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Abstract

This study presents a comprehensive Raman spectroscopic and mechanical investigation of
Gd3Ga5O12 (GGG) single crystals irradiated with 231 MeV 131Xe ions at fluences ranging
from 1 × 1011 to 3.3 × 1013 ions/cm2. Raman analysis reveals that all fundamental vibra-
tional modes of the garnet structure remain observable up to the highest fluence, with the
preservation of garnet crystalline topology/absence of secondary crystalline phases. How-
ever, significant line broadening (FWHM increase by 20–100%) and low-frequency shifts
indicate progressive lattice disorder and phonon-defect scattering. High-frequency Ga-O
stretching modes (A1g, T2g ~740 cm−1) remain the most resistant to irradiation, while low-
energy translational modes involving Gd3+ ions exhibit pronounced degradation and par-
tial disappearance at high fluence. Complementary nanoindentation measurements show
radiation-induced softening: hardness decreases by up to ≈60% at 3.3 × 1013 ions/cm2,
consistent with amorphization and overlapping ion tracks (~10–12 µm deep). Raman
spectroscopy shows that the garnet lattice remains as the only crystalline phase up to
3.3 × 1013 ions/cm2, while significant line broadening, mode suppression and a strong
hardness decrease indicate progressive structural disorder and partial amorphization of
the near-surface region. These results demonstrate that GGG maintains crystalline integrity
below the track-overlap threshold (~6 keV/nm) but undergoes strong structural relaxation
and mechanical weakening once this limit is exceeded. A new analytical methodology has
been developed to quantify radiation-induced structural degradation.

Keywords: Gd3Ga5O12 single crystals; Raman spectra; optical absorbance; nanoindentation;
radiation-induced defects; scintillation materials

1. Introduction

Gadolinium gallium garnet (GGG, Gd3Ga5O12) is a versatile platform for photon-
ics. Upon doping with rare-earth ions (Ce3+, Er3+, Dy3+, Sm3+, Nd3+, Eu3+), it oper-
ates as a phosphor, laser, and scintillation material [1–10]. In particular, Ce:GGG ex-
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hibits intense 4f-5d transitions suitable for phosphor and scintillation applications [1–3],
Bi3+/Eu3+ co-modifications function as UV→VIS converters [9], and Er3+/Pr3+, Dy3+, Sm3+,
and Nd3+ provide laser-active transitions spanning from the orange-red to the near-IR
spectral regions [4–6,8–10]. Transition-metal doping (e.g., Cr3+) enables tuning of the crystal
field and energy-transfer pathways, broadening the spectral engineerability of active media
and phosphors [11]. For substrate applications, GGG is grown as an epitaxial wafer from
“pure” polycrystalline feedstock [12]; mechanical-technological protocols (nanoscratch
testing, crack-free grinding, nanoindentation) deliver optically smooth surfaces and low
loss [13–15].

GGG crystallizes in the cubic garnet structure (Ia-3d) with a GaO4/GaO6 framework
and dodecahedrally coordinated Gd3+. Isomorphic substitutions by Ca2+/Mg2+/Zr4+ finely
tune the lattice parameter, defectiveness, and dislocation density; Rietveld refinements cor-
relate with shifts/broadening of Raman modes (A1g/Eg/T2g), making Raman spectroscopy
a convenient rapid indicator of microstructural changes [16]. In Y3Fe5O12(YIG)/GGG
heterosystems, Raman signatures are sensitive to interfacial stresses and reaction-diffusion
processes at LPE interfaces [17], while remote epitaxy through graphene confirms the
suitability of GGG as a platform for transferable thin films [18]. Brillouin spectroscopy
in multilayer YIG/GGG structures highlights the linkage between magnoacoustics and
mechanically induced stress governed by substrate quality [19]. Hydrostatic pressure
induces polyhedral distortions and frequency shifts/broadening (FWHM—full width at
half maximum) of Raman lines [20]; similar trends reported for related garnets (Lu3Ga5O12)
aid calibration of deformation-induced effects in GGG [21]. Impurity diffusion (e.g., Co)
underscores the role of thermal treatment and defect chemistry in forming traps/color
centers [22]. Cation substitutions (e.g., Al) illustrate the controllability of GGG crystal
chemistry and associated structure-property couplings in garnets [23].

Two limiting radiation-damage scenarios are observed in GGG. (i) Neutron irradiation
predominantly generates Frenkel point defects and their clusters, leading to a moder-
ate increase in induced absorption and Raman-diagnosable microimperfections (mode
shifts, FWHM growth, elevated background scattering) without loss of long-range or-
der [24]. (ii) Swift heavy ions (U, Kr, etc.) with high electronic stopping (Se) produce
latent tracks with local amorphization and elastic-stress fields, thereby enhancing optical
losses and yielding a pronounced Raman signature of disorder [25–29]. The measured
track cross-sections and their scale are well described by the inelastic thermal spike model
(ITSM), defining thresholds for track formation and conditions for subsequent recrystal-
lization [28–33]; at the macroscopic level, out-of-plane swelling is recorded as an integral
marker of bulk defect accumulation [29]. At large Se, electronic sputtering is also ob-
served, with yields and stoichiometric shifts correlating with track physics and local lattice
degradation [30].

From an optical standpoint, radiation-induced absorption arises from contributions
of color centers and Urbach-tail broadening. Under neutron exposure, optical absorption
increases persistently in the UV/visible range, in concert with Raman line broadening and
background growth [24]. In the case of 84Kr ion irradiation, correlated changes in optical,
structural, and mechanical metrics indicate a transition from defect-modulated quasi-
crystalline states to local amorphization within tracks as Se and/or fluence increase [27].
Comparative studies across garnets (including YIG as a model) reveal a common set
of spectral damage signatures and amorphization → recrystallization pathways upon
annealing [31,32]; consistency of mechanisms is further supported by XRD/AFM data for
YAG under swift ions [33,34] and cross-publication verification for YIG [35]. Notably, even
without ion bombardment, color centers can emerge in doped GGG/YAG, establishing a
“background” of defect chemistry for radiation testing [36].
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Raman metrics of dose accumulation include: (i) ∆ω—frequency shifts in GaO4/GaO6

framework modes; (ii) ∆FWHM—line broadening as an indicator of microimperfections
and phonon-defect scattering; (iii) Idisorder/Iref—mode-to-background intensity ratios sen-
sitive to local amorphization [24,28,32]. A useful “calibration” is provided by pressure
analogies, where directed shifts/broadening reflect polyhedral distortions [20,21]. In multi-
layer YIG/GGG, dose-dependent Raman changes are compounded by interfacial effects
(stress, reaction-diffusion), which are critical for the stability of spin-wave and magnoa-
coustic regimes; here Raman naturally complements Brillouin spectroscopy as a stress- and
defect-sensitive technique [19,31].

