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ABSTRACT

Precise control of pressure remains a fundamental requirement in high-pressure research and
technology. Consequently, the development of more accurate and reliable pressure monitoring
techniques and devices continues to be a central focus of experimental advancement. Among
the most promising approaches are luminescent manometers - optical sensors capable of remote,
non-invasive, real-time pressure readout by utilizing pressure-induced changes in the luminescent

properties of phosphor materials.

The most prevalent strategy in luminescence manometry involves monitoring the pressure-
induced spectral shift of a narrow emission line. Since its introduction in the mid-20th century, ruby
has served as a robust and highly accurate pressure sensor in diamond anvil cell experiments under
high pressure. However, despite its widespread adoption, ruby exhibits inherent limitations,
including relatively low pressure sensitivity and considerable susceptibility to temperature
fluctuations. These temperature-dependent effects can compromise measurement accuracy,
particularly in experimental conditions where pressure and temperature change simultaneously.
Such limitations highlight the critical demand for advanced sensing approaches and materials that
combine high sensitivity to pressure changes, resistance to thermal perturbations, and outstanding
measurement precision - key attributes required for the successful implementation of luminescence

manometry in industrial applications.

In response to these requirements and the underlying challenges associated with proposed
luminescent pressure-sensing approaches, the overarching objective of this doctoral dissertation
was to conduct a systematic investigation of the pressure-dependent spectroscopic behavior of Cr3*
ions, with the aim of assessing their potential for application in luminescence manometry.
The outcome of this research is the development and advancement of a novel class of luminescent
pressure sensors that leverage the pressure-sensitive “T,—*Azq electronic transition of Cr3* -
marking a significant leap forward in the development of high-performance optical manometers.
The findings, as presented in the series of peer-reviewed publications constituting this dissertation,
demonstrate that the proposed Cr¥*-based luminescent manometers exhibit high readout precision,
outstanding sensitivity to pressure variations, and remarkable independence from temperature
of the system. These attributes collectively define a new generation of luminescent pressure sensors
with exceptional application potential, advancing the field toward practical deployment in complex,

real-world environments beyond the constraints of the laboratory.



STRESZCZENIE

Precyzyjna kontrola ci$nienia niezmiennie stanowi podstawowe wymaganie w badaniach
naukowych 1 technologiach wykorzystujacych warunki wysokiego cisnienia. W konsekwencji,
rozw0j coraz dokladniejszych i bardziej niezawodnych metod oraz urzadzen do monitorowania
ciSnienia pozostaje jednym z kluczowych kierunkéw postepu eksperymentalnego. Wsrod
najbardziej obiecujacych podejs¢ znajduja si¢ manometry luminescencyjne - optyczne czujniki
umozliwiajgce zdalny, nieinwazyjny odczyt ciSnienia w czasie rzeczywistym, oparty
na wykorzystaniu zmian wlasciwosci luminescencyjnych materiatu wywolanych dziataniem

cisnienia.

Najczesciej stosowang strategia w manometrii luminescencyjnej jest monitorowanie
przesunigcia spektralnego waskiej linii emisyjnej wywolanego przez zmiany ci$nienia. Od potowy
XX wieku, rubin petni role wysoce precyzyjnego indykatora ci§nienia w wysokocisnieniowych
eksperymentach z uzyciem komor diamentowych. Jednak pomimo szerokiego zastosowania, rubin
posiada istotne ograniczenia, w tym stosunkowo niska czulo$¢ na zmiany ci$nienia oraz znaczna
podatnos¢ pozycji spektralnej pasma na wahania temperatury. Czuto$¢ ta moze znaczaco obnizac
doktadnos¢ odczytow, szczegdlnie w warunkach, w ktorych cisnienie i temperatura zmieniajg si¢
jednoczes$nie. Ograniczenia te wyraznie wskazuja na potrzebe opracowania zaawansowanych
metod detekcji i materialow, ktore beda charakteryzowal sie jednoczes$nie wysoka czutoscia
na zmiany ci$nienia, odpornos$cia na wplyw temperatury oraz wysoka precyzja pomiaru - cechy

kluczowe dla wdrozenia manometrii luminescencyjnej w zastosowaniach przemystowych.

W odpowiedzi na wspomniane wymagania oraz wyzwania zwigzane z dotychczasowymi
metodami luminescencyjnego pomiaru cisnienia, nadrzednym celem niniejszej rozprawy
doktorskiej byto przeprowadzenie systematycznych badan ci$nieniowych wlasciwosci
luminescencyjnych jonéw Cr’*, w celu oceny ich potencjatlu do zastosowania w manometrii
luminescencyjnej. Rezultatem tych badan bylo opracowanie i rozwdj czujnikOw cisnienia,
wykorzystujagcych wrazliwe na zmiany ci$nienia przejécie elektronowe *To—*Az, jonow Cr* -
co stanowi istotny krok naprzoéd w rozwoju wysokowydajnych manometréw luminescencyjnych.
Wyniki, przedstawione w serii recenzowanych publikacji sktadajacych si¢ na niniejsza dysertacje,
dowodza, ze zaproponowane manometry luminescencyjne oparte na jonach Cr’** cechuja si¢
wysoka precyzja odczytu, wyjatkowa czutoscia na zmiany cisnienia oraz niewrazliwo$cia
na zmiany temperatury ukladu. Zestaw tych cech definiuje nowa generacje luminescencyjnych
czujnikéw ci$nienia o wyjatkowym potencjale aplikacyjnym, znaczaco przyblizajac t¢ technologie
do praktycznego zastosowania w zlozonych, rzeczywistych warunkach operacyjnych,

wykraczajacych poza kontrolowane §rodowiska laboratoryjne

1"
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The 7% International Conference on the Physics of Optical Materials

& The 4™ International Conference on Phosphor Thermometry, 26-30/08/2024, Budva,

Montenegro

e “Optical pressure sensors utilizing the *Tr;—*As, electronic transition of Cr’* ions” -
oral presentation

e  “Luminescence manometry based on Ni’" ions emission” - poster presentation

The 8™ International Workshop on Advanced Spectroscopy and Optical Materials

(IWASOM), 07-12/07/2024, Gdansk, Poland - “Tri-modal optical pressure sensor based

on Cr’* ions luminescence” - oral presentation

Symposium on Advanced Technologies and Materials (ATAM) and Materials Science

Conference on Advanced Functional Materials (MASCA), 5-7/06/2024, Wroclaw, Poland

- “Ni**-doped phosphors - novel class of luminescent manometers” - poster presentation

The 20™ International Conference on Luminescence, 27/08-01/09/2023, Paris, France -

“Ultra-sensitive, multimodal luminescence pressure sensor based on Cr’" ions emission” -

poster presentation

The 11" International Conference on f Elements (ICFE-11), 22-26/08/2023, Strasbourg,

France - “Spectroscopic properties of Eu(BTC) MOFs for highly sensitive thermal history

sensing” - poster presentation

X Doctoral Symposium on Chemistry in Lodz, 18/05-19/05/2023, Lo6dz, Poland,

“Luminescence manometer based on Cr’* ions emission” - poster presentation

Phobia Annual Nanophotonics International Conference “PANIC” Summer School 2023,

15/05-19/05/2023, Wroclaw, Poland - “Bimodal, ratiometric luminescence manometer based

on Cr'* doped MgO nanoparticles” - poster presentation

The 1% Serbian Conference on Materials Application and Technology, 20-21/10/2022,

online, “Temperature invariant Iluminescence manometer based on Cr'* emission

in Li>Mg3TiOg” - oral presentation

SHIFT 2022 - Spectral sHapIng For biomedical and energy applicaTions, 10-14/10/2022,

Tenerife, Canary Islands, “Novel [uminescence manometer based on Cr'* emission

in Li>Mg3TiOg” - poster presentation



12. 21* International Conference on Dynamical Processes in Excited States of Solids,
04-09/09/2022, Wroclaw, Poland, “Spectroscopic properties of NIR-emitting MgO:Cr’*
for luminescence thermometry” - poster presentation

13. The 6™ International Conference on the Physics of Optical Materials and Devices
and The 5™ International Workshop of Persistent and Photostimulable Phosphors,
29/08-02/09/2022, Belgrade, Serbia, “Synthesis and spectroscopic properties of Cr'" ions
doped Li:Mg3;TiOs nanocrystals” - poster presentation

14. Phobia Annual Nanophotonics International Conference “PANIC” Summer School 2022,
30/05-03/06/2022, Wroclaw, Poland - “Spectroscopic properties of Li:Mg;TiOs:Cr'*

for noncontact temperature sensing” - poster presentation

OTHER ACTIVITIES

e Participation in mentoring programme TopMinds 2022 organized by the Polish-U.S.
Fulbright Commission and Top 500 Innovators (01/2022 - 06/2022)

o Representative of PhD Students in Scientific Council of ILTSR PAN (02/2022 - 12/2022)

e Member of the Appeals Committee for PhD Students of ILTSR PAN (02/2025 - present)

e  Member of the Organizing Committee of International Nano-Optoelectronics Workshop
(ANOW 2025)

e Ambassador of the “Dziewczyny do Nauki!” (“Girls into Science!”) progamme,
financed by the Minister of Science and Higher Education of Poland (2025)

e Speaker at TopMinds 2025 during the BootCamp at session “Mentoring in Practice -
Insights from a Mentee“ (01/2025)

o Speaker at the workshop “Effective Acquisition of Research Grants and Scientific
Scholarships” with the lecture “Opportunities for Female PhD Students (Projects,
Scholarships, Mentoring Programs)”, organized at ILTSR PAS - (03/2025)

e Chairwoman of the chemists' scientific association “Jez” of University of Wroclaw

(11/2019 - 03/2021)
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BRIEF BACKGROUND & MOTIVATION FOR THE RESEARCH

Pressure has consistently demonstrated its capacity for destruction, often with far-reaching
and devastating consequences. Two particularly striking examples are the Helios Airways Flight
522 disaster and the Deepwater Horizon oil spill. In the former, a failure to maintain appropriate
cabin pressure during the aircraft’s ascent resulted in hypoxia, ultimately leading to the death
of more than 120 passengers and crew. In the latter, a sudden and uncontrolled increase in pressure
within methane transport pipelines on the Deepwater Horizon drilling platform initiated
a catastrophic sequence of events - resulting not only in significant loss of human life but also
in severe environmental degradation. The ensuing oil spill caused the death of hundreds of marine

animals and brought about lasting disruptions to the local microclimate.

These incidents prompt inevitable questions about their causes and whether they could have
been prevented. The answers are complex, involving intricate chains of causality and multiple
contributing factors. Nevertheless, pressure stands out as a common underlying element in both
cases. This reinforces the urgent need for improved monitoring and control of this critical parameter.
Enhancements in sensor responsiveness and sensitivity - particularly to detect even minor pressure

fluctuations - could serve as early warning signals and help avert disaster.

In response to this need, various classes of pressure sensors are being actively researched
and upgraded. Among these, luminescent pressure sensing has emerged as a particularly promising
approach. This technique allows for pressure readouts based on pressure-induced changes in the
luminescent properties of phosphor materials. Luminescent pressure sensors offer several distinct
advantages: they enable real-time remote sensing, are resistant to mechanical degradation, and can
ensure high readout precision. However, significant challenges remain, most notably their limited
sensitivity to small pressure variations and the dual sensitivity of luminescent properties to both
pressure and temperature. Since these two variables are often interrelated - for example,
a spontaneous temperature increase resulting from elevated pressure - accurate interpretation

of luminescent signals, and thus accurate pressure readout becomes increasingly difficult.

A classic example of a luminescent pressure sensor is ruby (ALO;:Cr*"), which has served
as the standard pressure calibrant in diamond anvil cell (DAC) experiments since the 1970s.!-*
In this system, pressure inside the DAC is determined by monitoring the spectral position
of the sharp R; emission line, associated with the E,—*A,, electronic transition of Cr*" ions.
However, this method suffers from several drawbacks, particularly when considered for industrial
implementation. The pressure sensitivity is relatively low, with the R; band exhibiting a pressure-
induced spectral shift rate of only 0.365 nm GPa'.!* Moreover, the emission band position is also

sensitive to temperature fluctuations.* At temperatures exceeding ambient conditions,
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the calibration curve must be adjusted to reflect the precise thermal environment; otherwise,
pressure readouts become unreliable. These limitations underscore the need to enhance
the performance of Iluminescent manometers, either by developing alternative readout
methodologies or by identifying phosphors with improved pressure responsiveness - an overarching
goal of the research conducted in this doctoral dissertation. In this context, the proposed approaches
and materials could find practical application in advanced pressure sensing technologies,

particularly in demanding industrial environments.

Lanthanide ions are the most frequently employed in luminescent pressure sensing, primarily
due to their sharp emission lines resulting from intra-4f electronic transitions.>'® These transitions
are relatively insensitive to the change in surrounding crystal field, making them reliable indicators
under stable conditions. However, d-f transitions in lanthanide ions, which can yield broader
emission bands, have been less extensively explored in a case of optical pressure sensing.'’
24Although these broadband emissions typically exhibit stronger responses to pressure - due to the
lack of shielding of the outer-shell electrons, which makes the energy levels more susceptible
to changes in the local environment, and thus crystal field - this advantage comes at a cost.
The broadness of the emission bands reduces the accuracy of pressure measurements based

on spectral position monitoring, as it hinders the precise determination of the emission maximum.

On the other hand, transition metal ions such as Cr** and Mn*" have also been investigated,
particularly due to their narrow *E,—*A», emission lines.>>>° In contrast, Mn** ions, despite their
broadband emission and significant spectral shifts under pressure, have been less commonly studied
in a case of pressure sensing.’!** The notable pressure sensitivity of Mn?* arises from the strong
dependence of the energy of the “T; excited level on the crystal field strength, which increases
as the metal-oxygen distances decrease under compression (in the high spin configuration),
as described by the Tanabe-Sugano diagram.***” A comparable case applies to Cr** ions, whose
broadband “T,;—*A,, emission, although extensively studied as a function of pressure and showing
significant potential for pressure sensing, has been largely overlooked in practical manometric
applications.*®* This gap in the literature served as one of the central motivations for the research

presented in this dissertation.

As outlined above, most pressure-sensing strategies involving luminescent materials rely

on monitoring shift of emission band maximum. Less frequently employed methods include

13-15,17,22,31,45-47

utilizing changes in emission intensity*, its full width at half maximum ,excited-state

lifetim6526,28,29,48—50

or luminescence intensity ratio (LIR)'®°'"°, Among these, the ratiometric
approach based on the LIR offers distinct advantages. It enables readouts using relatively simple
and inexpensive equipment, as it does not require high-resolution spectral analysis or time-resolved

measurements of luminescence kinetics. From the perspective of real-world applications,



LIR-based technique is especially attractive, as they can facilitate straightforward visualization
of pressure changes across large surface areas. This stands in contrast to point-based techniques that
rely on precise band shift measurements or kinetic analysis. The effectiveness of the LIR-based
approach has been validated in luminescence thermometry.’*° This methodology offers

a promising framework that can be readily adapted for spatially resolved pressure sensing.

Given the considerations outlined above, there was a strong scientific justification
for investigating the *T,;—*A, emission of Cr** ions as a potential platform for pressure sensing.
In parallel, the LIR-based approach emerges as a particularly promising strategy for advancing
luminescence manometry due to its practical advantages in terms of instrumentation and data
visualization. This naturally leads to a pivotal research questions: what is the potential
of the emission associated with the “T,;—*Ay, electronic transition of Cr** ions for use
in luminescence-based pressure sensing exploiting various approaches? Can the LIR-based
approach - scarcely applied in this domain - be further optimized to improve the functionality
and broaden the applicability of luminescent manometers? And most importantly,
is it possible to combine these two identified research gaps in luminescence manometry -
the broadband “T;;—*A,, emission of Cr** ions and the LIR-based pressure-sensing
methodology - into a unified and more effective sensing platform? What new opportunities
might emerge from such a combination? These questions constituted the central motivation
and driving force behind the research presented in this doctoral dissertation. The series
of experimental studies conducted, along with the resulting scientific publications, aim

to provide a comprehensive and evidence-based response to this inquiry.
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DISSERTATION OBJECTIVES

The primary objective of this dissertation is to comprehensively investigate the pressure-
dependent luminescence of Cr*" ions and to develop highly sensitive luminescent manometers
with strong potential for industrial application. Particular emphasis was placed on Cr** emission

associated with the “T»,—*A,, electronic transition.
Three manometric approaches were explored:

e monitoring pressure-induced spectral shift of emission band,
e analysis of luminescence decay kinetics,

e aratiometric approach exploiting luminescence intensity ratio (LIR).

Among these, the LIR-based strategy was given the most attention and emerged as the most
significant contribution of this dissertation. Multiple variations of this approach were investigated,
including the intensity ratio between two spectral ranges of the emission band associated
with T,;—*A,, electronic transition of Cr** as well as the ratio between emission bands

corresponding to “T2,—*A,, and *E,—*As, electronic transitions of Cr** ions.

In addition, the dissertation examined two alternative emission phenomena relevant to pressure

sensing:

e emission from Cr*" ions occupying multiple crystallographic sites, and

e broad-band emission arising from Cr**-Cr*" pair interactions.

By addressing these objectives, the dissertation aims to expand the methodological framework
of luminescent manometry and establish a foundation for the development of Cr**-based optical

pressure sensors characterized by high sensitivity, thermal stability, and practical applicability.



ABBREVIATIONS

CFS - crystal field strength

CFT - crystal field theory

DAC - diamond anvil cell

EDS - energy dispersive spectroscopy
FWHM - full width at half maximum

IR - infrared

LFT - ligand field theory

LIR - luminescence intensity ratio

Ln - lanthanide

MOT - molecular orbital theory

NIR - near-infrared

PDMS - polydimethylsiloxane

PEG - polyethylene glycol

PTM - pressure-transmitting medium
SEM - scanning electron microscope
TEM - transmission electron microscope
TIMF - Thermal Invariability Manometric Factor
TM - transition metal

XRD - X-ray diffraction
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DESCRIPTIVE PART

1. Luminescent materials doped with transition metal ions

Transition metal (TM) ions are characterized by a high sensitivity to their local crystal
environment, which makes them particularly valuable in optical sensing applications’®¢0-6,
The underlying reason is that 3d electrons of transition metal ions are not shielded by outer electron
shells, unlike the 4f electrons in lanthanide ions.®”-*® As a result, the optical properties of transition
metal ions can be effectively tuned for specific applications requiring a tailored luminescent
response - simply by modifying the host material, its composition or adjusting its physicochemical
characteristics. These characteristics include not only crystal field parameters and local structural
symmetry, but also morphological features such as particle size, shape, and degree of crystallinity.
6975 These factors may influence the spatial arrangement and interatomic distances between the
TM ion and the surrounding ligands. Their sensitivity to the local environment can be interpreted
within the framework of crystal field theory (CFT), and more comprehensively through ligand field
theory (LFT), which extends CFT by incorporating the principles of molecular orbital theory

(MOT)®77677. To better illustrate this phenomenon, a schematic representation is shown

in Figure 1.

