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ABSTRACT: Inorganic photochromic materials have been extensively
studied for their potential applications in various fields such as
anticounterfeiting, optical information storage, and smart windows. In this
study, the tunable photochromic properties of (Ca,Sr)3MgSi2O8:Eu2+
compounds, which exhibit a composition-dependent photochromic effect
varying from reddish-pink to yellow, are analyzed. All investigated materials
exhibit excellent photochromic efficiency, ranging from 60% in Sr3MgSi2O8 to
66−69% in (Ca,Sr)3MgSi2O8:Eu2+ solid solutions, reaching an unusually high
value of 85% in Ca3MgSi2O8:Eu2+ − exceeding values reported for other
currently known wide bandgap materials. Two dominant defect-related
absorbance bands centered in the blue-green and near-infrared (NIR) spectral
ranges are detected using diffuse reflectance spectroscopy (DRS). Thermo-
stimulated luminescence (TSL) analysis reveals that the dominant TSL signal,
with an activation energy of 1.45 eV, shows similar excitation and bleaching behavior to the photochromic effect and is likely
associated with nonparamagnetic charge trap centers. Comparison of electron paramagnetic resonance (EPR) spectroscopy and DRS
measurements indicates that the photochromism in (Ca,Sr)3MgSi2O8:Eu2+ is attributed primarily to the formation of F+ centers, i.e.,
electrons trapped in oxygen vacancies, and suggests tunneling between defects. Among the investigated materials, Ca3MgSi2O8:Eu2+
demonstrates the best performance by combining superior color contrast, efficient optical and thermal stimulation, and unusually
deep charge traps, making it a promising candidate for practical applications.
KEYWORDS: photochromic effect, merwinite, Eu2+, F+ centers, color contrast

1. INTRODUCTION
Photochromism, also called tenebrescence in minerals, is a
reversible color change in a material upon exposure to light.1,2

This phenomenon has been observed in both organic and
inorganic materials, although the underlying mechanisms are
different. In organic compounds, photochromism results from
a light-induced transformation between two isomers with
distinct absorption spectra.3 In inorganic materials, the color
changes can be related to redox processes, which have been
analyzed in metal halides and transition metal oxides, or the
light-induced trapping of electrons in charge traps, which is a
commonly proposed mechanism in wide band gap materials.4

Compared to their organic counterparts, inorganic photo-
chromic materials offer superior thermal, mechanical, and
chemical properties, combined with a fast response to color
changes and excellent cycling repeatability.4 These advantages
make them promising for a range of applications, such as
anticounterfeiting and optical information storage,5−7 optical
thermometry,8,9 dosimetry,10,11 photocatalysis,12,13 smart
windows,14 and self-erasing writings.15,16 Notable inorganic
p h o t o c h r om i c m a t e r i a l s i n c l u d e h a c km a n i t e
(Na8Al6Si6O12(Cl,S)2),

2,17 BaMgSiO4,
10,18 ferroelectric

K0.5Na0.5NbO3,
19,20 and transition metal oxides WO3 and

MoO3, which have been widely studied for their efficient
photochromic response.21 A comprehensive overview of
known inorganic photochromic materials has been provided
in a recent review.1

Despite their promising properties, inorganic photochromic
materials are currently overshadowed in practical applications
by organic dyes and polymers.22,23 Key challenges limiting
their widespread use include typically low color contrast,
limited color selection, and a lack of understanding of the
fundamental mechanism of photochromic processes in most
complex materials.4 The color contrast can be improved by
understanding the mechanism of the photochromic effect in
the specific material and optimizing the synthesis conditions
and dopants. The color, however, depends on the electronic
properties of specific defects or color centers, which are
characteristic of each host material. In wide-band gap materials,
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optical properties, including absorption band position, depend
on the local environment of a specific center or defect. For
instance, in alkali halides, the absorption of electrons trapped
in halide vacancies (F-centers) is strongly influenced by
cation−anion distances, with absorption peaks ranging from
244 nm in LiF to 727 nm in RbI.24 A similar tunability has
b e e n r e p o r t e d i n p h o t o c h r o m i c s o d a l i t e s
(M2(NaAlSiO4)6(X,Y,S2), M = Li−Rb, X, Y = Cl−I), where
variation in cation and anion composition resulted in a
remarkable shift of F-center absorption bands from 438 to 682
nm.25 These findings highlight the potential of crystal structure
modification as a strategy for developing new photochromic
materials with tunable optical properties.
Recent studies have identified efficient photochromic

alkaline-earth silicates, Ca3MgSi2O8 and Sr3MgSi2O8.
16 These

compounds form Ca3MgSi2O8−Sr3MgSi2O8 solid solutions,26
which is a way to modify the crystal structure and the local
environment of intrinsic defects. It was previously proposed
that F+-centers are one of the defects contributing to the
photochromic effect of these materials.16 The replacement of
larger Sr2+ ions with smaller Ca2+ would reduce the interatomic
distances in the M3MgSi2O8 lattice. A subsequent shift in the
absorption bands of F+ centers can be expected.
In this study, we report tunable high-contrast photo-

chromism varying from reddish-pink to yellow in
(Ca,Sr)3MgSi2O8:Eu2+ solid solutions. The composition-
dependent optical properties and the underlying photochromic
mechanisms are analyzed in detail, providing new insights into
the design of efficient photochromic materials.

