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In this study, the role of Ce®" doping in the photochromic, thermostimulated luminescence (TSL), and
optically stimulated luminescence (OSL) properties of CazMgSi,Og is analyzed. Ce®" was incorporated
into the CazMgSi,Og lattice using high-temperature solid-state synthesis, and its effects on structure,
defect formation, charge trapping, and spectroscopic properties were investigated using X-ray
diffraction (XRD), photoluminescence (PL), X-ray absorption spectroscopy, optical absorbance, TSL/OSL,
and electron paramagnetic resonance (EPR) measurements. The results indicate that Ce®* primarily
substitutes for Ca®* ions at the Ca2 site with distorted eightfold coordination. Ce>* doping enhances
photochromic efficiency, reaching up to 88% for UV-induced color change, and influences the
formation of defect centers responsible for photochromism and luminescence. TSL and OSL analyses
indicate the presence of deep charge traps with an activation energy of 1.79 eV, which can be
stimulated using blue light. EPR identifies three distinct F'-type centers; two of these centers are
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DOI: 10.1039/d6tc00316h located in the vicinity of boron impurities, which originate from the borate additive used in the synthesis.

The material exhibits excellent photochromic signal stability and a linear TSL dose response up to 40 Gy,
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1. Introduction

Photochromic materials are compounds that can undergo a
reversible change in their optical absorption or color upon
exposure to radiation, such as ultraviolet (UV), visible light, or
ionizing radiation.’™ Among others, inorganic wide band gap
photochromic materials have attracted interest due to superior
thermal, chemical, and photochemical stability, excellent fati-
gue resistance after repeated color change, long operational
lifetime, and the ability to integrate photochromism with
additional functionalities such as luminescence or sensing."?
As a result, these materials have been proposed for various
optical applications, such as optical data storage,”” UV and
radiation dosimetry,®” smart windows and adaptive glazing,®°
and multilevel anti-counterfeiting.'*"*

In inorganic wide band gap materials, the typical mecha-
nism of photochromism involves the generation of charge
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suggesting strong potential for dosimetry and optical information storage.

carriers during irradiation, which are trapped in charge traps,
where they form point defects with characteristic absorption
bands.> The efficiency and applicability of these materials
depend on their ability to generate, store, and release charge
carriers through trapping and recombination processes, which
are influenced by synthesis conditions and selected dopants.’>™*
Rare-earth ions are the most commonly used dopants for inor-
ganic photochromic materials," which can both modify the defect
concentration through heterovalent substitution in the host lattice
and act as charge trap centers."*° In addition, rare-earth dopants
can induce other spectroscopic effects, such as modulated photo-
luminescence (PL), thermostimulated luminescence (TSL), and
optically stimulated luminescence (OSL)."*"7°

Recently, rare earth doped merwinite (Ca;MgSi,Og) has been
investigated as an efficient and tunable phosphor,*** a per-
sistent luminescence host,**> a TSL dosimetry material®® and
a highly efficient photochromic host, with one of the highest
color contrasts reported to date.>”*® Although the host matrix
itself shows photochromism, it can be considerably improved
by doping with Eu**, which not only enhances photochromic
efficiency but also enables UV-modulated PL, TSL with unu-
sually deep charge traps, and OSL response.””””® The multi-
modal nature of Ca;MgSi,Og:Eu”" shows the potential of this
host for optical information storage, anti-counterfeiting, and
dosimetry applications.
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Despite the promising performance of Ca;MgSi,Og:Eu”’, the
influence of alternative rare-earth dopants on defect formation,
charge trapping, and multimodal optical responses in this host
remains unexplored. Currently, Eu*" is the only dopant system-
atically investigated in photochromic Ca;MgSi,Og, where it has
been shown to act as a photoionizable hole trap.”””® As an
alternative, Ce®" is particularly interesting due to its 4f-5d
transitions and similar photoionization behavior. The photo-
ionization of Ce®" to Ce** strongly influences charge trapping
and recombination processes and has been reported in various
Ce**-doped materials.”**

In this work, we investigate the role of Ce** incorporation in
the Ca;MgSi,Oq lattice and its influence on the photochromic,
TSL, and OSL properties of this host. This study provides a
comprehensive analysis of dopant-induced point defects, their
role in spectroscopic properties, and reports a novel multi-
modal photochromic material with improved spectroscopic
properties for storage and dosimetry applications.

