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Abstract. Mixed sesquioxides Y2−xEuxO3 (x = 0.10, 0.20, 0.60, 1.00, 1.60 and 1.80) in the
cubic (C) phase were obtained by precipitation and subsequent sintering. Cubic Eu2O3 and
Y0.20Eu1.80O3 were transformed into monoclinic (B) phases at 1400 K and 1600 K respectively.
The transformation is reconstructive in character. All of the structures were refined using
the Rietveld powder method, and the Eu3+ ions found to be randomly distributed. The
molar magnetic susceptibilities at room temperature exceed the free-ion values, and are almost
independent of the concentration forx > 0.60. Forx 6 0.20, the susceptibilities decrease with
decreasing concentration of the magnetic ion Eu3+. This behaviour is attributed to crystal-field
and anisotropic exchange effects.

1. Introduction

The mixed sesquioxides Y2−xEuxO3 belong to the family of diluted magnetic
semiconductors (DMSs) Y2−xRxO3 (R = magnetic rare-earth ion). These DMSs represent
solid solutions where R3+ ions replace nonmagnetic Y3+ ions in diamagnetic Y2O3. Their
properties, which depend on the magnetic ion concentration, can be controlled in the process
of synthesis.

The starting compounds in the synthesis of the solid solutions Y2−xEuxO3 were the
sesquioxides Eu2O3 and Y2O3. At lower temperatures, these oxides crystallize in the space
group Ia3 of the cubic system, with the C-type structure of bixbyite(Mn2O3). In this
structure type, cations occupy two nonequivalent special positions 24d (local symmetry
C2) and 8b (local symmetry C3i). The oxygen ions are in the general 48e positions [1].
Details of the structure properties of cubic Y2−xRxO3 (R = Gd, Dy, Ho) are given in earlier
papers [2–4].

The Eu2O3 transforms from the cubic to the monoclinic(C → B) form at temperatures
in the range 1345–1620 K [5]. The B phase is quenchable [5], but on very slow cooling
the transition becomes reversible [5, 6]. The pressure–temperature dependence of the phase
transition(C → B) has also been studied [7]. Monoclinic Y2O3 has been obtained under
high pressure, and the transformation was found to be reversible [7]. The synthesis of
the cubic mixed oxides Y2−xEuxO3 and the investigation of their transformation to the
monoclinic phase(C → B) are among the aims of this paper.

In the bixbyite structure type, rare-earth magnetic ions may replace nonmagnetic ions
preferentially or randomly over two cationic sites (8b and 24d). The distribution of Eu3+

ions in cubic Y2−xEuxO3 was investigated earlier by measuring the magnetic susceptibility
[8]. It was found that Eu3+ ions preferentially occupy 24d sites [8]. However, another
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low-temperature magnetic susceptibility study has shown the opposite result, i.e. random
distribution [9]. The distribution of magnetic ions is important because it affects both the
magnetic and the electric properties of the materials. For that reason we have studied this
distribution by an x-ray diffraction method and by measuring the magnetic susceptibility at
room temperature.

The Eu3+ (4f 6) ions have a singlet7F0 ground state. An important characteristic of Eu3+

ions is that the separations between the different energy levels are comparable withkBT

at room temperature. The energy difference between the first higher7F1 state and the7F0

ground state of Eu3+ in Eu2O3 is 250 cm−1 [10]. As a consequence, the higher-lying states
are populated even below room temperature and they must be taken into consideration when
investigating the magnetic properties of Eu3+ ions and their compounds. Measurement of
the magnetic susceptibility of Y2−xEuxO3 at room temperature will help to elucidate the
crystallographic distribution and magnetic properties of Eu3+ ions in the host Y2O3.

