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Abstract

The optical and vibrational responses of Gd3GasO1, (GGG) single crystals to 147 MeV
Kr-ion irradiations were systematically investigated to clarify defect formation pathways
and their influence on luminescence mechanisms. Absorption spectra measured at room
temperature reveal a stepwise redshift of the fundamental edge and the progressive devel-
opment of a broad sub-band-gap tail between 4.4 and 5.3 eV, indicating the accumulation
of F- and F*-type oxygen-vacancy centers and increasing structural disorder. Raman spec-
troscopy shows that, despite substantial track overlap at fluences up to 10'* ions/cm?, the
crystal preserves its phonon frequencies and linewidths, while peak intensities decrease
due to a growing disordered volume fraction. Low-temperature (13 K) photoluminescence

demonstrates the persistence of a dominant broad band near 2.4 eV and the emergence of
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an additional irradiation-induced band at ~2.75 eV whose width increases with fluence,
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picture of ion-track-induced disorder in GGG and identify the defect states governing its

luminescence under extreme irradiation conditions.
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1. Introduction

Gadolinium gallium garnet (Gd3GasO12, GGG) is a cubic oxide (Ia3d) typically ob-
tained as high-quality single crystals and widely used as a substrate for epitaxial optical and
magneto-optical films [1-4]. Its wide band-gap (Eg =~ 5.6 eV) and broad IR-UV transparency
define its importance for photonic applications [3]. Rare-earth doping enables efficient
phosphor and scintillation behavior: in Ce:GGG, emission and decay kinetics depend
on the local crystal environment [5-7], while Er®*-, Pr3*- and Dy®*-doped systems show
characteristic {-f transitions [8,9]. Sol-gel approaches and isovalent substitutions support
low-temperature phosphor synthesis [10]. Mechanical surface properties crucial for optical
performance have been studied using nanoscratch and nanoindentation techniques [11-13],
and Co diffusion has been linked to color-center formation [14].

In nanostructured and thin-film forms, GGG exhibits additional functionalities:
GGG:Tb* and GGG:Eu®** nanoparticles show stable and pressure-sensitive lumines-
cence [15-17], while liquid-phase-epitaxial films operate in fast scintillators [18,19]. GGG
has also been suggested as a wide-band-gap ceramic electrolyte for low-temperature fuel
cells [20]. Cr3* doping provides stable thermometric behavior, and Ca/Si substitutions in
Cr:GGG adjust emission wavelength and decay time [21,22]. In Ce:GGG, the relative posi-
tion of the Ce3* 5d! level to the conduction band and shallow traps has been determined,
clarifying competition between radiative and trapping channels [23].

GGG is further recognized as a frustrated magnetic system exhibiting field-induced
phase transitions and an enhanced magnetocaloric response upon Al
incorporation [24-27]. The crystal also demonstrates remarkable radiation tolerance, includ-
ing reversible amorphization-recrystallization cycles [28], radiation-induced absorption
and Raman changes under neutron and heavy-ion exposure [29-32], and ion-track forma-
tion behavior consistent with the inelastic thermal-spike model [33-36]. Its similarity to the
radiation response of the YIG garnet matrix confirms the generality of structural disorder-
ing and recovery mechanisms across garnets [37,38]. Exceptional mechanical robustness
and thermal resistance have been verified under dynamic compression up to 2.6 TPa [39].

The role of defect- and trap-related states in determining the optical response of garnets
is evident in both doped and nominally pure systems [40]. In Ce-containing alumino-gallate
garnets Gd3GazAl,O15:Ce, thermally stimulated relaxation over a broad temperature range
(~80-550 K) is governed by electron traps with characteristic depths of ~1.20 eV (Eu®*)
and ~0.76 eV (Yb**) and frequency factors on the order of ~10'! s~1, indicating that the
defect-trap reservoir controls excitation-energy redistribution and the balance between
radiative and non-radiative processes [40]. In structurally disordered solid solutions based
on Gd3Gas01,—-Gd3Al501y, low-temperature (T < 6 K) absorption and luminescence spectra
show that local symmetry and disorder are directly reflected in the linewidths, energies,
and multiplicity of rare-earth 0-0 lines, demonstrating the key role of the local microscopic
environment in excitation transfer [41]. Consistently, irradiation of GGG with swift heavy
131Xe ions (231 MeV) leads to mesoscopic defect accumulation manifested by Raman-line
broadening (FWHM increase of ~20-100%) and a reduction of microhardness down to
~60% of the initial value at fluences of 1 x 1011-3.3 x 10'3 ions/cm?, evidencing progressive
structural relaxation and disordering in the near-surface region [42].

