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This study investigated the crystallization behavior, luminescence and scintillation properties of Pr*-
doped Lu;sY1sAls_,Sc,Oq2 (0.0, 0.5, 1.0, 1.5, 2.0) garnets, grown using the micro-pulling-down method,
to address challenges associated with the substitution of Sc®* for A ions due to their mismatched
ionic radii in the same octahedral crystallographic site. A specially engineered crucible with five
independent crystallization capillaries was used, which revealed that Sc** substitution caused localized
melt heterogeneity, resulting in non-uniform melt ejection during crystallization. The threshold of Sc**
ions concentration (x = 1.5) was identified, beyond which further substitution led to the formation of a
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garnet/bixbyite-like distorted perovskite hypoeutectic structure. This discovered a novel method for
crystallization of hypoeutectic crystal growth by exploiting ionic radii mismatches. Vibrational
spectroscopy confirmed that Sc®* ions incorporation disrupted lattice symmetry, increasing structural
disorder around Pr** ions. This structural modification significantly enhanced luminescence, particularly
in the visible and near-infrared (NIR) ranges, achieving a sixteenfold increase in NIR luminescence
intensity. Synchrotron radiation excitation spectra revealed that the band gap energy progressively
decreased with increasing Sc** ions concentration. This finding provided crucial insights for designing
materials based on band gap engineering strategies. A sixfold improvement in scintillation light yield,
reaching 11200 photons per MeV, was observed in the Lu;sY;sAlzsScisOqp crystal (x = 1.5). The
enhancement resulted from a Sc**-mediated energy transfer pathway (Sce-_p+®* — Pr*t), which
optimized charge carrier dynamics by reducing deep trapping center density by an order of magnitude
while preserving shallow traps. The EPR spectroscopy showed that Sc3* incorporation reduced
concentration of trace impurities, enhancing scintillation light yield. It also confirmed that F*—Pr** inter-
actions intensified Pr®* emission at 370 nm and identified the 410-420 nm band as originating from F* -
O~ defect pairs. These findings demonstrate that controlled lattice modification through Sc** incorpora-
tion allows for tuning structural and luminescent properties, offering a new approach for the design of

advanced scintillators and luminescent materials with improved performance for targeted applications.

1. Introduction

Inorganic oxide single crystals represent one of the most
important categories of functional materials, encompassing
applications such as scintillation, phosphors, laser technologies,
and optical sensors. Their prominence over other functional
material groups is attributed to their favorable physicochemical
properties, including non-hygroscopic nature, high chemical and
radiation stability, mechanical hardness, excellent thermal stabi-
lity, and well-established methodologies for bulk single-crystal
growth.'” The absence of phase transitions in aluminum garnets
distinguishes them from many other materials, such as perovs-
kites, which typically undergo structural changes at varying
temperatures. This stability ensures that the material properties
of aluminum garnets remain consistent across a broad tempera-
ture range. Consequently, the processes of crystal growth from
the melt and the sintering of transparent ceramics are signifi-
cantly simplified.®® The invariance of the lattice structure during
solidification eliminates phase changes, thereby producing mate-
rials that are free of cracks and exhibit excellent mechanical
strength. This characteristic makes aluminum garnets particu-
larly advantageous for applications requiring high reliability and
durability. These inherent attributes contribute substantially to
cost mitigation in the fabrication, operation, and maintenance of
devices dedicated to the detection and analysis of ionizing
radiation across diverse medical, and industrial applications.
The Pr**-doped LuzAl;0,, (LUAG:Pr) single crystal deserves spe-
cial consideration for radiation detection applications. Its physi-
cal and chemical merits, including a high density of 6.7 gecm ™2, a
rapid scintillation decay time of 20 ns, and a theoretical light
yield (LY) approaching 60000 photons per MeV, synergistically
contribute to its ability to provide high-resolution imaging and
accurate counting measurements.” A notable advantage of Pr**
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ions in oxide garnets is their exceptional thermal sensitivity
across a wide temperature range of 17-700 K.”'** These
capabilities are of particular importance in high-energy physics
experiments, medical imaging techniques such as positron
emission tomography (PET), homeland security applications,
radiation monitoring, and highly sensitive and accurate sensor
systems.”

The growing demands for high resolution, efficiency, faster
signal processing, and enhanced thermal sensitivity drive the
imperative for further development of LUAG:Pr single crystals. A
significant structural limitation of the LuzAl50,, crystal lattice is
the notably constrained ionic radius of Lu** ions (ryy; = 0.997 A;
VIII - denotes the coordination number). This characteristic,
combined with its high melting point exceeding 2100 K, serves
as a driving force for ion displacement processes within the
crystal lattice.”*'> This process involves the displacement of
Lu** ions from their preferred dodecahedral coordination to the
octahedral coordination sites normally occupied by AI** ions,
resulting in the formation of Luj; antisite defects.! These point
defects act as electron trapping centers, significantly complicat-
ing the scintillation mechanism by quenching luminescence
and slowing down the scintillation response. Consequently, the
experimental light yield value was approximately 20 000 photons
per MeV, accompanied by a slow component in the scintillation
response over microsecond timescales.'®™® Continuous efforts
to enhance the scintillation properties of LUAG:Pr have involved
compositional modifications by substituting Al atoms with Ga
atoms. However, the incorporation of Ga has a detrimental
effect, significantly lowering the energy barrier between the
conduction band minimum and the 5d, excited state of Pr**
ions. This quenching effect has been demonstrated to inhibit
the desired emission originating from the interconfigurational
4f'sd} — 4f* transition and progressively reduces the light yield

This journal is © The Royal Society of Chemistry 2025
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719721 However, a balanced substitution of Y for Lu atoms
in Pr’*-doped (Lu,Y);Al;0y, crystal resulted in a notable
enhancement of the light yield by approximately 50%, accom-
panied by a significant acceleration of the slow component in
the scintillation response.'*'*>*

Lattice engineering through the manipulation of lattice
parameters is a complex process that is constrained by a multitude
of physicochemical factors. The incorporation of highly incompa-
tible dopants, such as Pr** ions (ry; = 1.126 A) into Lu®" sites
(rvim = 0.977 A) with an ionic radius mismatch of approximately
15.28%,'4'*%3 can significantly increase the strain energy in the
lattice around the incompatible dopant. This incompatibility
reduces the solubility limit of incompatible atoms and deforms
the polyhedral framework that constitutes the unit cell of the
lattice."* Strain relaxation triggers a process of defect formation
and local structural rearrangements within the host lattice, even-
tually leading to the formation of secondary phase inclusions."**!
The presence of structural defects and charge-trapping centers
induces non-uniformities and compromises the functional perfor-
mance of the material.>'**"*> The correlation between cationic
substitution, contraction and polyhedral expansion in the
RE;M,M)0;, lattice underscores the existence of strong and
intricate linkages within the garnet structure. The expansion of
REOg dodecahedra induces compression of M'Og octahedra and
M"0, tetrahedra.”®>® This direct relationship between polyhedral
deformation highlights the significance of meticulous lattice
engineering in garnets by synergistically expanding dodecahedral,
octahedral, and tetrahedral units.

This comprehensive study meticulously delves into the
lattice engineering approach, particularly the simultaneous
expansion of dodecahedral coordination (the site where the
doping ion Pr** is incorporated) and octahedral coordination
(where Sc substitutes for Al) and its impact on the microstructure,
local structure rearrangement, lattice disorder degree, vibrational
modes, luminescence, and scintillation properties and charged
trap density. As a research model, a series of the Pr’*-doped
Lu, 5Y4 5Al5_,Sc, O, crystals, where x = 0.0, 0.5, 1.0, 1.5, 2.0, was
used. This wide range of Sc atom concentrations enables the
investigation of the effects of subtle expansion (for x equal to 0.5)
to extreme expansion of the ScOg polyhedral framework, where
local structure rearrangement initiates via the formation of
secondary phase domains. The simultaneous expansion of dode-
cahedral and octahedral coordinations paves the way for incor-
porating higher concentrations of Pr’* ions, reaching up to
0.15 at%."* Sc** ions not only expand the ScO, polyhedral frame-
work but also induce locally perturbed potentials, leading to
lattice distortions and the formation of localized states that
facilitate electron-hole exchange interactions. These interactions
promote the formation of bound e -h" states (excitons) around
Sc** ions. The resonant energy state of these excitons with the 5d}
4f" energy state of Pr** ions enables energy transfer from the Sc**-
bound excitons to Pr’*" ions.***° This introduces an additional
pathway for energy transfer from the lattice to Pr** ions, which
can enhance their luminescence efficiency. The incorporation of
Sc atoms into the host lattice significantly enhanced the degree of
structural disorder, disrupting the local symmetry surrounding

value.
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Pr’" ions. This structure disorder led to a pronounced broadening
of the excitation and emission bands, reflecting the altered local
environment. Notably, this structural disorder resulted in a
substantial enhancement of the luminescence intensity of Pr**
ions. Consequently, Sc-admixed crystals exhibited enhanced
emission intensity across a wide spectral range, encompassing
the ultraviolet (UV), visible (VIS), and near-infrared (NIR) regions.
To the best of our knowledge, this Sc.-_p+3* — Pr** energy
transfer mechanism was experimentally confirmed for the first
time through excitation spectroscopy using synchrotron radia-
tion. A key conclusion of this study was the identification of a Sc
concentration threshold in the Lu, 5Y; 5Al5_,Sc,O,, crystals, esti-
mated at x = 1.5. At this critical concentration, the incorporation
of Sc resulted in the formation of cubic bixbyite-like distorted
perovskite inclusions within the garnet structure. This investiga-
tion further reveals that the atomic size mismatch between
constituent ions introduces kinetic barriers that drive the co-
precipitation of metastable phases. Significantly, the hypoeutec-
tic crystal structure demonstrates a 16-fold enhancement in NIR
emission intensity compared to single-phase crystal. These find-
ings open new possibilities for the crystallization of hypoeutectic
crystal compositions, offering valuable insights into the design of
advanced photonic applications and optical devices, allowing for
tailored emission characteristics based on specific spectral range
requirements.

2. Methodology

2.1. Crystallization process

Single crystals were grown from the melt using the micro-
pulling down (u-PD) technique with radiofrequency (RF) induc-
tive heating.**> The starting materials were prepared by thor-
oughly mixing high-purity oxides of Lu,Os; Y,0; AlOs3,
Sc,03, and PrgO;q (99.999% purity), obtained from Iwatani
Corporation. The powdered mixture was melted under a flow-
ing argon atmosphere via radio-frequency inductive heating
within an iridium crucible. This crucible was specifically
designed with five crystallization capillaries, each possessing
a die diameter of 0.4 mm. Crystal growth was initiated using a
LUuAG seed oriented along the (100) crystallographic direction.
The pulling rate during crystal growth was maintained at

0.05 mm min .

