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A B S T R A C T

Structural characteristics and magnetic properties of MgxZn1–xFe2O4 (x=0.25; 0.5; 0.7) nanomaterials prepared
by autocombustion, co-precipitation and spray pyrolysis methods were studied. Different characterization
techniques are used to study the structural formation of the generated nanoparticles, namely X-ray diffraction
(XRD), scanning (SEM) and transmission electron microscopy (TEM), infrared spectroscopy (FT-IR) and vi-
brating sample magnetometery (VSM). In case of citrate autocombustion and co-precipitation methods, the
magnetization goes through a maximum at Mg0.5Zn0.5Fe2O4 composition, while the dependence on the com-
position is subtle for spray pyrolysis. An increase in temperature and duration of heat treatment during the
synthesis process leads to a particle size growth and to a cation redistribution between spinel sub-lattices. These
resulted in a significant increase in the specific magnetization of the particles generated by citrate auto-
combustion method. The nanoparticles synthesized by co-precipitation method exhibit superparamagnetic be-
havior with no coercivity at room temperature. Nonetheless, the materials prepared by spray pyrolysis and
citrate autocombustion methods are found to possess small coercivity of 30–80 Oe. The highest specific mag-
netization at room temperature is referring to Mg0.5Zn0.5Fe2O4 nanoparticles obtained by citrate autocombustion
method (30 emu/g). The revealed correlations can be used to synthesize spinel ferrite nanoparticles with well-
defined collective properties for a wide spectrum of applications.

1. Introduction

Magnetic nano-sized ferrites are promising materials due to their
unique properties essential for various applications, such as microwave
and data storage devices, gas and humidity sensors, targeted drug de-
livery, magnetic hyperthermia, contrast agents for magnetic resonance
imaging (MRI), bioseparation, etc. [1–4]. The magnetic properties of
ferrites, namely magnetic saturation and coercivity are the key aspects
in many of these applications. Possible ways to tailor the magnetic
properties of ferrite materials are changing their composition by doping
with ions of other metals and/or controlling their particle size. Both can
be varied over a wide range by selecting the synthesis method and
conditions.

The possibility of practical application of nanoparticles, however, is
determined not only by their magnetic properties, but also by their
toxicity, as well as by the cost of production. For example, nanoparticles
of magnesium-zinc ferrites have been proposed as a low-toxic analog of
nickel ferrite nanoparticles widely used in electronics [5]. Doping with

small amounts of magnesium and zinc affects the magnetic properties of
magnetite, which has a positive effect on the contrasting ability of MRI
contrast agents [6]. Stoichiometric Mn–Zn-ferrites can be potentially
used as materials for magnetic hyperthermia, for which their low
toxicity is of great importance [7]. Therefore, they appear to be pro-
spective research subjects.

Structural formula of spinel ferrite can be written as (Me1–iFei)
[MeiFe2–iO4], where Me is divalent metallic ion, the parentheses re-
present the coordination of the tetrahedral sites (A-site), the square
brackets – octahedral [B-site] sites, and i is called the inversion degree;
i.e., the fraction of the A-sites occupied by Fe3+ ions. In case of mag-
nesium-zinc ferrites, the magnetic moment of the material is de-
termined only by the distribution of Fe3+ ions between A- and B-sub-
lattices, since Zn2+ and Mg2+ ions are diamagnetic. The content ratio
of doping ions will also matter, as Zn2+ ions tend to occupy A-sites and
Mg2+ enters preferentially B-sites, and their distribution depends on
synthesis conditions [8–11]. Classical methods to synthesize nanosized
magnesium-zinc ferrites are co-precipitation [5,12,13], autocombustion
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of organic precursors [14–17], mechanochemical sintering [18], etc.
In the present work, an influence of the preparation methods and

the particular synthesis conditions on the structure and magnetic
properties of MgxZn1–xFe2O4 (x=0.25; 0.5; 0.7) nanoparticles ob-
tained by citrate autocombustion, spray pyrolysis and co-precipitation
methods has been studied. These methods were chosen since they have
different temperature regimes and facilitate uniform nanoparticles
generating with controllable diameters and a relatively narrow size
distribution.

