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Abstract

Phase relations in the Eu,0;-Fe,0; system at 1300 and 1400 °C were studied in the whole concentration range
by X-ray diffraction and scanning electron microscopy. The samples were prepared with a concentration step of
1 to 5 mol%. The samples of different compositions were prepared from nitrate acid solutions by evaporation,
drying and calcinations at 1300 and 1400 °C. The isothermal cross-sections of the Eu,0;-Fe, O, phase diagram
at 1300 and 1400 °C show the presence of four single-phase regions (B-Eu,0;, EuFeO; (R), Eu;FesO,, and
Fe,0;) and three two-phase regions (B-Eu,0; + EuFeO;, EuFeO; + EuyFesO,, and Eu;FesO,, + Fe,0;). The
refined lattice parameters and the boundaries of the homogeneity fields for solid solutions were determined.
The range of homogeneity of solid solutions based on the R-phase extends from 49 to 52 mol% Eu,O; at 1300
and 1400 °C. The range of homogeneity of solid solutions based on the Eu;FesO ,, extends from 61 to 63 mol%

Fe,0; at 1300 and 1400 °C.
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I. Introduction

Currently, various types of dielectric, magnetic and
magneto-dielectric materials are being widely stud-
ied. In the Fe,0;-Eu,0; oxide system, complex ox-
ide phases such as EuFeO, and Eu,Fe O, are formed.
These compounds have significant potential for ap-
plications in spintronics, magneto-optics and sensors.
EuFeO; crystallises in an orthorhombic structure like
perovskite and exhibits antiferromagnetic order at room
temperature with a Neel transition temperature of about
640 K [1]. This material has magnetoelectric properties
and is used in spintronics. Its crystallochemical stability
and ability to be doped make it promising for thin-film
materials. In addition, studies have shown the ability of
EuFeO, to produce photovoltaic effects under ultravio-
let light [2]. Eu,;FesO,, is a rare-earth iron garnet with
a cubic structure. It is characterised by high saturated
magnetic induction and good magneto-optical proper-
ties, including the Faraday effect, which makes it suit-
able for use in optical insulators, modulators and data
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storage devices [3]. Substitution of Eu with other rare
earth elements allows tuning the magnetic and spectral
characteristics of the material for specific technological
purposes.

The right choice of optimal compositions for the syn-
thesis of materials is the key to obtain materials with the
desired physical and chemical properties. The reference
data for determining the optimal compositions are the
equilibrium state diagrams, as they can be used to de-
termine the region of existence of solid solutions. The
Fe,0,-Eu, 0, system has been studied in detail in dif-
ferent works [4—11]. Risti¢ et al. [4] investigated phase
transformations at Eu,O,:Fe, O, molar ratios of 1:1 and
3:5 within the temperature range of 900-1300°C. At
900°C, the formation of the EuFeO, phase accompa-
nied by residual Eu,0, was observed. Increasing the
temperature to 1100-1300°C promotes the formation
of a more thermodynamically stable phase, Eu;Fe O,,.
The thermodynamic characteristics of phase transitions
in this system were reported by Sugihara et al. [10],
who determined the standard enthalpies of formation to
be —63.3 kcal/mol for EuFeO, and —297.8 kcal/mol for
Eu,;Fe;O,,. EuFeO; has an orthorhombically distorted
perovskite-type structure [12—14], with unit cell param-
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Figure 1. Scheme of synthesis and study of solid solutions of the Fe,0;-Eu,0; system

eters: a = 5.376(7) A, b = 5.599(5) A, ¢ = 7.691(2) A;
space group Pbnm [12].

The synthesis of a single-phase Eu,Fe,O,, with a cu-
bic garnet structure (a = 12.50369(8) A, space group
Ia3d [15]) requires either longer annealing times or
higher temperatures compared to the formation of the
perovskite phase [15,16]. Opuchovic et al. [16] have
shown that after the heat treatment of a precursor gel
at 1073 K, prepared using 1,2-ethanediol as a complex-
ing agent, EuFeO, remained the dominant phase, even
in the sample with a nominal composition correspond-
ing to the garnet phase.

To date, all studies of the Fe,0;-Eu,O; system
have focused exclusively on the complex oxide phases
EuFeO; and Eu;Fe;O,,. However, the homogeneity
range of these phases has not been determined yet. This
study aims to investigate the interaction between eu-
ropium and iron oxides at 1300 and 1400 °C across the
full compositional range and to determine the concen-
tration intervals where the respective phases remain sta-
ble. The Fe,O5-Eu, O, system exhibits a high propensity
to form stable binary oxides with promising properties
for practical applications. Further investigation of this
system is relevant for the development of novel ferrite
and sensor materials.