2.2. Powder X-ray diffraction, SEM-EDS, and Raman
spectroscopy

Powder X-ray diffraction (XRD). Small fragments of the
grown crystals were pulverized into a fine powder using a
mortar and pestle. Powder XRD analysis was carried out within
the 20 range of 15-70° using a D8 DISCOVER-HS (BRUKER)
diffractometer. Cu-Ko radiation, with a wavelength (1) and a
photon energy (E) of approximately 8.05 keV, respectively, was
employed for diffraction measurements.

Scanning electron microscopy (SEM) with energy-dispersive
X-ray spectroscopy (EDS). The morphology and chemical com-
position of the Pr**-doped (Lu,Y);(Al,Sc)s0;, crystals series were

J. Mater. Chem. C, 2025,13,13691-13712 | 13693
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investigated using a field emission scanning Electron Micro-
scope (FEI Nova NanoSEM 230), equipped with an Apollo X
Silicon Drift Detector (SDD) and EDAX Genesis software. SEM
images and EDS measurements were acquired at acceleration
voltages of 5 and 30 kV, respectively. Due to the low concen-
tration of Pr atoms in the crystals, EDS mapping and line
profile intensity measurements were not feasible for aforemen-
tioned element and were not discussed in the paper. The
surfaces of crystals were too rough to recorded high quality
SEM images and EDS maps, therefore all measured samples
were polished prior to scanning. In the first step, the crystals
were included in the PolyFast (Struers) epoxy resin. In the
following step, the specimens were subjected to mechanical
polishing using SiC paper from 220 to 4000 grain (Struers) in
order to remove deformation layers and obtain a flat surface for
examination. After that, the prepared samples were coated with
a thin layer of gold using an Auto 306 Coater with a Turbomo-
lecular Pumping System (Edwards Vacuum) to enhance image
contrast. Finally, obtained specimens were put under micro-
scope and analysed by using secondary electron (SE) and
dispersive X-ray signals (EDS) in order to obtain high quality
SEM images and EDS maps, respectively.

Micro-Raman spectroscopy (p-RS). Non-polarized Raman
spectra were recorded at room temperature using a Renishaw
InVia Raman microscope equipped with a thermoelectrically
cooled (TE) CCD detector and an Ar" laser operating at a
wavelength of 488 nm. Raman spectra were obtained within
the 100-900 cm ™" spectral range, with a resolution better than
2 cm™ . The laser beam, with a power below 5 mW, was focused
onto the sample using a 50x objective. Raman peak positions
were calibrated against a Si crystalline reference sample. Spec-
tral band parameters, including peak center position, intensity,
integral intensity, and FWHM (half-maximum width), were
determined after baseline correction using the Wire 5.6 software
fitting procedure.

High-spatial-resolution luminescence spectroscopy. High-
spatial-resolution luminescence spectra were also recorded
utilizing the Renishaw InVia Raman microscope. The excitation
wavelength of 488 nm and optical objective with a magnifica-
tion of 50x were employed. The laser beam power was set to
0.5 mW.

2.3. Optical, luminescence, scintillation, and
thermoluminescence properties

Optical absorption, photoluminescence excitation, and
emission spectra. The room-temperature absorption spectra
of all crystals were measured across the 300-2000 nm spectral
range using a double-beam UV-Vis-NIR spectrophotometer
(Varian Cary 5000) with a spectral bandwidth set to 0.5 nm.
To prevent distortions caused by moisture absorption in the
NIR spectral range, the instrument was purged with high-purity
Argon. The absorption range between 190-300 nm was mea-
sured using a Shimadzu 3101PC spectrophotometer. The
photoluminescence excitation (PLE) and emission (PL) spectra
were acquired using an Edinburgh Instruments FLS1000 spec-
trofluorometer. Both instruments were equipped with a xenon
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lamp excitation source, ensuring uniform excitation across the
sample. To correct for instrumental artifacts, all recorded
spectra underwent appropriate adjustments.

Time-resolved photoluminescence decay kinetics. Time-
resolved photoluminescence (PL) decay kinetics were examined
utilizing a pulsed nanoLED with a pulse duration of 0.2 ns and a
repetition rate of 40 MHz. Temperature-dependent PL measure-
ments were performed over a wide range (12-650 K) by employing
a closed-cycle cryostat coupled to the FLS1000 spectrofluorometer.
Prompt luminescence decay curves were obtained through time-
correlated single photon counting. Decay curves were approxi-
mated with the following multiexponential function:

I(n=> lew + B )

I represent the luminescence intensity, I; denotes the inten-
sity at O ns, ¢ indicates the time, t; refers to the decay time, and
B represents the background intensity. To quantify these para-
meters, the effective decay time (Tegective) Was computed using
the following formula:**

Z Iffiz

1
=t )
Teffective Zlifi ( )
i

here, I; represents the intensity, and t; stands for the decay time
value of the i-th component within the fit.

Synchrotron radiation measurements. Photoluminescence
emission and excitation matrices (EEMs) were obtained under
synchrotron radiation at the VUV time-resolved luminescence
P66 beamline at the PETRA III storage ring of the Deutsches
Elektronen-Synchrotron DESY (Hamburg, Germany). The excita-
tion energy was set using a 2 m primary normal incidence
McPherson monochromator within 0.8 nm resolution. The emis-
sion was analyzed using a 0.3 m Kymera 328i (Andor) spectro-
graph with the F/4.1 aperture and 0.4 nm spectral resolution. The
detector was a thermoelectrically cooled CCD camera (Newton
920, BEX2-DD, Andor), and a set of high-pass Thorlabs filters was
used to avoid the first and second orders in the data. The spectra
were corrected both for the synchrotron radiation flux using the
reference sodium salicilate excitation spectrum and for the
sensitivity of the detection system using calibration curves pro-
duced within the previous measurements with Ocean Optics
calibrated UV-VIS-NIR light source DH-2000. The automatic
EEM scanning was performed using the home-made PyTango
based software with a GUI, recently available at P66. The mea-
surements at 8 K were performed using the Konti (Cryovac) liquid
helium-cooled flow-type cryostat, under 1.0 x 10~° mbar ultra-
high vacuum conditions.

Radioluminescence (RL) and thermoluminescence (TL) stu-
dies. Radioluminescence (RL) spectra and thermoluminescence
(TL) glow curves were obtained using an experimental setup
comprising an Inel Cu-anode X-ray generator, an ARC SP-500i
monochromator, a Hamamatsu R928 photomultiplier, and an
APD Cryogenics helium cooler controlled by a Lake Shore 330
unit. TL measurements were performed between 10 and 300 K

This journal is © The Royal Society of Chemistry 2025
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at a heating rate of 0.14 K s, following a 10-minute X-ray
excitation. RL spectra were recorded starting at 350 K and
terminating at 10 K, aiming to avoid potential contributions
from the thermal release of charge carriers to the RL yield.

Scintillation light yield and decay time. Scintillation light
yield and decay time were measured by enclosing the crystals in
several layers of Teflon tape and optically coupling them to the
light entrance window of an R7600 photomultiplier tube (PMT;
Hamamatsu) using optical grease. The high voltage was pro-
vided by the ORTEC 556 power supply, and signals were
extracted from the PMT anode. These signals then passed
through a 2 and 10 ps shaping amplifier, the ORTEC 570, before
being digitized by the Pocket MCA 8000A multi-channel analy-
zer (MCA; Amptek Co.). Scintillation decay curves were obtained
using a digital oscilloscope (Tektronix TDS3034B) under excita-
tion by 622 keV photons from the 137Cs radioisotope.

2.4. Electron paramagnetic resonance (EPR)

Electron paramagnetic resonance (EPR) measurements were
conducted on a commercial Bruker EMXplus spectrometer
operating at the X band (9.4 GHz) and TE011 mode. The
measurements were performed at 20 K using an Oxford Instru-
ments ESR900 cryostat. The crystal was placed in a quartz tube
for the measurements. X-ray irradiation of samples in the
quartz tube was conducted at 20 K using ISO-DEBYEFLEX
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3003 highly stabilized X-ray equipment for structural analysis
(tungsten X-ray tube, 50 kV, 30 mA). The majority of graphical
visualizations were generated utilizing Veusz, an open-source
scientific plotting software developed by Sanders.>*

3. Experimental results and
interpretation

3.1. Powder X-ray diffraction, SEM-EDS, and Raman
spectroscopy

Fig. 1a depicts as-grown crystal rods alongside polished radial
plates of Pr**-doped Lu, 5Y; 5Al5_,Sc,O4,, where x = 0.0, 0.5, 1.0,
1.5, and 2.0. All examined crystals exhibit a crack-free and
regular cylindrical morphology. The crystals with scandium
concentration up to x = 1.5 demonstrate good optical transpar-
ency. However, the Pr’*-doped Luy 5Y; 5Al;Sc,0,, crystal (x = 2.0)
exhibits significantly reduced transparency. Cross-sectional
microscopic analysis of the Pr**-doped Lu, 5Y; 5A1;5¢,0;, crystal
reveals a systematic reduction in optical transparency through-
out the entire sample area. This transparency degradation
indicates the formation of compositionally heterogeneous inclu-
sions within the crystal lattice, which scatter the incident light.

The powder X-ray diffraction patterns depicted in Fig. 1b
correspond to Pr**-doped Lu,;Y;sAl;_,Sc,O,, crystals with

T
x=2.0
! - Phase inclusions

Normalized intensity
—
4
L

W
x=0.0
1 11 1 1. l 1 JIJ Nl
PDF #53-0272 Lu,(ScAl),Al;0,,
1 PDF #27-0599 TbScO;
| i L. ’.| .'l ..||| !
20 30 40 50 60 70

26 ()

Fig. 1 (a) As-grown crystal rods of Pr3+—doped Luy5Y15Als_xScO1p, Where x = 0.0, 0.5, 1.0, 1.5, 2.0 along with polished radial plates cut from the central
part of the crystal, (b) theoretical (PDF #53-0272, Lus(AlSc),AlzO12) and experimentally recorded PXRD patterns for Pr¥*-doped LuysY1 sAls_xScO1n
crystals with increasing Sc** ions concentration, (c) experimentally determined lattice constant ag as a function of Sc** ions concentration compared

with theoretical values.

