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ABSTRACT 

Hybrid metal-halide glasses combine optical homogeneity and processability for scintillators, yet most reported systems rely on a 
single emissive center and conventional radiation-to-light conversion. Here, we report lanthanide (Ln)-doped BTP2 MnCl4 (BTP+ 

= Butyltriphenylphosphonium) hybrid glasses prepared by one-step melt-quenching, demonstrating expanded emission channels 
while preserving optical transparency and the amorphous state. Eu3 + is selected as a secondary emitter for its spectroscopic 
complementarity with Mn2 + . The glasses integrate broadband green Mn2 + emission with narrow red Eu3 + lines, whose relative 
contributions are regulated by Eu3 + content and excitation wavelength. Distinct thermal responses provide additional temperature 
modulation, while spectroscopic and time-resolved measurements support Mn2 + →Eu3 + energy transfer. As scintillators, the 
glasses achieve a light yield of 18 843 photons MeV− 1 , a detection limit of 26.7 nGyair s− 1 , and an imaging resolution of 28.5 lp 
mm− 1 , with stable radioluminescence under repeated and prolonged irradiation. Beyond conventional imaging, the composition- 
, excitation-, and temperature-dependent spectral responses enable photonic barcodes for sequential multilevel authentication. 
Furthermore, the successful preparation of Ln- and Sb-based glasses further demonstrates the generalizability of this glass-forming 
strategy. These results extend hybrid metal-halide glasses beyond conventional scintillation media toward spectrally addressable 
multifunctional materials, providing a route to integrate x-ray imaging with multidimensional optical information processing. 
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 Introduction 

-ray imaging relies on scintillators to convert high-energy
onizing radiation into detectable optical signals [ 1–4 ], with
maging quality determined by a balance among x-ray stopping
ower, luminescence efficiency, optical transparency, radiation
tability, and processability. Conventional inorganic scintilla-
ors such as CsI:Tl, Gd2 O2 S:Tb, Bi4 Ge3 O12 , and Lu3 Al5 O12 :Ce
LuAG:Ce), offer strong radioluminescence and favorable optical
roperties but often require high-temperature crystal growth and
ll rights reserved, including rights for text and data mining and training of artificial inte
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complex processing [ 5 ], whereas organic scintillators are readily
processable but suffer from limited x-ray attenuation because of
their low effective atomic numbers [ 6, 7 ]. Recently, metal halide
semiconductors, including perovskites and organic–inorganic
hybrid systems [ 8–11 ], have provided an alternative platform
owing to their high-Z constituents, tunable coordination environ-
ments, and excellent luminescent properties. However, many are
obtained as microcrystals or powders that require incorporation
into polymer matrices to form scintillation screens [ 12, 13 ].
Such composite screens typically require thicknesses of several
lligence technologies or similar technologies. 

1 of 13

http://www.afm-journal.de
https://orcid.org/0009-0001-9794-7297
https://orcid.org/0000-0003-0725-273X
mailto:dqchen@fjnu.edu.cn
https://doi.org/10.1002/adfm.79493
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fadfm.79493&domain=pdf&date_stamp=2026-11-05


h  

x  

t  

s  

a  

s  

h  

n

I  

g  

r  

a  

c  

a  

a  

t  

a  

f  

l  

i  

s  

[  

t  

t  

M  

g  

t  

o  

w  

g  

d  

m  

i  

m  

m  

a  

[  

r  

p  

d  

n  

d  

e  

s  

f

H  

e  

a  

s  

S  

s  

S  

t  

s  

f  

c  

p  

l  

n  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

2

 16163028, 0, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/adfm

.79493 by D
aqin C

hen - Z
hongshan U

niversity , W
iley O

nline L
ibrary on [05/11/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reat
undred micrometers or even millimeters to ensure sufficient
-ray absorption and scintillation brightness. Unfortunately,
hicker screens exacerbate light scattering and lateral photon
preading due to particle aggregation, refractive-index mismatch,
nd the abundance of crystal/polymer interfaces [ 14, 15 ]. This per-
istent trade-off between x-ray absorption and spatial resolution
as therefore motivated the development of optically homoge-
eous scintillating media with reduced internal scattering. 

n this context, organic–inorganic hybrid metal-halide (OIMH)
lasses offer a distinct structural strategy by combining locally
etained emissive units with a macroscopically homogeneous
morphous matrix [ 9, 16 ]. These local-order/long-range-disorder
haracteristics reduce grain boundaries and particle interfaces,
nd melt-quenching enables direct casting, molding, and large-
rea processing [ 15, 17 ], making them promising candidates for
ransparent scintillation screens. Importantly, the glass-forming
bility and crystallization resistance are critical considerations
or hybrid halide glass scintillators, as undesirable crystal-
ization can introduce grain boundaries and refractive-index
nhomogeneities, increasing optical scattering and lateral photon
preading and thereby compromising x-ray imaging resolution
 14, 15, 17 ]. Previous organic side-chain engineering studies show
hat (BUP)2 MnCl4 has a higher Tg / Tm ratio (0.76; Tm 

: melting
emperatures; Tg : glass-transition temperatures) than (BnO-
TP)2 MnCl4 (0.73) and (ETP)2 MnCl4 (0.70), indicating favorable
lass-forming characteristics despite its comparatively lower scin-
illation light yield [ 18 ]. These findings highlight the importance
f balancing glass-forming ability and scintillation efficiency
hen selecting hybrid metal-halide hosts. Currently, OIMH
lasses containing Mn2 + , Sb3 + , and Cu+ emissions have already
emonstrated high-resolution x-ray imaging [ 14, 19, 20 ]. However,
ost reported systems rely on a single emissive center, which lim-
ts their spectral tunability. Lanthanide (Ln) ions offer a comple-
entary route because their characteristic 4f–4f transitions yield
ultiple narrow emission lines at relatively fixed wavelengths
nd can open additional excitation and energy-transfer channels
 21, 22 ]. Nevertheless, Ln-doped transition-metal hybrid glasses
emain challenging, since differences in valence, coordination
reference, and precursor chemistry may hinder homogeneous
oping and glass formation while also introducing competing
onradiative pathways. To the best of our knowledge, Ln-
oped transition-metal hybrid halide glasses have not yet been
xplored, presenting an opportunity to combine transparent
cintillation imaging with richer, stimulus-dependent emission
eatures. 