2. RESULTS AND DISCUSSION
The crystal structure of (Ca,Sr)3MgSi2O8:Eu2+ was studied
using X-ray diffraction (XRD) analysis. Diffraction patterns
(Figure 1a) for Ca3MgSi2O8 (Ca: 100%) and Sr3MgSi2O8 (Ca:
0%) match well with their respective references�monoclinic
Ca3MgSi2O8 (PDF 01−086−3096) and monoclinic
Sr3MgSi2O8 (PDF 04-022-8337)�confirming phase purity.
Both Ca3MgSi2O8 and Sr3MgSi2O8 crystallize in the mono-
clinic crystal structure with P21/a space group. These
compounds have three distinct Ca or Sr positions, one Mg
position, two distinct Si positions, and eight distinct O
positions.26 The main structural difference between the two

phases is the significantly smaller β angle of 90.0007° in
Sr3MgSi2O8,

26 in comparison to 91.9015° in Ca3MgSi2O8,27
which leads to noticeable peak overlap in the XRD pattern of
Sr3MgSi2O8. The low symmetry and presence of multiple
distinct oxygen positions in the lattice may facilitate the
formation of various oxygen-related defects.28−30 This
characteristic aligns with previous observations of multiple
absorption bands in both photochromic Ca3MgSi2O8:Eu2+ and
Sr3MgSi2O8:Eu2+.

16 Incorporation of Ca2+ into the Sr3MgSi2O8
lattice resulted in a gradual shift of XRD peaks toward lower
interplanar distances, highlighted with dashed lines for the
(42̅0) plane. This shift is associated with the replacement of
larger Sr2+ ions (1.26 Å for 8-fold coordination) with smaller
Ca2+ ions (1.12 Å for 8-fold coordination).31 No additional
phases were detected in the substituted samples, indicating the
formation of a continuous Ca3MgSi2O8−Sr3MgSi2O8 solid
solution with unlimited solubility.
Pho t o l um in e s c en c e (PL) p r op e r t i e s o f t h e

(Ca,Sr)3MgSi2O8:Eu2+ samples were analyzed using PL and
photoluminescence excitation (PLE) measurements (Figure
1b). In all samples, the dominant excitation and emission
signals are attributed to Eu2+ ions. The spectral positions of
Ca: 0% and Ca: 100% closely match previously reported values
for Sr3MgSi2O8:Eu2+ and Ca3MgSi2O8:Eu2+.

32,33 The PLE
spectra of all investigated samples exhibit similar features,
consisting of broad overlapping excitation bands with maxima
at 285 and 344 nm, corresponding to the 4f7 → 4f65d1

transitions of Eu2+. In the PL spectra, the dominant broadband
emission signals appear in the blue-green spectral range and are
assigned to the 4f65d1 → 4f7 transitions of Eu2+ ions. A gradual
redshift in emission wavelength from 457 to 475 nm is
observed with increasing Ca content. Previous extended X-ray
absorpt ion fine s t ruc ture (EXAFS) ana lys i s o f
Ca3MgSi2O8:Eu2+ and Sr3MgSi2O8:Eu2+ suggests that Eu2+

ions preferentially substitute into Ca/Sr sites with higher
coordination numbers. In Sr3MgSi2O8, Eu2+ is incorporated in
Sr2 site, and in Ca3MgSi2O8, Eu2+ can be reasonably modeled
in either the Ca2 or Ca3 sites, which both give similar
signals.16 The shift in emission wavelength can be ascribed to
both changes in the crystal field and incorporation of Eu2+ ions
in multiple distinct Ca2+ and Sr2+ positions.26

Figure 1. a) XRD patterns and the position of (42̅0) plane of Sr3MgSi2O8 marked with a dashed line and b) PLE (480 nm emission dashed lines)
and PL (285 nm excitation, solid lines) spectra of Ca: 0−100% samples.
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The observed red shift in the Eu2+ emission band with
increasing Ca2+ content in (Ca,Sr)3MgSi2O8 can be attributed
to several interrelated factors. First, substitution of Sr2+ with
the smaller Ca2+ ion reduces the average Eu−O bond length,
resulting in a stronger crystal field that lowers the energy of the
5d excited state. Additionally, Ca2+ exhibits a slightly higher
polarizing power compared to Sr2+, leading to increased
covalency in the Eu−O bonds. It reduces the energy of the 4f−
5d transition and further contributes to the red shift. Similar
results have been reported in other solid solutions.34−36