II. Experimental

Eu,0; (99.99%, produced by Merck Corp.),
Fe(NO;), - 9H,0 (99.99%, GOST 4111-74) and nitric
acid (65%, Czech Republic) were used as starting
materials.

The specimens with different concentrations of
Fe,0, (0, 0.5, 1, 2, 5, 15, 30, 45, 49, 50, 51, 55, 60,
63, 65, 70, 85, 90, 95 and 100 mol%) were prepared
from Eu**/Fe* nitrate solutions with their subsequent
evaporation and decomposition at 800 °C for 2 h (Fig.
1). Solutions of Eu®" nitrates were obtained by dissolv-
ing europium oxide in nitric acid. The obtained powders
were pressed at 10 MPa into pellets of 5 mm in diame-
ter and 4 mm in height. To study phase relationships at
1300 and 1400 °C thermal treatment of the as-prepared
samples was carried out in two stages: at 1100 °C (for
100 h in air) and then at 1300 °C (for 300 h in air) or at
1400 °C (for 100h in air) in the furnaces with heating
elements based on Fecral (H23US5T) and Superkanthal
(MoSi,), respectively. The heating rate was 3 °C/min.
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Characterization of the samples was carried out us-
ing physicochemical methods X-ray diffraction (XRD)
and electron microscopy (SEM). For phase composi-
tion analysis, X-ray patterns were obtained on an X-
ray diffractometer DRON-3M (Burevestnik, Leningrad;
CuKa radiation with a nickel filter). The scan rate
was 0.05-0.1 °°/min in the range 26 = 15-80°. Lat-
tice parameters were refined by least squares fitting us-
ing the LATTIC program. The effective precision of
the measurements was +0.0002 nm. Scanning electron
microscopy (Superprobe-733, JEOL, Japan, Palo Alto,
CA) was used to assess the homogeneity of the samples.
Elemental analysis of the samples was performed by X-
ray spectral microanalysis (XMR) using an energy dis-
persive spectrometer (EDS) INCA 450 (OXFORD In-
struments).

II1I. Results and discussion

The chemical and phase compositions in the Eu,O,-
Fe, O, system annealed at 1300 and 1400 °C with lattice
constants are summarized in Table 1 and Table 2, re-
spectively. The results were used to plot the isothermal
section of the Eu,0,-Fe, O, phase diagram at 1300 and
1400 °C (Fig. 2).

According to SEM and XRD analyses there were
Eu, O, Fe,0,, Eu,Fe O,, and EuFeO, (R) phases in the
Eu,0;-Fe, 0, system at 1300 and 1400 °C (Figs. 3-5).
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Figure 2. Isothermal sections at 1300 and 1400 °C for the
system Fe,0;-Eu,O0; (O - single-phase samples,
(@ — two-phase samples)
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Table 1. Phase composition and lattice parameters of the phases in the Eu,0;-Fe,0; system, annealed at 1300 °C

(XRD and SEM data)
Composition Phase composition, parameters of Parameters of elementary cells of phases [nm]
[mol%] elementary cell [nm] (a+0.002)
Fe,0;  Eu,0, R Fe,0, B-Eu, 0,
a b c a c a b c B

100 0 Fe, 0,4 0.511 1.382

95 5 Fe,0; + EuyFe0,, (a = 1.244) 0.503 1.367

90 10 Fe,05 + EuFe 0,, (a = 1.247) 0.502 1.374

85 15  Fe,05 + Eu,FesO,, (a = 1.248) 0.503 1.375

70 30  Fe,O4 + EuyFe;O, (a = 1.249)

65 35 Fe,O4 + Eu,Fe O, (a =1.249)

63 37 Eu;Fe;O,, (a = 1.248)

60 40 R + Eu;Fe;0,, (a = 1.249)

55 45 R + Eu,Fe O, (a = 1.247)  0.538 0.565 0.777

51 49 R 0.538 0.559 0.769

50 50 R 0.538 0.559 0.767

49 51 R 0.539 0.559 0.768

45 55 R + B-Eu,0;, 0.536 0.558 0.767

30 70 R + B-Eu,0;, 0.536 0.561 0.768 1.388 0.362 0.873 83.50
15 85 R + B-Eu, 04 0.536 0.558 0.768 1.497 0.357 0.890 92.93
5 95 R + B-Eu, 04 1.646 0.395 0.880 103.29
2 98 R + B-Eu,0;, 1.574 0.358 0.888 94.86
1 99 B-Eu, 04 1.617 0.359 0.890 96.12

0.5 99.5 B-Eu,0;4 1.603 0.362 0.889 96.38
0 100 B-Eu,0,

Table 2. Phase composition and lattice parameters of the phases in the Eu,0;-Fe,0; system, annealed at 1400 °C

(XRD and SEM data)
Composition Phase composition, parameters of Parameters of elementary cells of phases [nm]
[mol%] elementary cell [nm] (a+0.002)
Fe,0,  Eu,04 R Fe,0, B-Eu,04
a b c a c a b c B