Intrinsic defect-related luminescence in garnets is mainly governed by oxygen-vacancy
centers—F (Vo with two electrons) and F* (Vo with one electron)—together with self-
trapped and defect-localized excitons (STE/LE). In YAG [43] and LuAG [44], a fast violet
band near ~3.1-3.2 eV (T =~ 2-3 ns), excited at ~3.3/5.3/6.5 eV, is attributed to F* centers,
whereas a blue-green band around ~2.6-2.7 eV is associated with F centers [43-45]. Antisite
disorder (Y o1/Lup;) enhances the formation of F*-antisite complexes, shifting and broaden-
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ing these emissions and partially suppressing STE; both F and F* can also be excited from
the excitonic continuum (~6.5-7.3 eV) [43-45].

In mixed garnets such as GAGG:Ce, as well as in YAG, exposure to swift heavy ions
produces persistent photo-induced absorption across the UV—visible range and strongly
weakens VUV-exciton emission, indicating an increased population of F-type defects and
stronger competition with Ce®* 5d-4f radiative channels, potentially involving Ce3*/Ce**
charge conversion [46,47]. For sintered garnets, parameters such as oxygen partial pres-
sure, grain boundaries, and impurity—defect complexes enhance F/F* luminescence and
suppress STE, whereas oxidative annealing decreases color-center concentrations—critical
for optical and scintillation performance.

Tonoluminescence of a Y3Al5015:Ce®* single crystal under irradiation with 2 MeV
H* ions shows that changes in the luminescence characteristics are significantly weaker than
those induced by temperature [48]. A comparison of fluence- and temperature-dependent
effects indicates that heating is the primary factor responsible for the reduction of Ce3*
emission intensity and the red shift of the band, whereas proton irradiation contributes
only a limited effect.

The previous study [33] demonstrated that irradiation of GGG with 147 MeV 8Kr ions
causes a ~30 nm red shift of the absorption edge, an increase in oxygen-vacancy concentra-
tion, lattice expansion, and pronounced ion-track softening, all indicating the formation
of track-induced disorder and F-type defect centers. The present work is a logical contin-
0™ jon/cm?,
enabling a step-by-step analysis of defect evolution. The aim is to establish the relationship

uation of that study and extends the fluence range to 101,102, 10%3, and 1

between structural disorder and changes in optical and luminescent properties, identify
defect levels, and clarify their influence on sub-band-gap absorption, excitation pathways,
and low-temperature defect luminescence.

2. Materials and Methods

Single crystals of GGG were produced by the Czochralski technique in an iridium cru-
cible under a mildly oxidizing atmosphere at the SRC “Electron-Carat” (Lviv, Ukraine) [33].
The growth was carried out in an atmosphere composed of 98% Ar and 2% O,. High-purity
Gd;03 and GayO3 powders (99.99 wt%) served as the starting reagents. It is known that
tetravalent impurities such as Si** and Zr** in the raw materials can introduce cation
vacancies and stimulate spiral growth in rare-earth gallium garnets. To minimize these
effects, a small amount of CaO (1072102 wt%) was added to the melt. GGG crystals
typically contain trace levels (10~3-10~* wt%) of unintentional impurities, which are nearly
impossible to eliminate during crystal growth. For this study, the samples were cut into
flat plates 0.48 mm thick, oriented along the (111) crystallographic plane, and double-sided
polished to optical-grade finish.

The GGG crystal samples were irradiated at 300 K with Kr*!® ions at an energy
of 1.75 MeV per nucleon at fluences of 1 x 10111 x 10'2, 1 x 1013, 5 x 103, and
1 x 10 ions/cm? using the DC-60 heavy-ion accelerator(The Institute of Nuclear Physics,
Astana, Kazakhstan) at the Institute of Nuclear Physics in Astana, Kazakhstan. The ion
beam current was in the range of 25-30 nA /cm?. Note that, in recent years, this accelerator
has been widely and successfully employed in studies of point and extended defects across
a broad range of materials [49-58].

Raman spectra were recorded using a TriVista 777 triple grating spectrometer (Prince-
ton Instruments, Trento, USA)and a 532 nm (3.63 mW) laser at room temperature (RT).

Luminescence spectroscopy was performed under synchrotron excitation. Excitation
and emission spectra were obtained at the FinEstBeAMS undulator beamline [59-65] at
the MAX IV 1.5 GeV storage ring (Lund, Sweden). The photon energy used for excitation
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ranged from 4.5 to 11.0 eV. Emission in the 200-700 nm UV-visible region was analyzed
using an Andor Shamrock SR-303i monochromator (Andor Technology, Belfast, UK) (0.3 m)
coupled to a Newton DU970P-BVF CCD detector (Andor Technology, Belfast, UK), en-
abling detection across 200-900 nm. The GGG crystals (ELECTRON-CARAT SCIENTIFIC-
RESEARCH COMPANY, Lviv, Ukraine)were installed on the cold finger of a closed-cycle
cryostat (Advanced Research Systems) housed in an ultra-high-vacuum chamber with a
base pressure of ~10~° mbar.