2. Experimental details

2.1. Preparation of cubic and monoclinicY2−xEuxO3

The solid solutions of Y2−xEuxO3 (x = 0.10, 0.20, 0.60, 1.00, 1.60 and 1.80) were made
from the cubic sesquioxides Eu2O3 (purity 99.985%) and Y2O3 (purity 99.99%). The
starting oxides were mixed in appropriate molar ratios and dissolved in HNO3. Precipitation
of the hydroxides was achieved by the addition of NH4OH. The precipitates were washed
in distilled water and then dried. The mixtures were pressed into tablets at a pressure of
0.3 GPa and heated at 1250 K for 48 h. The samples were reground, pressed again and
heated under the same conditions. X-ray diffraction showed only the cubic phase in all of
the samples.

To study the influence of the preparation method on the cationic distribution and other
properties we have tried to synthesize the samples withx = 0.20 andx = 0.40 by direct
sintering of homogeneous mixtures of the oxides Eu2O3 and Y2O3. The mixtures were
presintered and sintered at a temperature near that of the structural phase transition of
Eu2O3 (1320 K). The sample withx = 0.40 was not single phase. The x-ray data for the
sample withx = 0.20 gave strange profiles, approximately triangular, with large FWHMs.
In the sample withx = 0.20 the reaction between the oxides was incomplete. Both samples
were excluded from the following experiments.

Y0.20Eu1.80O3 and Eu2O3 samples were obtained in the monoclinic B phase by pressing
at 0.3 GPa and heating the corresponding C phases. All of the Y2−xEuxO3 and Eu2O3

samples were heated at 1400 K for 7 h. Only Eu2O3 transformed into the B phase at this
temperature. The monoclinic Y0.20Eu1.80O3 was obtained by heating the cubic phase at
1600 K. Heating at 1750 K for 7 h did not produce a C→ B transformation for samples
with x 6 1.60.

The C→ B transformation was recorded using high-temperature diffraction. The cubic
Y0.20Eu1.80O3 was heated from 1350 K up to 1650 K, in steps of 20 K, for 30 min and
the procedure was recorded using x-ray diffraction on a Philips diffractometer. On heating,
reflection from the B phase appeared. However, the transformation was only partial. The
pure B phase was obtained after pressing and heating the sample at 1600 K for 7 h. It was
found that the C→ B transition was irreversible, and its temperature was dependent on the
heating time and heating temperature.
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Figure 1. Part of the x-ray diffraction powder pattern of C- and B-Y0.20Eu1.80O3. Dots represent
experimental values, the line denotes calculated values, and their differences are given at the
bottom of the figures.

2.2. X-ray and magnetic susceptibility measurements

The x-ray data for C-Y2−xEuxO3 samples (sintered at 1250 K and further heated at 1400 K)
and for B-phase samples were collected on a Philips diffractometer (Cu Kα). The scanning
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2θ -range was 10–110◦ for samples of B phase and 15–115◦ for C-phase samples. The step
was 0.02◦ and the scanning time was 10 s per step.

The magnetic susceptibility of Y2−xEuxO3 was measured at room temperature using
the Faraday method. The applied DC field was 0.6 T. The paramagnetic susceptibility was
obtained by subtracting the diamagnetic part from the experimental values. The magnetic
susceptibility of Y2O3 was measured and found to be−24× 10−6 emu mol−1. This value
was used as the diamagnetic contribution for all of the samples.

3. Results and discussion

3.1. Refinement of cubicY2−xEuxO3

The diffraction data for cubic samples of Y2−xEuxO3, with concentrationsx = 0.20, 0.60,
1.00, 1.60, 1.80, were used to refine their crystal structures. The crystal structure refinements
were done by the Rietveld profile method assuming the space groupIa3 and bixbyite
structure type, with the use of the software package DBWS-9411. In the crystal structure
refinement, the following atomic and crystal data were refined: lattice parameters(a),
occupation numbers(N) (coupled in order to keep the stoichiometric ratio constant), thermal
isotropic factors(B) (for three crystallographic positions), and one coordinate for cations
in the 24d position and three for oxygen ions in the general position. Eleven parameters
describing the background, profile shape, asymmetry, zero point and scale factor were
refined.