2. Materials and methods

Polycrystalline ceramic samples with nominal composition of
Caz(—xCe3MgSi,05 (x = 0-0.005) were synthesized using a
high-temperature solid-state synthesis method. High-purity
MgO (99.99%, Fisher Scientific), CaCO; (99.999%, Merck), SiO,
(99.999%, Fisher Scientific), Ce(NO;);:6H,O (99.999%, Carl
ROTH), and H3BOj3 (99.999%, Carl ROTH) were used as starting
materials. To reduce the synthesis temperature and prevent the
decomposition of Caz;MgSi,Og, 5 mol% H3;BO; was introduced by
partially substituting the corresponding amount of SiO,. Stoichio-
metric amounts of the precursors were mixed and homogenized
by grinding in an agate mortar using acetone as a wet-milling
medium. To ensure precise Ce*" control in samples with low
dopant concentration (0.005-0.01%), an appropriate amount
of Ce(NO3);-6H,0 was dissolved in deionized water to prepare a
0.001 mol L™" solution, which was added to the other precursors.
For samples doped with 0.05-0.5% Ce’", the precursor was added
without additional preparation. After mixing and drying, the pre-
cursor mixtures were pressed into 13 mm pellets using a uniaxial
press from Specac Ltd. The pellets were placed on graphite plates
and sintered in a tube furnace (HTRH 18/100/600, Carbolite Gero)
at 1350 °C for 10 h under a reducing H,/Ar atmosphere (5%/95%),
with a heating and cooling rate of 5 °C min~'. The resulting
samples are denoted as CMS y%, where y represents the Ce®*
concentration relative to Ca®" ions, expressed as mol%.

The phase composition of the prepared samples was ana-
lyzed by X-ray diffraction (XRD) using a Rigaku MiniFlex 600
powder diffractometer (Cu Ko radiation, operated at 40 kV and
15 mA) with Bragg-Brentano 0-20 geometry.

PL and photoluminescence excitation (PLE) spectra were
measured using the Edinburgh Instruments FLS1000 spectro-
meter with a 450 W Xenon arc lamp Xe2 from Edinburgh
Instruments as the excitation source.

X-ray absorption spectra of CMS 0.1% and 0.5% were collected
at the Ce Ls-edge (5723 €V) at room temperature using
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fluorescence detection at the P64 Advanced X-ray Absorption
Spectroscopy beamline of DESY PETRA IIL.** The storage ring was
operated at 6 GeV with a beam current of 120 mA in a multi-bunch
mode. A fixed-exit, liquid-nitrogen-cooled Si(111) double-crystal
monochromator was employed to select the incident photon energy
from the undulator source, while higher harmonics were sup-
pressed using two silicon mirrors. The incident X-ray intensity
was monitored with a nitrogen-filled ionization chamber, and the
fluorescence signal was detected using a passivated implanted
planar silicon (PIPS) detector. Both the incidence angle of the
X-ray beam relative to the sample and the detection angle relative
to the detector were set to 45 degrees. Two reference compounds
(Ce0, 99.99%, Alfa Aesar, and CeF; 99.9%, Alfa Aesar) were used for
comparison. The samples were prepared as pressed pellets.

The Ce Lz-edge X-ray absorption near-edge structure
(XANES) and extended X-ray absorption fine structure (EXAFS)
signals were extracted using the XAESA software,** following a
standard data-processing procedure.®” The experimental EXAFS
spectra y(k), where k denotes the photoelectron wavenumber,
were qualitatively analyzed by comparison with theoretical
spectra calculated within the multiple-scattering (MS) frame-
work using the FEFF8.50L code.’® Inelastic photoelectron
losses were taken into account using the complex Hedin-
Lundqvist exchange-correlation potential.>” The MS calcula-
tions were carried out for atomic clusters with a radius of 8 A,
centered on the absorbing cerium atom and generated from the
ideal crystallographic structures of monoclinic Ca;MgSi,Og
(space group P24/a, No. 14).® No structural relaxation was
included, and thermal disorder effects were neglected. Three
structural models were examined, corresponding to cerium
atoms occupying three distinct, non-equivalent crystallographic
sites originally occupied by calcium atoms.>®

Diffuse reflectance spectra were recorded using a double-
beam spectrophotometer (Specord 210). Photochromic excita-
tion and bleaching experiments were performed using a
wavelength-tunable pulsed solid-state laser (Ekspla NT342/
3UV). For photochromic excitation measurements, the laser
power was adjusted to 0.7 £ 0.1 m]J, and the samples were
irradiated at a selected excitation wavelength for 1 min, after
which the diffuse reflectance spectrum was recorded. Following
each measurement, the photochromic effect was bleached by
irradiating the sample at 450 nm for 1 min. For photochromic
bleaching measurements, the samples were first excited at
250 nm (1.2 + 0.2 mJ) for 1 min to induce photochromism.
Subsequently, bleaching was performed by irradiating the
sample at a selected wavelength for 1 min, after which the
diffuse reflectance spectrum was recorded. After each bleaching
measurement, the samples were additionally irradiated at
450 nm for 1 min to remove any residual photochromic signal.

OSL spectra were measured using a wavelength-tunable
laser Ekspla NT342/3UV as an irradiation and optical stimula-
tion source. Prior to the measurements, the samples were
irradiated with 250 nm for 1 min. For the OSL decay measure-
ments, a stimulation wavelength of 450 nm was selected to
ensure maximum stimulation efficiency. OSL emission spectra
were recorded using 480 nm excitation to minimize spectral

This journal is © The Royal Society of Chemistry 2026
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overlap between the stimulation light and the Ce*" emission
band. The signal was detected using an Andor iSTAR DH734
CCD camera coupled to an Andor SR-303i-B spectrometer.

