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ARTICLE INFO ABSTRACT

The interlanthanide perovskites LaYbOs3:Pr>* and LaLuOs:Pr>,Tb3* were synthesized by a solid-state reaction
and characterized at ambient conditions by means of X-ray diffraction (XRD), Raman spectroscopy and photo-

Handling Editor: Dr P. Vincenzini

Keywords: luminescence techniques. XRD measurements have shown that the synthesis method provided samples with pure
Interlanthanide perovskites perovskite phase (space group Pnma) for LaYbOs, while in the case of the LaLuO3 compound small traces of
Spectroscopy Lu»03 could be found after several annealing. Up to 13 Raman active modes were observed in the Raman spectra
Photoluminescence

of the studied perovskites and theoretical calculations performed for LaYbOg3 allowed to assign their symmetry.
Regarding their optical properties, the emission from Tb®' jons at B sites of the ABO3 perovskite could be
distinguished. Moreover, NIR emission from Pr’* was observed in the LaLuOs perovskite at ~1000 nm and
1250-1600 nm. Emission in these spectral regions could be relevant for Si-based solar cell applications and fiber
optic amplifiers, respectively. Moreover, the stability of both perovskites under high-pressure conditions has
been studied spectroscopically, finding that LaYbOs is stable up to 19 GPa and that LaLuO3 undergoes a possible
pressure-induced phase transition at ~21-24 GPa. This makes LaLuOs the first interlanthanide perovskite

High-pressure

showing phase transition under 40 GPa.

1. Introduction

It is known that binary rare-earth (RE) oxides with stoichiometry
RE,O3 (typically denoted as rare-earth sesquioxides) can crystallize in
three different structural conformations at ambient conditions: A
(trigonal, P-3m1), B (monoclinic, C2/m) and C (cubic, Ia-3), being the
stable phase dependent on the ionic radii of the RE ion and on thermal
treatments [1]. Mixing RE’ ions on a RE;Oj3 lattice can lead to the for-
mation of (RE;,RE’,)203 solid solutions with modified properties with
respect to the pure compound. So far, several (RE;_,RE’,)203 series have
been spectroscopically and/or structurally characterized at ambient
conditions, including (Euj,Hoy)203 [2], (Euj,la,)20s [3],
(Eu1.xYby)203 [4,5], (Gdi.xYby)203 [6], (Gdi,H0,)203 [6], (Dyi.x-
Ho,)203 [7]1, or (Dy;.xEry)203 [8]. If RE and RE’ ions are at (or near)
equimolar proportions (x = 0.5), and if the size difference between them
is large enough, ternary oxides with ABO3 (A = RE, B = RE’)
perovskite-type structure can be formed. This type of compound, where
both A and B are RE ions, is usually referred to as interlanthanide pe-
rovskites and they are an important family of materials that have been

investigated for several applications: scintillators, protonic conductors
or high-k materials, as well as for their magnetic properties [9-15].
However, despite their promising properties, they have been barely
studied if compared with pure or doped RE»;O3 with A-, B- and C-type
structures, although there has been an increasing interest in them in the
last decade [11]. Interlanthanide perovskite compounds were first re-
ported in 1960 by Schneider et al. [16], who described the formation of
four lanthanum-based perovskites (LaRE’Os3, RE’ = Er, Tm, Yb, Lu).
Currently, more interlanthanide perovskites are known to form after
thermal treatments at room pressure. Some examples are: LaREO3 (RE =
Y, Ho), REScO3 (RE = La-Tm, Y), CeREO3 (RE = Tm-Lu), and PrREO3
(RE = Yb-Lu) perovskite series [11,17-21]. Moreover, additional
RE-based perovskites, such as ErScO3 or NdLuOs, can be formed by a
joint high-pressure and high-temperature synthesis procedure [22,23].

Interlanthanide perovskites do not crystallize in the ideal CaTiO3
cubic perovskite structure (Pm-3m space group), but in the ortho-
rhombic distorted structure (Pnma space group), since the size differ-
ence between RE and RE’ ions is not large enough to stabilize the ideal
structure. The orthorhombic unit cell parameters (a, b, c) are related to
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Fig. 1. View of the ideal (s.g. Pm-3m) and distorted (s.g. Pnma) ABO3 perovskite along the indicated axes. The relationship between the lattice parameters of both
structures is also depicted (right), where the pink dotted lines correspond to the orthorhombic structure and green solid lines to the cubic one (the black cube is just a
guide). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

the cubic ones (a,) by a ~ ¢ ~ v/2a, and b = 2a, also taking into account
that the cubic axes are rotated by 45° around the b axis with respect to
the orthorhombic form. A comparison between both structures is shown
in Fig. 1.

In the Pnma structure, the distortion with respect to the ideal struc-
ture is caused by phase and antiphase rotations of the BOg octahedra
(tilting), as can be observed in Fig. 1. Distortions from the ideal perov-
skite structure reduce the coordination number (CN) of the RE ion
placed at the A site of the interlanthanide perovskite from 12 to 8 (AOg
polyhedra). From the luminescent point of view, interlanthanide pe-
rovskites are excellent candidates to host optically active ions, since the
emission intensity of the luminescent ion is enhanced when the site
symmetry is lowered [24], as is the case of distorted perovskites. It is
important to note that doping luminescent ions into a material’s struc-
ture can enhance its properties and induce new ones, thus serving as a
way of broadening their range of applications in several fields (e.g.:
light-emitting devices, telecommunications, solar cells) [25-28].

