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The structural and scintillation properties of pure and Ce-doped Y3Sc,Als_,O5; (x =0, 0.05, 1.16, and 2)
crystals were systematically investigated. High-resolution **Sc and >’ Al magic angle spinning nuclear magnetic
resonance spectroscopy revealed that Sc** ions predominantly occupy octahedral sites, effectively replacing
AI** jons, while antisite Sc at Y dodecahedral positions remains below 0.2 at.%. Sc incorporation into Y3Al501,
induces strong exciton emission at 320—324 nm, nearly 10 times higher than that of reference Bi;Ge;0,, (BGO)
crystal, even at low Sc concentrations (5 at.%). Ce** doping introduces characteristic 5d' — 4f emission at
518 nm, accelerates scintillation decay, and in combination with Mg?* codoping, promotes the formation of
Ce*t ions that enable a fast radiative de-excitation pathway. Y3Sc,Al;Op;: Ce exhibits a maximum scintillation
light yield of 80-84% relative to BGO with a mean decay time of 85-110 ns. Thermostimulated liminescence
and electron paramagnetic resonance studies indicate that holes are mainly trapped at oxygen ions near Sc ions
(O~ centers), while electrons are primarily localized at Sc antisite ions near oxygen vacancies (Sc>**—V, centers),
affecting scintillation kinetics. Density functional theory calculations confirm that Sc** at the dodecahedral site
forms a deep electron trap. These results highlight the key role of Sc and Ce in tuning emission, decay dynamics,

and defect-mediated processes in Sc-admixed multicomponent garnet scintillators.

DOI: 10.1103/png3-xnt7

I. INTRODUCTION

The discovery of multicomponent garnet single crystal
scintillators [1] marked the beginning of a new era in the re-
search and development of oxide scintillators. Through band-
gap engineering, Gd;Als_,Ga,O;,:Ce (GAGG:Ce), with 2 <
x < 3, emerged as the most efficient bulk oxide single-crystal
scintillator, offering additional practical advantages such as
mechanical and chemical stability and reliable large-scale
crystal growth [2]. Their preparation, luminescence, and
scintillation properties as a function of chemical composition
as well as energy transfer processes, charge-trap behavior,
and the role of traps in the scintillation mechanism have been
extensively investigated in laboratories worldwide [3—16].

Another important achievement was reported: the sup-
pression of slow components in the scintillation response
of the Ce-doped garnets. This improvement resulted from
the stabilization of Ce*+, which provides an additional fast
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radiative de-excitation pathway and competes with the un-
desirable capture of migrating electrons in traps [17,18].
Stabilization and increased concentration of Ce** centers
are achieved through codoping with divalent ions (Mg”*,
Ca?"), following a strategy previously successful in Ce-doped
(LuY),SiOs orthosilicates [19]. The effect of such divalent-
ion codoping in multicomponent garnets has been studied
further [20-23], and significant acceleration of the scintilla-
tion response in heavily doped materials has recently been
reported and attributed to luminescence quenching in closely
spaced Ce-Mg pairs [24,25]. This finding is highly promis-
ing for applications in ultrafast scintillation detectors used in
accelerators and advanced instrumentation.

Due to gallium in the chemical formula, crystal growth
from the melt requires the use of iridium crucibles [26],
which makes the production very costly. This raises an im-
portant question: Can the electronic band structure of such
multicomponent garnets be engineered—and electronic traps
suppressed—in a manner similar to GAGG:Ce but using
a chemical composition that allows growth with a cheaper
technology, such as molybdenum crucibles commonly used
in the industrial production of Y3Al50,:Ce (YAG:Ce) or
Lu3Al50;,:Ce (LuAG:Ce) single crystals [27]?

A promising candidate is the family of Sc-admixed garnets
with the general formula (Gd);(Al, Sc),Al;0y; [often written
as Gds(Sc, Al);0;,], doped with Ce?* (GSAG:Ce). These
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materials have recently been revisited in the literature [28,29],
and their successful growth in molybdenum crucibles has
been confirmed. The presence of Sc shifts the bottom of
the conduction band downward, like Ga in the Ga-admixed
garnets [30], and melt growth behavior has also been
investigated [31,32].

These Ce-doped Gd—Sc—Al multicomponent garnets, how-
ever, exhibit a significantly lower light yield of about 10000
ph/MeV [29,32] compared with standard GAGG:Ce. A very
recent study aimed at optimizing GSAG:Ce grown by the
micropulling-down (micro-PD) technique [33] achieved a no-
tably higher light yield of around 17 000 ph/MeV, yet this
value remains more than a factor of two lower than that of
GAGG:Ce grown by the same method, which reaches ap-
proximately 40 000 ph/MeV, consistent with previous reports
[1]. The deterioration in scintillation performance has been
attributed to deep electron traps associated with Sc occupying
the dodecahedral site of the garnet structure, a hypothesis
supported by theoretical calculations of the electronic band
structure [33].

However, the actual site occupancy of Sc ions in the
GAGG:Ce solid solution remains insufficiently understood.
In this context, nuclear magnetic resonance (NMR) of both
Sc and Al nuclei could, in principle, provide insight into
Sc-to-Al distributions, as previously demonstrated for Ga
and Al site occupancy among octahedral and tetrahedral
positions in Y(Lu);Ga,Als_,Oj, solid solutions [7,34].
Unfortunately, detailed studies of lattice-site occupation by
Sc using NMR—as well as investigations of charge traps
by electron paramagnetic resonance (EPR)—are hindered in
Gd-containing garnets. The presence of paramagnetic Gd3*+
ions leads to severe spectral broadening, rendering both NMR
and EPR spectra essentially uninformative.