100 0 Fe, 0, 0.511 1.382

95 5 Fe,0, + EuyFe 0, (a = 1.251) 0.504 1.375

90 10 Fe,O5 + EuyFe O, (a = 1.251) 0.504 1.375

85 15  Fe,0; + Eu,Fe 0y, (a = 1.251)

70 30 Fe,O5 + EuyFe;O,, (a =1.249)

65 35  Fe,0; + EuyFe;0,, (a = 1.249)

63 37 Eu,Fe;O,, (a = 1.248)

60 40 R + Eu;FeO,, (a = 1.249)

55 45 R + Eu,Fe0,, (a = 1.252)

51 49 R 0.538 0.564 0.767

50 50 R 0.538 0.561 0.769

49 51 R 0.538 0.561 0.769

45 55 R + B-Eu, 0, 0.538 0.564 0.767

30 70 R + B-Eu, 0, 0.538 0.562 0.770 1.392 0.362 0.842 84.87
15 85 R + B-Eu, 0, 0.538 0.564 0.770 1.394 0.362 0.869 85.47
5 95 R + B-Eu, 0, 1.407 0.361 0.864 86.27
2 98 R + B-Eu, 0, 1.718 0.361 0.893 98.03
1 99 B-Eu, 0, 1.602 0.357 0.892 94.94

0.5 99.5 B-Eu, 0, 1.389 0.360 0.853 89.87
0 100 B-Eu, 0,
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Figure 3. SEM microstructures of the samples in the defined field of compositions of the system Eu,0;-Fe,0; heat-treated at
1300 °C: a) 0mol% Eu,0; - 100 mol% Fe,0;, b) 5mol% Eu,0; - 95mol% Fe,0;, ¢) 51 mol% Eu,0; - 49 mol% Fe,0;,
d) 55mol% Eu,0; - 45 mol% Fe,0;, e) 85mol % Eu,0; - 15mol% Fe,0;, and f) 99 mol% Eu,0; - 1 mol% Fe,0,

Ad004 401

A4DI8_401

Figure 4. SEM microstructures of the samples in the defined field of compositions of the system Eu,0;-Fe,0; heat-treated at
1400 °C: a) 0 mol% Eu,0; - 100 mol% Fe,05, b) Smol% Eu,0; - 95mol% Fe,0;, ¢) 10mol% Eu,0; - 90 mol% Fe,0;,
d) 45 mol% Eu,0; - 55 mol% Fe,0;, e) 499 mol% Eu,0; - 51mol% Fe,0;, f) 55mol% Eu,0; - 45mol% Fe,0;,

2) 70mol% Eu,0; - 30 mol% Fe,0; and h) 99 mol% Eu,0; - 1 mol% Fe,0,

Figures 3 and 4 present SEM images of the samples af-
ter heat treatment at 1300 and 1400 °C, respectively. The
pure Fe,O; sample (Figs. 3a and 4a) is characterized
by arelatively homogeneous structure with well-defined
Fe, O, grains and isolated pores. The microstructure of
the 5mol% Eu,0, - 95mol% Fe,0, sample (Figs. 4b
and 4c¢) exhibits a two-phase character: the Fe,O; ma-
trix contains uniformly distributed inclusions of the gar-
net phase Eu;Fe;0,,, which appears as bright grains in
the backscattered electron images. With an increasing
amount of europium oxide, the fraction of this phase
grows and the microstructure becomes finer and more
homogeneous. Further phase evolution confirms the for-
mation of a dense and homogeneous perovskite phase,
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EuFeO; (Figs. 3c and 4e). The EuFeO; grains have
an isometric shape with clearly defined boundaries, in-
dicating phase stability and the effective formation of
the perovskite structure. In the samples containing the
monoclinic europium oxide phase (Figs. 3e,f and 4f,g),
the microstructure becomes more complex: finely dis-
persed B-Eu, O, inclusions are observed within the per-
ovskite matrix and evenly distributed throughout the
volume. The sample with 99 mol% Eu,O; consisting al-
most entirely of B-Eu,O; (Fig. 4h), exhibits high ho-
mogeneity and a lack of pronounced grain boundaries,
indicating the predominant formation of the monoclinic
europium oxide phase with minimal impurities. Thus,
with increasing europium oxide content in the Eu,O;-
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Figure 5. XRD patterns of the samples for the Eu,0;-Fe, 0,
heat-treated at 1300 °C: a) 0 mol % Eu,0O; - 100 mol% Fe,0;,
b) 15 mol% Eu,0; - 85 mol % Fe,0;, ¢) 37 mol% Eu,0; -
63 mol % Fe,0;, d) 45 mol% Eu,0; - 55mol% Fe,0;,

e) S0 mol% Eu,0; - 50 mol% Fe,0;, f) 85mol% Eu,0; -
15mol% Fe,O; and g) 99 mol% Eu,0; - 1 mol% Fe,0,

Fe, O, system, the microstructure evolves from coarse-
grained Fe,O; to fine-grained EuFeO; and B-Eu,O,
phases. The incorporation of europium oxide leads to
a reduction in grain size and enhanced microstructural
uniformity, which can significantly influence the physic-
ochemical properties of the material.