Additional luminescence experiments at 9 K were carried out using synchrotron radia-
tion at the Superlumi P66 beamline (PETRA III, DESY) [66]. Excitation was selected with a
2 m monochromator providing a 4 A spectral resolution. The emitted light was analyzed
using an ANDOR Kymera monochromator(Andor Technology, Belfast, UK) (2 A resolution)
equipped with a CCD camera and a Hamamatsu R6358 photomultiplier. Excitation spectra
were calibrated using sodium salicylate to ensure accurate spectral response.

3. Results and Discussion
3.1. Absorption Spectra Analysis

The absorption spectra (Figure 1) of GGG irradiated with 147 MeV Kr ions exhibit a
pronounced fluence-dependent red shift of the optical edge accompanied by a systematic
increase in sub-band-gap absorption. In the pristine crystal, the absorption edge is sharp
and located near 220 nm; below 300 nm, only narrow Gd3* 4f-4f transitions and a weak ab-
sorption band in the 280-400 nm range, attributed to Ca?*-V complexes, are observed [30].

{ n 4

Pristine sample
—— F=10"" jon/cm?
—— F=10"2 jon/cm?
—— F=10" ion/cm?
F=5x10"3 ion/cm?
—— F=10" ion/cm?

Absorption

240 280 320 360 400
Wavelength, nm

Ot . | . | . | . | . | . | .
200 300 400 500 600 700 800 900
Wavelength, nm

Figure 1. Absorption spectra of GGG single crystals at RT.

At a fluence of 10! ions/cm?, the absorption edge becomes less steep and shifts to
approximately 230 nm, while a distinct absorption tail develops between 230 and 300 nm,
indicating the formation of initial oxygen vacancies and F/F* centers introducing localized
states into the band gap [30,33]. With increasing fluence to 10'2 ions/cm?, the edge shifts
further to ~235-240 nm, and the defect-related band near ~280 nm increases significantly
in intensity.

For fluences of 103 and 5 x 10'® ions/cm?, the absorption spectra nearly overlap:
the edge stabilizes at 240-245 nm, and a broad defect-related absorption band develops
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in the 240-320 nm region. In this regime, the narrow Gd>* absorption lines are partially
obscured by the growing defect background, although weak features at 254, 275, and
313 nm can still be discerned and are assigned to the intra-configurational 4f-4f tran-
sitions of Gd** (8S;,, — ®Dy, °I;, and °P}, respectively) [30,33]. Their apparent weak-
ening is therefore not related to changes in the electronic structure of Gd** ions, but
to the superposition of an increasingly strong sub-band-gap absorption associated with
oxygen-vacancy-related defects.

At the highest fluence of 10'* ions/cm?, the position of the absorption edge re-
mains nearly unchanged, while the sub-band-gap absorption reaches its maximum: the
230-320 nm region transforms into an almost continuous background, and the
Gd>* 4f-4f lines appear only as slight modulations. Overall, the observed stepwise redshift
of the absorption edge and the monotonic growth of defect-related absorption are gov-
erned by the accumulation and clustering of F/F* centers and their impurity-related com-
plexes, whereas the intrinsic Gd** spectral pattern remains preserved throughout the entire
fluence range.

The spectral extent and maximum of the sub-band-gap absorption are determined
by the density and energetic distribution of oxygen-vacancy-related defect states (F and
F* centers) within the band gap. At low defect concentrations, these states are located close
to the conduction-band minimum, resulting in a weak absorption tail. With increasing
defect accumulation and clustering, the absorption extends deeper into the band gap. The
initial level of sub-band-gap absorption is influenced by growth-related defects introduced
during synthesis; however, at higher irradiation fluences, the absorption behavior is dom-
inated by irradiation-induced vacancies and becomes largely independent of the initial
defect concentration.

3.2. Raman Spectra Analysis

Raman spectroscopy data for GGG irradiated with 147 MeV Kr ions demonstrate that,
up to fluences of 1 x 10'* ions/cm?, the crystal remains predominantly crystalline and
does not undergo track-induced amorphization of the type reported for several garnets
such as YIG [38].

In the pristine sample, a characteristic GGG set of Raman lines is observed at
~112, 171, 181, 240, 261, 274, 355, 382, 525, 583, 598, 741, and 888 cm ™!, correspond-
ing to 13 out of 25 group theoretically allowed modes [30,37,38] (A1g, Eg, Tog) (Figure 2).
Their symmetry and atomic displacements agree well with calculations and prior mea-
surements [27,30,37,67-69] for (Gd,Y)3GasO1y: the low-frequency modes (x100-300 cm 1)
reflect translational-rotational motions of GdOg dodecahedra and collective GdOg-GaOg-
GaOy vibrations, whereas the bands at 525-740 cm ! originate from internal bending and
stretching modes of GaO4 and GaOg polyhedra (Table 1).