TETRAGONALLY TRIGONALLY
FREE ION SPHERE OCTAHEDRON DISTORTED DISTORTED
OCTAHEDRON OCTAHEDRON
> da.
Q d,z A2y i
o
&
€g
d. ¢
6 Dg
d,z O'Xz_yz
d,2, d2 R ———— e t e ey
d,, d,
y Sxz : b
2,
d. d che a2 "'«__g Ay by
xy Mz e’
dﬂ . t2g
: d,,d
yp Sz
Gip O O
= d,
a
oh D4h D.?h

Figure 1. Schematic representation of d-orbital splitting in transition metal ions under various ligand field

symmetries.



In the free-ion state, where no external field acts on the ion, the five d-orbitals (d, dx-, d,-, d-2,
dy2.,2) are degenerated, meaning they possess the same energy. When placed in a spherically
symmetric field, their energy increases due to electrostatic repulsion between the ligand field and
electron density, yet degeneracy is preserved. However, once the ion is embedded in an anisotropic
field - such as one created by a specific ligand arrangement - the degeneracy is removed. When
a TM ion is coordinated by six ligands arranged in a perfect octahedron, the five degenerate
d-orbitals split into two distinct energy levels due to crystal field effects: the higher-energy
eg orbitals (d-2, di2.,2) and the lower-energy ¢2, orbitals (dyy, dx-, d)-). The energy separation between
these two groups of orbitals - defined by the crystal field splitting parameter A or 10Dgq - is governed
by the electrostatic interactions between the electron density of the orbitals and the surrounding
ligand field, and it depends on the spatial orientation of each orbital relative to the ligands.
The sensitivity of TM ions to their local environment becomes even more pronounced
in the presence of deviations from ideal octahedral symmetry, such as tetragonal or trigonal
distortions. As illustrated in the Figure 1, tetragonal or trigonal distortions, which lowers point
symmetry from Oj to Dy and D3y, respectively, results in additional splitting or energy changing

within both the e, and #,, orbitals.®”-76-"7

Mentioned changes are directly reflected in the luminescence behavior of TM ions.
They influence not only the shape and complexity of emission spectra - such as the number and
position of spectral lines - but also luminescence kinetics, due to shifts in the energy gaps between
excited and ground states that affect the rates of radiative and non-radiative processes’ *. A more
detailed analysis will be presented in the next subsection, with particular focus on the Cr** ion -

one of the most widely researched TM ions and the central focus of this doctoral dissertation.
1.1.  Introduction to spectroscopic properties of Cr** ions

Cr** ions are representatives of transition metal ions with a @ electronic configuration.
In the free-ion state, the lowest-energy term is “F. When Cr** is affected by the octahedral ligand
field, the *F term splits into three components: the ground state *A,., and two excited states -
*Tye (lower energy) and “Ti, (higher energy). In addition, another important excited state,
’E, originates from the splitting of the higher-energy *G term.®’-”” Electronic excitation typically
occurs through spin-allowed transitions from the ground state *A, to the excited states *To, and *Ti,
and is manifested by broad bands in excitation spectrum. Following excitation, radiative
depopulation may occur from two different excited states, depending on the crystal field strength
(CFS), each exhibiting distinct emission characteristics: either narrow-band red emission associated

with the spin-forbidden E,—*Ax, electronic transition, typically with emission maxima in the range
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of around 680-720 nm3-%"_ or broad near-infrared (NIR) emission resulting from the spin-allowed
*Te—*A,, transition, with emission maximum generally between around 750 nm and even
up to 1100 nm®93,

This crystal-field-dependent behavior of Cr** luminescence is well illustrated by the Tanabe-
Sugano diagram for &’ ions in octahedral symmetry (Figure 2), which describes the evolution
of electronic energy states as a function of crystal field strength, expressed by the parameter Dg/B.
In this context, the octahedral coordination geometry is particularly favorable for Cr*
luminescence, as the relatively large crystal field splitting results in lower probability
of non-radiative multiphonon relaxation. By contrast, tetrahedral coordination leads to a much
smaller crystal field splitting (approximately four-ninths of the crystal field splitting energy
observed for an ideal octahedral geometry) increasing the probability of non-radiative processes
thus making luminescence unobservable.6”%

Understanding the definition of the Dg parameter is essential for correctly interpreting
the Tanabe-Sugano diagram and predicting the luminescent behavior of Cr** ions. As shown
in Figure 1, Dqg defines the magnitude of splitting between the energy of e, and 7, orbitals
in an octahedral field. The Dg value depends on multiple factors, most notably the metal-ligand
distance R, and follows the approximate relationship®’:

4

Dy ~ - (1)
R5

where r is the average radius of the d-orbital. In addition to the metal-ligand distance, Dgq also varies
depending on the nature of the transition metal ion, the kind of ligand, and the coordination
geometry. In the case of Cr** ions, the Dg value can be estimated using simplified crystal field

models, based on the following equations®¢:

E( ‘A, —>4T2)

Do = g g 2)
7 10
E( A 2 4T'lg) B E( 4A 2 4T2g) 3)
x=
Dq
Dg _ 13(x=8) )

B (x2-10x)

where B is the Racah parameter and E reflects energy of maximum of corresponding excitation
bands. As mentioned above, Figure 2 presents the Tanabe-Sugano diagram for d* ions, which

illustrates how the energies of various electronic states evolve as a function of crystal field strength,



expressed through the Dg/B ratio. In this representation, both the crystal field splitting and the state
energies are normalized with respect to the Racah parameter B, allowing for generalization across
different compounds.
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Figure 2. Tanabe-Sugano diagram for octahedrally-coordinated &” ions.

In general, the first conclusion that can be drawn from the Tanabe-Sugano diagram is that
the energy of the 2E4 level remains nearly constant with changes in crystal field strength. In contrast,
the energy of the “T,y excited state is highly sensitive to variations in the local crystal field
environment. At Dg/B values below approximately 2.2, the “T,q level is characterized by lower
energy than 2Eg, while above this value, 2Eq4 becomes the lowest excited state. This phenomenon
is of fundamental importance for understanding the luminescent behavior of Cr®* ions and
is schematically illustrated in Figure 3. When Cr® ions are incorporated into host lattices that
ensures a strong crystal field - typically matrices where Cr3* substitutes cations smaller in effective
ionic radius, such as AI** - the lowest excited state is 2Eq. This results in narrow-band red emission
arising from the 2E,—*A,, electronic transition. Due to the nature of this transition, which
is formally spin-forbidden, the radiative process is slow, yielding long luminescence decay time
typically in the order of milliseconds.®>7 On the other hand, when Cr3* ions are affected by weak
crystal field, the emission occurs predominantly via the spin-allowed *T,,—*A,, electronic
transition. This results in a broad-band emission in the near-infrared region, typically accompanied
by much shorter luminescence decay time - on the order of microseconds.®-% Importantly, under

intermediate CFS near the crossover point (Dg/B =~ 2.2), radiative depopulation of both excited
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states occurs. This results in emission spectra that contain both narrow- and broad-band

components,6499:100
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Figure 3. Configurational coordinate diagrams for octahedrally-coordinated Cr*" ions affected by various

crystal field.

The unique luminescent behavior of Cr3* ions - resulting from their sensitivity to crystal field
strength and the coexistence of both spin-allowed and spin-forbidden transitions - makes them
highly versatile for a wide range of practical applications.*!°1"1% The dual nature of their emission,
combined with tunability via the host material and external perturbations, allows Cr*-doped
phosphors to be tailored to specific applications. In particular, the influence of various physical
parameters - such as pressure and temperature - on the luminescent properties of Cr* ions
is of critical importance. These dependencies not only affect emission wavelength and bandwidth,
but also strongly influence luminescence decay time.!%1% Understanding how these external
factors modulate Cr®* luminescence is essential for developing functional materials for advanced

optical applications.

1.1.1. Pressure - dependent Cr’" luminescence

As mentioned above, the luminescence of Cr** ions is strongly dependent on the strength
of the crystal field. To understand the pressure-dependent luminescent behavior of Cr3*-doped
materials, it is essential to first consider the relation between pressure and the CFS.!'° In general,
the magnitude of Dq is inversely proportional to the metal-ligand distance raised to the fifth power,
as described by the relation mentioned above (Equation 1).%7 Although pressure does not directly
alter the electronic configuration of the Cr®* ion, it induces structural compression, leading
to a reduction in Cr**-ligand distances. This, in turn, enhances the crystal field strength. However,

it is important to note that this simplified description does not account for structural stiffness, bond



compressibility, or other crystallographic factors that may limit the extent to which the structure
responds to external pressure. In real materials, the pressure-induced changes in bond lengths
and crystal field parameters can vary significantly depending on the lattice type and chemical
composition.!!'-!'* When interpreting the luminescent behavior of Cr3* under pressure, the Tanabe-
Sugano diagram provides a valuable framework.!'>"!'7 As discussed earlier, the energy of the 4T
level is strongly dependent on the Dq value, in contrast to the nearly crystal field-independent
2E, level *+%° As a result, under increasing pressure - which leads to an increase in the Dg/B ratio -
Cr¥-doped phosphors that initially exhibit weak-field behavior are expected to display
a progressive blue-shift of the broad emission band associated with the “T,,—*As, transition 4143,
This spectral shift reflects the increasing energy of the *T, state, which dominates the emission
spectrum in the weak- to intermediate-field regime. Furthermore, when a material providing a weak
crystal field strength close to the critical Dg/B value of around 2.2 is studied under pressure,
a gradual spectral evolution can be observed, in which the narrow emission band associated with
the °Eg—*A,, transition begins to dominate the spectrum with increasing pressure.''#12° This effect
arises from the pressure-induced crossover of the energy parabolas corresponding to the 2E,

and “T,, excited states (illustrated schematically in Figure 4, below).
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Figure 4. Schematic illustration one of the mechanism underlying pressure-induced luminescence
variations in weak-crystal-field Cr’*-doped phosphors: the applied pressure leads to a shortening

of the Cr**-O? distances and increasing CFS, which in turn increases the energy of the *Tog level.
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A pressure-induced blue shift is also predicted for the excitation bands, although experimental
data on this phenomenon remain limited.'*! This is primarily due to the technical challenges
of recording excitation spectra under high-pressure conditions. Nevertheless, this effect has been
noted in analogous systems such as Mn*"-doped materials, which share the same d’ electronic
configuration as Cr** 28122

In contrast to the “Ta, level, the energy of the ?E, state remains relatively stable with respect
to variations in crystal field strength. Consequently, no significant spectral shift of the emission
band associated with emission from this level is expected under pressure-induced changes in the
Dgq parameter. However, modification of the crystal field is not the only effect that pressure exerts
on Cr** ions. One particularly important pressure-dependent phenomenon affecting their
spectroscopic behavior is the alteration of bond covalency. '»*71% The energy of the °E, state
is primarily determined by the Racah parameters B and C, which describe the intra-electronic
Coulomb repulsion between electrons in the d-orbitals.?>:!2® These parameters typically decrease
under applied pressure, a consequence of increased metal-ligand bond covalency (nepheloauxetic
effect) and greater spatial delocalization of the d-orbitals.!'®!?” As a result, a moderate lowering
of the energy of the °E, level may occur, often manifesting as a red-shift of the 2E;—*A,; narrow
emission band.!"'?#12%12 However, this effect is generally weaker than the more pronounced
pressure-induced blue-shift of the *T,;—*A,, emission band.*"'*° The aforementioned pressure-
induced changes in the Racah parameters B and C indicate that, while spectroscopic properties
at ambient pressure can be predicted using Tanabe-Sugano diagrams based on fixed B and C values,
a more rigorous understanding of pressure effects requires the simultaneous measurement
of excitation and emission spectra, from which the actual crystal field strength and pressure-

modified Racah parameters can be determined.

Beyond spectral shift, pressure also influences the luminescence kinetics. In general,
the lifetimes of both the Eg and *T», excited states of Cr** are reported to elongate under pressure.
120131134 Dye to the partial overlap of the *T,, and *E, wavefunctions, spin-orbit coupling between
them may occur. In Cr**-doped materials characterized by a strong crystal field, the T, level
is located energetically close to, or slightly above, the ?E, level. Upon the application of external
pressure, the “T,, state undergoes a more substantial energy shift than the relatively pressure-
insensitive “E, level. This leads to an increasing energy separation between the two states, which
weakens the spin—orbit coupling between them and consequently results in a prolongation
of the luminescence decay time with increasing pressure. In materials exhibiting a weak crystal
field, the *T», state is characterized by a lower energy than the °E, state. Initially, with increasing
pressure, the energy of “T, level increase, progressively narrowing the energy gap between the two

excited states, thereby enhancing the strength of spin-orbit coupling between them. The observed



lifetime elongation in this regime is primarily attributed to the enhanced contribution
of the luminescence arising from the *E; state, which exhibits a longer lifetime. Once the *To, level
exceeds the 2E, level in energy, the system follows the behavior typical of Cr*" in a strong crystal

field, as outlined above.!3%136

Another important factor is the influence of pressure on the symmetry of the phosphors
structure. Applied pressure frequently reduces structural symmetry, introducing local distortions
and defects.’”1%0 These changes can further affect orbital splitting within the octahedral
environment, leading to the appearance of additional emission bands or enhanced splitting
of existing bands. However, some studies report the opposite trend — an increase in structural
symmetry under pressure — highlighting the complex and material-specific nature of these

effects. 41142

Taking all of these factors into account, Cr*" ions — particularly their emission associated with
the “T.;—*A,, transition, which is highly sensitive to changes in crystal field strength and thus
to applied pressure - offer considerable potential for use in pressure-responsive luminescent
systems. This makes them promising candidates for the development optical pressure sensors

capable of operating under extreme conditions.

1.2.  Potential applications of Cr** - doped phosphors

As outlined in the previous chapters, Cr* ions exhibit a unique set of properties that make them
exceptionally versatile for a broad spectrum of applications.!0%:194143-145 Their ability to emit intense
luminescence in both the visible and near-infrared regions greatly enhances their functional scope.
Additionally, the broad absorption cross-section enables flexible excitation strategies, tailored
to specific technological needs.'*-'%8 A distinctive advantage of Cr®*-based phosphors lies in their
pronounced sensitivity to the local coordination environment and to external stimuli acting on the
doped material. Depending on the crystal field strength, it is possible to obtain either broad
or narrow emission bands, and crucially these luminescent features can be precisely tuned through
changes in the host material or synthesis conditions.”®!*¥15! These combined advantages have led
to an impressive array of proposed applications, ranging from NIR light-emitting devices, light-
source for plant cultivation and bioimaging to luminescent sensors for physical quantities.!00-103.145
Among these applications, luminescence sensors stand out as a particularly compelling direction -
not only because they take full advantage of the optical responsiveness and tunability of Cr3* ions,
but also due to the growing demand for precise, remote, and non-invasive sensing
technologies.>364104.130.132.133.152-154 Eyrthermore, the sensitivity of Cr®* luminescence to changes

in pressure, temperature, or chemical environment makes these materials especially suitable for
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sensor development. For these reasons, the following section focuses specifically on this application
area, which offers exceptional potential for the practical implementation of Cr3*-based phosphors

in advanced sensing platforms.

1.2.1. Luminescence-based sensors

As mentioned in the previous section, the luminescent behavior of Cr3* ions has found
widespread application in optical sensing, with temperature being the most common target
parameter, and pressure sensing explored to a more limited extent. Cr¥*doped materials have
emerged as promising candidates in the field of luminescence thermometry, owing not only to their
typically high emission intensity, but also to a critical spectroscopic feature: their luminescence
is highly sensitive to variations in crystal field strength. This characteristic renders Cr3*-doped
phosphors particularly well-suited for the development of application-specific thermometric
sensors. By tailoring the composition of the host material, the activation energy for non-radiative
processes can be modulated, which in turn governs the thermal response of luminescence
and enables the optimization of thermometric parameters, such as sensitivity, or operating

temperature range of thermometer.”%-%-108.155

The most widely utilized mechanism in Cr3*-based luminescence thermometry is the thermal
coupling between the *E, and “T,, excited states. Consequently, host lattices with intermediate
crystal field strength are typically preferred, as they give rise to emission spectra containing both
a narrow band (associated with the E,—*A,, electronic transition) and a broad band (*T,;—*Ax,
electronic transition).!31% The luminescence intensity ratio (LIR) of these two bands serves
as a thermometric calibration curve. An important advantage of such systems is that they function
as primary thermometers, as the LIR follows the Boltzmann distribution between thermally coupled
energy levels. This means that the temperature can be directly determined from fundamental

physical constants without the need for empirical calibration.!3%10

Cr® ions are also frequently employed as co-dopants in transition metal-lanthanide ions
systems. In such systems, the lanthanide emission is less affected by thermal fluctuations - owing
to the shielding of 4f electrons - acts as a reference, while the more thermally responsive *T2,—*Ax,
emission of Cr3* contributes a temperature-sensitive signal. Since the “T,, level is more susceptible
to thermal quenching than the E, level, these co-doped systems often achieve higher temperature
sensitivities. However, this typically comes at the expense of a narrower operational temperature

range, due to the rapid quenching of *T,,—*A,, emission of Cr** at elevated temperatures.!6!-163



While LIR-based thermometric approach dominates the literature, temperature sensing
via luminescence kinetics analysis represents a viable and complementary method. This technique
relies on monitoring temperature-dependent changes in the decay dynamics of excited states.

In a case of Cr®* ions, the 2E,—*A,, electronic transition is of particular interest, as its relatively
long millisecond-scale lifetime contributes to enhanced accuracy in temperature determination.
The temperature dependence of the 2E, luminescence decay time arises primarily from the thermally
activated non-radiative depopulation of the 2E, state via the “T,, state. This mechanism enables
precise lifetime-based thermometric readouts, especially in systems where the energy gap between

the ?E, and “Ts, is narrow,!08:166-168

In contrast to temperature sensing, the use of Cr®* ions in luminescent pressure sensors remains
relatively underexplored. Only a limited number of studies have been reported to date (aside from
those presented in the publications constituting this doctoral dissertation!30:132:133.152,154.169,170) -
all of which rely on a single readout strategy: monitoring the spectral position of the narrow
2Ee—*A,, emission band."*!7172 " On the other hand, given the broadband nature and strong
responsiveness to pressure due to sensitivity on the CFS changes, the *T»,—*A,, emission of Cr3*
holds significant potential for pronounced spectral shifts and variations in emission band shape,
ultimately enabling higher pressure sensitivities than those achievable with conventional Cr3*-based
luminescent sensors based on narrowband “E,—*A,, electronic transitions. This overlooked
opportunity constitutes the central motivation of the present doctoral dissertation, which aims
to investigate the potential of Cr®* luminescence associated with the “T»,—*A,, electronic transition

in the context of its application in luminescent manometry.

