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Luminescent materials function as optical pressure sensors based on pressure-dependent emission. Opti-
cal pressure sensors offer a broad measurement range and non-contact operation but face limitations in
sensitivity. In this study, we establish a selection principle based on low-dimensional structures and con-
duct a high-pressure evaluation of xCr3*-doped SrgGa;.x(PO4); (x=0.2, 0.5, and 0.8) phosphor, demon-
strating its exceptional pressure sensitivity. Upon excitation at 488 nm, SrgGags(PO,4);7:0.5Cr3+ displays a
broad near-infrared emission peak centered at 840 nm. Specifically, the phosphor maintains its structural
integrity under pressures up to 10.0 GPa, with a continuous blue shift. The fluorescence peak shifts from
839.5nm to 757.9 nm, demonstrating a high-pressure sensitivity of 8.11 nm/GPa. These findings establish
SrgGags(P04)7:0.5Cr3+ as a viable candidate for optical pressure sensor, thereby offering valuable insights
into advancing optical sensor development through host selection.

© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Pressure, as a fundamental physical parameter, plays a pivotal
role in regulating the physicochemical characteristics of materials
[1-5]. High pressure (HP) techniques provide an innovative ap-
proach for modulating electronic structures through continuously
reducing the distances between atoms and altering the electron
orbitals, resulting in the discovery of new materials with excep-
tional performance that cannot be achieved under ambient con-
ditions [6-12]. Therefore, high pressure technology greatly broad-
ens the research scope of material science, with applications span-
ning various fields, including geophysics, novel material synthe-
sis, optoelectronic properties of materials, and superconductivity
[13-19]. Moreover, the spectral characteristics of optical pressure
sensors, which are luminescent materials doped with optically ac-
tive lanthanide or transition metal ions, under pressure provide a
deeper understanding of their luminescence mechanisms and ex-
pand their applications in fields such as pressure sensing [20-
22]. This includes analyzing the shifts of excitation/emission spec-
tra, changes of band intensity, and variations in the full width at
half maximum (FWHM) of the spectra. Which are often utilized
to detect pressure changes in the symmetric diamond anvil cells
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(DACs) [23,24]. Compared to visible light, near-infrared (NIR) radi-
ation exhibits lower propagation losses and low scattering. More-
over, NIR spectroscopy has emerged as a versatile lighting and an-
alytical tool, actively enabling applications in food analysis, plant
growth, night vision, and biomedical imaging due to its invisibil-
ity to the human eye and its ability to be selectively absorbed
by specific molecular bonds [25-27]. Cr3+ ions, characterized by
their unique 3d3 electronic configurations, are prominent candi-
dates for broadband NIR luminescence. This prominence stems
from their high photoluminescence quantum yields (PLQYs), tun-
able emission wavelengths, and compatibility with efficient exci-
tation by commercially available blue light-emitting diodes (LEDs)
[28-32]. The luminescence properties of Cr3+ ions are influenced
by both temperature and pressure, making them applicable for
use in thermometry and pressure sensing, respectively. Currently,
ruby crystal (Al,05:Cr3t) is typically used as an optical pres-
sure sensor in high-pressure research. However, its application is
limited by a low sensitivity (|S|]) value of 0.365nm/GP [33]. To
solve this issue, more optical manometers were developed recently,
which based on luminescent materials. For example, Zou et al. re-
ported the CagNaZn(P0O,4);:1.0 %¥Eu?+ with a high |S| of 5.21 nm/GPa
from 1 atm up to ~16.48 GPa [34]. Furthermore, luminescent ma-
terials with high |S| at 10.0GPa have been developed, for in-
stance, Du et al. designed a Ca,;Gd;75Ceq24Si5026 phosphor with
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outstanding pressure sensing properties, with an enormous red
shift of the emission band of 3.00 nm/GPa, and a decreasing FWHM
of ~ 2.45nm/GPa [35]. Marciniak reported that a 2% Cr3*+-doped
LiSiGeO,4 sample exhibited a sensitivity of 3.63 nm/GPa [36]. In ad-
dition, inorganic phosphors maintain persistent sensing functional-
ity under pressures exceeding 10.0 GPa. Although the exploration
of different luminescent materials has enhanced pressure sensi-
tivity, most previously developed optical pressure sensors exhibit
broadband emission, which still presents limitations for the pre-
cise measurement of low pressures. Furthermore, the forbidden d-
d transitions of Cr3* lead to low absorption, thereby reducing the
luminous intensity of the phosphor [37]. Therefore, it is crucial to
develop phosphors with high precision, high sensitivity, and high
stability.