ere, we develop Ln-doped BTP2 MnCl4 (BTP+ = Butyltriph-
nylphosphonium) hybrid glasses via a one-step melt-quenching
pproach to introduce additional emissive channels without
acrificing transparency and the amorphous state. Dy3 + -doped,
m3 + -doped, and Eu3 + /Tb3 + -codoped BTP2 MnCl4 glasses were
uccessfully obtained, while the formation of related Dy3 + -,
m3 + -, Eu3 + -, Tb3 + -, and Sb3 + -based glasses further demonstrates
he generalizability of this glass-forming strategy. Among these
ystems, Eu3 + was selected as a representative secondary emitter
or detailed investigation because of its marked spectroscopic
omplementarity with Mn2 + . Tetrahedrally coordinated Mn2 +
rovides broadband green emission that is sensitive to the
ocal crystal field and lattice vibrations, whereas Eu3 + shows
arrow red-emission channels with comparatively stable spectral
of 13
positions. Importantly, the combination of crystal-field-sensitive
Mn2 + 3d5 emission and characteristic Eu3 + 4f–4f transitions
within a homogeneous amorphous matrix establishes spectrally
complementary emission channels with distinct excitation and
thermal responses. Photoluminescence excitation (PLE) spectra
and time-resolved PL decay measurements support Mn2 + →Eu3 + 
energy transfer, while the relative contributions of the two
emissive centers can be regulated through Eu3 + concentra-
tion, excitation wavelength, and temperature. This dual-center
luminescence strategy thus enables multidimensional spectral
modulation beyond that typically available in conventional
single-emission-center (e.g., Mn2 + , Sb3 + , or Cu+ ) OIMH glass
scintillators. Meanwhile, the fabricated glasses retain efficient
radioluminescence and high-resolution imaging, achieving a
maximum light yield of 18 843 photons MeV− 1 , an x-ray detection
limit as low as 26.7 nGyair s− 1 , and an imaging resolution
of 28.5 lp mm− 1 . Furthermore, the composition-, excitation-,
and temperature-dependent Mn2 + /Eu3 + spectral responses are
converted into state-specific photonic barcodes for sequential
multilevel authentication. Compared with previously reported
OIMH glass scintillators that primarily rely on single-center emis-
sion and conventional x-ray-to-light conversion (Table S1 ), the
present system combines competitive scintillation and imaging
performance with dual-center multicolor emission, multidimen-
sional spectral regulation, and photonic information encoding.
These results extend the optical functionality of these OIMH
glasses from scintillation imaging to multichannel information
encoding. 

2 Results and Discussion 

As illustrated in Figure 1a , BTPCl and MnCl2 ⋅4H2 O were mixed
at a molar ratio of 2:1 with varying amounts of EuCl3 ⋅6H2 O and
thoroughly ground to obtain a homogeneous precursor mixture.
The mixture was then heated to produce a uniform transparent
melt, cast into predesigned silicone molds, and rapidly cooled
to room temperature. This process enables direct shaping of
the glasses into macroscopic digits and letters with controlled
dimensions. Under 365 nm ultraviolet (UV) irradiation, the “2026
AFM”glass samples exhibit continuously tunable emission colors
from green to red, demonstrating effective modulation of the
luminescence through Eu3 + incorporation. 

To gain clearer insight into the local coordination structure in
the glasses, BTPCl and BTP2 MnCl4 single crystals were prepared
by a solvothermal crystallization method, as described in the
Supporting Information . Single-crystal x-ray diffraction (SCXRD)
analysis reveals that BTPCl crystallizes in the monoclinic P 21 /c
space group, with unit-cell parameters of a = 11.2028(4) Å, b =
10.0307(1) Å, c = 17.3353(3) Å, V = 1893.04(6) Å3 , and Z = 4.
By contrast, BTP2 MnCl4 crystallizes in the orthorhombic Pbcn
space group, with unit-cell parameters of a = 33.4420(7) Å, b
= 16.4704(3) Å, c = 16.0265(2) Å, V = 8827.4(3) Å3 , and Z =
8. The corresponding crystallographic parameters are summa-
rized in Table S2 . As shown in Figure 1b , BTP2 MnCl4 adopts
a typical zero-dimensional organic–inorganic hybrid structure
in which isolated [MnCl4 ]2 − tetrahedral units are effectively
separated by bulky BTP+ organic cations and arranged periodi-
cally within the lattice. The enlarged view in Figure 1b further
displays the molecular configuration of the BTP+ cation and the
Advanced Functional Materials, 2026
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FIGURE 1 Preparation and structural characterization of BTP2 MnCl4 :Eu hybrid glasses. (a) Schematic illustration of the one-step melt-quenching 
process and photographs of BTP2 MnCl4 :Eu glasses shaped into numbers and letters under 365 nm irradiation. (b) Crystal structure of BTP2 MnCl4 , 
molecular structure of the BTP+ cation, and coordination geometry of the [MnCl4 ]2 − tetrahedron with selected Mn–Cl bond lengths and Cl–Mn–Cl 
bond angles. Units are Å and degrees. Color code: C, brown; H, pink; P, grayish purple; Cl, green; Mn, cyan. (c) Simulated XRD pattern of BTP2 MnCl4 
derived from SCXRD data and experimental PXRD patterns of BTP2 MnCl4 crystal, BTP2 MnCl4 glass, and BTP2 MnCl4 :Eu glass. (d) First up-scan and 
second up-scan DSC curves of BTP2 MnCl4 and BTP2 MnCl4 :Eu glasses. (e) ATR-FTIR spectra of BTPCl crystal, BTP2 MnCl4 crystal, BTP2 MnCl4 glass, 
and BTP2 MnCl4 :Eu glass. 
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oordination geometry of the [MnCl4 ]2 − unit. In this motif, each
n2 + center is coordinated by four Cl− ions. The unequal Mn–
l bond lengths and the deviation of the Cl–Mn–Cl angles
rom ideal tetrahedral values indicate slight distortion of the
oordination geometry (Table S3 ). Notably, the shortest Mn2 + –
n2 + separation in BTP2 MnCl4 exceeds 10.2 Å (Figure S1 ), which

s much larger than the Mn–Cl bond lengths, suggesting weak
lectronic coupling and negligible spin-exchange interactions
etween adjacent inorganic units [ 23, 24 ]. This spatial isolation
imits excitation-energy migration among Mn2 + centers [ 9, 25 ],
hereby reducing the probability of concentration-quenching and
ssociated nonradiative losses. 