2. Experimental techniques.

2.1. Co-precipitation synthesis

A standard chemical co-precipitation method was used. The pre-
cursor solution was prepared by dissolving Fe(NO3)3·9H2O, Mg
(NO3)2·6H2O and Zn(NO3)2·6H2O in deionized water with a molar ratio
Fe : Mg : Zn= 2 : x : (1− x). Sodium hydroxide taken in 10% excess to
the stoichiometric value was used as a precipitant. The solution of salts
was quickly transferred to alkali medium under stirring and heated to
90 °C for 30min. The precipitate was washed several times in deionized
water until pH reaches ~7, and dried at 40 °C in air.

2.2. Spray pyrolysis synthesis

Water solution of the precursors was obtained by dissolving Fe(III),
Mg(II) and Zn(II) nitrates in deionized water with a molar ratio Fe : Mg :
Zn=2 : x : (1− x) and NaCl taken in 5 : 1 wt ratio to the resulting
ferrite. The presence of NaCl during the crystallization prevents the
generated nanoparticles from aggregation in high temperature reaction
zone. The solution was transformed into aerosol with an ultrasonic
atomizer. The aerosol was then carried to the reaction zone of the
furnace (T=650 °C) with a nitrogen flow (flow rate is 5 L/min). The
generated powder was collected in an electrostatic precipitator heated
to 200 °C to prevent water condensation. Finally, NaCl additive was
removed thoroughly from the powders by washing with deionized
water using magnetic decantation method, and dried at 40 °C in air.

2.3. Citrate autocombustion synthesis

To prepare MgxZn1–xFe2O4 nanoparticles by sol-gel autocombustion
method, Mg(NO3)2·6H2O, Zn(NO3)2·6H2O, Fe(NO3)3·9H2O and citric
acid (C6H8O7·H2O) were dissolved in deionized water in a molar ratio of
metal nitrates to citric acid taken as 1 : 3. Then, NaCl was added to the
precursor solution in a weight ratio 5 : 1 for NaCl : product. The pre-
cursor solution was heated on a hot plate to evaporate the excess water
until an auto-ignited combustion occurred. The product of the com-
bustion in NaCl matrix was additionally heated for 3 h at 300 °C in air to
remove the traces of carbon. Finally, NaCl was removed by washing
with deionized water to obtain nanosized MgxZn1–xFe2O4 particles. The
resulting powder was dried at 40 °C in air.

2.4. Characterization

X-ray diffraction (XRD) patterns of the powdered samples were re-
corded on a DRON-2.0 diffractometer (Co Kα-radiation) in the range
2θ=20–80°. The lattice constants were refined using RTP 3.3 X-ray
structure tabular processor. The average crystallite size (dXRD) was es-
timated from the broadening of diffraction lines using the Scherrer
equation, dXRD= kλ/[(B–b)cos θ], with the wavelength λ, the peak
width B, the instrumental broadening b, the Bragg angle θ, and the
shape factor k≈ 0.90. The size and morphology of the particles were
examined by scanning (SEM) and transmission electron microscopy
(TEM) using LEO 906E, JOEL EM100 CX and LEO 1420 microscopes.
Infrared (FT-IR) spectra were recorded on an AVATAR FTIR-330
Fourier transform spectrometer supplied with a Smart Diffuse

Reflectance accessory in the wavenumber (ν) range of 400–4000 cm−1.
The magnetic characteristics of the nanomaterials including saturation
magnetization Ms were measured using a Cryogen Free Measurement
System by Cryogenic Ltd (T=7–300 K, Hmax= 18 T). Magnetic mo-
ment per formula unit was calculated using the formula =

×

×
μ M W

N μ
s

A B
,

where Ms is saturation magnetization (emu/g), W is molar mass of the
ferrite, NA is Avogadro number and μB is Bohr magneton. Taking into
account that magnetic moment of the formula unit is determined by
Fe3+ ions only and magnetic moment of Fe3+ equals 5 μB, the inversion
degree in ferrites was calculated as follows: = −i 1 μ

10μB
.