Comparison of peak positions and widths (FWHM) in pristine and irradiated samples
shows that the frequencies of the principal modes remain essentially unchanged: the shifts
do not exceed 0.2-0.3 cm !, which is within the experimental uncertainty and far below the
~1-2 cm ™! shifts observed under intense neutron irradiation of GGG up to 108 n/cm? [30].
Line widths—3-6 cm ! for low-frequency and 10-17 cm ! for high-frequency modes—also
remain almost constant across the fluence range 1 x 1013-1 x 104 ions/cm?. This indicates
that local symmetry and the character of interatomic bonding in GaOg and GaOj4 units
remain largely unaffected: the lifetimes of optical phonons and the distribution of local force
constants do not change. Unlike neutron irradiation, dominated by displacement cascades
and statistical accumulation of point defects—which leads to noticeable phonon “softening”
and line broadening—swift-heavy-ion damage is governed by electronic stopping and the
associated thermal spike confined to narrow cylindrical tracks.
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Figure 2. Raman spectra of pristine and Kr ion irradiated with 147 MeV energy GGG single crystals

by various fluences.

Table 1. Raman spectra peak positions and FWHM of pristine and Kr ion irradiated with 147 MeV
energy GGG single crystals by various fluences and comparison with [30,37,38] the literature.

This Work

Au 12 MeV, [38]

Neutron Irradiated [30]

Raman Pristine Sample F = 1013 jon/cm? F=5 x 1013 jon/em2 F =101 jon/em? Unirradiated

No  Modes Sample [37]
,em ™1 Fx’f‘i‘ v,em~ 1 FC":'“}EM’ v,em~1 Fc‘:"j'i/[ v, em~ 1 F:’:’:EM’ F=3x 1014 F=1010 n/em? F=1018 n/em?

1 Eg 112.3 39 112.2 35 112.0 4.0 112.4 0.0 110.0 1109 111.5 110.6
2 ng 170.6 4.5 170.6 42 1704 4.7 170.2 14 170.0 1719 169.7 169.6
3 ng 180.6 43 180.6 42 180.5 4.5 180.3 15 180.0 180.2 179.3 179.4
4 ng 239.9 4.2 239.9 41 239.9 4.3 239.6 15 239.0 2413 239.0 2384
5 Eg 261.3 33 261.4 32 261.3 27 260.7 12 261.0 260.3 260.7 260.2
6 ng 274.1 6.2 274.0 5.6 274.0 6.0 274.0 2.1 273.0 274.6 2735 273.1
7 Aq g 354.8 10.9 354.7 11.1 354.6 1.2 355.3 3.7 353.0 353.5 353.9 354.8
8 ng 382.0 6.5 381.8 59 382.0 6.4 380.9 35 381.0 380.0 379.8 379.5
9 ng 524.6 10.8 524.6 9.5 524.4 10.4 524.8 34 524.0 525.6 524.6 523.8
10 Alg 582.9 10.1 583.2 9.7 582.9 9.9 583.0 3.6 583.0 585.4 584.1 582.9
11 ng 598.3 129 598.3 11.9 598.4 12.6 599.1 3.8 598.0 596.2 598.6 598.4
12 ng 740.6 16.9 740.5 15.8 7403 16.2 7415 5.3 740.0 740.8 741.6 7412
13 ng 888.3 12.3 888.0 11.8 888.3 12.3 887.5 35 858/896 896.1 - -

The most sensitive quantities are not frequency or linewidth but integral peak inten-
sities and the level of the incoherent background. According to the first document, as
the fluence increases to 1 x 10!* ions/cm?, the integrated intensities of all Raman peaks
decrease by roughly a factor of two, while a broad background grows in the high-frequency
region. This behavior is naturally interpreted within a partial track-amorphization model.
Each 147 MeV Kr ion loses energy mainly via ionization; thermal-spike calculations and
data for related garnets such as YIG show that, once the electronic stopping exceeds
~4 MeV/um, a cylindrical amorphous or strongly disordered core forms [36-38]. The
radius of such a core in garnets is several nanometers. At fluences of 1013-10 jon/cm?,
the average distance between tracks becomes comparable to their diameters, although the
volume fraction of the amorphous phase remains below ~50%.
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Raman peaks arise from coherent vibrations of the periodic lattice. If the crystalline
fraction in the laser-probed volume is (1-f) and the amorphous fraction is f, the integrated
intensity of discrete modes scales as (1-f), whereas the incoherent background and density-
of-states-like “pseudobands” scale roughly with f [34-38]. The observed twofold decrease
at the highest fluence corresponds to f ~ 0.5, i.e., about half of the probed volume is
occupied by tracks and their overlap zones, while the remaining half remains crystalline
and sustains the same phonon frequencies and linewidths. This explains the combination
of nearly unchanged frequencies with reduced intensities and an increased background.