This journal is © The Royal Society of Chemistry 2025

J. Mater. Chem. C, 2025,13,13691-13712 | 13695


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5tc01411e

Open Access Article. Published on 06 Juni 2025. Downloaded on 26/07/2025 00:00:06.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

varying concentrations of Sc** ions. As the substitution of the
Sc atoms for Al proceeds, the crystalline structure maintains its
garnet-type phase. The PXRD data confirms that all samples
crystallize in the cubic space group Ia3d (No. 230) of the garnet
crystal system. The exception arises in the case of the Pr*'-
doped Lu, 5Y;5A138¢,04, crystal (x = 2), wherein additional
diffraction peaks are observed (see Fig. 1b). These additional
peaks are attributed to the presence of perovskite phase inclu-
sions within the dominant garnet lattice. The presence of
perovskite phase inclusions in Pr3+—doped Lu; 5Y;.5A135¢,01,
crystals (x = 2.0) is a significant factor contributing to the
observed reduction in transparency. Fig. 1c presents an analysis
between the experimentally estimated and theoretically calcu-
lated lattice constants a, as a function of increasing Sc** ions
concentration in Pr**-doped LuysY; sAl5_,Sc,Oq, crystals. The
expansion of the host lattice constants correlates well with the
calculated values for Sc concentrations up to x = 1.5. Specifically,
the lattice constants expand from 11.9594 A to 12.2114 A for the
Pr’*-doped Luy 5Y; 541504, (x = 0.0) and Luy 5Y; 5Al; 5S¢y 501, (x =
1.5) crystals, respectively. However, marginal decrease in the
lattice constant is observed for the Pr’**-doped Luy 5Y; 5Al35¢,0;,
crystal (x = 2.0), indicating a reversal in the expansion trend.
This observation aligns with the experimental PXRD patterns
and substantiates that at higher concentrations of the larger
Sc* cations, there is a decreased propensity for these cations to
substitute for Al sites in octahedral coordination. Consequently,
it becomes energetically more favorable for the Sc elements to
form secondary perovskite phase inclusions rather than inte-
grating into the octahedral sites. This behavior elucidates the

SEM LUTETIUM YTTRIUM
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noted deviation from Vegard’s law observed in the experimental
data.*® Deviations from Vegard’s law are well-documented, often
attributed to factors such as disparities in component sizes and
structural incompatibilities.’**> The observed effect provides
compelling evidence regarding the inherent constraints asso-
ciated with the incorporation of solute species into a solid
matrix when the atomic radii of the solute and solvent atoms
exhibit significant mismatch.”'**® The experimental results
reveal a compositional threshold for the saturation of Sc*" ions
in the octahedral sites of Pr3+—doped Lu; 5Y; 5Al5_,Sc,O4, occur-
ring at x = 1.5. This assertion is corroborated by the substantial
deviation between the experimentally estimated lattice constant
ao (12.2049 A), and the theoretically predicted value for com-
plete saturation (12.3041 [i) in the Pr**-doped Lu, 5Y; 5A13S¢,01,
crystal (x = 2.0). This observation implies an incomplete incor-
poration of Sc** cations into the octahedral sites of the Pr*-
doped Lu, 5Y; 5Als_,Sc,O4, crystal when x = 2.0. Consequently,
the residual Sc atoms that exceed the substitutional capacity of
the octahedral sites precipitate out, leading to the formation of
perovskite phase inclusions within the garnet structure.

The EDS analysis serves as an imaging tool to visualize the
distribution of atoms within a crystal structure. Fig. 2 and 3
present the EDS maps and corresponding line profiles for the
Lu, Y, Al, Sc, and O elements, respectively. The EDS analysis
revealed radial variations in the elemental distributions, exhi-
biting distinct patterns that depended on the concentration of
Sc elements. The elemental variability observed in the crystal-
lization volume is notable for its localized, point-like regions,
primarily concentrated in areas where the molten material was

SCANDIUM ALUMINIUM OXYGEN

NO SIGNAL

Fig. 2 The multi-elemental EDS maps illustrating the spatial distribution of Lu (yellow), Y (blue), Sc (cyan), Al (green) and O (red) within Pr**-doped

LuysY15Als_,Sc, Oy crystals with increasing Sc** ions concentration.
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Fig. 3 EDS radial distribution profiles illustrating the spatial distribution of Sc (cyan), Al (green), Lu (yellow), Y (blue) and O (red) atoms in the Pr**-doped

Luy5Y15Als_,Sc,O1p crystals with increasing Sc3* ions concentration.

ejected through the crystallization capillary. These point-like
regions form rounded spots embedded within the main crystal
structure. The brighter regions of these spots reflect higher
concentrations of certain elements, while the darker regions
correlate with lower concentrations of the examined atoms.
Additionally, the enrichment of one element within a spot is
associated with the concomitant depletion of another element.
An illustrative example is the Pr**-doped Lu, 5Y; 5Al; 5S¢y 501,
crystal (x = 1.5). In this case, Al elements show enrichment
within the rounded spots, indicated by a brighter green color.
Conversely, these areas are depleted in Sc atoms, which are
represented by a darker cyan color. This pattern highlights the
elemental segregation and the intricate interplay between
atomic size mismatch and concentrations in the crystal lattice.

It is noteworthy that although the crucible used for crystal
growth featured five crystallization capillaries, the EDS maps do
not display all five regions with distinct chemical compositions.
Furthermore, it has been demonstrated that the number of
heterogeneous spots observed in the EDS maps is subject to
variation following the Sc** ions concentration. This suggests
that the molten material was not uniformly ejected from the five
capillaries, resulting in compositional differences in the melt
ejected from each capillary. If the segregation effect, attributed to
the mismatch in ionic radii, were to occur uniformly at the liquid/
solid interface, all capillaries would exhibit the same or similar
behavior. Specifically, at the liquid/solid interface of each capil-
lary, the same segregation mechanism would manifest, enriching
the rim and core with larger ions and with smaller ions, respec-
tively. However, the observed variations in chemical composition

This journal is © The Royal Society of Chemistry 2025

and the number of heterogeneous spots imply non-uniform
ejection dynamics, indicating that factors beyond ionic radius
mismatch may influence the segregation process during crystal-
lization. However, it should be noted that this effect is only
observed when the melt contains an incompatible element, ie.
Sc. The observation that the Lu, 5Y; sAls04, crystal, which does
not contain Sc, exhibits better homogeneity, lends support to the
conclusion. In this sample, the typical behavior of elemental
distribution is observed, where ions with larger ionic radii, such
as Y** ions, show enrichment at the crystal rim and depletion at
the crystal center. Conversely, Lu** ions, having a smaller ionic
radius, exhibit the opposite behavior, with depletion at the crystal
rim and enrichment in the central regions.”

The exception to this pattern is observed in the Pr’**-doped
Lu, 5Y; 5Al3,0S¢,.001, sample (x = 2.0), where the crystal volume,
excluding the rim, exhibits the hypoeutectic composition. The
secondary phase inclusions display a triangular morphology,
with each triangle enriched in Sc and Lu elements. This
observation aligns with the PXRD results (see Fig. 1b), which
indicate that the triangles predominantly form a perovskite
structure, while Al, Y and O elements develop a garnet phase.
Furthermore, the formation of this hypoeutectic structure also
explains the observed deviation from Vegard’s law. For the Pr*'-
doped Lu, 5Y; 5Al5_,Sc,O;, crystals where x > 1.5, it is thermo-
dynamically more favorable for Sc ions to form perovskite
phase inclusions rather than incorporating into octahedral
coordination within the garnet phase. This mechanism occurs
when the concentration of large, incompatible atoms reaches
the solubility threshold.***>436739
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The EDS line profiles provide comprehensive insights into
the changes in elemental distribution imposed by Sc admixing.
Notably, the EDS line profiles reveal that the smaller
Lu elements enrich the central regions, while the larger
yttrium Y elements are concentrated at the rim within the
Lu, 5Y; 5Al50,, crystal. In crystals admixed with Sc elements,
the areas depleted in Sc (exhibiting lower intensity) and con-
currently enriched in Al (higher intensity) are primarily con-
centrated in areas where the molten material was ejected
through the crucible capillary. Furthermore, this observation
confirms that the melt ejected from each capillary differed in
composition. Interestingly, within these rounded spots, the Lu
and Y elements follow the same trend, with the larger Y
elements accumulating at the rim of the rounded spot and
the smaller Lu elements concentrating within the central part.
The spatial distribution analysis reveals a systematic segrega-
tion pattern of heterogeneous elements ejected from each
capillary: elements with larger atomic radii predominantly
migrate toward the peripheral regions of the capillary, whereas
elements with smaller atomic radii exhibit preferential concen-
tration within the central domains. This suggests that the
crystallization process occurs independently within each
capillary.>>*° Another important conclusion is that the melt
in the crucible is heterogeneous. Furthermore, the implemen-
tation of a 0.1 mm diameter capillary effectively inhibits atomic
back-diffusion from the liquid/crystal interface to the crucible
reservoir, thereby promoting heterogeneous crystallization pro-
cesses. This geometric constraint significantly influences the
crystallization kinetics and resultant phase formation. The EDS
line profile for the Pr**-doped Lu, 5Y; 5Al; 0S¢, 004, crystal (x =
2.0) demonstrates eutectic perovskite-garnet composite struc-
ture. The spatial distribution of elements ejected from each
capillary demonstrates a spontaneous self-organizing phenom-
enon, wherein size-dependent elemental segregation occurs as
an intrinsic mechanism during the crystallization process, sug-
gesting a thermodynamically driven ordering behavior. This
localized crystallization phenomenon represents a significant
advancement in hypoeutectic materials engineering, enabling
enhanced control over phase self-organization and microstruc-
tural evolution. This novel approach enables optimal spatial
organization of both phases, leading to materials that display
enhanced structural integrity and functional properties. The
methodology shows significant promise for the design of next-
generation composite materials, allowing for the precise control
of microstructures and the customization of performance char-
acteristics to meet specific application demands. To elucidate the
impact of Sc incorporation on host lattice disorder and charac-
terize the structural properties of secondary phase inclusions,
detailed vibrational spectroscopy analyses were conducted.

The symmetry of Pr3+-d0ped Lu, 5Y; sAls_,Sc,O, crystals is
described by the cubic Ia3d space group. The group theory for
such a structure predicts 240 normal vibration modes in the
vicinity of the Brillouin zone center:*'

['=3Ag+ 5Agq + 8Eg + 14F ¢ + 5A, + 5A,, + 10E, + 18F;, + 16F,,

(3)
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Among them 17 ungerade modes are infrared active (17F,),
55 are optically inactive, and 25 gerade modes (3A;; + 8E; +
14F,,) are active in Raman spectroscopy. This theoretical pre-
diction should be considered only as a limit since the observa-
tion of modes is often hindered by their accidental degeneracy,
weak intensity, or electron transitions.*>™** Generally, the
RE;M,M}0,, garnet Raman response is dominated by M"0O,
tetrahedra-related bands. It can be divided into two main
regions: (i) low energy one below 500 cm ™', containing RE ions
translations, alongside translational, librational, and internal
antisymmetric stretching vibrations (v;) of M'O, tetrahedra,
and (ii) high energy range from 500 to roughly 900 cm ™", with
breathing (v,), quadrupolar-like (v,), and deformations (v,) of
M'0O, units. In an ideal case, all oxygens forming M"Og octahe-
dra are equally spaced from the inner M atom, and vibrations of
such structure described by the O; point group are Raman
inactive.