The purpose of the present paper is to elucidate the
lattice-site occupancy of Sc** and AI’* ions in Gd-free
Y3(Sc, Al)sOj, garnet crystals grown by the micro-PD
method and to investigate their role in energy-transfer and
charge-capture processes, which allow for the combined use
of magnetic resonance and optical spectroscopies. In particu-
lar, Sc-to-Al ordering within the Y3(Sc, Al)sO;, garnet lattice
was studied using **Sc and ?’ Al magic angle spinning (MAS)
NMR. Ce** site occupancy and its conversion to Ce** were
examined via Ce3* EPR, which also provides detailed insight
into charge-carrier transfer and trapping within the lattice.
The study is complemented by theoretical calculation of elec-
tronic band structure and measurements of selected optical,
luminescence, and scintillation properties of both Ce-free and
Ce-doped Y3(Sc, Al)sO;; crystals.

II. EXPERIMENTAL DETAILS

Three types of crystals were measured: (i)
Y3Als0;, slightly doped with 5 at.% Sc, grown by
the Czochralski method, (ii) congruent composition
Y2.895¢1.16Al3.95012:0.1% Ce crystals codoped with Mg2+
ions (0, 300, and 1000 ppm), grown by the micro-PD
method [35,36] in Ir crucible under N, atmosphere, and (iii)
stoichiometric Y3ScyAl301,, Y3S¢,Al301,:0.1% Ce grown
by the micro-PD method in Mo crucible under an Ar + 5%
H, atmosphere. All the compositions given correspond to the
nominal (melt) compositions.

The micro-PD growth was performed using the T-MPD-
OX apparatus (Akita Seiko Co., Japan) with radiofrequency
inductive heating, from the corresponding mixtures of 4N
purity Y,03, Al,Os, Sc,03, MgO, and CeO, oxides from
Shin-Etsu Co., Japan. The Ir or Mo crucibles had a die of
3 mm in diameter and nozzle diameter of 0.5 and 2 mm, re-
spectively. The [111] oriented Czochralski-grown YAG single
crystal (provided by Crytur Co. Ltd., Czech Republic) was
used as a seed. The crucible was placed on an afterheater
with windows and on alumina pedestal. The hot zone around
the crucible consisted of three layers of alumina shielding
for thermal insulation. The atmosphere gas flow was kept at
0.5 L/min. The crucible with the starting materials was heated
up to the melting temperature, which is around 1900 °C. Then
the YAG single-crystal seed was brought into contact with
the melt coming through the nozzle due to the capillary ac-
tion. Unlike for the Ga, O3 counterpart, no Sc, O3 evaporation
was observed due to its extremely high melting point above
2400 °C [37], which significantly exceeds the overall melt
temperature during the growth.

While the applied technology is well optimized for the
growth of Ga- and Sc-admixed single-phase crystals (as con-
firmed by x-ray diffraction measurements of similar crystals
[29,38]), the grown crystals were primarily polycrystalline,
with individual crystallites misoriented by no more than 5°.
For NMR and some EPR measurements, the crystals were
ground into powder, while for optical measurements, small
plates (1 mm thick, 3-5 mm in diameter) with both faces
polished were used.

Room-temperature MAS “*Sc and ?’Al NMR spectra of
powder samples were recorded on a Bruker Advance III
500 MHz high-resolution solid-state NMR spectrometer at
a spinning rate of 24 kHz in a magnetic field of 11.75 T,
corresponding to Larmor frequencies of 121.500 MHz for
43Sc and 130.329 MHz for >’ Al. A single-pulse sequence with
short /12 pulses (0.117 us for ¥ Sc and 0.267 us for 2’ Al) was
employed to achieve uniform excitation of Sc and Al nuclei
with different quadrupole coupling constants at various lattice
sites. For each sample, 17 000 scans for 4S¢ and 800 scans
for 2’ Al were accumulated, with recycle delays of 5 and 80 s,
respectively. Spectra were referenced to the Larmor frequency
of the observed nuclei. Experimental spectra were analyzed
using the Bruker TopSpin software [39] and fitted with the
dmfit program [40].

EPR spectra were recorded using a Bruker EMX Plus spec-
trometer operating at X-band (microwave frequency 9.25-9.5
GHz) over a temperature range of 10-290 K. X-ray irradiation
of the crystals was performed using an ISO-DEBYEFLEX
3003 Seifert GmbH X-ray tube with a Co anode, operating
at 55 kV and 30 mA.

Absorption spectra were recorded using a Shimadzu
3101PC UV/VIS/NIR spectrophotometer in the range 190—
800 nm. Radioluminescence (RL), photoluminescence exci-
tation (PLE), photoluminescence (PL) spectra, and PL decay
curves were measured using a custom-built S000M spectroflu-
orometer (Horiba Jobin Yvon). Excitation sources included
a W x-ray tube (40 kV, 15 mA, Seifert) for RL, a steady-
state xenon lamp (EQ-99X LDLS, Energetic, a Hamamatsu
Company) for PLE, and nanosecond nanoLED pulsed sources
(IBH Scotland) for PL. Fast decay measurements were

045201-2



SCANDIUM AND ALUMINUM SUBSTITUTION AND ...

performed using time-correlated single-photon counting. The
detection system comprised a single-grating monochroma-
tor and a TBX-04 photon-counting detector (IBH Scotland).
All measured spectra were corrected for spectral detection
sensitivity (RL, PL) and excitation energy (PLE). PL and
scintillation decay curves were analyzed using a convolution
procedure to extract true decay times (SpectraSolve software,
Ames Photonics).