If RE3" jons are incorporated into an interlanthanide perovskite, they
can substitute the RE ions placed at A or B sites of the host lattice, with Cg
(CN = 8) and C; (CN = 6) symmetries, respectively. It has been found
that for several La-based interlanthanide perovskites doped with RE3*
ions (LaRE’O3:RE”’, with RE’ = Lu, Sc and RE”’ = Gd>*, Tb®", Eu®"), the
fluorescence lifetime of RE>" jons located at B sites is systematically
larger than that of the ions placed at the A site. This behavior has been
associated with the different site-symmetry of A and B sites, since the
emission from optically active ions at the B site corresponds to forbidden
transitions, as it is a centrosymmetric site [18,29]. Regarding La-based
interlanthanide perovskites, it must be mentioned that they may have
better luminescent efficiency than the doped LayOs:RE sesquioxide
compound since LayOs3 is quite unstable in air and it easily degrades into
a mixture of La(OH); and LapOs with time, while RE-based per-
ovskite-type oxides are referred to be more stable [30].

Interesting properties of perovskite materials, such as ferroelectricity
or magnetism [31,32], are dependent on the structure and tilting dis-
tortions of the BOg octahedra, which can be modified by applying
pressure or temperature. There are several studies on the high-pressure
behavior of RE and transition-metal (M) perovskites (e.g.: REMOs, with
M = Cr, Mn, Fe) [32-35], however, not all of them show the same
structural evolution. For example, LaCrOs perovskite has been reported
to reduce its distortion under compression, while in the case of RECrO3
(RE = Lu, Tb, Gd, Eu, Sm) series, the octahedral tilting is found to in-
crease under the same conditions [32,33]. Meanwhile, research on the
high-pressure behavior of interlanthanide perovskite oxides is scarce. In
fact, and as far as we are concerned, only two interlanthanide perov-
skites have been studied (experimentally or theoretically) at
high-pressure conditions so far: CeScO3 [17,36] and DyScOs [37,38].

In this paper, we report the structural and spectroscopic

characterization of LaYbOg: Pr, and LaLuOs: Pr,Tb interlanthanide pe-
rovskites at ambient conditions using X-ray diffraction (XRD), Raman
spectroscopy and photoluminescence technique (PL). Density functional
theory (DFT) calculations have been performed to assign the symmetry
of LaYbOs vibrational modes observed in the Raman spectra. Further-
more, to shed light on the compression mechanism of the inter-
lanthanide perovskite family, the stability of LaYbO3:Pr and LaLuOs:Pr,
Tb up to a minimum of 19 GPa has been evaluated by spectroscopic
techniques.

2. Experimental
2.1. Synthesis

Pr®*-doped LaYbOs and Pr®*- and Tb3"-doped LaLuOs perovskites
were synthesized by a solid-state reaction. The nominal compositions
were La(Yb1.,Pr,)03 (x = 0.005) and (La;.,Pry)(Lu;_.Tb;)O3 (y = 0.01, z
= 0.001). Hereafter, they will be named LaYbO3:Pr and LaLuOs:Pr,Tb,
respectively. The synthesis procedure can be described as follows [39]:
stoichiometric amounts of the corresponding starting RE;O3 were ho-
mogeneously mixed in an agate mortar for 15-20 min. After that, the
mixed powders were pelletized in a hydraulic press (5 tons loading, 10
mm diameter pellet) and placed in an alumina crucible. The pellets were
sintered in an air atmosphere at 1450 °C for 6-8 h and further ground
until a fine powder was obtained. This process was repeated up to a
maximum of four times in case the resulting powder had unreacted
RE2O3,

2.2. Characterization

XRD powder patterns were measured in the 10°~110° 20 range in a
Bruker D8 Advanced diffractometer equipped with a Cu tube (1 =
1.5418 A) and a fast Lynxeye-1D detector. Structural refinements
(Rietveld) on the obtained XRD patterns were performed with TOPAS
software [40]. The background function (modeled by a Chebychev
polynomial), the zero error, the lattice parameters, the scale factor, the
peak shape (Pseudo-Voigt), and the atomic positions were refined dur-
ing the Rietveld refinement.

PL, excitation and lifetime measurements performed at room tem-
perature (RT) were carried out in an FLS920 spectrofluorometer
(Edinburg Inst.) equipped with double monochromators on emission
and excitation arms, different excitation sources (a continuous 450 W Xe
lamp, a 60 W pulsed lamp, a 4 W supercontinuum) and Hamamatsu
R928P and H10330C photomultipliers (PTM) as detection systems.

Unpolarized RT Raman spectra were obtained with a T64000 Raman
spectrometer (Horiba), equipped with a N»-cooled CCD detector coupled
to a confocal microscopy. Measurements were performed in subtractive
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Fig. 2. Rietveld refinements of the RT XRD patterns of LaYbOs:Pr (a) and LaLuOs:Pr,Tb (b) perovskites, with their corresponding R-factors. Vertical lines correspond
to Bragg reflections of the orthorhombic Pnma space group (a,b) and C-type LuyO3 (b). Traces of LuyO3 correspond to 1.5(2) %.

mode and the 514.5 or 488 nm laser lines of a Kr*-Ar™ laser were used as
excitation sources in a backscattering configuration. The laser power on
the sample was kept below 4 mW to minimize laser heating effects.
High-pressure measurements were performed in a Boehler-Almax DAC,
using ruby microspheres for pressure calibration and paraffin oil as a
pressure-transmitting medium. High-pressure PL measurements were
also carried out in the T64000 spectrometer with the 514.5 or 488 nm
laser lines, depending on the sample.