he experimental powder XRD (PXRD) patterns of the BTPCl and
TP2 MnCl4 crystals exhibit characteristic diffraction reflections
t positions generally consistent with those simulated from their
orresponding single-crystal structures (Figure 1c and Figure
2 ), supporting the formation of the expected crystalline phases.
he observed differences in relative peak intensities may arise
rom preferred orientation effects associated with crystallite
dvanced Functional Materials, 2026
morphology and sample preparation. In contrast, the melt-
quenched BTP2 MnCl4 and BTP2 MnCl4 :Eu glasses display only
broad diffuse scattering features. No crystalline diffraction peaks
are detected across the series with different Eu3 + contents (Figure
S3 ), indicating that Eu3 + incorporation does not induce detectable
crystallization and that the amorphous state is retained through-
out the investigated composition range. Differential scanning
calorimetry (DSC) measurements were further conducted to
evaluate the thermal behavior and crystallization resistance of
the glasses. Neither the pristine nor the Eu3 + -doped BTP2 MnCl4 
glasses exhibit a distinct crystallization exotherm during heating
(Figure 1d ). Their Tm 

values are 186.6◦C and 184.9◦C, respectively,
while the corresponding Tg values are 62.9◦C and 65.3◦C, giving
Tg / Tm 

values of 0.73 and 0.74. Both ratios exceed the empirical
threshold of 2/3 [ 16, 17, 26 ], indicating favorable glass-forming
ability and strong resistance to crystallization. Consistently,
in situ temperature-dependent PXRD measurements reveal no
detectable crystalline phase over the examined temperature range
(Figure S4 ), further supporting the thermal stability of the
amorphous structures. 
3 of 13
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he attenuated total reflectance Fourier-transform infrared
ATR-FTIR) spectra of BTPCl crystal, BTP2 MnCl4 crystal, and
he corresponding glasses retain the characteristic vibrations of
he BTP+ cation [ 22, 27 ], including the C–H stretching modes
ear 3000 cm− 1 and the aromatic C ═ C stretching modes around
600 cm− 1 (Figure 1e ). The preservation of these vibrational
ignatures indicates that the basic molecular structure of the
rganic cation remains intact during melt quenching. A broader
–H stretching band emerges in the Eu3 + -doped glass over the
200–3600 cm− 1 region [ 28, 29 ], consistent with water introduced
y the hydrated EuCl3 ⋅6H2 O precursor. These high-frequency O–
 vibrations may also facilitate multi-phonon relaxation of the
u3 + 5 D0 excited state, introducing an additional nonradiative
uenching pathway. To further investigate the structural influ-
nce of Eu3 + doping, Raman spectroscopy was performed on
ristine and Eu3 + -doped BTP2 MnCl4 glasses (Figure S5 ). The
aman spectra exhibit highly similar vibrational features, with
he characteristic vibrations of the BTP+ organic cations well
reserved after Eu3 + incorporation. Meanwhile, no additional
aman bands attributable to a separate EuCl3 ⋅6H2 O phase are
bserved. This spectral similarity indicates that Eu3 + doping does
ot substantially change the dominant vibrational characteristics
f the hybrid glass. Considering the zero-dimensional structure of
TP2 MnCl4 , in which isolated [MnCl4 ]2 − tetrahedra are spatially
eparated by bulky organic cations, local accommodation of Eu-
ontaining species can occur without significantly perturbing the
verall structural characteristics of the glass. Energy-dispersive x-
ay spectroscopy (EDX) and elemental mapping reveal uniform
istributions of P, Mn, Cl, and Eu in the glass (Figures S6 and S7 ).
he measured P:Mn:Cl:Eu molar ratio of 24.59:13.92:60.43:1.06 is
roadly consistent with the expected composition. X-ray photo-
lectron spectroscopy (XPS) further confirms the incorporation
f Eu3 + ions into the BTP2 MnCl4 glass, as evidenced by the
haracteristic P 2p, Mn 2p, Cl 2p, and Eu 3d/4d signals (Figure
8 ). With increasing Eu3 + content, the relative intensity of the
n 2p signals gradually decreases, whereas the characteristic
u 3d/4d signals become progressively stronger. Meanwhile, the
n 2p binding energies remain essentially unchanged, indicating
hat the predominant chemical state of Mn is preserved after
u3 + doping. Together with the homogeneous elemental distri-
ution, preserved Raman and ATR-FTIR vibrational features,
nd absence of detectable crystalline impurity phases, these
esults support the successful incorporation of Eu3 + into the
morphous hybrid glass without substantial disruption of its
riginal structural characteristics. 

ristine BTP2 MnCl4 glass exhibits a broadband green emission
entered at 530 nm with a full width at half-maximum (FWHM)
f 73 nm and a decay lifetime of 1.65 ms (Figure S9a,b ). These
haracteristics are consistent with the 4 T1 (G)→6 A1 transition
f tetrahedrally coordinated Mn2 + [ 16, 24 ]. The time-resolved
mission spectra acquired within time windows from 0.2 to 9.9 ms
etain an essentially unchanged peak position and spectral profile
Figure S9c ), while the excitation-emission map converges on the
ame emission band under different excitation regions (Figure
9d ), indicating that the green luminescence predominantly
riginates from a common Mn2 + emissive state. 

nder 360 nm excitation, the incorporation of Eu3 + progressively
odifies the emission composition of the glass (Figure 2a ). As the
ominal EuCl3 ⋅6H2 O doping concentration increases, the broad-
of 13
band emission of Mn2 + is gradually suppressed, accompanied by
the emergence of sharp Eu3 + emission lines at ∼ 593, 612/619, 653,
and 702 nm. These bands are assigned to the 5 D0 →

7 F1 , 5 D0 →
7 F2 ,

5 D0 →
7 F3 , and 5 D0 →

7 F4 transitions, respectively [ 27, 30 ]. Both
time-resolved emission spectra and PL decay curves provide
evidence for the coexistence of two emitting centers (Figure S10 ).
The Eu3 + emission reaches a maximum at a nominal addition of
0.3 mmol and decreases under further Eu3 + incorporation, con-
sistent with the onset of concentration quenching (Figure S11 ).
The actual Eu3 + concentrations were determined by inductively
coupled plasma-mass spectrometry (ICP-MS), with the Eu molar
percentage defined relative to the total Mn and Eu metal contents.
The samples prepared with nominal EuCl3 ⋅6H2 O additions of
0.1, 0.3, and 0.5 mmol exhibit actual Eu3 + concentrations of
1.50, 3.97, and 7.37 mol%, respectively (Table S4 ). The integrated
PL intensities of the BTP2 MnCl4 and BTP2 MnCl4 :Eu glasses
show a linear dependence on excitation power (Figure 2b and
Figure S12 ), accompanied by invariant spectral profiles. This
behavior unequivocally rules out emission from defect or trap
states and corroborates an intrinsic radiative recombination
process. The PL quantum yield (PLQY) values of the pristine
BTP2 MnCl4 glass and the BTP2 MnCl4 :Eu glass containing 7.37
mol% Eu were determined to be 41.5% and 20.9%, respectively
(Figure 2c ). 