The peak shape was fitted to the pseudo-Voigt profile function. The ionic scattering
curves for Y3+ and Eu3+ [11] and for O2− [12] were used. The finalR-factors (Bragg’s,
the weighting profile and the profile) were below 10% for all of the samples. Part of the
C-Y0.20Eu1.80O3 diffraction pattern is shown in figure 1.

Figure 2. The lattice parameter versus the magnetic ion concentration for C-Y2−xEuxO3.

The values of the lattice parametersa, obtained by the crystal structure refinement, are
given in figure 2. Vegard’s rule was obeyed:a(x) = a0 + bx with a0 = 10.6015(6) and
b = 0.1310(5). The coefficientb reflects the difference in ionic radii of Eu3+ and Y3+. In
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the bixbyite type of structure the relationship between lattice parameters and cationic radii
is: δr = r(Eu3+) − r(Y3+) = 2b/4 = 0.066 Å [3]. For comparison, the difference in ionic
radii for Eu3+ and Y3+ coordinated by six anions isδr∗ = 0.058 Å [13].

Table 1. Refined occupation numbers(N), cation–anion distances (d), and isotropic thermal
factors(B) for C-Y2−xEuxO3.

Concentrationsx: 0.20 0.60 1.00 1.60 1.80

N(Eu)8b 0.11(2) 0.31(3) 0.52(4) 0.80(3) 0.93(2)
N(Y)8b 0.89(2) 0.69(3) 0.48(4) 0.20(3) 0.07(2)
N(Eu)24d 0.29(2) 0.89(3) 1.48(4) 2.40(3) 2.67(3)
N(Y)24d 2.71(2) 2.11(3) 1.52(4) 0.60(3) 0.33(3)
d8b−48e (Å) 2.287(8) 2.287(9) 2.28(1) 2.33(1) 2.340(7)
〈d24d−48e〉 (Å) 2.290(8) 2.30(1) 2.32(1) 2.33(2) 2.333(7)

B8b (Å
2
) 0.73(6) 0.7(1) 0.5(1) 0.3(1) 0.61(5)

B24d (Å
2
) 0.48(4) 0.47(6) 0.52(6) 0.30(8) 0.36(3)

B48e (Å
2
) 1.3(1) 1.0(2) 0.6(2) 0.8(3) 0.7(1)

The values obtained for the occupation numbersN (table 1) show that magnetic
ions occupy both cationic sites, 8b and 24d, for all of the samples investigated. The
distribution coefficients,N(Eu)24dN(Y)8b/N(Eu)8bN(Y)24d, are 1.15, 1.07, 1.11, 1.00 and
1.64 for the corresponding concentrations with increasingx in table 1. Hence, there is no
significant partitioning between cationic sites, and the random crystallographic distribution
was obtained. Note that in the samples Y2−xGdxO3 with a difference in cationic radii,
δr∗ = r(Gd3+) − r(Y3+) = 0.046 Å [3], a preferential distribution of the magnetic ions
was found [2] and in the samples Y2−xRxO3 (R = Dy, Ho) with a smaller difference in
ionic radii (e.g.δr = r(Dy3+) − r(Y3+) = 0.014(2) Å) a random distribution was obtained
[3, 4]. On the basis of earlier investigations of the influence of the difference in cationic
radii on the distribution [3], partitioning was expected in Y2−xEuxO3 samples because the
difference in cationic radii is larger than that in Y2−xGdxO3. The results obtained can be
understood as a consequence of the preparation method affecting the cationic distribution
in C-Y2−xEuxO3 samples. The samples studied earlier were obtained directly by sintering
pure sesquioxides of yttrium and appropriate rare earths [2–4]. The difference between
the results of Grill and Schieber [8] and those in this paper can likewise be attributed to
the difference in the preparation method. Kern and Kostalecky found that preparation of
Y2−xEuxO3 by coprecipitation [9] gave the same cationic distribution as in our case.