1@
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In the system Eu,05-Fe, 05 at 1300 and 1400 °C, an
ordered phase of perovskite-type with rhombic distor-
tion was revealed. For the first time, a region of ho-
mogeneity for the ordered EuFeO, (R) phase was es-
tablished at 1300 and 1400 °C, extending from 49 to
52mol% Eu,0;, Figs. 6a-c. The lattice parameters of
the unit cell for R phase vary from a = 0.536nm, b
= 0.561 nm, ¢ = 0.768nm in the two-phase sample (B
+ R), containing 70 mol% Eu,0O;, to a = 0.538nm,
b = 0.559nm, ¢ = 0.769nm for the solid solution of
the boundary composition, in the sample containing
49 mol% Eu, O, (Table 1, Fig. 5).

It should be noted that in the Fe,0,;-La,O; and
Fe,05-Nd, 05 systems at 1300 and 1400°C, the per-
ovskite phase has a clearly defined stoichiometric com-
position, not a region [17,18].

For the first time, a region of homogeneity for the
ordered Eu,Fe;O,, phase was established at 1300 and
1400 °C, extending from 61 to 63mol% Fe,O; (Fig.
7). The lattice parameter of the unit cell EuyFe O,
phase varies from a = 1.249nm in the two-phase sam-
ples (Eu,Fe;O,, + Fe,O; and Eu;Fe;O,, + R, con-
taining 35 mol% Eu,O; - 65 mol% Fe,O; and 40 mol%
Eu,0; - 60 mol% Fe,O,, respectively) to a = 1.248 nm
in the single-phase sample for the composition contain-
ing 37mol% Eu,0, and 63 mol% Fe,O, (Table 1, Fig.
5). In the Fe,04-Nd,O; system at 1300 and 1400°C,
the cubic phase of the Ln;Fe;O,, type phase does not
form [18].
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Figure 6. Concentration dependence of lattice parameters for solid solutions based on on the EuFeOj; (R) phase in the system
Eu,0;-Fe,0; heat-treated at 1300 °C (a, b) and 1400 °C (c)
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Figure 7. Concentration dependence of lattice parameters
for solid solutions based on Eu;Fe;O,, in the system
Eu,0;-Fe, 0, heat-treated at 1300 °C

Europium oxide forms solid solutions based on the
monoclinic modification. Using the concentration de-
pendences of the unit cell parameters, it was established
that the range of homogeneity of solid solutions based
on the B-phase extends from 99 to 100 mol% Eu,O,
at 1300 and 1400°C, Tables 1 and 2. The lattice pa-
rameters of the unit cell B-Eu,O, phase vary from a
= 1.574nm, b = 0.395nm, ¢ = 0.888 nm, 8 = 94.86°
in the two-phase samples (B-Eu,0; + R, containing
98 mol% Eu,05) to a = 1.617nm, b = 0.359nm, ¢ =
0.890nm, B = 96.12° in the single-phase sample con-
taining 99 mol% Eu, O, (Table 1). The Fe, O, does not
form regions of homogeneity (Fig. 2, Tables 1 and 2).

IV. Conclusions

Phase equilibria were studied in the Eu,0,-Fe,0,
system at 1300 and 1400 °C. It has been established that
solid state interactions between two oxides resulted in
the formation of phases (B-Eu,O;, EuFeO;, Eu,Fe O,,,
Fe,0,). The homogeneity region of the ordered phase
EuFeO, (R) at 1300 and 1400 °C has been bound by
compositions from 49 to 52mol% Eu,0;. The bound-
aries of the homogeneity region of the ordered phase
Eu;Fe;O,, at 1300 and 1400 °C fall in the region of
61-63 mol% Fe,O,. The range of homogeneity of solid
solutions based on the B-phase extends from 99 to
100 mol% Eu, O, at 1300 and 1400 °C. The thermal sta-
bility of the phases in the range of 1300-1400 °C makes
them promising for applications in the high-temperature
electronics, catalysis and protective coatings. The re-
sults obtained provide a basis for the synthesis of new
functional materials with controlled magnetic and opti-
cal properties, enabling their potential use in optoelec-
tronics, magneto-optics, and spintronics.

Acknowledgement: This work supported by the re-
search project of the NAS of Ukraine “New photocat-
alytic materials based on perovskite-type phase”.
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