Correlating changes in different modes with specific structural units clarifies the
distribution of damage across the sublattices. Low-frequency Eg (~112 cm™!) and Ty,
(~170~180 cm~!) modes associated with GdOg dodecahedra decrease in intensity syn-
chronously with the high-frequency GaO4/GaOg modes. The absence of selective attenua-
tion of any group of lines indicates that the electronic track perturbs the lattice uniformly,
without preferential damage to either the cationic (Gd>* vs. Ga®* or anionic sublattice. This
agrees with optical-absorption data: the ~30 nm redshift of the absorption edge in GGG
after Kr-ion irradiation is attributed to an increase in lattice parameter and accumulation of
disordered regions along tracks, not to selective disruption of a particular sublattice [33].

Comparison with Co ion diffusion studies in GGG [14] shows that both chemical
doping and swift-ion irradiation produce similar Raman signatures: altered relative inten-
sities of low- and high-frequency modes and increased background while preserving peak
positions. This points to a shared mechanism—Ilocal symmetry breaking and perturbation
of force-constant distributions without destruction of the global cubic structure. In both
cases, lattice strain is predominantly local; the average cell parameter and mean bond
lengths change only weakly, consistent with the absence of systematic phonon softening
seen, for example, in isovalent Gd—Y substitution in (Gd;_4Yx)3GasO12 [67].

A comparison with more severe irradiation conditions in YIG highlights the high
radiation tolerance of GGG. In Y3Fe50y», at fluences > 1014
nearly complete lattice randomization, and the Raman spectrum collapses to two broad

ion/cm?, swift ions produce

bands characteristic of amorphous materials [37]. In GGG, however, the full set of discrete
lines persists at the same fluences, indicating that even with substantial track overlap,
the amorphous phase does not become continuous. This is consistent with the modest
softening and reduced nanohardness observed by nanoindentation, as well as with the
moderate increase in lattice parameter measured by X-ray diffraction.

Thus, rigorous analysis of the Raman data supports the following physical picture. Kr
ions with an energy of 147 MeV generate cylindrical regions of intense electronic excitation
in GGG. Each ion impact forms a narrow track with a highly disordered core and a partially

0'3 ions/cm? the tracks barely overlap, the amorphous

relaxed periphery. At fluences up to 1
volume fraction is small, and the Raman spectrum remains nearly identical to that of the
pristine crystal. At5 x 10! and 1 x 10'* ions/cm?, track overlap forms an interconnected
network of disordered regions, reducing the effective volume of coherently vibrating
lattice and increasing the incoherent background; however, the crystalline matrix retains
its original symmetry and local vibrational dynamics. A full transition to the amorphous-
like state observed in irradiated YIG does not occur under the present conditions; GGG
exhibits robust preservation of its phonon spectrum and, consequently, high structural

radiation tolerance.

3.3. Luminescence Spectra

The luminescence spectra of GGG at T ~ 13 K under 5 eV SR photon excitation
show (Figure 3) that even the pristine, unirradiated crystal already contains a significant
population of defect-related centers. The dominant emission is a broad band with a

https://doi.org/10.3390/cryst16010040
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maximum near 2.4 eV, upon which narrow lines from unintentional impurities—Tb3* lines
at 3.25,2.95, 2.82, 2.62, 2.28, 2.13 and 1.97 eV—correspond to °D3/°Dy — ”Fj transitions.
The ~1.7 eV band is attributed to Cr3* centers, while the weak ~1.6 eV feature is most
probably related to unintentional Fe impurities [70,71], together with characteristic Gd3+
lines, including the transition at 317.4 nm (=3.9 eV). Thus, GGG is not an ideal crystal
initially; it contains intrinsic structural defects formed during growth as well as rare-
earth impurity ions, both of which participate in the redistribution of excitation energy.
As the irradiation fluence increases, the emission from these unintentional impurities is
strongly quenched due to charge-state conversion. The broad-band emission is presumably

associated with F and F* centers [72].

12,000 Bristine Y 2,500
——F=10"" ion/cm? oxc=0 & ot
100004 | F210'2 ion/om? _ Pristine sample
= 5 !on sz T=13K 2,000 Experimental cr3*
—— F=10"" ion/cm —— Gauss approx.
. 80907 |——F=10" ion/cm? 5
5 3
] © 15004 Tb3*
= 6,000 =
£ 5 T
5 g
€ 4000+ £ 1,000
2,000
500 4
04
T T T T 04
40 35 30 25 20 15 35 30 25 20 15
Energy, eV Energy, eV
(a) (b)
800 2,500
Experimental F=10"2 ion/cm?
—— Gauss approx. 2,000 |-
600
3 5
< @ 1,500 -
>
2400 | 3
@ c
g © 1,000 F Experimental
< c —— Gauss aprox. for 2.44 eV
- —— Gauss aprox. for 2.75 eV
200 —— Gauss aprox. sum
500
F=10"" ion/cm?
0 0 I p i 1 1 1l 0 L 1 1
3.5 3.0 25 2.0 1.5 35 3.0 25 2.0 15
Energy, eV Energy, eV
(© (d)
5000 6,000
F=10"3 ion/cm? F=10"* ion/cm?
5,000 |-
4,000
) . 4,000 |-
=]
; 3,000 4 ©
%: %‘ 3,000
c
5 2,000 . 2
< Experimental = 000 L —— Experimental
—— Gauss approx. for 2.44 € —— Gauss approx. for 2.44 eV
—— Gauss approx. for 2.75 eV —— Gauss approx. for 2.75 eV
1,000 4 —— Gauss aprox. sum 1,000 | —— Gauss approx. sum
0 /\ 0 : ‘ | ‘
3.5 3.0 2.5 2.0 15 3.5 3.0 25 2.0 1.5
Energy, eV Energy, eV
(e) 6