3. Theoretical calculations

The Raman modes of LaYbO3 perovskite were calculated theoreti-
cally. In order to assign the vibrational modes to their corresponding
irreps, ab-initio total-energy calculations were performed within the
framework of the density functional theory (DFT) [41]. The VASP
package was used to carry out calculations with the pseudopotential
method and the projector augmented wave scheme (PAW) [42]. We
employ pseudopotentials, which replace the core electrons and make
smoothed pseudo-valence wave functions. For lanthanum, 11 valence
electrons are used (5525p65d16sz), whereas 9 valence electrons (4f”6s%)
and 6 valence electrons (2s>2p?) are used for ytterbium and oxygen,
respectively. Highly converged results were achieved by extending the
set of plane waves up to a kinetic energy cutoff of 450 eV. The
exchange-correlation energy was taken in the generalized gradient
approximation (GGA) with the PBEsol prescription [43]. A dense Mon-
khorst—Pack grid of k-special points (7 x 5 x 7) was used to perform

Table 1

integrations along the Brillouin zone (BZ) to obtain well-converged
energies and forces. The structure was fully relaxed to its equilibrium
configuration through the calculation of the forces on atoms and the
stress tensor. In the relaxed configuration, the forces on the atoms are
less than 0.006 eV/A, and deviations of the stress tensor from a diagonal
hydrostatic form are less than 0.1 GPa. Lattice-dynamics calculations
were performed at the zone center (I' point) of the BZ creating a
supercell 2 x 2 x 2. Highly converged results on forces are required for
the calculation of the dynamical matrix using the direct force constant
approach [44,45]. The construction of the dynamical matrix at the I’
point of the BZ involves separate calculations of the forces in which a
fixed displacement from the equilibrium configuration of the atoms
within the primitive cell is considered. The number of such independent
displacements in the analyzed structures is reduced due to the crystal
symmetry. The software used to determine frequencies of the normal
modes from the diagonalization of the dynamical matrix is Phonopy [44,
45]. Moreover, these calculations allow identifying the symmetry, ei-
genvectors and eigenvalues of the vibrational modes in each structure at
the I' point.

4. Results and discussion
4.1. Characterization at ambient conditions

The XRD patterns of LaYbO3:Pr and LaLuOs:Pr,Tb compounds, syn-
thesized by a solid-state reaction, are shown in Fig. 2. Both patterns

Lattice parameters of LaYbO3:Pr and LaLuO3:Pr,Tb perovskites synthesized by a solid-state reaction. The (6, ¢, @) tilt angles calculated by Eq. (1) are also shown,
together with the Goldschmidt tolerance factor (t) obtained from Eq. (2). Those of LaLuO3:Tb(0.1 %) are included for comparison purposes. Lattice parameters from the
rest of the compounds belonging to the LaREO3; and REScOs series not studied in this work were taken from the indicated references.

Compound a/A b/A c/A 0/° @/° @/° t ref
LaLuOg:Pr,Tb 6.0221(1) 8.3782(1) 5.8222(1) 14.8 10.7 18.2 0.863 This work
LaLuO3:Tb 6.0262(1) 8.3834(1) 5.8265(1) 14.8 10.6 18.1 0.863 This work
LaYbOg:Pr 6.0349(1) 8.4109(1) 5.8341(1) 14.8 11.2 18.6 0.860 This work
LaHoO3 6.094 8.499 5.882 15.2 11.8 19.1 0.848 [52]
LaYOs 6.100 8.512 5.889 15.1 12.0 19.2 0.849 [49]
LaErOs 6.073 8.462 5.862 15.1 11.5 18.9 0.852 [24]
LaTmOg3 6.057 8.436 5.858 14.7 10.9 18.3 0.856 [49]
YScOs3 5.709 7.893 5.427 18.1 13.5 22.4 0.867 [53]
HoScO3 5.715 7.901 5.429 18.2 13.6 22.6 0.867 [21]
DyScOg3 5.726 7.913 5.449 17.9 13.1 221 0.870 [21]
TbScO3 5.729 7.917 5.465 17.5 12.5 21.4 0.874 [21]
GdScO3 5.750 7.934 5.486 17.4 12.1 21.1 5.750 [21]
EuScO3 5.755 7.949 5.509 16.8 11.5 20.3 0.883 [54]
PrScO3 5.774 8.024 5.608 13.8 8.68 16.2 0.897 [55]1
CeScOg3 5.777 8.045 5.642 12.4 7.34 14.4 0.903 [17]
LaScO3 5.791 8.094 5.679 11.3 7.13 13.3 0.910 [56]

16541



M.T. Candela et al.

2 LaLuOs: Tb
'c
=
g
[v]
> A
‘D N
8 [
£ B, | LaYbO_: Pr
g A | s
QL \ie | [
N o |
c_Eu ‘ /
g BZg B3Q
L L L L I
100 200 300 400 500 600 700

wavenumber / cm™”

Fig. 3. RT Raman spectra of LaYbO3:Pr and LaLuO3:Tb perovskites recorded
under 514.4 nm excitation.

could be indexed with the orthorhombic Pnma perovskite phase,
although in the case of LaLuO3:Pr,Tb compound small traces (1.5(2) %)
of unreacted cubic (Ia-3) LupyO3 were also found even after annealing the
sample at 1450 °C during 6 or 8 h up to four times, as derived from
Rietveld refinements (note that the detection limit of impurity phases
with this technique is about is 4-5% or lower, and in cases with well-
defined peaks, such as this, it can be 1-2%).

The unit cell parameters of LaYbOs:Pr and LaLuOs:Pr,Tb perovskites
are collected in Table 1. They are in very good agreement with those
previously reported for the pure compounds [9]. Thus, the small doping
concentration of Pr®* in LaYbOj3 (0.5%) or Pr®* and Tb®" in LaLuOs (1%
and 0.1%, respectively) does not produce noticeable changes in the
lattice parameters. It is worth mentioning that due to the large pseu-
docubic lattice parameter of LaLuO3 (ap. ~ 4.18 A) and the possibility of
being grown as a single crystal, some researchers have explored the
possibility of synthesizing (LaLuOs3);.,(LaScOs), single crystals to
address the lack of substrates with a,,. above 4 A for the epitaxial growth
of high-quality thin films [46]. The crystal structure of the perovskites
studied in the present work is composed of a network of LaOg polyhedra
linked to REOg slightly deformed octahedra. The bond distances
(derived from the refined structure, see Tables S1 and S2 in Supple-
mentary Information for atomic positions) vary as 2.29-2.97 A and
2.34-3.03 A in LaLuO3 and LaYbO3 LaOg polyhedra, respectively, and as
2.20-2.25 A and 2.22-2.26 A for REOg polyhedra, correspondingly (see
detailed information in Table S3). As previously stated, the structural
distortions in interlanthanide perovskites are manifested by in-phase
and anti-phase rotations of the REOg octahedra. According to Y. Zhao
et al., this tilting can be described through three different angles (6, ¢, ®)
[471, being two of them (6 and ¢) independent of each other. The angles
6 and ¢ represent the rotations of the octahedra about the pseudo-cubic
[101], and [010], axes, respectively (where pseudo-cubic axes refer to
those of the ideal cubic perovskite) [48]. The angle  can also be viewed
as a single anti-phase tilt about the a-axis of the Pnma cell, while the ¢
angle is equivalent to an in-phase tilt about the b-axis [47]. The ¢ and ¢
angles can be combined into a single tilt angle &, which can be viewed as
a rotation about the [111], axis [48]. The three aforementioned tilting
angles of the Pnma perovskite structure can be estimated from the lattice
parameters through Eq. (1) [49] (assuming regular octahedra as an
approximation) and their values are also collected in Table 1.