TSL glow curves were obtained using the Lexsyg research
Fully Automated TL/OSL Reader from Freiberg Instruments
GmbH. Irradiation was performed with an X-ray tube (40 kV,
0.5 mA, W-anode) and a Q-switched UV laser DTL-389QT (263 nm)
from the Laser-compact Group. The TSL curves were recorded with
a Hamamatsu R13456 photomultiplier tube and an Andor SR-303i-
B spectrometer paired with a DV420A-BU2 CCD camera. The
system was operated at a constant heating rate of 1 °C s .
For dose dependence measurements, a Rise TL/OSL reader (model
DA-22) was used. The reader is equipped with a *°Sr/°°Y beta
source with a maximum energy of 2.27 MeV and an activity of 1.48
GBq. Irradiation of the analyzed samples was carried out using this
beta source at a dose rate of 0.1237 Gy s~ *, which was determined
using a quartz reference calibrated with a ®*°Co gamma source. The
reproducibility of the TSL signal was determined for four different
irradiation doses in the low dose range of 0.2-0.6 Gy by repeating
the measurement four times. The coefficient of variation was
calculated for the integral TSL signal intensity.

The Bruker ELEXSYS-II E500 CW-EPR spectrometer was used
to investigate the samples by electron paramagnetic resonance
(EPR). All EPR spectra were acquired at room temperature. X-band
measurements (9.83 GHz) were performed at a microwave power
of 0.10 mW, while for Q-band measurements (34.00 GHz), the
power was optimized to 0.01 mW. For comparison, EPR signal
intensities are normalized to 100 mg of sample. Either wavelength-
tunable laser Ekspla NT342/3UV or an X-ray lamp operated with
45 kV and 10 mA was used for sample irradiation. Stepwise sample
annealing after the irradiation was performed in a custom-built
furnace, with each annealing step maintained for 5 minutes. EPR
spectra simulations were performed using the MATLAB-based
open-source toolbox - EasySpin.*’

3. Results and discussion

The crystal structure of CazMgSi,Og is shown in Fig. 1a. It has
monoclinic symmetry (P2,/a) with 4 formula units per unit cell
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and consists of SiO, tetrahedra, MgOs octahedra, and three
non-equivalent Ca atoms in nine-fold (Ca1), eight-fold (Ca2),
and ten-fold (Ca3) coordination. All of the prepared samples
have single-phase monoclinic CazMgSi,Og, which is confirmed
by powder XRD analysis shown in Fig. 1b. All diffraction peaks
can be indexed to the reference pattern of CazMgSi,Og (PDF
01-086-3096), and no additional reflections related to secondary
or impurity phases are observed. The increase in Ce** content
does not promote the formation of other crystalline com-
pounds, suggesting that the Ce*" ions are incorporated in the
CazMgSi,Og lattice. However, due to low dopant concentration,
it does not induce a detectable shift in XRD peak position.
Due to the similarity in ionic radii of Ca*" and Ce®" (1.12 A and
1.143 A for eight-fold coordination, respectively),*® Ce** can be
expected to incorporate in Ca®>" positions.

The PLE spectra shown in Fig. 1c exhibit two dominant
bands with maxima at 270 and 310 nm, which are assigned to
the allowed 4f — 5d transitions of Ce®**. Upon excitation with
270 nm, a broad emission band centered at ~370 nm is
observed; it is attributed to 5d — 4f transitions of Ce**. Similar
emission signals have been detected in other Ce®" doped
oxides.*'™** With increasing Ce’" concentration, the emission
maximum shifts slightly from 368 to 377 nm. This shift may
originate from the reabsorption of Ce®" emission due to the
overlap of emission and excitation spectra. Some contribution
could also be associated with the incorporation of Ce®" ions
into multiple crystallographic sites or with lattice distortion
induced by the substitution of larger Ce*" ions on Ca®" sites.
Such structural modifications are expected to alter the local
crystal field strength and covalency, leading to a centroid shift
of the Ce®" 5d levels and a corresponding shift of the emission
band to longer wavelengths.** Previous PL studies of Ce®'-
doped Ca;MgSi,Og have detected two distinct Ce®* centers,
which were associated with the incorporation of Ce*" ions in
two Ca®" sites in the host lattice.** To clarify the Ce®" substitution,
X-ray absorption spectroscopy measurements were performed.