For quantitative RL. measurements, a Bi;Ge;0;, (BGO)
standard scintillator of similar dimensions was measured
under identical experimental conditions. Thermostimulated
luminescence (TSL) glow curves were recorded with the
5000M spectrofluorometer over 77-500 K using a Janis cryo-
stat at a heating rate of 0.1 K/s, after excitation with the x-ray
tube at 77 K.

The electronic structure calculations and the structural op-
timizations were based on the density functional theory (DFT)
and were performed in MedeA software by the implemented
program VASP [41,42]. The methodology of calculations is
described in Sec. III C.

III. EXPERIMENTAL RESULTS
A. 7Al and ¥Sc NMR in Y3Sc,Als_,O12

In the Y3Sc,Als_,O;> solid solution, similar to the
Y3AlsOp, garnet lattice, AP ions can occupy both tetrahe-
dral sites (surrounded by four oxygen ions) and octahedral
sites (surrounded by six oxygen ions). In contrast, due to
the larger ionic radius of Sc** as compared with Al [43],
these ions must predominantly occupy larger octahedral po-
sitions. Consequently, the presence of Sc also influences the
distribution of Al between octahedral and tetrahedral sites.
Occupation of other lattice sites, such as tetrahedral or Y
dodecahedral positions, by Sc at low concentrations cannot
be entirely excluded. Such antisite Sc** ions can act as ef-
fective electron traps under x-ray or y-ray irradiation, thereby
reducing scintillation light output and increasing afterglow.

The distribution of Al and Sc ions at garnet lattice sites was
investigated using 2’Al and **Sc MAS NMR spectroscopy.
These nuclei are particularly well-suited for NMR studies
because they have 100% natural abundance and relatively
large magnetic moments. The 2’ Al and **Sc nuclei possess
nuclear spins of 5/2 and 7/2, respectively, and corresponding
quadrupole moments of Q = 14.66 fm? for 2’ Al and —22 fm?
for +*Sc.

Owing to their large quadrupole moments, the shape
of the 2’Al and ¥*Sc NMR spectra is influenced by both
chemical shift anisotropy (CSA), described by the chemical
shift Hamiltonian Hcg, and by the interaction of the nu-
clear quadrupole moment with the local electric field gradient
(EFG), described by the quadrupole Hamiltonian Hg. In their
principal axis systems, these Hamiltonians can be expressed
as
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FIG. 1. 27 Al MAS NMR spectra of powdered Y3Sc,Als_,O;,
crystals recorded at a spinning rate of 24 kHz, along with the cor-
responding fitting curves. Only the central regions of the spectra are
shown.

where Cq = eQV../h is the quadrupole coupling constant, and
V. is the largest eigenvalue of the EFG tensor. The angles
0 and ¢ are the polar and azimuthal angles of the external
magnetic field with respect to the principal x, y, and z axes
of the EFG tensor. Here, §is, and §csa denote the isotropic
and anisotropic components of the chemical shift, and 7 is the
asymmetry parameter of the chemical shift tensor [44,45]. It
is commonly assumed that the principal axes of the EFG and
chemical shift tensors coincide.

The central regions of the >’ Al MAS NMR spectra for
Y3Sc,Als_,O, powder samples with varying Sc concentra-
tions, recorded at room temperature, are shown in Fig. 1. The
complete spectra, including quadrupolar spinning sidebands,
are provided in Fig. S1 in the Supplemental Material [46].

The 2’ Al MAS NMR spectra of all studied samples exhibit
two main components at approximately 0 and 75 ppm, corre-
sponding to the central transition (1/2 <> —1/2) of aluminum
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TABLE 1. 2 Al NMR parameters for Y3Sc,Als_,O,, solid solutions. Isotropic (8j,) and anisotropic (8csa) chemical shifts are given in

ppm, and the quadrupole coupling constant (Cq) is given in kHz.

TAL(V]) TTAI(IV)
Crystal 5150 CQ no 8CSA n 6iso CQ noQ 5CSA n A](VI)A](IV)
Y;3Al50;, —-05+£01 640£5 0 0 0 75+ 0.5 6050 £+ 50 0 75+10 0.2=£0.1 0.4:0.6
Y;Al5012:5% Sc —-05+01 640£10 0 0 O 74 £0.5 6060 = 100 ~0.1 0 0 0.38:0.62
Y2.805¢1.16Al53.95012:0.1% Ce ~0 370 £ 20 0 0 O 72£2 6820 £300 ~0.1 90£20 0.1£0.1 0.16:0.84
Y3Sc,Al;Op 03+01 39010 0 0 O 68 £ 0.5 7140 &£ 100 ~0.1 0 0 0.02:0.98
Y3Scy,AlOp; : 0.2% Ce 03+01 400£10 0 0 O 68+ 05 7120 &+ 100 ~0.1 210£40 1.0+0.1 0.02:0.98

nuclei in octahedral {Al(VI)} and tetrahedral {Al(IV)} en-
vironments, respectively. All other features in the spectra
correspond to spinning sidebands, whose intensity and shape
are determined by CSA and quadrupolar interactions. The fit-
ted spectral parameters, along with the calculated populations
of octahedral and tetrahedral sites derived from these data are
summarized in Table I.