The International Commission on Illumination (CIE)
chromaticity coordinates further demonstrate that, with
increasing Eu3 + doping content, the luminescence color
systematically shifts from the Mn2 + -dominated green region
to the Eu3 + -dominated orange-red and red region (Figure 2d ).
Beyond compositional control, both the 0.3 and 1.0 mmol
Eu3 + -doped glasses exhibit marked excitation-wavelength-
dependent luminescence (Figure 2e,f ). The two-dimensional
excitation-emission maps (Figure S13 ) confirm that while Mn2 + 
broadband and Eu3 + narrow-band emissions in the 0.3 mmol
sample, the Eu3 + channel overwhelmingly outcompetes Mn2 + at
1.0 mmol. This excitation-tunable population balance between
the two emitters thus allows continuous color modulation. The
PL excitation (PLE) spectra monitored at different emission
wavelengths further reveal the excitation pathways of Mn2 + 
and Eu3 + centers (Figure 2g,h ). The pristine BTP2 MnCl4 glass
exhibits broad Mn2 + d–d excitation bands, which are assigned
to transitions from the 6 A1 ground state to the 4 E(D), 4 T2 (D),
4 E/4 A1 (G), 4 T2 (G), and 4 T1 (G) excited states [ 16, 24 ]. After Eu3 + 
doping, the PLE spectra monitored at the Eu3 + characteristic
emissions contain sharp 4f–4f excitation peaks together with
broad responses corresponding to the Mn2 + excitation bands.
This spectral correlation indicates that Eu3 + emission can be
populated either through direct excitation of its own intrinsic
levels or indirectly through Mn2 + -related excited states, providing
spectroscopic evidence for Mn2 + -to-Eu3 + energy transfer. The
PL decay dynamics further support this process. As the nominal
EuCl3 ⋅6H2 O addition increases from 0 to 1.0 mmol, the Mn2 + 
lifetime monitored at 530 nm progressively shortens from 1.65 to
1.29, 1.11, 0.68, and 0.58 ms (Figure 2i ), yielding energy-transfer
efficiencies of 21.8%, 32.7%, 58.8%, and 64.9%, respectively
(Figure S14 ). Collectively, these results demonstrate that Eu3 + 
incorporation introduces characteristic narrowband 4f–4f
emission channels and additional excitation pathways into
the Mn2 + -based hybrid glass. Combined with Mn2 + →Eu3 + 
energy transfer, the complementary broadband green Mn2 + 
Advanced Functional Materials, 2026

ive C
om

m
ons L

icense



FIGURE 2 Composition- and excitation-dependent photoluminescence of BTP2 MnCl4 :Eu glasses. (a) Normalized PL spectra of BTP2 MnCl4 :Eu 
glasses with nominal EuCl3 ⋅6H2 O additions of 0–1.0 mmol under 360 nm excitation. (b) Integrated PL intensities of BTP2 MnCl4 and BTP2 MnCl4 :Eu 
glasses as a function of excitation power. (c) PL spectra and corresponding PLQY values of BTP2 MnCl4 and BTP2 MnCl4 :Eu glasses under 360 
nm excitation. (d) CIE chromaticity coordinates of BTP2 MnCl4 :Eu glasses with different Eu3 + contents. (e,f) Excitation-wavelength-dependent CIE 
chromaticity coordinates of BTP2 MnCl4 :Eu glasses with nominal EuCl3 ⋅6H2 O additions of 0.3 mmol (e) and 1.0 mmol (f). (g,h) Normalized PLE spectra 
of BTP2 MnCl4 (g) and BTP2 MnCl4 :Eu (h) glasses monitored at 525, 593, 612, 619, 653, and 702 nm. (i) PL decay curves by monitoring Mn2 + emission at 
530 nm for BTP2 MnCl4 :Eu glasses with nominal EuCl3 ⋅6H2 O additions of 0–1.0 mmol. 
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nd sharp red Eu3 + emissions enable composition- and
xcitation-wavelength-dependent spectral regulation, providing
he foundation for subsequent multidimensional luminescence
odulation. 

o elucidate the thermal responses of the two emissive centers
n BTP2 MnCl4 :Eu glass and their influence on the luminescence
olor, temperature-dependent PL spectra were investigated across
0–290 K. Under 360 nm excitation, the Mn2 + emission of pristine
TP2 MnCl4 progressively decreases with increasing temperature
Figure 3a ). Upon incorporation of 3.97 mol% Eu, the Mn2 + broad-
and and Eu3 + sharp-line emissions coexist but exhibit distinct
hermal decay behaviors (Figure 3b ). The activation energies
xtracted from the temperature-dependent Mn2 + emission of the
dvanced Functional Materials, 2026
undoped glass are 72.3 meV, while the corresponding values
for the Mn2 + and Eu3 + emissions of the 3.97 mol% Eu-doped
glass increase to 98.1 and 98.4 meV, respectively (Figure 3c,d ),
indicating a higher barrier against thermal quenching at the
intermediate Eu3 + content. With a further increase in Eu content
to 7.37 mol%, the activation energies of the Mn2 + and Eu3 + 
emissions decrease to 69.5 and 60.4 meV, respectively (Figure S15 ),
which is consistent with the concentration-quenching behavior
observed at higher Eu3 + concentrations and suggesting enhanced
nonradiative energy loss under excessive doping. 