3. Results and discussion

The XRD patterns of MgxZn1–xFe2O4 (x=0.25; 0.5; 0.7) nano-
powders confirm the formation of a single-phase spinel structure for all
the synthesis methods used in the work. The typical patterns (on the
example of the samples with x=0.5) are shown in Fig. 1. Broad and
diffuse diffraction lines observed for co-precipitation and pyrolysis
methods are typical of nanosized powders. The peak broadening is
lower and the peak intensity is greater for the particles obtained by
citrate autocombustion method due to recrystallization processes re-
sulting in the formation of larger sized particles at higher synthesis
temperatures.

The lattice parameters of all the samples calculated from the XRD
data presented in Table 1 correspond well with the published data for
magnesium-zinc ferrite particles [18]. The lattice parameter of
MgxZn1–xFe2O4 ferrite rises with increasing zinc content, which is due
to the difference in ionic radii of Zn2+ and Mg2+ ions (0.074 and
0.066 nm, respectively). The lattice parameter depends strongly on the
synthesis method used to prepare spinel ferrite. The lowest values of the
lattice parameters relate to the particles synthesized by citrate auto-
combustion at 300 °C, while the highest lattice parameters are observed
in case of co-precipitation synthesis at 90 °C. Therefore, an increase in
temperature of the reaction mixture during the nanoparticle prepara-
tion results in the decrease of lattice parameter of ferrite powder, which
corresponds well with the literature data on spinel ferrites [19,20].
However, some researchers report the opposite tendency – an increase
in the lattice parameters of Mg–Zn-ferrite nanoparticles after annealing
at 900 °C [12]. In particular, Eltabey and Aboulfotoh Ali reported the
decrease in lattice parameter of Co–Zn-ferrite nanoparticles with in-
creasing annealing temperature up to 350 °C and increase in lattice
parameter as the temperature grows further [21]. As an explanation in
can be suggested, that as the temperature increases, recrystallization

Fig. 1. Comparison of XRD patterns of Mg0.5Zn0.5Fe2O4 powders prepared by
citrate autocombustion (1), spray pyrolysis (2) and co-precipitation (3)
methods.
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occurs and the lattice parameter decreases as the defects vanish from
the lattice. However, the role of cation redistribution between A- and B-
sites of the lattice increases at higher temperatures, which may cause an
increase in the lattice parameter.

For the samples obtained by spray pyrolysis, the lattice parameter
value lies in-between, although the temperature in the reaction zone is
higher (650 °C) than in case of the other methods mentioned above.
However, a short heat treatment time in this case does not allow
achieving significant cation redistribution between sublattices.

The calculation of the crystallite size based on the diffraction re-
flection broadening showed insignificant differences in the size for
powders of different compositions obtained by the same method. The
average crystallite size was found to be ∼15 nm for the particles pre-
pared by co-precipitation, ∼10 nm for pyrolysis and∼25 nm for citrate
autocombustion method. For all the methods, a slight decrease in the
size of the nanoparticles with increasing zinc content was observed.