Figure 3. Luminescence spectra at T = 13 K of the initial crystal and crystals irradiated with krypton
ions with an energy of 147 MeV, with different fluences, when excited by photons with an energy
of 5 eV (a), Gaussian deconvolutions of the luminescence spectra of the initial crystal (b), irradiated
with fluences of 101 ion/cm? (c), 10'2 ion/cm? (d), 1013 ion/cm? (e), 1014 ion/cm? (f).
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Gaussian deconvolution (Table 2) of the spectra shows that all samples retain the same
overall emission pattern: a broad band with a maximum at E; ~ 2.4-2.44 eV is present
both in the pristine crystal and after irradiation at all fluences. When moving from the
unirradiated sample to 10! ions/cm?, this band broadens markedly (its FWHM increases
from ~0.75 to ~1.0 eV), reflecting an increase in structural disorder and in the distribution
of local fields within the lattice, while the position of the maximum remains essentially
unchanged. This indicates that the nature of the emitting centers responsible for the main
band remains the same, but the statistical distribution of their local environments becomes
more heterogeneous due to the formation of the first radiation defects.

Table 2. Spectral parameters of pristine and Kr ion-irradiated GGG single crystal at T = 13 K.

Fluence, ion/cm? Eq, eV AE, eV E;, eV AE, eV
Pristine 2.40 0.75
101 2.44 1.00 2.75 0.12
1012 2.44 1.00 2.75 0.15
1013 242 0.89 2.78 0.28
1014 2.41 0.92 2.74 0.42

A qualitatively new phenomenon emerges beginning at fluences around 10! ions/cm?:
an additional band with a maximum at E; ~ 2.75 eV appears on the high-energy side of
the principal emission band and is clearly resolved through Gaussian deconvolution. For
fluences of 10'>-10'* ions/cm?, its peak energy remains nearly constant (2.75-2.78 eV),
while its FWHM increases monotonically—from ~0.12 eV at 10'2 ions/cm? to ~0.40 eV at
10 ions/cm?. This evolution indicates that irradiation produces a new class of luminescent
centers with a fixed emission energy but with an increasingly broad distribution of local
configurations. At low doses, these centers are relatively homogeneous and well-defined,
whereas at higher doses they evolve into a family of centers with similar but not identical
local environments—for example, defect clusters, complexes involving oxygen vacancies,
or antisite ions such as Gd occupying Ga sites. As the contribution of the 2.75 eV band
increases, its relative intensity becomes comparable to that of the 2.4 eV band, causing the
integrated maximum of the total emission to shift slightly toward higher energies, and the
overall spectrum acquires a more symmetric, dome-like shape.

Analysis of the spectra at 13 K shows that irradiation with swift heavy ions does not
change the fundamental type of the primary emitting center responsible for the ~2.4 eV
band. Instead, irradiation enhances this emission by increasing the number of defects and
simultaneously raising the degree of structural disorder. At fluences > 10'? ions/cm?,
an additional class of radiation-induced centers with an emission maximum near 2.75 eV
is formed in the crystal; their spectral weight and configurational heterogeneity increase
monotonically with dose. The growth of the FWHM of this band, while its maximum
energy remains nearly unchanged, serves as a direct indicator of the accumulation and
progressive complexity of the defect subsystem in GGG under ion irradiation.

3.4. Luminescence Excitation Spectra

The excitation spectra recorded at 13 K demonstrate that luminescence in GGG is
generated through the same absorbing states over the entire excitation-energy range, with
particular emphasis on the emission band at 2.44 eV. For this band, the excitation curves
are virtually identical in shape for both the pristine crystal and all irradiated samples,
indicating a common excitation mechanism. In the pristine GGG sample, the excitation
maximum of the 2.44 eV emission is located near the fundamental absorption edge at
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~5.5-5.7 eV, while the intensity below this energy is negligible. This behavior reflects the
absence of pronounced sub-band-gap absorption centers and shows that the population of
the defect-related 2.44 eV emitting centers proceeds predominantly via excitation into band
or excitonic states.

With increasing Kr-ion fluence, the excitation spectrum of the 2.44 eV band exhibits
systematic changes. Already at a fluence of 10!! ions/cm?, a noticeable background
contribution emerges throughout the 4-10 eV region, manifested as an enhanced low-energy
excitation tail extending down to ~4 eV and a shift of the effective excitation threshold
toward lower energies. This indicates the formation of a broad distribution of radiation-
induced defect states within the band gap, which efficiently absorb excitation energy and
subsequently relax into the centers responsible for the 2.44 eV emission. These defect states
are primarily associated with oxygen vacancies and distortions of the cation sublattice.