The obtained room temperature and unpolarized Raman
spectra are included in Fig. 4a. The positions of modes with
assigned symmetries and vibration types are summarized in
Table S1 in ESL.} In total, 16, 15, 14, 14, and 14 bands were
collected for the Pr**-doped Lu, 5Y; 5Al;_,Sc O, crystals, where
x = 0.0, 0.5, 1.0, 1.5 and 2.0, respectively. For the Pr**-doped
Lu; 5Y; 5Al504, crystal (x = 0.0), the four most intensive peaks
located at 260 (Fg), 374 (Asg), 398 (Eg), and 790 cm ™' (Fyy).
These and most of the other observed bands are separated and
relatively narrow, with FWHM below 16 cm™'. The latter
indicates a well-developed ordered crystal structure. The overall
spectrum resembles that of isomorphous YAG, which, due to its
thorough examination by Raman and computational methods,
serves as the main reference for interpretation.**™*” With
increasing Sc®" ions concentration in the YAG crystal structure,
the A,; and E; modes become visible in the spectra as a single,
greater peak. This accidental degeneracy can be corroborated
by considering the height ratio of the resultant and the other
two strong F,, modes. The ratio exhibits a positive gradient in
the interval 0.5 < x < 1.5, indicating enhanced overlap,
followed by a notable decline within the range 1.5 < x < 2.0
(as illustrated in the upper panels of Fig. 4a). This observation
may suggest that the A;; and E, modes have exchanged their
order, resulting in the E, mode being positioned at a lower
energy level. The spectral deconvolution of the region spanning
280-440 cm ™', which incorporates the two subsidiary E, and F,y
modes, is depicted by dashed black lines in Fig. 4a. A notable
consequence of elevated Sc** ions concentration is the manifes-
tation of unexpected broad spectral features within the 570-
770 em™ " spectral region, particularly pronounced in the Pr**-
doped Lu; 5Y; 5Al5_,Sc,O4, crystals, where x = 0.5 and 2.0. The
underlying mechanism responsible for these spectral features
remains not fully understood. It is possible to propose two
potential explanations for this phenomenon. Firstly, in the
Pr’*-doped Lu, sY; 5Al, 5S¢0 5015 (x = 0.5) and Lu, 5Y; sAL;Sc, 601,
(x = 2.0) crystals, it is conceivable that certain electronic levels of
the Pr’" ions may manifest in this region as a consequence of
crystal field splitting. Secondly, these features might arise from
structural distortions within the ScOg octahedra.
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The reduction in structural symmetry induces significant
modifications in the vibrational spectrum, manifesting as the
activation of previously IR-active and silent modes in the
Raman spectra. The spectral evolution, illustrated in Fig. 4b,
reveals distinctive peak position shifts across the compositional
range. The magnitude of these shifts, denoted by A, represents
the difference between the extrema values estimated for Pr*'-
doped Lu, 5Yq 5Al5_,Sc O, crystals, where x = 0.0 and 2.0,
respectively. A predominant redshift tendency is observed for
the majority of vibrational modes, with shifts typically span-
ning several wavenumbers (cm™'). Notable exceptions to this
trend are observed in the A, and E, symmetry modes, centered
at approximately 375 and 535 cm™ ', respectively. While the
primary mechanism underlying these spectral modifications
can be attributed to the expansion of the lattice parameter,
whereby increased interatomic distances generally correlate
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with decreased vibrational energies (Fig. 1c), the observed peak
shifts cannot be fully rationalized by the experimentally deter-
mined lattice parameters of the Pr**-doped Lu, s5Y; 5Al;Sc, oO1n
(x = 2.0) crystal. This discrepancy suggests that additional struc-
tural factors, specifically alterations in the internal bond lengths
and angular distortions of the AlO, or ScO, tetrahedral units,
contribute significantly to the observed spectral evolution.

A comprehensive analysis of the crystalline structural quality
was conducted through examination of the FWHM parameters
for the most prominent Raman bands, as depicted in Fig. 4c.
The FWHM exhibits a systematic increase of several wavenum-
bers across the compositional range from x = 0.0 to x = 1.0, with
the Pri*-doped Lu, sY; 5Al;0;, crystal demonstrating excellent
structural order. This observation aligns with theoretical pre-
dictions, as the absence of Sc*" ions ensures enhanced crystal-
lographic periodicity and minimizes local structural distortions

(a) (b) (c)
900
| — 1 © Ag(-790cm?)
S < 301 & E'-400cm
=B Fy(= -27.1cm") £ | © Ay(-370em?)
] S < Fy(~260cm’) -
4 ® E(~130em") —
800 s 20 T e — =
e Y T o <7 o
T \k~[> Ay (A= -22.2 cm™) = ] ‘/;/%,/83' ~o— _m
~ i
o 10 %;*—*=4‘—<
{ B —a— g —a—8 Fy(A= -32cm™) T I T T T
700 - >
| > P —p Fpy (A= -17.5cm™) 0.0 0.5 1.0 1.5 2.
Sc concentration
] (chemical formula unit)
> 600 (d)
- — =
g ‘.'E 1 sggem’ | X7 2'0_ i
5 § o o w o _a Fu(d= 15 - pha‘1se inclusion
= ;__,’ [ E, (A= +0.4 cm’) 458.cm
§ < 500
. = ]
© ©
£ £
o [0 1 g—a— B _ 8 Fyu(b=-108cm’)
4 400 1 > B =
B—p _p B @=-1400m)
1 o——a—8=F<B
T V*&\D.. . (e)
4 —p> Eg (A= -17.0cm™)
300
] :—l—l—.__. Fag (A= -10.8 cm”)
] Rl S Fo (A= -15.3 cm”)
200
| I — Fa (A= —-11.3 cm’)
| - — i RE]
] >——>—?>_;t_> E, (A= -6.7 cm™)
100 T

| B — T
0.0 0.5 1.0 1.5 2.0

Sc concentration
(chemical formula unit)

400 600
Raman shift (cm™)

800

Fig. 4 (a) Room-temperature, unpolarized Raman spectra of Pr*-doped Luy 5Y1 sAls_,Sc,O15 crystals with increasing Sc®* ions concentration. Dashed
lines show the deconvolution of bands within the 300-450 cm™* spectral range, (b) positions of selected Raman bands as a function of Sc3* ions
concentration. The differences between the Pri*-doped Lu; 5Y; 5Als 0O (x = 0.0) and Luy sY1 5Alz 0S¢5 0010 (x = 2.0) crystals are indicated in parentheses
on the right; a negative value signifies that the band for the Luy sY15Al5 0Sc2 0015 crystal is shifted to lower energy relative to the Luy sY15Al5 0O, crystal, (c)
FWHM of selected Raman bands as a function of Sc** ions concentration, (d) room-temperature, unpolarized Raman spectrum of secondary phase
inclusion within the main Lu; sY; sAlzSc,O1, garnet phase, (e) optical image of example phase inclusions (bright triangles) acquired at a magnification
of 50x.
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that would otherwise arise from the larger ionic radius of Sc**
ions. The correlation between Sc** ions concentration and peak
broadening offers compelling evidence for the influence of
ionic size effects on the increased disorder within the host
lattice. For the Pr’**-doped Lu, 5Y; 5Al5s_,Sc,Oy, crystals, where
x = 1.5 and 2.0, the observed trend becomes less clear, as some
bands exhibit a decrease in width. This phenomenon may
suggest that the Sc:Al ratio equal to 1:4 leads to saturation
of the garnet lattice disorder. The behavior is likely influenced
by a combination of factors, such as selective distortions of
specific symmetrical units and the activation of modes result-
ing from reduced symmetry. However, a thorough analysis of
these complexities would require theoretical calculations for
validation. Additionally, the presence of phase inclusions in the
Pr¥*-doped LuysY;5Al5 0S¢, 001, (X = 2.0) crystal, may also
contribute to the modifications observed in the vibrational
characteristics.

To investigate the nature of the perovskite phase present in
the Pr**-doped Lu,;Y;sAl;Sc,0;, crystal, spectra from these
specific regions were recorded, as illustrated in Fig. 4d and e.
An optical image demonstrating the phases reveals a repetitive
triangular morphology, as shown in Fig. 4e. The vibrational
spectra obtained from these regions display fundamentally
different characteristics from those of the primary garnet
phase, indicating a distinct crystallographic structure. A com-
prehensive comparison with the existing literature**>* enabled
the identification of the structure as a cubic bixbyite-like
distorted perovskite, characterized by the space group Ia3.
The main characteristic proving such assignment is the strong,
degenerate band consisting of two modes of A; and F, symme-
try located at about 398 cm ™. The chemical composition of the
inclusions is presumably Lu, _,Y,ScO; with y < 1 — y the lack of
aluminum and yttrium can be proven by its deficiencies visible
in the EDS maps (see Fig. 2 and 3) and also by employing the
Goldschmidt tolerance factor® defined as:

o ra +ro
- V2(rg +ro) @

For LuScO; and YScO; the parameter roughly equals 0.80,
and 0.82, respectively, assuming Lu**(xx), Y**(x), S¢**(v1), and
O ?(v1) oxidation states.'® These fall well within 0.78 < ¢ < 0.83
range appropriate for cubic, bixbyite-like structures.”® On the
other hand, YAIO; and LuAlO; take values of 0.90, and 0.89,
suggesting an orthorhombic crystal system.>® Indeed, such
perovskites are well known to crystalize in Pbnm space group
and give Raman bands distinctive from those in Fig. 4d.**>%3¢
The identification of the bixbyite phase presents significant
implications for the structural and physical properties of Pr**-
doped Lu, 5Y; 5A13Sc,04,, contributing to notable structural
coherence within the crystal. The presence of this phase,
specifically the Lu,_,Y,ScOj; structure with its characteristically
smaller lattice parameter, provides a plausible explanation for
the observed deviation from Vegard’s law.’™*” In addition, a
local change in the environment of Pr’" ions can affect their
electronic transitions. The ordering of Sc¢**, Lu**, and O*~ ions
in deformed perovskite phases may also cause their deficiencies

13700 | J Mater. Chem. C, 2025, 13, 13691-13712

View Article Online

Journal of Materials Chemistry C

in the rest of the material, leading to an increased number of
vacancies and explaining the lower optical quality of the Pr**-
doped Luy 5Y; 5Al3S¢, 001, (x = 2.0) crystal in comparison to the
other crystals in the series, as evidenced by the broadened
Raman bands. The detailed characterization of bixbyite inclu-
sions and their impact on the Lu, 5Y; 5Al3Sc,0;, garnet struc-
ture necessitates further investigation. Given the substantial
volume of experimental data required and the complexity of
this phenomenon, a comprehensive analysis will be presented
in subsequent work dedicated exclusively to elucidating these
phase relationships.