Infrared spectroscopy was used to reveal the structural peculiarities
of the prepared materials that could not be acquired by XRD method.
Fig. 2 displays a typical FT-IR spectra of ferrite powders with the same
composition (Mg0.5Zn0.5Fe2O4) obtained by different methods. In the
characteristic range (400÷1000 cm−1), all the spectra contain ab-
sorption bands with a maximum intensity at ∼550 cm−1 (ν1) and
∼430 cm−1 (ν2), which is typical of spinel-type structure. These bands

are associated with Me–O stretching vibrations in tetrahedral and oc-
tahedral positions, respectively. An important feature of the spectra is
the difference in relative intensities of ν1 and ν2 bands for the samples
obtained by different methods. In case of the ferrites prepared by citrate
autocombustion, the intensity of ν1 corresponding to O–Metetr is greater
than ν2(O–Meoct). On the contrary, the samples synthesized by spray
pyrolysis and co-precipitation demonstrate the opposite intensity ratio.
This proves the structural changes associated with different cation
distribution in case of high and lower temperature synthesis. The same
structural changes were observed for nickel ferrite particles with dif-
ferent size indicating the structure transition from normal to inverse
spinel with the increase in particle size [22].

Also, the IR spectra contain bands around 900 cm−1 reflecting
bending vibrations of OH-groups chemically linked with metal cations,
δ(Me–OH). A pronounced band at 918 cm−1 is found in case of the
precipitation-derived sample, while the other spectra contain only
minor peaks. This is evidently related to the temperature of the
synthesis. Thus, co-precipitation approach assumed a low temperature
processing (90 °C) as compared to citrate autocombustion (at least
300 °C) and spray pyrolysis (650 °C). A high concentration of structural
OH-groups is typical of chemical co-precipitation method since the low
temperature of the synthesis does not stimulate effective dehydration
processes.

Table 1
Structural and magnetic properties of MgxZn1–xFe2O4 nanoparticles obtained by different methods: lattice parameter a, saturation magnetizationMs, inversion degree
i, and coercivity Hc.

Synthesis method Ferrite composition a, Å 7 K 298 K

Ms, emu/g i Hc, Oe Ms, emu/g i Hc, Oe

Co-precipitation Mg0.25Zn0.75Fe2O4 8.453 59 0.76 90 16 0.93 0
Mg0.5Zn0.5Fe2O4 8.450 62 0.76 40 23 0.91 0
Mg0.7Zn0.3Fe2O4 8.444 57 0.78 100 15 0.94 0

Spray pyrolysis Mg0.25Zn0.75Fe2O4 8.439 56 0.77 550 23 0.90 35
Mg0.5Zn0.5Fe2O4 8.420 51 0.80 400 23 0.91 50
Mg0.7Zn0.3Fe2O4 8.404 – – – 27 0.90 80

Citrate autocombustion Mg0.25Zn0.75Fe2O4 8.426 54 0.78 420 23 0.90 50
Mg0.5Zn0.5Fe2O4 8.410 74 0.71 250 30 0.86 80
Mg0.7Zn0.3Fe2O4 8.394 41 0.84 300 29 0.89 80

Fig. 2. Overview (a) and characteristic groups region (b) of IR spectra of Mg0.5Zn0.5Fe2O4 nanoparticles obtained by different methods: 1 – citrate autocombustion
synthesis; 2 – spray pyrolysis; 3 – co-precipitation.
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The same speculations are valid for water adsorbed at the surface of
the materials. The relative intensities of bands around 3400 cm−1 and
1600 cm−1 assigned to stretching and bending vibrations of OeH bonds
confirm the higher degree of hydration of co-precipitated samples.
Nevertheless, the samples obtained by all three approaches are char-
acterized by highly hydrophilic surface. This is important for applica-
tions where further modification of the particles and their stabilization
in form of aqueous dispersions are required.

The particle size, agglomeration degree and size distribution were
studied by scanning and transmission electron microscopy. Fig. 3 shows
the images of nanoparticles obtained by different methods. The corre-
sponding grain size distribution histograms are given in Fig. 4. It is seen
that co-precipitation method is characterized by a formation of highly
dispersed nanoparticles with a particle size of ∼10 nm, which corre-
sponds well with the particle size calculated from the XRD data. Due to
the use of a relatively low-temperature synthesis method, no aggrega-
tion of nanoparticles occurs during their formation. When dried, the
particles form a highly porous aerated structure, which subsequently
easily collapses to form colloidal solutions. In the TEM images of the co-

precipitated samples, it is possible to observe individual crystal-
lographic planes of the grains, which indicates their crystalline nature
at nano-scale level.