The DRS spectra of (Ca,Sr)3MgSi2O8:Eu2+ samples before
and after UV irradiation (250 nm for 3 min) are shown in
Figure 2a. Before irradiation, a relatively weak absorption

signal is observed in the 320−450 nm range, corresponding to
the 4f7 → 4f65d1 transitions of Eu2+. This absorption matches
well with the PLE data presented in Figure 1b. After UV
irradiation, multiple intense absorption bands appear in the
visible range for all samples. In Ca: 0%, the dominant
absorption bands are in the blue-green and red to NIR spectral
regions with maxima located at 470 and 780 nm, leading to a

reddish-pink coloration. As the Ca/Sr ratio increases, all
absorption bands shift to shorter wavelengths, and the relative
intensity of the NIR absorption band decreases. The results
indicate that UV irradiation of (Ca,Sr)3MgSi2O8:Eu2+ causes
the formation of at least two types of color centers with distinct
absorption properties. Moreover, the two absorbance bands
exhibit distinct thermal and time stability, discussed further in
the text. Similar photochromic response has been previously
reported in Eu2+ doped Ca3MgSi2O8 and Sr3MgSi2O8, which
has been associated with the trapping of electrons in oxygen
vacancies by forming F+ centers.16 The relative contribution to
the overall spectrum and the spectral position of these centers
are influenced by the Ca/Sr ratio, leading to composition-
dependent color changes. As a result, a gradual shift in
coloration from reddish-pink to yellow is observed (see Figure
2b).
The (Ca,Sr)3MgSi2O8:Eu2+ samples exhibit excellent color

contrast, i.e., the difference in the absorbance before and after
irradiation. The efficiency of photochromic materials can be
calculated as the difference between the nonirradiated and
irradiated states

R R R0 1= (1)

where R0 and R1 are reflectance at a specific wavelength before
and after irradiation, respectively.37,38 In the investigated
materials, ΔR of the most intense absorption bands in the
green spectral range changes from 60% in Sr3MgSi2O8 (Ca:
0%) to 66−69% in (Ca,Sr)3MgSi2O8:Eu2+ solid solutions,
reaching a maximum of 72% in Ca3MgSi2O8 (Ca: 100%).
However, normalized intensity is more often reported:1,39−42

R
R R

R
100norm

0 1

0
= ·

(2)

The main advantage of eq 2 is that it can be adapted for
other processes such as luminescence modulation and
absorbance measurements in transparent materials. In the
investigated materials, normalized photochromic efficiency
ΔRnorm values for the maximum of absorbance bands in the
blue spectral range increase from 68% in Sr3MgSi2O8 (Ca: 0%)
up to 85% in Ca3MgSi2O8 (Ca: 100%), which is an

Figure 2. a) DRS spectra of Ca: 0−100% samples before (dashed
lines) and after irradiation (solid lines) with 250 nm for 3 min; b)
photograph of samples with the top half irradiated with 250 nm for 3
min.

Figure 3. a) DRS spectra of Ca: 60% before irradiation, after irradiation with 250 nm for 3 min and after optical bleaching with 500 nm for 1 min
(inset: reflectance at 450 nm after multiple irradiation and bleaching cycles); b) photochromic effect stimulation and bleaching spectra of Ca: 60%
(inset: OSL spectrum detected during stimulation with 540 nm).
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exceptionally high value that surpasses other wide band gap
inorganic photochromic materials reported previously.1 The
results confirm that Eu2+ doped Ca3MgSi2O8−Sr3MgSi2O8
compounds, especially Ca3MgSi2O8, are highly efficient
photochromic materials. It should be noted that there is a
significant overlap of absorbance bands and Eu2+ emission. As
a result, a considerable decrease in the Eu2+ emission intensity
can be detected after irradiation. To quantify this effect, PL
measurements were performed on (Ca,Sr)3MgSi2O8:Eu2+
samples excited at 420 nm before and after 250 nm irradiation
for 3 min. In Sr3MgSi2O8:Eu2+, the integrated Eu2+ emission
intensity under 420 nm excitation decreased by 87.3 ± 4.7%
after irradiation. This decrease became progressively larger
with increasing Ca content, from 89.3 ± 1.9% for Ca: 20% to
95.1 ± 0.3% for Ca: 80%, reaching a maximum of 96.6 ± 0.2%
in Ca3MgSi2O8:Eu2+, which exhibits the strongest absorbance
in the blue spectral range.
The color changes in the investigated materials are reversible