The calculated NMR parameters for Y3;AlsO;, without
Sc addition are in good agreement with previously reported
values for this compound [7,50]. The ratio of aluminum in
tetrahedral to octahedral environments is 3:2. The addition
of a small amount of scandium does not significantly affect
the overall calculated parameters; however, it causes a no-
ticeable broadening and distortion of the line corresponding
to aluminum in the tetrahedral environment, while the line
associated with octahedral aluminum remains visually un-
changed. This behavior indicates the presence of a distribution
of quadrupolar interaction parameters for aluminum in tetra-
hedral sites.

Further increasing the scandium content in
Y2.89Sc¢1.16Al3.95015 leads to a decrease in the quadrupole
coupling constant for aluminum in octahedral sites. This
can be attributed to an expansion of the lattice caused
by the larger ionic radius of scandium ions (with respect
to Ref. [43]). Simultaneously, the quadrupole interaction
constant of aluminum in tetrahedral sites gradually increases,
indicating distortions of the surrounding oxygen tetrahedra.
These distortions likely arise from nonlinear changes in
lattice parameters due to aluminum preferentially occupying
octahedral sites.

Partial substitution of aluminum by scandium also in-
creases the distortion of the spectral line corresponding to
AL(IV). This effect appears because the oxygen atoms form-
ing the aluminum tetrahedra are shared with neighboring
octahedra. The coexistence of two types of octahedra—one
containing aluminum and the other scandium—with different
volumes and oxygen displacements, generates a variety of
local environments for the oxygen tetrahedra, resulting in a
distribution of quadrupolar interaction parameters.

The addition of a small amount of cerium does not signifi-
cantly affect the symmetry of the local aluminum environment
but does lead to a noticeable increase in CSA. This increase
is likely due to the angular dependence of the dipole-dipole
interaction between the magnetic moments of Ce3* paramag-
netic ions and aluminum nuclei, which depends on the angle

between the external magnetic field and the vector connecting
the two ions.

Complete substitution of Al in octahedral sites in
Y3Sc,Al30g, is accompanied by a well-defined 27A1 NMR
line corresponding to Al(IV), which is no longer affected by
a distribution of quadrupolar interactions. It is noteworthy,
however, that a low-intensity Al(VI) signal remains in the
spectrum of this compound (see Fig. 1 and Table I), indicating
that not all octahedral aluminum sites were fully replaced by
scandium. This suggests that a small fraction of scandium may
occupy other lattice positions or, more likely, that the Sc-to-Al
ratio is not precisely 2:3.

The central regions of the “*Sc MAS NMR spectra for
powdered Y3Sc,Als_,O}, samples with varying Sc concentra-
tions, recorded at room temperature, are shown in Fig. 2. The
complete spectra, including quadrupolar spinning sidebands,
are presented in Fig. S2 in the Supplemental Material [46].
The main line, appearing at a chemical shift of approximately
140 ppm, corresponds to the central transition (Y2 < — 2)
of scandium nuclei in an octahedral environment. Its shape
is influenced by both CSA and second-order quadrupolar in-
teractions.

The central transitions of Y3Al50;2:5% Sc, Y3ScyAl3015,
and Y3ScyAl;01;,:Ce exhibit distinctive features, enabling di-
rect calculation of the NMR parameters. The fitted curves and
corresponding parameters are shown in Fig. 2 and summa-
rized in Table II, respectively.

The quadrupole parameters calculated for the
Y3Al5012:5% Sc sample are in good agreement with
previously reported values for similar compounds [51].
In contrast, stoichiometric Y3ScyAl;Oq, samples with higher
scandium content exhibit significantly lower Cq values,
reflecting reduced distortion of the local environment around
scandium atoms and an increase in lattice volume, consistent
with the larger ionic radius of Sc** compared with AP+
[43]. Some discrepancies between the experimental and fitted
spectra may arise from deviations of the fitted parameters
from their actual values due to the large number of fitting
variables.

A relative decrease in the intensity of the right shoulder
of the spectra indicates a small distribution of quadrupolar
interactions, likely caused by minor local disorder around
scandium ions. Overall, however, the ¥Sc MAS NMR
spectra of Y3Sc,Al30;, demonstrate good chemical order-
ing between Sc and Al ions: Sc** predominantly occupies
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TABLE II. ¥*Sc NMR parameters for Y3Sc,Als_, O, solid solutions. Isotropic (8is,) and anisotropic (6csa) chemical shifts are given in

ppm, and the quadrupole coupling constant (Cy) is given in kHz.

Crystal Biso dcsa n Cq n
Y3Al501; 5% Sc 137 £ 3 0 0 9600 =+ 400 0
Y2.895¢1.16Al3.05012 140 £ 10 — — 7850% —
Y3Sc,Al3Oq5 140 £ 1 60 £+ 20 ~0.1 7340 + 150 0.240.1
Y3Sc,Al;0;,:Ce 134 £+ 1 160 £ 50 ~0.15 7300 = 150 0.14+0.1

2 Average quadrupole coupling constant over the P(V,;, n) probability [see Eq. (2)].

octahedral sites as no additional spectral lines are observed,
while AI** occupies tetrahedral positions.

The ¥Sc NMR spectrum of Y5 g9Sc;.16Al305012:0.1% Ce
does not exhibit distinct features associated with quadrupo-
lar interactions and displays a shape typical of chemically
disordered compounds. To model this spectrum, accounting
for a distribution of EFG components, the Czjzek bivariate
distribution of quadrupolar parameters was employed [52]

2
Vin n? Vo(1+7%)
(1 )| g | @

where o is a single adjustable parameter, which represents the
width of the Gaussian distribution of the EFG components,

P(Vezin) =

*Sc MAS NMR
Y,ALO,,:5% Sc

Y ALO. :5% Sc, fit/\\
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FIG. 2. ¥Sc MAS NMR spectra of Y3Sc,Als_,O;, powders
recorded at a spinning rate of 24 kHz, along with the corresponding
fitting curves.

and P(V_, n) is the joint probability of the (V,., ) pair used
in Eq. (2). This model is suitable for describing disordered
compounds, where deviations of atoms from their equilibrium
positions as well as the random distribution of aluminum and
scandium atoms in the lattice lead to a Gaussian distribution of
the EFG tensor components with zero mean. This corresponds
to a statistically isotropic solid.