The Ce L;-edge XANES spectra of the CMS 0.5% and two
reference compounds (CeO, and CeF3) are compared in Fig. 2a.
The XANES spectra of reference compounds agree well with
the previously reported spectra.***® The spectrum of CeF; is
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dominated by a prominent absorption peak, the so-called
“white line”, located at about 5726 eV and attributed to 2p;,
— 5d dipole-allowed transition with the final excited state
4f'5d" of Ce*". In contrast, the XANES spectrum of CeO, has
a small pre-edge peak at about 5720 eV, followed by the
shoulder at ca. 5727 eV, and two main peaks at approximately
5731 and 5738 eV. A detailed discussion of the CeO, XANES
based on a high-energy resolution fluorescence mode (HERFD)
experiment and theoretical simulations, including previous
studies, was recently published by Kvashnina.*” The pre-edge peak
was attributed to the quadrupole-allowed 2p;, — 4f transitions at
the bottom of the CeO, conduction band. The two main peaks are,
respectively, due to the final states, reflecting the mixing of 4f'L
(L denotes a hole in the O 2p band) and 4f° configurations in the
ground state. Note that the crystal-field splitting of the Ce 5d band
leads to further broadening of the main peaks and is responsible
for the shoulder.*® The XANES spectrum of the CMS 0.5% sample
is dominated by a strong “white line”, and its edge position is
closer to that of CeF;. The comparison between the first derivatives
of the absorption coefficients of CMS samples doped with 0.1%
and 0.5% Ce®* and those of the reference compounds CeO, and
CeF; is shown in Fig. 2b. The position of the absorption edge,
determined by the maximum of the first derivative, for CMS 0.1%
coincides with that for CMS 0.5% and is close to that for CeFs;.
This supports the presence of cerium ions predominantly in the
3+ oxidation state in the CMS structure.
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To understand the location of Ce®" ions in the CMS struc-
ture, the calculated EXAFS spectra of cerium atoms located
at three different Ca*>" crystallographic sites in monoclinic
Ca;MgSi,04°® are compared with the experimental data for
Ca;MgSi,04:0.5% Ce®" (Fig. 2c and d). Due to the limited
quality of the experimental data, only a qualitative comparison
of the EXAFS spectra can be performed over a restricted energy
range up to k = 6.5 A~'. Among the three sites, the EXAFS
spectrum of cerium substituting for Ca2 agrees best with the
experimental data in both k and R space. In contrast, the EXAFS
spectrum of Ce at the Cal site fails to reproduce the beating
observed around & = 5 A™*. Moreover, the EXAFS spectra of Ce
at both the Ca1l and Ca3 sites are unable to reproduce the shape
of the double peak in the Fourier transform.

Next, we compare the local environments of the three Ca
sites in terms of coordination number, average interatomic
distance, and shell distortion. At the Cal site, calcium is
surrounded by nine oxygen atoms, with an average Ca-O
distance of 2.73 A and a standard deviation of ¢ = 0.18 A. At
the Ca2 site, calcium exhibits eightfold coordination, with the
smaller average Ca-O distance of 2.62 A, and the shell distor-
tion is the largest (¢ = 0.20 A) due to the presence of a single
short Ca-O bond of 2.18 A. At the Ca3 site, calcium is
surrounded by ten oxygen atoms, with an average Ca-O dis-
tance of 2.64 A and a standard deviation of ¢ = 0.15 A. Thus, the
proposed preference of cerium ions for the Ca2 site suggests
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of CMS samples after irradiation of the right side with 250 nm.

that cerium mainly adopts a distorted eightfold coordination to
oxygen.

All samples, including undoped Ca;MgSi,Og, exhibited a
photochromic effect. The diffuse reflectance spectra of CMS
samples before and after irradiation with 250 nm are shown in
Fig. 3a. No significant absorbance, except for a decrease in
reflectance in the UV range due to Ce** 4f — 5d excitation (see
Fig. 3b), is observed before irradiation. After UV irradiation, all
samples display a strong photoinduced absorption, character-
ized by a dominant band in the blue spectral region with a
maximum at 430 nm and a weaker shoulder extending into the
red-NIR region. This strong absorption results in the vibrant
yellow coloration shown in Fig. 3c. The presence of multiple
absorption bands suggests the formation of more than one type
of photochromic color center within the CazMgSi,Og host
lattice.

The photochromic efficiency for the blue absorbance band
was calculated as the normalized intensity difference between
the irradiated and unirradiated state:

Ry — R
= x
0

ARnorm = 100

1)

where R, and R, are reflectance at 430 nm before and after
irradiation, respectively. The photochromic efficiency increases
from 72% in the undoped sample to 87-88% for CMS 0.01-
0.1%, before decreasing to 74% in the sample with the highest
Ce** concentration (CMS 0.5%). The exceptionally high photo-
chromic efficiency observed for this system, compared with
other reported photochromic hosts," indicates the strong
potential of Ca;MgSi,Og for practical applications. The varia-
tion in photochromic efficiency with Ce** concentration sug-
gests that Ce®* ions improve the recombination processes in

This journal is © The Royal Society of Chemistry 2026

CazMgSi,0g, likely by participating in charge trapping during
excitation. It can be expected that Ce** acts as a hole trap,
similar to Eu®" in Ca;MgSi,0s, as reported previously.”®

The color change in CMS samples can also be induced by
irradiation of other high-energy sources. The diffuse reflectance
spectra before and after irradiation with X-rays are shown in
Fig. 3b. The spectra consist of the same absorption bands as
observed after UV excitation; however, their intensity and
relative ratio have changed. The overall intensity of the absor-
bance is higher after X-ray irradiation in comparison to UV. The
radiochromic efficiency of the dominant band, calculated using
eqn (1), ranges from 89% to 93%. The intensity of the dominant
band does not significantly change with the increase of Ce**
content, suggesting that the defects responsible for this band
are intrinsic to the Ca;MgSi,Og host lattice. However, the
intensity of the red-NIR absorption band is considerably stron-
ger after X-ray irradiation, indicating that the defects related to
this band are more efficiently generated by high-energy radia-
tion. A gradual decrease in the intensity of this band
with increasing Ce*" content suggests that Ce®" incorporation
suppresses the formation or stabilization of these defects.