We shall briefly discuss the cationic first coordination spheres. It is known that the
cations in both cationic sites are coordinated by six oxygen ions [1]. The oxygen ions
are equidistant for cations in 8b positions (table 1) but the angles deviate from 90◦. The
polyhedron around the 8b site is a trigonal antiprism. The oxygen ions around 24d sites
are distributed in the conformation two+ two + two at three distances. The average cation
(24d)–anion distances are shown in table 1. The values of the cation–anion distances vary
with the magnetic ion concentration, as a consequence of the differences in cationic radii.
The variances in bond lengths and angles also change. As a quantitative measure of the
distortion we have used a modification of the relation given in [14]:

σ 2(θ) =
(∑

i

(90◦ − θi)
2

)/
8. (1)

This relation gives a measure of the degree of distortion from ideal octahedral coordination.
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For all of the refined structures the angles and bonds were found. The eight independent
angles in the coordination polyhedra around the 24d and 8b sites were used to determine
the valuesσ 2(θ). The values ofσ 2 obtained for the 24d site are found to be 453–465◦, and
those ofσ 2 for the 8b site are 23–30◦ for different samples.

Table 2. Refined crystal and atomic parameters of monoclinic Y0.20Eu1.80O3 (space group
C2/m). Asterisks denote parameters which did not vary in the last cycle of the refinement (see
the text). The correspondingR-factors (profile, weighted profile and Bragg) are given.

Crystal parameters:

a = 14.0919(8) Å, b = 3.5891(2) Å, c = 8.7843(5) Å
β = 100.153(3)◦, ρ = 7.72 g cm−3, V = 437.34(2) Å

3

Atomic parameters

x y z

Eu1, Y1 0.1318(6) 1/2 0.4998(8)
Eu2, Y2 0.1930(7) 1/2 0.1361(8)
Eu3, Y3 0.4727(9) 1/2 0.178(1)
O1 0.085(2) 0 0.347(3)
O2 0.334(3) 1/2 0.033(3)
O3 0.280(3) 1/2 0.347(4)
O4 0.464(2) 0 0.249(3)
O5 0 1/2 0

Boverall = 0.91(1) Å
2
, N(Eui) = 0.9∗, N(Yi) = 0.1∗

R-factors:

Rp (%) = 2.48, Rwp (%) = 3.15, RB (%) = 12.35

3.2. The refinement of monoclinic B-Y2−xEuxO3 (x = 1.80, 2.00)

The diffraction data for B-Y2−xEuxO3 (x = 1.80 and 2.00) were compared with known
data for B-Sm2O3 [15] and B-Eu2O3 [16]. The refinement process on the B-phase samples
was done in the space groupC2/m, using the atomic and crystal parameters of single-
crystal B-Eu2O3 as starting values [16]. In this space group three kinds of cation occupy
4i positions, four kinds of oxygen ion are in 4i positions and one oxygen ion is in a 2a
position [15]. The crystal structure is described in detail by Cromer [15]. In the crystal
structure refinement the ionic scattering curves of Y3+, Eu3+ and O2− were used. In the last
cycle of the refinement of B-Y0.20Eu1.80O3, the 32 parameters were varied: the atomic and
crystal parameters (listed in table 2) and the rest were: five background coefficients, five
parameters describing the profile shape of the pseudo-Voigt profile function, the zero point,
the asymmetry parameter and the scale factor. The refined atomic and crystal parameters
for the sample of B-Y0.20Eu1.80O3 are given in table 2, and part of the diffraction pattern is
shown in figure 1.

Our powder refinement is about one order of magnitude worse as regards accuracy
than a single-crystal refinement of Eu2O3 [16]. This is to be expected given the very
low signal/background ratio apparent from the powder pattern (figure 1). The unit-cell
parameters for single-crystal Eu2O3 [16] were: a = 14.1105(2) Å, b = 3.6021(1) Å, c =
8.8080(2) Å, β = 100.037(1)◦, and the powder data obtained by us are:a = 14.083(9) Å,
b = 3.597(2) Å, c = 8.793(6) Å, β = 100.070(3)◦. The results are the same within
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Table 3. Cation–anion distances in the first coordination spheres for monoclinic Y0.2Eu1.80O3.