Fitting the experimental “*Sc NMR line using the pa-
rameter distribution described by Eq. (2) yields an average
quadrupole coupling constant of Cq = 7.85 MHz. This value
reflects the decreasing distortion of the oxygen octahedra
surrounding scandium atoms as the degree of aluminum sub-
stitution by scandium increases.

The *Sc NMR spectrum of Y3ScyAl;Oy;, exhibits a well-
defined line shape, similar to that observed in 27A1 NMR,
further confirming the high degree of chemical ordering
between Sc and Al ions: Sc** predominantly occupies octa-
hedral sites, while A13* mainly occupies tetrahedral positions.

In general, all ®*Sc MAS NMR spectra can be represented
by a single line corresponding to scandium in octahedral
environments. Although AI*T in tetrahedral positions has a
quadrupole coupling constant an order of magnitude larger
than in octahedral positions, the corresponding quadrupole
constant for Sc®* in tetrahedral sites would be around
70 MHz. Such a large value would cause strong broadening of
the Sc(IV) spectral line, rendering it effectively undetectable
in the spectrum. Furthermore, due to the large ionic radius of
Sc*, its occupancy of tetrahedral sites is highly improbable.

It should be noted that possible occupancy of Y sites by Sc
ions was not detected in the **Sc NMR spectra. The spectral
line of Sc** in a dodecahedral (Y) oxygen environment is
expected at a lower frequency than that of Sc in octahedral
coordination, according to the empirical relationship between
chemical shift and oxygen coordination number [53]. This
relationship is well supported by numerous experimental stud-
ies, including 2’ Al NMR in aluminum garnets. The systematic
decrease in chemical shift with increasing oxygen coordi-
nation, resulting from enhanced magnetic shielding, can be
described approximately by a linear trend. A similar behavior
is observed for 2’ Al, 2°Si, *Na, Mg, °Li, and "' Ga [53] and
is generally attributed to increased bond lengths and ionicity
with higher coordination numbers.

No additional spectral lines are observed in our *’Sc NMR
spectra, apart from the line corresponding to Sc** in octahe-
dral sites, indicating that the concentration of Sc ions at Y sites
is below ~0.2 at.%. This detection limit is determined by the
signal-to-noise ratio of the spectra (~10~%). Corresponding
zoomed-in spectra are provided in Fig. S3 in the Supplemental
Material [46].
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FIG. 3. RL of the set of Y;g9Sc; 16Al39501, undoped (black
line), 0.1% Ce (blue line), 0.1% Ce and 0.03% Mg (green line),
and 0.1% Ce and 0.1% Mg (red line) doped crystals in absolute
comparison with a BGO standard (purple line).

In contrast, EPR spectroscopy, being highly sensitive to
Sc-related paramagnetic centers, can detect such antisite Sc
ions at much lower concentrations than NMR. Our EPR study
[33] revealed the presence of paramagnetic Sc>* ions, which
however are located near oxygen vacancies, which signifi-
cantly enhance the probability of electron trapping at these
positively charged defects (see also the Supplemental Material
[46]).

B. Optical and luminescence characteristics
of Y3Sc,Als_, Oy, crystals

Figure 3 shows the RL spectra of Y, g9Sc;.16Al3.9501, crys-
tals that are undoped, 0.1% Ce doped, and 0.1% Ce and 0.1%
Mg codoped, compared in absolute intensity with a BGO
standard. The undoped Y g9Sc; 16Al39501, crystal (black
curve) exhibits a very intense luminescence peak at 324 nm,
with an integrated intensity approximately 10 times higher
than BGO (area under the curve: 2.15 x 107 vs 2.40 x 10°
for BGO).

Doping with Ce** introduces the characteristic 5d' — 4f
emission at 518 nm and reduces the intensity of the 324 nm
band. This reduction is due to the overlap with the 4 f — 54>
absorption transition of Ce** at 350 nm and leads to a de-
crease in overall scintillation efficiency (see Table III). The
addition of Mg?>* codopant does not produce a monotonic
change in band intensities. Notably, at the highest Mg con-
centration, the 324 nm band shifts to longer wavelengths,
suggesting a perturbation of its emission center, which is most
likely an exciton localized around an Sc ion [54,55].

Upon Sc doping, the intensity of this peak decreases and
shifts to longer wavelengths, indicating that some excitons
are stabilized by Sc. At room temperature, this band becomes
dominant even at a Sc concentration of 5%, similar to that in
Y2.895¢1.16Al3.95012.

The absorption spectra of Y5 goScy 16Al395015 crystals are
shown in Fig. 4. The undoped crystal exhibits an absorption
edge around 200 nm, while Ce**-doped samples display char-
acteristic 4f — 5d' and 4f — 5d? transitions at 445 and
345 nm, respectively. With increasing Mg?* concentration,
the intensity of the Ce** absorption bands decreases, and
a gradual increase in absorption below ~350 nm appears,
corresponding to the Ce** charge-transfer absorption. This
confirms the partial conversion of Ce3* to Ce** induced by
Mgt codoping. These observations are corroborated by Ce3*+
EPR measurements, which directly show a decrease in Ce**
concentration upon Mg?* codoping (see Fig. S4 in the Sup-
plemental Material [46]).