and can be bleached thermally or using visible light. DRS
spectra before irradiation, after irradiation, and after bleaching
are shown in Figure 3a.
After bleaching, the reflectance spectra match well with

spectra before irradiation, indicating that the samples can be
reverted to the original state. No significant changes in the
reflectance can be detected after multiple cycles of irradiation
and bleaching. The results suggest that the color centers can be
created repeatably even after multiple irradiations and
bleaching cycles. Photochromic excitation and bleaching
spectra of Ca: 60% are shown as an example in Figure 3b.
The excitation spectrum shows a wide band located in the
200−300 nm range. Similar excitation spectra have been
detected in Eu2+-doped Ca3MgSi2O8 and Sr3MgSi2O8, reported
previously,16 therefore it is expected to be similar for all of the
investigated Ca3MgSi2O8−Sr3MgSi2O8 samples. The bleaching
or optical stimulation spectrum contains a broad band, located
in the 350−550 nm range, with a maximum at 450 nm. The
optical stimulation spectrum of Ca: 60% is in a similar spectral
position as the dominant defect-related absorbance band in the
blue-green spectral range, which suggests that during the
excitation, defects related to this band are directly stimulated
and liberated from charge traps. However, after the
stimulation, both absorbance bands centered at 470 and 740

nm decrease in intensity (see Figure 3a), which can be
associated with charge transfer processes between these two
charge traps. The optical bleaching is accompanied by OSL
(inset of Figure 3b). The OSL spectrum of Ca: 60% matches
well with the Eu2+ emission shown in Figure 1b, suggesting
that the recombination center in the OSL is likely Eu2+.
In addition to the photochromic effect and OSL emission,

TSL can be detected in all samples. To analyze the trap
properties of the (Ca,Sr)3MgSi2O8:Eu2+ samples, TSL glow
curves were measured after irradiation with UV. The resulting
TSL glow curves are shown in Figure 4a. The general structure
of the glow curves is similar for all samples, with a low-intensity
signal at temperatures below 170 °C and a dominant peak with
a maximum in the 250−270 °C range. The highest TSL
intensity and deepest charge traps were detected for Ca: 100%,
which shows the potential of this material for dosimetry
applications. It should be noted that consistently weaker TSL
intensity of Ca: 80% sample compared with Ca: 100% and Ca:
60% has been observed. It may result from a combination of
factors, including a lower charge trap concentration, reduced
Eu2+ luminescence efficiency, or stronger overlap between Eu2+
emission and defect-related absorbance bands. Additionally,
the TSL spectra of the samples were measured; the spectrum
of Ca: 100% is shown in the inset of Figure 4a. The TSL
spectra coincide with the PL spectra demonstrated in Figure
1b, thus ascribed to the Eu2+ luminescence. To compare the
charge traps associated with defect-related optical properties,
the TSL signal stability was evaluated after bleaching with blue
light. It was observed that after exposure to a blue light LED,
all charges were released from the defect centers, resulting in a
complete bleaching of the TSL signal (see Figure 4b). The
results indicate that the defects related to photochromic effect,
OSL, and TSL can be optically bleached. The same defects are
likely responsible for all three processes.
For an in-depth analysis, the Ca: 100% sample was selected.

The Tmax−Tstop method was employed to analyze the
characteristics of traps by isolating individual glow peaks
through incremental thermal cleaning, followed by the
evaluation of activation energy via initial rise analysis (IRA),
which assumes Arrhenius behavior in the low-temperature
range of each peak. Both methods are well recognized and
widely utilized.43−45 A preheating step of 15 °C from 30 to 280

Figure 4. a) TSL glow curves of Ca: 0−100% samples and b) TSL glow curves of the Ca: 100% sample after irradiation with 263 nm and after
irradiation with blue light (450 nm). Inset: TSL spectrum of Ca: 100% sample.
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°C was chosen, and for each measurement cycle, irradiation
was carried out for 10 min. The obtained TSL glow curves and
IRA plots are presented in Figure 5b,c. The calculated

activation energies are depicted in Figure 5a. They can be
classified into low and high energy ranges, with a threshold
around 200 °C. The high-temperature glow peak can be
characterized by an activation energy of about 1.45 eV. In
contrast, the results for the low-temperature region are less
conclusive; most activation energies fall within the 0.6−0.9 eV
range. However, a trend of gradual increase in activation
energy with higher Tstop indicates the presence of the same
type of defects with slightly varying surroundings.

To identify the defects formed in (Ca,Sr)3MgSi2O8:Eu2+
solid solutions, EPR spectroscopy was used. After irradiation
with UV (250 nm), EPR signals associated with paramagnetic
centers emerge, consistent with previous investigations of the
end members of (Ca,Sr)3MgSi2O8:Eu2+ solid solutions.