3.2. Temperature, time, and spatial dependence of Pr**
photoluminescence properties

The room-temperature photoluminescence excitation spectra for
Pr’" emission are systematically investigated in LuysY; sAls_,-
Sc,O4, crystals where x ranging from 0.0 to 2.0, with emission
monitored at 340 nm corresponding to the interconfigurational
4f'sd} — 4f® transitions (see Fig. 5a). The excitation spectra
reveal two primary interconfigurational transitions: the 4f> — 5d}
4f* transition centered at 240 nm and the 4f> — 5d}4f* transition
centered at 285 nm."* Notably, Sc admixing induces significant
broadening of these excitation bands. This spectral broadening
can be attributed to the increased lattice disorder induced by Sc
incorporation. The Sc admixing leads to a higher concentration
of Pr’" ions that experience varied local environments, resulting
in reduced symmetry. This phenomenon is corroborated by the
vibrational spectra, which reveal distinct variations indicative of
these effects."* A particularly important observation is the
appearance of an additional excitation band centered initially
at 200 nm in the Pr*-doped Lu,sY;sAly5Scos04, (x = 0.5)
crystal, which progressively shifts to 205 nm for the Pr*-
doped Lu, 5Y; 5A13S¢, 0015 (x = 2.0) crystal. This band originates
from electron-hole (e*-h™) pairs bound to Sc** ions, termed a
bounded exciton. Remarkably, the intensity of this excitonic
band demonstrates a linear increase with Sc** ions concen-
tration, reaching peak intensity in the crystal with x = 2.0
which is approximately twice that observed in the Pr’*-doped
Lu, 5Y; 541, 55¢0.5015 (x = 0.5) crystal. The systematic appearance
and intensity progression of the excitonic band provide evidence
for an efficient excitation energy transfer mechanism from
excitons bound to S¢*" ions to Pr’* ions.***°

Fig. 5b compares the room-temperature photoluminescence
spectra of Pr’* emissions, excited via the interconfigurational
4f* - 5d34f" transition at 240 nm in Lu; 5Y; sAl;_,Sc, Oy, crys-
tals. The emission spectra demonstrate two distinct spectral
regions: a dominant interconfigurational 4f'5d; — 4f> broad-
band emission spanning 285-450 nm and sharp emission lines
between 470-700 nm originating from the intraconfigurational
4f> — 4f® transitions of Pr’" ions. The Sc admixing induces
significant modifications to both spectral features. The inter-
configurational 4f'5d; — 4f> broadband demonstrates progres-
sive broadening, while the intensity of the intraconfigurational
4f> — 4f* sharp lines exhibits a systematic increase with rising
Sc®* ions concentration. These observations align with the
excitation spectra and provide further evidence that Sc admixture

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5tc01411e

Open Access Article. Published on 06 Juni 2025. Downloaded on 26/07/2025 00:00:06.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Journal of Materials Chemistry C

(a)

Normalized intensity

—_
(=}
-

Excitation wavelength (hm) Emission wavelength (nm)

Energy (eV) (b) Energy (eV)
6.5 6.0 55 5.0 4.5 4.0 4.03.5 3.0 25 2.0
P L 1 L 1 1 1 P IR | " 1 |
1 1 e i 1 1 1 1 ‘I 1 e e ——
x=1.5
&
@
" g [P | I !
o salaf’ X—‘ﬂ 0 - 4f'5d! — 4f? Ao x=1.0
- = FEEZEF L
/M\ o saar b A Wy
N g FEFS
P \17*. g \‘J\‘y\,l\_,l\_ I/\\"*L
x=0.5 S x=0.5
=z
1 1 1 1 JJLf\k-
A = 340 1 x=0.0 Ave. = 240 1 x=0.0
RT RT
AR RS BT BN B | L N B B
200 225 250 275 300 300 400 500 600 700 800
Wavelength (nm) Wavelength (nm)
(e)
X = 1.5, Aexe. = 240 nm
800 T T T T T T T T T
0 x=2.0
700 s 44 — Fit
10 10- Ter =12+ 0.4 ns
600
1072
500
2 107
400 . g
300 £
-1
X = 1.5, Ao, = 360 nm R
T 107
£
6 1071 .
=z T

320
300 10°
280

260

240

220 10*
P

50 100150200 250 300 350
Temperature (K)

N T ¥ T
O x=0.0

0
L Fit

10™ ' eﬁ=1810.2 ns

107 4

10_3 1 T T T T T ‘ 1 M 1 ’
0 30 60 90 120 150

Time (ns)

(c)

32
30
28
26

22
20

Excitation wavelength (nm) Emission wavelength (nm)

)

Effective decay time (ns)

View Article Online

Paper

X = 0.0, Aeye. = 240 Nm

800
700

10°
600
500
400

10*
300

x = 0.0, Acmi. =360 nm

0
0
0
0
240
0
0

50 100150200250 300 350
Temperature (K)

30 | Ter = 18 NS
20 '°’°°°°ooo+
10 __ | °°o°°

0 - Lol 129990909
30{x=15 |7s=18ns
20 000000,
10- T."%.

04 . 1 . - 1 .."°!
30{x=1.0 |7ex=18ns
20 _%oeeeeeae °
10‘ T 099@0@ oo

01 . . 1.y, %%
30{x=05 |zw=18ns
20 —.oooooo... -
10_. T *oee ®oo

04 . ¢ v 1y 90900
30—X=0.0 |T9ﬁ=18ns
20 {swoccccccee, .,

] 1%0eq
10 | %
] | o.....
0 7] T T T T T T T T T T T

0 100 200 300 400 500 600
Temperature (K)

Fig. 5 (a) Room-temperature excitation spectra of Pr* ions for the 4f'5d} — 4f2 transition at 360 nm, and (b) corresponding emission spectra excited at
240 nm. (c) 2D temperature-dependent (10-340 K) maps of photoluminescence emission (upper panel, Aexc = 240 Nnm) and excitation spectra (lower
panel, Aemi = 360 nm) for the Pr*-doped Luy 5Y15AlsO15 (x = 0.0) and (d) Luy 5Y; 5Alz 5S¢; 5015 (x = 1.5) crystals (e) RT photoluminescence decay times of
Pr3* ions (lexc = 280 NM, Aemi = 320 nm) in the Pr¥*-doped Luy 5Y1 sAls_,Sc,O1, Crystals, where x = 0.0, 1.0, and 2.0. (f) Temperature-dependent decay

kinetics of the Pr®
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introduces significant disorder into the host lattice. This dis-
order effectively lowers the symmetry around the Pr’* ions,
resulting in enhanced emission intensity. These observations
are consistent with the absorption spectra (see Fig. S1 in ESIt).

Fig. 5c and d present 2D temperature-dependent maps of
photoluminescence emission (upper panels) and excitation
spectra (lower panels) for the LusY;sAls_,Sc,Oq, crystals,
where x = 0.0 and 1.5, respectively. The upper panels display
emission spectra obtained with an excitation wavelength of
240 nm, while the lower panels show excitation spectra mon-
itored at an emission wavelength of 360 nm. The emission map
(upper panel) reveals a dominant broadband emission in the
ultraviolet-visible range (300-450 nm), which is assigned to the
interconfigurational 4f'5d] — 4f> transitions of Pr’* ions. The
intensity of this band is highest at low temperatures and
decreases substantially as the temperature increases, reflecting
thermal quenching of the interconfigurational 4f'sd; — 4f>
emission. Simultaneously, the emission map shows a weaker
but noticeable increase in intensity in the visible region (above
450 nm) with increasing temperature, indicating an enhance-
ment of intraconfigurational 4f> — 4f> transitions within the
Pr** ions. These intraconfigurational 4f> — 4f> transitions are
significantly less efficient than the interconfigurational
4f'sdi — 4f* transition due to parity selection rules. However,
with increasing temperature, a thermal population of lower-
lying 4f emitting energy states occurs, resulting in increased
emission in the visible region. The weaker intensity of the
intraconfigurational 4f> — 4f> transitions compared to inter-
configurational 4f'5d] — 4f> transitions at low temperatures
results from a lower initial population of these lower-lying 4f
energy states.

The excitation maps (lower panels), monitored at emission
at 360 nm also show a temperature dependence. The intensity
of the excitation bands centered around 240 and 280 nm as well
as around 200 nm in Sc admixed crystals, decreases as the
temperature increases. This confirms the thermal quenching of
the 5d, exited state, consistent with the emission data. The
temperature at which the redistribution of emission intensities
occurs is strongly influenced by the concentration of Sc** ions
in the crystals. In the Pr**-doped Lu, 5Y; sAls_,Sc,O1, crystal,
where x = 0.0, the crossover point of the decrease in the
interconfigurational 4f'5d] — 4f> emission and the corres-
ponding increase in intraconfigurational 4f> — 4f> emission
occurs at approximately 170 K. Conversely, in the Pr’*-doped
Lu, 5Y; 5A135¢,,001, (¥ = 2.0) crystals, this crossover point is
observed at around 130 K. For further details, please refer to
Fig. S2a-f in ESI.f A maximum PL intensity is observed for the
Pr**-doped Luy 5Y; 5Al4Scy 001, (x = 1.0) crystal for both emis-
sion regions, indicating an optimal level of Sc admixing that
enhances radiative transitions while minimizing detrimental
non-radiative decay processes. The high spatial resolution
photoluminescence spectra of Pr’* ions, recorded in the 460-
740 nm spectral range, combined with the estimated radial
concentration of Pr’* ions and the degree of host lattice
disorder, provide a comprehensive understanding of the influ-
ence of Sc*" jons concentration on host lattice disorder and Pr**
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ion segregation, refers to Fig. S3a-d and Table S2 in ESI.{ This
integrated analysis reveals the important role of Sc** ions
admixing in tuning both structural and compositional proper-
ties. These findings provide insights into the mechanisms
governing the enhancement of emission intensity in lumines-
cent ions, elucidating the relationship between structural mod-
ifications and optical properties in doped crystalline systems.

Fig. 5e shows representative decay curves of Pr** emission at
320 nm, following excitation at 280 nm, for the Pr*‘-doped
Lu, 5Y; 5Al5_,Sc,O4, crystals, where x = 0.0, 1.0 and 2.0. The
emission recorded at 320 nm corresponds to the interconfi-
gurational 4f'5d; — 4f> transition, which occurs on a nanose-
cond timescale. The decay curves exhibit multi-exponential
behavior due to the complex relaxation dynamics of the Pr**
ions in the host crystal. Each curve was fitted using a multi-
exponential decay model according to eqn (1). To enable quan-
titative comparisons of the temperature-dependent evolution of
the decay behavior, the effective decay time (Teffective) Was
computed according to eqn (2). The photoluminescence decay
kinetics reveals the trend of decreasing Tefrective With increasing
Sc®" ions concentration. At room temperature, Tegective decreases
systematically from 18 ns to 12 nm, for the Pr’**-doped
Lu, 5Y; 5A1504, (x = 0.0) and Luy 5Y; 5A135¢, 0015 (X = 2.0) crystals,
respectively (see also Fig. S4 in ESIf). Fig. 5f illustrates the
temperature dependence of the effective photoluminescence
decay time of Pr** ions emission in the Lu;sY; sAls_,Sc,Oqp
crystals, where x ranges from 0.0 to 2.0. The initial effective
decay time at low temperatures remains constant at ~18 ns for
all examined crystals, corresponding to the radiative decay of
the interconfigurational 4f'5d; — 4f> transition. However, with
increasing temperature, Tesective declines, indicating increasing
non-radiative relaxation processes. Importantly, the onset of
accelerated decay shifts systematically toward lower tempera-
tures as the concentration of Sc®* ions increases. The accelera-
tion of decay time and the reduction in photoluminescence
emission intensity with increasing temperature suggest the
presence of thermally activated processes. The detailed mecha-
nism responsible for the thermally induced decrease in inten-
sity of the interconfigurational 4f'5d] — 4f transition, along
with the acceleration of decay time values, followed by a
systematic increase in emission intensity is observed, originat-
ing from the intraconfigurational 4f> — 4f> transitions and its
correlation with the concentration of Sc*" ions. This phenom-
enon is explained further in the text.