Citrate autocombustion method is characterized by the formation of
larger particles (the main fraction is 40–70 nm) sintered into stable
aggregates with phase contacts between grains. To eliminate the ag-
gregation, the introduction of an inert component (NaCl) in the solution
of precursors is proposed. The presence of NaCl is meant to facilitate the
spatial separation of particles during the synthesis and further heat
treatment. Subsequently, upon removal of the inert component after
recrystallization, it is possible to obtain non-agglomerated facetted
nanoparticles (Fig. 3 c) with a wide size distribution (15–100 nm).

The classical method of spray pyrolysis also implies the formation of
aggregates of nanoparticles, even despite the short duration of exposure
to high temperatures. To prevent aggregation, the same as for nitrate-
citrate method, NaCl was added to the solution before spraying. This
allows not only preventing the aggregation, but also limiting the growth
of nanoparticles. The size of the nanoparticles obtained by the pyrolysis
method lies in the range of 10–20 nm. It can be easily controlled by

Fig. 3. TEM micrographs of Mg0.7Zn0.3Fe2O4 (a–c) and SEM micrographs of Mg0.5Zn0.5Fe2O4 (d–f) nanoparticles prepared by co-precipitation (a, d), spray pyrolysis
(b, e) and autocombustion (c, f).
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changing the pyrolysis parameters, such as temperature, solution
composition and concentration, flow rate of the carrier gas, etc.

To compare the magnetic properties of MgxZn1–xFe2O4 ferrite na-
noparticles, the saturation magnetization, coercivity and inversion de-
gree of the spinel calculated from saturation magnetization value were
chosen. Fig. 5 represents specific magnetization curves of the samples
recorded at 7 and 298 K. At 7 K, all the samples studied demonstrate
hysteresis behavior with coercivities of 50–100 Oe (co-precipitation),
250–450 Oe (citrate autocombustion) and 400–600 Oe (spray pyr-
olysis).

At room temperature, all the particles synthesized by co-precipita-
tion are in superparamagnetic state, as there is no hysteresis loop on the
magnetization curves and specific magnetization does not reach sa-
turation up to 50 000 Oe. As for the particles obtained by spray pyr-
olysis and citrate autocombustion method, hysteresis behavior with
small coercivities (40–80 Oe) is observed at room temperature. The
presence of coercivity for the samples synthesized at higher tempera-
tures can be related to the increase in particle size.

As the particle size increases approaching the critical value for
single-domain structure, the coercivity grows as well due to the de-
crease in thermal fluctuations role in disorientation of magnetic spins.
The critical value of such transition for magnetite and magnesium
ferrite is about 20 nm [23,24], which corresponds quite well with our
results for Mg–Zn-ferrites. In case of citrate autocombustion synthesis,
the average particle size grows up to ∼40–50 nm, and the hysteresis
loop appears on magnetization curves. For the nanoparticles prepared
by spray pyrolysis, the average particle size is lower (∼20 nm), how-
ever, the presence of the fraction with bigger particle size provides the
existence of hysteresis.

Among the studied compositions, the highest saturation magneti-
zation at room temperature corresponds to ferrites obtained using ci-
trate combustion synthesis. This can be explained by the differences in
cation distribution attributed to different synthesis methods. With the
increase in treatment temperature, the inversion degree in spinel fer-
rites is known to decrease to 2/3, which corresponds to a random cation
distribution over spinel sublattices [25]. Therefore, a relatively low
inversion degree could be expected for high synthesis temperatures,
which would result in higher saturation magnetization values. Here, the
saturation magnetization of the ferrites obtained by citrate auto-
combustion method (synthesis temperature ∼300 °C) exceeds sig-
nificantly the saturation magnetization value of the particles prepared
by co-precipitation (90 °C). The nanoparticles obtained by pyrolysis
possess intermediate values of the saturation magnetization, despite the
highest (600 °C) synthesis temperature. This is due to the short time for
the aerosols to pass through the high-temperature reaction zone
(∼1–2 s), when there is not enough time for the considerable redis-
tribution of ions between the sublattices. This phenomenon is of the
same nature as the lattice parameter dependence on the temperature
described earlier. As the synthesis temperature rises, the cation