16 A
comparison of the UV-generated signals is presented in Figure
6. Most samples, except for Ca: 100%, exhibit relatively broad,
asymmetric peaks. The peak positions gradually shift toward
higher magnetic field values with the increase of Sr content.
The two low-intensity lines at ca. 355 mT observed in some of
the samples originate from trace impurity ions.
Simulations of the UV-induced EPR signals were performed

using the following spin-Hamiltonian (SH):

H B S SAIgB= + (3)

In eq 3, g is the g-factor; μB − the Bohr magneton; B⃗ −
external magnetic field; Ŝ − electronic spin operator; A − HF
coupling tensor; I ̂ − nuclear spin operator.46 The HF
interaction term was considered for the Ca: 100% sample
only to explain the EPR spectrum structure in the 339−342
and 344−346 mT ranges. Experimentally, this signal was
determined to increase with boron concentration (Figure S1).
Both naturally occurring boron isotopes, 10B (I = 3; natural
abundance = 19.9%) and 11B (I = 3/2; 80.1%), possess a
magnetic moment. Multifrequency simulation results for the
Ca: 100% and 0% samples are overviewed in Figure 7, while
those for intermediary samples are shown in Figure S2. The
determined SH parameters are provided in Table 1. Several
points regarding the representation of simulation data should
be noted: (1) Experimental spectra obtained after irradiation
comprise multiple overlapping components with different
stabilities. To simplify the simulations, the spectra recorded
1 day after irradiation were chosen for analysis. A tentative
analysis of the unstable part is provided in Figure S3. (2) “C
signal” refers to the group of signals observed in Ca-containing
samples (Ca: 20−100%); note that HF structure was resolved
in Ca: 100%. (3) Conversely, “S signal” refers to the signals
identified in the Sr-containing samples (Ca: 0−80%). The

Figure 5. a) Activation energy values of the traps present in the Ca:
100% sample; b) Tmax − Tstop; and c) IRA plots of the same sample.

Figure 6. a) X-band EPR spectra of the Ca: 0−100% samples before (dashed lines) and after 250 nm irradiation for 3 min (solid lines). b)
Variation of giso of the UV-generated paramagnetic centers with Sr content.
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differentiation of multiple UV-generated EPR signals correlates
with the formation of several color centers with distinct
absorption properties.
The nature of UV-induced paramagnetic centers in

(Ca,Sr)3MgSi2O8:Eu2+ can be discussed based on the
simulation results. Both groups of EPR signals originate from
S = 1/2 spin systems with rhombic symmetry g-factors (g1 ≠ g2
≠ g3). As the Sr content increases, the EPR resonance positions
gradually shift to higher field values (Figure 6a), corresponding
to decreasing g-factor values. This trend is illustrated in Figure
6. b by introducing giso = (g1 + g2 + g3)/3. The results indicate
two types of defects: one associated with single-phase
Ca3MgSi2O8 and the other with Sr3MgSi2O8, both of which
undergo gradual local structural transformations within the
(Ca,Sr)3MgSi2O8 solid solutions. This hypothesis is corrobo-
rated by the relative contributions of C and S signals
depending on Ca and Sr content in Figure 6. Negative shifts
from the free electron g-factor (giso < ge = 2.0023) indicate that

the UV-generated species are related to trapped electrons. The
F+ center − a single trapped electron at an oxygen vacancy −
can be considered one of the primary S = 1/2 electron-type
centers in oxides. Notably, the giso values determined for Ca:
100% and Ca: 0% here are close to those reported for F+
centers in CaO (g = 2.000) and SrO (g = 1.9845),47

respectively. Therefore, the formation of composition-depend-
ent F+-type centers involving native oxygen vacancy defects can
be proposed in the (Ca,Sr)3MgSi2O8 series upon exposure to
UV radiation.
The time-dependent evolution of UV-induced EPR signals

(Figure S3) reveals additional complexity in the investigated
materials. Specifically, both the signal intensities and spectral
shapes change over time. This observation implies that the
experimental spectra are a superposition of multiple over-
lapping components with varying degrees of stability. The less
stable components have been tentatively extracted as the
simulation curves in Figure S3. Notably, the g-factor values of

Figure 7. EPR spectra simulations of Ca: 100% ((a) X-band; (b) Q-band) and Ca: 0% ((c) X-band; (d) Q-band) samples after irradiation with 250
nm for 3 min.