At higher fluences of 10'? and 10'3 ions/cm?, the sub-band-gap contribution becomes
dominant for the 2.44 eV luminescence. The excitation spectra evolve into a wide band with
a maximum at ~5.1-5.3 eV and a smooth, extended low-energy tail, while the sharp step
at the pristine absorption edge becomes progressively blurred. At the highest fluence of
10'* ions/cm?, nearly the entire 4-7(8) eV range transforms into a homogeneous excitation
continuum, and the excitation behavior of the 2.44 eV band becomes indistinguishable
from that of other emission channels. This unambiguously demonstrates that excitation of
the 2.44 eV luminescence proceeds through a common defect-mediated manifold of states
formed in the band gap as a result of swift heavy-ion irradiation.

The influence of radiation defects is especially pronounced in the excitation spectra
of the narrow Gd3* emission line at 3.9 eV (317.4 nm) (Figure 4b). In the pristine crystal,
the spectra exhibit distinct, well-resolved 4f-4f transitions on a weak background, together
with a sharp step at the absorption edge near Eg. With increasing fluence, the background
beneath these lines increases dramatically, the absorption edge shifts to lower energies and
becomes smeared, and the lines broaden slightly and partially merge into the continuum.
Because the intensity of this line is sensitive to energy transfer from the host lattice to Gd**
ions, degradation of its excitation spectrum can be regarded as a sensitive indicator of
accumulated structural damage and altered relaxation pathways: a fraction of the excitation
that, in the pristine crystal, is transferred to Gd>* 4f states is intercepted by defect centers
in the irradiated sample and redistributed into broad-band defect luminescence.

The excitation spectra are fully consistent with the picture derived from optical
and quantum-chemical data for GGG. According to ellipsometry and transmission mea-
surements, the fundamental absorption edge of GGG corresponds to a direct band gap
of ~5.66 eV and is associated primarily with O-2p — Ga/Gd-5d charge-transfer exci-
tation [63]. Modern DFT calculations (especially those employing the mBJ potential)
yield a similar band-gap magnitude and show that the valence band is dominated by
oxygen 2p orbitals, whereas the conduction-band minimum is formed mainly by Gd-
and Ga-5d states. Accounting for the 4f electrons of Gd introduces additional localized
levels near the band edges but does not alter the overall characterization of GGG as a
wide-band-gap dielectric [73].

The absorption spectrum of the pristine crystal displays a steep rise at 5.6-5.7 eV and
a series of narrow Gd>* 4f-4f lines around 3.9 eV, corresponding to the 8S;,, — D, I, and
6P transitions. This picture is reproduced in your excitation spectra as follows. For the
defect-related emission in the 2.44 eV region (Figure 4a), all curves exhibit a sharp, well-
defined maximum near E ~ 5.6 eV, coinciding with the fundamental absorption edge. This
indicates a mechanism of “electron-hole pair generation in the matrix — carrier capture at
a defect — radiative recombination.” A portion of the excitation at higher energies, 7-10 eV,
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is associated with deeper charge-transfer transitions, O-2p — Ga/Gd-5d, which also lead

to excited states that subsequently relax into the defect centers.
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Figure 4. Luminescence excitation spectra at T = 13 K of the pristine and 147 MeV Kr ion-irradiated
GGG single crystals for the initial crystal and at different fluences in the band of 2.44 eV (a) and at

3.9¢eV (b).

Irradiation with 147 MeV Kr ions leads to a pronounced redistribution in the defect
density and to shifts in the optical characteristics. According to absorption spectra, broad
absorption bands associated with F-type centers (oxygen vacancies containing one or two
electrons) and [F*, Ca2*] complexes become enhanced in the 280-350 nm region. Quantum-
chemical modeling shows that the doubly charged oxygen vacancy [V,2*] in GGG does not
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produce occupied states within the band gap and mainly shifts the Fermi level, whereas the
neutral vacancy [V,°] generates localized states inside the gap, reducing transparency and
opening new sub-band-gap excitation channels [73]. These defect levels lie roughly halfway
between the valence-band maximum and the conduction-band minimum, consistent with
the appearance of strong defect luminescence in the 2.4-2.8 eV region—that is, at ~3 eV
below the conduction-band edge.

