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Abstract. The phase equilibria in the ternary La,O3;—Lu,03—Er,03 system at 1250°C were studied by
X-ray diffraction, and electron microscopy in the overall concentration range. At 1250°C in the
La,03-Lu,0O5—Er,O; system solution fields are formed based on cubic (C) modification of
Lu,0O3(Er,05), hexagonal (A) modification of La,Os, as well as ordered phase structure perovskite-type
LaLuOj; (LakErOs) (R). The isothermal section of the La,Os—Lu,03—Er,03 phase diagram at 1250°C has
shown the three one-phase fields (A-La,03, R, C-Lu,05(Er,03)) corresponding to solid solutions based
on starting components and two dual-phase fields (C+R, A+R) between them. The refined lattice
parameters of the unit cells for solid solutions and microstructures of the definite field of compositions

for the systems solid were determined.
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Introduction

The oxides of rare earth elements (REE)
have unique properties (fire resistance, corrosion
resistance, high thermomechanical and electrical
characteristics, etc.). Due to this, they have a wide
range of uses. Materials based on solid solutions
of rare earth elements are used in electronics,
optoelectronics, mechanical engineering,
chemical industry, metallurgy, medicine, laser
development, etc. [1-6]. The system containing
oxides of lanthanum, lutetium, and erbium are
promising in terms of the development of
optically transparent ceramics.

State diagrams based on La,Os—Lu,Os—
Ln,O; are a physicochemical basis for the
development of various functional materials.
Recently, ternary oxides containing rare earth
elements have attracted attention as alternative
dielectrics [2-9]. One of the materials of this class
is LaLuOs, which has a high relative permittivity
K in the range from 20 to 32, a band gap of 5.6 €V,
symmetric band shifts to silicon of 2.1 &V, and
was characterized by high thermal stability.
Generally, ternary oxides exhibit higher
permittivity compared to the corresponding binary
oxides without decreasing the band gap, making
LaLuO; more promising than La,Os; or Lu,Os.
Of special interest are thin orthorhombic LalLuO;
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films, which can have k (relative permittivity)
even higher than 40 [7-9]. Compounds based on
rare earth element oxides were used to produce
lasers and other optically active elements in
optoelectronics [4-6].

However, information on phase equilibria
in the ternary La,O3-Lu,03-Ln,O; systems is
absent and requires further research. Previously,
systems based on La;Os—Y,05-Ln,O3 (Ln= Nd,
Sm, Gd, Yb, Er) [10‘12] and Lazog—LUZOg—szog
[13,14] have been investigated.

The phase relations and structures of the
phases formed in the La,O;—Er,0; system were
examined previously [15-23], revealing that there
are solid solutions of cubic (C) and hexagonal (H)
Er,0; modifications and low-temperature
hexagonal (A) and high-temperature hexagonal
(H), cubic (X) La,0O; modifications and ordered
phase  structure  perovskite-type  LaErOs.
The LayOs—Er,0; system at 1100°C (and at
1500°C) is characterized by the hexagonal (A)
modification of lanthanum oxide with the
solubility of Er,0; 5 mol% (and 13 mol% at
1500°C), cubic (C) modification of erbium oxide
with the solubility of A-La,0O; ~6 mol%
(and ~11 mol% at 1500°C), and ordered
perovskite-type LaErO; (R) phase in the range
45-51 mol% Er,0; (and 45-51 mol% Er,0; at
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1500°C) [16]. The phase relations and structures
of the phases formed in the La,Os—Lu,03 system
have been investigated [15,24,25]. The melt was
crystallized at temperatures above 2000°C to
obtain perovskite-like LalL.uOs single crystals, the
orthorhombic cell parameters are a= 6.00 nm,
b= 5.79 nm, c= 8.35 nm and the space group is
Pnam [15]. Calculations of oxygen vacancies in
La,O;, Lu,O3; and LaLuO; have been also
provided previously [24], but there were no data
on phase equilibria (Figure 1).

The phase diagrams of the system
consisting of oxides at the end of the lanthanide
series feature infinite solid solutions based on A,
B, C, H, and X modifications of REE
oxides [22,26-29]. Phase equilibria in binary
systems based on oxides of rare earth elements
have been studied completely. However,
information on phase equilibria in the ternary
La,03-Lu,03-Er,05 system is absent and requires
further research.