Table 1. SH Parameters of the UV-Induced Paramagnetic Centers in the Investigated Samples

C signal S signal

Sample g1 g2 g3 giso g1 g2 g3 giso

Ca: 100%
2.0006(10) 2.0000(10) 1.9994(10)

2.0000
A 11(3) MHzB

1
11 = A 28(5) MHzB

2
11 = A 10(3) MHzB

3
11 =

Ca: 80% 1.9999(5) 1.9981(5) 1.9970(5) 1.9983 1.9950(5) 1.9950(5) 1.9950(5) 1.9950
Ca: 60% 1.9980(5) 1.9980(5) 1.9961(5) 1.9974 1.9938(5) 1.9938(5) 1.9908(5) 1.9928
Ca: 40% 1.9980(5) 1.9968(5) 1.9954(5) 1.9967 1.9931(5) 1.9897(5) 1.9863(5) 1.9897
Ca: 20% 1.9975(5) 1.9963(5) 1.9949(5) 1.9962 1.9922(5) 1.9887(5) 1.9856(5) 1.9890
Ca: 0% 1.9916(5) 1.9879(5) 1.9853(5) 1.9883
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these unstable components are comparable to those of the
relatively more stable ones listed in Table 1, which also
suggests an association with F+-type centers. The Ca: 100%
sample provides an insightful example as EPR spectra HF
structure is resolved for the stable component (Figure 7), while
it is absent for the unstable component. It can be proposed
that B3+ ions substituting Si4+ would generate a local positive
charge deficiency, which is compensated by F+-type centers.
The absence of HF structure for the fast-decaying EPR signal
in Ca: 100% suggests that such impurities are not located in
the proximity of the paramagnetic center.
In summary, the EPR results demonstrate that UV-induced

charge transfer processes generate F+ type paramagnetic
centers in (Ca,Sr)3MgSi2O8 solid solutions. The two distinct
F+ signals are attributed to electrons trapped in different types
of oxygen vacancies, likely located at two of the eight
crystallographically distinct oxygen sites or influenced by
local distortions from additives such as Eu or B, with distinct
local environments. Each material contains multiple para-
magnetic centers with varying degrees of stability. The local
structure of these centers is influenced by the chemical
composition of the host.
To understand the role of paramagnetic defects in the

photochromism of the investigated materials, the time and
temperature stabilities of EPR signals were compared with
DRS data (see Figure 8a).
After prolonged storage in the dark, changes in the relative

intensity of dominant absorbance bands were observed,
indicating the thermal liberation of defects. A gradual decrease
in the intensity of the dominant diffuse reflectance band with a
maximum at 470 nm was detected. Interestingly, in parallel, an
increase in the 740 nm band was observed. The results suggest
a charge transfer process that leads to the formation of defects
associated with the 740 nm band. Such effects were consistent
across all samples, including Ca: 0% and Ca: 100%.
Additionally, a decrease in the overall signal intensity was
observed in the EPR spectra (Figure 8b). The decay rate of the
470 nm band closely matched the integral EPR signal (inset of
Figure 8), indicating that 470 nm absorbance is related to
paramagnetic F+ centers. Similar results were obtained when
comparing the thermal stability of DRS and EPR signals,
shown in Figure 9a,b.

The intensity of the dominant absorbance band at 470 nm
gradually decreased with increasing heat treatment temper-
ature. Similar to time stability measurements, the intensity of
the absorbance band at 740 nm gradually increased within the
25−125 °C range, followed by a decrease at higher
temperatures. In the EPR spectra, a gradual decrease in the
intensity of the C signal was detected (see Figure 9b),
exhibiting thermal stability that matches the 470 nm band. The
S signal, within the margin of error, correlates well with the
740 nm band. These results indicate that the dominant
absorbance bands in the blue-green and red to NIR spectral
ranges in (Ca,Sr)3MgSi2O8:Eu2+ are related to F+ centers.
However, the slightly higher thermal stability of the 470 nm
band compared to the C signal indicates that this absorbance
band likely consists of several overlapping bands associated
with F+ centers and nonparamagnetic color centers. The
increase in intensity of the 740 nm band and the S signal could
be attributed to tunneling of liberated electrons to vacancies
with higher stability.
Similar to TSL, the activation energies for the decay of the

photochromic signal and the EPR signal were evaluated using
the Arrhenius equation as described elsewhere.48,49 From DRS
data, a trap depth of 0.22 ± 0.02 eV was obtained, while EPR
measurements showed 0.19 ± 0.01 eV. The corresponding
Arrhenius plots are shown in Figure S4. These low activation
energies indicate that the associated F+ centers are relatively
unstable, and the 470 nm absorbance band is likely linked to
TSL peaks occurring near room temperature. For the 740 nm
band, higher activation energies were obtained: 0.55 ± 0.06 eV
from DRS and 0.51 ± 0.03 eV from EPR. These values agree
within experimental uncertainty; however, when compared to
the TSL data, they are considerably lower than the activation
energy of the dominant TSL peak. This dominant peak, with a
maximum at 250−270 °C, can therefore be ascribed to
nonparamagnetic charge traps of higher thermal stability than
the paramagnetic F+ centers and the defects responsible for the
main absorbance bands. The results suggest that both
paramagnetic and nonparamagnetic defects are formed in the
investigated materials; however, the photochromic effect is
mainly dominated by the formation of F+ centers. The
proposed mechanism of the photochromic effect with the
excitation processes in (Ca,Sr)3MgSi2O8:Eu2+ is summarized in