redistribution takes place, which results in changes of the lattice
parameter and saturation magnetization of the material.

The values of inversion degree of spinel ferrites obtained by dif-
ferent methods calculated from the specific magnetization values are
given in Table 1. The lowest inversion degrees and, therefore, the
highest saturation magnetization values at room temperature relate to
the ferrite particles prepared by citrate autocombustion synthesis. The
highest inversion degree is observed in case of co-precipitation synth-
esis, whilst the use of spray pyrolysis method leads to intermediate
values.

However, at low temperature, the inversion degree of the ferrites
synthesized by coprecipitation does not exceed the magnitudes mea-
sured for ferrites obtained by other methods. For example, in case of
Mg0.5Zn0.5Fe2O4 nanoparticles, the highest inversion degree value at
7 K is observed for spray pyrolysis synthesis, and in case of
Mg0.25Zn0.75Fe2O4 the particles obtained by co-precipitation exhibit the
highest saturation magnetization (see Fig. 5). To explain this, the role of
surface magnetically disordered spin layer, which causes the decrease
in saturation magnetization of nanoparticles as compared to bulk ma-
terials, should be considered. El-Sayed et al. calculated the thickness of
the defective layer in MgxZn1–xFe2O4 system to be ∼1 nm for the par-
ticles with an average size of 10 nm [26]. According to the theory
proposed by De Biasi et al., ferromagnetic clusters can be formed in the
shell layer of magnetic particle at low temperature causing an increase
in magnetic moment and saturation magnetization [27]. With the de-
crease in particle size the contribution of surface layer to specific
magnetization of the particle increases, therefore, the increase in
magnetization at low temperature is the most significant for the smal-
lest particles. Singh et al. noted that the growth of magnetic core size in
Mn–Zn-ferrites causes less interactions between surface magnetic mo-
ments and, therefore, leads to a drop of saturation magnetization at low
temperature [28]. This idea also explains the abnormally low saturation
magnetization of Mg0.7Zn0.3Fe2O4 prepared by citrate autocombustion
at 7 K.

The dependence of the saturation magnetization on the composition
of ferrite particles given in Table 1 is non-linear. For the mixed ferrites
obtained by citrate autocombustion and co-precipitation methods, the
maximum saturation magnetization at both room and low temperatures
corresponds to Mg0.5Zn0.5Fe2O4 sample with Mg and Zn content inter-
mediate between Mg0.7Zn0.3Fe2O4 and Mg0.25Zn0.75Fe2O4 composi-
tions.

Magnesium ions are known to occupy preferably octahedral posi-
tions in ferrite spinel lattice, with Fe3+ ions being displaced to tetra-
hedral sites. As a result, the specific magnetization of ferrite decreases
due to a compensation of magnetic moments of Fe3+ ions in tetra- and
octahedral sublattices. In contrast, zinc ions tend to occupy pre-
dominantly tetrahedral positions in the crystal lattice, causing the
transition of some iron ions to octahedral sites and the formation of
inverse spinel structure. Therefore, as the content of zinc increases up to

Fig. 4. Grain size distribution of Mg0.7Zn0.3Fe2O4 powders prepared by co-precipitation (a), spray pyrolysis (b) and autocombustion (c) methods plotted according to
the TEM data.
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some limit, the specific magnetization increases as well [29]. However,
for high zinc contents, Zn2+ ions start to shift from tetra- to octahedral
positions, and the specific magnetization of the material decreases.
Therefore, the highest saturation magnetization for different ferrite
compositions obtained by citrate autocombustion and co-precipitation
methods corresponds to the optimal zinc content and the lowest in-
version degree.