In Fig. 5, the scintillation decay of undoped
Y2.89Sc1.16Al3.9501; crystals is slow, with a mean decay time
exceeding 800 ns. Doping with Ce significantly accelerates
the decay, and this effect is further enhanced by Mg?*
codoping (Fig. 5 and Table III). This acceleration is attributed
to the formation of stable Ce** centers, which introduce an
additional fast radiative de-excitation pathway that competes
with electron traps.

Despite the faster scintillation response, Ce doping leads to
a decrease in light yield compared with the undoped crystal.
The total scintillation efficiency, as measured by RL yield,
fluctuates slightly with Mg?* codoping around the value ob-
served for the Ce-doped material. This behavior suggests that

TABLE III. Scintillation efficiency of Y;Sc,Al;_,O, crystals: RL yield, LY, and scintillation mean decay time compared with BGO and
GAGG:Ce. The errors of the RL/LY and the mean decay time values are within 5% and 2%, respectively.

Compound RL yield (%) LY (%), *7Cs, 1 us LY (ph/MeV) ¥7Cs, 1 us Mean decay time (ns)
BGO 100 1002 8000 300
Y1895¢1.16Al5.95012 900 41 3280 863
Y2A39SC1.16A13‘9501210.1% Ce 590 19 1520 262
Y2.89SCI.]6A13.95012:0-1% Ce, 0.3% Mg 530 14 1120 344
Yz_ggSCl_15A13_95012:0.1% Ce, 0.1% Mg 660 12 960 184
Y3Sc;Al;04; undoped 13.12.2023-c.4 900 — — —
Y3Sc,Al30¢,-Ce 0.2%-31.1.2024-¢c.3 160 77 6160 85
annealed 1200 °C/12 h air

Y3Sc,Al;04,-Ce 0.2%-31.1.2024-c.5 260 84 6720 111
annealed 1200 °C/12 h air

Gd;Ga, 7Al,301,:0.3% Ce — 540 42760 ° 147°

Typical absolute LY of reference BGO is 8000 ph/MeV under 662 keV excitation of '*’Cs.

"LY and mean decay time were taken from Ref. [33].
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FIG. 4. Absorption spectra of the set of Y, g9Sc; 16Al395012 un-
doped, 0.1% Ce, 0.1% Ce and 0.03% Mg, and 0.1% Ce and 0.1% Mg
(red line) doped crystals.

Ce’* introduces spatial separation of charge carriers—holes
localize at Ce3t ions, while electrons tend to localize near Sc
ions—reducing the probability of radiative recombination and
thereby decreasing the overall scintillation intensity.

In another set of crystals, the starting host composition was
set to Y3ScyAl30y,, which is closer to the congruent compo-
sition of these garnets grown from the melt, as established
for the isostructural Gd-based garnet GdjggScy goAlz 23012
[31]. The undoped crystal exhibits an emission band peaking
around 300 nm, similar to that shown in Fig. 3 (see Fig. 6), and
its overall scintillation intensity (RL spectrum area) is compa-
rable with that of undoped Y;.89Sc.16Al3.95012 (Table III).

Doping with Ce again produces a double-peaked UV
spectrum due to overlap with the 4f—5d> Ce3* absorp-
tion band and reduces the RL yield which represents the
overall scintillation efficiency (Fig. 6 and Table IIT). How-
ever, the Ce’* emission dominates in the spectrum, light
yield is several times higher than in Y, g9Sc 16Al3.95012:0.1%
Ce, and the scintillation response is significantly faster
(Table III). These observations indicate a much lower con-
tribution from slow components on the microsecond and
longer time scales, which is further supported by afterglow
measurements: Following x-ray cutoff, the emission inten-
sity decreases faster in Y3Sc,Al301,:0.2% Ce compared with
Y2.895¢1.16Al3.95012:0.1% Ce (Fig. 7). It is worth noting, how-
ever, that the afterglow of these two Sc-admixed crystals is
noticeably higher compared with BGO standard sample which
evidences very slow components in scintillation response due
to the charge trapping and is the reason of their relatively low
light yield.

For the Y3Scy Al3O1; crystals, TSL glow curves were mea-
sured, and RL spectra were recorded before (77 K) and after
(room temperature) the TSL run (Fig. 8). Interestingly, a no-
ticeable increase in emission intensity at room temperature is
observed in all cases, corresponding to the TSL glow curves.
This behavior can be explained as follows. At 77 K, x-ray

Y Al, O

2.895C1 1681395012

® Experimental data
] 2-exp fit ]
Instrumental response

1 X 1(t)=0.764exp(-t/618)+
0.24exp(-t/2900)+

1 - =

] Y5.895C1.16713,95012:0-1%Ce ]

2 ] ® Experimental data ]

5 . 2-exp fit 4

S 11% |- Instrumental response| -

g 01 1()=1.02exp(-t/194)+ |

0 E 0.214exp(-t/2120)+ 3

= ] 1

o ] i

o j _
>

0.01 4 (b) :

1. [ X3 . -

) T T
Y5 895¢1 16813 95012:0.1%Ce,0.1%Mg
® Experimental data
2-exp fit
------ Instrumental respose
I(t)=1.01exp(-t/125)+

0.14 ; 0.256exp(-t/1960)+ |

X
0 5000 10000 15000
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FIG. 5. Spectrally unresolved scintillation decays of (a)
Y2895C1.16Al3.05012, (b) Y2805¢1.16Al395012:0.1% Ce, and (c)
Y2.895¢1.16Al3.95012:0.1% Ce and 0.1% Mg crystals. 1/e decay time
values are in the figure in red.

irradiation generates charge carriers in the valence and con-
duction bands, but these carriers become trapped at spatially
separated defect sites, strongly limiting radiative recombi-
nation. At room temperature, most of these trapped carriers
are released, substantially increasing the probability of their
radiative recombination.