3.3. UV-VIS-NIR emission dynamics of Pr** ions under
synchrotron radiation excitation

The synchrotron radiation excitation spectra, measured at
295 K for Pr*'-doped LujsY;sAls_,Sc,O;, crystals and moni-
tored at emission wavelengths of 314 nm and 610 nm, are
presented in Fig. 6a and b, respectively. The excitation spectra
monitored at 314 nm emission, displayed in Fig. 6a are con-
sistent with photoluminescence excitation spectra shown in
Fig. 53, ¢ and d. For the Pr**-doped Lu, 5Y; 5Al5_,Sc,Oy, crystal
(where x = 0.0), the excitation bands are observed at 4.26 eV and
5.1 eV, which corresponds to the interconfigurational 4f> — 5d}

This journal is © The Royal Society of Chemistry 2025
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Fig. 6 VUV excitation spectra at 295 K for Pr’*-doped Luy sY1 sAls_,Sc,O1» Crystals, where x = 0.0, 0.5, 1.0, 1.5, 2.0, recorded for emission at (a) 314 nm
and (b) 610 nm. (c) NIR luminescence of Pr** ions excited at 160 nm. 2D excitation—emission maps (EEM) for temperatures of 8 K (upper panels) and
295 K (lower panels) for (d) the Pr¥*-doped Luy 5Y1 5AlsO1 (x = 0.0) and (e) Luy 5Y15Als 5S¢0 5012 (x = 2.0) crystals, (f) the maximum emission peak intensity
in the 305-312 nm spectral range at temperatures of 8 K and 295 K, resulting from interband excitation at 6.6 eV (upper panel) and the
interconfigurational 4f> — 5di4f* excitation at energy of 4.35 eV.
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4f* and 4f> — 5dj4f' transitions, respectively. The compara-
tively distinct shape of the bands indicates a relatively ordered
crystal lattice environment and a well-defined energy splitting
of the 5d energy levels by the crystal field. As the concentration
of S¢*" ions progressively increases, the excitation bands exhibit
systematic broadening and intensification, indicating a signifi-
cant enhancement in excitation efficiency. This phenomenon
can be attributed to the improved structural coupling between
the host lattice and Pr*" ions, which facilitates more efficient
energy transfer mechanisms within the crystalline lattice.
These observations suggest progressive lattice distortions intro-
duced by Sc*" ions due to their larger ionic radius compared to
AI*" ions, S¢*" induces strain in the host lattice and alters the
local crystal field symmetry surrounding the Pr*" ions. As a
direct consequence, the crystallographic framework exhibits
pronounced structural disorder, characterized by significant
lattice perturbations. This structural irregularity generates an
asymmetric crystal field distribution, ultimately leading to the
non-uniform splitting of the 5d' electronic manifold. The
excitation spectra monitored at an emission wavelength of
610 nm, as shown in Fig. 6b, reveal similar characteristics to
those observed at 314 nm emission. It is important to empha-
size that the excitation spectra for Pr’* emission further con-
firm the presence of a band associated with excitons bound to
Sc*" ions. This observation provides additional evidence for the
energy transfer mechanism from Sc**-bound excitons to Pr**
ions, highlighting the role of these excitonic interactions in
facilitating the observed emission dynamics.

The host lattice excitation above the 6 eV, corresponding to
energy absorption by the host lattice, provides additional
insights into the influence of Sc** ions concentration. For the
Pr’**-doped Lu,;sY;sAls_,Sc,O;, crystal (where x = 0.0), the
absorption edge is sharp and well-defined, indicating the
presence of a structurally ordered lattice. As the Sc** ions
concentration increases, the host absorption edge broadens
and shifts slightly to lower energy (see Fig. 6a and b). This effect
is pronounced in the excitation spectra for Pr’* ions emission at
610 nm. In the Pr’*-doped Lu, 5Y; sAl;_,Sc,O;, crystal (where
x = 0.0), the host lattice absorption edge exhibits very low
intensity, whereas in Sc-admixed crystals, it is significantly
enhanced. Additionally, the excitonic band associated with
Sc*" ions becomes increasingly pronounced. These features
suggest that the intraconfigurational 4f> — 4f> transitions of
Pr’* ions are intensified by the presence of Sc** ions. This
further confirms that Sc** ions lower the local symmetry and
facilitate the transfer of excitation energy toward Pr’ ions,
thereby enhancing the same time UV, VIS and NIR emissions
(see Fig. 6¢). Fig. 6d and e present a comparative analysis of the
synchrotron radiation excitation-emission maps recorded at
8 K (upper panels) and 295 K (lower panels) for the Pr**-doped
Lu, 5Y; 5Al5_,Sc, O, crystals, where x = 0.0 and 1.0. The EEMs
reveal that both interconfigurational 4f'5d]; — 4f* and intra-
configurational 4f> — 4f> emissions are efficiently excited
under intraband excitations (with energies exceeding 188 nm)
as well as interconfigurational excitations (4> — 5dj4f") with
energies below 220 nm. Consistent with the observations
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presented in the photoluminescence emission spectra (refer
to Fig. 5b-d), it is evident that the interconfigurational emis-
sion bands associated with the transition from 5dj4f' to 4f*
exhibit broadening and a decrease in intensity. Conversely, the
intensity of the intraconfigurational 4f> — 4f> emission
increases with the incorporation of Sc** ions (see also
Fig. S5a-c, ESIf). A key observation is the presence of antisite
defects (Luj;, YA) and F' center emissions in the 310-450 nm
spectral range, which are pronounced at 8 K due to their
excitonic character in the Pr3+—doped Lu, 5Yq 5Al5_,Sc,O;, crys-
tal, where x = 0.0.>°%°® Conversely, such luminescence is
absent in the crystals containing Sc** ions. Another notable
observation is that the Pr’" emission is efficiently excited
between 190 and 208 nm, but this phenomenon is exclusive
to the Sc-admixed crystals. These findings suggest that Sc**
ions may compete for electronic charge carriers (electrons and
holes) with the antisite defects (Lu};, Ya) and F' centers,
subsequently channeling the excitation energy towards Pr**
ions, thereby enhancing their emission efficiency.

Fig. 6f illustrates the dependence of the maximum peak
intensity of Pr** emission from 305 to 312 nm on the excitation
energy, temperature, and Sc>* ions concentration in the crystal
lattice. In the case of E.y. = 6.6 eV (upper panel), the emission
intensity increases systematically with Sc*" ions concentration
at both 8 K and 295 K, reaching a maximum value for the Pr**-
doped Lu; 5Y; 5A1,S¢; 001, (x = 1.0) crystal. However, across all
examined crystals, the emission intensity at 295 K remains
considerably lower than at 8 K. Interestingly, for the Pr’**-doped
Lu, 5Y;.5Al,55¢0501, (x = 2.0) crystal, a deviation from the
expected trend is observed, as the emission intensity shows
an increase at 8 K. This enhanced intensity is likely linked to
the formation of a hypoeutectic structure within the crystal
lattice, where the incorporation of a perovskite phase and
associated excitonic emissions bounded to Sc*" ions in the
perovskite phase facilitate energy transfer toward Pr** ions in
the garnet phase.'® This synergistic energy transfer mechanism
amplifies the overall Pr’* emission intensity at 8 K. However, at
295 K, such an enhancement is not observed, as the hypoeu-
tectic structure and the significantly increased lattice disorder
notably intensify the intraconfigurational 4f> — 4f> emission.
This suggests that the structural and thermal effects at this
temperature play a dominant role in distributing the emission
intensities between inter- and intracofigurational transitions of
Pr*" ions. For the excitation energy equal to 4.35 eV (lower
panel), a different trend emerges regarding the dependence of
luminescence intensity on Sc concentration and temperature.
At both 8 K and 295 K, the maximum peak intensity decreases
with increasing Sc*" ions concentration, except for a notable
deviation observed for the Pr**-doped Lu, sY; 5Als_,Sc,Oq, crys-
tal, where x = 1.0. For this crystal, the maximum intensity is
observed at 8 K, while at 295 K, the intensity increases but does
not reach the highest value. This suggests that specific struc-
tural and electronic conditions of Pr** ions in the
Lu, 5Y; 5Al,Sc;0,, crystal favor efficient radiative emission.
However, as the temperature increases to 295 K, luminescence
intensity is substantially reduced. The variation in intensity
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between the two excitation energies provides further insight
into the excitation mechanisms. The significant enhancement
of Pr’" emission intensity under excitation at 6.6 eV suggests
the presence of an efficient Sc**-to-Pr*" energy transfer process.
This mechanism has not been observed under direct intracon-
figurational excitation at 4.35 V.

The reduction of interconfigurational (4f'5d; — 4f°) emis-
sion intensity alongside the increase in intraconfigurational
(4f — 4f*) emission intensity with rising Sc** ions concen-
tration and temperature in Pr3+—d0ped Lu, 5Y, 5Al5_,Sc, O,
crystals is primarily due to enhanced non-radiative relaxation
processes facilitated by structural disorder and thermal activa-
tion (Fig. 5 and 6). Incorporating Sc** ions into the crystal
lattice substitutes Al** ions, causing localized lattice distortions
because of differences in ionic radii and bonding characteris-
tics. This substitution increases disorder within the crystal
lattice, reduces the local symmetry of luminescent centers,
and enhances electron-phonon coupling. The altered electro-
nic environment redistributes the electronic density of the
excited 5d, state of Pr’* ions. As the temperature rises, thermal
energy becomes sufficient to overcome the energy barrier
between the excited 5d, state and lower-lying 4f energy states.
The enhanced electron-phonon coupling due to Sc-induced
disorder facilitates non-radiative relaxation pathways, notably
the phonon-mediated crossover decay from the 5d; state to the
*p; states.*>*%° This process leads to a depopulation of the 5d;
state, resulting in a decreased intensity of the interconfigura-
tional 4f'5d] — 4f> emissions in the ultraviolet region. Simulta-
neously, these non-radiative processes populate the lower-
energy 4f> states. The subsequent radiative relaxation within
the 4f> manifold leads to increased emission intensity in the
VIS and NIR regions. The presence of Sc*" ions amplifies this
effect by promoting stronger electronic coupling between the
5d; and 4f states and increasing the phonon density, which
further enhances the likelihood of non-radiative transitions.
The acceleration of photoluminescence decay times (see
Fig. 5e, f and Fig. S4, ESIt) is directly associated with the
increased non-radiative relaxation mechanisms. The intensi-
fied electron-phonon interactions and higher thermal energy
expedite the de-excitation of the excited states, resulting in
shorter decay times. The distinct Pr** emission dynamics
emphasize the key role of Sc admixing in tuning the lumines-
cence properties of Pr’*-doped garnet crystals.