The purpose of this work was to study the
interaction of lanthanum, lutetium and erbium
oxides at 1250°C in the entire concentration range
and to construct the corresponding isothermal
section of the phase diagram.
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Experimental
Materials

The starting materials were Lu,Os, La,0s,
and Er,Os; (produced by Merck company) with
99.99% of the main component and analytical-
grade nitric acid.

Instruments

The samples were subjected to
X-ray powder diffraction technique using a
DRON-3 diffractometer at room temperature
(Cu-K, radiation 4= 1.5418 A). The voltage on
the X-ray tube was 30 kV, and the current was
20 mA. The scan angle was 0.05-0.1 in the
range 26= 15-80°. The lattice parameters were
calculated with the least-square  method
employing the LATTIC software [30], with an
error of less than 0.0002 nm for the cubic phase.
The phase composition was determined of the
Joint Committee on Powder Diffraction Standards
(JCPDS International Center for Diffraction
Data, 1999).

The microstructures of the samples were
studied by scanning electron microscopy with a
Superprobe-733 analyzer (JEOL, Japan) in back-
scattered electrons (BSE) and secondary electrons
(SE) (%400, x2000).
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Figure 1. Energy levels of fourfold coordinated O vacancy in La,O5 (a) and (b), Lu,O3(c), and LaLuOs (d).
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Synthesis of the samples

The samples were prepared with a
concentration step of 1-5 mol%. Weighed oxide
portions were dissolved in HNO; (1:1) and then
the solutions were evaporated and the nitrates
decomposed into oxides by calcination at 800°C
for 2 h. The powders were pressed as pellets
5 mm in diameter and 4 mm in height at 10 MPa.
The samples were heat treated in a furnace with
H23US5T (FeCrAl alloy) heating elements at
1250°C in air.

Results and discussion

Compositions of the investigated samples
fall into two beams: Lu,O; — (50 mol%
La,03 — 50 mol% Er,03) and La,O; — (50 mol%
Lu,O; — 50 mol% Er,03). Chemical and phase
compositions of the samples annealed at 1250°C
and the lattice parameters of the phases that are in
equilibrium at this temperature are summarized in
Table 1. The results were used to construct the
isothermal section of the La,Os-Lu,O5-Er,0;
phase diagram at 1250°C (Figure 2).

Table 1
Phase composition and lattice parameters of the phases in the La,Os-Lu,Os-Er,03; samples, annealed at 1250°C.

Chemical composition (mol%)  Phases by XRD Lattice parameters of the phases ¢#0.0002 (nm)
Lu,0O4 La,0O; Er,0; R <C> <A>
a b c a a c
Section Lu,O;— (50 mol% La,O;— 50 mol% Er,03)
0 50 50 R+<C>traces 0.607 0.588 0.847
1 495 495 R+<C>traces 0.608 0.586 0.846
2 49 49 R+<C> 0.608 0.584 0.844 1.054
3 485 485 R+<C> 0.607 0.587 0.847 1.049
4 48 48 R+<C> 0.607 0587 0.846 1.062
5 475 475 R+<C> 0.608 0.586 0.845 1.048
10 45 45 R+<C> 0.606 0.586 0.847 1.058
15 425 425 R+<C> 0.607 0.586 0.845 1.051
20 40 40 R+<C> 0.609 0.584 0.845 1.054
30 35 35 R+<C> 0.608 0.582 0.850 1.053
70 15 15 R+<C> 0.603 0.580 0.843 1.045
80 10 10 Rtraces+<C> 1.043
85 7.5 7.5 Rtraces+<C> 1.043
90 5 5 Rtraces+<C> 1.043
95 25 2.5 <C> 1.043
100 0 0 <C> — — — 1.039
Section La,O3— (50 mol % Lu,O;— 50 mol % Er,05)
50 0 50 <C> 1.050
49 2 49 <C> 1.050
48 4 48 <C>+ Rtraces 1.051
475 5 475  <C>+ Rtraces 1.051
45 10 45 <C>+ Rtraces 1.050
30 40 30 R+<C> 0.606 0.584 0.843 1.052
29 42 29 R+<C> 0.607 0.583 0.842 1.052
27.5 45 27.5 R+<C> 0.607 0.584 0.842 1.051
26 48 26 R+<C> 0.604 0.584 0.842 1.050
25 50 25 R+<C>traces 0.605 0.584 0.842
23.5 53 23.5 R 0.606 0.584 0.844
225 55 225 <A>+R 0.603 0.585 0.845 0.658 0.381
20 60 20 <A>+R 0.605 0.587 0.845 0.657 0.382
75 85 75 <A>+R 0.605 0.584 0.844 0.653 0.384
5 90 5 <A>+R 0.607 0.582 0.842 0.654 0.384
4 92 4 <A>+R 0.605 0.583 0.843 0.655 0.384
25 95 25 <A>+R 0.605 0.584 0.845 0.654 0.385
0 100 0 <A> 0.652 0.386