2
f=cos™? (2) ¢=cos! (@)7 @ —cos! (\/ic > o

b ab

The calculated tilt angles are slightly larger in LaYbOs than in
LaLuOs (see Table 1), which is consistent with a smaller size difference

Ceramics International 51 (2025) 16539-16550

Table 2

Assignment and experimental frequencies (wexp) of LaYbOs:Pr and LaLuOs:Tb
Raman active modes at RT, compared with those previously reported for pure
LaYbOj3 and LaLuOs. In the case of LaYbOs, the calculated frequencies (w.q.) are
also shown.

Symmetry  wcaie/ Dexp’/ Dexp”/ Oexp’/ Oexp’/
em™! em! em™! em™! em™!
(LaYbO3) (LaYbOs3: (LaYbO3) (LaLuOs: (LaLuOs3)
Pr) Tb)
Bsg 95.83 - - - -
Big 103.64 103.2(1) 104.5 104.9(1) -
Ag 105.50 - - - -
Byg 114.03 - - - -
Ag 114.37 115.9(1) 117.0 117.9(1) 122.5
Bog 154.94 146.2(1) 147.2 148.5(1) 148.6
Big 168.68 178.3(1) 178.1 179.7(1) 183.0
Ag 208.53 209.0(1) 209.7 213.2(1) 214.8
Bog 244.44 246.7(1) 246.8 247.4(1) 2479
Bag 249.67 - - - -
Ag 276.20 265.5(1) 266.1 271.7(1) 270.8
Bog 318.15 302.2(6) 301.0 321.8(1) 322.3
Big 355.14 - - 354.6(1) 355.9
Ag 377.73 371.4(3) 369.8 373.9(1) 374.4
Bsg 389.02 - - - -
Bog 390.77 390.8(4) 390.4 398.9(1) 401.8
Ag 408.27 - - 406.4(1) -
Bsg 470.41 - - - -
Bog 487.13 492(2) 490.5 479.3(1) 482.0
Big 499.01 - - 495.5(3) 494.0
Ag 509.71 - - - -
Big 563.01 - - - 540.1
Bag 615.56 - - - -
Bag 615.80 634(3) 649.2 - -
2 This work.
b Ref [57].

¢ Estimated from ref [14].

between La and Yb ions, resulting in a larger distortion of the perovskite
structure and thus in a lower Goldschmidt tolerance factor (t), which is a
geometric factor used to predict the structural stability and the degree of
distortion of perovskites and is defined as [50]:

R4s +Ro

t=————— 2
V2 (Rp + Ro) @

where Ry, Rp, and Rg represent the ionic radii of A, B, and O ions. This
factor usually takes the value t ~1 for the ideal cubic structure and
0.75-0.9 for distorted (tilted) ones [51], the latter being the case of the
studied interlanthanide perovskites (see Table 1). The obtained tilt an-
gles are larger than those calculated for other orthorhombic ABO3 pe-
rovskites (with A and B either metal or RE ions) such as CaTiO3 (6 = 8.9°,
¢ =5.5°, ®=10.4°), CdTiO3 (0§ = 12.1°, ¢ = 10.0°, ® = 15.6°) or YAIO3
(0=13.6°, ¢ = 6.6°, ® =15.1°), with tolerance factors 0.959, 0.956 and
0.961, respectively, thus indicating a general larger structural distortion
in the interlanthanide perovskites. This trend seems to be also true for
other LaREQj3 perovskites and most of the REScO3 ones, as summarized
in Table 1 (see also S4 in Supplementary Information).

Fig. 3 shows the Raman spectra of the studied interlanthanide pe-
rovskites. Note that in the case of the LaLuOs compound, the Raman
spectrum corresponds to that of LaLuOs3:Tb and not to that of LaLuOs:Pr,
Tb, to avoid interference of the strong luminescence of the Pr>* ions in
that perovskite with the Raman signal. According to group theory, up to
24 Raman modes are predicted for orthorhombic perovskites with Pnma
space group (I pumqg = 7Ag +5B1g + 7B2g + 5B3g) [38]. In our case, up to a
maximum of 14 vibrational modes were experimentally detected for the
synthesized perovskites. The smaller number of observed modes with
respect to the expected ones could be the result of several factors,
including the overlapping of nearby Raman modes or the low intensity
due to the small polarizability of some vibrations. To assign the vibra-
tional modes to their corresponding symmetry, the Raman modes of
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Fig. 4. RT excitation (a) and emission (b) spectra of Pr3+—doped in LaYbO3 perovskite.

LaYbO3 were theoretically calculated according to a Pnma space group.
Table 2 shows the calculated and experimental Raman modes of LaYbO3,
as well as those measured for LaLuOs. The symmetry of the observed
Raman modes of the latter compound was assigned based on the cal-
culations performed for LaYbOs, There is a fairly good agreement be-
tween the experimental frequencies and the calculated ones for most of
the Raman modes of LaYbOgs (Table 2). Also, the experimental fre-
quencies are comparable to those previously reported for the pure pe-
rovskites [14,57].