It is known that the enhanced flexibility of the lattice improves
the compressibility of the material, thereby amplifying the lumi-
nescence changes under high pressure, and ultimately increasing
the sensitivity [38,39]. Specifically, for phosphate, the elevated va-
lence of P>t hinders the formation of corner-sharing [PO4]*" tetra-
hedra and a three-dimensional (3D) rigid framework, indicating it
is likely to form a low-dimensional, low-rigidity structure. Conse-
quently, it is anticipated that pressure sensors with high sensitivity
(JS|) can be identified among phosphates [40-42]. Besides the |S],
the emission wavelength of optical pressure sensors warrants fur-
ther consideration. Although, elevated Cr3+ doping enhances host
absorption efficiency; the emission intensity is often compromised
via concentration quenching. Therefore, designing high-sensitivity
optical pressure sensing Cr**t doping phosphors still challenges.
The flexible lattice structure of SrqGa(PO4); mitigates the concen-
tration quenching induced by Cr3+* through structural confinement,
thereby enhancing luminescence efficiency [43].

Here, a series of SrgGa;.x(PO4)7:xCr3*t (x=0.2, 0.5 and 0.8)
phosphors were synthesized to investigate of the effects Cr3*+ dop-
ing on the structural stability and optical characteristics. Compre-
hensive in situ high pressure Raman spectroscopy confirmed the
structure stability of all phosphors under compression, without
phase transition. Notably, in situ high pressure photoluminescence
(PL) experiment revealed pressure-induced blue shifts in the emis-
sion bands. Specifically, the SrgGags(POy4)7:0.5Cr3+ phosphors ex-
hibited a significant blue shift, characterized by a pressure coeffi-
cient of dA/dp=8.11 nm/GPa. The large shift highlights its poten-
tial for pressure sensing applications. The experimental data com-
bined with theoretical calculations collectively verify the promising
application prospects of SrgGay_x(PO,4)7:xCr3+ (x=0.2, 0.5 and 0.8)
phosphors in advanced optical pressure detection technologies.

Phase-pure polycrystalline samples of Sr9G.‘:11,X(1304)7:xCr3’+
(x=0.2, 0.5 and 0.8) were synthesized via solid-state reaction,
details provided in Supporting information. Fig. 1a and Fig.
S1 (Supporting information) illustrate the crystal structure of
SrgGay_x(PO4)7:xCr3+ (x=0.2, 0.5 and 0.8) at ambient pressure and
temperature. Among the total SrgGal_x(PO4)7:xCr3+ (x=0.2, 0.5 and
0.8) crystal structure, [GaOg] and [CrOg] octahedra arranged in lay-
ers and positioned at the vertices, as well as the centers of edges,
faces, and bodies of the unit cell, which arrangement results in
a highly dispersed distribution of octahedra throughout the crys-
tal lattice. Due to the weak nature of the ionic Sr-O, Ga-O, and
Cr-O bonds, the structural framework is considered to be primar-
ily composed of [PO4] tetrahedra containing P-O covalent bonds.
Meanwhile, the [GaOg] octahedron is connected to six P-O tetra-
hedra via shared vertices and is tightly enclosed by several Sr-
O polyhedral, forming a rigid framework. Doping with Cr3* ions
helps to suppress concentration quenching due to the exchange
effect at short distances between activators [44]. Thus, the effec-
tive spatial isolation between [CrOg] octahedra sufficiently sup-
presses nonradiative energy transfer, thereby significantly miti-
gating concentration quenching while enhancing luminescent ef-
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ficiency [45]. This structural confinement effect has been unam-
biguously demonstrated by the PL spectra and Luminescence de-
cay curves of SrqGay_x(PO4)7:xCr3+(x=0.2, 0.5 and 0.8) (Fig. S2 in
Supporting information). While exceeding a Cr3+ dopant concen-
tration of x=0.5 quenches the emission intensity, it does not al-
ter the spectral position of the emission peak. This confirms that
Cr3t ions, regardless of dopant concentration, consistently substi-
tute only one crystallographic position in the SrqGa(PO4); struc-
ture. These results collectively demonstrate that the doping con-
centration yields the optimal luminescent performance across all
measured optical properties. To investigate in detail the phase
structure and purity of the synthesized phosphors, the Rietveld re-
finements of the powder X-ray diffraction (P-XRD) data were per-
formed for SrgGay.x(PO4)7:xCr3+ (x=0.2, 0.5, and 0.8) (Fig. 1b and
Fig. S3 in Supporting information). The recorded diffraction pat-
terns showed no significant differences and matched well with the
reference patterns for the SrqGa(PO4); phase, indicating that all
samples were pure phase. SrgGaq.x(PO4)7:xCr3+ (x=0.2, 0.5 and
0.8) is mainly composed of partially agglomerated spherical par-
ticles with a size of about 2-5um, and the elemental distribution
in the energy-dispersive X-ray spectroscopy (EDS) is also homoge-
neous, further confirming the pure phase nature of the samples
(Fig. 1c).