The diffuse reflectance analysis suggests that Ce*" primarily
improves the efficiency of UV-induced photochromism by
affecting the charge trapping processes during photochromic
excitation. It does not significantly affect the formation of
charge traps associated with the dominant absorbance band
in the blue spectral range; however, it does alter the formation
of defects associated with the weaker absorbance band in the
red-NIR range.

The photochromic effect in the CMS is reversible and can be
bleached both with visible light and heat. The diffuse reflec-
tance spectra before irradiation, after irradiation, and after
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optical bleaching are shown in Fig. 4a. The reflectance spectra
after bleaching are similar to those before irradiation, indicat-
ing that most of the defects can be efficiently stimulated with
450 nm; however, there is a slight residual signal around the
345 nm range. The presence of this signal suggests that the
wide absorption band in the blue spectral range likely consists
of multiple bands related to defects with different stimulation
efficiencies. No significant changes in reflectance can be
detected after multiple irradiation and bleaching cycles, indi-
cating that color centers can be created repeatably and there is
no degradation of photochromic properties.

To analyze the role of Ce*" ions in the photochromic proper-
ties of Ca;MgSi,Og, photochromic excitation and photochromic
bleaching or stimulation spectra were measured for undoped
CMS and CMS 0.1%. The results are shown in Fig. 4b. The
maximum photochromic excitation efficiency for both samples
is in the deep UV range around 210-230 nm. The undoped
sample shows a continuous decay in intensity from 210 to
325 nm. In contrast, the sample doped with 0.1% Ce*" shows a
minimum at approximately 270 nm, beyond which the intensity
increases. This spectral range corresponds to the excitation of
4f — 5d transitions of Ce®" (Fig. 1c). The photochromic
bleaching or stimulation spectra of both samples consist of a
broad band with a maximum in the 380-470 nm range. The band
of CMS 0.1% is shifted to longer wavelengths, possibly due to
increased photochromic excitation efficiency in the near-UV range
in comparison to the undoped sample. The photochromic excita-
tion and stimulation data indicate that the introduction of Ce®"
into CazMgSi,Os affects photochromic excitation efficiency, espe-
cially in the near-UV range, which corresponds to the optical
absorption of Ce**. These results suggest that Ce*" ions participate
in the photochromic process by acting as charge traps. The
electron can be liberated from the 5d excited state, resulting in
the photoionization of Ce*" to Ce*".

In addition to the photochromic effect, both OSL and TSL
signals can be detected in CMS samples. OSL signals were

J. Mater. Chem. C

observed in all samples except for undoped CMS (Fig. 5a). The
OSL emission spectra are similar to the PL spectra shown in
Fig. 1c and are dominated by the characteristic 5d — 4f
transitions of Ce**. The photochromic excitation data shown
in Fig. 4b indicate that Ce*" is photoionized during the UV
excitation; therefore, it can be expected to act as a recombina-
tion center during optical stimulation. A slight spectral shift of
the OSL emission relative to PL is observed in the sample with
the highest Ce*" content, which might be attributed to the
selective participation of specific Ce®* centers during the OSL
process.

The OSL decay is shown in Fig. 5b. It becomes faster with
increasing Ce** concentration. This behavior suggests improved
recombination efficiency, which can be due to an increased
density of recombination centers and a smaller distance between
trapped charge carriers and Ce®" ions. In addition, higher dopant
concentration can facilitate tunneling-assisted recombination,
resulting in faster charge release and decay kinetics. It should
be noted that the fastest OSL decay was detected in CMS 0.1%,
and it was slightly slower in the sample with the highest Ce*
content (CMS 0.5%), which could be due to a lower overall
concentration of charge traps, indicated by the lower TSL and
EPR signal intensities of this sample, analyzed further.

For additional analysis of the charge trap properties, TSL
glow curves were measured after irradiation with X-rays and UV.
TSL glow curves after X-ray irradiation are shown in Fig. 6a, and
after UV irradiation are provided in Fig. S1. The general
structure of glow curves for both X-ray and UV irradiation is
similar, consisting of four main glow peaks with maxima (Tyjax)
around 80, 130, 230, and 360 °C, regardless of the excitation
source, indicating that the same charge traps and trapping and
detrapping mechanisms are involved. Conversely, there is a
notable difference in intensity between samples irradiated with
UV and those with X-rays, with the latter showing considerably
higher intensity. This is consistent with diffuse reflection
spectra measurements shown in Fig. 3a and b. In all samples

This journal is © The Royal Society of Chemistry 2026
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Fig. 5 (a) OSL spectra stimulated with 480 nm and (b) OSL decay detected during stimulation with 450 nm of CMS samples doped with 0.005-0.5% Ce**.

except the CMS 0.5%, the TSL maximum intensity is reached
around 230 °C; moreover, in samples with low Ce*" concen-
tration and the undoped sample, weaker glow peaks are either
not detectable or absent. The TSL glow curve of the CMS 0.5%
deviates from the rest of the set; the same was observed in the
OSL measurements.

