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spinel ferrites with linear tuning of magnetic parameters
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Multicomponent zinc ferrites are of great applied value due to their functional features, due to which they are widely used in the production
of microwave devices. In this regard, the development of new methods for obtaining initial pre-ceramic nanopowders in a nanostructured form
is especially urgent. In this work, multicomponent zinc-manganese ferrites of the Zn1−xMnxFe2O4 (x = 0, 0.2, . . . , 1.0) composition were
obtained by thermal treatment of X-ray amorphous products of solution combustion synthesis at a temperature of 750 ◦C and a holding time of
6 hours. The synthesized powders were analyzed by PXRD, FT-IR, and SEM methods. The magnetic characteristics were determined by vibration
magnetometry. It was shown that the obtained samples contain one-phase spinel ferrite without any noticeable impurities. Depending on the number
of Mn2+ cations in the crystal lattice, the unit cell parameters varied from 8.485(2) to 8.451(2) Å. The average crystallite size of the powders varied
from 29.4 nm in the case of zinc ferrite to 36.8 nm in the case of MnFe2O4. Residual magnetization (Ms), saturation magnetization (Mr), and
coercive force (Hc) also depend on the content of manganese cations in spinel and variedfrom 4.9 to 12.3 emu/g, from 22.4 to 76.4 emu/g, and from
47.5 to 81.3 Oe, respectively and these dependencies are almost linear. The highest magnetic parameters were found in simple manganese ferrite,
which has the largest crystallite size.
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1. Introduction

Ferrites are well-known spinel compounds with the general formula MFe2O4 (M – Co, Ni, Zn, Mn, et al.). The
peculiarities of their functional behavior are associated with their structural features, namely the cubic system, which
contains 32 oxygen anions occupying 8 regions (4 anions in each), 8 M2+ cations (one cation each in 8 regions), and
16 Fe3+ cations (two cations each in 8 regions) [1]. The unique magnetic properties of ferrites arise primarily due
to a divalent transition metal cation introduced into the crystal structure, which occupies the tetrahedral position (A)
in the case of normal spinel and the octahedral position (B) in the case of inverted spinel [2]. Inverted spinels are a
more complex structural unit in this case, since the M2+ cation can replace both the A and B positions. Such spinels
are called mixed and their magnetic behavior can changes significantly depending on composition and structural
features [3].

Multicomponent zinc ferrites correspond to the structure of normal spinel in which the Zn2+ cation occupies a
tetrahedral position, while the Fe3+ cations are located in the octahedral regions. The magnetic behavior of zinc ferrite
is based on its antiferrimagnetic nature, which is characterized by a weak super exchange interaction due to an angle of
90◦ in the Fe3+–O–Fe3+ bond [4]. In the case of multicomponent zinc ferrites, cations of transition metals, including
Mn2+, Co2+, Ni2+, etc., most often act as an alloying addition [5,6]. In particular, zinc-manganese ferrites should be
highlighted, which have found wide application in the field of microwave technology [7], in the production of magnetic
fluids [8], as contrast agents for magnetic resonance imaging [9], for drug delivery [10], etc. In addition, several works
have shown the possibility of using nanostructured spinel ferrites as catalysts and photocatalysts [11], for wastewater
treatment [12], as antibacterial materials [13]. For the application of this class of compounds in these areas, structural
parameters are especially important, among which the size of particles and their size distribution should be singled out
separately [14]. In recent years, a large number of methods have been used to obtain ferrite nanopowders of various
compositions, including hydrothermal synthesis [15], co-precipitation method [16], solution combustion method [17],
sol-gel synthesis [18], and many other methods. Each of these types of synthesis has its advantages and disadvantages,
but from the point of view of possible industrial scale-up, various methods of solution combustion are of particular
interest [19, 20]. They are most often based on the preparation of a homogeneous solution, which contains cations
of the corresponding metals and organic fuel acting as a chelating agent and initiator of the combustion process [21].
Since the combustion process is completed within a few seconds, and the initial reagents are dissolved in the solution,
its use makes it possible to obtain nanoparticles with controlled functional characteristics in a wide range of particle
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sizes [22–24]. Nevertheless, this technique has some disadvantages, among which is the difficulty of obtaining some
complex oxide systems without impurities [25] and the difficulty in obtaining particles less than 30 nm in size.