The pronounced temperature sensitivity of Mn2 + luminescence
is closely associated with the local structural disorder induced by
vitrification. Upon transition from the crystalline to the glassy
5 of 13
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FIGURE 3 Thermal regulation of Mn2 + /Eu3 + dual emission in BTP2 MnCl4 :Eu glasses. (a,b) Temperature-dependent PL contour maps of 
BTP2 MnCl4 glass (a) and BTP2 MnCl4 :Eu glass containing 3.97 mol% Eu (b) under 360 nm excitation. (c,d) Temperature-dependent integrated PL 
intensities and corresponding Arrhenius fits of BTP2 MnCl4 glass (c) and BTP2 MnCl4 :Eu glass containing 3.97 mol% Eu (d). (e) Temperature-dependent 
PL lifetimes of BTP2 MnCl4 :Eu glass containing 3.97 mol% Eu monitored at 530 and 612 nm. (f) Temperature-dependent transfer efficiency from Mn2 + 

to Eu3 + for BTP2 MnCl4 :Eu glass with 3.97 mol% Eu. (g) Temperature-dependent PL contour map of BTP2 MnCl4 :Eu glass containing 3.97 mol% Eu from 

30◦C to 230◦C under 360 nm excitation. (h) Temperature-dependent I612 nm 

/ I530 nm 

intensity ratio and corresponding CIE chromaticity coordinates. (i) 
Temperature-dependent PL intensities recorded under 360 nm excitation at different heating rates of 10, 30, 60, and 100◦C min− 1 . 
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tate, the Mn2 + emission in BTP2 MnCl4 shifts to lower energy
nd becomes substantially broader (Figure S16 ). The Huang-Rhys
actors increase from 3.6 for the crystal to 7.3 for the glass, with
orresponding phonon energies of 51.2 and 42.3 meV, respectively
Figures S17 and S18 ), revealing markedly enhanced electron-
honon coupling in the amorphous state [ 14, 31 ]. With increasing
emperature, the Mn2 + emission gradually blueshifts, whereas
he characteristic Eu3 + lines remain essentially unchanged in
osition (Figure S19a,b ). This disparity reflects the different
ensitivities of the two electronic configurations to their local
nvironments: the 4 T1 (G) excited state of Mn2 + is directly mod-
lated by the crystal field, while the 4f electrons of Eu3 + are
ffectively shielded by the outer 5s and 5p orbitals [ 9, 17, 22,
2 ]. Furthermore, the Eu3 + emission in BTP2 MnCl4 :Eu glass also
emains stable at peak positions under 393 nm excitation (Figure
19c ), further corroborating the intrinsic spectral robustness of
of 13
its 4f–4f transitions. To further quantify the distinct thermal
responses of the two emission bands, we measured temperature-
dependent PL decay curves (Tables S5 and S6 ). The lifetimes
monitored at 530 nm (Mn2 + ) and 612 nm (Eu3 + ) progressively
shorten as the temperature increases from 80 to 290 K (Figure 3e
and Figure S20 ), indicating increasingly active thermally assisted
nonradiative decay. Remarkably, the Mn2 + →Eu3 + energy transfer
efficiency remains ∼ 5%–7% between 80 and 170 K but increases
markedly at higher temperatures, reaching 30.9% at 290 K
(Figure 3f ). This evolution indicates strengthened energetic cou-
pling between Mn2 + and Eu3 + toward room temperature, which
contributes to the redistribution of excitation energy between
the two emission channels. Consistently, the intensity ratio of
I612 nm 

/ I530 nm 

increases from ∼ 2.0 to 2.6 in the 80–290 K range
(Figure S21 ), reflecting the increasing relative contribution of
Eu3 + emission under heating. 
Advanced Functional Materials, 2026
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o examine the dual-emission response over a wider temperature
ange, we extended the measurements from 30◦C to 230◦C. As
hown in Figure 3g , the Mn2 + broadband emission rapidly decays
uring the initial stage of heating, whereas the Eu3 + emission
ersists to higher temperatures. Their different quenching rates
ead to a pronounced evolution of the emission color. Below
00◦C, the intensity ratio of I612 nm 

/ I530 nm 

rises sharply and
eaches its maximum around this temperature, accompanied by
 displacement of the CIE coordinates from the green/yellow-
reen region toward red (Figure 3h ). At higher temperatures,
he Eu3 + emission also undergoes substantial thermal quenching,
ausing I612 nm 

/ I530 nm 

to decrease and the chromaticity trajectory
o partially reverse. The separate evolution of the Mn2 + and
u3 + emission intensities over 300–500 K further captures this
ifferential quenching behavior (Figure S22 ). The temperature-
ependent color variation therefore originates primarily from
edistribution of the Mn2 + and Eu3 + emission contributions
ather than from appreciable displacement of the Eu3 + peaks
hemselves. To rule out structural transformation as the origin
f the luminescence variation, we further examined the thermal
esponse at different heating rates. Continuous PL decay without
brupt spectral discontinuities is observed in BTP2 MnCl4 :Eu
lasses at 10, 30, 60, and 100◦C min− 1 (Figure 3i and Figure
23 ). Together with the absence of detectable crystalline phases
n the temperature-dependent PXRD measurements (Figure S4 ),
hese results indicate that the observed luminescence evolution
rimarily occurs within the amorphous glass matrix rather than
eing driven by a thermally induced glass-to-crystal transition [ 15,
3, 34 ]. 

o evaluate the energy conversion capability of BTP2 MnCl4 :Eu
lasses under x-ray excitation, we systematically investigated
heir radioluminescence properties. X-ray absorption coefficient
alculations based on the National Institute of Standards and
echnology XCOM database reveal that both BTP2 MnCl4 and
ts Eu-doped counterpart exhibit substantially higher x-ray
bsorption than the organic tetraphenylethylene (TPE)-based
cintillator over a broad photon-energy range, with the attenu-
tion efficiency increasing rapidly with thickness (Figure S24 ).
ompared to the BTPCl host, which consists solely of low-Z
lements, the incorporation of the MnCl2 inorganic component
ignificantly enhances x-ray stopping power, providing a solid
oundation for efficient radiation energy deposition and lumines-
ence conversion. Under x-ray excitation, BTP2 MnCl4 :Eu glasses
etain the dual-emission characteristics of broadband Mn2 + green
nd sharp Eu3 + red (Figure 4a ). As the Eu3 + doping content
ncreases, the relative contribution of Eu3 + 4f–4f transitions
rogressively increases, accompanied by a displacement of the
IE coordinates from the green toward the orange-red region
Figure 4c ). Meanwhile, Figure S25 further demonstrates that
u3 + doping not only tailors the radioluminescence color but also
odulates the overall emission intensity. Notably, the emission
pectra of both Mn2 + and Eu3 + exhibit identical spectral profiles
nd peak positions under UV and x-ray excitation. This obser-
ation indicates that the radiative recombination pathways are
ssentially indistinguishable under the two excitation modalities.

