 3. Magnetization curves for the annealed CoZn ferrite powders
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superparamagnetic state due to the propagation 
of the magnetic dead layer over the whole 
particle. According to the literature data, the 
critical size of the cobalt ferrite nanoparticles 
for the transition to the superparamagnetic 
state lies within the range of up to 10 nm 
[24]. There is also a critical size value below 
which the particles become single-domain. If a 
ferrimagnetic particle has a domain structure, 
i.e. is multidomain, its remagnetization proceeds 
due to the displacement of the domain borders. 
In this case, the coercive force is low and grows 
with a decrease in the size of the particles. The 
coercive force is at maximum when the particles 
are single-domain. An increase in HC during 
the transition to the single-domain structure 
is connected with a different remagnetization 
mechanism, namely the transition from the 
displacement of the borders to the coherent 
rotation of the magnetic order of the particle [25]. 
In our study, the coercive force of the powders 
annealed at 900 °С was 2.228 kA·m–1 and for the 
powders annealed at 1150 °С it was 3.167 kA·m–1.

During the further decrease in the size of 
the nanoparticles following a transition from 
the multidomain to the single-domain state, 
superparamagnetism is observed. Thus, for the 
cobalt ferrite the critical size for the transition of 
the particles to the single-domain state is slightly 
below 50 nm [26]. Therefore, when the diameter 
of the particles decreases in the range from 50 
to 10 nm the degree of superparamagnetism for 
cobalt ferrite nanopowders increases. In other 
words, we observe the so-called blocking process 
[27]. The main reason why the single-domain 
state has the greatest energetic advantage is 
the fact that with a decrease in the size of the 
particles, the fraction of the surface energy 
on the domain borders increases and becomes 
larger that the bulk energy of the sample. [25]. 
When the size of the particles in the single-
domain state decreases, HC decreases. This 
phenomenon is explained by the influence of 
thermal fluctuations on the magnetic anisotropy 
value, which in turn is connected with the 
coercive force. Superparamagnetism occurs in 
the surface layer of the nanoparticle when the 
energy barrier of the magnetic anisotropy is 
overcome due to the thermal activation, which 
results in fluctuations of the magnetization in 

the surface layer [28]. The residual magnetization 
Mr and HC in the superparamagnetic state is zero 
[29].

The study demonstrated that for the cobalt-
zinc ferrite obtained by means of the sol-gel 
method the annealing following the synthesis 
changes the size of the crystallites from 20 to 
77 nm. At the same time the size of the particles 
changes from 40 to 950 nm. Taking into account 
the fact that the critical value for the transition 
to the single-domain state is 50 nm, the analysed 
particles of the cobalt-zinc ferrite with the 
size smaller than 50 nm have a certain degree 
of seperparamagnetism. This is true for the 
annealing temperatures below 700 °С.

As we mentioned before, the highest values 
of the coercive force correspond to the transition 
boundary between the multidomain and single-
domain particles. With a decrease in the size, the 
coercive force decreases in the superparamagnetic 
area or in the blocking area. It is zero for 
superparamagnetic particles. In the latter case, 
the hysteresis disappears. Thus, for the annealing 
temperatures of 500 and 700 °С the coercive force 
of the studied powders was 2.992 kA·m-1 and 
15.199 kA·m-1 respectively.

For lower annealing temperatures and small 
sizes of the crystallites we observed prominent 
superparamagnetic behaviour of the samples at 
room temperature. This indicates the presence of 
an abnormally large coercive force for the powder 
annealed at 700 °С (Table 3). This can be explained 
by the fact that the obtained materials are on 
the border between multidomain and single-
domain states, when the coercive force reaches 
its maximum. For higher annealing temperatures, 
when the particles are larger, the hysteresis 
curves demonstrate a prominent coercive 
force, which indicates the presence of only an 
insignificant degree of superparamagnetism. 

Table 3. Magnetic properties of the obtained 
powders

Annealing 
temperature, °C

Saturation 
magnetization, 

A·m2·kg–1

Coercive force, 
kA·m–1

500 21.8 2.992
700 56.1 15.199
900 83.0 2.228

1150 94.1 3.167
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In this case, only a small number of particles 
of the size smaller than critical transit to the 
superparamagnetic state. This is important for 
obtaining the materials sensitive to microwave 
radiation.

For the obtained powders of the Со-Zn ferrite 
the specific magnetization in the 4 T field for 
the annealing temperatures of 900 and 1150 °С 
was above 80 A·m2 ·kg-1. The size of the particles 
was 150 and 950 nm respectively. A different 
situation was observed, when the size of the 
particles was significantly smaller and therefore 
they had a larger surface-volume ratio. In this 
case, several effects including the broken bonds 
between the atoms on the surface resulting in the 
random spin orientation reduce the coordination 
of the surface atoms and result in a decrease in 
the magnetiszation due to an increase in the 
surface anisotropy. Thus, the study demonstrated 
that for the particles of the Co-Zn ferrite of an 
average size of 40 nm the specific saturation 
magnetisation is 21.8 A·m2 ·kg–1, and for the 80 nm 
particles the specific saturation magnetisation is 
56.1 A·m2 ·kg–1. 

4. Conclusions
The study determined that for highly 

dispersed particles with a changed magnetic 
order and crystal structure on the surface, an 
inactive magnetic layer is formed. The size of 
the layer can reach up to 50 % of the volume of 
the particles. [30]. This has a negative effect on 
the magnetisation of the nanoparticles. Taking 
into account the above described facts, when 
developing dispersed particles which could 
be used as fillers for the devices interacting 
with microwave radiation, it is advisable to 
maintain the balance between high magnetic 
characteristics and the acceptable degree of 
dispersion of the particles. From the point of view 
of sol-gel synthesis, the obtained dependences of 
magnetic properties and the degree of dispersion 
on the thermal treatment temperature of the 
synthesised powders can be used to determine 
optimal conditions. Based on this dependence we 
suggested a material for absorption of microwave 
radiation based on the dispersed powder of the 
CoZn ferrite annealed at 900 °С after the sol-gel 
synthesis.
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