A radiation-hardness strategy for the GGG platform follows: control of oxygen
stoichiometry and defect chemistry during growth, minimization of dislocations and
subsurface damage, optimization of isomorphic substitutions (Ca/Mg/Zr) for stress
relaxation, management of extrinsic-ion diffusion (Co), and interfacial quality; a de-
fined post-irradiation annealing protocol—under continuous monitoring by optical (band-
edge/induced absorption) and Raman metrics (∆ω, ∆FWHM, background) [16,19,24,27–36].

Recent studies on radiation effects in oxides and fluorides have provided a broader
framework for understanding defect formation in complex garnets. In ZrO2 and MgO
ceramics, nanostructuring and irradiation temperature were shown to control polymorphic
stability, defect clustering, and resistance to amorphization [37–39]. For BeO, diffusion
of vacancy-type defects and relaxation of residual stress were identified as key factors
governing swelling and microstructural expansion [40]. Investigations of LiF crystals under
electron and heavy-ion irradiation revealed correlations between color-center stability and
thermal annealing behavior [41–43]. Swift heavy ion studies on Y3A5O12 and Y3Fe5O12

garnets demonstrated track formation, amorphization-recrystallization transitions, and
stress-induced softening [30,44–47]. Complementary diffraction modeling of Nd:YAG ce-
ramics confirmed defect-assisted strain relaxation [48]. Together, these findings emphasize
the relevance of comparing radiation-induced disorder and phenomenological interpreta-
tion consistent with partial saturation of defect accumulation in Gd3Ga5O12 with that in
structurally related oxides and halides.

In the present study, we analyze changes in the Raman spectra of GGG induced
by 131Xe heavy ions with an energy of 231 MeV at fluences of 1011, 1012, 1013, and
3.3 × 1013 ions/cm2. Particular attention is paid to frequency shifts and linewidth broaden-
ing (without considering intensity changes), assessing the resilience of different vibrational
modes to radiation exposure, and correlating the observed modes with specific structural
fragment vibrations (Ga-O bonds in tetrahedral and octahedral units, vibrations involving
Gd3+). Additionally, changes in the microhardness of irradiated crystals are examined
defect accumulation and degradation of mechanical properties.

2. Materials and Methods

Single crystals of GGG were grown using the Czochralski technique from an iridium
crucible under a mildly oxidizing atmosphere at the Scientific Research Company “Electron-
Carat” (Lviv, Ukraine). The growth environment comprised a controlled mixture of 98%
argon and 2% oxygen. High-purity Gd2O3 and Ga2O3 powders (99.99 wt%) were employed
as starting materials. Since tetravalent impurity ions such as Si4+ and Zr4+ in the raw oxides
can induce cation vacancies and promote spiral growth in rare-earth gallium garnets, a
small amount of CaO (10−2–10−3 wt%) was added to the melt to mitigate these undesirable
effects. The pristine Gd3Ga5O12 single crystals crystallize in the cubic garnet structure
(space group Ia3¯d) with a lattice parameter a ≈ 12.368 Å. The high structural quality and
absence of secondary phases were verified by X-ray diffraction, as reported previously [27].
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The GGG single crystal samples were irradiated along the 〈111〉 direction with
131Xe ions at an energy of 231 MeV and at various fluences of 1011, 1012, 1 × 1013 and
3.3 × 1014, ion/cm2. The ion beam current was in the range of 25–30 nA/cm2. The samples
irradiated with high-energy xenon ions showed no visible damage. The irradiation was
carried out using the DC-60 heavy-ion accelerator at the Institute of Nuclear Physics in
Astana, Kazakhstan.

Optical absorption spectra were recorded at room temperature using an PERSEE
T8DCS spectrophotometer (Beijing Purkinje General Instrument Co., Ltd., Beijing, China)
in the wavelength range of 200–800 nm with a spectral resolution of 1.0 nm.

The micro- and nanomechanical properties of the samples were investigated using an
Agilent Nano G200 nanoindenter (Santa Clara, CA, USA), enabling continuous stiffness
measurements (CSM) through simultaneous recording of applied load and corresponding
indenter displacement. Measurements were performed both on the irradiated surface and
along cross-sectional profiles obtained by cleaving the irradiated samples along the ion
beam direction. Surface profile measurements provided more informative data, allowing
evaluation of structural and mechanical property variations along the entire ion penetration
path and their dependence on depth, defined as the distance from the irradiated surface.
The nanoindentation system was calibrated prior to measurements using reference ma-
terials with well-established mechanical properties. A fused silica standard (E ≈ 72 GPa,
ν = 0.17) was employed for calibration of the indenter area function and frame compliance.
The calibration procedure was repeated periodically to ensure reproducibility and stability
of the measured hardness and elastic modulus values.

In CSM mode, hardness and Young’s modulus were determined as functions of
penetration depth. Calibration was performed using certified reference samples following
the procedures recommended by the manufacturer. For each measurement point, ten
indentations were performed, and the mean values were calculated to ensure accuracy
and reproducibility.