Eu1, Y1–Oi dcat−an (Å) Eu2, Y2–Oi dcat−an (Å) Eu3, Y3–Oi dcat−an (Å)

2O1 2.27(2) O3 2.03(3) 2O4 1.19(1)
2O3 2.45(2) 2O2 2.32(2) O1 1.97(3)
O3 2.67(4) O2 2.32(4) O2 2.14(4)
O4 2.78(3) O5 2.771(9) 2O5 2.455(7)
O4 2.93(3) 2O1 3.16(3) O3 3.32(5)

the sum of three standard deviations. The three kinds of cation are coordinated by seven
oxygen ions. In each case there are five different distances, two pairs of oxygen ions being
equidistant. The cation–anion distances are given in table 3.

In order to investigate the cation distribution the cationic occupation numbers were
varied in two ways: by refining all three independently, or by refining two coupled
occupancies whilst holding the third fixed. The changes inR-factors and in the temperature
factors (B) indicate a random distribution of magnetic ions. That is, for a preferential
distribution theR-factors become bigger andBoverall (correlated with the occupancies)
becomes negative. Consequently in the last cycle of the refinement, equal cationic
substitution on all sites was assumed and the occupation numbers were not varied. The
accuracy of these results is lower than that of those obtained for a more symmetrical cubic
phase. Note that the signal/background ratio is bigger for cubic than for monoclinic samples.

3.3. The structural phase transition from the C phase to the B phase

C-Eu2O3 and C-Y0.20Eu1.80O3 were transformed irreversibly to the B phase (see section
2). It was found that the apparent temperature of the structural phase transition(C → B)

depends both on the temperature and on the heating time. This is the reason for the variation
in the transition temperatures (1320–1620 K) reported for Eu2O3 [5]. It is also known that
crystallinity influences the temperature of the structural phase transition [6].

In the crystal phase transition(C → B), the cubic form transforms to the monoclinic
form with lower symmetry. The space groupC2/m is not a subgroup ofIa3 and this
confirms that the phase transition is of first order [17]. Furthermore, the transformation is
kinetically slow and the B phase is quenchable.

In the cubic C phase, cations are coordinated by six oxygen ions, and in the monoclinic
B phase, they are coordinated by seven oxygen ions. Since a change in primary coordination
occurs, the transition is reconstructive [18].

The C→ B temperature transformation of Y2−xEuxO3 decreases with the magnetic ion
concentration. It is possible that at higher temperaturesT > 1750 K at atmospheric pressure,
the same phase transition occurs in Y2−xEuxO3 for x 6 1.80. For samples with very low
concentrations of magnetic ions the phase transition is expected only at high pressures, as
in pure Y2O3 [7].

3.4. Magnetic properties ofEu3+ ions inY2−xEuxO3

The magnetic properties of Eu3+ ions in Y2−xEuxO3 were studied by measuring the magnetic
susceptibilities at room temperature for C-phase samples synthesized at two different
temperatures, 1400 K and 1600 K, for Eu2O3 synthesized at 1250 K, and for B-phase
samples. The calculated molar susceptibilities of Eu3+ ions at room temperature are shown
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Figure 3. The dependence of the molar susceptibilities of Eu3+ in Y2−xEuxO3 at room
temperature on the magnetic ion concentration, for (H) samples obtained at 1400 K (except
Eu2O3), (•) samples with additional firing at 1600 K, and (◦) B-phase samples; also (�)
results from [8] at 95 K are given for comparison (see the text). Solid and dotted lines represent
the calculated values for room temperature and 95 K, respectively (see the text).

in figure 3. It can be seen in figure 3 that the susceptibility behaviours are similar for
the B and C phases, and for C-phase samples fired at different temperatures. The molar
susceptibility is almost constant forx > 0.6, but decreases for lowerx in all cases. The
very different data of Grill and Schieber [8] are also shown in figure 3.

