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ABSTRACT Nanocrystalline particles on the basis of La2(Ni,Mn,Fe)2O6 variable composition phases of a double
perovskite structure have been produced by glycine-nitrate combustion. The size of crystallites grows from 5 to
45 nm with an increase in iron content of synthesized particles. It is demonstrated that iron unevenly builds
into octahedral sites of nickel and manganese ions substituting mainly manganese ions. At the same time, the
dependence of double perovskite unit cell volume on the iron ions concentration is well described by Retgers’
law.
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1. Introduction

Double perovskites of general formula A2BB′O6 with d-elements ions in octahedral sites (B, B′) are well known
for their electronic, transport and magnetic properties [1–10]. In these compounds, cation sublattices of d-elements – B
and B′, as a rule, have the capability of ferromagnetic or antiferromagnetic ordering [11], which determines, to a great
extent, the formation of physical properties of materials based on them. B and B′ elements variation or their partial
substitution for other elements may significantly affect the properties of materials [12–14]. Changing the properties by
the partial substitution of ions in octahedral sublattices may also be defined by the peculiarities of the electronic structure
of substituting cations and by their impact on the redistribution of major cations – B and B′ – to octahedral sites, as, for
example, in the case of phases having a chrysoberyl structure BeMeMe′O4 described in [15].

Currently, La2NiMnO6 seems to be one of the most in-demand compounds with the double perovskite structure. The
interest in this compound is due primarily to its high interrelated magnetic and electrophysical properties [16–24]. Owing
to such range of properties, materials on the basis of La2NiMnO6 are considered as promising for the use in spintronics
[16–18]. Furthermore, La2NiMnO6 has been extensively studied recently with regard to the use of this compound in
photovoltaics [25–30].

In order to obtain La2NiMnO6, solid-phase synthesis is usually used. Depending on the conditions of the syn-
thesis, La2NiMnO6 may be formed as three different crystal structures – rhombohedric (R-3c), monoclinic (P21/n) or
orthorombic (Pbnm) [16, 19, 22, 31]. In [31], it is noted that exactly the temperature mode of the synthesis defines the
formation of one or other structure. However, the analysis of findings from a great number of researches published by
now [13, 16, 19, 22, 28, 31–35] does not allow tracing clear correlation of La2NiMnO6 structure with the temperature at
which the compound was produced.

It is known that the temperature of the synthesis can greatly affect the extent of elements ordering during their
distribution to various sites in crystals [36, 37]. The temperature impact is particularly significant for the redistribution
of ions to various structural sites in cases where they take positions with similar values of coordination numbers [15, 38].
However, it is far from being the only factor defining the distribution of ions by sites [39–43]. Papers [42,43] have shown
that the ordering of d-element cations in octahedral sites depends on the La2NiMnO6 production method. There are
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also discrepancies in respect of the impact of synthesis conditions on the oxidation rate of nickel and manganese ions in
La2NiMnO6 compound and, therefore, on the properties of double perovskite [21, 22, 35, 44–46].

A profound effect on properties of materials may be exerted by the size of particles and crystallites of phases that
form them, especially with the transition into nano-scale range of their values [47–53]. It should be noted that, as shown
in [31–35, 42–46, 50, 51, 54], the influence of synthesis methods and conditions on properties is specifically great for
nanocrystalline materials. In this regard, a typical example is the effect of crystallite sizes and conditions of synthesis of
BiFeO3 nano-powders on their magnetic properties [50].

One of the promising methods of synthesis of complex oxides is the method of glycine-nitrate combustion [50–65].
At the same time, this method not always guarantees the possibility of one-stage synthesis of complex oxide phases [22,28,
32,33,46,58]. Another problem of producing the compounds by the glycine-nitrate combustion method is associated with
the chance of evaporation in the combustion front under conditions of high temperatures of the most volatile ingredients
of the synthesized phases and, therefore, disturbance of stoichiometry of the compounds produced. It is also difficult to
adjust the size of crystallites of forming phases when using this method.

The above-listed considerations initiated the research in La2(Ni,Mn,Fe)2O6 peculiarities of variable composition
nanocrystalline double perovskite formation under conditions of glycine-nitrate combustion and the analysis of the impact
of iron nitrate introduction into source reagents on the composition, structural parameters and crystallite size of the
synthesized complex oxide phase.