Raman spectroscopy measurements were performed on the (111) surface of the GGG
crystal. Raman spectra were acquired using a TriVista CRS Raman spectrometer (Princeton
Instruments, Trenton, NJ, USA) equipped with a triple monochromator and a cooled CCD
detector, providing a spectral resolution better than 0.1 cm−1. Excitation was achieved
with a 532 nm solid-state laser (3.63 mW) laser at room temperature (RT), selected for its
high stability and strong resonance with characteristic vibrational modes of the studied
material. The scattered radiation was collected in a backscattering geometry using a
confocal optical microscope with submicron spatial resolution, allowing precise localization
of the probed area on the sample surface. The laser power at the sample was carefully
adjusted to avoid local heating or damage. The spectrometer was calibrated using the
520.7 cm−1 line of a crystalline silicon standard. All measurements were conducted at
room temperature, and the acquired spectra were corrected for background and instrument
response. The micro-Raman spectra were recorded as averages of measurements performed
at five different positions on the crystal surface using a probing laser spot with a diameter
of approximately 1 µm, in order to minimize the influence of local inhomogeneity effects.
While this averaging improves the overall reproducibility of the Raman response, it also
introduces cumulative uncertainties in the absolute Raman intensity due to unavoidable
variations in local focusing conditions, surface morphology, and scattering geometry at
different measurement points. For this reason, the absolute Raman intensity was not
considered a sufficiently reliable quantitative parameter and was not used for disorder
analysis. At the excitation wavelength of 532 nm, GGG is essentially transparent due
to its wide band gap, resulting in a large optical penetration depth. Under confocal
micro-Raman conditions, the effective probing depth is therefore governed by the confocal
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geometry rather than by optical absorption and is estimated to be on the order of 1–3 µm.
Consequently, the recorded Raman signal represents an average response from a near-
surface volume encompassing both amorphous ion-track regions and the surrounding
defect-rich crystalline matrix. For each measurement, the acquisition time was 20 s per
accumulation, and each spectrum represents the sum of five consecutive accumulations
(co-addition), resulting in an effective integration time of 100 s. The micro-Raman spectra
were recorded as averages over five different positions on the crystal surface using a
laser spot with a diameter of approximately 1 µm in order to minimize the influence of
local inhomogeneities.

3. Results and Discussion

3.1. Optical Absorption Spectra

Figure 1a presents the optical absorption spectra of GGG single crystals irradiated with
231 MeV 131Xe ions at various fluences. The pristine crystal exhibits a sharp fundamental
absorption edge in the ultraviolet (UV) region, followed by transparency in the visible
range. With increasing irradiation fluence, the absorption edge gradually shifts to longer
wavelengths, reflecting radiation-induced modifications in the electronic structure of the
crystal. At low fluences (1011–1012 ions/cm2), this effect is weak, whereas at 1013 and
especially 3.3 × 1013 ions/cm2, significant edge broadening and visible transparency
reduction are observed, indicating defect accumulation and the formation of additional
absorption centers related to point defects and ion tracks.
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Figure 1. Absorption spectra of GGG single crystals: Pristine and 131Xe ion-irradiated with
E = 231 MeV by various fluence (a), zoomed at 220–350 nm (b) and difference spectra (c).
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The visible absorption bands at 254, 275, and 313 nm are attributed to the electronic
transitions 8S7/2 →

6Dj, 8S7/2 →
6Ij, and 8S7/2 →

6Pj, respectively. Impurity dopants may
introduce additional energy levels; for instance, the presence of small amounts of Ca2+ cre-
ates oxygen vacancies, which manifest as an additional absorption band near 350 nm [24].
It should be emphasized that 131Xe-ion irradiation does not introduce additional Ca-related
defects into the GGG lattice. While swift heavy-ion irradiation may generate additional
point defects, it does not selectively enhance the accumulation of Ca–VO complexes. Within
the considered fluence range, the overall shape and energy position of the 350 nm absorp-
tion band remain essentially unchanged, indicating that irradiation primarily modifies the
local structural disorder rather than the concentration of the Ca-stabilized vacancy centers
themselves. Therefore, the evolution of the 350 nm band should be regarded as weakly
sensitive to 131Xe fluence and mainly reflecting the pre-existing defect subsystem.

Figure 1b shows differential spectra obtained by subtracting the spectrum of the
unirradiated sample from those of the irradiated crystals. This approach allows a clear
observation of the absorption edge shift at a fixed optical density (approximately 2). The
graph indicates that the magnitude of the shift increases from 0.17 eV at low fluences
to 0.76 eV at the maximum irradiation dose. This effect is attributed to ion-induced
absorption arising from defect states formed near the band edge. 131Xe ion irradiation leads
to additional absorption and a significant redshift of the absorption edge. A pronounced
dependence of the edge shift on fluence is observed: higher doses result in stronger ion-
induced absorption.

3.2. Raman Spectroscopy

3.2.1. Raman Spectra

Pristine GGG exhibits sharp Raman lines in the ~100–800 cm−1 range, corresponding
to first-order lattice vibrations of the garnet structure, reflecting a high degree of long-range
crystalline order. Figure 2 presents representative Raman spectra (λexc = 532 nm) of the
pristine and 131Xe-irradiated crystals, revealing a systematic evolution of the vibrational
response with increasing fluence of 231 MeV ions. After irradiation, the majority of Raman
modes decrease in intensity and broaden, reflecting progressive disordering of the crystal
lattice, partially overlap, while remaining clearly identifiable even at the maximum fluence
of 3.3 × 1013 ions/cm2, which indicates that the average garnet topology is preserved and
that complete amorphization does not occur. At the same time, no new sharp Raman lines
emerge across the studied spectral range, excluding the formation of secondary crystalline
phases and confirming that irradiation induces structural disorder within the original
garnet lattice rather than a phase transformation. A pronounced feature accompanying
irradiation is the monotonic rise in a broad background signal, particularly evident in the
high-frequency region above ~1000–2000 cm−1, where the pristine crystal shows minimal
intensity. This elevated background is characteristic of enhanced scattering from highly
distorted or locally amorphized regions created along swift heavy-ion tracks and their
overlap at higher fluences. The combined presence of preserved but broadened phonon
modes and an increasing continuum background demonstrates that 131Xe irradiation leads
to the gradual accumulation of radiation-induced disorder and the emergence of locally
disordered or quasi-amorphous zones embedded in a predominantly crystalline matrix.
This interpretation is fully consistent with X-ray diffraction results, which show only lattice
deformation and a reduction in the coherence length without the appearance of new phases
even at the highest fluences [24], corroborating the conclusion that the observed spectral
changes arise from partial, track-related disordering rather than macroscopic amorphization
of GGG.
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Figure 2. Baseline corrected Raman spectra of GGG single crystals: Pristine and 131Xe ion-irradiated
with E = 231 MeV by various fluences.