In this regard, the search for modified multistage methods of solution combustion with a wider set of controlled
synthesis parameters, due to which it is possible to obtain pure multicomponent phases with small particle size, be-
comes especially urgent. One of these methods is the method of thermal treatment of X-ray amorphous products of
solution combustion, within which the initial powder is synthesized with a significant excess or shortage of fuel and is
thermally treated in an air atmosphere at temperatures from 500 to 800 ◦C. This original technique was first applied by
the authors of this work for the synthesis of holmium and europium orthoferrites [26, 27]. Nevertheless, the question
of whether it can be used to obtain multicomponent spinel ferrites remains unanswered.

In this article, the method of thermal treatment of X-ray amorphous products of solution combustion was applied
to obtain single-phase nanostructured powders of the composition Zn1−xMnxFe2O4 (x = 0, 0.2, . . . , 1.0) with a
particle size of up to 29 nm. The starting powders were synthesized under the conditions of glycine-nitrate combustion
with a significant lack of organic fuel. The samples obtained were thermally treated under aerobic conditions at 750 ◦

for 6 hours and studied using a complex of physicochemical methods of analysis.

2. Experimental

The synthesis of nanopowders of zinc-manganese ferrites of the Zn1−xMnxFe2O4 (x = 0, 0.2, . . . , 1.0) com-
position was carried out in two stages. At the first stage, the initial powder was obtained by the method of solution
combustion with the addition of a small amount of glycine (redox ratio = 0.2). The following compounds were cho-
sen as the starting reagents for the synthesis: Zn(NO3)2 · 6H2O (puriss., NevaReactiv), Mn(NO3)2 · 6H2O (puriss.,
NevaReactiv), Fe(NO3)3 · 9H2O (puriss., NevaReactiv), CH2NH2COOH (puriss., NevaReactiv) and distilled water.
The reagents were dissolved in 50 ml of distilled water with constant mechanical stirring and then heated until the
water was almost completely removed and the autoignition process began, during which solid and gaseous reaction
products were formed. The weighed portions were taken taking into account the reaction of the formation of the final
product (x = 0, 0.2, ..., 1.0):

(1−X)Zn(NO3)2 · 6H2O+ (X)Mn(NO3)2 · 6H2O+ 2Fe(NO3)3 · 9H2O+
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During the second stage of the synthesis, the powders thus obtained were mechanically ground in a mortar and
thermally treated aerobically at 750 ◦C for 6 hours.

The phase composition of the synthesized samples was studied by powder X-ray diffractometry (PXRD) using
CuKα radiation (λ = 0.15406 nm) on a RigakuSmartLab 3 X-ray diffractometer. The obtained diffractograms were
processed in the RigakuSmartLab Studio II software package and using the ICDD PDF 2 powder database. The
average crystallite size was calculated using the Scherrer formula, and the crystallite size distribution was constructed
using the method of fundamental parameters. The unit cell parameters were determined using the Rietveld method. A
Shimadzu IRTracer-100 FT-IR spectrometer was used to obtain infrared spectra (FT-IR) in the wavenumbers ranging
from 400 to 1600 cm−1. The morphology and elemental analysis of the synthesized powders were determined by
scanning electron microscopy (SEM) and energy dispersive analysis (EDX) using a Tescan Vega 3 SBH electron
microscope equipped with an Oxford INCA x-act X-ray spectral microanalysis attachment. Magnetic hysteresis loops
were obtained using a LakeShore 7410 vibrating magnetometer in an external magnetic field ranging from −4000 to
4000 Oe.