The TSL emission signals shown in Fig. 6b consist of two
dominant signals — a peak at around 370 nm corresponding to
5d — 4f transitions of the Ce*" ion and a broad red lumines-
cence band with a maximum around 690 nm. In the undoped
sample, this red emission band is the dominant TSL signal.
This emission signal is detectable in the PL spectra; however,
due to the overlap of the PLE spectrum with the defect
stimulation in UV, it cannot be detected without simultaneous
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irradiation of the material. The excitation and emission spectra
for the red emission band in CMS 0% are provided in Fig. S2.
This indicates that the band is likely associated with radiation-
induced intrinsic defect recombination. The relative intensity
of the red emission band gradually decreases with Ce** concen-
tration, likely due to an increase in competing recombination
or emission centers.

To analyze the activation energies E, of the charge traps and
their nature, the X-ray-irradiated CMS 0.1% sample was chosen
due to the highest overall intensity. For analysis, the well-
established Tya—Tsop Measurement technique, together with
Initial Rise Analysis (IRA), was applied. Both methods are
widely acknowledged and used in advanced trap analysis.** >
The resulting glow curves from the TiaTsop €Xperiment are
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(a) TSL glow curves and (b) TSL emission spectra of CMS samples detected at 230 °C after irradiation with X-rays for 8 s; (c) photographs of CMS

samples with the right side irradiated with 250 nm detected during heating at ~230 °C.
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Tenax— Tstop/ Ea=Tstop PlOts; (d) TSL intensity dependence on beta irradiation dose of CMS 0.1%.

shown in Fig. 7a. The temperature step for Ty, was 10 °C from
30 to 360 °C. The corresponding IRA plots are depicted in
Fig. 7b, and TyaxTstop and E;~Teop plots are shown in Fig. 7c.
From the Trax—Tstop TSL glow curve, four regions can be roughly
distinguished, with three clear peaks corresponding to traps
with activation energies of 1.30 £ 0.07 €V (Tjpax & 80 °C); 1.79 £+
0.12 €V (Tmax & 230 °C); and 1.70 + 0.09 eV (Tmax & 360 °C).
The fourth region, near 130 °C, is characterized not by a distinct
glow peak but by an intensity plateau. In this region, Ty,.x and
E, grow as Ty, increases; E, rises from approximately 1.30 eV
to 1.40 eV. Such TSL bands have been previously understood to
be associated with thermally assisted tunneling processes.’*>*
Another non-typical behavior of the results is smaller E, values
corresponding to higher Ty,.,, as seen in the 1.79 + 0.12 eV
(Tmax & 230 °C) and 1.70 £ 0.09 eV (Timax & 360 °C) glow peaks.
It is reasonable to link this behavior to thermally assisted
tunneling as well. In this case, the E, value would represent
the energy difference between the ground level and the tunnel-
ing level of the trap, rather than the energy required to over-
come the gap between the trap and the conduction band as in
the classical TSL process.>>>® Although similar results have
been reported in earlier studies, a clear explanation has not yet

J. Mater. Chem. C

been established, and drawing definitive conclusions would
require further research beyond the scope of this study.’”>°
CMS 0.1% was selected for dose-dependence measurements
using beta particles. Fig. 7d shows the dependence of the TSL
signal intensity on the absorbed dose. A linear response was
observed up to approximately 40 Gy (R* = 0.9997). Beyond this
threshold, the intensity demonstrates a supralinear dose
response - a phenomenon observed in multiple TSL dosimetry
materials.’”®" At low doses, the response is primarily governed
by the population of isolated trapping centers, resulting in a
linear dose dependence. At higher irradiation doses, processes
such as saturation of competitive non-radiative charge traps
and an increase in delocalized recombination processes can
lead to supralinear response.®® The TSL signal showed good
reproducibility, and the coefficient of variation for TSL inten-
sity, analyzed for selected points in the 0.2-0.6 Gy range, ranged
from 1.9 to 3.6%. The results indicate that CMS has potential as
a TSL dosimetry material. However, further research is required
to analyze the fading rate, response to different excitation
sources, and precisely determine the minimal irradiation dose.
To analyze the key point defects related to the spectroscopic
properties of CMS, EPR spectroscopy was used. EPR spectra of

This journal is © The Royal Society of Chemistry 2026
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Fig. 8 X-band EPR spectra of the investigated samples before and after 250 nm irradiation: (a) full intensity and (b) magnified scale.

the investigated CMS samples with different concentrations of
Ce before and after UV irradiation are shown in Fig. 8. No
signals were detected before the irradiation. After irradiation
using X-rays or UV, a strong EPR signal appears. The EPR
spectra detected after irradiation with different sources were
similar (Fig. S3).