2. Luminescence manometry

2.1. Manometric parameters

First, it is essential to clarify the key parameters that determine the manometric performance
of phosphors. The most important among them is the relative sensitivity Sg of the manometer,

defined by the equation:

1 Ax
S, = ———"100% (5)
X Ap

where Ax represents the change in the parameter x resulting from a pressure variation 4p. The choice

of x depends on the specific manometric approach employed. In most cases, it refers to the LIR
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or average lifetime of excited state zar. Another key parameter is the absolute sensitivity Sa given

by:

S Ax )
A Ap
where, again, Ax denotes the change in the measured parameter as a function of the pressure
increment 4p. A third important metric is the Thermal Invariability Manometric Factor (TIMF),
which quantifies the influence of temperature on pressure readouts. It reflects the ratio between

pressure and temperature sensitivities and is defined as follows!3?:

R ( pressure)

TIMF = ()

R (temperature)

where, Sr ressure) IS pressure relative sensitivity as in Equation 5, and Sg (emperature) IS temperature
relative sensitivity defined analogously to Equation 5, substituting AT for Ap. TIMF can be defined
in various ways. In its original form, it was calculated as the ratio between the maximum pressure
sensitivity achieved and the temperature sensitivity at room temperature. However, alternative
approaches have also been proposed in the literature, in which TIMF is computed across the entire
pressure range by dividing pressure sensitivity values by the temperature sensitivity obtained again

at room temperature.!3>170

2.2.  Brief overview of phosphors and sensing approaches exploited

in luminescence manometry

The publication of research presenting the calibration of the dependence between pressure
and the spectral position of the narrow Ry emission band - associated with the *E,—*A,, electronic
transition of Cr** ions in doped ruby - is widely regarded as the conventional starting point
of luminescence manometry.'~* For over five decades, this method has served as the gold standard
for pressure determination in high-pressure research in diamond anvil cells. Throughout this period,
extensive efforts have been devoted to the development of new phosphors and alternative strategies
for pressure sensing based on pressure-dependent luminescence properties, especially for industry
applications. Nevertheless, ruby remains the most commonly employed luminescent pressure
indicator to this day. It would be misleading to claim that the field has not evolved. However, when
evaluating the body of literature on luminescence manometry, one may conclude that progress has
been limited. Most studies have focused on phosphor materials that exhibit emission characteristics

similar to those of ruby (narrow-band emission), and the dominant methodology for pressure



determination continues to rely on monitoring the spectral position of a narrow emission band
(Figure 5a) - just as it has since the ruby-based technique's implementation. Spectral shift-based
approach still constitutes the basis of the majority of published work.58474%173.17 \While the use
of phosphors with narrow emission bands is justified in diamond DAC experiments - primarily due
to the frequent overlap between the emission bands of the studied phosphors and those
of the pressure calibrant - it is nonetheless worthwhile to explore new and improved solutions better
suited for industrial applications. Nonetheless, alternative methods have also been explored!”,
including the monitoring of emission intensity changes*, intensity ratio between emission
bands!'®31-%¢, full width at half maximum (FWHM) of emission band!3-15:17-22:31:45-47 and variations
in luminescence decay kinetics?62%2°48-5% These different approaches are schematically illustrated

in Figure 5, below.
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Figure 5. Schematic overview of pressure-sensing strategies in luminescence manometry.

In the context of pressure sensing, research most often focuses on inorganic phosphors that
exhibit narrow emission bands associated with f-f'electronic transitions of trivalent lanthanide ions,
primarily Nd*" and Pr**, or with up-converting systems based on Yb**/Er** co-doping.>!® Transition

metal ions are investigated less frequently, typically limited to spin-forbidden d-d electronic
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transition of Cr** and Mn**,!-3:25:262830.129.171 Ror the majority of these phosphors, the observed

spectral shift rate does not exceed 1 nm GPa’', with only a few exceptions.?®3° In the case of f-f
transitions in Ln-doped materials, such small spectral shifts are mainly attributed to the shielding
of the 4f electrons by the outer 5s and 5p orbitals, which significantly reduces their sensitivity
to the external environment. As a result, the reduction in interatomic distances under applied
pressure leads only to minor changes. The interaction with ligands is also inherently weak, meaning
that nephelauxetic effects do not significantly influence the luminescence either. More relevant
in such systems are changes in spin-orbit coupling, which may induce multiplet splitting of the 4f
levels or mixing of 4f orbitals with opposite-parity orbitals due to pressure-induced structural
distortions. These mechanisms are typically responsible for the observed, generally modest red-

shift of the narrow f-f emission band with increasing pressure.> !¢

In the case of TM ions, the situation differs markedly from that of Ln ions. Here, changes
in crystal field strength and metal-ligand interactions play a more pronounced role due
to the unshielded nature of 3d electrons, which are considerably more susceptible to external
perturbations than the well-shielded 4f electrons of Ln ions. Nevertheless, despite this higher
sensitivity, the narrow emission bands of most commonly studies Cr** and Mn*" ions - originating
from the spin-forbidden E,—*A», electronic transitions - are only weakly influenced by variations
in the crystal field strength. This observation is in line with predictions from the Tanabe-Sugano
diagram for d° ions (see Figure 2). As a result, pressure-induced spectral shifts observed in these
systems are primarily attributed to subtle variations in the covalency of metal-ligand bonds. Under
increasing pressure, the enhanced orbital overlapping between the metal cation and surrounding
ligands leads to a nephelauxetic effect. This effect lowers the energy of the d-d transitions, resulting

in a red-shift of the emission band with increasing pressure.

In contrast, pressure sensing based on phosphors exhibiting broadband emission offers
markedly enhanced responsiveness. Phosphors in this group include lanthanide ions undergoing
d-f electronic transitions - most notably Eu?*" and Ce* - as well as transition metal ions exhibiting
spin-allowed d-d transitions, which to date have been reported mainly for Mn?*-doped phosphors.
17243135176 T guch systems, pressure-induced spectral modifications are significantly more
pronounced, resulting in luminescent pressure sensors with much higher sensitivities. Reported
values typically exceed 1 nm GPa’', and can reach up to nearly 19 nm GPa’, as demonstrated
for BaCN,:Eu*"." For Ln-based phosphors exhibiting emission associated with d-f electronic
transition, the high sensitivity arises from the fact that the participating electrons are not shielded
from external perturbations by outer electron shells, as is the case in f-f transitions. However, this

approach also suffers from certain drawbacks, most notably the relatively low reliability of pressure

readouts, a limitation that will be discussed in detail in the following subsection.



In the case of TM-doped phosphors exhibiting broadband emission, luminescent pressure
sensing has focused on Mn?* ions, where the pressure response is derived from the ‘T;—°A;
electronic transition. A significant pressure-induced spectral shift rate of 21 nm GPa! for organic
phosphor [(CH3)sNIMnCl3)!'7® or change in FWHM exceeding 10 nm GPa™! have been observed,
for example, in NaYo(SiO4)602:Mn** 3!, This behavior results from the pronounced sensitivity
of the *T) excited state of Mn?" to variations in crystal field strength, as predicted by Tanabe-Sugano
diagram for ions with &’ electronic configuration, which arise from the compression-induced

shortening of metal-ligand bonds.!”®

Nevertheless, the number of studies focusing on broadband-
emission pressure sensing using TM ions remains limited. However, the research conducted within
the framework of this doctoral dissertation demonstrated that the broad emission band of Cr** ions,
associated with the *To,—*A,, electronic transition, can be effectively used for pressure sensing.
A linear shift of the emission maximum as a function of pressure was observed, with a shift rate
exceeding 23 nm GPa!.130133

Luminescent pressure sensors operating in a ratiometric mode - based on monitoring changes
in the luminescence intensity ratio under pressure - have also been reported (Figure 5¢).!651-5¢
In this approach, the ratio of two emission bands of a luminescent ion is tracked, most commonly
for lanthanide ions. The most frequently studied are the emission bands of Er** ions, specifically
associated with the *S3;»—*lis» and *Fop— “Iis, electronic transitions. The relative pressure
sensitivity achieved via this method typically ranges from approximately 0.2% GPa™ to values
between 10% and 20% GPa™! with the notable exception of the NaYF4@NaYF4: Yb*" ,Er’* core-shell
system, which has demonstrated a relative sensitivity of around 40% GPa™'.>! This approach centers
on analyzing the luminescence intensity ratio of two narrow emission bands. The phosphors
investigated in this doctoral dissertation represent an entirely new class of luminescent pressure
sensors, in which pressure readouts are based on the ratiometric analysis of broad-band emission
integrated into two spectral ranges. This approach enabled the achievement of pressure sensitivities
as high as 120% GPa'."** As a continuation of this research, the methodology was also successfully
extended to lanthanide-based phosphors.>%-¢

Another strategy employed in luminescence manometry involves the analysis
of luminescence kinetics by recording decay curves under applied pressure (Figure 5d).
This approach — although highly promising — remains significantly underexplored compared
to spectral shift-based techniques. In the case of lanthanide-based phosphors, pressure typically
leads to a shortening in the excited-state lifetime, primarily due to enhanced non-radiative
relaxation processes enabled by reduced interatomic distances and increased electron-phonon
coupling. Conversely, in TM-based systems - where Mn*" luminescence kinetics have been the most

widely studied - an elongation in lifetime with rising pressure is commonly observed. This effect
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is attributed to the previously mentioned relaxation of spin-orbit coupling, which changes

the probability of radiative depopulation of excited states.?6-28:2%:48-50

Luminescent pressure sensing based solely on monitoring changes in emission intensity is also
reported (Figure 5e); however, this method has been explored only to a very limited extent,

with just a handful of studies published to date.**

2.3. Advantages and disadvantages of the materials and approaches used

in luminescence manometry

Not everything that is most commonly used is necessarily the best. This is particularly true
in the case of pressure determination based on monitoring the spectral position of a narrow emission
band - a method that remains the most widely employed in luminescence manometry. This approach
enables highly precise pressure readouts due to the sharp emission profiles, for which the maximum
can be accurately determined. However, a fundamental limitation of this method lies in the typically
small pressure-induced spectral shifts, which translate into low sensitivity of pressure sensors
relying on this principle. While this approach is well-suited for monitoring pressure in controlled
laboratory conditions, such as in diamond anvil cell experiments, it offers limited advantages
for industrial applications due to its reliance on high-resolution spectral measurements

and susceptibility to external interferences.

On the other hand, significantly higher pressure sensitivity can be achieved when utilizing
broadband emission associated with d-f transitions of lanthanide ions or with d-d transitions
of TM ions sensitive to crystal field strength — such as emissions from the “T, excited state of Cr**.
For example, the pressure-induced spectral shift rate of BaCN»:Eu?* is more than 50-times greater
than that observed for ruby.*!? Despite this advantage, the reliability of pressure determination using
broadband emission is limited by the inherent ambiguity in defining the spectral maximum.'>*
Moreover, both narrow and broad emission bands are typically subject to temperature-induced
spectral shifts, which introduces additional error in pressure readouts-especially considering that
increasing pressure can lead to spontaneous heating of the system. Another limitation of this method
is its inherently localized nature: it allows only for point-based pressure measurements, making
it unsuitable for fast large-area pressure mapping. Furthermore, narrow-band measurements require
high-resolution detection systems to ensure accuracy, which significantly increases the overall cost.
A similar drawback applies to pressure sensing strategies based on monitoring the FWHM

of emission bands.

An alternative approach involves monitoring luminescence kinetics by analyzing luminescence

decay curves. A key advantage of this method is the general insensitivity of decay profiles to the



measurement environment, including the medium in which the phosphor is embedded. This reduces
readout errors, significantly enhancing the application versatility of such sensors. However,
although this method can offer accurate and stable pressure readouts, it necessitates more complex
detection setups compared to spectral shift or FWHM measurements - again increasing system cost.
An additional challenge lies in the dual sensitivity of excited-state lifetimes to both pressure

and temperature changes, which complicates data interpretation and limits the method’s robustness.

In the case of the ratiometric approach based on the luminescence intensity ratio of f~f narrow
emission bands originating from Ln ions, it is important to note that the intensity ratio is also
temperature dependent and is widely utilized in luminescence thermometry. Nonetheless,
this method offers several distinct advantages, particularly from the perspective of luminescence
manometry applications. Most notably, it enables the visualization of spatial distributions of the
monitored parameter across larger areas, rather than being limited to single-point measurements.
Additionally, the ratiometric approach does not require expensive or complex detection systems,
representing a significant advantage over methods based on spectral position or decay kinetics.

As a result, LIR-based pressure sensing strategy possess a high degree of application potential.

When critically evaluating the classes of luminophores used in luminescent manometry,
inorganic phosphors emerge as the most promising candidates, primarily due to their structural
robustness under high-pressure conditions. In contrast, organic compounds are typically limited
to very low-pressure regimes, as they tend to undergo pressure-induced degradation.'”” Among
inorganic phosphors, as mentioned above - the highest pressure sensitivity is generally observed
for systems exhibiting broadband emission - either from d-f transitions in lanthanide ions or from
crystal-field-sensitive d-d transitions in transition metal ions. For such systems, as mentioned
above, classical pressure readout method based on monitoring spectral position of emission band
is often inadequate and complicate the precise determination of the pressure value. Therefore,
it is essential to explore new pressure readout strategies-or novel interpretations of existing ones-
that enable the effective utilization of both the unique emission characteristics of various phosphor
groups and the advantages of different sensing techniques. This concept forms the foundation
of the present doctoral dissertation, in which the integration of the LIR-based ratiometric approach-
characterized by a high potential for practical applications-with the pressure-responsive broadband
emission of Cr*" associated with the *T»,—*A,, electronic transition was demonstrated for the first
time.130’132’133’152’154’169’170

The scheme below (Figure 6) summarizes the key characteristics that define an ideal
luminescent pressure sensor. Foremost among them is high sensitivity to pressure variations, which

fundamentally determines the performance potential of the sensor. Equally important
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is insensitivity to temperature fluctuations within the system, as this ensures that the measured
pressure values are accurate and reliable under varying conditions. Another critical criterion
is the ability to perform high-precision pressure measurements. In addition, the structural stability
of the phosphor is essential-so that exposure to high pressure does not induce irreversible changes
within the structure of material, which would otherwise limit the sensor to single-use operation.
The ideal sensor should also allow for low-cost detection, supported by a strong luminescent signal
from the phosphor. High emission intensity improves the signal-to-noise ratio and minimizes errors
in pressure readout. Finally, as previously discussed, the capability to monitor pressure changes

across a large area - not just point by point - adds substantial value to practical applications.

In principle, combining these desirable features from different approaches could yield
the perfect sensor. However, in practice, such an all-encompassing solution remains unattainable.
For this reason, intensive research continues, both on the optimization of proposed phosphor
materials and on the development of new compounds or upgraded pressure-sensing strategies aimed

at expanding the application potential of luminescence-based manometry.
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Figure 6. Schematic overview of the essential characteristics of a high-performance luminescent pressure

Sensor.



The schematic overview of the desired features of an ideal luminescent pressure sensor
presented above not only aims to summarize the fundamental performance criteria, but also
illustrates the broader research objectives that have guided the work carried out in this doctoral
dissertation. It serves as a conceptual reference that connects the experimental efforts with the long-
term vision of developing high-performance luminescent pressure sensors with high application

potential.

3. High-pressure luminescence measurements in diamond anvil cell -

construction and experimental methodology

The investigation of luminescent properties under variable pressure conditions constitutes a key
methodological approach in the characterization of functional materials. Among the techniques
available for this purpose, the diamond anvil cell stands out as the most widely adopted and versatile
high-pressure tool. Since its development less than seven decades ago, the DAC has become
a cornerstone of high-pressure research, enabling measurements across an exceptionally broad
pressure range - extending up to 400 GPa - thereby surpassing natural pressure extremes such
as those at the bottom of the Mariana Trench or even within the Earth’s core.!”®!¥! One of the most
significant advantages of the DAC lies in its ability to generate both ultra-high and relatively low
pressures, depending on the geometric parameters of the anvils. In particular,

the pressure p applied within the DAC is governed by the simple relationship:

= 8
b= ®)

where F is the applied mechanical force and S is the contact area between the diamond culets.
Consequently, the use of diamonds with smaller culet diameters allows for the generation
of significantly higher pressures with the same applied force. In addition, an important advantage
of diamonds is their high transparency across a broad spectral range, which facilitates spectroscopic
measurements without the risk of introducing significant alterations to the spectroscopic properties
of the studied materials.!®> To fully appreciate the methodology of luminescence measurements
conducted in a DAC, it is essential to understand both the structural design of the device
and the experimental procedures that ensure accurate and reproducible results. These aspects are

elaborated in the following subsections.

A standard DAC assembly consists of two opposing single-crystal diamond anvils mounted
on metallic seats, as shown in the schematic representation in Figure 7 below. Precise alignment
of the anvils is critical to guarantee uniform compression of the sample and to ensure a stable and

homogeneous pressure. Between the anvils, a pre-indented gasket, is placed. A small hole is drilled
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at the center of the indented area. The hole is then loaded with the sample, a pressure calibrant,
and a pressure-transmitting medium (PTM). The PTM is crucial for maintaining quasi-hydrostatic
or hydrostatic conditions during compression. '

DIAMONDS
/GASKET SAMPA

PRESSURE PRESSURE-TRANSMITING
INDICATOR MEDIUM

Figure 7. Schematic diagram of a diamond anvil cell.

Pressure can be applied in the DAC through several mechanisms. The most conventional
approach involves the gradual tightening of metal screws, which incrementally increase the force
acting on the anvils. In more advanced experimental setups, pressure control is achieved via a gas
membrane mechanism, wherein an inert gas inflates a flexible membrane, compressing the anvils.
This solution allows for remote and continuous pressure tuning without disassembling the optical
system. While more complex and costly, membrane-driven systems significantly enhance

experimental efficiency and precision.

The following sections provide a comprehensive overview of the DAC architecture and detail

the step-by-step procedures for the high-pressure luminescence measurements using this technique.