Under swift heavy-ion irradiation, the damaged material can be described as consisting
of amorphous ion-track cores (region (a)) embedded in a crystalline matrix (region (b))
that progressively accumulates point defects and strain. The irradiation-induced evolution
of Raman peak intensity does not originate from a single structural region. Instead, the
measured Raman signal reflects the combined contributions of the amorphous track cores,
which suppress discrete phonon modes, and the defect-rich crystalline matrix, where strain
and point defects reduce the Raman cross section and phonon coherence. Consequently,
the decrease in Raman peak intensity cannot be interpreted as a measure of the undamaged
matrix fraction alone, but rather as an effective indicator of overall structural disorder.
This interpretation is consistent with the observed deviation from a simple Poisson-law
behavior of the Raman intensity with fluence.

3.2.2. FWHM of Raman Spectra

For a more detailed analysis of the Raman spectra, a baseline correction was applied
to remove the background contribution associated with fluorescence and nonresonant
scattering, thereby isolating the intrinsic vibrational features of the material (Figure 3a).
Overall, with increasing fluence, the Raman spectra show progressive degradation of
the coherent vibrational structure: at 1011 ions/cm2, changes are minimal, whereas at
1013–3.3 × 1013 ions/cm2, peaks broaden and merge, and their contrast against the back-
ground decreases. At the highest fluences, the vibrational spectrum approaches that of an
amorphous state, with broad smoothed bands reflecting the phonon density of states of a
disordered lattice [26].
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Figure 3. Baseline corrected Raman spectra of GGG single crystals: Pristine and 131Xe ion-irradiated
with E = 231 MeV by various fluences (a); increase in the Raman line width (FWHM) with increasing
131Xe fluence (b).

Table 1 summarizes the measured positions of the main Raman peaks (band maxima)
for pristine and irradiated GGG crystals, along with the corresponding full widths at half
maximum (FWHM) for the same modes (Figure 3b). Data are provided for all prominent
first-order modes with Eg, T2g, and A1g symmetries within the sensitivity range of the
spectrometer. Raman peak positions and full widths at half maximum (FWHM) were
determined after baseline correction by fitting individual bands with Voigt profiles. The
peak position uncertainty was estimated to be ±1 cm−1, while the uncertainty in FWHM
was ±1–2 cm−1, based on repeated measurements at different surface positions and fitting
reproducibility. These uncertainties are comparable to the marker size used in the figures
and therefore are not explicitly shown as error bars. For instance, the Eg mode at ~260 cm−1

shifts by less than 1 cm−1 (from ~259.7 cm−1 in the pristine sample to ~259.5 cm−1 at
3.3 × 1013 ions/cm2), while the T2g line at 274 cm−1 slightly increases in frequency (from
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~272.6 cm−1 to ~274.0 cm−1, within the experimental uncertainty). The high-frequency
mode at ~740 cm−1 (T2g) remains practically unchanged (<1 cm−1). These observations indi-
cate that no large-scale weakening of lattice bonds occurs—even with defect accumulation,
the frequencies of internal vibrations remain close to their initial values.

Table 1. Positions of Raman peak maxima and full widths at half maximum (FWHM, cm−1) of
the main vibrational modes of GGG before and after irradiation with 131Xe ions (231 MeV) at
various fluences.

Mode
(sym.)

Pristine Pristine F = 1011 ion/cm2 F = 1012 ion/cm2 F = 1013 ion/cm2 F = 3.3 × 1013 ion/cm2

Position
(cm−1)

FWHM
(cm−1)

Position
(cm−1)

FWHM
(cm−1)

Position
(cm−1)

FWHM
(cm−1)

Position
(cm−1)

FWHM
(cm−1)

Position
(cm−1)

FWHM
(cm−1)

~93 (T2g) 92.9 11.0 92.9 13.8 96.0 10.3 97.5 7.4 99.1 10.9

110 (Eg) 110.0 11.0 110.0 9.8 110.2 12.8 109.3 10.8 111.1 13.6

169 (T2g) 169.7 13.7 170.1 14.2 170.4 11.2 170.4 10.2 172 7.2

179 (T2g) 179.0 9.1 179.1 9.1 179.2 8.8 178.8 9.6 179.4 8.2

238 (T2g) 238.3 9.8 238.3 9.6 238.5 9.8 238.1 8.5 238.6 7.2

260 (Eg) 259.7 6.9 260.2 8.2 260.5 10.8 260.5 9.8 259.5 7.1

274 (T2g) 272.6 11.1 272.8 11.1 273.1 10.8 272.4 9.8 274.0 13.6

354 (A1g) 354.0 12.2 353.7 14.6 353.7 15.7 353.6 17.8 353.1 13.6

411 (T2g) 411.2 8.3 411.0 16.4 410.4 17.6 410.4 17.7 415 -

523 (A1g) 523.0 16.4 523.3 16.5 523.9 11.4 524.6 12.4 524.9 13.6

550 (T2g) 550.1 11.5 550.0 11.1 549.0 11.4 550.0 8.5 549.2 12.0

~590 (T2g) 590.2 18.5 590.1 19.7 590.6 18.7 590.6 15.1 590.3 15.2

740 (T2g) 740.4 18.0 740.2 20.3 741.1 20.4 739.9 19.0 740.4 19.4

As seen from Table 1, most mode frequencies remain nearly unchanged up to the
maximum irradiation dose, indicating the preservation of local force constants for vibrations
within structural units (particularly for the strong Ga-O bonds). Notably, the high-frequency
T2g mode (~740 cm−1), corresponding to valence vibrations of the stiffest Ga-O bonds,
exhibited the least sensitivity to irradiation—its frequency remains within the experimental
uncertainty, and its linewidth increased only slightly (discussed in detail below). In contrast,
low-energy modes (<200 cm−1), mainly associated with translations of the heavy Gd3+

sublattice and collective bending vibrations of the framework, are considerably “softer”:
their frequencies decrease under irradiation, and the modes degrade and damp more
rapidly. For example, the T2g mode at ~169 cm−1, as previously noted, disappears at the
maximum fluence. Thus, the most radiation-resistant modes are the high-frequency internal
vibrations of structural polyhedra (particularly GaO4 tetrahedra), whereas the least resistant
are low-frequency modes related to vibrations of the entire crystal framework and heavy
nodes (Gd). This conclusion aligns with general knowledge on garnet lattice dynamics and
previous experiments: neutron irradiation of GGG resulted in the disappearance of fine
high-frequency second-order structures (1350–1550 cm−1) and the appearance of diffuse
bands in the 100–850 cm−1 range, indicating dominance of defect-induced vibrations and
long-range mode disorder [30–34].