3.4. Temperature dependence of radioluminescence,
scintillation and thermoluminescence

Fig. 7a illustrates the room-temperature X-ray-excited lumines-
cence as a function of increasing Sc** ions concentration. The
results are consistent with the photoluminescence (PL) spectra
under interconfigurational excitation (Fig. 5a) and interband
excitation (Fig. 6a). Notably, the increase in the concentration
of Sc¢®* ions leads to a redistribution of emission intensities
between the ultraviolet (UV) and visible (VIS) regions, see also
the temperature dependence of 2D RL maps in Fig. S6a-e
(ESIT). The underlying mechanism for this redistribution is
discussed in detail in Section 3.3. Fig. 7b and c depict the
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temperature dependence of integrated X-ray-excited luminescence
intensities for interconfigurational and intraconfigurational emis-
sions recorded in the 250-450 nm and 470-750 nm spectral
regions, respectively. For all Pr**-doped Luy sY; 5Al5_,Sc,O;, crys-
tals, a similar trend is observed: with increasing temperature, the
integrated emission intensity for both inter- and intraconfigura-
tional emissions increases up to approximately 260-280 K,
depending on the Sc® ions concentration. However, the Pr*'-
doped Lu, 5Y; 5A5_,Sc,O4, crystal, where x = 0.0 exhibits a distinct
behavior.

In this case, an increase in integrated emission intensity is
observed exclusively for interconfigurational transitions, while
the intraconfigurational transitions remain stable across the
10-350 K temperature range. This observation provides addi-
tional evidence that Sc-induced lattice disorder facilitates an
increased population of lower-energy 4f states, a process
mediated by phonon interactions. The temperature-dependent
variation in emission intensity is closely linked to the energy
depth of charge trapping centers. At elevated temperatures,
shallow traps, such as those associated with Luj; and Y
dislocations, become inactive in capturing electrons because
the thermal energy exceeds the energy barriers of these traps.
Consequently, the excitation energy is efficiently transferred to
Pr’" ions, resulting in a maximized emission intensity. This
interplay underscores the role of temperature in modifying the
efficiency of energy transfer and emission efficiency. This
mechanism is corroborated by the TL glow curves obtained
after X-ray excitation at 10 K, as shown in Fig. 7d. The primary
TL band is observed between 80 and 300 K, corresponding to the
temperature range where the radioluminescence intensity
increases. Another significant observation is that Sc admixing
does not substantially modify the trap depth distribution and
density in the temperature range of 10-300 K. The observed TL
glow curves can be attributed to the formation of shallow
electron trapping centers in Lujk and Y} dislocations.”®®
Similarly, in the high-temperature region (300-700 K), as illu-
strated in Fig. 7e, the distribution and density of deep trapping
centers remains largely unaffected by Sc admixing. These deep
trapping centers, responsible for the high-temperature TL glow
curves, originate from oxygen vacancies (V¢ ) and transition ion
impurities.®>®® The incorporation of Sc** ions demonstrates
minimal impact on the formation of shallow trapping centers,
evidenced by the relatively constant trap density across all
crystals, as shown in Fig. 7f (upper panel). In contrast, Sc
admixing significantly reduces the density of deep trapping
centers within the crystal structure, as depicted in Fig. 7f (lower
panel). Quantitatively, the integrated TL intensity in Sc-admixed
crystals exhibits approximately an order of magnitude reduction
compared to Pr**-doped Lu, 5Y; 5As_,Sc,Oq, crystal (where x =
0.0), as demonstrated in Fig. 7f (lower panel).

Thermoluminescence is a valuable technique for elucidating
the role of charge carriers in the scintillation process. Shallow
traps are typically associated with the slow components observed
in scintillation decay curves,”* while deep traps, identified
through high-temperature thermoluminescence measurements
exceeding 300 K, are correlated with a decrease in scintillation
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Fig. 7 (a) Room temperature RL spectra of Prs*—doped LuysY15Als_ScxOqp crystals, where x = 0.0, 0.5, 1.0, 1.5, 2.0, (b) temperature-dependent
integrated emission intensities of the interconfigurational 4f'5d} — 4f2 transitions in the 250-450 nm spectral range, (c) temperature-dependent
integrated intensities of the intraconfigurational 4f° — 4f2 transitions within the range of 470-750 nm. (d) Low-temperature (10-310 K) TL curves
following irradiation at 10 K. (e) High-temperature (310-700 K) TL curves following irradiation at 310 K. (f) Integrated TL intensities between 10-300 K
(upper panel) and 300-700 K (lower panel) for Pr¥*-doped Luy 5Y1 sAls_,Sc,Oy5 crystals with increasing Sc®* ions concentration.
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Fig. 8 (a) Scintillation light yield values, and (b) decay kinetics under excitation with y-rays from the **’Cs radionuclide (662 keV) for the Pr®*-doped

Luy5Y15Al5_,Sc,O1, crystals, where x = 0.0, 1.0 and 2.0.

light yield.®®> The experimental data demonstrate a significant
correlation between the reduced density of deep trapping centers
and enhanced scintillation parameters in Sc-admixed crystals, as
evidenced in Fig. 8a, b and Fig. S7a (ESIt)-as well as Table 1.
Fig. 8a and Fig. S7a in ESI} present the pulse height spectra
measured using a *’Cs radioisotope with an amplifier shaping
time of 2 ps. Fig. 8b and Fig. S7b (ESIt) compare the scintillation
decay times of crystals with increasing Sc concentrations. The
key scintillation parameters, including light yield, decay times,
and energy resolution, are summarized in Table 1 as a function
of Sc®* ions concentration. As discussed in previous sections,
the scintillation properties are also significantly influenced by
Sc admixing. Specifically, the light yield value increases approxi-
mately sixfold in the Pr**-doped Lu, 5Y; sAls_,Sc,O;, crystals for
the x ranging from 0.5 to 1.5, reaching a maximum value for the
Pr’*-doped Lu, 5Y; 5Al; 5S¢y 504, crystal (x = 1.5). Although the
Pr**-doped Lu, 5Y; 5Al3Sc,04, hypoeutectic crystal (x = 2.0) also
exhibits an enhanced light yield, the improvement is less
pronounced compared to single-phase crystals. The substantial
increase in light yield for Sc-admixed crystals is attributed to the
(Sce-—p+¥" — Pr*") energy transfer process (Fig. 5 and 6) and

Table 1 Scintillation decay times, light yield values (shaping time 2 ps)

reduced density of deep trapping centers, as evidenced by high-
temperature TL glow curves (Fig. 7e). Additionally, the effective
scintillation decay times are approximately doubled following Sc
admixing, indicating significant modifications to the energy
transfer dynamics. These strong dependencies of scintillation
properties on Sc concentration lead to two key conclusions: (i)
the local distortions introduced by Sc** ions effectively compete
with other trapping centers, such as dislocations, oxygen vacan-
cies, and trace impurities, in capturing charge carriers. (ii)
Excitons bound to Sc** ions efficiently transfer their energy to
Pr’" ions, thereby enhancing scintillation efficiency.*® Further-
more, Sc admixing significantly improves the energy resolution
of the crystals, further demonstrating the beneficial impact of Sc
incorporation on scintillation performance.

3.5. Electron paramagnetic resonance

Electron paramagnetic resonance spectra were recorded for all
examined crystals. The EPR spectrum of the Pr**-doped
Lu, 5Y1.5A5_,ScO,5, where x = 0.0 exhibits a complex multiplet
structure, as illustrated in Fig. 1, comprising numerous

, energy resolution (%) and standard error values (err.) for the Pr**-doped

Luy sY15Als ,Sc,Os, crystals with increasing Sc3* ions concentration under y-ray excitation from 37Cs radioisotope

Scintillation parameters

Sc concentration

(chemical formula unit) 7,/err. (ns) T,/err. (ns) T3/err. (ns) Teg/ert. (ns) LY/err. (phs/eV, 2 ps) Energy res. (%)
0.0 10 £ 1.2 62 £ 54 459 + 16 304 £ 8 1800 £ 90 27
0.5 16 + 2.4 87 + 1.8 613 £ 11 534 £5 9700 £ 480 18
1.0 9+ 0.8 106 + 8.7 629 + 17 509 £ 9 9500 + 470 14
1.5 7+11 64 £ 2.6 572 + 14 516 £ 7 11200 + 560 15
2.0 5+ 0.6 58 £3.1 467 £ 10 378t 6 6700 £ 330 14
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overlapping resonance signals. These spectral features are tenta-
tively ascribed to paramagnetic centers associated with Mn*" ions.

To validate this observation, the experimental spectrum was
approximated using a calculated spectrum based on the follow-
ing spin-Hamiltonian:

H=gpS,B +AS,I, + B + 05

(5)

where g, 8, S,, I,, B, A, BY, 0§ are g factor, Bohr magneton, z
component of the electron and nuclear spin operators, reso-
nance magnetic field, hyperfine constant (in the present case it
is for >*Mn nucleus with the nuclear spin I = 5/2 and natural
abundance of 100%), cubic zero-field splitting constant (cubic
constant are provided further in the text) and Stevens operator,
respectively. Three distinct converged simulations were
required (corresponding to three different Mn>" centers,
denoted as Mn,;_;** in Fig. 9a to accurately approximate the
experimental spectrum shown in Fig. 9a. The summation of the
three calculated spectra demonstrates good agreement with the
experimental data. However, notable intensity discrepancies are
observed in the extreme low and high magnetic field regions
(below 2000 G and above 6000 G), where the experimental
spectrum exhibits significantly higher intensity (as evidenced
in the magnified spectrum in Fig. 9a. These result from the
limitations of calculations resulting in the increased transition

(a) f=9389 MHz, T = 296 K

Resultant calculated spectrum

1 1 1
Mn3* calculated spectrum

R e L L
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Experimental spectrum
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T T
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T
0 2000

8000
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probability compared to experimental observations. Further-
more, the broadening of resonance lines at higher magnetic
fields leads to decreased peak-to-peak intensity.°>*® The para-
meters used for the calculations are summarized in Table 2.
The observed hyperfine constant exhibits values character-
istic of Mn”*. The cubic constant demonstrates notable varia-
tion among centers: it is relatively small for Mn,** but
approximately two orders of magnitude larger for Mn, ;**. Such
large cubic constants, reaching hundreds of MHz, have been
previously reported.®” Furthermore, the cubic constant displays
opposite signs for Mn, 5>" as compared to the Mn,”". Notably,
neither axial (B,") nor (B,?) rhombic constants were required to
accurately describe the experimental spectrum for any of the
three Mn,_;>" centers. These observations collectively suggest
that all three centers occupy highly symmetric sites within the
LuAG lattice. The centers can only occupy octahedral and
tetrahedral alumina positions. The Al-O bond length is larger
in the case of octahedral position as compared to the tetrahe-
drala sites as reported in the isostructural YAG.®® Given that the
cubic constant is inversely proportional to the fifth power of the
bond length, in can be assumed that the Mn,>* center occupies
the octahedral site, while Mn2‘32+ are situated at tetrahedral
sites. The notably larger cubic constant observed for Mn,**
compared to Mn,>* suggests a reduction in the Mn-O bond