3.1. Diamonds

The selection of diamonds with appropriate optical and structural properties is a critical factor
in pressure-dependent luminescence studies, as it directly impacts the quality, reliability,
and sensitivity of the measured emission signals. Several key parameters must be considered when
choosing suitable diamonds for high-pressure optical experiments, including culet size, crystal
grade, and aperture. As previously discussed, the diameter of the culet of the diamond that comes
into contact with the sample - is directly related to the maximum achievable pressure within

the DAC. Specifically, larger culet sizes result in lower attainable pressures, due to the inverse



relationship between pressure and surface area (Equation 8). From an optical standpoint, diamond
grade and aperture are crucial. Diamond grade refers primarily to the purity of the crystal,
particularly with respect to nitrogen content. Nitrogen impurities absorb strongly in the visible
region, introducing undesirable background fluorescence and reducing the signal-to-noise ratio
in luminescence measurements. Therefore, diamonds with minimal nitrogen incorporation are
preferred. Diamonds are typically classified into type / and type /I, with further subdivision into
subclasses (a and b), and in some cases, more specific designations such as ac, and as. Among
these, type Ilas and [llac diamonds are considered particularly well-suited for high-pressure
luminescence studies. They exhibit exceptionally low fluorescence, minimal birefringence,
and ultra-high optical transparency, all of which are essential for minimizing measurement artifacts
and enabling the accurate collection of relatively weak luminescent signals, especially from low-
emission systems.'$%182183 Another important parameter is diamond alignment, particularly culet
parallelism, which ensures uniform compression of the sample and optimal optical alignment along
the excitation and emission pathways. Misalignment can lead to pressure gradients, non-hydrostatic
conditions, and distortions in the optical path, all of which adversely affect spectral resolution

and reproducibility.

In summary, diamonds constitute the most critical component of the diamond anvil cell
assembly. Their optical quality, structural purity, and precise geometry directly determine
the reliability and quality of luminescence data acquired under high-pressure conditions.
The careful selection and preparation of diamonds are therefore foundational to the success of high-

pressure luminescence experiments. '®

3.2. Gasket

The gasket is a fundamental disposable component used during measurements in the DAC,
playing a critical role in both pressure generation and its distribution within the sample. Despite its
disposable nature, careful selection and meticulous preparation are essential to ensure stable
and reliable high-pressure conditions throughout luminescence measurements. This applies equally
to the accuracy and care required during gasket pre-indentation, the precise drilling of the hole,

and the proper placement of both the sample and the pressure indicator.

Gaskets are typically fabricated from metals such as tungsten, rhenium, or stainless steel,
with the choice of material dictated by the intended pressure range, chemical compatibility
with the sample, and the required mechanical properties. Two key physical parameters govern
gasket performance: thickness and hardness. The hardness of the gasket material is crucial
for keeping the hole with sample stable and properly sealed during compression. If the gasket

material is not sufficiently hard, it may deform and change a shape of a hole under compression,
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leading to pressure loss, gasket rupture, or leakage of the PTM. Conversely, a material that is too
hard may hinder the achievement of high pressures or induce non-hydrostatic conditions due
to uneven deformation. Therefore, a balance must be struck to provide both sufficient mechanical
strength and controlled compression. The initial thickness of a standard gasket is approximately
200+£50 pm. The first step in gasket preparation is pre-indentation, during which the gasket is
compressed using the DAC to a reduced thickness typically around 70 um - within the intended
measurement area. This pre-compression must be applied uniformly across the surface to ensure
same thickness of gasket on entire surface and avoid the formation of stress concentrations, which
could compromise gasket performance under high-pressure conditions. Following pre-indentation,
a central hole is drilled into the pre-indentated gasket to form the place for sample and pressure
indicator. This is most commonly accomplished using a laser drilling system or a precision micro-
drilling tool, as spark erosion drilling machine. The hole diameter typically ranges from 30%
to 50% of the culet diameter, depending on experimental requirements. Precision in this step
is critical: the hole must be perfectly circular and centered within the indented area. Any deviation
from this geometry can result in uneven pressure distribution, a reduction in the maximum

achievable pressure, or even premature pressure release during the experiment. 180184

In summary, although often regarded as a secondary component, the gasket is in fact a crucial
structural element that directly impacts the success of high-pressure luminescence measurements.
Careful material selection, precise drilling, and meticulous preparation are indispensable

for achieving reliable and reproducible results in DAC-based optical experiments.
3.3. Pressure Indicator

Another important element in high-pressure experiments using a DAC is the pressure calibrant,
which enables precise determination of the pressure within the sample chamber. The most widely
used pressure indicator is ruby (Al.Os:Cr¥*)'=3, which has been employed in this capacity since the
lately 20th century. Its popularity stems from the exceptional structural stability of the oxide matrix
and the high intensity of Cr3* emission, which remains stable and detectable up to pressures
achieving 150 GPa. Pressure determination using ruby relies on monitoring the spectral position
of the sharp Ry emission line, associated with the 2E,—*A,, transition of Cr** ions occupying Al**
crystallographic positions in the corundum lattice. At room temperature and ambient pressure, this
line is centered at around 694.27 nm. With compression, the R; line shifts to longer wavelengths
in a well-characterized, quasi-linear manner (spectral-shift rate of 0.364 nm GPal), providing
a reliable and precise method for in situ pressure calibration.!'” In addition to ruby, other
luminescent materials have been proposed as pressure indicators, particularly in cases where the

ruby emission overlaps with the emission spectrum of the sample under study. Phosphors such



as SrB,O7:Sm?*, 185 and various other rare-earth- or transition-metal-doped compounds have been
investigated as alternatives, owing to their sharp emission lines and well-characterized pressure-
dependent luminescence behavior.!7>17* The selection of an appropriate pressure indicator
is therefore crucial in high-pressure experiments, especially when spectral overlap may hinder
accurate measurements, this is particularly important when the investigated phosphor exhibits low
emission intensity. For this reason, careful consideration of the spectral compatibility between

the indicator and the sample is essential at the experimental design stage.

In typical DAC experiments, a small crystal or powder grain of the pressure indicator is placed
at the edge of the gasket's hole. This positioning enables selective excitation of either the indicator
or the sample by laterally shifting the excitation beam across the DAC aperture. By doing so,
the relative intensity of the indicator and sample signals can be optimized.

3.4.  Pressure-Transmitting Medium

The pressure-transmitting medium plays a vital role in high-pressure experiments conducted
using a DAC, as it ensures hydrostatic or quasi-hydrostatic pressure conditions for the sample under
examination. The use of an appropriate PTM is essential for obtaining accurate and reproducible

data, particularly when investigating pressure-dependent spectral shifts or intensity variations.

PTMs can be classified as either single-component or multi-component systems. Common
single-component media include silicone-based compounds such as polydimethylsiloxane (PDMS)
and inert oils like Daphne Oil. Frequently used multi-component PTMs are mixtures of methanol
and ethanol, or methanol/ethanol/water, typically in volumetric ratios such as 4:1 or 16:3:1,
respectively. The choice of composition depends on the desired pressure range and compatibility
with the sample material. The primary selection criterion for any PTM is its chemical inertness
toward the sample under investigation. The medium must not chemically react with, dissolve,
or otherwise alter the physical state of the material. Additionally, an important practical
consideration is the hydrostatic limit-that is, the maximum pressure at which the medium maintains
hydrostatic conditions. Beyond this threshold, pressure distribution becomes anisotropic, resulting
in non-hydrostatic conditions that may introduce unwanted spectral distortions or artificial shifts
in luminescence behavior. From an experimental standpoint, care must be taken during DAC
closure to ensure that the PTM is correctly introduced and remains inside the DAC throughout the
measurement. Volatile media such as methanol/ethanol mixtures present an evaporation risk.
To mitigate this, the chamber should be sealed immediately after the PTM is introduced. In contrast,
oils like Daphne or PDMS exhibit negligible volatility, simplifying DAC preparation. During

measurements, it is important to monitor the hole with sample visually, typically through
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a microscope. One useful indicator of non-hydrostatic conditions is deformation of the gasket's

hole, such as changes in its round shape or its diameter, 80186187

In summary, luminescence measurements under high-pressure conditions impose stringent
requirements not only on instrumentation but also on sample preparation protocols. Achieving
reliable and reproducible results necessitates the use of high-quality, chemically and physically
well-defined components, carefully selected pressure indicators and PTMSs, and meticulous control
over all stages of preparation and the measurement process. By adhering to these standards
and continuously monitoring the behavior of the DAC components during both compression

and decompression, high-quality optical data can be obtained even under extreme conditions.



EXPERIMENTAL PART

4. Experimental methods

4.1. Syntheses

Two synthesis methods were employed for the preparation of Cr**-doped phosphors:
the conventional high-temperature solid-state reaction method and the modified Pechini method.'®®
The solid-state method was selected for the majority of the studied materials (compounds presented
in publications P3-P7), primarily due to the demanding nature of pressure-dependent luminescence
measurements. In such experiments, only a very small quantity of sample - typically placed
in a 140 pm diameter gasket hole - is measured in DAC. Therefore, materials with strong
luminescence are required to ensure sufficient signal intensity. The solid-state synthesis method
is particularly suitable for this purpose, as it allows for high-temperature treatment, which promotes
the growth of larger crystallites, typically in the micrometer size range, often resulting in enhanced

emission intensity due to reduced surface-related quenching effects.

In general, the solid-state method involves thorough mixing and grinding of solid precursors -
usually metal oxides or carbonates - in a mortar with the addition of a volatile medium. This medium
must be chemically inert toward the reactants (i.e., it does not dissolve or react with the precursors),
and its role is to facilitate the homogeneous distribution of precursors during grinding. Commonly
used media include acetone, alcohols and hexane. After homogenization, the mixture is transferred
into a crucible or another solid surface and subjected to high-temperature annealing, typically
in air, although reducing or inert gas atmospheres (e.g., Ar, N») may also be used depending
on the synthesized material or precursors properties. In the case of the samples synthesized within
the framework of this doctoral thesis using the solid-state reaction method, materials reported
in publications P3, P4, PS and P7 were annealed in powder form using corundum crucibles
as reaction vessels. An exception was the material described in publication P6, which was pelleted
after grinding and annealed on platinum foil, due to undesirable interactions with the standard

corundum crucible during synthesis. All the samples were annealed in air.

In contrast, the modified Pechini method was employed for the synthesis of phosphors
described in publications P1 and P2. Pechini method allows to obtain nanoparticles, due to its
ability to operate at lower annealing temperatures and to promote enhanced homogeneity
of the material by suspending the precursors in a polymeric resin. However, it is important to note

that the resulting crystallites often exhibit an aggregated morphology.
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The modified Pechini method involves the preparation of a homogeneous solution - usually
aqueous or alcohol-based - that enables complete dissolution of the starting precursors, most
commonly inorganic or organic salts (e.g., nitrates, chlorides or acetates). Alternatively, in cases
where suitable salts are unavailable, soluble precursors may be synthesized by dissolving metal
oxides in concentrated acids, most frequently nitric or hydrochloric acid. This process involves
gradual acid addition to a suspension of the oxide in distilled water, as the dissolution reaction is
strongly exothermic. The mixture is gently heated to accelerate the dissolution, and once a clear
solution is obtained, the resulting salt is recrystallized multiple times to remove excess acid and

ensure purity.

Once the soluble metal salts are prepared, they are combined with citric acid, which acts
as a chelating agent, forming stable metal-citrate complexes that improve the spatial distribution
of metal ions within the precursor solution. This step is critical to achieving high homogeneity
in the final phosphor. Subsequently, PEG is added as a polymerizing agent, which reacts with citric
acid via esterification, leading to the formation of a crosslinked resin. The mixture is then heated
to remove the solvent, yielding a resin, which is subsequently subjected to annealing in a furnace

to form the desired powders.

The samples described in publications P1 and P2 were synthesized using the modified Pechini
method in accordance with the protocol outlined above. In both cases, soluble salts of the desired
cations were employed as starting materials. An exception was the source of Ti*" ions used in the
synthesis of the samples for publication P1, where titanium(I'V) n-butoxide was utilized. To ensure
its stability and prevent premature hydrolysis, the Ti-precursor was first stabilized by complexation

with 2,4-pentanedione in a 1:1 molar ratio. In both syntheses, water served as the solvent medium.

A summary of the Cr**-doped phosphors synthesized for the doctoral dissertation - along with
the detailed composition, synthesis conditions including annealing temperature, time,
and heating rate are presented below in Figure 8. Phosphors prepared using the modified Pechini
method marked in blue, while those obtained via the solid-state reaction method are indicated

in green.



1073 K 5}

2h K min™!
1523 K LizMg3Ti°s 873 K
10h | 0.-10%cCr3 4h
/

3 5
Kmin' MgGeO; | Mgo K min-!
0.1-5% Cr®* 0.1-20% Cr3*

P1
AN /
P7 P2
MATERIALS
1773 K DopsEP WITH 1548 K
ol PG Cr*IONS p3 __ ] b
CaAl;;,0y9 CaMgsi,Og
\ omxer 0.5-6% Cr3*
% P5 P4 .
K min-! / (* K min™!
Li;Sc,(PO,); LiscGeO,
0.1-10% Cr* 0.1-2% Cr3* S
1073 K gl
SR 1073K  1423K
10
K min-! 2h 5h

Figure 8. Summary of the Cr**-doped phosphors studies within the framework of this dissertation, along
with corresponding synthesis conditions: temperature, time and heating rate of annealing. Phosphors
prepared via modified Pechini method are marked in blue, while those synthesized by the solid-state

reaction method are indicated in green.

4.2. Measurement methods and apparatus

Investigation of the phase purity and structure
The X-ray diffraction (XRD) patterns were obtained using:

e P1, P2, P4, PS and P7: Panalytical X'Pert Pro diffractometer equipped with an Anton Paar
TCU1000 N Temperature Control Unit, using Ni-filtered Cu Ko radiation (V =40KkV,
I=30mA)

e P3and P6: D8 Advance diffractometer, Bruker Corporation, with Cu Ka radiation (V =40 kV
and 40 mA).
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Investigation of the morphology and elemental distribution
Transmission or scanning electron microscopy images were obtained using:

e P1, P2, P4: Philips CM-20 SuperTwin transmission electron microscope (TEM) (CCD FEI
Eagle 2 K camera with a HAADF detector, LaB6 cathode). The studies were conducted using
a 160 kV parallel beam electron energy. Sample preparation involved dispersing the powders
in methanol, depositing the resulting suspension onto a copper grid, and subsequently drying
the samples under an infrared (IR) lamp for 40 minutes.

e P5, P6, P7: FEI NOVA NanoSEM 230 scanning electron microscope (SEM) equipped with
an EDAX Genesis XM4 energy-dispersive spectrometer. The powder sample was dispersed
in a few drops of methanol, and a drop of the resulting suspension was deposited onto a carbon
stub and subsequently dried under an IR lamp.

e P3: JSM-6701F scanning electron microscope, Hitachi. The sample was dispersed in a few
drops of alcohol, and a drop of the resulting suspension was deposited onto a carbon stub

and subsequently dried.
Investigation of pressure-dependent Raman spectroscopy

Pressure-dependent Raman spectra were acquired using a Renishaw InVia confocal micro-Raman
system operating in backscattering geometry. Excitation was provided by a 532 nm laser diode (100
mW), with the beam focused onto the sample through an Olympus 20 SLMPIlan N long working
distance objective. The high-pressure experiments were carried out using a screw-driven diamond
anvil cell equipped with ultra-low fluorescence type //as diamond anvils. A methanol/ethanol/water

mixture in a 16:3:1 volume ratio was used as the pressure-transmitting medium.
Investigation of the initial spectroscopic properties

P1, P2, P4, P5, P6, P7: Excitation and emission spectra, as well as luminescence decay profiles,
were measured using an FLS1000 Fluorescence Spectrometer (Edinburgh Instruments). An R5509-
72 photomultiplier tube (Hamamatsu), housed in a nitrogen-flow-cooled enclosure, was employed
for infrared detection. Excitation spectra were recorded using a 450 W xenon lamp, while a 445 nm
laser operated in either pulsed or continuous mode, depending on the measurement type - served

as the excitation source for luminescence decay and emission spectra.

P3: Complementary measurements as above were conducted using a Hitachi F-4700 fluorescence
spectrophotometer equipped with a 450 W xenon lamp to record excitation and emission spectra
at room temperature. Luminescence decay profiles were obtained using an FS5 fluorescence

spectrometer (Edinburgh Instruments).



The luminescence decay profiles were fitted using a biexponential function:
! !
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The average luminescence lifetime was then calculated according to Equation 10:
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where 7; and 7> denote the individual luminescence decay components, and A, and A» are their

corresponding amplitudes, obtained from the parameters of the biexponential fit.
Investigation of temperature-dependent luminescent properties

For temperature-dependent measurements of emission spectra and luminescence decay profiles,
a 445 nm laser diode was employed as the excitation source. Temperature control during the
experiments was provided by a THMS 600 heating-cooling stage (Linkam Scientific Instruments),
with a temperature stability and set point resolution of 0.1 K. Prior to each measurement, the system
was allowed to stabilize for 2 minutes at the target temperature. The signal was collected from the
heating-cooling stage, positioned outside the FLS1000 spectrometer, and transferred to the

detection system via a bifurcated fiber optic bundle supplied by Edinburgh Instruments.
Investigation of pressure-dependent luminescent properties

Pressure-dependent luminescence studies were performed using an FLS1000 fluorescence
spectrometer (Edinburgh Instruments), equipped with a 450 W xenon lamp and an R5509-72
photomultiplier tube (Hamamatsu) housed in a nitrogen-flow-cooled enclosure. The excitation was
provided by a 445 nm laser diode. For the purposes of this doctoral research, a custom optical
setup was constructed for the measurement of luminescent properties under variable pressure
conditions, and its calibration was performed. Pressure-dependent luminescence studies were
conducted using a Druck PACE 5000 pressure controller. High-pressure luminescence
measurements were carried out in a diamond anvil cell purchased from Almax easyLab (Diacell
uScopeDAC-RT(G)). Pressure was applied via a nitrogen-fed gas membrane system. The DAC was
equipped with ultra-low fluorescence type /las diamonds with 0.4 mm culets. A 250 um thick
stainless-steel gasket (10 mm in diameter) was placed between the diamond anvils. A 140 um
diameter hole was drilled at the center of the gasket to form the sample chamber. Into this chamber,
an appropriate amount of pressure indicator, sample material, and a drop of pressure-transmitting
medium (PTM) were introduced. A methanol:ethanol mixture in a 4:1 (v/v) ratio was used as the

PTM, and ruby was used as the pressure indicator.
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5. Results and discussion

5.1.  Development of a pioneering ratiometric LIR-based luminescent manometer

based on the *T2;—*A2, electronic transition of Cr3* in doped Li2Mg3TiOs

The objective of the publication P1 was to introduce, for the first time, the feasibility
of utilizing the broadband emission associated with the *T,,—*A,, electronic transition of Cr** ions
for luminescence pressure sensing through a ratiometric approach based on the luminescence
intensity ratio. The selected material for this study was LixMgs;TiOs:Cr**, a phosphor exhibiting
unique spectroscopic properties due to the presence of two distinct crystallographic sites available
for Cr*" ion incorporation: octahedrally coordinated Mg?* and Ti*" ions.!*® To verify this possibility
and determine the optimal composition of Li;Mg;TiOe:Cr** for further pressure-dependent studies,
LiMg;TiOe:Cr** powders with varying Cr** concentrations (ranging from 0.1% to 10%) were
synthesized. These samples were then subjected to comprehensive structural and spectroscopic
analyses to gain deeper insight into their luminescence behavior under applied pressure, thereby

assessing their potential for manometric applications.