Note that the oxide of lanthanum is subject to hydration in air and, thus, instead of hexagonal A-La,Oj3 in the samples after heat
treatment at 1250°C we found the formation of hexagonal A-La(OH)3. This arose in the presented work, however, proper storage
and prompt investigation after annealing would have made it possible to obtain A-La,03. Nevertheless, since this applies only to
A-La,0; in the investigated system, the results obtained for La(OH); can be attributed to A-La,O3. Designation of phases:
<A> - solid solutions based on hexagonal modifications of La(OH);; <C> - solid solutions based on cubic modification of
Lu,03(Er,03); R — ordered phase of LaLuOs(LaErO;) with perovskite-type structure with rhombic distortions.
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At 1250°C in the Lazo3*LU203*Erzo3
system solution fields are formed based on
cubic (C) modification of  Lu,O3(Er,05),
hexagonal (A) modification of La,0s, as well as
ordered phase structure perovskite-type LalLuOs;
(LaErOs)(R). No new phases were found. An
infinite continuous series of solid solutions based
on ordered perovskite-type phases forms in the
La,03-Lu,03—Er,0O; system. This indicates the
mutual substitution of Lu®*(r= 0.085 nm) ions
by Er¥(r= 0.0881 nm), and vice versa.
The homogeneity range of the R-phase extends in
compliance with its solubility limits in the
boundary binary La,Os—Lu,0; and La,Os—Er,0;
systems. Using the concentration dependences of
the unit cell parameters, it was established that the
range of homogeneity of solid solutions based on
the R-phase extends from 51 to 54 mol% La,0; at
1250°C in the section La)O; — (50 mol%
Lu,0; — 50 mol% Er,Os3) (Figure 3). The lattice
parameters of the unit cell R-phase vary from
a= 0.606 nm, b= 0584 nm, ¢= 0.842 nm in
single-phase sample, containing 23.5 mol%
Lu,03-53 mol% La,05;-23.5 mol% Er,0; to
a= 0.603 nm, b= 0.585 nm, ¢= 0.845 nm in
two-phase sample (R +A), containing 22.5 mol%
Lu,03-55 mol% La,03-22.5 mol% Er,0s.

Similar to this system, in the La,Os—
Lu203—Yb203 [14] and La,03-Y,05-Er,04 [31]
systems at 1500°C, continuous series of solid
solutions based on an ordered phase with a
perovskite-type structure are also formed. In
contrast, in the La,03;-Y,0s:—Nd,O; system at
1500°C, a region of solid solutions is formed
based on an ordered phase with a perovskite-type
structure. The maximum solubility of neodymium
oxide in the R-phase is ~7 mol% along section
NdzOg— (50 mol% La,0s-50 mol% Y203) [10]