The susceptibility of free Eu3+ ions was calculated both for room temperature and for
95 K (the solid line and the dotted line in figure 3, respectively), by using Van Vleck’s
equation [19, 20]:

χ =
[
N

∑
J

(
g2

J µ2
BJ (J + 1)

3kBT
+ α

)
(2J + 1) exp

(−EJ

kBT

)]/[∑
J

(2J + 1) exp

(
− EJ

kBT

)]
(2)

whereEJ denotes the theoretical energy levels of Eu3+ given by Judd [21],J is the total
angular quantum number,gJ is the Land́e splitting factor,µB is the Bohr magneton,T is
the absolute temperature,kB denotes the Boltzmann constant, andα is Van Vleck’s term,
given by [19, 20]

α = µ2
B

6(2J + 1)

[
FJ+1

EJ+1 − EJ

− FJ

EJ − EJ−1

]
(3)

whereFJ = (1/J )[(S + L + 1)2 − J 2][J 2 − (S − L)2].
To explain the results given in figure 3, we must consider: (a) the crystal-field

effect (CFE), (b) exchange interactions (isotropic and anisotropic), (c) the influence of
the preparation method, and (d) the influence of the firing temperature. These effects are
discussed below.

The ground state7F0 is a singlet, and the crystal field has an influence on the splitting
of the higher multiplets which are populated at room temperature. Theoretical calculations
of the magnetic susceptibilityχ show that the higher states7F1 and 7F2 give important
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contributions and states withJ > 3 can be neglected. It was found that the crystal field in
Eu2O3 increases the susceptibility to above the free-ion value [22]. The behaviour obtained
for χ per mole (χmol) versusx must be considered as a consequence of the combined action
of a CFE and exchange interactions. Also, it was found that the temperature of preparation
may influence theχmol-values. The samples(x 6 1.60) which were fired at 1600 K (•)
have values ofχmol different to those for samples fired at 1400 K (H) (figure 3). This result
indicates that the different firing conditions influence the atomic and crystal parameters. As
a consequence, the change in crystal-field intensity occurs, and the values ofχmol that are
obtained are different for two different firing temperatures.

A small but consistent difference may be seen in figure 3 between the B and C phases
for the two most Eu-rich compositions. In both cases,χmol(B) < χmol(C). Such a difference
would be expected due to the different environments of the ions in the two structures, which
result in different CFEs and exchange interactions.

Eu3+ (4f 6) is an anisotropic ion as a result of the orbital contribution to theJ -value.
Theoretical treatment of the anisotropic exchange between Eu3+ ions in the host Y2O3

has shown that at low concentrations the anisotropic exchange decreases [8, 22]. Our
experimental data forx 6 0.2 are consistent with this prediction. It was also shown that
the isotropic exchange interaction in Eu2O3 decreases theχ -values, although the effect is
small in comparison with the anisotropic one [22].

The increase inχmol for x 6 0.40, obtained by Grill and Schieber [8] (figure 3), was
ascribed to preferential occupation of 24d sites by magnetic Eu3+ ions. However, our results
show no such increase (figure 3), and are consistent with Eu3+ occupying the 8b and 24d
sites equally. Thus the random distribution obtained by x-ray diffraction is confirmed by
magnetic susceptibility measurements.

4. Summary

The near-total cation disorder (random distribution) in C-Y2−xEuxO3 was determined from
both x-ray and magnetic susceptibility measurements. The different firing temperatures do
not influence the cationic distribution (figure 3). A preferential distribution in C-Y2−xGdxO3

[2] and C-Y2−xEuxO3 [8] was obtained in samples sintered under similar thermal conditions.
The coprecipitation method leads to better solution of the two oxides and better sample
homogeneity than the sintering method. Under similar sintering conditions C-(Y, Gd)2O3

shows different site preferences for the cations [2] whereas C-(Y, Dy)2O3 does not [3]. This
change in behaviour can be attributed to the different sizes of the RE ions.
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