3. Results and discussion

Diffraction patterns of the synthesized samples of zinc-manganese ferrites of the composition Zn1−xMnxFe2O4

(x = 0, 0.2, . . . , 1.0) are shown in Fig. 1. The data obtained indicate that all the obtained powders contain one phase –
ferrite of the corresponding composition.

Large values of the line width of the diffraction maxima indicate the nanoscale nature of the obtained crystallites.
Refinement of the diffraction patterns performed by the Rietveld method indicates that all samples correspond to the
space group Fd3m and contain up to 95 – 97 % of the crystalline phase and from 3 to 5 % of the amorphous phase.
With a change in the number of Mn2+ cations in the lattice, the diffraction peaks shift, which is clearly shown in
Fig. 1b. In the crystallographic direction (111) using the method of fundamental parameters, the size distribution of
crystallites was calculated (Fig. 2), which indicates that a narrow distribution is observed in all samples, which is
virtually identical in appearance. It is characteristic that the narrowest is the distribution for simple zinc ferrite, while
the synthesized MnFe2O4 nanopowder has a somewhat wider distribution. This may be due to the peculiarities of the
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FIG. 1. Survey (a) and local (b) PXRD patterns of the synthesized ZnxMn1−xFe2O4 nanopowders

FIG. 2. Lognormal size distribution of the synthesized Zn–Mn ferrite nanocrystals

processes of ferrite formation under conditions of solution combustion and a change in temperature in the combustion
front, depending on the chemical composition of the reaction medium [28].

The obtained data for the size distribution of crystallites are in good agreement with the calculations for the aver-
age crystallite size according to the Scherrer formula (Fig. 3). It was shown that, in the case of ZnFe2O4, crystallites
with the smallest size (∼ 29.4 nm) are formed, while in the case of manganese ferrite, the average crystallite size
is somewhat larger and equal to 36.8 nm. It is noteworthy that with a change in the fraction of manganese cations
in a multicomponent ferrite, the average crystallite size changes monotonically from larger (MnFe2O4) to smaller
(ZnFe2O4). This indirectly confirms the effect on the crystallite size of the composition of the initial reaction medium
and, as a consequence, the conditions of the combustion reaction.

In addition, using the Rietveld method, the unit cell parameters were calculated, the results of which are shown
in Fig. 3b. The data obtained indicate that with an increase in the dopant, Mn2+ leads to a decrease in the lattice
constant from 8.485(2) for ZnFe2O4 to 8.451(2) for MnFe2O4. This is because Mn2+ cations have a larger ionic
radius (0.082 nm) compared to Zn2+ cations (0.074 nm). Separately, it should be noted that in mixed Zn–Mn ferrite,
manganese cations are usually randomly distributed at tetrahedral positions (A) and octahedral positions (B), while
zinc cations are usually located only in tetrahedral regions (A) [29]. This explains why, in the case of zinc ferrite and
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FIG. 3. Average crystallite sizes and lattice constants depending on the Mncontent in Zn–Mn ferrites

mixed Zn–Mn ferrite, the change in the lattice constant proceeds linearly, while between the Zn0.2Mn0.8Fe2O4 and
MnFe2O4 samples there is a significant change in the parameter α.

The FT-IR spectra of all synthesized samples (Fig. 4) show only two main absorption bands in the range of 605 –
404 cm−1. The absence of bending and stretching vibrations related to O–H, C=O bonds, etc., indirectly indicated the
complete formation of Zn–Mn ferrites at a temperature of 750 ◦C. The set of absorption bands in the range from 568
to 605 cm−1 referred to the stretching vibrations of oxygen in the M–O–Fe (M–Zn, Mn) and Fe–O–Fe systems [30].