Rietveld refinement of the XRD patterns collected at room temperature demonstrated
an increase in unit cell volume - from 73.1 A% to 73.8 A3 as the Cr’" concentration increased
up to 1%. This observation suggests that Cr’* ions were successfully incorporated into Ti*'
positions, which possess a slightly smaller effective ionic radius (rc= 0.615 A, rri = 0.605 A)'%.
However, as Cr** ions progressively replaced Mg*" - which have a larger ionic radius (rvg*=0.72
A) in respect to the Cr** ions - the unit cell exhibited contraction, ultimately leading to a volume
reduction to approximately 72.75 A® at a Cr**concentration of 10%. This structural evolution was
corroborated by luminescence studies, which demonstrated a gradual change in spectra shape by
an increasing dominance of a broad emission band associated with the *T»,—*A,, electronic
transition of Cr** ions with increasing Cr** concentration. The Mg?" and Ti*" crystallographic
positions impose distinct crystal field strengths affecting Cr** due to differences in their ionic radii.
Ti*" ions, being smaller in radius than Cr**, induce a stronger crystal field, manifested in the
luminescence spectrum as a narrow emission band associated with the 2E,—*A, electronic
transition. Similar emission features were observed for samples doped up to 2% of Cr**. As the Cr**
concentration increased, the broad emission band corresponding to the *T,,—*A, electronic
transition became progressively dominant, ultimately dominating the narrow emission band in the
sample with 5% Cr**, where only a residual signal of the narrow emission remained. Such
a luminescent response suggests the initial incorporation of Cr*" ions into Ti** crystallographic sites,
which possess a smaller ionic radius than Cr**. This substitution is reflected by the presence

of a narrow emission band originating from the spin-forbidden *E,—*A,, electronic transition,



characteristic of Cr’" ions in a relatively strong crystal field. Once all available Ti*" sites were
occupied, Cr** ions began to substitute into Mg?* positions, which generate a weaker crystal field
environment. As the Cr** concentration increased, a progressive dominance of the “To—*As,
emission band was observed, attributed to the growing proportion of Cr*" ions occupying Mg**
positions relative to Ti*" crystallographic positions. The hypothesis of Cr*" substitution into two
distinct crystallographic positions was further validated by differences in maximum position
of excitation bands associated with *A,—*T}, and *A,,—*T5, electronic transitions of Cr**, which
were measured by monitoring luminescence signal at maximum of broad and narrow band.
The calculation of the Dg/B parameter based on excitation spectra was performed, which was
determined to be 2.62 for Cr** in Ti*' sites and 2.25 for Cr’*" in Mg?" positions, what was

in correlation with mentioned relation between intensity *T>;—*A,, and 2E;—*A, emission bands.

Given that the broad emission band exhibited significantly higher intensity than the narrow
band associated with the 2E;—*A,, transition of Cr** ions, a sample with 5% Cr*" was selected for
further studies aimed at evaluating the potential use of the *T,;—*A,, emission for luminescence
manometry. As a first step, Raman spectroscopy was employed to examine the structural stability
of LixMg3TiOg under applied pressure. The results indicated that the Li,Mg3TiOs structure remained
stable up to approximately 8 GPa. Beyond this pressure, a nonlinear shift in one of the Raman
modes was observed (with maximum at around 400 cm™), suggesting a pressure-induced phase
transition, which could potentially introduce hysteresis effects in luminescence-based pressure
readings. To further assess pressure-induced spectroscopic changes, emission spectra were recorded

over a pressure range of 0-7.75 GPa.

With increasing pressure, a non-linear blue shift of the emission band associated with the
4Toe—*Ay, transition of Cr**@Mg?* was observed. Consequently, the classical approach to optical
pressure sensing - monitoring the spectral shift of the emission band - was evaluated as an initial
strategy for developing a luminescence manometer. Between ambient pressure and 7.75 GPa,
the emission band maximum shifted from 850.5 nm to 782 nm. Despite the relatively large spectral
shift, a significant limitation in pressure readout was identified: the difficulty in precisely
determining the emission band maximum resulted in substantial reading errors. This uncertainty
was quantified by identifying the wavelength range in which the intensity remained above 95%
of the peak value. It was found that, in the case of pressure-induced spectral shift, the pressure could
be determined with an uncertainty of +4 GPa using the LixMg3;TiOg:Cr*" luminescence. To mitigate
this limitation, a ratiometric approach based on the LIR parameter was proposed, based on the ratio

of the integrated intensities of two selected spectral ranges within the “T2,—*A,, emission band:
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The LIR values exhibited a monotonic increase from 4.88 at ambient pressure to 6.82 at 7.75 GPa.
The maximum relative sensitivity was observed at ambient pressure, reaching 4.7% GPa’,
and decreased gradually to approximately 3.3% GPa! at 7.75 GPa. Moreover, the measurement
uncertainty in this ratiometric approach, estimated based on the signal-to-noise ratio, was
significantly lower compared to the conventional spectral shift method. Importantly, the observed
spectroscopic changes were fully reversible upon decompression, as confirmed through three

compression-decompression cycles, ensuring the reproducibility of the measurements.

Another crucial aspect presented in publication P1 was the investigation of temperature effect
on pressure readouts. Emission spectra were recorded as a function of temperature in the range
of 123-563 K, under identical measurement conditions to those used in the pressure experiments
(same excitation source and detection parameters). A decrease in emission intensity was observed
with increasing temperature; however, in contrast to pressure-dependent studies, no significant shift
in the emission band maximum was detected. To assess the thermometric properties of the sample,
the LIR curve was plotted as a function of temperature, following the same spectral ranges for LIR
calculations as used in a case of manometric analysis. The temperature sensitivity across the studied
temperature range did not exceed 0.11% K'!, which, according to literature reports, indicated poor
thermometric performance.!®® This suggests that temperature variations do not significantly affect

the pressure readouts of the developed ratiometric LIR-based manometer.

The most important scientific significance of publication P1 for the advancement

of the research field

The findings presented in publication P1 led to the establishment of a novel class
of luminescent manometers employing ratiometric LIR-based sensing through a monitoring
a broadband emission band, with the first-ever demonstration based on the *T,,—*A,, emission
of Cr*" ions. The proposed sensor demonstrated not only high sensitivity, excellent precision
and reproducibility but also temperature-independent performance - a significant advantage
over conventional optical pressure sensors that rely on pressure-induced spectral shifts. Therefore,
this study represents a breakthrough in the field of luminescence manometry, paving the way

for the development of practical, high-performance optical pressure sensors.




Author’s contribution to the publication P1

synthesis of samples with varying concentrations of Cr*" ions; spectroscopic characterization
of phosphors, including luminescence measurements; investigation of emission as a function

of temperature and pressure; data analysis and preparation of the first draft of the manuscript

5.2.  Validation of two LIR-based ratiometric approaches utilizing emission from

2Eg and “T2g excited states of Cr3* - studies of MgO and CaMgSi20s doped with Cr3*

In light of the findings presented in publication P1, it became necessary to further validate
the superior potential of utilizing the broadband emission associated with the “T,,—*A,, electronic
transition of Cr®* ions for ratiometric LIR-based pressure sensing, in comparison to the approach
based on the intensity ratio between the narrow and broad emission bands of Cr®*, associated with
the 2E,—*A,; and the *T»,—*A,, electronic transitions, respectively, typically used in luminescence
thermometry. To confirm this hypothesis, MgO:Cr3* (publication P2) and CagsSro>MgSi>Og:Cre*
(publication P3) phosphors were selected, both exhibiting emission spectra characterized
by the presence of a narrow “E,—*A,, emission band at ambient pressure or under elevated

pressure.

At the time the present study on MgO:Cr®" was undertaken, published research on the pressure
dependence of its luminescence was limited and predominantly focused on emission originating
from the 2E, energy level of Cr*ions."”’'2 Moreover, many reports were theoretical
in nature or restricted in experimental scope.!®® Given its simple crystallographic structure, well-
defined chemical composition, and excellent chemical, thermal, and mechanical stability, MgO
remained a promising host material for Cr®* ions, particularly in the context of luminescence
manometry under extreme environmental conditions. Taking these aspects into consideration,
a more comprehensive experimental investigation - especially one focusing on the broadband
*Toe—*A,, emission, which had not previously been explored in the context of pressure-induced
spectroscopic characteristics, was considered highly relevant for evaluating the potential

of MgO:Cr®* as a potential material for luminescence-based pressure sensing.

Given the scarcity of luminescence studies on this material, MgO:Cr3* samples with Cr3*
concentrations ranging from 0.1% to 10% were synthesized to identify the optimal composition for
pressure sensing. The Pechini method was employed for synthesis, accompanied by optimization
of the annealing temperature. Structural analysis revealed that annealing above 873 K leads
to the formation of an undesirable MgCr,O¢ phase. Consequently, all samples were annealed
at 873 K to ensure phase purity and to maximize emission intensity, which benefits from

the increased particle size achieved at this temperature.
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Despite its structural simplicity, the MgO host material is characterized by an interesting
environment for Cr®* incorporation. Owing to the charge imbalance between Mg?* and Cr*, charge
compensation occurs through the substitution of three Mg?* ions by two Cr3* ions, which results
in local lattice distortions. As a consequence, three types of crystallographic positions for Cr3* ions
may exist in the MgO structure: cubic, tetragonal, and rhombic. Given the preference of Cr3* ions
for sixfold coordination, they predominantly occupy cubic and rhombic sites. This is
spectroscopically manifested at 83 K as a combination of a narrow emission band corresponding
to the 2E;—*A,, electronic transition of Cr3* in cubic positions (observed in the 680-720 nm range)
and a broad emission band arising from the “T,,—*A,, electronic transition of Cr3* located
in rhombic sites (with maxima between 820-900 nm). At higher doping levels, an additional broad
band centered around 1190 nm was observed, attributed probably to the formation of Cr3*-Cr3*
pairs. For pressure-dependent emission studies, the sample with 1% Cr®* concentration was
selected, as it exhibited both the narrow *E,—*A,, and broad *T,,—*A, bands at room temperature.
The emission band assigned to Cr*-Cr3* pairs was also considered for analysis due to its rare nature
and potential relevance to pressure sensing. However, its intensity was insufficient for reliable
measurements in a diamond anvil cell. As a result, further investigations focused exclusively on the

emission bands associated with emission from 2E, and “T», excited states of Cr®* in doped MgO.

Due to the weak Raman signal of MgO, pressure-dependent Raman spectroscopy studies were
not performed. Nevertheless, literature data confirm the structural stability of the MgO lattice under
pressures higher than 100 GPa'** Emission measurements were conducted across a pressure range
from ambient conditions up to 7.9 GPa. With increasing pressure, a gradual enhancement
of the intensity ratio of “E;—*A,, and *T»,—*A, emission bands was observed. This effect was
expected - shortening of the Cr-O distances under increasing pressure leads to a strengthening
of the crystal field, resulting in a gradual increase in the energy of the *T,, state. Consequently,
emission from the 2E level becomes energetically more favorable. Additionally, the blue-shift
of broad emission band associated with “T,,—*A,, electronic transition was observed. These
pressure-induced spectroscopic changes enabled the proposition of two independent LIR-based
ratiometric readout strategies. Accordingly, the LIR parameter was calculated in two distinct ways.
The first approach based on LIR; (Mode I), was based on the ratio of integral intensities from two
spectral ranges of the broad *T»,—*A,, emission band - a novel concept in the field of luminescence

manometry, as indicated in publication P1. Hence, LIR; was defined as follows:
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and the second readout approach (Mode II), based on LIR,, was expressed as the ratio
of the integral intensities of the 2E,—*As, and *T»,—*A,, emission bands, using followed spectral

ranges selected to isolate each emission contribution:
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In the case of LIR;, a monotonic increase in its value was observed - from approximately 2.1
to 3.4 as pressure increased from ambient to 5.9 GPa. At higher pressures, up to 7.9 GPa,
the rate of increase progressively diminished, deviating from the initial linear trend. In contrast,
LIR; exhibited a continuous and monotonic increase across the entire pressure range studied, rising
from 0.18 to 0.67. The maximum relative sensitivity values based on LIR: and LIR;, calibration
curves were determined to be 9.83% GPa! at 1.15 GPa and 40% GPa! at ambient pressure,
respectively. As previously emphasized, the suitability of a material for pressure sensing
applications depends not only on its pressure response but also on its resistance to temperature-
induced interferences. Consequently, the emission spectra were recorded as a function
of temperature, and the temperature-dependent characteristic of the LIR-based ratiometric response

was performed analogous to pressure-dependent studies using the same spectral ranges .

For both LIR; and LIR,, a gradual change in their values was observed between 123 K
and approximately 350 K. Above this temperature, the increase in LIRs became more pronounced,
continuing up to 680 K. The maximal Sk of 0.11% K! for LIR; at 530 K and 0.25% K! for LIR,
at 470 K were achieved. At room temperature (300 K), the sensitivities were equal to 0.0056% K'!
and 0.056% K for LIR; and LIR,, respectively. The enhanced temperature sensitivity
of LIR, is attributed to the thermal coupling between the *E, and “T», energy levels of Cr**, an effect
that is commonly exploited in luminescence thermometry. As such, readout Mode II, based
on LIR,, may be suitable for applications operating under well-controlled, isothermal conditions.
In contrast, Mode 1, based on the broad band associated with emission from the “T, level (LIR),
exhibited approximately 10-fold lower temperature sensitivity, making it significantly less
susceptible to thermal fluctuations. Despite its approximately fourfold lower pressure sensitivity
compared to Mode II, the 9.83% GPa™! value achieved in Mode I still places it among the highest
sensitivity values reported in the literature. This, combined with its greater thermal invariability,

renders Mode I of MgO:Cr** more versatile and practical for broader real-world applications.

Additionally, a traditional pressure sensing method based on monitoring the spectral shift

of the narrow emission band associated with the 2E;—*A,, electronic transition of Cr** in doped
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MgO was also evaluated. The S; was determined to be 0.504 nm GPa’', which is approximately
40% higher than that of the commonly used R; ruby's line! =, associated with the same electronic
transition of Cr** ions. This highlights the potential of MgO:Cr*" not only as a high-performance
ratiometric pressure sensor but also as a viable alternative to traditional ruby-based indicator

in spectral-shift-based manometry.

Another phosphor employed to further validate the approach based on the broad emission band
of Cr** ions was the pyroxene-type compound CagsSro>MgSi,Os (publication P3). Compared
to the previously investigated MgO:Cr**, CaysSro.MgSi»Os:Cr*" was characterized by a weaker
crystal field strength, as evidenced by the presence of only a broad emission band with a maximum
at 780 + 2 nm under ambient conditions across all synthesized Cr**-doped samples (ranging from
0.5% to 6%). Due to the absence of significant differences in the position of the emission and
excitation bands across all the samples, the selection of the optimal composition was primarily
based on the sample exhibiting the highest emission intensity, which corresponded to the phosphor

doped with 2% Cr**.

To confirm the structural stability of this material under pressure, Raman spectroscopy was
performed up to 7.18 GPa. The observed Raman modes shifts were fully reversible during
decompression, and no new Raman modes appeared upon compression, indicating the absence
of pressure-induced phase transitions or structural degradation. Based on these results,
luminescence measurements as a function of pressure were carried out for
CaosS1r02MgSi,06:2%Cr** within a similar pressure range. The pressure-dependent emission
spectra showed the expected shape changes with increasing pressure: a narrow emission band with
maximum at around 680 nm associated with the ?E,—*A», electronic transition gradually appeared
around 1.9 GPa and began to dominate the spectrum at approximately 5 GPa. Simultaneously,
a blue shift of the *T,, broad emission band from 781.3 nm to 740.7 nm was observed. By plotting
the dependence of the emission maximum position on applied pressure and fitting the data

accordingly, the calculated S; was determined, yielding a maximum value of 6.8 nm GPa™.

Following a detailed analysis of the pressure-induced changes in emission intensity within
selected spectral ranges, two calibration curves were proposed, based on LIR; and LIR; parameters.
As defined below, LIR; corresponds to the intensity ratio between the E,—*A,, and *Tr;—*A,
emission bands, while LIR; utilizes only spectral ranges within the broad band associated with

the *To;—*As, transition, following the same ratiometric strategy employed in earlier studies:
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A calibration curve based on the LIR; was proposed for the pressure range of 1.9 GPa
to 7.55 GPa, as the narrow emission band associated with the *E;—*A,, electronic transition
appeared only above 1.9 GPa. In contrast, the readout method based solely on the broad emission
band (LIR>), attributed to the *T,;—*A,, electronic transition of Cr**, was applicable across
the entire studied pressure range. As the “T,, broad emission band represents a key spectroscopic
feature for ratiometric pressure sensing, the optimization of spectral ranges used in the calculation
of the LIR, parameter was carried out by analyzing pressure-dependent changes in the integrated
emission intensity within the 730-960 nm spectral range. The 700-720 nm spectral gate was
selected as the reference range due to the pronounced distortion in the emission band shape
observed in this region under increasing pressure. For each spectral pair - comprising 700-720 nm
range in the numerator of LIR and another 10 nm spectral gates between 730 and 960 nm
in the denominator - a calibration curves were constructed, and the corresponding relative
sensitivities were calculated. The final LIR; definition represented a compromise between high S
value and acceptable readout precision. For instance, the utilization of 950-960 nm range for LIR
calculation yielded a relative sensitivity of 55.9% GPa’!, but the signal in this spectral range was
approximately ten times weaker than that of the 900-910 nm region, resulting in a significantly

lower signal-to-noise ratio and higher readout error.