The normalized excitation and emission spectra of the
SrgGag 5(P04)7:0.5Cr3+ phosphors are shown in Fig. 1d Under the
excitation of 485 nm, the phosphor SrgGag 5(P04)7:0.5Cr3+ exhibits
broadband NIR luminescence spanning from 700nm to 1100 nm,
with a peak emission at 840 nm. This luminescent behavior is as-
cribed to the spin-allowed 4T, (4F)— %A, transition characteristic
of Cr3* ions in an octahedral coordination environment [46]. Fig.
le and Fig. S4 (Supporting Information) display the temperature-
dependent PL spectrum of the SrqGags(PO4)7:0.5Cr3+, over the
temperature range from 77K to 450K under 485nm excitation.
The PL intensity decreases gradually with increasing temperature
due to thermal quenching caused by non-radiative processes. At
higher temperatures, electrons are more likely to reach the in-
tersection between the ground and excited states and return to
the ground state via non-radiative transitions. To further investi-
gate the local electronic state of Cr3+, electron paramagnetic res-
onance (EPR) measurements were performed. As shown in Fig. 1f,
SrgGajx(PO4)7:xCr3+ (x=0.2, 0.5 and 0.8) exhibit a broad single
peak at g~ 1.96, which is a typical signature of isolated Cr3* ions
in an octahedral crystal field. The consistent peak position across
concentrations indicates that the local coordination environment
of Cr3* remains largely unchanged. With increasing doping lev-
els, the signal intensity rises significantly, reflecting a greater num-
ber of paramagnetic centers, while the slight line broadening sug-
gests enhanced spin-spin interactions and increased lattice disor-
der due to Cr3t+ substituting for Ga3*. In addition, to achieve a
more profound comprehension of the elemental composition of
the designed samples, the representative X-ray photoelectron spec-
troscopy (XPS) spectra of SrgGaj.x(PO4)7:xCr3t (x=0.2, 0.5, 0.8)
were recorded and are shown in Fig. 2. They clearly exhibit charac-
teristic photoelectron peaks corresponding to Sr 3d, Ga 2p, Cr 2p,
O 1s, and P 2s core levels. With the significant increase of dop-
ing, the XPS peak position did not change significantly. Combine
the PL spectra and the Rietveld XRD refinements, which clearly
demonstrate that present predominantly as Cr3* at Ga sites in
SrgGa(P0O4); and the occupied lattice site was largely unaffected
by the doping level.