For the nanoparticles synthesized by spray pyrolysis method, the
inversion degree at room temperature is almost constant with little
relation to the ferrite composition. A possible explanation of this effect
is in a short time of the precursor solution exposure to high temperature
in the reaction zone. Therefore, the product phase is rapidly formed
from a solution droplet, and a random ion distribution occurring in the
precursor solution remains in the product particles. When zinc content

is comparatively low (Mg0.7Zn0.3Fe2O4), the spinel structure with most
of zinc ions locating in tetrahedral sites of the lattice is formed. With
increasing zinc content (Mg0.5Zn0.5Fe2O4 and Mg0.3Zn0.7Fe2O4), as the
solid fraction is formed during solvent evaporation, there is lack of time
for all zinc ions to shift to tetrahedral sites, and some of them remain in
octahedral sites in accordance with their initial positions in the system.
As a result, the amount of Fe3+ ions in the octa-positions decreases,
which leads to the drop of specific magnetization of the material. The
opposite effect can be observed in case of magnesium ions. Thus, de-
spite the high affinity of magnesium ions for octa-positions, some of
them remain in tetra-sublattice in Mg0.7Zn0.3Fe2O4, causing the specific
magnetization to increase as compared to the compositions with lower
magnesium content. A lower concentration of magnesium content in
the precursor solution causes the growth of their content in octa-

Fig. 5. Specific magnetization curves of MgxZn1–xFe2O4 powders obtained by different methods at 7 K (a, b ,c) and 298 K (d, e, f): 1 – citrate autocombustion
synthesis; 2 – spray pyrolysis; 3 – co-precipitation. The hysteresis loops recorded at low field are on insert graphs.
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positions. Thus, an equilibrium is established, and the inversion degree
practically does not change for different compositions, which explains
the small difference between specific magnetization values for spray
pyrolysis synthesis.

4. Conclusions

Magnetic ferrite nanoparticles with the composition of
MgxZn1–xFe2O4 (x=0.25, 0.5, 0.7) were synthesized by co-precipita-
tion, spray pyrolysis and citrate autocombustion method. The proce-
dures that allow obtaining single-phased products with a spinel-type
crystal lattice were elaborated for each of the techniques used. The
influence of the synthesis conditions, namely the temperature and
duration of heat treatment on the magnetic characteristics of the na-
nopowders was revealed. Using co-precipitation method, super-
paramagnetic nanoparticles with a low crystallization degree, average
diameter of ∼10 nm and narrow size distribution were formed.
Increasing synthesis temperature leads to the growth of particle size
(40–70 nm for spray pyrolysis and 20–90 nm for citrate autocombus-
tion), broadening the particle size distribution and the occurrence of
coercivity (30–80 Oe) at room temperature. Moreover, higher tem-
peratures and longer thermal treatment were found to lead to the cation
redistribution between spinel sublattices, which results in an increase of
the specific magnetization of the materials. At room temperature, the
ferrites obtained by citrate autocombustion method show the highest
specific magnetization values and the lowest inversion degree values.
At 7 K, however, the specific magnetization of the co-precipitation
products increases significantly as compared to the samples synthesized
by other methods, which may be due to a higher contribution of surface
layer in case of smaller particles. The magnetic properties of the ma-
terials show non-linear dependence on the Zn content. In case of citrate
autocombustion and coprecipitation methods, the magnetization goes
through a maximum at Mg0.5Zn0.5Fe2O4, whereas the dependence on
the composition is subtle for spray pyrolysis. The highest specific
magnetization at both 7 and 298 K relates to Mg0.5Zn0.5Fe2O4 nano-
powders prepared by citrate autocombustion method (74 and 30 emu/
g, respectively).
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