( f=9389 MHz, T=30 K
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Fig. 9 (a) Experimental (Exp.) and calculated (Calc1-3 and Calc_All; Calc_All is the sum of the Calc1-3) EPR spectra of the Pr¥*-doped Luy 5Y1 5A501o
(x = 0.0). The experimental spectrum is magnified to highlight the details of the weakest spectral components. Three distinct but partially overlapping
Mn?* spectral contributions (Mn;_z2*) are presented. The label Fe,>* corresponds to the signal originating from rhombic Fe** sites.® (b) Fe,>* signal in the
Pr¥*-doped Luy 5Y1 5As_,Sc,O1» Crystals with increasing Sc** ions concentration, (c) dependence of the double integral intensity of the Fe,** signal on the

Sc concentration.
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length, which may be attributed to the presence of a highly
symmetric perturbation in the vicinity of the Mn;>" position
within the lattice structure. The incorporation of Sc results in
the complete disappearance of the Mn>" spectrum. This phe-
nomenon can be attributed to Sc substitution at octahedral Al
sites, thereby preventing the incorporation of Mn** ions (which
is considered a trace impurity) into this crystallographic
position.

A signal corresponding to a g factor of 4.3 (~1600 G),
identified as Fe.** in Fig. 9b, is attributed to rhombic Fe**.®®
Notably, this signal is also detected in the Sc admixed samples.
To facilitate a more detailed investigation, the Fe.>" signals for
all samples are depicted in Fig. 9c. The origin of the rhombic
Fe,*>" signal is likely associated with the crystal surface, where
structural disorder is pronounced, even though EPR inherently
measures bulk properties. It is evident that the degree of Sc**
ions concentration significantly influences the Fe.*" signal. To
illustrate this effect, Fig. 9c shows the dependence of the
double integral intensity of the Fe*" signal (which is directly
proportional to the concentration of paramagnetic centers®)
on the Sc atoms concentration. Specifically, a Sc** ions concen-
tration equal to 0.5 leads to an approximately 1.5-fold increase
in the Fe.’" signal intensity. Beyond this point, the signal
intensity decreases with further increases in S¢** ions concen-
tration. This trend suggests that Sc admixing may inhibit the
incorporation of trace impurities (e.g. Fe’>" and Mn>"), particu-
larly at the crystal rim, thereby reducing the concentration of
Fe.>* paramagnetic centers. Consequently, this leads to an
improvement in the scintillation performance. This interpreta-
tion is consistent with the scintillation and thermolumines-
cence characteristics presented in Fig. 7 and 8. Furthermore,
the theoretical calculations of the experimentally recorded EPR
spectra provide additional validation for the presence of all
paramagnetic centers listed in Table 2 and their dependence on
Sc concentration (see Fig. S8a-c, in the ESIT and the related
discussion). A particularly noteworthy observation is the
correlation between the dependence of the double integral
intensity on the Sc** ions concentration for both the O~ defect
and the F" center (Fig. S8a and b, ESIt). These defect-related
contributions exhibit a similar trend and comparable double
integral intensity, suggesting a possible charge transfer

Table 2 Spin-Hamiltonian parameters derived from egn (5). The error is
+0.02 for the g factor (applicable to all centers), +£10 MHz for the hyperfine
constant (for all centers), and £0.1 MHz for the cubic constant (Mn;2*) and
410 MHz for the cubic constants (Mn2,32+)

g tensor/factor

Paramagnetic

centers &1 I 2 A (MHz) B (MHz)
Mn, > 2.00 300 6.0
Mn,** 1.99 300 —100
Mn,* 1.99 300 —170

F* 1.999 n/a n/a

o~ 2.03 n/a

Lu** 1.93 1.96 1.99 300

Ir** 1.86 n/a

0, on 1.93 1.96 1.99 1700

This journal is © The Royal Society of Chemistry 2025
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mechanism: 0>~ + h" = V" + e”. Additionally, a strong
correlation is observed between the dependence of the double
integral intensity on the Sc** ions concentration for the F* and
O™ centers and the variation in luminescence intensity of fits 1-
4, as shown in Fig. S9a-d in the ESIL.{ Notably, the behavior of
the F" and O~ centers closely follows that of luminescence fit 4,
providing compelling evidence that fit 4 originates from the F'-
O defect pair.

4. Conclusions

The crystallization of materials containing strongly mis-
matched elements occupying identical crystallographic sites
presents significant challenges in achieving good structural
homogeneity, particularly when using the micro-pulling-down
(u-PD) method. This investigation addressed these challenges
by examining the crystallization process from melts containing
highly incompatible elements Sc and Al, which occupy the same
octahedral sites within the Pr’**-doped Lu, 5Y; sAl;_,Sc,O,, gar-
net lattice (where x = 0.0, 0.5, 1.0, 1.5, and 2.0). To address the
significant issue of radial elemental inhomogeneity, a critical
barrier in the p-PD crystal growth process, a modified crucible
design with five independent crystallization capillaries was
used. The implementation of five crystallization capillaries
revealed the formation of heterogeneous, round-like spots
whose occurrence varied randomly with the increasing Sc¢®* ions
concentration. The random distribution of these heterogeneous
spots further indicated non-uniform ejection dynamics, sug-
gesting that the melt within the crucible exhibited localized
heterogeneity. This heterogeneity was likely attributable to the
ionic radii mismatch between Sc and Al elements, which
disrupts the uniformity of the melt composition and influences
the crystallization process. This finding highlighted the impor-
tance of thoroughly mixing raw materials prior to melting, even
in the p-PD method, where the initial material weight was
approximately 1 gram, to achieve improved elemental homo-
geneity. Another significant observation was the identification
of a threshold concentration of Sc** ions at x = 1.5. The key
finding revealed that at Sc** ion concentrations exceeding this
threshold, the ionic mismatch induced thermodynamic pro-
cesses that preferentially facilitated the formation of a garnet/
bixbyite-like distorted perovskite hypoeutectic crystal structure,
rather than promoting further substitution of Sc** for AI’* ions
within the lattice. This discovery provides a novel perspective on
exploting ionic radii mismatch as an approach for the con-
trolled crystallization of eutectic and hypoeutectic crystals,
potentially advancing materials engineering methodologies.
Moreover, the independent crystallization observed in each
capillary presented a promising opportunity to enhance the
self-organization of non-mixing phases during the crystal-
lization of hypoeutectic crystals, offering valuable insights for
optimizing crystal growth processes. Vibrational spectroscopy
confirmed that the progressive substitution of Sc** for AI** ions
increased the host lattice disorder, with saturation occurring at
Sc** ions concentrations of x > 1.0. This enhanced lattice

J. Mater. Chem. C, 2025, 13,13691-13712 | 13709


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5tc01411e

Open Access Article. Published on 06 Juni 2025. Downloaded on 26/07/2025 00:00:06.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

disorder significantly lowered the local symmetry around Pr’"*
ions, directly affecting the crystal field strength and tuning the
energetic positioning of the 5d; excited state of Pr*" ions relative
to the conduction band minimum. The incorporation of Sc**
ions reduced local symmetry around Pr®* ions, lowering the
energy barrier between the 5d; excited state and the lower-lying
4f energy state. This reduction facilitated non-radiative path-
ways, enabling the 5d] to *P; crossover of excited electrons. This
significantly enhanced the Pr** emission intensity within the
VIS and NIR spectral ranges, demonstrating its potential for
tuning luminescent properties through controlled lattice dis-
order. For the first time, the Sc.- _,+3* — Pr’* energy transfer
mechanism was experimentally validated through excitation
spectroscopy using synchrotron radiation. This mechanism
resulted in a sixfold enhancement of the scintillation light yield,
reaching a maximum value of 11200 photons per MeV in the
Pr’*-doped Lu,sY;sAls_,ScO;, crystal where x = 1.5. This
enhancement was accompanied by an approximate doubling
of the scintillation response time. Synchrotron radiation excita-
tion-emission mapping revealed that local lattice distortions
induced by Sc*" ions effectively competed with trapping centers
(dislocations, oxygen vacancies, and trace impurities) in charge
carrier capture processes. This competitive mechanism enhanced
energy transfer efficiency to Pr’* ions, resulting in significantly
improved scintillation properties. The findings demonstrated the
crucial role of controlled lattice modification in optimizing
energy transfer pathways and enhancing luminescent perfor-
mance. Thermoluminescence glow curve analysis revealed that
trapping centers associated with Luj; and Yj, dislocations domi-
nated below 200 K, while oxygen vacancies (Vg ) combined with
other trapping centers were prominent above 280 K. Sc admixing
had a negligible effect on the formation of shallow trapping
centers. However, in the case of deep trapping centers, Sc
incorporation significantly reduced their density by approxi-
mately an order of magnitude compared to the Sc-free crystal.
This significant reduction underscores a key role of Sc admixing
in mitigating deep trapping centers, thereby optimizing charge
carrier dynamics and enhancing scintillation performance. The
incorporation of Sc** into the garnet lattice systematically
reduced the concentration of Mn>" and Fe®" trace impurities,
which acted as detrimental trapping centers, thereby improving
scintillation light yield. EPR spectroscopy further revealed that
synergistic interactions between F* centers and Pr** ions ampli-
fied the Pr’*-related emission intensity at 370 nm, corroborating
historical assignments from late 20th-century studies. Impor-
tantly, the emission band at 410-420 nm, previously misattrib-
uted to isolated F' centers in post-1990s literature, was
conclusively linked to F'-O~ defect pairs. This discovery resolved
long-standing ambiguities in defect-related luminescence
mechanisms in garnet materials and highlighted the need for
precise spectroscopic characterization to avoid erroneous defect
assignments. The findings advocated for revised analytical frame-
works in the study of garnet scintillators, emphasizing the critical
role of defect pair interactions in governing emission propetrties.
The demonstrated resilience of the Sc-admixed system against
shallow trapping centers formation, coupled with its ability to
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suppress the influence of deep trapping centers and facilitate Sc-
mediated energy transfer processes, represents a crucial advance-
ment for the design of next-generation oxide scintillators and
phosphors materials. Furthermore, the controlled tuning of host
lattice disorder through Sc incorporation enables precise adjust-
ments to structural, scintillation, and luminescence properties.
This approach not only enhances the luminescence intensity of
rare-earth elements but also significantly improves the material
suitability for targeted applications, marking a step forward in
the development of advanced scintillators and luminescent
materials.
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