The primary effect of irradiation on GGG Raman spectra is pronounced broadening of
all first-order scattering lines. As shown in Figure 3b, at fluences of 1012–1013 ions/cm2,
initially narrow peaks become significantly broader and lower in intensity, and at the
maximum dose, some peaks almost merge. The presented Figure 3b illustrates two distinct
behaviors of Raman line broadening in GGG single crystals irradiated with 231 MeV 131Xe
ions. In the first case, the linewidths increase monotonically Figure 3b with rising ion flu-
ence, reflecting a progressive growth of radiation-induced disorder. The most pronounced
broadening is observed for the high-frequency A1g (354 cm−1) and T2g (411 cm−1) modes,
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which correspond to internal vibrations of GaO4 polyhedra. The highest-frequency T2g

mode at ~740 cm−1 shows only a weak linewidth variation that remains comparable to the
experimental uncertainty. Because these bonds are the strongest within the garnet lattice,
their broadening is primarily caused by enhanced inelastic phonon-defect scattering rather
than bond rupture. The systematic FWHM increase in these modes thus indicates the
accumulation of microdefects while preserving the overall crystalline order, representing
radiation-induced lattice disorder without complete amorphization. Accordingly, conclu-
sions about irradiation-induced disorder are drawn from consistent linewidth trends across
multiple Raman modes, rather than from marginal changes in individual peaks.

In contrast, other modes display non-monotonic variations in linewidth with fluence
(Figure 3b). For low-energy vibrations in the 93–179 cm−1 range, associated with Gd3+

translations and framework deformations, an initial broadening is followed by partial
narrowing or even disappearance of the peaks at fluences above 1013 ions/cm2. This be-
havior arises from a competition between amorphization and local recrystallization: at low
doses, lattice distortions dominate, increasing FWHM, while at high doses, overlapping
ion tracks and vibrational averaging within a defect-rich matrix may lead to an appar-
ent narrowing of the bands. Several intermediate-frequency modes (238, 260, 274, 550,
590 cm−1) exhibit complex trends due to overlapping neighboring lines and decreasing
spectral resolution, further emphasizing the intricate interplay between defect formation,
phonon scattering, and partial structural recovery in irradiated GGG. The ~549–550 cm−1

mode lies between two much stronger bands centered at ~523 and ~590 cm−1. With in-
creasing fluence, the substantial broadening of these neighboring modes leads to enhanced
spectral overlap in the 540–560 cm−1 range, which introduces additional uncertainty in
the fitting of the ~550 cm−1 component. Consequently, the apparent intensity or linewidth
increase observed at 1012 ion/cm2 is considered afitting-related effect rather than a distinct
irradiation-induced structural change.

Table 1 demonstrates the increase in FWHM for several key modes. On average,
linewidths increase by 20–50% from the pristine crystal to fluences of ~1013 ions/cm2. For
certain modes, broadening is more pronounced: for example, the T2g mode at ~411 cm−1

initially had FWHM ~8.3 cm−1, but broadened to ~17–18 cm−1 at 1012–1013 ions/cm2 and
almost vanished at 3.3 × 1013 ions/cm2. Similarly, the low-frequency mode at ~169 cm−1

(initially ~13.7 cm−1) becomes undetectable at the highest fluence. These observations
reflect reduced phonon lifetimes due to inelastic scattering on numerous radiation defects
and local lattice distortions. As defect concentration increases, the probability of phonon
scattering rises, leading to rapid damping of coherent vibrations (increased gamma width).
At high fluences, phonons lose quasi-particle definition, and the spectrum approaches that
of an amorphous material [24,32].

Several characteristic trends are apparent from Table 1. First, the linewidth broadening
is not strictly monotonic with fluence for each mode. For example, the FWHM of the
238 cm−1 (T2g) mode stays around 9.6–9.8 cm−1 up to 1012 ion/cm2 and then decreases
to 8.5 and 7.2 cm−1 at 1013 and 3.3 × 1013 ion/cm2, respectively. This behavior indicates
that, at high damage levels, the low-frequency lattice vibrations are affected not only by
cumulative disorder but also by strain redistribution and spectral-weight transfer within
the low-wavenumber region, so that the residual band appears narrower although the
underlying phonon coherence is reduced. A related effect is seen for the pair of modes near
260 cm−1 (Eg) and 274 cm−1 (T2g), whose individual lines progressively merge into a single
broadened band around 265–270 cm−1 at the highest fluences, complicating a separate
analysis of each mode. Such non-monotonic linewidth evolution of low-frequency modes
in heavily disordered garnets is consistent with earlier observations reported in [31].
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Second, the absolute linewidth increase (FWHM in cm−1) is more pronounced for low-
and mid-frequency lines. For example, the FWHM of the Eg mode (~110 cm−1) increased
by ~6 cm−1 (from ~11 to ~17 cm−1, ~+55%), whereas the A1g mode at 354 cm−1 increased
only by ~1–2 cm−1 (~+10%). The high-frequency T2g mode at ~740 cm−1 broadened by
only ~1–2 cm−1 (~+10%). Thus, relative broadening is largest for narrow modes with small
initial linewidths (i.e., low-energy and well-resolved modes). Overall, FWHM increases of
10–20% at 1013 ions/cm2 and ~50–100% at 3.3 × 1013 ions/cm2 correlate with increased
lattice disorder and a higher fraction of amorphized material. Similar effects were reported
for neutron-irradiated GGG, with notable linewidth broadening at φ ≈ 1018 n/cm2 [24]. At
even higher damage levels, complete disappearance of individual vibrational modes and
transformation into a two-peak continuum can be expected, as observed in Y3Fe5O12 at
fluences ≥1014 ions/cm2 [32].