Both LIR; and LIR; increased monotonically with applied pressure by a whole operating
pressure range, resulting in corresponding maximum relative sensitivities of 50.7% GPa™! at ambient
pressure and 41.9% GPa™ at 1.9 GPa, respectively. A notable advantage of the LIR,-based readout
is its broader usable pressure range, despite the lower Sk (e.g. approximately 25% GPa™ at 1.9 GPa),
compared to LIR;. However, it is important to emphasize that the temperature stability of the
readout is equally critical when assessing the overall application potential of a luminescent pressure
sensor. To evaluate the effect of temperature on pressure readings, emission spectra
of CagsSro2MgSir06:2%Cr*" were recorded over a wide temperature range, from 83 to 763 K.
Throughout the entire temperature range studied, only the broad emission band associated with
the “Toe—*As, electronic transition was observed - even at low temperatures. Consequently,

the thermometric analysis focused exclusively on the broadband *T,;—*A,, emission
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and the temperature dependence of the LIR,. In contrast to the pressure-induced trend, LIR,
exhibited an inverse monotonic behavior between 83 K and approximately 300 K. Beyond this
temperature, the LIR, values remained relatively stable up to 450 K. The maximum temperature
sensitivity based on LIR, was determined to be 0.18% K! at 83 K, and only 0.033% K'! at room
temperature. These values indicate that the material does not exhibit sufficient thermal
responsiveness to function as a reliable luminescent thermometer. Nevertheless, when the TIMF
was calculated its value reached 1558 K GPa™! at ambient pressure - indicating the excellent thermal
stability of the pressure readout. With increasing pressure, the TIMF value gradually decreased
but remained above 300 K GPa™! across the entire pressure range. For comparison, LIR; exhibited
a temperature sensitivity of 0.26% K- at room temperature, and a corresponding TIMF value
of 160.8 K GPa! at 1.9 GPa, which decreased to around 17.5 K GPa! at 7.55 GPa. These results
clearly demonstrate that the use of *T—*As, emission band of Cr** ions enables highly
temperature-stable pressure sensing, validating the LIR-based ratiometric approach as an effective

strategy for luminescence manometry.

In publication P3, luminescence kinetic was also investigated based on the “T,;—*A, emission
band of Cr** ions. The average lifetime of the T, excited state, calculated from pressure-dependent
luminescence decay curves, elongates from 31 ps at ambient pressure to 45.7 us at 7.55 GPa. Due
to the overlap of the wave functions associated with the T, and E, levels, these states are coupled
through spin-orbit interaction. As pressure increases, leading to an enhancement of the crystal field
strength, the energy of the “T», level increases. This leads to reduction in the energy separation
between the Ty, and °E, states resulting in increase in the strength of the spin-orbit coupling
between them. Consequently, an increase in the average lifetime with increasing pressure was

observed.

The corresponding Sk derived from the ta vs. pressure dependence reached 7.95% GPa’!
at 5 GPa. Importantly, this result demonstrated that the sensor ensures a sensitivity exceeding
3% GPa'! even in the high-pressure regime (above 5 GPa), which positioned it favorably compared
to other luminescence decay time-based manometers reported at the time. The thermometric
response of the sensor, evaluated from T, changes induced by temperature, yielded a sensitivity
of 0.16% K'! at room temperature, corresponding to a TIMF value of 48.5 K GPa’!. This relatively
low TIMF indicates a non-negligible influence of temperature on lifetime-based pressure readouts.
Therefore, for this particular material, a ratiometric readout based on the LIR parameter is

recommended as the more reliable and temperature-independent mode of readout.



The most important scientific significance of publications P2 and P3 for the advancement

of the research field

The studies conducted within the scope of publications P2 and P3 clearly confirmed
the potential of utilizing the band associated with emission from the *T, level of Cr** for ratiometric
pressure sensing based on the LIR approach. Both research demonstrated that although a readout
based on the intensity ratio of bands associated with the 2E,—*A,, and *T2,—*A,, transitions offers
higher pressure sensitivity, it is significantly more susceptible to temperature-induced variations,
due to the thermal coupling of 2E, and *T,, states of Cr*", thereby limiting its practical applicability

under non-isothermal conditions.

Author’s contribution to the publication P2

synthesis of samples with varying concentrations of Cr** ions; spectroscopic characterization
of phosphors, including luminescence measurements; investigation of emission as a function

of temperature and pressure; data analysis and preparation of the first draft of the manuscript

Author’s contribution to the publication P3

spectroscopic characterization of phosphors, including luminescence measurements; investigation
of emission and luminescence kinetics as a function of temperature and pressure; data analysis

and preparation of the first draft of the manuscript

5.3. Confirmation of manometric potential of matrices providing weak crystal field
for Cr*" ions: multimodal luminescent manometer based on LiScGeO4:Cr?t
and Li3Sc2(PO4)3:Cr3* as an optical pressure sensor operating on three spectroscopic

parameters

In light of the exceptionally high manometric potential of the ratiometric approach based
on Cr’* jon emission associated with the *T,;—*A,, electronic transition, as evidenced
in publications P1, P2, and P3, the subsequent phase of this doctoral research focused on further
enhancing the effectiveness of this strategy through the design and development of pressure sensors
exhibiting outstanding manometric performance to improve application potential. For this purpose,
two host materials - LiScGeOs (publication P4) and Li3;Sc2(PO4); (publication P5) - were selected,
as they provide extremely weak crystal field for Cr**ions, with the Dg/B values of approximately
1.44 and 1.7, respectively.®®*° This crystal field environment results in Cr*" emission spectra
characterized by the *T»,—*A,; broadband emission, significantly red-shifted into the near-infrared

spectral range, with maxima at approximately 1100 nm for LiScGeOs:Cr** and at 980 nm
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for LisScao(PO4):Cr**. For both phosphors, the optimization of Cr** doping concentration was
performed to identify the composition exhibiting the most favorable spectroscopic characteristics
for pressure-dependent measurements in the DAC and for pressure sensing application. In the case
of LiScGeO4.Cr**, no significant changes were observed in the position or FWHM of the emission
band across the samples with different Cr’*" concentration (0.1-2%). However, an increase
in emission intensity was observed with rising Cr** concentration, reaching an optimum at 0.5%,
after which a decrease was observed, likely due to concentration quenching effects. As a result, the

0.5% Cr**-doped sample was chosen for further pressure-dependent analysis.

The structural stability of LiScGeOsCr’" under pressure was evaluated using Raman
spectroscopy. No signs of structural deformation or pressure-induced phase transitions were
observed up to 7.5 GPa. Above this pressure, new Raman modes appeared in the spectrum. The full
reversibility of the observed changes upon decompression suggests their origin in pressure-induced
phase transitions, rather than irreversible structural degradation, which would otherwise undermine
the material’s suitability for use in pressure sensing. To ensure reliable and repeatable performance,
the operational pressure range of the developed manometer was conservatively limited to 7 GPa

in order to avoid possible hysteresis effects resulting from pressure-induced phase transitions.

Emission spectra were recorded as a function of pressure up to 7.87 GPa, revealing a pronounced
hypsochromic (blue) shift of the *T,,—*A,, broadband emission with increasing pressure. This shift
exhibited a linear dependence across the entire investigated pressure range, with a rate of 23.63 nm
GPa! representing the highest spectral shift rate reported among all luminescent manometers
at the time the results were published in publication P4. The observed spectral behavior is
attributed to the shortening of Cr**-O%* bond length by applied pressure, which enhances the crystal
field strength affected on Cr**ions. As a result, the energy of the *T», excited state increases, leading
to a blue-shift of the *T»,—*A,, emission band. This pronounced pressure-induced spectral shift
highlighted the exceptional suitability of the proposed phosphor for ratiometric pressure sensing
using the LIR-based approach. To fully harness the ratiometric sensing potential, the emission
spectra were integrated over 10 nm intervals, and multiple options for the LIR calculation were
systematically evaluated to identify the configuration yielding the highest relative sensitivity.
Among the tested intervals, the 870-880 nm range exhibited the most pronounced pressure-
dependent intensity change. This range was subsequently fixed as the numerator in the LIR
expression, while the denominator was varied across other 10 nm spectral gates. For each resulting
LIR definition, a calibration curve was constructed, and the corresponding relative sensitivity was
determined. This approach enabled the generation of two-dimensional sensitivity maps, providing
a comprehensive visualization of how the LIR-based pressure sensitivity depends on the choice

of spectral ranges - thereby guiding the selection of the most optimal spectral configuration. These



sensitivity maps serve as an effective basis for the rational optimization of luminescent manometers,

allowing precise adjustment of the LIR to match the targeted pressure sensing range.

To demonstrate the performance of this approach, several LIR-based configurations were proposed:
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(18)

The analysis of LIR versus pressure calibration curves clearly demonstrates that the sensor response
can be precisely tailored by selecting the appropriate LIR. This enables the development of pressure

sensors optimized for specific sensitivity ranges or operational conditions, for example:

- LIRy: Provided Sk exceeding 40% GPa' from ambient pressure up to ~4 GPa,
with a maximum value of 121.14% GPa™' at 2.55 GPa.

- LIR,: Enabled Sz above 40% GPa™' across the entire operating range of the sensor
(0-7 GPa), reaching a maximum of 99.57% GPa™' at 2.4 GPa.

- LIR;: Also yielded Sk above 40% GPa™! over the full range of pressure, with a peak value
of approximately 80% GPa™ at ~4 GPa.

The temperature response of LiScGeO4.Cr’* was also assessed in the range of 83-443 K. Aside from
typical thermal quenching, no significant changes were observed in the spectral shape
or the position of the emission maximum as a function of temperature. The temperature dependence
of the previously optimized LIR was analyzed, and the maximum temperature
Sk of 0.75% K! (Sks) and 0.87% K! (Sk2) were observed at 363.7 K and 343.15 K, respectively.
To quantitatively assess the robustness of pressure readouts in the presence of temperature

fluctuations, a Thermal Invariability Manometric Factor was proposed in publication P4
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(Equation 7), and calculated for both LIR modes. The resulting values TIMF,= 241.1 K GPa'
and TIMF, = 128.4 K GPa! - clearly indicated the high thermal stability of the manometric

response, confirming the suitability of this system for use under variable-temperature conditions.

The pressure-induced spectral shift rate and relative sensitivity values reported in this study
represented, at the time the results were published in publication P4, the highest obtained among
all known luminescent manometers. Owing to the exceptional application potential of the developed
LiScGeO4Cr*" pressure sensor, patent application was prepared, resulting in the granting
of National Patent No. 246589 entitled “Sposob bezkontaktowego pomiaru cisnienia za pomocg
czujnika luminescencyjnego bazujgcego na emisji jonow crt” (,,Remote pressure measurement
method using a luminescent sensor based on Cr'' ion emission”) Maja_Szymczak, Fukasz

Marciniak by Patent Office of the Republic of Poland.

The most important scientific significance of publication P4 for the advancement of the

research field

The findings reported in publication P4 unequivocally demonstrated the high applicability
potential and scientific relevance of exploiting the broadband *T»;—*A,,; emission of Cr** ions
in the development of luminescent pressure sensors. Moreover within the framework of publication
P4, a novel strategy was proposed for visualization of luminescent manometer performance -
two-dimensional sensitivity maps as a function of the LIR definition. This approach enables
the flexible design of luminescent manometers by allowing the response of sensor to be precisely
tuned to a specific operational pressure range and the desired region of maximum sensitivity.
Additionally, publication P4 introduced a new manometric-performance-metric - the Thermal
Invariability Manometric Factor, which quantitatively expresses the ratio between pressure
sensitivity and susceptibility to temperature-induced variations, and thus assess manometric

potential of phosphors.

To further confirm the manometric potential of host materials providing a weak crystal field for
Cr** ions within the ratiometric LIR-based sensing approach, the second compound investigated
was the previously introduced Li3Sc2(POs)3, described in publication P5. As with LiScGeOs,
the undoped LizSca2(PO4)3 host material was subjected to pressure-dependent Raman spectroscopy
to evaluate its structural stability under compression. The measurements revealed changes
in the shape of selected Raman modes above 3 GPa, suggesting the occurrence of a pressure-
induced phase transition. However, these changes were fully reversible upon decompression,
and thus did not preclude the application of this material in pressure sensor development.
A powders of Li3Sc,(POs); with various Cr** concentrations ranging from 0.1% to 10% were

synthesized. As the luminescence properties remained relatively unchanged across all the samples,



the composition with 1% Cr** was selected for further investigation. Although samples with higher
Cr’" content exhibited slightly stronger emission intensities, local heating effects under laser
excitation were observed - manifested as fluctuations in emission intensity during continuous
illumination - which became increasingly pronounced at elevated dopant levels. Due to the elevated
temperature of the samples, the pressure-dependent luminescence measurements could be affected
by thermal influence, potentially compromising the reliability of the results for pressure sensor
development. This was an additional factor motivating the selection of a sample with lower Cr**

concentration and thus lower emission intensity.

Emission spectra recorded as a function of pressure in range from ambient pressure to 3.79 GPa
revealed a substantial blue shift of the broadband emission band associated with *To;—*As,
electronic transition of Cr**. The pressure-induced shift of the emission maximum reached 23.9 nm
GPa’! (linear dependence) in the pressure range from ambient to 2.6 GPa, representing - at the time
of the study’s publication - the highest reported value among luminescent manometers reported
in the literature. A deviation from the linear trend was observed above 2.6 GPa, suggesting
a pressure-induced phase transition, consistent with structural changes identified in the same

pressure range by Raman spectroscopy.

To establish an optimal LIR-based calibration curve, integrated intensities of emission band
over 10 nm spectral gates were analyzed, and the most responsive spectral ranges were selected

for the calculation of the LIR, as indicated in Equation 19, below:
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The resulting LIR values increased monotonically with pressure up to 2.6 GPa, by almost 3-times
respect to ambient pressure. Above this pressure an increase in the slope of the LIR-pressure
dependence was observed, which coincided with the structural changes indicated by Raman
spectroscopy. Consequently, the operational pressure range of the manometer was defined from
ambient conditions up to 2.6 GPa. Emission spectra recorded during decompression confirmed the
reversibility of the luminescence response, while the excellent reproducibility of the LIR values
over three pressure compression attempts, demonstrated the robustness and application potential
of Li3Sca(PO4)3:Cr* as a pressure-sensitive material. Based on pressure-dependent LIR, the relative
sensitivity achieved for Li3;Sca(POs);:Cr’" was 56.86% GPa’!, which, although lower than that
of LiScGeO4:Cr*" described in publication P4, was accompanied by a notable advantage:

significantly reduced sensitivity to temperature variations. This conclusion was drawn from
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temperature-dependent emission spectra measured in range 203 to 403 K, from which analogous
LIR and Sk values were determined as in the case of pressure-dependent studies. The superior
thermal stability of the LizSca(PO4);:Cr** luminescence was quantitatively expressed by the TIMF,
which reached a value of 1386.8 K GPa'!, nearly six times higher than that observed
for the LiScGeO4:Cr** based sensor (publication P4).

Beyond the ratiometric LIR-based approach, two additional readout strategies were proposed
for the LizSca(PO4)3:Cr** manometer. The second proposed readout method was based
on luminescence kinetics and represented the first reported utilization of luminescence decay time
of Ty, excited state of Cr** for pressure sensing. The average lifetimes of the “T,, excited state,
determined through double-exponential fitting of the luminescence decay curves, prolonged
significantly with applied pressure - from 2.42 ps under ambient conditions to 10.65 pus at 2.6 GPa.
Above a pressure of 2.6 GPa, a rapid shortening of the luminescence decay time was observed -
most likely caused by a pressure-induced phase transformation, consistent with results discussed
in earlier sections. The pronounced and monotonic change in T, observed up to 2.6 GPa resulted
in an exceptionally high Sg of 93.56% GPa’!, which, at the time of submission of this doctoral
dissertation, represented the highest reported sensitivity value for any pressure sensor based
on luminescence kinetics. Moreover, the pressure-induced elongation of the excited-state lifetime
observed for Cr** ions is particularly noteworthy from an application-oriented perspective. This
behavior contrasts sharply with that of lanthanide ions, for which increasing pressure typically leads
to a reduction in luminescence lifetime. In lanthanide-based systems, such a decrease in lifetime
reduces the signal-to-noise ratio and increases the uncertainty in pressure readout — especially
at higher pressures - thereby limiting their effectiveness in lifetime-based manometric applications.
In contrast, the prolongation of the luminescence lifetime with increasing pressure in TM-doped

systems improves the precision and reliability of lifetime-based pressure sensing.

In addition to the pressure response, the temperature dependence of the luminescence decay
time was also investigated. As expected, an opposite trend was observed: with increasing
temperature, Tar values decreased due to thermally activated non-radiative depopulation processes
from the excited state. Specifically, between 183 K and 403 K, the average lifetime shortened from
12.56 us to 0.97 us. Based on the Tar versus temperature relationship, the temperature sensitivity
of the sensor at room temperature was determined to be 0.83% K!, which yielded a TIMF value
of 112.72 K GPa’'. This relatively high TIMF value clearly indicates the minor influence
of temperature on the pressure readout, highlighting the suitability of this approach for practical
applications under varying thermal conditions. Furthermore, this readout mode confirmed
the reversibility of the pressure response, as the average lifetime values returned to their initial state

after decompression of the system - providing additional evidence of the reliability and robustness



of the proposed pressure-sensing mechanism. The proposed readout mode based on monitoring
luminescence kinetics is highly attractive for luminescence manometry, primarily due
to the inherent independence of lifetime values from external environmental factors - such
as the surrounding medium in which the phosphor is embedded. However, it should be noted that
equipment required for accurate decay time measurements is more demanding compared to that
used for LIR-based readout. Moreover, the relatively short lifetimes of the “T, excited state,
typically on the microsecond scale, may result in increased measurement uncertainty due

to limitations in temporal resolution and signal stability.

The third readout mode was based on the spectral shift of the emission band, which not only
exhibited a large and linear response to pressure up to 2.6 GPa, but also showed minimal sensitivity
to temperature, with a shift of less than 0.001 nm K!, approximately seven times lower than that
of the widely used ruby pressure standard. Nonetheless, this approach should be regarded with
caution, as the determination of the emission band maximum is subject to considerable uncertainty,
particularly in the case of broad spectral features. Consequently, the two alternative readout modes

discussed above are considered more suitable for practical implementation.