To evaluate the potential of SrgGa;.x(PO4)7:xCr3*+ (x=0.2, 0.5,
0.8) phosphors as fluorescence-based pressure sensors, the pres-
sure dependence of PL spectra was investigated under high pres-
sure. Figs. 3a-c present the normalized PL spectra measured over
the pressure range of 1 atm to 10.0 GPa under 488 nm excitation.
As evidenced by published data, the spin-allowed nature of oc-
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Fig. 1. (a) Crystal structure of SrgGa;_x(PO4);:xCr3* (x=0.2, 0.5 and 0.8) along the b axis. (b) Powder XRD patterns of the synthesized SroGaj.x(POg4y;:xCr3* (x=0.2, 0.5 and
0.8) phosphors. (c) SEM images and elemental mapping results of the SrQGagls(PO4)7:0.5Cr3+. (d) Excitation and emission spectra of the SrgGag5(P0O4)7:0.5Cr3* phosphor under
excited 485 nm. (e) Temperature-dependent PL spectra at 77-500K for SrgGags(P0O4)7:0.5Cr3+. (f) The electron paramagnetic resonance spectroscopy of SrgGags(P04)7:0.5Cr3+.
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Fig. 3. (a-c) Normalized emission spectra and (d-f) corresponding peak po-
sition variation plots for the SrgGagg(P0O4)7:0.2Cr3*, SrgGags(P0O4);:0.5Cr3*and
SrgGag(P04)7:0.8Cr3+ from 1 atm to 10.0 GPa.

tahedrally coordinated Cr3+ ions enable broad emission from the
4T, —%A, transition. However, for SroGa(POy4);, the 4T, state in-
variably resides below the 2E level, resulting in exclusive obser-
vation of broadband emission (T, — %A,) while precluding de-
tection of sharp line features (2E— 4A,). As the pressure in-
creases, it can be clearly seen that PL peak position is continu-
ously blue shifted. Upon decompression, the peak position of PL
spectrum can be restored to its original state (Fig. S5 in Support-
ing information), confirming its good stability and reversibility un-
der extreme conditions. Meanwhile, we performed additional in
situ high pressure PL experiments for the SrgGagg(PO4)7:0.2Cr3,
SrqGag 5(P04)7:0.5Cr3*and SrgGag,(P0O,);:0.8Cr3+ from 1 atm to
10.0 GPa after three single compression-decompression cycles (Fig.
S6 in Supporting information). The pressure-dependent PL spec-
tra and the PL peak position are presented in Fig. S6. The re-
peated pressure cycles produced consistent photoluminescence be-
havior, supporting the reliability of phosphors as an optical pres-
sure sensor. Throughout the entire process, each pressure point
and the corresponding peak positions of the PL spectrum are
illustrated in Figs. 3d-f. Notably, all xCr**-doped SrqGa;-x(POy4);
phosphors exhibit systematic blue shifts under pressure, with
concentration-dependent pressure coefficients of 6.08 nm/GPa
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Table 1
Comparative analysis of pressure sensing capabilities in different luminescent ma-
terials emitting in the visible range utilized for optical manometry.

Luminescent materials Sensitivity (nm/GPa) Ref.
Al,03:Cr3* (ruby) 0.365 [47,48]
YAIO3:Cr3+ 0.70 [23]
Sr,LuNbOg:Mn*+ 0.82 [49]
SrFCl:Sm2+ 1.11 [50]
CayY3Si;015Ns:Eu2* 1.13 [51]
BaLiAl, Si, Ng:Eu?+ 1.58 [52]
Mg, Gdg(Si04)0,:Ce¥* Mn2+ 1.84 [53]
Lu, Mg, Al,Si»015:Eu?* /Mn2+ 3.53 [54]
CagNazZn(PO,):Eu+ 5.21 [55]
NaYo(SiO4)s02:Mn2+ 7.00 [56]
SrgGag5(P0y4)7:0.5Cr3+ 8.11 This work
Sr35i401zClngu2+ 9.69 [57]
LisSca(PO4 )3 :Cr3+ 239 [58]
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Fig. 4. (a, b) The bond length of Cr-O and Ga-O under different pressure. Tanabe-
Sugano diagram under ambient and high pressure (HP), given in the inset. (c) Unit
cell volume as a function of pressure. (d) Compressibility along different lattice
axes.