Based on the stability of the UV-generated signals (Fig. 10),
three components (C1, C2, and C3) can be differentiated in the
EPR spectra. Components C2 and C3 were previously reported
in Eu”*-doped Ca;MgSi,05.2” Component C2 is a slightly aniso-
tropic signal at ca. 351 mT (g; = 2.0007, g, = 1.9997, g5 = 1.9990)
with the highest peak-to-peak intensity. The overlapping C3
contribution has similar g-factor values (g; = 2.0006, g, =
2.0000, g5 = 1.9994), but a more complex signal profile due to
anisotropic hyperfine (HF) interaction with a single boron
nucleus (4,"'® = 11 MHz, 4,"'® = 28 MHz, A;''® = 10 MHz).
Both signals have been assigned to F'-type centers (singly
occupied oxygen vacancies), where boron impurities play a
stabilizing role on the second paramagnetic center.>” This is
consistent with the differences in annealing curves presented
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in Fig. 10c. The EPR spectra of both centers show a decrease in
intensity at the highest Ce®* concentration (Fig. 8), which
suggests that the dopant ion introduces competing trapping
pathways in the material. This hypothesis is supported in
Fig. 8b, where a broad signal in the 340-360 mT range, denoted
as C1, increases with cerium concentration.

Simulations of EPR spectra acquired at two microwave
frequencies (X- and Q-band) were carried out to determine
the spin-Hamiltonian (SH) parameters of signal C1 using the
following equation:

H = upBgS + SAT (2)

In eqn (2), g is the g-factor; us - the Bohr magneton; B -
external magnetic field; § - electronic spin operator; A - HF
coupling tensor with '°B (I = 3; natural abundance = 19.9%) and
"B (I = 3/2; 80.1%) nuclei; I - nuclear spin operator.®® The best
fit, shown in Fig. 9, was achieved using S = 1/2 with the
following set of SH parameters: g; = 2.0015(1), g, = 2.0016(1),
gs = 2.0006(1); and "B HF couplings A;''® = 139(1) MHz
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Fig. 9 Simulations of the C1 EPR component acquired at (a) X-band and (b) Q-band microwave frequencies.
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A,""® = 150(1) MHz, A;"'® = 204(2) MHz. The experimental HF
structure is well reproduced by a superposition of simulated
contributions from '°B and ''B weighted by their natural
abundances and using the respective nuclear magnetic
moments, thereby supporting the selected spin system.
Comparison of the EPR simulation results with the litera-
ture data allows us to propose a boron-associated electron
center model for the C1 component in cerium-doped CMS.
EPR studies of radiation-induced paramagnetic centers in
LiB;0Os, Li,B,0,;, and BaB,0, crystals report electron-type
centers attributed to trapped electrons at oxygen vacancies
forming adjacent to boron atoms.***° In Li,B,0, the trapped
electron is localized primarily on one of the two boron ions
adjacent to the oxygen vacancy, leading to pronounced *'B HF
couplings.®® In BaB,0,, the trapped electron shows 'B HF
splittings of 4.2-4.9 mT, corresponding to 120-140 MHz, and a
g value of 1.9993, i.e., slightly below the free electron g. =
2.0023 value.®* The negative shift of the principal components
of the g-tensor relative to g. and "B HF couplings in the
hundreds of MHz range for C1 in CMS, allows us to propose
a similar defect model of a trapped electron at an oxygen

View Article Online
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vacancy (F'-type center) coupled strongly to a neighboring
boron atom.

A plausible defect formation scenario in CMS is that boron
introduced during synthesis (via borate-based additive) incor-
porates into the silicate lattice, forming a boron-oxygen unit.
Local charge compensation processes can promote the for-
mation of nearby oxygen vacancies, which act as charge traps.
Following UV or X-ray irradiation, an electron can become
trapped at such a vacancy in the vicinity of the boron impurity,
giving rise to the C1 EPR signal. The observed increase in the
C1 intensity with Ce concentration (Fig. 8b) suggests that Ce**
substituting Ca®* either stabilizes the relevant vacancy-boron
complexes and/or serves as an electron donor for populating
this trap. According to diffuse reflectance measurements of X-
ray irradiated samples, the latter mechanism is the most
probable.

Radiation-induced paramagnetic centers exhibit distinct
stabilities during storage at room temperature and stepwise
annealing (Fig. 10). At room temperature, C1 decays rapidly
(to 0.54 of the initial intensity after 120 min), C2 is moderately
stable (to 0.84 after 5 h), whereas C3 remains essentially
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Fig. 10 (a) X-band EPR spectra, (b) diffuse reflectance spectra and (c) comparison of C1-C3 and dominant absorbance band (335 nm-430 nm) intensity

of the CMS 0.1% after 250 nm irradiation and subsequent annealing; (d) X-band EPR spectra, (e) diffuse reflectance spectra and (f) comparison of C1-C3
and integral diffuse reflectance signal stability of the CMS: 0.1% after 250 nm irradiation and after storage of the sample in the dark for selected time