In the case of the isostructural CeScO3 and DyScOs perovskites, and
according to phonon density of states (PDOS) calculations, the
low-frequency Raman modes (<200 cm™ ) were reported to be mainly
due to the motion of Ce®>" or Dy>* ions, respectively, while those modes
in the 200-400 cm™! frequency range were reported to have more
contributions from the Sc3' cations. Moreover, the high-frequency
modes were ascribed to oxygen anions, more specifically to internal
vibrations of the ScOg octahedra (stretching vibrations) [36,38]. By
inspection of Fig. 3 and Table 2, it can be observed that the

7
52 (5)
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low-frequency Raman modes (<250 cm™!) barely change by modifying
the atom at the B site of the perovskite (Lu, Yb). By analogy with CeScO3
and DyScOs perovskites, it may be inferred that these modes are mainly
due to La>* motions. However, at higher frequencies, the Raman modes
present changes depending on the RE ion that is part of the LaREO3
perovskite (RE = Yb, Lu). It can be observed that the high-frequency
modes of LaLuOs:Pr,Tb are more blue-shifted if compared to those
of LaYbOs:Pr. This behavior would be in accordance with the fact that
Lu®* has a smaller ionic radius than Yb>*, thus producing a shortening
in the bond lengths and increasing the force constant (since w ~ VK,
which would lead to a blueshift in the high-frequency Raman modes
(and might correspond to stretching vibrations).

The study of the optical properties of LaYbO3:Pr and LaLuOs:Pr,Tb
perovskites was performed by carrying out emission, excitation and
fluorescence lifetime measurements. The RT excitation and emission
spectra of Pr®* ions in LaYbOg:Pr are shown in Fig. 4. The excitation
spectrum, measured recording the Pr’* emission at 666 nm, consists of a
broad band centered at 285 nm and a group of narrow peaks in the

4f-5d
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Fig. 5. (a) Emission spectra of Yb>" in LaYbOs:Pr perovskite under 284 and 902 nm excitation. The energy splitting of %Fs,, and 2F;,, levels drawn in the inset is
arbitrarily assigned. (b) Energy diagram showing the possible energy transfer processes between Pr®* and Yb®* ions.
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Fig. 6. Excitation spectra of LaLuOg:Pr,Tb recording the emission at 656.8 nm and 542.8 nm (a) and emission spectra of the same compound recorded under 297.2
nm and 488 nm excitation (b). The emission spectrum in red (lexc = 488 nm) is mainly due to Pr>* ions, while that in green (lexc = 297.2 nm) mainly corresponds to
Tb3* ions. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

430-530 nm range. These features are assigned to 4f-5d inter-
configurational transitions and to 3H, - 3Py, s intraconfigurational
transitions of Pr" ions, respectively, as labeled in Fig. 4a. The emission
spectrum was measured under 285 nm excitation and consists of sharp
peaks mainly corresponding to transitions from 3P, excited states to the
3HJ (J = 4-6) and 3 7 (J = 2-4) low lying multiplets (Fig. 4b). Addi-
tionally, part of the ions in the 3p, excited state can further relax non-
radiatively (e.g., through multiphonon-relaxation or cross relaxations
processes) to the 1D2 level, from where emission can take place through
Dy, - 3H4,3H5 transitions, as labeled in Fig. 4b. In the orthorhombic
perovskite structure (Pnma), the dopant Pr3* jons could be replacing
La®* ions, located at a non-centrosymmetric Cs site (CN = 8, R, = 1.16
[o\, dia0 = 2.33-3.03 A) or substituting Yb3* jons, placed at centro-
symmetric C; sites (CN = 6, Ryp, = 0.87 A, dyp.o = 2.22-2.25 f%), being
both sites in a 1:1 ratio. The ionic radius of Pr®" is closer to that of La>*
(Rpr,cn—s = 1.13 A, Rp; cn—s = 0.99 A), thus substitution of La®* by Pr®*
ions would be easier. However, the small number of peaks observable in
the emission spectra could also be an indication that the Pr®* ions are
placed at a high-symmetry site, i.e., replacing a Yb®" ion in the octa-
hedra, so this scenario cannot be discarded. In fact, since the starting
RE03 were weighted during the synthesis procedure according to the
ratios La>":Yb3":Pr®* = 1:1-x:x, Pr®* ions would in principle be incor-
porated into the B-site of the host lattice, although a small unintended
anti-site doping could also take place, as reported for the site-selective
doped LaLuOs:Eu,Tb perovskite [29] and for LaScO3:Tb,Gd [18]. The
RT temporal evolution of the Pret 3Po - 3F2 luminescence was measured
by detecting the 667 nm emission after pulsed excitation at 477 nm. The
decay curve could be fitted to a single exponential and the resultant PL
lifetime was found to be 7 = 0.38 ps.

Since Yb* ions are also luminescent, the emission spectrum of Y
in LaYbOg:Pr3* perovskite was measured under 902 nm excitation, and
it is shown in Fig. 5a. The NIR PL spectrum of Yb* consists of broad and
asymmetric emission bands corresponding to transitions between the
low energy Stark sublevels of the 2Fs,; excited state and those of 2F7/5
ground state. The observed bands located at around 977, 1010, 1033
and 1078 nm can thus be assigned to transitions between the Stark levels

b3+

5 — 1, 2, 3 and 4 (see energy levels in the inset of Fig. 5a).