These traps are primarily associated with host oxygen
ions, which capture holes and become observable in EPR as
O~ centers (S = 1/2, 2p°) (see the corresponding spectra in
Figs. S5 and S6 in the Supplemental Material [46]). The
O~ EPR signal is unusually intense in Sc-containing YAG
crystals, indicating that these centers are formed in the

045201-7



V.LAGUTA et al.

PHYSICAL REVIEW MATERIALS 10, 045201 (2026)

T T T T T 12 T T T T T
L ——BGO ref
. 50 (a) Yssczr::gjo.z% Ce,#1|, (b)
) :@10 F| ——Y38c,A1;0,,:0.2% Ce, #2 ]
S 40} 'c Y3S¢,Al1304,:0.2% Ce, #3
. ——BGO reference 3 8L T ]
£ —Y3SC3A1304, 2
S 30f 8
= > 6Ff ]
7] ‘®
c c
¢ 20
£ 24t ]
10 oL ]
0 . . ; ; ; (1] - _— ——
200 300 400 500 600 700 800 200 300 400 500 600 700 800

Wavelength (nm)

Wavelength (nm)

FIG. 6. Room-temperature RL spectrum of the (a) undoped and (b) Ce-doped Y3Sc,Al;Oy; crystal (three different parts of the mPD grown

rod) compared with that of BGO standard.

vicinity of Sc ions—most likely Sc ions occupying antisite
positions. In such cases, the hole is trapped by a lattice oxygen
ion near the Sc antisite, where the strong local perturbation
induced by the Sc ion enhances the thermal stability of the O~
center. Note that, in Ce-doped crystal, TSL has much lower
intensity as holes can also by trapped by Ce** ions forming
stable Ce** centers.

Electrons are typically captured by oxygen vacancies,
forming F-type centers. In Sc-doped YAG, these centers are
predominantly generated near antisite Sc ions, leading to the
formation of Sc’*-V complexes [33], where the trapped
electron primarily occupies the Sc 3d' orbital. This inter-
pretation is supported by the observed hyperfine interaction
(55 x 10~* cm™1) between the electron spin and the 43Sc nu-
clear spin, which is close to values reported for Sc?* dopants
in BaF2 and SrF2 [56]. As confirmed by our DFT simulations
in Sec. Il C and previously for GSAG in Ref. [33], Sc antisite
ions at Y lattice sites can serve as efficient electron traps.

C. Electronic band structure calculations

The electronic structure calculations and the structural op-
timizations were based on DFT and were performed in MedeA

10° 3 . . . . .
—Y;Sc,AlL0,,:0.2% Ce

1074 Y, 595C; 463 9504,:0.1% Ce L
— ] —— BGO reference
®©
S
o) 10-2 E E
o E E
2
c
>
o 4
© -3

10 3

107+

0 150 300 450 600 750 900
Time (ms)

FIG. 7. Afterglow of the air annealed Y3Sc,Al304,:0.2% Ce and
Y;.895¢1.16Al3.95012:0.1% Ce crystals compared with that of BGO
standard.

software by the implemented program VASP [41,42]. Calcula-
tions were based on the structure of Y3Al;01, (YAG) from the
ICSD database [48]. Scandium was assumed to only enter the
octahedral and dodecahedral sites. Hence, the octahedral and
dodecahedral sites were occupied with Sc for 0, 1/2, 1 and 0,
1/6, 1/3 rates, respectively, creating thus nine structures with
all combinations. In cases where different Wyckoff positions
could be substituted, we performed structural optimizations of
multiple structures and then used only the configuration with
the lowest total energy.

Structural optimizations of each of the nine structures were
performed by minimizing the total energy using the conjugate
gradient method, so that all atoms were relaxed and lattice
parameters were allowed to change, but Pcca symmetry was
retained. The convergence was 0.03 eV/A. The convergence
criterion was typically met after about 15 ionic steps. The
lattice parameters (a = b = c) of the optimized structures are
shown in Table S1 in the Supplemental Material [46]. The
table shows a trend of increasing a with substitution of larger
atoms into smaller sites (Sc in the octahedral site) and decreas-
ing a with substitution of smaller atoms into larger sites (Sc in
the dodecahedral site), which is in accordance with Vegard’s
law.

For the calculation of the total energies, DFT with projec-
tor augmented waves [41], general gradient approximations
[57], and specific pseudopotentials Sc_sv, Y_sv, Al, and O
was applied. In the self-consistent field method we used the
tetrahedron method with Blochl corrections as the integration
scheme over the first Brillouin zone with the k-points spacing
0.25 A~3. This should be sufficient due to the large size of the
cell. The same mesh with the simple tetrahedron method was
used for the density of states (DOS) calculations.