sing LuAG:Ce (25 000 photons MeV− 1 ) as a reference [ 5,
5 ], the measured light yields of BTP2 MnCl4 :Eu glasses with
ominal EuCl3 ⋅6H2 O additions of 0, 0.1, 0.3, 0.5, and 1.0 mmol
each 18 843, 13 828, 8226, 8347, and 6586 photons MeV− 1 ,
dvanced Functional Materials, 2026
respectively (Figure 4b and Figure S26 ). Although this value
is lower than the previously reported 26 000 photons MeV− 1 

for (BnO-MTP)2 MnCl4 glass [ 18 ], the BTP2 MnCl4 system was
selected to balance glass-forming characteristics and scintillation
performance, while providing a suitable host for incorporating
additional lanthanide emissive centers. This material design
strategy enables the development of multifunctional hybrid glass
scintillators rather than solely optimizing scintillation light yield.
The overall decrease in light yield with increasing Eu3 + content
can be primarily attributed to enhanced nonradiative quenching
and the competition between Mn2 + →Eu3 + energy transfer and
radiative relaxation [ 17, 27, 29, 36 ]. As the Eu3 + concentration
increases, the reduced separation between Eu3 + centers can
facilitate energy migration and nonradiative relaxation, consis-
tent with the observed Eu3 + concentration quenching and the
decrease in thermal-quenching activation energy. Moreover, the
high-frequency O–H vibrations identified by ATR-FTIR may
provide an additional multi-phonon relaxation pathway. Con-
sequently, the enhanced energy transfer from Mn2 + to Eu3 + 
cannot fully compensate for the increasing nonradiative losses,
resulting in a reduction in overall scintillation efficiency. Notably,
the light yield of BTP2 MnCl4 surpasses the reported values for
commercial scintillators such as Y3 Al5 O12 :Ce (16 400 photons
MeV− 1 ) and CdWO4 (13 000 photons MeV− 1 ) [ 37 ]. Although
Eu3 + incorporation lowers the radioluminescence output, the
Eu-doped glass still shows a light yield higher than that of
the previously reported Eu-based hybrid glass (1419 photons
MeV− 1 ) [ 27 ]. To assess the responsiveness of the glasses to varying
radioluminescence, we further examined the integrated x-ray-
excited luminescence (XEL) intensities as a function of x-ray
dose rate. Both BTP2 MnCl4 and BTP2 MnCl4 :Eu glasses exhibit
good linear responses over the dose-rate range of 2.04–24.98
mGyair s− 1 , with their spectral profiles essentially unchanged
(Figure 4d and Figure S26 ). The corresponding x-ray detection
limits are as low as 26.7 and 92.6 nGyair s− 1 (Figure S27 ), both far
below the 5.5 µGyair s− 1 threshold required for medical diagnostic
imaging [ 38 ]. Irradiation stability represents another critical
parameter for the practical deployment of scintillating materials.
The BTP2 MnCl4 :Eu glass maintains stable XEL responses over
60 consecutive x-ray on/off switching cycles and exhibits no
discernible intensity degradation during prolonged irradiation at
30 kV and 26.6 mGy air s− 1 (Figure 4e ), indicating satisfactory
radiation hardness. 

Given the distinct thermal response characteristics observed
for Mn2 + and Eu3 + emissions in the PL measurements, we
further investigated the temperature-dependent XEL behavior.
The radioluminescence of BTP2 MnCl4 :Eu evolves continuously
with increasing temperature from 30◦C to 150◦C (Figure 4f
and Figure S28 ), with the CIE coordinates shifting from the
green/yellow-green toward the orange-red region. This evolution
parallels the differential thermal quenching of the Mn and Eu
channels discussed in Figure 3 , indicating that temperature
can also regulate their relative XEL contributions. Therefore,
Eu3 + -doping introduces not only composition-dependent color
tuning but also a temperature-responsive degree of freedom
under x-ray excitation. To further verify the compositional ver-
satility of this material design strategy, we conducted systematic
investigations from two perspectives: dopant engineering and
host-component expansion. Dy3 + -, Sm3 + -, and Eu3 + /Tb3 + -doped
BTP2 MnCl4 glasses exhibit characteristic lanthanide emissions
7 of 13
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FIGURE 4 X-ray scintillation properties and compositional versatility of hybrid metal-halide glasses. (a) Radioluminescence spectra of 
BTP2 MnCl4 :Eu glasses with nominal EuCl3 ⋅6H2 O additions of 0–1.0 mmol under x-ray excitation. (b) Radioluminescence spectra of LuAG:Ce, 
BTP2 MnCl4 , and BTP2 MnCl4 :Eu with nominal 1.0 mmol EuCl3 ⋅6H2 O addition at 30 kV and 19.9 mGyair s− 1 . (c) CIE chromaticity coordinates of 
BTP2 MnCl4 :Eu glasses with different Eu3 + contents under x-ray excitation. (d) Integrated x-ray-excited luminescence intensities of BTP2 MnCl4 and 
BTP2 MnCl4 :Eu glasses as a function of x-ray dose rate. (e) Radioluminescence stability of BTP2 MnCl4 :Eu glass under 60 repeated x-ray on/off cycles and 
prolonged x-ray irradiation at 30 kV and 26.6 mGyair s− 1 . (f) Temperature-dependent CIE chromaticity coordinates of BTP2 MnCl4 :Eu glass from 30◦C 
to 150◦C under x-ray excitation at 30 kV and 26.6 mGyair s− 1 . (g) PL and (h) radioluminescence spectra for the directly synthesized Tb3 + -, Eu3 + -, Dy3 + -, 
Sm3 + -, and Sb3 + -based hybrid glasses. Insets in (g): photographs of the corresponding glasses under 365 nm excitation. (i) CIE chromaticity coordinates 
derived from the PL and radioluminescence spectra in (g) and (h). 
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cross different regions of the CIE diagram (Figure S29 ). More
roadly, directly synthesized Tb3 + -, Eu3 + -, Dy3 + -, Sm3 + -, and Sb3 + -
ased hybrid glasses exhibit characteristic PL and XEL spectra
Figure 4g,h ) and cover a wide chromaticity range under x-ray
xcitation (Figure 4i ). The PXRD patterns of all these glasses
re dominated by broad diffuse features without observable
rystalline diffraction peaks (Figure S30 ), confirming that the
morphous state is retained across these different emissive com-
ositions. Furthermore, DSC measurements of representative
b3 + - and Sb3 + -based glasses yield Tg / Tm ratios of 0.709 and 0.798,
espectively (Figure S31 ), both exceeding the empirical threshold
of 13
of 2/3 and indicating favorable glass-forming ability. These results
show that the present glass-forming strategy is not confined
to the Mn2 + /Eu3 + dual-emission system but is substantially
compositionally extensible. This enables the incorporation of a
broader spectrum of metal luminescent centers, thereby offering
an expanded material palette for constructing tunable multicolor
hybrid halide scintillators. 