FIG. 4. FT-IR spectra of the obtained Zn1−xMnxFe2O4 ferrites

In turn, absorption bands from 404 to 449 cm−1 indicated the presence of bending O–Fe–O vibrations in the
synthesized samples [31]. The described two types of vibrations are characteristic of spinel ferrites and their presence
in the resulting powders confirmed the successful formation of zinc-manganese ferrites. It should be noted separately
that, depending on the composition, there is a slight shift of the absorption bands. As in the case of the diffraction
results, this is due to a change in the fraction of manganese cations in the crystal lattice.

Figure 5 shows the results of studying the morphology of synthesized samples of zinc-manganese ferrites of
various compositions. The results obtained indicate that simple zinc and manganese ferrites have a typical morphology
of solid solution combustion products, which is characteristic of spinel ferrites synthesized by this technique. The most
remarkable are samples of mixed Zn–Mn ferrites in which nanoparticles are collected in submicron agglomerates lying
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FIG. 5. SEM images of the Zn–Mn ferrite powders synthesized via heat treatment of amorphous
combustion products

on the surface of larger irregularly shaped agglomerations several tens of microns in size. In the insets in Fig. 5(b, c and
d), you can see the effects of the thermal treatment process, during which the particles are sintered together. According
to the elemental analysis data, all synthesized compositions corresponded in their experimental composition to the
calculated composition within the experimental error of the determination method.

Magnetic M–H loops of the obtained powders were constructed using a vibration magnetometer and are shown in
Fig. 6. According to the presented data, the content of manganese cations significantly changes the magnetic behavior
of multicomponent zinc ferrite nanopowders. It is easy to see that the change in the hysteresis loops is linear and
their appearance changes significantly in the series ZnFe2O4–Zn1−xMnxFe2O4–MnFe2O4. As mentioned above, this
is due to both the peculiarities of the magnetic behavior of simple zinc and manganese ferrites (which are normal
spinels) and mixed Zn–Mn ferrites and the peculiarities of the distribution of Zn2+ and Mn2+ cations in their lattice.

The largest values of the main magnetic parameters (remanent magnetization, saturation magnetization, and co-
ercive force) were observed in the case of simple zinc ferrite and were 4.9 emu/g, 22/4 emu/g, and 47.5 Oe, re-
spectively (Fig. 7). On the contrary, MnFe2O4 nanoparticles exhibited the most pronounced magnetic characteristics
(Mr = 12.3 emu/g, Ms = 76.4 emu/g, Hc = 81.3 Oe). The data obtained indicated that an increase in the proportion
of manganese cations was accompanied by a linear increase in magnetic characteristics. This is due to the structural
features of the obtained powders. It is known that spinel ferrites have three types of magnetic interaction: between
metal cations located at tetrahedral positions (A–A), between metal cations located at octahedral positions (B–B), and
between metal cations located in both of these regions (A–B). With an increase in the proportion of manganese in
spinel, it replaces the Fe3+ cations at octahedral and tetrahedral positions, thereby changing the nature of the magnetic
behavior of mixed ferrites.

4. Conclusion

Thus, in this work, for the first time, an original method was proposed for obtaining nanoparticles of multicom-
ponent zinc-manganese ferrites of the composition Zn1−xMnxFe2O4 (x = 0, 0.2, . . . , 1.0) by thermal treatment of
X-ray amorphous combustion products. The use of this technique made it possible to obtain nanoparticles in sizes
ranging from 29.4 to 36.8 nm with high values of remanent magnetization (Mr = 4.9 – 12.3 emu/g), saturation
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FIG. 6. M–H loops of Mn–Zn ferrite nanopowders at a room temperature

FIG. 7. The main magnetic parameters of the obtained zinc-manganese ferrites of various compositions

magnetization (Ms = 22.4 – 76.4 emu/g) and coercive force (Hc = 47.5 – 81.3 Oe). The absence of extraneous im-
purity phases suggests that this synthesis method is promising for obtaining pure multicomponent ferrites of various
compositions and linearly tunable magnetic characteristics.
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