An additional, crucial advantage of the LizSca(PO4);:Cr’* manometer was the rare effect
of increasing emission intensity with increasing pressure. This behavior is particularly desirable,
as emission intensity typically decreases under compression, which leads to larger readout errors
and greater demands on detection sensitivity. In contrast, a 3.3-fold increase in emission intensity
of Li3Sc2(PO4)3:Cr** was observed at 2.6 GPa compared to ambient pressure. At the time the study
was published, this effect represented the strongest reported increase in luminescence intensity
under pressure, highlighting the uniqueness of the developed system among known pressure-
sensitive phosphors. The most plausible explanation for the observed increase in emission intensity
is a pressure-induced blue shift of the excitation band, which maximum is centered around 500 nm
under ambient conditions. At ambient pressure, the 445 nm laser line excites the phosphor
at the high-energy edge of the excitation band. As pressure increases, the excitation band blue-
shifts, aligning more closely with the 445 nm laser wavelength and thereby improving absorption
efficiency and, consequently, the emission intensity. Nevertheless, this mechanism remains
hypothetical, as pressure-dependent excitation spectra cannot be directly recorded with the current
experimental setup. Such measurements are technically demanding, requiring high excitation power
and signal collection efficiency to overcome the inherent limitations imposed by the optical access

and sample volume in diamond anvil cell experiments.
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The most important scientific significance of publication PS5 for the advancement of the

research field

Publication P5 provides further compelling evidence of the exceptional suitability of Cr**
emission from the “T», excited state for the development of high-performance luminescent pressure
sensors, complementing the outcomes reported in previous mentioned publications. A key
advantage of the developed sensor was the implementation of three distinct pressure readout modes,
each offering high sensitivity to pressure changes - including a first-time reported mode based on
luminescence kinetics of *T,, state of Cr**. For instance, in scenarios where instrumental constraints
prevent the implementation of kinetics measurements, the ratiometric LIR-based mode may serve
as the most practical option. Conversely, in cases where the phosphor is dispersed in a liquid
medium or embedded within a solid matrix, monitoring pressure-induced variations
in luminescence decay time may provide a more robust and reliable readout method. The trimodal
nature of the pressure sensor offers exceptional versatility, allowing it to be tailored to a broad

spectrum of potential applications.

Author’s contribution to the publications P4 and P5

synthesis of samples with varying concentrations of Cr*" ions; spectroscopic characterization
of phosphors, including luminescence measurements; investigation of emission spectra
and luminescence decay profiles (publication P5) as a function of temperature and pressure; data

analysis and preparation of the first draft of the manuscript

5.4. Studies of the potential of Cr3*Cr3" pairs emission in doped CaAli2019 -

development of a luminescent bifunctional pressure-temperature sensor

Due to the inability to measure the emission band associated with Cr**-Cr*" pair emission
in a case of MgO:Cr** (publication P2) - resulting from insufficient emission intensity at room
temperature - identifying a phosphor exhibiting a more intense Cr**-Cr’* emission band was
of particular interest in the context of evaluating its manometric potential. This was especially
relevant given the limited number of studies in the literature addressing the pressure-dependent

behavior of Cr**-Cr*" pair emission.

The CaAl;»010:Cr*" phosphor was employed to investigate the aforementioned emission band,

owing to its crystal structure, which provides three distinct types of non-equivalent Cr** centers:

e Cr’ ions located in crystallographic positions of AI** that provide a strong crystal field,
resulting in a sharp, narrowband emission in the spectrum, attributed to the spin-forbidden

2Eg—*Ay, electronic transition (Cr**(C)).



e Cr’' ions occupying AI** positions with a weaker crystal field, manifested by a broad
emission band associated with the spin-allowed “T>;—*As, electronic transition (Cr**(C))

(also attributed to Cr**(C), but in a different local environment).

e Cr¥-Cr* pairs in crystallographic positions of AI**, whose emission, arising from
the coupled electronic transitions *Ang,*Toe—*Asg,*Aze Cr¥*(A)-Cr**(A) was manifested

as a broad emission band.

Raman spectroscopy studies have confirmed that pressures up to approximately 7.25 GPa
do not induce any permanent structural changes or decomposition of the compound, indicating a
high degree of pressure stability in the crystal structure - an important property for the development

of reliable luminescent pressure sensors.

Emission spectra recorded as a function of pressure revealed a particularly interesting
phenomenon. The broad emission band corresponding to the *Ajg,*Tre—*Azs, A, electronic
transition of Cr**-Cr*" pairs exhibited negligible sensitivity to applied pressure: the position of the
emission maximum remained almost unchanged throughout the entire pressure range investigated.
Several potential mechanisms may explain this behavior. First, it is important to recognize that this
emission originates from Cr**-Cr®" pairs, rather than isolated Cr*" ions. While the emission from
single Cr** centers is strongly dependent on the Cr**-O* bond length and, hence, sensitive
to pressure, the Cr’*-Cr** pair emission is also influenced by the Cr’**-Cr** distance, which
influences interionic energy transfer processes. Changes in Cr**-Cr** distances under pressure may
not significantly perturb the relevant excited-state energy levels, resulting in a weak spectral
response. Another plausible explanation involves a simultaneous pressure-induced shift of both the
excited and ground levels of Cr**-Cr**, which would result in a negligible change in transition
energy. A similarly low sensitivity of Cr**-Cr*" pair emission to pressure changes has been reported
for the analogous SrAl;2O19 phosphor.'”® Nevertheless, additional advanced spectroscopic
investigations are required to fully elucidate the origin of this effect, particularly considering other
host matrices in which variations in local structure and crystal field strength may influence

the pressure-dependent behavior.

In contrast, temperature-dependent luminescence measurements revealed pronounced spectral
changes in the Cr**-Cr** emission band. A significant thermally-induced blue-shift of the emission
band was observed. This distinct dual sensitivity - weak dependence on pressure but strong
sensitivity to temperature - suggested the feasibility of development a bifunctional optical sensor
capable of simultaneous temperature and pressure sensing. This concept was realized by proposing
two independent LIR parameters, each tailored to respond selectively to either temperature

or pressure, as expressed by the following formulas:
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LIR; was the ratio of emission intensities originating from the *T2;—*As, (Cr¥*(C)) and *E;—*Ax,
(Cr**(C)) emission bands, whereas LIR, was based on the ratio between the broad emission band
corresponding to the “To,—*A,, electronic transition of Cr*'(C) and the *Asg,*Tre—*Asg,*Asg
Cr**-Cr*" pair emission band. LIR; exhibited high sensitivity to pressure, reaching
a maximum value of 70% GPa™! at ambient conditions. However, its sensitivity to temperature was
considerably lower, with a maximum of approximately 1% K™ at 83 K. Furthermore, due
to the non-monotonic behavior of LIR; as a function of temperature, it was not well suited for use
for luminescence thermometry. This limitation was further confirmed by the analysis of the TIMF
across the entire pressure range studied: while the TIMF reached a maximum of 150 K GPa’
at ambient pressure, it dropped sharply up to around 15 K GPa™! for pressure around 0.3 GPa. These
observations indicate that the pressure-sensing capability of LIR; is most effective at low-pressure
regimes (up to ~0.3 GPa). In contrast, LIR, demonstrated monotonic behavior with temperature,
exhibiting a temperature sensitivity of 1.2% K at 83 K. However, its response to pressure was
significantly weaker (maximal Sg=4.5% GPa™") than that of LIR,. The TIMF values based on LIR»
reached maximal value of 11 K GPa! at ambient pressure and gradually decreased to 6 K GPa™ at
a pressure of 6.76 GPa. Although neither LIR; nor LIR, showed exceptionally high pressure
sensitivity, their distinct selectivity toward pressure and temperature, respectively, enabled the
implementation of a bifunctional sensor based on CaAl;,019:Cr**, capable of simultaneously
monitoring both parameters using LIR; for pressure and LIR; for temperature. To date, several
phosphor materials have been reported that have been investigated for their performance under

simultaneous pressure and temperature sensing conditions,!+16:52:196.197

In addition, the pressure and temperature dependence of the luminescence decay kinetics
of the 2E,—*A,, transition in doped CaAl;;O19 was studied. A monotonic prolongation
of the average lifetime of the *E, excited state was observed under pressure, rising from 2.3 ms
at ambient pressure to 5.1 ms at 6.76 GPa. Conversely, temperature caused a substantial shortening

of the Tay - from 5.1 ms at 83 K to 0.3 ms at 633 K. These variations resulted in maximal pressure



sensitivity of 16% GPa! at ambient pressure, and a temperature sensitivity of 0.75% K at 325 K.
The corresponding TIMF reached 24 K GPa™!' at ambient pressure, decreasing to 10 K GPa™! at 6.76
GPa. While pressure sensitivity is lower than those achieved using the previously discussed
Li3Sca2(PO4);:Cr** phosphor - whose “To.—*A,, emission yielded pressure sensitivities nearly four
times higher - the CaAl12019:Cr’" benefits from significantly longer luminescence decay time
(on the millisecond scale), which enhance readout precision and may be advantageous for certain

practical applications.

The most important scientific significance of publication P6 for the advancement of the

research field

The emission associated with *Agg,*Toe—*Asg,*As, electronic transition of Cr**-Cr** pairs
exhibits limited potential for use in luminescent manometry due to its weak sensitivity to pressure.
However, as demonstrated in Publication P6, it is possible to develop a bifunctional luminescent
sensor capable of simultaneously measuring both temperature and pressure. This is achieved
by carefully selecting spectral ranges to calculate LIRs, each tailored to be selectively responsive

to either temperature or pressure, enabling reliable decoupling of the two effects.

Author’s contribution to the publication P6

spectroscopic characterization of phosphors, including luminescence measurements; investigation
of emission spectra and luminescence kinetics as a function of temperature and pressure;

contribution to the data analysis and preparation of the first draft of the manuscript.

5.5. Comparative analysis of ratiometric LIR-based strategies for phosphors

with two distinct crystallographic positions for Cr?* ions - studies of MgGeQ3:Cr3*

Given the previously demonstrated suitability of broadband emission associated with
the *Te—*A,, electronic transition of Cr** ions for ratiometric pressure sensing, it appeared
particularly compelling to investigate a material in which the observed broadband emission arises
from the two spectrally distinct Cr** centers occupying inequivalent crystallographic positions
and affected by weak crystal field. It was hypothesized that such a system could exhibit enhanced
pressure-induced luminescence changes, as the overall response would reflect the combined

spectral shifts of two separate emission bands originating from structurally distinct environments.

To verify this hypothesis, MgGeOs; was selected as a compound containing two

crystallographically inequivalent Mg?* sites, differentiated by their local coordination
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environments. Specifically, the average Mg?*-O* bond length is 2.088 A for the Mg(1) and 2.129
A for the Mg(2), suggesting distinct crystal field strengths that may differently influence Cr**
and its spectroscopic behavior. To identify the composition with the highest manometric potential,
MgGeOs:Cr*" samples with different Cr*" concentration were synthesized (from 0.1% to 5%).
Emission spectra recorded at room temperature revealed progressive broadening of the “T»,—*A,
emission band with increasing Cr** content. Furthermore, when the emission spectra were
represented in the energy domain (cm™), the profiles deviated significantly from a single Gaussian
shape, suggesting the presence of multiple emissive centers. Spectral deconvolution of the emission
spectrum for the 5% Cr**-doped sample confirmed this assumption, revealing two distinct Gaussian
components centered at 11271 e¢m™ (Cr**(2)) and 12528 cm™ (Cr**(1)). These results strongly
supported the presence of two optically active Cr*" centers, each associated with one of the two
Mg** positions in the MgGeOs structure. To further confirm this hypothesis, excitation spectra were
recorded while monitoring two emission wavelengths corresponding to the low- and high-energy
regions of the emission band — Aem = 1000 nm and 750 nm, respectively. The excitation spectra
differed significantly in the position of the observed *A»,—*Ti; and *A,; —*T», absorption bands,
indicating different crystal field environments experienced by Cr’*(1) and Cr**(2). Deconvolution
of these excitation spectra enabled the calculation of the Dg/B values, yielding 1.97 for Cr**(1)
and 1.90 for Cr**(2), confirming the presence of two crystallographically distinct Cr** centers

in the MgGeOs host lattice.

Raman spectra as a function of pressure showed the stability of the MgGeO; structure
up to about 5 GPa. Above this value, a change in the shape of the Raman modes and the appearance
of new ones were observed. According to the literature, the observed changes were due
to a pressure-induced phase transformation of MgGeOs3 from orthorhombic to monoclinic structure.
However, even after compressing the sample to 11 GPa, the changes observed in the Raman spectra

were reversible.

Pressure-dependent emission spectra were recorded for the MgGeOs:5%Cr** sample
in the pressure range from ambient conditions up to 6.93 GPa. As the pressure increased, significant
changes were observed in the shape of the emission spectra - most notably, a progressive spectral
separation of the two broad emission bands associated with the *T,;—*A,, electronic transition
of Cr**(1) and Cr**(2). In order to analyze this effect quantitatively, spectral deconvolution was
performed. The two deconvoluted emission bands exhibited almost linear blue shifts with
increasing pressure. The band attributed to Cr**(1) showed a shift rate of 197 cm™ GPa’!, while
the band associated with Cr**(2) shifted with a rate of 105 cm™ GPa™'. Based on these deconvoluted
components, the LIR; was expressed as the intensity ratio between the emission bands

corresponding to Cr**(2) and Cr**(1). From ambient pressure up to approximately 4 GPa, LIR,



increased monotonically from 0.6 to 1.1. Between 4 and 5.2 GPa, the LIR; value plateaued, after
which it resumed a monotonic increase, reaching a value of 1.5 at 6.93 GPa. The observed plateau
in LIR; was likely associated with a pressure-induced phase transition, as confirmed by Raman
spectroscopy studies. Although a maximal Sg; value of 22% GPa™! was achieved at 1.3 GPa, the use
of the LIR;-based readout may be hindered by its pronounced susceptibility to pressure-induced
structural transformations and the need for spectral deconvolution, which can complicate signal
processing and impose additional requirements on the measurement setup.To address these
limitations, three alternative ratiometric parameters - LIR,, LIR3 and LIR4 were introduced. These
were calculating using 10 nm spectral ranges, making them compatible with 2D luminescence
imaging systems based on cameras and optical bandpass filters, and thus highly applicable
in real-time and spatially resolved sensing platforms. The LIR», LIR; and LIRs were expressed

as presented below:
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All three LIRs exhibited increases with applied pressure. Among them, LIR, showed the largest
pressure-dependent variation, yielding a maximum Sg> of 62% GPa! at 4.8 GPa, and maintaining
a sensitivity above 10% GPa™! across the entire studied pressure range. LIR; and LIR4 provided
lower sensitivities, but within lower pressure ranges: Sgs = 40% GPa™' at 1.5 GPa and Sgs = 43%
GPa' at 0.9 GPa. To assess the temperature stability of the proposed ratiometric approaches,
thermal response studies were also conducted. While LIR, demonstrated the highest pressure
sensitivity, it was also found to be most sensitive to temperature variations, with a TIMF not
exceeding 150 K GPa'!' throughout the entire tested pressure range. In contrast, LIRs proved
to be the most thermally-invariant option. It maintained TIMF values above 200 K GPa! from
ambient pressure up to 5 GPa, reaching a maximum TIMF of 577 K GPa™ at 0.66 GPa. These results

clearly demonstrate that LIR4 represents the optimal balance between pressure sensitivity
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and thermal invariability, making it the most suitable readout parameter for practical manometric

applications using MgGeQs:Cr**.

The most important scientific significance of publication P7 for the advancement of the

research field

The research findings presented in publication P7 offer a critical comparison of various LIR-
based readout strategies. It was demonstrated that calculating the LIR parameter based on post-
deconvolution emission components does not lead to a significant increase in sensitivity. Moreover,
such an approach may reduce the practical applicability of the sensor due to the requirement
for more complex and compact detection equipment, which may limit its use in real-world
applications. Importantly, the results also emphasize that in evaluating the manometric potential
of a luminescent material, one must consider not only its pressure sensitivity, but also its
temperature sensitivity, as both factors directly influence the reliability of pressure readout
in varying environments. In addition, the results presented in publication P7 highlighted the critical
importance of correctly defining the LIR parameter. By carefully selecting the spectral ranges used
for its calculation, it is possible to modulate the manometric performance parameters, thereby

facilitating the adjustment of sensor characteristics to meet specific application requirements.

Author’s contribution to the publication P7

spectroscopic characterization of phosphors, including luminescence measurements; investigation
of emission as a function of temperature and pressure; contribution to the data analysis

and preparation of the first draft of the manuscript



SUMMARY

Conclusions

As part of this doctoral dissertation, the spectroscopic properties of Cr’" ions were
comprehensively investigated from multiple perspectives to assess their applicability

in luminescent manometry. Three distinct manometric strategies were employed:

o spectral shift of the emission band as a function of pressure,
e ratiometric approach based on luminescence intensity ratio,

e analysis of luminescence decay kinetics.

This doctoral dissertation primarily focuses on the luminescence associated with the *T,;—*A,,
electronic transition of Cr® ions, which has remained underexplored in the context of luminescence
manometry. In publication P1, using the Li-MgsTiOs:Cr®" phosphor, it was demonstrated that the
conventional manometric approach, based on monitoring the spectral position of the emission
maximum, leads to significant readout errors due to the difficulty in accurately determining the
maximum of a broad band. To overcome the limitations of conventional approach, a novel strategy
for luminescence manometry was introduced: the use of the luminescence intensity ratio derived
from the integration of a broad Cr® emission band over two selected spectral regions.
This method was first validated for the LinMgsTiOs:Cr®* (publication P1), yielding a relative
pressure sensitivity of 4.63% GPa. Crucially, this approach allowed pressure readouts to remain
unaffected by temperature variations - an important advantage over classical spectral shift method,
in which emission bands are inherently sensitive to both pressure and temperature changes.
To systematically evaluate the thermal robustness of different pressure readout strategies,
the Thermal Invariability Manometric Factor was introduced in publication P3 (see Equation 7).
The strong potential of the LIR-based methodology exploiting broadband Cr3* emission was further
confirmed across multiple phosphor systems, including those reported in publications P2, P3, P4,

P5, and P7, as illustrated in Figure 9, below.
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Figure 9. Comparison of the performance of the developed ratiometric LIR-based luminescent

manometers, evaluated in terms of maximal relative pressure sensitivity (Sz,) and TIMF.

Among the investigated phosphors, LiScGeO4:Cr¥* (publication P4) demonstrated
the highest pressure sensitivity, accompanied by a TIMF value exceeding the critical threshold
of 100 K GPa?l, which was established as the benchmark for adequate thermal robustness.
In contrast, LisSc2(PO4)s:Cr* (publication P5) and CaMgSi,Qs:Cr®* (publication P3) exhibited
lower pressure sensitivities, however, their TIMF values were more than six times higher,
significantly mitigating the influence of temperature fluctuations on pressure readouts
and enhancing the reliability of pressure sensing under variable thermal conditions. Similarly,
LioMgsTiOs:Cr?* (publication P1) and MgO:Cr®* (publication P2) showed moderate sensitivities
of 4.63% GPa® and 9.83% GPa, respectively, with MgO:Cr®* emerging as the most thermally
robust material, achieving an exceptionally high TIMF of 1750 K GPa®. In the case
of MgGeOs:Cr¥* (publication P6), where Cr®* ions occupy two distinct Mg?* crystallographic
positions, three LIRs were proposed based on the “T,,—*A,, electronic transition. All yielded
pressure sensitivities exceeding 40% GPa?, though their thermal responses varied. Notably,
adjusting the integration spectral window to express the LIR4 resulted in nearly a threefold increase
in thermal insensitivity. This case highlights the critical role of spectral range selection in LIR-
based sensing, as both pressure and temperature sensitivities can be effectively tuned through

careful spectral design. All of the above phosphors demonstrated the potential of utilizing



the broad-band *T,,—*A;; emission of Cr3* ions for the development of highly sensitive,

thermally invariant pressure sensors.