Furthermore, it has been observed that upon 284 nm excitation, the
wavelength at which Pr®* ions are excited, NIR emission can be detected
(Fig. 5a). This emission is different from that obtained after NIR exci-
tation of Yb>" ions at 902 nm, where the bands at 1033 and 1078 nm are
hardly observed. Different interpretations can explain the NIR emission
obtained after 284 nm excitation: i) it is indeed produced by the Pr*
ions and it corresponds to luminescence originated by 1D2—>3‘F4,3 tran-
sitions, (which are also observed in LaLuQOs3:Pr,Tb, as it will be discussed
later), ii) it comes from Yb®* and involves two subsequent energy
transfer processes between Pr®* and Yb3' ions (see energy levels in
Fig. 5b). The first energy transfer process implies a Pr>* ion in the 3P
excited state and a Yb>" ion in the 2F; /5 ground state. The Pr>" ion in the
3p, level decays non-radiatively to the !G4 state and transfers its energy
to the Yb3* ion in the ground state, which ends in the 2F5 /2 excited state
and from which Yb®* emission can take place. Moreover, the Pr®* ion in
the Gy level, can decay non-radiatively to the 3H4 ground state and
transfer its energy to a second nearby Yb®* ion in its ground state, which
ends in the %Fs /2 excited state, the level from which luminescence can be
produced. iii) Another possible explanation is a quantum -cutting
mechanism, where a Pr®* ion in the 3P, can transfer simultaneously its
energy to two Yb>" neighbor ions.

Fig. 6 shows the excitation (a) and luminescence (b) spectra of
LaLuOs:Pr,Tb perovskite at RT. The emission spectra were measured by
exciting the sample at 297.2 nm with a Xe lamp and at 488 nm with a
Kr'-Ar" laser. By comparison of both PL spectra, it can be observed that
the emission bands obtained under 297.2 and 488.8 nm excitation are
different. The reason behind this behavior is that at 297.2 nm we are
mainly exciting Tb3* ions [29] (5D4 - F j transitions, J = 3-6), while at
488 nm we are mainly exciting Pr3* ions (3PJ J=0,1)— 3HJ J =4-6)
and 3P0 -3F 7 (J = 2-4) transitions), although PL features from Pr3t jons
can be found in the Tb>" emission spectra (labeled in Fig. 6b with an
asterisk), suggesting that there might be an energy transfer process be-
tween Tb>* and Pr®* ions (which is a possible process since Tb>* >D4 and
prit 3Po levels are energy resonant).

It is worth mentioning that it has been ruled out that the features
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Fig. 7. NIR Pr* PL spectra of LaLuO3:Pr,Tb with perovskite structure in the 800-1150 nm (a) and 1250-1600 nm (b) ranges under blue 488.8 nm excitation.

observed in the emission spectra belong to small traces of unreacted C-
type LupO3:Tb present in the sample (which may have converted into
Lup03:Tb,Pr by diffusion of Pr®* jons during the solid state reaction),
since they are fairly different from those previously reported for Tb®*
and Pr®* ions in Cy and Sg sites of C-type Y203:Tb>" and Y,03:Pr*,
respectively [58,59]. It must be remembered that the emission profile of
RE3" ions in different RE,03 host lattices (or in any other host) will be
similar as long as the symmetry around the RE ion is preserved, due to
the effective shielding of the 4f electrons by the outer 5s and 5p ones
[60]. Thus, the PL spectra of Tb>* or Pr>* in different C-type RE503 hosts
will be fairly similar to those in the C-LuOs3 host (as previously observed
in Tb,03 and Y503:Tb [58]). Thus, it can be concluded that the observed
RE®* emission comes indeed from those ions in the perovskite structure.
Another fact that reinforces this statement is that the main emission
band of LaLuOs: Pr,Tb under 488 nm excitation is originated from the
pret 3P0 excited state, and transitions from this state are completely
absent in Pr>*-doped C-type sesquioxides [59,61].

Previous results on LaLuOs co-doped with Eu®" and Tb%" ions have
reported the emission spectrum from Tb* in A and B sites of the Pnma
ABOj3 perovskite by site-selective excitation [29]. In the mentioned
studies, three excitation bands (at 200, 234 and 297 nm) were observed
when detecting the Tb®" emission at 545 nm. The band at 200 nm was
attributed to host lattice excitations, while those bands at 234 and 297
nm were assigned to 4f-5d transitions from Tb>" ions at A and B sites,

10* : — : :
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respectively. Similar results were obtained in LaScOs:Tb (1 %) perov-
skite (with slightly different excitation band positions) [18]. In our case,
attempts to excite the sample at 234 nm yield almost no emission signal,
thus, it can be concluded that the Tb3" ions are mainly located at the
centrosymmetric B-site. On the other hand, elucidating the site Pr>* ions
occupy in the LaLuOs host is not straightforward, as already mentioned
in the case of LaYbOs:Pr, although it is probable that they occupy the
opposite site to that of the latter perovskite, since although both emis-
sion spectra resemble each other, the main Pr®" emission bands are
redshifted (~10 nm) in the case of LaYbOs3 host. Moreover, as the RE;O3
precursors were weighted during the synthesis procedure according to
the ratios La®>*:Pr>t:Lu":Tb®t = 1-y: y:1-2: z, Pr®" ions should mainly
occupy the A sites, while Tb®* ions the B site. This hypothesis could be
further reinforced by the fact that chemical pressure seems not to be the
reason behind this shift, as the ionic radii of Lu®* and Yb®* for six-fold
coordination are roughly the same (Ryp = 0.868 A, Ry =0.861 10\). Also,
the Pr®* 4£:5d excitation band that was observable in LaYbOs is not
detected in LaLuOs3 host.