3.2.3. Model of Radiation-Induced Structural Degradation

Different Raman modes exhibit different sensitivity to irradiation-induced disorder,
reflecting the heterogeneous response of the vibrational subsystems within the lattice.
To compare the “dose → structural response” metric for each mode across series and to
remove the influence of laser power, focus, thickness, collection coefficient, and other
instrumental factors, a special Raman spectral processing technique was developed. It
should be emphasized that the absolute Raman intensity cannot be uniquely attributed
to the crystalline matrix fraction because both the amorphous track cores and the defect-
rich crystalline regions contribute to the attenuation of phonon coherence and scattering
efficiency. For this reason, absolute intensity values were not interpreted as a direct
measure of the remaining undamaged volume, in contrast to the case of purely Poisson-
type disorder accumulation.

For each spectrum S(ν,Φ), the following were performed: (i) baseline correction
(linear background in band-free regions), (ii) frequency referencing using a fixed high-
frequency reference, and (iii) band approximation by a sum of narrow functions (Lorentz-
Voight) with equal instrumental contributions. From these approximations, the positions
νpk(Φ), half-widths Γpk(Φ), and integrated intensities Ipk were obtained. To exclude instru-
mental and geometric factors (power/focus/thickness), we introduce internal normaliza-
tion based on the strong support band of the lattice at about 355 cm−1 (breathing of the
GaO4/GaO6 framework):

Rpk(Φ) =
Imain(Φ)

Ipk(Φ)
(1)

where Imain(Φ) is the integral intensity of the reference band (~355 cm−1). The first metric
Rpk(Φ) is shown in Figure 4a,b (for low- and high-frequency modes separately). To compare
the dose series, a normalized stability metric was introduced for each mode ηpk(Φ) is in
Figure 4c (curve “Per-peak normalized response vs. fluence (includes pristine)”). To assess
the local kinetics of defect accumulation, the piecewise logarithmic slope between adjacent
doses was calculated:

ηpk(Φ) =
Rpk(Φ)

Rpk(0)
(2)

The kinetics of damage accumulation between adjacent doses was estimated using a
piecewise logarithmic slope:

dlnηpk

dln Φ

∣

∣

∣

∣

Φmid

≈
lnηpk(Φ2)− lnηpk(Φ1)

ln Φ2 − ln Φ1
, Φmid =

√

Φ1Φ2 (3)
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Figure 4. Imain/Ipeak (a,b); Per-peak normalized response vs. fluence (includes pristine), Degradation
rate vs. fluence (c), Local degradation kinetics of Raman modes derived from logarithmic slopes (d).

The line width as a marker of defective scattering was analyzed according to
the dependence:

Γpk(Φ) = Γpk(0) + Apk Φ
ppk (4)

Swift 131Xe ions generate amorphous cylinders (latent tracks) of radius R∼5−10 nm
via the inelastic thermal spike. The disordered volume fraction is f(Φ) = 1− exp

(

−πR2
Φ

)

Assuming the crystalline contribution to a mode scale as (1 − f)(αpk):

ηpk(Φ) ≈

[

1 − f(Φ)

1 − f(0)

]∆αpk

(5)

and the corresponding log-log rate

dlnηpk

dln Φ
≈ −∆αpk

πR2
Φ e−πR2

Φ

1 − e−πR2
Φ

(6)

Equations (5) and (6) reproduce the three regimes visible in Figure 4c,d: (i) small
slopes at low Φ (isolated tracks), (ii) a sharp increase in dlnη/dln Φ near track overlap,
(iii) saturation at the highest dose.
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The normalized curves ηpk(Φ) in Figure 4c exhibit a near-universal “S-shaped”
response—incubation at low doses. At high fluences, the observed changes do not origi-
nate from further amorphization of already amorphous track regions, but rather from the
progressive accumulation of strain and point defects in the remaining crystalline matrix.
Quantitatively, the softest low-frequency mode at 97.4 cm−1 loses coherent amplitude al-
most immediately: already at 1011 ions/cm2, η97.4 falls to .0.05 and remains near zero with
further dose increase. The next most sensitive mode, 111.1 cm−1, shows a stepwise decay
η111.1 approx 0.6 → 0.45 → 0.25 across 1011 → 1012 → 1013 ions/cm2, corresponding to an
aggregate loss of ∼60–75% relative to pristine. For mid-frequency modes at 176.4, 238.6,
259.5, and 274.0 cm−1 the degradation is moderate: within 1012–1013 ions/cm2, ηpk re-
mains in the ∼0.7–1.0 corridor, with a small “shelf” or slight recovery for 238.6/274.0 cm−1,
indicating competition between track accumulation and local distortion and deforma-
tion of GaO4/GaO6 polyhedra inferred from Raman linewidth broadening. It should be
emphasized that Raman spectroscopy does not provide direct evidence for long-range
structural rearrangement; the present interpretation is limited to local distortions and loss
of vibrational coherence. Such pronounced local distortions become apparent mainly at
high fluences due to the cumulative overlap of strain fields and point-defect populations in
the crystalline matrix surrounding amorphous ion tracks. The stiff high-frequency Ga-O
stretching modes (549.2, 590.3, 740.4 cm−1) are the most resilient: at 1011–1012 ions/cm2,
ηpk ≈ 1.0–1.2 , and by 1013 ions/cm2 they decline only to ∼0.8–1.0; the 740.4 cm−1 mode
remains close to unity across the entire dose range, quantitatively establishing its radiation
hardness relative to the reference band.

The kinetics of this behavior is quantified in Figure 4d via the piecewise logarithmic
slope. In the low-dose regime, slopes for all modes are near zero, consistent with isolated
tracks and dominant elastic relaxation. Within the overlap window 1012–1013 ions/cm2,
low- and mid-frequency lines attain their most negative values: for 97.4 cm−1 the slope
reaches approximately—0.6–0.8), for 111.1 cm−1—0.3–0.5), and for 238.6/259.5 cm−1 about
−0.2–0.3. This is the signature of amorphous-fraction percolation: the rate of coherent-
amplitude loss is maximal precisely where track overlap dominates and the probabil-
ity of traversing regions with disrupted long-range order rises sharply. At the highest
dose of 3.3 × 1013 ions/cm2, the absolute slope decreases; for the high-frequency modes
549.2–740.4 cm−1 the slopes become near-zero or even slightly positive (.+0.1).