(x=0.2), 811 nm/GPa (x=0.5), and 6.47 nm/GPa (x=0.8), indicat-
ing Ga-site occupancy modulates lattice compressibility. The su-
perior pressure responsiveness of the SrqGags5(PO4)7:0.5Cr3+ phos-
phors exhibits reversible and pressure-tunable luminescence, char-
acterized by a systematic blue shift under hydrostatic compres-
sion. These pressure-induced spectral shifts. demonstrate signif-
icantly higher sensitivity (as quantified by the shift rates) than
many reported phosphors under high pressure (Table 1). The
composition-dependent shift rates highlight the role of Cr3*
concentration in modulating the pressure response. Specifically,
SrgGag5(P04)7:0.5Cr3* achieves a highest sensitivity (8.11 nm/GPa),
surpassing numerous alternatives, this value remains below the
highest-pressure sensitivity reported to date [23,47-58].

To elucidate the structural evolution of SrgGags(P0O4);:0.5Cr3+
in octahedral coordination environments, theoretical calculations
and simulations were performed from latm to 8.0 GPa. The evo-
lution of lattice constants and unit-cell volume with pressure is
displayed in Figs. 4a and b. The distinct anisotropic compress-
ibility can be observed, and the compressibility of the c-axis is
higher than that of the a and b axis. The smaller ionic radius of
Cr3+ (RCrIILGCN =0.615 A) compared to Ga3+ (RGalll,6CN =0.620 A)
indicates that Cr-O bonds are shorter and stronger than Ga-O
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bonds [59]. Therefore, [GaOg| octahedra are more easily com-
pressed than [CrOg] under increasing pressure. As we know, the
luminescence properties of Cr3* are strongly affected by the crys-
tal field strength, which is governed by bond lengths. Therefore,
the sensitivity of Cr3* emission is related to the extent of increase
or decrease in Cr-O bond lengths. Theoretical calculations reveal
a shortening of both Cr-O and Ga-O bond lengths (Figs. 4c and
d). Moreover, the [CrOg] octahedra are well separated by [SrOg]
and [POy4] polyhedra, and the minimum distance between adjacent
[CrOg] units is greater than 8.5A, which exceeds the typical dis-
tance (~5A) required for nonradiative energy transfer via exchange
interaction. Meanwhile, the pressure evolution of the polyhedral
[GaOg] shows a trend towards structurally discontinuous distortion
index during compression, and is dominated by the softer polyhe-
dral [CrOg], whose distortion index nearly doubles over the pres-
sure range studied (Figs. S7a and b in Supporting information). This
is the result of a continuous decrease in bond lengths Cr-O and Ga-
O under compression. The decrease in bond length leads to an en-
hanced crystal field strength, resulting in a rise in the 4T, energy
level of Cr3* (inset of Fig. 4c) and a higher emission energy as ex-
plained by the Tanabe-Sugano diagram [60,61]. When the concen-
tration of Cr3* is low, most of the octahedra are [GaOg], which
absorb most of the external pressure through their compression.
In this situation, the more rigid [CrOg| octahedra share less of the
pressure, resulting in reduced bond shortening and lower lumines-
cence sensitivity to pressure. When the concentration of Cr3+* is
very high, most of the octahedra are [CrOg], which enhances the
structural rigidity and bulk modulus. This also results in reduced
bond shortening and lower luminescence sensitivity to pressure.
This is further consistent with the blue shift in the PL spectra ob-
served under increasing pressure (Figs. 3a-c).

The structural stability of SrqGags(PO4)7:0.5Cr3+ under high
pressure was examined through pressure-dependent Raman spec-
troscopy. Fig. 5a presents a suite of Raman spectra covering
an optical frequency range from 50 cm~' to 1150 cm~! under
high pressure. At ambient conditions, the Raman spectrum for
SrgGag 5(P04)7:0.5Cr3+ has seven dominant bands initially located
around ~285, 420, 454, 555, 585, 627, 962cm™!. As pressure in-
creases, the Raman peaks toward higher wavenumbers during
compression (Figs. 5b and c), which is associated with bond short-
ening under high pressure. Meanwhile, the linear fitting indicates
that the initial centers of the Raman peaks shift at rates of 3.93,
1.84, 2.42, 1.02, 1.91, 2.32, and 4.69 cm~!/GPa for peak at 256, 420,
454, 555, 589, 627, and 962 cm~! respectively. In the wavenum-
ber range of 950-990 cm~!, isolated phosphate ions exhibit sym-
metric P-O stretching vibrations. Within the range of 1000-1175
cm~!, the triply degenerate asymmetric P-O stretching modes ap-
pear, while the doubly degenerate bending modes and triply de-
generate bending modes correspond to the O-P-O bending defor-
mations of the tetrahedron, generating bands at 400-490 cm~!
and 550-635 cm™!, respectively. Additionally, the bands below 370
cm~! are attributed to external modes, likely arising from transla-
tional and rotational oscillations of phosphate groups, Sr, and Ga
units. Importantly, the structure of the material can be restored to
its original state during decompression, as evidenced by the Ra-
man spectrum measured during the pressure release cycle. These
findings demonstrate that the developed luminescent material is
structurally stable under high pressure and exhibits fully reversible
compression, making it suitable for optical load measurement ap-
plications.