Figure 8. a) DRS spectra of Ca: 60% before (dashed lines) irradiation and 5−420 min after irradiation with 250 nm for 3 min; b) EPR spectra
detected 4−420 min after irradiation with 250 nm. Inset: comparison of the decay rate of the 470 nm absorbance band and integral EPR intensity.
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Figure 9c. During excitation, electrons are excited by UV light
through band-to-band transitions or the photoionization of
Eu2+ to Eu3+, as confirmed previously.16 The liberated charges
are subsequently trapped in charge traps, which act as color
centers. EPR and DRS analyses indicate that the dominant
defects responsible for the main absorbance bands are
electrons trapped in oxygen vacancies (F+ centers); however,
there is some contribution also from nonparamagnetic defects
in the blue spectral range. The spectral positions of these bands
depend on the chemical composition of the host. The
replacement of Sr with Ca in Sr3MgSi2O8 results in a gradual
shift of the absorbance bands to higher energy, causing a color
shift from reddish-pink to yellow.
Time and thermal stability measurements in Ca: 60% reveal

that the defects related to the 470 nm band exhibit lower
stability compared to the 740 nm band; therefore, we can
expect that these defects are located closer to the conduction
band. There is a charge transfer to the 740 nm band, resulting
in an intensity increase after storage in darkness or heat
treatment within the 25−125 °C range. The oxygen vacancies,
forming F+ centers, might be located near each other, allowing
for quantum tunneling between them. The charges can be
liberated from the traps either thermally, resulting in TSL, or
optically, resulting in OSL. All defect-related absorbance bands
can be fully bleached after both processes, demonstrating
excellent reproducibility after multiple irradiation and bleach-
ing cycles. The optical stimulation spectrum shown in Figure
3b matches well with the absorbance spectrum of the 470 nm
band. However, both bands decrease in intensity during the
stimulation. The quantum tunneling between the defects

would result in both charge transfer between the vacancies and
simultaneous depletion of the defects during the optical
stimulation, therefore explaining the time and thermal stability
as well as optical stimulation results.
(Ca,Sr)3MgSi2O8:Eu2+ compounds exhibit an unusually

efficient photochromic effect and can be both thermally and
optically stimulated. This combination of properties highlights
the potential of these multimodal materials for practical
applications. For instance, materials with multimodal optical
properties have been extensively explored for anticounterfeit-
ing, multimode imaging and information storage.50−52 These
studies, although centered on different mechanisms, under-
score the potential of advanced materials in versatile optical
systems. Furthermore, the integration of photochromic
properties with TSL and OSL could enhance their
functionality and security.53−55 In this work, a ceramic plate
of Ca: 100% was prepared and irradiated through a photomask.
Photographs were taken in ambient light, as well as during
thermal and optical stimulation (see Figure 10).
The design was clearly visible in both ambient light and

during stimulation, and it could be erased afterward. The
presence of deep charge traps, combined with the efficient
photochromic effect, makes these materials promising for
applications in dosimetry, anticounterfeiting, and rewritable
optical storage.

3. CONCLUSIONS
The (Ca,Sr)3MgSi2O8:Eu2+ solid solutions exhibit a highly
efficient and tunable photochromic effect, with the color
shifting from reddish-pink to yellow as the Ca/Sr ratio

Figure 9. a) DRS spectra of Ca: 60% before (dashed lines) irradiation and after irradiation with 250 nm and heat treatment at 25−275 °C; b)
Comparison of the thermal stability of the dominant absorbance band intensity with the C and S EPR signals; c) schematic representation of
excitation process in (Ca,Sr)3MgSi2O8:Eu2+.

Figure 10. Photographs of Ca: 100% a) before irradiation; b) after irradiation with 250 nm for 1 min through photomask; c) during thermal
stimulation at 250 °C; d) during optical stimulation with 532 nm (photograph taken through glass filter that attenuates green light); and e) after
optical stimulation with 532 nm (analogous effect can be observed after thermal stimulation).
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increases. The incorporation of Ca2+in the Sr3MgSi2O8:Eu2+
lattice improves the overall photochromic efficiency from 60%
in Sr3MgSi2O8:Eu2+ to 66−69% in (Ca,Sr)3MgSi2O8:Eu2+ solid
solutions reaching an outstanding level of 85% in
Ca3MgSi2O8:Eu2+. To the best of our knowledge, this value
surpasses the efficiency of all currently reported inorganic wide
band gap materials. The photochromic effect in the
investigated materials primarily originates from the trapping
of electrons in oxygen vacancies, thus forming F+ centers,
although other nonparamagnetic defects also contribute to the
absorbance band in the blue spectral range. The optical
stimulation and defect stability experiments suggest that
quantum tunneling between the defects formed after the
irradiation likely contributes to the population and depopu-
lation processes of charge traps. The combination of optically
stimulated luminescence, deep charge trap centers, and
efficient and reversible photochromic effect highlights the
potential of these materials for practical applications in
dosimetry, anticounterfeiting, and rewritable optical informa-
tion storage