2. Experimental

The synthesis of La2(Ni,Mn,Fe)2O6 variable composition nanocrystalline phase, in which the iron content, according
to the given formula, varies from 0 to 1, was performed by glycine-nitrate combustion in accordance with the procedure
described in detail in [65]. Water solution containing manganese (II) sulphate, lanthanum nitrate, nickel (II) nitrate and
iron (III) nitrate in accordance with the set ratio of cations in the synthesized phase, were mixed with glycine in the
proportion complying with the stoichiometry of the glycine-nitrate combustion reaction. The mixture was brought to the
boil. Once most of the water has evaporated, a gel-like mixture was produced, which self-ignited and burnt generating a
porous powder product.

The nominal iron content introduced into the system was calculated on the assumption of even substitution of d-
element atoms in octahedral sites of nickel and manganese – La2Ni1−xFexMn1−xFexO6, where x value varied in the
range of 0–1 at 0.2 intervals.

The elemental composition of the materials obtained was determined by the X-ray fluorescence analysis (XRF) using
Spectroscan GF-2 device.

The study of sample phase composition was performed by X-ray powder diffraction by means of Rigaku SmartLab 3
diffractometer (CuKα). The identification of peaks in the diffraction pattern was performed using PDWin 4.0 software
suite and Crystallographica Search-Match package. The average size of crystallites was calculated on the basis of data on
X-ray diffraction line profile broadening using Scherrer equation and a software package (SmartLabStudio III).

The morphology of the produced materials was determined by means of scanning electron microscopy (Vega3 Tescan
microscope).

3. Findings and discussions

A powder material the morphology of which changed with an increase in iron amount in the system was ob-
tained by the glycine-nitrate combustion method (Fig. 1). For an iron-free sample, it is typical to have a sponge-like
structure (Fig. 1). In iron-containing samples, the structure of particles with interpenetrating solid phase and pores
is consistently changing with an increase in iron content of the reaction system. At a nominal value of x = 0.2 in
La2Ni1−xFexMn1−xFexO6 synthesized phase, pores of sizes varying from 0.3 to 2.0 microns are observed in photomi-
crographs of particles. At x = 0.4, the pore size falls in the range of 0.5–2.5 microns. At x = 0.6, the pore size varies
generally in the range of 0.5–5 microns. A further increase in the nominal values of x in La2Ni1−xFexMn1−xFexO6

synthesized double perovskite to x = 0.8 leads to a decrease in both the pore quantity and the minimum size, and at
x = 1, the sample comprises solid aggregates consisting of almost pore-free plate-like particles.

Elemental composition of the materials produced presented in Table 1 shows significant differences in the nominal and
actual compositions of synthesized phases of La2(Ni,Mn,Fe)2O6 containing all the three elements in octahedral sites. As
distinct from these cases, the nominal and actual compositions of La2NiMnO6 double perovskite and LaFeO3 lanthanum
ferrite having the perovskite structure are practically identical. The analysis of the data given in Table 1 shows that iron
ions chiefly substitute manganese ions in their octahedral sites. This may be related with the fact that in the process
of glycine-nitrate combustion in the combustion wave at high temperatures and low values of gas atmosphere oxygen
potential, manganese ions exist mainly in the state of Mn3+ oxidation [67], and at the moment of entry into the structure
of double perovskite, due to the proximity of Mn3+ and Fe3+ ionic radius values [68], manganese ions are substituted
for iron with ease. It should be noted that in such case, owing to the local charge neutralization effect [69], one can
expect nickel stabilization in the state of Ni (III) in La2(Ni,Mn,Fe)2O6 double perovskite. In publications, the chance of
finding Ni3+ and Mn3+ ions in double perovskite in octahedral sites was mentioned in [21,22,44]. A significantly greater
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FIG. 1. Photomicrographs of samples with nominal composition of La2Ni1−xFexMn1−xFexO6.
a− x = 0; b− x = 0.2; c− x = 0.4; d− x = 0.6; e− x = 0.8; f − x = 1

TABLE 1. Elemental composition of samples with regard to distribution of d-elements over octahedral sites