The quantitative intensity trends are consistent with the evolution of FWHM. Accord-
ing to the provided table, the 97.4 cm−1 band exhibits a strong profile restructuring: Γ97.4

decreases from 58.9 to 4.33 cm−1 as the fluence increases from 0 to 3.3 × 1013 ions/cm2;
such “narrowing” against an almost vanishing η97.4 is a spectral artifact of strong disorder,
caused by band coalescence and the wash-out of tails into the background. For 111.1 cm−1,
the FWHM grows from 20.4 to ∼22 cm−1 at intermediate doses and then decreases to
4.48 cm−1 at the highest dose, again indicating relabeling of components when background
scattering dominates. In the mid-frequency region, a characteristic non-monotonicity ap-
pears: for 259.5 cm−1, Γ increases from 18.08 to 22.94 cm−1 by 1012 ions/cm2 and then
decreases to 16.99 cm−1 at 3.3 × 1013 ions/cm2, coinciding with the fluence at which
|dlnη/dln Φ| is maximal and pinpointing the peak of inhomogeneous strain specifically in
the overlap window. For 524.9 cm−1, the width grows modestly from 6.22 to 8.09 cm−1 by
1012 ions/cm2 and then stabilizes in the 7.1–7.7 cm−1 corridor; 549.2 cm−1 shows a stronger
non-monotonicity (from 5.27 to 10.50 cm−1 at 1012 ions/cm2 with a subsequent decrease
to 4.42 cm−1), whereas 590.3 and 740.4 cm−1 remain narrow throughout (1.27–2.31 and
1.65–1.90 cm−1, respectively), confirming their structural robustness. These quantitative
facts align with the overall picture: the largest |dlnη/dln Φ| values in panel (d) occur
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Figure 6. Ion-induced softening of GGG single crystals as a function of electronic energy flux density.
Data were derived from Figure 5 using the hardness values at the saturation stage.

The hardness profile along the surface provides insight into the depth distribu-
tion of the amorphized layer. The zone of maximum softening extends to ~8.9 µm for
F = 1013 ions/cm2 and ~11.3 µm for F = 3.3 × 1013 ions/cm2. The corresponding threshold
energy loss for maximum softening is 10.9 and 5.2 keV/nm, respectively (Figure 5).

It should be noted that the calculated electronic stopping thresholds (dE/dx) for GGG
are ~6–7 keV/nm. 131Xe ions at 231 MeV possess specific energy losses of 20–30 keV/nm
near the surface, far exceeding the track formation threshold. Consequently, each ion creates
a cylindrical amorphous track along its trajectory. At fluences of ~1013 ions/cm2, these
tracks begin to overlap, forming a continuous damaged network, which accounts for the
sharp decrease in hardness. Depth profiles show that the maximum softening occurs near
the surface and extends to ~8–12 µm (for fluences 1013–3.3 × 1013 ions/cm2), corresponding
to the 131Xe ion range in GGG (~10–15 µm, estimated via SRIM). It should be noted that
this pattern of track development and evolution is typical for many dielectrics [49–61].
Moreover, the application of Raman spectroscopy and the investigation of defect-induced
Raman modes have, to date, been addressed to a much lesser extent [62–71].

The observed hardness reduction is consistent with previous studies. For instance,
irradiation of GGG with 150 MeV Kr ions at fluences of 1013–1014 ions/cm2 also resulted
in significant microhardness decrease (~65% of the pristine value) [27], attributed to ion-
induced amorphization and associated reduction in material density and elastic modulus.
In the present 131Xe experiments, the softening is even more pronounced (hardness drops
to ~40%), as expected due to the higher 131Xe ion energy and greater track density. Thus,
the radiation resistance of GGG in terms of mechanical integrity is limited to fluences
of ~1012 ions/cm2; higher doses induce structural degradation up to partial amorphiza-
tion, accompanied by substantial softening. The observed microstructure on the fracture
surfaces of irradiated samples is characteristic of plastic deformation in amorphous or
fine-grained materials and indicates the presence of an amorphous phase. Nanoindentation
measurements reveal ion-induced softening, which becomes significant at fluences above
1011 ions/cm2 and reaches ~59% at fluences of 1013 and 3.3 × 1013 ions/cm2, approaching
saturation. At this stage, near-complete amorphization of the irradiated layer is assumed.
The hardness depth profiles provide information on the distribution of the amorphized
zone, and threshold values of energy loss for maximum softening and full amorphization
have been determined.

For cross-sectional analysis, the irradiated samples were mechanically cleaved along
natural fracture planes without polishing or ion milling. The irradiation surface was not
mechanically treated and was spatially separated from the fracture edge; therefore, the





Crystals 2025, 15, 1065 17 of 22

the hardness drop, whereas high-frequency Ga-O stretches track the residual structural
integrity that governs the hardness plateau at high fluence.

At low fluences (≤1011–1012 ion/cm2), irradiation-induced damage in GGG is gov-
erned by isolated point defects and small defect aggregates formed in the crystalline matrix
surrounding spatially separated amorphous ion tracks. In this regime, Raman spectra
exhibit moderate linewidth broadening and intensity reduction in low-frequency lattice
modes, while high-frequency Ga–O stretching modes remain relatively stable. The micro-
hardness shows only minor changes, indicating that elastic strain fields and point defects
do not yet strongly affect the load-bearing framework.

At intermediate fluences (≈1011–1012 ion/cm2), defect accumulation becomes nonlin-
ear due to overlap of strain fields and partial overlap of ion tracks. Enhanced defect cluster-
ing and increasing lattice distortion reduce phonon coherence, leading to pronounced Ra-
man peak broadening, spectral overlap, and increased background scattering. Concurrently,
the hardness decreases significantly, reflecting the growing contribution of disordered and
locally amorphized regions.

At the highest fluences (≥1013 ion/cm2), overlapping ion tracks form an extended
disordered network in the near-surface layer. In this regime, extended defects and locally
amorphized volumes dominate both vibrational and mechanical responses. Low-frequency
Raman modes are strongly suppressed, whereas high-frequency Ga–O modes persist due
to the rigidity of internal polyhedral bonds. The hardness approaches saturation, consistent
with extensive amorphization. Overall, radiation-induced disorder in GGG evolves through
successive stages of point-defect formation, defect clustering, and track overlap, which are
consistently reflected in both Raman and hardness measurements.