Meanwhile, to systematically evaluate the chemical stability of
SroGag 5(P04)7:0.5Cr3+, were immersed in aqueous (pH ~ 7), acidic
(0.1 mol/L HCl, pH ~ 1), and alkaline (0.1 mol/L NaOH, pH ~ 13) en-
vironments for isochronal aging tests. Under equivalent immersion
durations, the phosphor exhibited high stability in aqueous media,
retaining > 98% of its initial luminescence intensity (Fig. 6). Acidic
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conditions induced approximately 15% intensity attenuation, while
alkaline exposure triggered complete fluorescence quenching (Fig.
S8 in Supporting information). The decomposition of SrqgGa(POy4);
follows the chemical equilibrium below:

SrgGa(PO,); — 9Sr**+Ga’*+7P0;" (1)

In an alkaline solution, the electrostatic attraction between OH~
and cations (Sr2* and Ga3t) leads to the formation of insoluble
hydroxides, causing cation loss from the solution. This strongly
shifts the equilibrium toward the decomposition of SrqGa(POy4)7,
resulting in luminescence quenching. Conversely, in an acidic en-
vironment, H* interacts with the H* interacts with PO,43" to form
soluble species (e.g., H,P04%", H,PO,4~, and H3PO,). These weakly
shift the equilibrium toward decomposition, as PO43" may be re-
released into the solution. The decomposition of SrgGa(PO4); in an
alkaline and acidic solution follows the chemical equilibrium be-
low:

SreGa(POy); + 210H- — 9Sr(OH), + Ga(OH); + 7P0,>~  (2)

SrgGa(POy4); +21H' — 9Sr?* 4+ Ga®* + 7H3P0, (3)

In addition, the XRD of SrqGags(PO4)7:0.5Cr3* phosphors for
the pre- vs post-immersion under the three conditions are shown
in Fig. S9 (Supporting information). The peak positions in both XRD
and Raman spectra, although a reduction in peak intensity was
consistently detected. The results indicate that the intensity loss
arise from bulk decomposition and surface degradation. Further-
more, correlating with prior high-pressure characterization data,
this material demonstrates not only structural stability under com-
pression (<10.0 GPa) but also exceptional aqueous-phase tolerance.
These findings establish a critical physicochemical foundation for
its deployment as a submersible pressure-sensing probe.

In  conclusion, a novel optical pressure  sensor
SrgGag5(P0O4)7:0.5Cr3* phosphor has been successfully synthesized
via the solid-state reaction, which exhibits a high sensitivity with

dA/dP=8.11nm/GPa under high pressure. Which because that
Cr3+ substitution for Ga3* further enhance the structural rigidity,
suppressing non-radiative transitions and enabling high sensitivity
of luminescence to both temperature and pressure. Specially, un-
der pressures up to 10.0 GPa, the SrgGag5(P0y4)7:0.5Cr3+ phosphor
retains its phase structure, thereby showcasing excellent high-
pressure stability. Meanwhile, the consistent photoluminescence
behavior observed under repeated pressure cycles further affirms
the material’s suitability for application as an optical pressure
sensor with pressure up to 10.0GPa. This study demonstrates
the dual functionality of SrgGags(PO4);:0.5Cr** as a lumines-
cent material for pressure sensing under extreme conditions.
Furthermore, it underscores the critical role of understanding
high-pressure structural and luminescent behavior for advancing
practical applications.
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