It must be noticed that Pr** emission in the NIR 850-1150 nm and
1250-1600 nm ranges has also been detected in the studied perovskite
upon 488.8 nm excitation (see Fig. 7) at RT. The emission bands in the
850-1150 nm can be assigned to 1D2 — 3F4,3 and 1G4 — 3H4, while those
in the 1250-1600 nm range originate from 1G4 - °Hs, 'D, — 1G4 and
3F3,4 - 3H, Pr®* transitions. It is worth mentioning that compounds

10° - -
— Decay (b)
—Fit
10° 7, =1.34ms
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2
<z >= 3.07 ms
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em
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Fig. 8. Temporal evolution of the 3P0 Pri* (a) and 5D4 Tb>"(b) luminescence in LaLuO3:Pr,Tb perovskite.
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Fig. 9. Raman spectra of LaYbO3:Pr and LaLuO3:Tb perovskites as a function of pressure, together with the spectrum at pressure release (a, b) and pressure shift of
their corresponding Raman modes (c, d). The fitting was performed with data in the 0-15 GPa range and the excitation wavelength was 514.5 nm.

with an intense Pr®* NIR emission at ~1000 nm under UV-Vis excita-
tion are interesting for photovoltaic applications since this region
(950-1050 nm) corresponds to that at which the spectral response of Si-
based solar cells is maximum [62]. Also, the Pr* NIR emission in the
1250-1600 nm range is located at the so-called telecom window and thus,
compounds with emission bands located in this region are useful to be
used as optical fiber amplifiers in the O-band (1260-1360 nm) and
S-band (1460-1530 nm) [63-65].

The temporal evolution of Pr®* and Tb%" visible luminescence in
LaLuOs:Pr,Tb perovskite has been recorded by detecting the emission at
656.8 nm and 542.8 nm, respectively, after a pulsed excitation at 488.8
nm (Pr®") or 297 nm (Tb®*). The decay curves of both ions are shown in
Fig. 8 and they have been fitted to a single exponential in the case of the
temporal evolution of Pr®" ions (Fig. 8a) and to a double exponential in
the case of Tb>* ions (Fig. 8b). The average luminescence lifetime was 7
= 2.05 ps for Pr®" jons and 7 = 3.07 ms for Tb®* ions.
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4.2. Behavior at high-pressure

The high-pressure behavior of LaYbOs and LaLuOgs perovskites was
studied by spectroscopic means through PL and/or Raman experiments.
Fig. 9 shows representative high-pressure Raman spectra of LaYbOs:Pr
(a), LaLuOs3:Tb (b) perovskites measured under 514.5 nm excitation, as
well as the pressure-shift of their corresponding Raman modes (c, d).
Note that in this case Raman experiments were carried out again on a
LaLuOs3:Tb sample, rather than on LaLuOs:Pr,Tb one, to prevent inter-
ference of the luminescence from Pr>* jons with the Raman signal. Due
to the small amount of Pr®* doping (1 %) in the latter perovskite, the
high-pressure behavior is expected to be about the same in both
perovskites.

As can be observed from Fig. 9, the overall appearance of the Raman
spectra is maintained up to ~19 GPa in LaYbO3:Pr and below 24 GPa in
LaLuOs3:Tb, with no new peaks appearing in that pressure range. Only a
broadening of the peaks with pressure (probably due to the solidification
of paraffin oil) and a decrease in the relative intensities of some peaks
(mainly visible for the low-frequency ones) are observed. The Raman
modes shift towards higher frequencies with increasing pressure, indi-
cating a strengthening and shortening in the RE-O bonds. Moreover, this
shift is noticeable even for the lowest frequency vibrational modes, in
contrast with what was previously found for binary RE;O3 with a C-type
structure [58,66]. The shift of the Raman modes appears to be mostly
linear in both perovskites up to ~15 GPa, while above that pressure, the
frequency dependence generally tends to deviate from its initial linear
trend (although in the case of LaYbOg it cannot be assured, since only
one measurement was done for pressures higher than 15 GPa). The
curvature in the frequency-pressure relationship beyond 15 GPa has also
been predicted for DyScOs interlanthanide perovskite through theoret-
ical calculations [38]. Table 3 shows the pressure derivatives (dw;/dP) of
the observed Raman modes for the two studied perovskites up to 15 GPa.
In the case of LaYbOs, the Griineisen parameters (y) were also estimated
using Eq. (3). Since no experimental value of the bulk modulus (Bg) has
been reported for this compound, the theoretical one has been used
instead (Bg = 150 GPa) [67].

_ (B dw;
= (o) (%) @

From Tables 3 and it can be observed that the pressure derivatives
are found to be similar (for equivalent Raman modes) in both perov-
skites and to be larger for the high-frequency modes. However, the
Griineisen parameters in LaYbO3 do not seem to follow a clear trend. In

Table 3
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fact, they are higher for the low-frequency modes. This behavior has
been also observed in CeScOs perovskite [36].

High-pressure Raman measurements on LaLuO3:Tb perovskite sug-
gest that the orthorhombic phase is stable up to about ~ 24 GPa, a
pressure at which a new mode around 550 cm™! seems to emerge. At
higher pressures, the new peak splits into two contributions and a new
mode appears at ~ 200 cm ' at 30 GPa. This suggests that a phase
transition is taking place. However, XRD diffraction experiments at high
pressure would be needed to elucidate the symmetry of the new phase.
Meanwhile, in the case of LaYbOs:Pr perovskite no phase transition was
detected in the explored pressure range. The spectrum obtained after
pressure release, also shown in Fig. 9, is the same as the one of the
starting materials for both perovskites, indicating the eventual high-
pressure phase transition in LaLuOs:Tb is reversible.

The high-pressure behavior of LaLuOs:Pr,Tb perovskite was also
studied through Pr®* luminescence since RE" jons luminescence can be
used as a structural probe. The Pr®* emission spectrum of LaLuO3:Pr,Tb
was recorded under 488 nm excitation and it is shown in Fig. 10a for
selected pressures. The PL spectra are dominated by the *Py — ®H4 and
3py — 3F, intraconfigurational transitions, which shift towards higher
wavelengths upon increasing pressure, with pressure coefficients equal
to 0.36 and 0.62 nm/GPa (0-18 GPa range) for the most intense peak,
respectively (see Fig. 10b).

At 21.4 GPa there is an observable increase in the integrated in-
tensity of the emission band located between 610 and 680 nm, which
points out to a modification around the crystal environment of Pr®* ions,
compatible with the development of a new high-pressure phase. At 31
GPa, this band dominates the PL spectra and the emission from the 3Py —
®H, is only residual. The emission spectrum was measured after pressure
release and is also shown in Fig. 10a. It can be observed that the spec-
trum after decompression is identical to the one of the starting material,
although with a slightly less resolved profile due to residual stress on the
sample, indicating thus the reversibility of the pressure-induced phase
transition, as previously suggested by Raman measurements.