The present results show that 231 MeV 131Xe ions induce a heterogeneous damage
pattern in GGG that cannot be described by a single “universal” damage curve. Raman
spectroscopy demonstrates that all fundamental garnet modes remain observable up to
3.3 × 1013 ions/cm2, while their linewidths increase and their contrast decreases. Nanoin-
dentation, in turn, reveals a ≈60% hardness reduction in the same fluence range. This
behavior is consistent with a two-phase picture in which amorphous ion-track cores are
embedded in a defect-rich crystalline matrix; Raman and hardness both probe this com-
posite system, but with different weightings of its components, so an exact one-to-one
correspondence of their fluence dependences is not expected.

Raman data indicate that GGG does not undergo a wholesale phase transformation
under the present irradiation conditions: all first-order garnet modes remain detectable and
no new sharp lines of secondary crystalline phases appear. At the same time, the growth
of a broad background and the merging of individual bands at high fluence clearly signal
the formation of locally amorphous or strongly distorted regions along the ion tracks. In
this sense, “structural stability” refers to the preservation of the garnet topology and the
absence of macroscopic recrystallization into another phase, rather than to the absence of
local amorphization inside tracks.

The evolution of Raman parameters with fluence is naturally mode-dependent and
not strictly monotonic. Under swift heavy-ion irradiation the system passes from iso-
lated tracks to a track-overlap regime and finally to partial saturation with stress relax-
ation [31–34]. Linewidths and intensities therefore reflect a competition between defect
accumulation, relaxation and vibrational averaging over an increasingly heterogeneous
volume. Low-frequency modes below ~200 cm−1, associated with Gd-sublattice transla-
tions and framework deformations, as well as mid-frequency modes near 238–260 and
354–411 cm−1, exhibit the strongest broadening and loss of contrast, consistent with their
sensitivity to network disorder. In contrast, high-frequency Ga-O stretching modes near
740 cm−1 remain comparatively narrow and nearly invariant in frequency, reflecting the
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robustness of the stiffest Ga-O bonds and serving as an internal marker of preserved local
polyhedral structure.

Within this framework, the relationship between Raman metrics and hardness must
be understood as qualitative and phenomenological but physically motivated description
based on the well-established track-formation and track-overlap scenario in garnets. Hard-
ness is an integral measure of the load-bearing capacity of the damaged layer, governed by
the percolation and connectivity of stiff regions and amorphous tracks, whereas Raman
spectroscopy primarily reports on the crystalline fraction and the coherence of its phonon
modes. The key point is that the fluence interval where hardness decreases most steeply
(1012–1013 ions/cm2) coincides with the range where low- and mid-frequency Raman
modes show maximal broadening and loss of contrast, and where the background increases
strongly. At the highest fluence, hardness approaches a saturation level corresponding to a
largely amorphized near-surface layer, and the Raman spectra evolve towards broad bands
characteristic of a highly disordered garnet. For comparison with hardness we therefore
use the evolution of the low-frequency mode near 97 cm−1 and the 238–260 cm−1 band as
representative of framework-sensitive vibrations, while treating the near-constant Ga-O
stretching modes as evidence for the survival of the local GaO4/GaO6 units despite the
marked loss of macroscopic mechanical rigidity.

Taken together, the combined Raman–nanoindentation analysis places irradiated GGG
within the broader family of garnet oxides under high electronic stopping power, where
amorphous tracks, a heavily disordered but still garnet-like matrix, and non-trivial (often
non-monotonic) evolutions of structural and mechanical observables are a generic conse-
quence of track formation, overlap and partial relaxation. This justifies a phenomenological,
rather than purely single-parameter, description of radiation-induced disorder in such
complex materials.

4. Conclusions

After irradiation of Gd3Ga5O12 single crystals with 231 MeV 131Xe ions at fluences
ranging from 1 × 1011 to 3.3 × 1013 ions/cm2, the Raman spectra exhibited distinct quanti-
tative changes reflecting the transition from an ordered to a partially amorphous lattice.
At low fluences (≤1011 ions/cm2), the spectra remained sharp, with typical linewidths
(FWHM) of 8–12 cm−1. At 1012–1013 ions/cm2, FWHM values increased by 20–50%,
reaching 16–18 cm−1 for the A1g (354 cm−1) and T2g (411 cm−1) modes, indicating en-
hanced microdefect density and phonon-defect scattering. At the highest fluence of
3.3 × 1013 ions/cm2, the low-frequency T2g (169 cm−1) mode disappeared entirely, whereas
the high-frequency T2g (~740 cm−1) mode remained stable, with frequency shifts below
1 cm−1, confirming its radiation resilience. These results show that irradiation first disrupts
the heavy Gd3+ sublattice and collective framework modes, while the internal Ga-O bonds
remain structurally intact.

To quantitatively interpret these effects, a new Raman analysis methodology was
developed based on internal normalization and logarithmic degradation analysis. Each
spectrum S(ν, Φ) was normalized to the intensity of the stable A1g (355 cm−1) reference
band, and per-mode normalized amplitudes ηpk = Ipk/I355 and their logarithmic slopes
dlnη/dlnΦ were calculated. This approach eliminates variations from laser power, focusing,
and sample thickness, allowing direct comparison of the sensitivity of individual modes.
The results show that soft modes (<200 cm−1) lose coherence rapidly (ηpk dropping from
1 to 0.05 by 1011 ions/cm2), while Ga-O stretching modes (549–740 cm−1) remain nearly
constant (ηpk ≈ 0.8–1.0 up to 1013 ions/cm2). The local slopes d ln η/d ln Φ reach maximum
negative values (−0.6 for 97 cm−1, −0.3 for 238–260 cm−1) in the track-overlap region
(1012–1013 ions/cm2), coinciding with a pronounced hardness drop (H/H0 ≈ 0.4).
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Thus, the developed methodology provides the first quantitative link between micro-
mechanical softening and Raman-mode degradation, defining a critical fluence for track
percolation (~1–3 × 1013 ions/cm2) and a hardness reduction limit of about 60%. This frame-
work enables non-destructive prediction of radiation-induced damage in oxide scintillator
and optoelectronic materials using the parameters ηpk and d ln η/d ln Φ.
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