In the excitation spectra of the defect band with a maximum around 2.44 eV (Figure 4a),
the pristine crystal shows a relatively narrow band slightly below 5.7 eV, located directly at
the band edge. This corresponds to excitation via a free or weakly bound exciton followed
by capture at existing structural defects. After irradiation to 10'! ions/cm?, the band shape
is essentially preserved, but as the fluence increases to 1013~10'* ions/cm?, the maximum
noticeably broadens and shifts towards lower energies. This long-wavelength shift and
broadening of the excitation band reflect two simultaneous effects: the development of
an absorption tail due to band-edge smearing caused by microstrain and the introduction
of oxygen vacancies, and additional transitions involving localized V," levels and their
clusters located 0.3-0.6 eV below the conduction-band minimum. In DFT terms [73], this
corresponds to the appearance of an additional mid-gap DOS band associated with two-
electron vacancy states partially localized on nearby Gd ions (possibly forming Gd?* via
4f-level occupation). As the fluence increases, the concentration of such centers rises,
causing the excitation spectrum to evolve from a relatively narrow “edge-type” band into a
broad continuum that reflects the distribution of local configurations within overlapping
ion tracks.

3.5. Correlation Between Absorption (300 K) and Excitation Spectra (13 K)

The superimposed spectral curves clearly reveal the relationship between defect-
related absorption and the excitation channels of luminescence (Figure 5). It is particularly
important that the absorption spectra were measured at 300 K, whereas the excitation spec-
tra of the 2.44 eV band were recorded at 13 K. In the pristine GGG single crystal (Figure 5a),
the excitation maximum nearly coincides with the sharp fundamental absorption edge
at ~5.5-5.6 eV; sub-band-gap absorption is weak, and therefore, at 13 K, defect lumines-
cence is fed primarily by band-to-band or excitonic states generated upon absorption at
room temperature.

With increasing fluence to 10'1-10'2 ions/cm? (Figure 5b,c), the absorption edge
measured at 300 K shifts to lower energies, and a pronounced tail emerges between ~5.5 and
4.5 eV. Against this background, the excitation maximum at 13 K broadens only slightly
and shifts marginally toward lower energies: sub-band-gap transitions involving F and F*
centers begin to contribute to the excitation of the defect band, although the dominant role
of the band-edge excitation pathway is still preserved.

At higher fluences of 1013-10 ions/cm? (Figure 5d,e), the sub-band-gap tail becomes
the dominant absorption feature; the 4.4-5.2 eV region is nearly filled by a continuous band,
and further movement of the absorption edge essentially ceases (indicating saturation of the
Vo, concentration). The saturation of vacancy formation under ion irradiation occurs due to
the balance between their creation, annihilation with interstitial atoms, and coalescence
into defect clusters [74-80]. Correspondingly, the excitation maximum of the 2.44 eV band
at 13 K broadens substantially and shifts to even lower energies. This behavior indicates
that, in heavily irradiated GGG, the dominant excitation pathway for defect luminescence
proceeds through the dense manifold of defect states forming the absorption tail, rather
than through an idealized band-edge transition. Such a transition from excitonic/band-
edge excitation to defect-tail excitation is fully consistent with the increasing concentration
of F/F* centers and with the Raman spectroscopy evidence of track-induced disorder.
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Figure 5. The luminescence excitation spectrum at 2.44 eV (T = 13 K), on the right along the ordinate
and on the left along the ordinate, the absorption spectra (T = 300 K) of the pristine and 147 MeV
Kr ion-irradiated GGG crystals with for (a)—pristine sample, (b)—10" ion/cm?, (¢)—10'2 jon/cm?,
(d)—10'3 jon/cm?, (e)—10™ ion/cm?.

4. Conclusions

The comprehensive optical and vibrational analysis of GGG single crystals irradi-
ated with 147 MeV Kr ions reveals a coherent picture of how swift heavy ions modify
the defect landscape while preserving the fundamental structural integrity of the garnet
lattice. Absorption measurements demonstrate a progressive redshift and broadening of
the fundamental edge, together with the formation of a pronounced sub-band-gap tail,
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indicating the accumulation of F- and F*-type oxygen-vacancy centers and the emergence
of defect-related band-tail states. Raman spectroscopy confirms that, even at the highest
fluence of 10'* ions/cm?, the lattice retains its phonon frequencies and linewidths, showing
no signatures of full amorphization; instead, only the intensities of vibrational modes de-
crease, accompanied by an increased background that reflects partial overlap of ion tracks
and the growth of a disordered volume fraction. Low-temperature luminescence reveals
that the intrinsic broad emission near 2.4 eV remains the dominant radiative channel, while
irradiation induces an additional band near 2.75 eV whose width increases systematically
with fluence, signaling the formation of increasingly heterogeneous vacancy-related defect
complexes. Excitation spectra further show a clear transformation from band-edge and
excitonic excitation in the pristine crystal to defect-tail-mediated excitation in heavily irradi-
ated samples, consistent with the absorption-edge smearing observed at room temperature.
Altogether, these results demonstrate that high-energy Kr irradiation introduces a dense
manifold of vacancy-type defect states that reshape excitation and emission pathways
without destroying the crystalline symmetry of GGG, providing valuable insight into
the mechanisms governing the optical resilience and radiation response of garnet-based
scintillators and photonic materials.
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