In Fig. 9, the DOS and partial DOS (PDOS) are displayed
for the energy region around the band gap. PDOS is shown as
a sum over all Wyckoff positions occupied by a given atom
weighted by the site multiplicity. The PDOS of the Sc-3d
in the dodecahedral position shows a general trend of states
located below the conduction band minimum, in contrast with
Sc-3d in the octahedral position, which is at a level similar to
some of the Y-4d states. However, the Y-4d states are likely
to be energetically higher and less delocalized in reality than
shown, due to the general difficulty in correctly treating the
unoccupied electronic states by DFT, which could be partially
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FIG.8. (a) and (b) RL spectra of Y3Sc,Al30;; and
Y3Sc,Al301,0.2% Ce  crystals measured at 295 and 77 K. (c)
TSL glow curves of Y3Sc;Al;Op and Y3ScyAl;O4, 0.2% Ce
crystals x-ray irradiated at 77 K.

solved using a time-dependent method [58]. Nevertheless, in
all cases, the weighted average with respect to DOS is higher
for the Y-4d band than for the Sc-3d band.

Calculated enthalpies of formation (from oxides) of the
structures are stated in the Supplemental Material [46]. While
comparing the enthalpies (Table S2 in the Supplemental Ma-
terial [46]), the most stable composition is Y3AlsO,, with
increases of enthalpy while substituting in both dodecahedral
and octahedral sites, with a much steeper increase in the
dodecahedral one. However, for an actual comparison of the
thermodynamic stability in these crystals with high melting

points, it would be necessary to evaluate the entropy of for-
mation for receiving the free energy of formation. Thus, it is
very likely that the configurational entropic term contributes
to partial substitution in both sites.

IV. CONCLUSIONS

The site occupancies of Sc** and AI’* ions in pure
and Ce-doped Y3Sc,Als_,O, crystals were investigated us-
ing high-resolution “*Sc and 2’ A1 MAS NMR spectroscopy.
The NMR spectra were analyzed using a spin Hamilto-
nian that included magnetic Zeeman, chemical shift, and
quadrupole interactions of the nuclear spins. The correspond-
ing spin-Hamiltonian parameters were determined for Sc
concentrations x = 0, 0.05, 1.16, and 2.

The 2’ Al MAS NMR spectra show that Al occupies both
the octahedral and tetrahedral sites of the garnet lattice. With
increasing Sc concentration, the Al population at octahedral
sites decreases and approaches zero for the stoichiometric
Y3ScyAl30;, composition, indicating an almost complete re-
placement of Al by Sc at these sites. This observation is
consistent with the “*Sc NMR spectra, which exhibit only
a single resonance corresponding to Sc ions at octahedral
positions. The possible concentration of Sc ions occupying
antisite Y dodecahedral sites was estimated to be below ap-
proximately 0.2 at.%. Such Sc ions can create a deep electron
trap which is suggested by DFT calculation of electronic band
structure of the Sc-admixed Y3AlsOq, garnet structures.

The scintillation characteristics of pure and Ce-doped
Y3Sc,Als_, Oy, crystals were investigated using RL, absorp-
tion, and TSL spectra as well as measurements of scintillation
decay and afterglow in the nanosecond to millisecond range.
The results show that the incorporation of Sc into Y3Al501;
induces a strong Sc-related exciton emission at 320-324 nm,
which is nearly 10 times more intense than that in a reference
BGO crystal. This emission remains pronounced even at a low
Sc concentration of 5 at.%.

Doping with Ce introduces Ce** emission (5d' — 4f
transition) at 518 nm and simultaneously reduces the intensity
of the 324 nm band due to the overlap with the 4 f — 542 ab-
sorption transition of Ce** at 350 nm and leads to a decrease
in overall scintillation efficiency. The scintillation decay of
undoped Y3Sc,Als_, Oy, is relatively slow, with a mean decay
time exceeding 800 ns. Doping with Ce significantly acceler-
ates the decay, and codoping with Mg?* further enhances this
effect by promoting the formation of stable Ce** ions, which
create an additional fast radiative de-excitation pathway that
competes with electron traps. This Ce*™ — Ce** conversion
is clearly supported by EPR spectra of Ce*" in the presence
of Mg?* codoping.

Measurements of scintillation light yield show that, in
the Y3Sc;Al304,:Ce stoichiometric composition, it reaches
a maximum of 80-84% relative to BGO, with a notably fast
scintillation response characterized by a mean decay time of
85-110 ns.

Electron and hole defects, which can temporarily trap
charge carriers under irradiation and thereby reduce the timing
performance of scintillation, were investigated using TSL and
EPR spectroscopy. It was found that holes are predominantly
localized at oxygen lattice ions near Sc ions, forming O~
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centers whose thermal stability correlates with the observed
TSL peaks. These centers are therefore active participant in
the TSL processes and compete with hole trapping at Ce**
luminescence ions.

Electrons generated under irradiation are suggested to be
mainly trapped by Sc-antisite ions near oxygen vacancies.
This is supported by the detection of Sc’*—V centers in
EPR spectra of Y3Sc,Als_,Oj, crystals, which exhibit a
high concentration of oxygen vacancies (the crystals appear
dark green). In contrast, in transparent crystals with low
oXygen vacancy concentrations, Sc>*—Vg centers are not de-
tectable by EPR. Suppressing these centers by optimizing the
composition (stoichiometric material appears to be most
effective) and reducing oxygen vacancies contamination
would significantly improve the scintillation performance
of Y3ScyAl304;:Ce crystals. A general strategy for further
optimization is therefore to limit electron localization, i.e.,
to engineer the bottom of the conduction band. A slight

overstoichiometry of Y may also be beneficial, in analogy
with GSAG:Ce (Ref. [33]).

Due to the similarity between Y3Sc,Als_,O;, and
Gd3Sc,Als_,Oy; compounds, our results on Sc-to-Al distri-
bution in Y3Sc,Als_,O;,:Ce can also provide useful insights
for GAGG:Ce materials.
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