As far as we are concerned, only CeScO3 and DyScOjs interlanthanide
perovskites have been experimentally studied at high-pressure condi-
tions so far and they have been found to be stable, showing no evidence
of structural phase transitions in the 0-40 GPa pressure range [17,37]. It
should be mentioned that in the case of DyScOs, theoretical studies have
predicted that above 60 GPa the orthorhombic structure becomes un-
stable and a possible phase transition towards the Cmcm post-perovskite
phase has been proposed, since above 14.4 GPa this phase has a lower
enthalpy than the Pnma one, although further studies would be needed

Symmetry, ambient frequency (wo) and pressure derivatives (dw;/dP) of the Raman active modes of the studied LaYbO3:Pr and LaLuO3:Tb perovskites belonging to the

0a)i
oP

orthorhombic Pnma phase. Experimental parameters were derived from the fitting of the measured data (0-15 GPa) to a linear dependence (w =wo + (—) P>.

Griineisen parameters were also estimated for LaYbOj3. Standard deviations are shown in parentheses.

Mode LaYbO3:Pr LaLuOs5:Tb
wo (cm™) Ow; /0P (cm~!/GPa) y wo (cm™) Ow; /0P (cm~!/GPa)

Big 103.89(5) 1.67(1) 2.41(1) 106.7(9) 1.7(1)
Ag 116.1(7) 1.76(1) 2.27(2) 117.6(4) 1.78(5)
Bog 147.82(4) 1.48(1) 1.50(1) 149.4(4) 1.56(5)
Big 178.80(6) 1.27(1) 1.07(8) 178.9(4) 1.50(4)
Ag 210.36(4) 1.00(1) 0.71(1) 214.0(2) 1.14(3)
Bog 247.75(4) 1.06(1) 0.64(1) 248.0(2) 1.20(2)
Ag 268.17(5) 1.48(1) 0.83(1) 272.6(3) 1.69(4)
Bag 302.9(3) 1.97(5) 0.97(2) 323(1) 1.8(1)
Big - - - 358(8) 3.1(1)
Ag 373.8(1) 2.76(2) 1.10(1) 376.3(6) 2.75(7)
Bag 391.7(2) 2.47(5) 0.94(2) 400.2(4) 2.55(6)
Ag - - - 406.7(4) 2.59(7)
Bs, - - _ - -
Bag 493.1(9) 2.2(2) 0.67(6) 484(1) 4.7(2)
Big - - - 499(1) 4.6(2)
Bsg 644(2) 3.2(9) 0.7(2) - -
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Fig. 10. (a) High-pressure PL spectra of Pr®" in LaLuOs perovskite measured under
luminescence. (b) Pressure shift of the most intense peak of the 3py — 3H, and 3P,

to corroborate the hypothesis [38]. Thus, up to date, LaLuO3:Pr,Tb is the
only interlanthanide perovskite showing experimentally a
pressure-induced phase transition well below 40 GPa. Lower stability of
this compound could be related, however, to the smaller hydrostatic
range of the employed pressure transmitting media (paraffin oil) if
compared with those used in DyScO3 (4:1 methanol-ethanol mixture) or
CeScO3 (16:3:1 methanol-ethanol-water).

5. Conclusions

Two lanthanum-based perovskites, LaYbOs:Pr and LaLuOs:Pr,Tb,
were successfully synthesized by a solid-state reaction, as corroborated
by XRD measurements, although in the case of LaLuOj the pure phase
could not be isolated and small traces of LuyO3 were found in all cases.
Increasing the temperature (T > 1500 °C) during the sintering process
might improve the possibility of achieving an impurity-free perovskite.
The Raman frequencies of LaYbOj3 obtained from DFT calculations agree
fairly well with those observed experimentally for Pr-doped LaYbOs,
which has allowed us to assign the symmetry of the observed vibrational
modes in the two studied compounds. Our experimental frequencies
match the ones reported in previous studies for the pure compounds.
Photoluminescence measurements in LaLuOs:Pr,Tb perovskite allowed
us to observe NIR emission from Pr®* ions in the 950-1150 nm and
1250-1600 nm ranges, which could be of interest for applications in the
field of telecommunications or Si-based solar cells, although further
research is needed. The emission from Tb>" ions placed in the centro-
symmetric B site of the perovskite has been distinguished. Moreover,
emission from Pr3* placed at A sites in LaLuOs and at B sites in LaYbO3
has been inferred. Different interpretations have been given to the NIR
emission observed in LaYbO3:Pr under UV excitation, including energy
transfer between Pr°* and Yb®* ions, quantum cutting and the emission
of praseodymium itself. Lastly, the stability of the interlanthanide pe-
rovskites under high-pressure conditions has been studied by spectro-
scopic means. LaYbOgs:Pr perovskite was found to be stable in the
explored pressure range (up to 19 GPa), while LaLuOs:Pr,Tb undergoes a

16548

Ceramics International 51 (2025) 16539-16550

; 700
a o L
-".jo.::—zﬁ**"_"*.
650 " g57.14(15)+ 0.638(15)-4
600
—4 g |
=
£
550 - 1
| 495.23(8)+ 0.357(7)-1
500“ co-0—© o o0 00O e O
1 3 3
1 Po- H4
NN / \\’\, | :
A A 450L L Ll L |
20 760 0 5 10 15 20
P/GPa

488 nm laser excitation. Peaks marked with an asterisk correspond to the ruby
— 3F2 transitions.

phase transition at about 21-24 GPa. Notably, LaLuOs is the first intra-
rare-earth perovskite to exhibit a pressure-induced phase transition
below 40 GPa. Future research using high-pressure XRD measurements
will aim to determine whether the structure transitions to a higher or
lower symmetry phase.
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