4. EXPERIMENTAL SECTION

4.1. Synthesis
High-purity precursors MgO (99.99%, Fisher Scientific), CaCO3
(99.95%, Merck), SrCO3 (99.997%, Fisher Scientific), SiO2
(99.999%, Fisher Scientific), Eu2O3 (99.999%, Fisher Scientific),
and H3BO3 (ACS Merck) were used for the synthesis. Samples with
the general composition of (Ca1−xSrx)3Mg1.1Si2O8: 0.01 mol % Eu2+
(x = 0−1) were prepared using the high-temperature solid-state
reaction method. MgO was added in excess to prevent the formation
of (Ca,Sr)2MgSi2O7 as a secondary phase. 7.5 mol % H3BO3 was
added as a flux by replacing the respective amount of SiO2. The
precursors were thoroughly mixed in an agate mortar and pressed into
13 mm pellets using a uniaxial hydraulic press from Specac. The
pellets were annealed on graphite plates in a tube furnace HTRH 18/
100/600 from Carbolite Gero at 1350 °C for 10 h in an H2/Ar (5%/
95%) atmosphere with a 5 °C/min heating and cooling rate. The
samples are abbreviated as Ca y%, where y is a molar Ca percentage in
(Ca1−xSrx)3Mg1.1Si2O8 solid solution.

4.2. Characterization
The phase composition of the prepared samples was determined by
XRD using a Rigaku MiniFlex 600 powder diffractometer (Cu Kα
radiation, operated at 40 kV and 15 mA).
DRS spectra were measured using a double-beam spectropho-

tometer (Specord 210). To compare the DRS spectra of various
samples and to perform EPR measurements, the samples were
irradiated with 250 nm for 3 min using a wavelength-tunable laser
(Ekspla NT342/3UV). After the irradiation, the samples were
transferred to the spectrophotometer for measurement. Following
each measurement, the samples were optically bleached with 500 nm
for 1 min using a wavelength-tunable laser to reset the photochromic
effect. The wavelength was selected to ensure bleaching and prevent
the simultaneous excitation of Eu2+. In the temperature stability
experiments, samples were isostatically heated at specific temperatures
for 2 min after the 250 nm irradiation. For the photochromic effect
bleaching analysis, the samples were excited with 250 nm for 1 min,
then bleached at a specific wavelength for 30 s.
PLE and PL spectra were measured using FLS1000 spectrometer

from Edinburgh Instruments with a Xe lamp as an excitation source.
The measured spectra were corrected to account for the wavelength-
dependent response and resolution of the spectrometer system.
OSL spectra were measured using a wavelength-tunable laser

Ekspla NT342/3UV as an excitation and optical stimulation source.
The signal was detected using an Andor iSTAR DH734 CCD camera
coupled to an Andor SR-303i-B spectrometer.

TSL glow curves and spectra were obtained using the Lexsyg
research TSL/OSL reader from Freiberg Instruments GmbH. The
signals were detected by a photomultiplier tube R13456 from
Hamamatsu and a DV420A-BU2 CCD camera coupled to an Andor
SR-303i-B spectrometer. For the irradiation source, a Q-switched
short-pulsed UV laser (DTL-389QT) from the Laser-Compact
Group, operating at a wavelength of 263 nm, was used. The samples
were heated using a linear heating rate of 1 °C/s. To eliminate any
effects from previously stored energy, the samples were preheated to
350 °C before each measurement. For blue light irradiation, built-in
450−460 nm LED operated at 100 mW was used.
The Bruker ELEXSYS-II E500 CW-EPR spectrometer was used for

EPR investigations of the samples. The spectra acquisition settings
were the following: room temperature, 9.832 GHz (X-band) or 34.03
GHz (Q-band) microwave frequency, 0.1 mW microwave power, and
0.1 mT magnetic field modulation amplitude. EPR signal intensities
are normalized to 100 mg of sample mass. EPR spectra simulations
were performed using the open-source MATLAB toolbox −
EasySpin.56

For selective irradiation of samples, a polyvinyl chloride photomask
was prepared using a laser engraver Nova 24 from Thunder Laser
Europe.
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