Nominal composition Sample composition according to X-ray fluorescence analysis

of samples Recalculation to the double perovskite formula
Total

La2Ni1−xFexMn1−xFexO6 La2Ni1−xFexMn1−yFeyO6

x(2x)Fe La (1− x)Ni xFe (1− y)Mn yFe (x+ y)Fe Fe

0.0 (0.0) 2 1.00 0.00 1.00 0.00 0.00 0.00

0.2 (0.4) 2 1.00 0.00 0.74 0.26 0.26 0.43

0.4 (0.8) 2 0.79 0.21 0.43 0.57 0.78 0.88

0.6 (1.2) 2 0.59 0.41 0.31 0.69 1.10 1.47

0.8 (1.6) 2 0.28 0.72 0.15 0.85 1.57 1.81

1.0 (2.0) 2 0.00 1.00 0.00 1.00 2.00 2.00

difference in ionic radii of Ni3+ and Fe3+ as compared to Mn3+ and Fe3+ in this case, apparently, is the main cause of
the predominant substitution of manganese ion octahedral sites for iron ions. It should be noted that the result obtained
contradicts to some extent to the conclusion made in [13,14] where the authors concluded that doping La2NiMnO6 double
perovskite with d-elements takes place as a result of Ni substitution in octahedral sites. The explanation of this discrepancy
may be the fact that in the given papers the substitution of ions in octahedral sites of La2NiMnO6 double perovskite was
performed by other methods and for other d-elements.

As shown by the analysis of the data given in Table 1, the fraction of iron required for substitution of nickel and man-
ganese in octahedral sites of double perovskite is less than the total iron content of the sample. This can be associated with
both the non-stoichiometry of double perovskite, the possibility of which it was noted in [23], and with the localization of
a part of iron-containing component in the non-autonomous (intergranular) phase, which occurs especially frequently in
nanocrystalline materials [70–74].

According to the X-ray diffractometry data (Fig. 2), iron-containing samples are single-phase and comprise double
perovskite having an orthorhombic structure. In case of complete substitution of nickel and manganese ions in double
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perovskite for iron, peaks corresponding to the phase of LaFeO3 (card 37-1493) and having the structure of perovskite
with an orthorhombic crystal lattice are recorded in the X-ray diffractogram. Low-intensity reflexes corresponding to the
phases of La2NiO4 and MnO2 (Fig. 2), which are missing in all other samples containing iron even in small amounts,
are recorded in the X-ray diffractogram of an iron-free sample. This may be associated with a higher temperature in
the glycine-nitrate combustion front in the presence of iron oxide being a glycine oxidation catalyst, which was also
noted in some other papers on glycine-nitrate synthesis of iron-containing oxide phases [57, 58, 65, 66]. The increase in
temperature of the synthesis, in turn, intensifies the double perovskite formation process. The assumption that, during the
synthesis of double perovskite with the composition La2NiMnO6, the temperature in the combustion front is insufficient
to fully complete the process of the target product formation may be confirmed by the fact that, according to the data of
papers [28, 32, 33, 46], the authors carried out additional heat treatment of combustion products. Another indirect proof
of more intense running of the glycine-nitrate synthesis of double perovskite as its composition includes iron oxide is an
increase in the size of crystallites of La2(Ni,Mn,Fe)2O6 variable composition phase with an increasing iron content of the
phase (Fig. 3).

FIG. 2. X-ray diffractograms of samples produced by the glycine-nitrate combustion method

FIG. 3. Sizes of phase La2(Ni,Mn,Fe)2O6 crystallites versus actual total iron content of the system (Table 1)

A higher iron content of the samples leads to the displacement of reflexes to the field of smaller angles, i.e., to an
increase in unit cell parameters. The analysis of the character of dependence of the unit cell volume on the iron amount
– (x + y), in phase La2Ni1−xFexMn1−yFeyO6, according to the data of Table 1 (Fig. 4), testifies that this dependence
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complies with Retgers’ law. Comparison of the data on the dependence of double perovskite unit cell volume on its Fe3+

ions content with the data on ionic radii of Ni2+, Ni3+, Mn3+, Mn4+ and Fe3+ in octahedral coordination may serve as
an indirect proof that iron ions entering the structure of double perovskite facilitate stabilization of Ni and Mn cations in
charge states of Ni3+ and Mn3+ since exactly in this case an increase in double perovskite unit cell volume in accordance
with the dependence shown in Fig. 4 may be expected.

FIG. 4. Dependence of La2(Ni1−xFex)(Mn1−yFey)O6 unit cell volume on the amount of iron in the
system (iron amount is given according to the data of Table 1)

4. Conclusion

Thus, it may be concluded that La2(Ni,Mn,Fe)O6 nanocrystalline phases of variable composition on the basis of
double perovskite with an orthorhombic structure can be obtained by the glycine-nitrate combustion method without
any additional heat treatment. Iron ions predominantly occupy octahedral sites of manganese and stabilize nickel and
manganese in the states Ni3+, Mn3+. The size of crystallites in the formed phases grows from 5 to 45 nm with an increase
in iron amount in the system.
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