Optical transparency is a critical factor governing the spatial
resolution of scintillation screens because internal scattering
directly affects the lateral spreading of scintillation photons.
Advanced Functional Materials, 2026
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FIGURE 5 Optical transparency and high-resolution x-ray imaging of BTP2 MnCl4 :Eu glass scintillators. (a) Optical transmittance spectra of 
BTP2 MnCl4 :Eu glasses containing 7.37 mol% Eu with different thicknesses. Insets: photographs of the glasses under daylight and 365 nm irradiation. (b) 
x-ray image of a standard line-pair test pattern acquired using a BTP2 MnCl4 glass as a scintillation screen. (c) Grayscale intensity profiles extracted from 

the marked region in (b). (d) MTF obtained using the slanted-edge method for the BTP2 MnCl4 glass. Inset: x-ray image of a lead plate with a sharp edge. 
(e) Optical and x-ray images of a microchip acquired using the BTP2 MnCl4 scintillation screen. (f) Intensity profile extracted along the dashed line in 
(e) and corresponding Gaussian fit, giving an FWHM of 218.7 µm. (g) Photograph of the rubber mantle, metallic tip and spring, and stainless-steel outer 
shell of a gel pen. (h,i) X-ray images of the gel pen acquired using BTP2 MnCl4 (h) and BTP2 MnCl4 :Eu containing 7.37 mol% (i) scintillation screens. (j) 
Radioluminescence photographs of compositionally distinct glass scintillators recorded at different x-ray dose rates. 
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he BTP2 MnCl4 :Eu glass maintains high transmittance even
t millimeter-scale thicknesses. A 2 mm-thick sample exhibits
 transmittance above 80% over 650–1200 nm, and the value
emains above 60% when the thickness is increased to 5 mm
Figure 5a ). This optical merit helps suppress scattering losses
nd mitigate optical crosstalk within the scintillation screen. We
irst evaluated the x-ray imaging resolution using a standard line-
air card. The BTP2 MnCl4 glass clearly resolves line pairs up to
0 lp mm− 1 , for which three well-separated response maxima
emain distinguishable in the corresponding grayscale intensity
rofile (Figure 5b,c ). Further analysis of the modulation transfer
unction (MTF) using the slanted-edge method gives a spatial
esolution of 28.5 lp mm− 1 at MTF = 0.2 (Figure 5d ). Notably,
his high spatial resolution is achieved with a 2 mm-thick glass
creen, highlighting the advantage of the optically homogeneous
dvanced Functional Materials, 2026
amorphous matrix in suppressing particle-interface-induced scat-
tering and maintaining imaging sharpness at millimeter-scale
thicknesses. 

To further validate the imaging capability of this scintillating
screen for real-world complex objects, we selected a microchip
and a gel pen containing components of different compositions.
The imaging measurements were performed at an x-ray tube
voltage of 50 kV and a dose rate of 24.98 mGyair s− 1 . As shown
in Figure 5e , the x-ray image of the microchip clearly reveals its
internal circuitry and periodic fine structures. Gaussian fitting
of the intensity profile extracted along the white dashed line
in the image yields an FWHM of 218.7 µm (Figure 5f ), further
illustrating the capability of the glass screen to resolve microscale
structural features. For the gel pen, the rubber mantle, metallic
9 of 13
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pring and tip, and stainless-steel outer shell produce distinct
rayscale contrasts because of their different x-ray attenuation
haracteristics (Figure 5g ). Both BTP2 MnCl4 and BTP2 MnCl4 :Eu
creens resolve the internal metallic parts (Figure 5h,i ), indicating
hat the color modulation introduced by Eu3 + incorporation
oes not compromise the basic structural imaging performance.
eyond conventional grayscale imaging, the Mn2 + /Eu3 + dual-
mission system also enables color-encoded visualization of
adiation signals. As shown in Figure 5j , assembling glass
nits with different radioluminescence colors produces a spa-
ially resolved multicolor radiation-response interface. As the
-ray dose rate decreases, the luminescence brightness in each
egion diminishes, while the color contrast remains discernible.
he combination of composition-dependent color encoding and
ose-dependent radioluminescence intensity therefore allows
adiation information to be represented simultaneously through
hromatic and brightness variations, providing a visual readout
odality distinct from conventional monochromatic scintillators.
mportantly, these composition-dependent radioluminescence
haracteristics arise from the same Mn2 + /Eu3 + emissive centers
sed for subsequent photonic authentication, establishing a
irect material-level link between x-ray imaging and optical
nformation encoding. 

he preceding results show that Eu3 + content, excitation wave-
ength, and temperature can modulate both the emission color
nd spectral composition of BTP2 MnCl4 :Eu glasses, providing
ultiple dimensions for optical information encoding [ 4 ]. The
oldability of the glasses further enables their processing into
atterned and three-dimensional objects (Figure 6a,b ). Notably,
he bear-shaped glass exhibits a relatively uniform color distri-
ution under daylight and 254 or 365 nm irradiation, whereas
xcitation at 300 and 310 nm produces a distinct local color
ontrast between the marked shoulder region and the surround-
ng area (Figure 6b ), revealing wavelength-dependent spatial
ptical responses. On this basis, four glasses containing 0, 1.50,
.97, and 7.37 mol% Eu3 + were selected as composition-encoded
nits, denoted X1–X4 (Figure 6c ). By combining two excitation
avelengths (360 and 393 nm) with two temperatures (30◦C and
0◦C), a 4 × 2 × 2 composition-excitation-temperature optical
esponse matrix was constructed. The four readout conditions are
efined as state A (360 nm/30◦C), state B (393 nm/30◦C), state
 (360 nm/80◦C), and state D (393 nm/80◦C) (Figure 6d ). The
orresponding CIE chromaticity coordinates further capture the
volution of the relative Mn2 + and Eu3 + emission contributions
nder these conditions (Figure S32 and Table S7 ). 