Lutetium and erbium oxides form series of
C-REE oxide solid solutions. This field ranges
along the Lu,Os—Er,0; side of the composition
triangle. The homogeneity range of the C-phase
extends in compliance with its solubility limits in
the boundary binary La,O3;-Lu,03, La,O5—Er,0;
and Lu,Os—Er,05 systems. This direction of the
homogeneity range of the C-phase indicates that
Lu** ions are predominantly replaced by Er** ions
and vice versa, without charge compensation.
Using the concentration dependences of the unit
cell parameters, it was established that the range
of homogeneity of solid solutions based on the
C-phase extends from 93 to 100 mol% Lu,Os;
at 1250°C in the section Lu,0;3 — (50 mol%
La,0s;— 50 mol% Er,05) (Figure 4).
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Figure 2. The isothermal section of the
La,Oz-Lu,0Oz-Er,0O3; phase diagram at 1250°C.
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Figure 4. Concentration dependence of lattice
parameters a for C-based solid solutions annealed
at 1250°C along the section
Lu,O3— (50 mol% La,03;— 50 mol% Er,03) in the
system La,O3—-Lu,03-Er,03
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The lattice parameters of the unit cell
C-phase vary from a= 1.050 nm in single-phase
sample, containing 49 mol% Lu,0; — 2 mol%
La,O; — 49 mol% Er,0; to a= 1.052 nm in
two-phase sample (C+R), containing 30 mol%
Lu,O; — 40 mol% La,O; — 30 mol% Er,0s.
The X-ray diffraction patterns for the samples
that characterize the phase field in the
La,03-Lu,03-Er,O; system at 1250°C are
presented in Figure 5. In the region with a high
content of La,O; solid solutions are formed based
on the hexagonal modification of lanthanum
oxide. The homogeneity range of the solid
solution based on the hexagonal (A) modification
of lanthanum oxide is not extensive wide. Note
that the oxide of lanthanum in the air is subject to
hydrating and thus, instead of hexagonal phase
La,03 in samples at 1250°C we find the formation
of hexagonal hydroxide of La(OH); (Figure 4(d)
and (e)). Nevertheless, since this applies only to
A-La,O3 in the investigated system, the results
obtained for La(OH); can be attributed to
A-La,0s.

Using the concentration dependences of the
unit cell parameters, it was established that the
range of homogeneity of solid solutions based on
the A-phase extends from 96 to 100 mol% La,0;
at 1250°C in the section La,0; — (50 mol%
Lu,05;— 50 mol% Er,03) (Figure 6).

The lattice parameters of the unit cell
A-phase varies from ¢= 0.652 nm, ¢= 0.386 nm in
single-phase  sample, containing 0 mol%
Lu,O; — 100 mol% La,0O; — 0 mol% Er,O5 to
a= 0.655 nm, c= 0.384 nm in two-phase sample
(A+R), containing 4 mol% Lu,O3 — 92 mol%
La,0O;—4 mol% Er,0s.

Depending on the lutetium oxide content,
microstructural changes in the two-phase samples
(C + R) can be followed in Figure 7.
The light phase is C, and the dark phase is R.
The results of the microprobe X-ray analysis of
the two-phase sample (C+R), containing 3 mol%
Lu,O; — 48.5 mol% La,0O; — 48.5 mol% Er,03
confirmed the presence of two phases
(Table 2). In the sample containing 3 mol%
Lu,O3— 48.5 mol% La,O;— 48.5 mol% Er,03, the
dark phase is the matrix one (Figure 8).
The quantitative analysis of elements in local
points (R1-R5) in the main dark phase
showed that it contains La ~31 at% and
almost the same Er ~31 at%. Hence it is the
R-phase. The quantitative analysis of elements in
local points (S1-S5) of the light phase showed,
that it contains significantly more Er ~57 at% and

significantly less La (~6 at%) and Lu (~2 at%)
(Table 2). Therefore, the light phase may be
identified C-Er,0;. Black areas are pores.
Other samples have the same phase by contrast,
so elemental composition was not carried out
for them.

o

-La(OH)

Intensity (a.u.)
I

Figure 5. XRD patterns from the La,0s—Lu,O5
Er,03 samples heat-treated at 1250°C.

(49 mol% Lu,03— 2 mol% La, 05— 2 mol% Er,05
(C, (CCC, la3)) (a); 30 mol% Lu,03-40 mol%
La,O3- 30 mol% Er,0; (C(CCC, la3)+R(Primitive,
Pnam) (b); 23.5 mol% Lu,05-53 mol%
La,03-23.5 mol% Er,0; (R((Primitive, Pnam)) (c);
5 mol% Lu,O3z-90 mol% La,0;—5 mol% Er,03
(R((Primitive, Pnam)+A(Primitive, P63/m) (d);

0 mol% Lu,O3— 100 mol% La,03;— 0 mol% Er,04
(A(Primitive, P63/m)) (e)).
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Figure 6. Concentration dependence of
lattice parameters c for solid solutions based on
A-La(OH); heat-treated at 1250°C
along the section of
La,0;— (50 mol% Lu,03;-50 mol% Er203) in
the system La,Os—Lu,03—Er,0s;.
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Figure 7. SEM microstructures of the samples heat-treated at 1250°C in the definite field of compositions of

the system La,O3-Lu,03;—Er,03, BSEx400.