intervals at room temperature.
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stable within the experimental EPR signal intensity fluctua-
tions. Similar trends of the C2 (“C unstable”) and C3
(““C stable’”) components were reported in Eu**-doped CazMg-
Si,0g.2” The stepwise annealing data show that C1 is fully
annealed by 100 °C, whereas C2 and C3 are more stable
and anneal most rapidly in the 150-200 and 200-250 °C
ranges, respectively. These annealing ranges are consistent
with glow peak temperatures around 80, 130, and 230 °C in the
TSL glow curves (Fig. 6 and 7), which indicates that these
paramagnetic centers play a role in radiative recombination
processes. Regardless of dissimilar thermal stabilities, all
EPR signal components can be efficiently bleached by expo-
sure to 430 nm light (Fig. S4). In diffuse reflectance spectra
shown in Fig. 10b, the dominant signal corresponding to
overlapping absorbance bands at 335 nm and 430 nm
remains stable up to 200-250 °C. Slightly higher stability
was detected for the 335 nm band, as expected from the lower
optical bleaching efficiency shown in Fig. 4a. A similar ther-
mal stability of the dominant absorbance band at 430 nm and
C3 signal was detected (see Fig. 10c). The photochromic
response of all the investigated materials exhibits excellent
signal stability after storage in the dark. The changes in the
integral signal intensity of CMS 0.1% are shown in Fig. 10e.
The signal intensity after 400 min decreased only by 9%, and
similar values were also detected in other samples including
undoped CMS and CMS 0.5% shown in Fig. S5. The signal
stability in CMS is exceptionally high in comparison to Eu**-
doped Sr;MgSi,Og and (Ca,Sr);MgSi,Og solid solutions
reported previously,>”*® indicating unusually high stability
of the color centers in this host. The comparison of EPR and
diffuse reflectance signals shown in Fig. 10f indicates a similar
stability of C3 centers and the dominant absorbance band.

In summary, the introduction of Ce*" does not promote the
formation of color centers, but it improves the photochromic
excitation efficiency, most likely due to photoionization of Ce**
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to Ce*" during the excitation. The dominant paramagnetic
point defects formed during the excitation are three distinct
F* centers, two of which are located near the boron ions. The
defects responsible for both the dominant absorbance band
and the TSL signal in CMS are C3 centers. The trapped charges
can be released thermally, resulting in TSL, or by optical
stimulation, resulting in OSL.

The mechanism of defect-related optical properties of CMS
is summarized in Fig. 11. In undoped CMS (Fig. 11a), the
photochromic effect can be induced after UV irradiation, and
the highest efficiency is in the deep UV range (210-230 nm).
The electrons are likely excited from the valence to the conduc-
tion band and trapped at oxygen vacancies, thus forming F'-
type centers. Although three different F* centers can be
detected in these materials, the dominant absorbance band
and TSL signal can be attributed to the C3 center detected by
EPR analysis. Electrons can be liberated from the trap centers
by optical stimulation or heat. Optical stimulation in the
undoped CMS results in the bleaching of the photochromic
effect. The dominant TSL emission in the undoped samples is a
broad band in the red spectral range, likely related to recombi-
nation of irradiation-induced centers. In CMS doped with Ce**
(Fig. 11b), the photochromic effect can be induced by irradia-
tion with deep UV (210-230 nm) or excitation of Ce*" from 4f to
5d states, suggesting photoionization of Ce*" to Ce*". Similar to
the undoped sample, electrons can be trapped in the oxygen
vacancies and subsequently liberated using optical stimulation
or heating. Both OSL and TSL signals can be detected in all Ce**
doped samples. The dominant emission signals for OSL and
TSL are 5d — 4f transitions of the Ce*". The Ce’" content in
CMS affects photochromic efficiency, OSL decay, TSL intensity,
and charge trap distribution. The results indicate that CMS:
0.1% has the highest potential for dosimetric applications due
to the highest TSL intensity of deep charge traps and the fastest
OSL decay.
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Fig. 11 Schematic energy level diagram of (a) undoped CazMgSi,Og and (b) CazMgSi,Og:Ce**.
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4. Conclusions

A novel photochromic material, CazMgSi,Og:Ce*", with excep-
tionally high color contrast, an efficient OSL signal, and a linear
TSL dose response up to 40 Gy, has been developed. XANES
studies indicate that the oxidation state of cerium ions in the
CazMgSi, Oy lattice is predominantly 3+, whereas the EXAFS
analysis suggests that cerium mainly substitutes at Ca2 sites in
a distorted eightfold coordination. Variations in Ce®" concen-
tration affect the charge trap distribution and the overall
contribution of different defect-related signals in the TSL,
EPR, and diffuse reflectance spectra. Ce** doping also improves
the recombination processes in Caz;MgSi,Og, likely by partici-
pating in charge trapping during the excitation. EPR data
indicate the presence of three distinct F* centers with different
stabilities in the investigated material. The comparison of the
spectroscopic data indicates that the dominant TSL and photo-
chromic signals are associated with the F' center with the
highest thermal stability (C3). The combination of excellent
stability with efficient spectroscopic properties suggests
that CagMgSiZOg:Ce3+ is a promising material for dosimetry
applications.
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