eyond simple color-based readout, the complementary broad-
and Mn2 + emission and multiple sharp Eu3 + characteris-
ic lines provide distinct spectral channels within a single
lass matrix. Their composition-, excitation-, and temperature-
ependent intensity redistribution can be further translated into
ive-channel photonic barcodes for multilevel optical information
uthentication (Figure 6e ). Specifically, S1 corresponds to the
n2 + emission in the 470–580 nm region, while S2–S5 cover
he Eu3 + -related spectral regions of 580–605, 605–630, 630–675,
nd 675–730 nm, respectively. The positions of the barcode
lements are fixed by the predefined spectral channels, whereas
heir widths are determined by the corresponding normalized
hannel intensities. Accordingly, the four compositions under
tates A–D generate the composition-specific sub-barcodes A1 –
0 of 13
A4 , B1 –B4 , C1 –C4 , and D1 –D4 , respectively (Figure 6f ). Under
360 nm excitation, the Mn2 + channel retains a relatively large
contribution, whereas switching to 393 nm markedly increases
the weights of the Eu3 + -related channels. When heated to 80◦C,
the distinct thermal responses of the two emission centers further
redistribute the spectral contributions across the channels. For
each readout state, the four sub-barcodes derived from X1 –X4 
are sequentially integrated in equal spatial proportions (25%
each) to yield barcode-A, barcode-B, barcode-C, and barcode-D
(Figure S33 ). Details of the spectral processing and normal-
ization procedure are provided in the Supporting Information ,
with the corresponding encoding parameters summarized in
Table S8 . These state-dependent photonic barcodes were further
used to construct a sequential multilevel authentication scheme
(Figure 6g ). Barcode-A is initially scanned under state A and com-
pared to its predefined reference fingerprint. Successful matching
then validates barcodes B–D under states B, C, and D, in sequence.
A mismatch at any stage terminates the authentication process,
whereas successful matching across all four levels completes the
verification. In this framework, Eu3 + composition defines the
intrinsic material-encoding dimension, while excitation wave-
length and temperature serve as external readout conditions
that generate condition-dependent spectral fingerprints from the
same composition array. To further evaluate the reversibility and
reproducibility of the temperature-responsive optical encoding,
we performed consecutive heating-cooling cycles between 30◦C
and 80◦C on the same BTP2 MnCl4 :Eu glass. The PL spectra
recorded under 360 and 393 nm excitation exhibit reproducible
Mn2 + and Eu3 + emission profiles, with no obvious changes in
their relative intensities or characteristic peak positions after
repeated thermal cycling (Figures S34 and S35 ). These results
demonstrate the reversible thermal modulation of the dual-
emission response, supporting the reliability of the temperature-
dependent photonic encoding strategy. Beyond conventional
optical anti-counterfeiting, this strategy offers a potential route
for built-in authentication of x-ray scintillation screens. Because
the composition-dependent spectral fingerprints originate from
the same Mn2 + /Eu3 + centers responsible for scintillation, the
glass can simultaneously convert radiation into light and carry
intrinsic optical identity information without additional label-
ing layers. Such spectral fingerprints could enable material
identification and traceability through controlled UV excitation
and temperature modulation, establishing a practical connection
between x-ray imaging and photonic authentication. 

3 Conclusions 

In summary, Ln3 + -doped BTP2 MnCl4 transparent hybrid glass
scintillators were fabricated by a one-step melt-quenching pro-
cess, allowing direct shaping into diverse macroscopic forms. The
BTP2 MnCl4 :Eu glasses exhibit dual emission from green Mn2 + 
and red Eu3 + centers, whose relative contributions can be tuned
by Eu3 + content and excitation wavelength. PLE spectra and time-
resolved PL decay measurements support Mn2 + →Eu3 + energy
transfer and the involvement of Mn2 + -related excitation channels
in Eu3 + emissions. Their distinct thermal responses further alter
the Mn2 + / Eu3 + emission balance, enabling multidimensional
modulation of emission color and spectral output through com-
position, excitation wavelength, and temperature. Under x-ray
excitation, the glasses retain their dual-emission characteristics,
Advanced Functional Materials, 2026
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FIGURE 6 Multilevel optical information encoding and photonic-barcode authentication of BTP2 MnCl4 :Eu glasses. (a) Photographs of 
BTP2 MnCl4 :Eu glasses under daylight and UV irradiation. (b) Photographs of a molded glass object under daylight and excitation at 254, 300, 310, 
and 365 nm. (c) Composition-coded optical units X1–X4 based on Eu3 + contents of 0, 1.50, 3.97, and 7.37 mol%, respectively. (d) Optical response states 
defined by four compositions, two excitation wavelengths (360 and 393 nm), and two temperatures (30◦C and 80◦C). (e) Conversion of the Mn2 + /Eu3 + 

emission spectrum into a five-channel photonic barcode. S1–S5 correspond to 470–580, 580–605, 605–630, 630–675, and 675–730 nm, respectively. (f) 
Emission spectra, corresponding composition-specific sub-barcodes, and integrated barcodes A–D under the four readout states. (g) Schematic workflow 

for sequential multilevel authentication based on matching of barcodes A–D. 
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ogether with effective radiation-energy conversion and stable
ose-dependent responses. The fabricated glasses achieve a light
ield of 18 843 photons MeV− 1 and an x-ray detection limit of 26.7
Gyair s− 1 , while maintaining stable radioluminescence under
epeated and prolonged irradiation. The BTP2 MnCl4 scintillation
creen achieves an imaging resolution of 28.5 lp mm− 1 at MTF
 0.2 and resolves internal features of representative objects. In
ddition, composition-dependent radioluminescence colors com-
ined with dose-dependent brightness provide a multicolor visual
eadout of radiation-response information. The extension to
dditional emissive metal centers further demonstrates the com-
ositional adaptability of this glass-forming strategy. Finally, the
omposition-, excitation-, and temperature-dependent spectral
esponses were converted into state-specific photonic barcodes
or sequential multilevel authentication. Overall, these results
stablish hybrid metal-halide glasses as a versatile platform that
ntegrates x-ray scintillation and imaging with multidimensional
pectral information encoding, offering a potential route to scin-
illation screens with intrinsic optical authentication capabilities.
his multifunctional design further expands the application
cope of hybrid glass scintillators and offers new opportunities
or next-generation intelligent scintillation materials, including
nvironment-responsive adaptive scintillators and information-
ntegrated radiation detection components. 
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