(5 mol% La,O3 — 47.5 mol% Lu,0O; — 47.5 mol% Er,0; (R+C) (a); 50 mol% La,0;3 - 0 mol% Lu,O; -

50 mol% Er,03 (R+C) (b); 49 mol% La,O3 — 2 mol% Lu,0s3 - 49 mol% Er,03(R+C) (c); 48.5 mol% La,0; -
3 mol% Lu,03 - 48.5 mol% Er,03(R+C) (d); 48 mol% La,O3z — 4 mol% Lu,O3 — 48 mol% Er,0;(R+C)
(e);47.5 mol% La,O3 — 5 mol% Lu,03 —47.5 mol% Er,03(R+C) (f); 42.5 mol% La,03 -15 mol% Lu,03 —
42.5 mol% Er,05(R+C) (g); 0 mol% La,0s; -50 mol% Lu,03 — 50 mol% Er,05(C) (h)).
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Table 2
Composition of the phases in the samples, annealed at 1250°C in air (EDX data).
Chemical composition (mol %) Elemental composition (at%)
La,03 Lu,0O3 Er,0O, Spectrum (0] La Er Lu Total
48.5 3 48.5 S1 34.92 6.24 56.94 1.90 100.0
S2 34.82 6.86 56.31 2.01 100.0
S3 34.38 5.87 57.93 1.83 100.0
sS4 33.87 4.92 59.90 1.31 100.0
S5 35.72 6.40 55.87 2.01 100.0
R1 37.36 30.40 30.74 1.50 100.0
R2 37.63 30.49 27.85 4.04 100.0
R3 35.87 30.39 32.25 1.49 100.0
R4 36.23 31.37 30.92 1.48 100.0
R5 33.69 32.19 32.69 1.43 100.0

SEM HV: 20.0 kV. wD: 1599 mm | | L VEGA3 TESCAN
View field: 25.0 ym Det: BSE 5 pm

SEM MAG: 11.1 kx G.V. Kurdyumov IMP

B
s

SEM HV: 20.0 kV WD: 15.99 mm
View fleld: 25.0 ym Det: BSE 5um

SEM MAG: 11.1 kx HiVac

Figure 8. SEM microstructures of the sample
heat-treated at 1250°C in the system
La,053-Lu,05-Er,0;48.5 mol%

La,O3; — 3 mol% Lu,0; - 48.5 mol%o
Er,03(R+C) light grains - <C-Er,05>,
dark grains — R, black - pores.

VEGA3 TESCAN

G.V. Kurdyumov IMP

The difference between the unit cell
volumes of the orthorhombic phase R (0.298 nm?)
and C-cubic solid solution (1.157 nm?) is big
enough so that the large La®* (0.114 nm) ions
easily replace small ions of Er** (0.088 nm)
(Lu** (0.085 nm)) in the lattice of C-phase solid

solution. The substitution of Er**(Lu®") ions by
La* ion is accompanied by phase transition
(C—R) and shrinkage of the volume and pores
formation. The substitution is accompanied by
shrinkage of the samples due to the ordering of
initially disordered C-solid solution. Ordering of
the R-phase is a diffusion-controlled process
carried out gradually. Before ordering sintering
and densification to high relative density takes
place. Then dense ceramics transforms to the
ordered R-phase. As a result, numerous pores
formed and located at the grain boundaries
between the grains of the light gray C-phase of
the disordered solid solution and dark gray grains
of the ordered R-phase. The light gray phase is
near pores, whereas the dark gray phase
comprises pores of different sizes. The two-phase
solid solution based on C-phase and R-phase is
randomly mixed, and in this case, the porosity is
low.

Conclusions

Phase equilibria have been studied in the
La,Os—Lu,03-Er,04 system at 1250°C. It has
been established that solid state interactions
between three oxides resulted in the formation of
extended fields of solid solutions based on various
crystal modifications of the initial components of
rare-earth oxides, as well as the ordered phase of
perovskite type.

The continuous series area of solid
solutions based on ordered perovskite-type
phases forms in the LayOs—Lu,Os—Er,03
system. The isothermal section of the
La;O3—Lu,03-Er,O3 phase diagram at 1250°C
has characterized the three one-phase fields
(A-Lay0O3, R, C-Lu,O3(Er,03)) corresponding to
solid solutions based on starting components and
two two-phase fields (C-Lu,O3(Er,03)+R,
A-La,0;+R) between them. According to the
obtained results, no new phases were found.
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