Additionally, publications P, and P explored an alternative LIR-based approach involving
the intensity ratio between the *T,,—*A,, and 2E,—*A,, emission bands of Cr*. This dual-band
method, commonly employed in luminescence thermometry for Cr3*-doped phosphors with host
lattices providing an intermediate crystal field strength, was compared with the LIR-based approach
relying exclusively on the *T,,—*A,, emission band. Comparative studies conducted on MgO:Cr3*
and CaMgSi»Os:Cr3* revealed that although both dual-band systems exhibited high pressure
sensitivity, their TIMF values were significantly lower than those obtained using the broadband-
only approach. These findings underscore the superior thermal invariability of the strategy
based on “T,,—*A,,; emission and reinforce its position as the highly promising LIR-based

method for luminescent manometry.

Building upon this demonstrated potential, the dissertation further explores strategies
to enhance the applicability of the *T,,—*A,, electronic transition of Cr3*. For LiScGeO,:Cr3*
(publication P4), relative sensitivity maps were proposed as a function of the spectral range used
for LIR calculation, enabling the development of tailor-made luminescent manometers optimized

for specific pressure regimes.

Furthermore, in publication P5, a tri-modal readout strategy was introduced
for LizSc2(PO4)s:Cr¥* combining LIR-based ratiometry, spectral shift tracking, and luminescence
decay time analysis. This approach significantly expanded the functional versatility
of the sensor and established it as the most pressure-sensitive kinetic-based luminescent
manometer reported to date, with a relative sensitivity of 93.56% GPa® and a TIMF value
exceeding 100 K GPa™. Notably, this was the first reported manometer utilizing the lifetime
of the “T,, excited state of Cr®" ions. The lifetime of the “T,, level was also investigated
for CaMgSi.Os:Cr®* (publication P3), yielding a relative sensitivity of 7.95% GPa? (Figure 10a).
However, this material exhibited a TIMF below 50 K GPa?, indicating a higher susceptibility
to thermal fluctuations. The poorest performance in both pressure sensitivity and thermal robustness
was recorded for CaAl;2010:Cr3* whose pressure sensing relied on the kinetics of the 2E,—*A,,
electronic transition. This result further emphasized the advantages of utilizing the broadband

4T,.—*A,, emission in achieving thermally invariant luminescent pressure readouts.

79



80

“Tog—*A,g emission  XX\N\N\ °Eg —*Ay; emission

) LIFETIME-BASED b) SPECTRAL SHIFT-BASED
APPROACH APPROACH

P3| P5|P6{1257, P2 P4 P5]0.002

S,r (hm K™)

0.001

0.000

Figure 10. Comparison of the performance of the developed luminescent manometers employing
a) lifetime- and b) spectral shift-based readout approaches, evaluated in terms of relative (Sg,)
or absolute (S4,) maximal pressure sensitivity and TIMF or absolute temperature sensitivity (S4r),

respectively.

Monitoring the luminescence kinetics associated with the *T;—*A,, transition of Cr3* ions,
despite their greater susceptibility to temperature variations - resulting from the inherent sensitivity
of luminescence decay times to both pressure and temperature - offers additional opportunities
for application. One of the key advantages of this approach lies in the fact that luminescence kinetics
are largely unaffected by external factors such as the physical or chemical nature of the surrounding
medium, which can be a significant limitation in intensity-based methods. For this reason,
luminescence decay time-based manometry, although less thermally robust than

the ratiometric LIR-based approach, merits further exploration.

The manometric potential of alternative Cr**based systems, based on doped CaAli2O19 was
investigated. One of its observed emission bands was attributed to Cr**-Cr*" pairs interactions.
It was found that this Cr**-Cr*" pair emission was slightly sensitive to pressure changes. However,
the material also exhibited a narrow emission band associated with the *E,—*A,, electronic
transition of Cr**, which allowed for the implementation of a dual-mode temperature-pressure
sensing strategy. In this case, the manometric calibration curve based ratio of *Es—*Aj,
and “T,—*A,, emissions bands resulted in a pressure sensitivity of approximately 70% GPa!,
accompanied by a TIMF value of ~150 K GPa!. On the other hand, the LIR based on band

associated with Cr**-Cr*" pairs emission, owing to its negligible response to pressure, proved to be



a good thermometric indicator. The underlying mechanism of pressure insensitivity in Cr**-Cr**
pair emissions remains poorly understood due to the limited literature available on the subject.
Nevertheless, this phenomenon may pave the way for the development of wider group
of bifunctional sensors that simultaneously enable temperature and pressure readout,

thus expanding the potential application scope of Cr**-doped phosphors.

Additionally, in publications P4 and PS5, a spectral shift-based pressure readout mode was
proposed, capitalizing on the exceptionally high pressure-induced spectral shift rates of 23.63 nm
GPa! and 23.90 nm GPa™! for LiScGeO4:Cr® and LisSc,(PO4)s:Cr¥, respectively (Figure 10b).
At the time of publication of P4 and P5, these values represented the highest reported pressure-
induced shift rates for Cr¥*-based luminescent manometers. Moreover, temperature-induced
spectral shifts were found to be minimal, amounting to only 0.0019 nm K'for LiScGeO4:Cr3*
and 0.0010 nm K 'for for LisSc2(PO4)3:Cr¥*, supporting the thermal robustness in spectral shift-
based detection. A similar approach was evaluated for the 2E;—*A,, emission band of MgO:Cr**,
which yielded a spectral shift rate of 0.504 nm GPa™! - notably higher than that of the commonly
used ruby standard (0.365 nm GPa'). However, despite these promising results, the practical
applicability of shift-based manometry in industrial or real-world settings remains limited. This
limitation stems from the fact that such measurements enable only point-wise pressure readout
and require high-resolution spectrometers to minimize readout error, thereby increasing the cost
and complexity of the sensing system. In contrast, ratiometric LIR-based approach offer more
versatile and cost-effective alternatives, particularly for applications requiring robust and spatially-

resolved pressure monitoring.

In summary, the most promising approach proved to be the ratiometric method based
on the luminescence intensity ratio of the broad *“T,;—*A,, emission band of Cr** ions,
integrated over two selected spectral regions. This strategy was demonstrated for the first

time in the publications constituting this doctoral dissertation.

The luminescence of Cr** ions in weak-field host matrices and the LIR-based ratiometric
methodology based on broad emission bands independently hold substantial potential for pressure
sensing applications. However, when these two concepts are combined, they enable
the development of luminescent pressure sensors with outstanding performance characteristics.
These sensors exhibit exceptionally high pressure sensitivity, insensitivity to temperature
variations, and practical benefits such as lower system costs and the capability to monitor pressure
distributions across extended surfaces, rather than at isolated points. Such a combination
of properties makes these sensors truly unique. The ability to simultaneously achieve high pressure

sensitivity, temperature-independent operation, and cost-effective implementation sets them apart
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from existing luminescent pressure sensing systems. The results obtained in this doctoral
dissertation not only confirm the validity and robustness of this integrated approach but also
demonstrate  its  scalability and  adaptability = across  various host  materials
and pressure ranges. It opens new prospects for high-resolution, non-invasive pressure mapping
in dynamic environments, offering critical advantages in sectors such as aerospace, manufacturing,
energy systems, and materials diagnostics. In this context, the work presented in this dissertation
constitutes a pivotal step in bridging the gap between academic innovation and technological
application in the field of pressure sensing. Moreover, these findings significantly accelerate the
transition of luminescent manometers from laboratory-based experimental concepts to practical,

industrial-grade technologies with real-world applicability.

Further research directions

The solutions presented in this dissertation demonstrate significant application potential,
positioning the research topic as a compelling foundation for further exploration. One particularly
important direction involves the systematic investigation of pressure-dependent luminescence
across a broader temperature range, extending well beyond ambient conditions. Such studies would
considerably expand the scope of practical applications. In the present work, this aspect remained
unexplored due to instrumental limitations - specifically, the employed diamond anvil cell allowed

for reliable operation only at room temperature.

Moreover, the LIR-based ratiometric approach utilizing broad emission bands proves
to be a highly promising strategy not only in Cr**-doped systems but also in materials incorporating
other luminescent centers. Research conducted outside the scope of this dissertation (publication
P21) has already confirmed the feasibility of Ce*'-doped phosphors as optical pressure sensors
operating in the visible spectral range. Therefore, it is particularly worthwhile to investigate another
phosphors exhibiting broadband emission, such as Mn?**, as well as lanthanide ions exhibiting d-f
electronic transitions. This research direction is currently being pursued for Ni**-doped phosphors
within the framework of the NCN PRELUDIUM project, for which I serve as the principal

investigator.

An especially promising but thus far only briefly illustrated direction is the development
of ratiometric LIR-based sensors capable of monitoring multiple parameters simultaneously.
In the example presented in this dissertation, a Cr**-doped phosphor was employed in which Cr**
ions exhibited both broadband emission from the *T,, level and additional band attributed
to Cr**-Cr** pairs emission. This dual-emission behavior highlights the potential of such materials
for temperature-pressure sensing applications. Further exploration of this concept - particularly

through a detailed study of pressure-dependent luminescence arising from Cr**-Cr’* pairs -



is warranted. Expanding this research to other transition metal ion pairs, such as Mn**~Mn?', could
also yield valuable insights, especially considering the limited number of publications available
on the subject. Advancing this research direction could enable the development of next-generation

optical sensors characterized by high functionality and broad application relevance.

Another essential yet underexplored research direction concerns the relationship between
the structural characteristics of host lattices and their manometric performance. High-pressure
X-ray diffraction studies would be particularly valuable in this context. Performing Rietveld
refinements on high-pressure XRD data could allow for precise tracking of unit cell parameter
evolution under pressure and their correlation with luminescent behavior. Although technically
demanding - due to challenges such as parasitic reflections from diamond anvils and weak
diffraction signals from small sample volumes - such studies could offer critical insights into

the structural mechanisms governing pressure-sensitive luminescence.

Ultimately, establishing a deeper understanding of these structural-optical correlations could
pave the way for the development of predictive models capable of estimating the pressure response
of phosphors without the need for extensive synthesis and characterization. A particularly forward-
looking strategy involves the creation of a curated database of luminescent materials evaluated
under high-pressure conditions, including their structural parameters, emission profiles,
and pressure and temperature sensitivities. Such a base would form a solid foundation for the
application of machine learning algorithms to uncover hidden patterns and correlations that may
elude conventional analytical approaches. By leveraging data-driven methods, it would become
possible to predict the behavior of unexplored compositions, enabling the rational design
of advanced phosphors. This approach could significantly shorten development cycles, minimize
material consumption, and promote the emergence of sustainable, application-oriented luminescent

pressure sensing technologies.

Taken together, the directions outlined above highlight the multifaceted nature and vast
potential of luminescence-based pressure sensing. Building upon the foundations established in this
dissertation, future studies integrating advanced structural characterization, exploration of a broader
range of chemical compositions and dopant systems, and modern data-driven approaches may
unlock new frontiers in luminescent manometers development. Such progress would not only
enhance our fundamental understanding of pressure-sensitive luminescent phenomena in a view
of sensing but also facilitate the translation of laboratory-scale innovations into robust, real-world

technologies with meaningful industrial and scientific impact.
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The dependence of the spectroscopic properties of the phosphor on the applied pressure enables the development
of luminescent manomenters that allow remote readout and imaging of the pressure. Although the most widely
used manometers for years have been those using pressure-induced spectral shift of the emission band, their main
limitations are relatively low sensitivity for spectrally narrow emission lines or low readout precision for
broadband phosphors. Taking advantage of the benefits of both these approaches, this paper proposes a ratio-
metric pressure-readout strategy that exploits spectral shift of the *T,—*A, emission band of Cr®* ions in

Li;Mg3TiOe. The luminescent manometer developed in this way is characterized by a linear dependence of LIR on
pressure in the range of 0-7.75 GPa pressure range and a relative sensitivity of Sg = 4.7 %/GPa. Importantly, this
manometer is characterized by insensitivity to temperature changes in the 123-563 K. This novel approach will
allow the development of a new group of highly sensitive luminescent manometers.

1. Introduction

Luminescent materials, in addition to their natural application in the
lighting industry, are recently gaining popularity in detection systems
and sensing applications [1-7]. This is due to the fact that the proper
design of the phosphor allows to boost the susceptibility of its lumi-
nescent properties to variations in the physical or chemical parameters
of the medium in which the phosphor is located [6,8-11]. Therefore, by
the analysis of the change in energy, intensity of the emission band, its
half-width or luminescence intensity ratio (LIR) of two bands and
luminescence kinetics, allows the development of luminescence ther-
mometers, pH meters, optical power meters or luminescence manome-
ters [12-17]. While luminescence thermometry is a technique that has
been developed very intensively in recent years, the literature devoted
to luminescence manometers is rather scarce [16,18-25]. Most reports
describe optical manometers based on emission line shift, whereas less
common are manometers using full width at half maximum (FWHM)
[26], luminescence lifetimes [22] or band intensity [16]. Although
luminescence manometers based on the LIR of two bands have been
reported for lanthanide ions or transition metal ions doped phosphors,
the simultaneous dependence of this parameter on other factors such as

* Corresponding author.
E-mail address: 1. marciniak@intibs.pl (L. Marciniak).

https://doi.org/10.1016/j.cej.2022.139632

temperature limits their application potential [16,17,22,27-32].
Therefore, one of the most widely used techniques is manometry based
on spectral band shift. For nearly 50 years the key indicator of isostatic
pressure here is Al;03:Cr’" commonly used as a luminescent reference
during measurements in the diamond anvil cell (DAC), which, depend-
ing on the used pressure-transmitting medium, allows ultra-high static
pressures up to 150 GPa to be obtained [33]. In this case, the monotonic
blue shift of the Ry-line of the 2E—*A, transition allows for a readout of
the pressure. However, this parameter is characterized by low sensitivity
to pressure changes (a change in pressure from ambient to 2.7 GPa
causes a change in band position by only 1 nm) [33]. On the other hand,
a more spectacular spectral shift is observed in the case of wide bands
such as CagNaZnj Mgy (PO4);:Eu®" [34], CayGdgSigOae:Ce>" [17],
BaLiyAl,SioNg:Eu?t [35], etc. However, although the pressure depen-
dence of the band position facilitates achieving high pressure sensitivity,
the broad nature of the band hinders the reliable read of the emission
maximum, thus limiting measurement precision. Therefore, in this
work, a new strategy for ratiometric pressure readout in a manometer
based on broadband emission of Cr®* ion in LisMg3TiOg (LMTO) phos-
phor is proposed. The main idea of the proposed strategy is schemati-
cally shown in Fig. 1.
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Fig. 1. The conceptual image shows the main idea of the work: the applied pressure causes a shrinkage of the Cr

3+_0? distance and thus modifying the energy of the

excited states. As a result, the spectral position of the emission band related to the *T,—*A, undergoes a blue shift at elevated hydrostatic pressure. Therefore, the
luminescence intensity ratio (LIR) of the signals integrated into the spectral ranges marked in the Figure can be used as a manometric parameter.

The luminescent properties of Cr>* ions are associated with radiative
depopulation of 2E and/or “T, levels [36-40]. The spin-forbidden
2E—*A, transition is represented by a spectrally narrow band that is
dominant when a strong crystal-field affects Cr>* ions. The spectrally
broad band associated with the spin-allowed 4T,—*A, transition domi-
nates in a weak crystal field host materials. In contrast to the 2E level, the
energy of the “T, level changes very strongly with a change in the
strength of the crystal field. Taking into account that in the case of Cr>*
ions in octahedral coordination the strength of the crystal field (Dq/B)
increases strongly with the shortening of the metal-oxygen (R) distance
(Dg/B ~ R®) [41,42], the spectral position of the 4T2—>4A2 band is ex-
pected to change much more significantly with increasing pressure
compared to the 2E—*A, band. Therefore, from a manometric perspec-
tive, it is beneficial to exploit the Cr®* doped materials with a dominant
4Ty—*A, emission band. As will be demonstrated in the further part of
this article, Li)MgsTiOg:Cr>* belongs to such a group of phosphors
[43-46]. In order to eliminate the low precision of pressure measure-
ment based on the broad band emission maximum, it is proposed to
develop a ratiometric manometer using LIR integrated into two spectral
ranges. Additional advantages of using the LMTO as a ratiometric
luminescent manometer are the monotonic, sublinear variation of the
LIR in the pressure range of 0-7.75 GPa and the independence of pres-
sure measurement from temperature changes in the range of 123-563 K.

In the present work, the effect of the steepness of spectroscopic
properties of cr®t ions in LMTO was investigated. In addition, the effect
of temperature and hydrostatic pressure on the spectral positions of the
4T,—~*A, band was determined.
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2. Experimental section
2.1. Materials

The LMTO:Cr>" with different concentrations of Cr®' ions were
synthesized using a modified Pechini method [47]. The following re-
agents were used as precursors for the synthesis: lithium carbonate
(LiaCO3, min. 99.0 %, Chempur), magnesium nitrate hydrate (Mg
(NO3)2-xH20, x = 6, 99.999 %, Alfa Aesar), titanium(IV) n-butoxide (Ti
[O(CH3)3CH3l4, 99+%, Alfa Aesar), chromium(III) nitrate nonahydrate
(Cr(NO3)e9H,0, min, 99.99 %, Alfa Aesar), 2,4-pentanedione (CsHgOs,
99 %, Alfa Aesar), polyethylene glycol 200 (H(OCH2CH32),0OH, n = 200,
Alfa Aesar) and citric acid (HOC(COOH)(CH,COOH),, >99.5 %, Sigma-
Aldrich). All reagents were used without further purification.

2.2. Synthesis

Stoichiometric amounts of lithium, magnesium(Il) and chromium
(III) salts were dissolved in 50 ml of distilled water with a sixfold molar
excess (respect to all metals) of citric acid. The number of moles of
lithium carbonate was always equal to 8.5¢10™ mol 'while the number of
moles of magnesium(Il) and chromium(IIl) nitrates was varied,
depending on the amount of dopant chromium(III) in the sample, which
was calculated with respect to the stoichiometric amount of Mg?* ions in
the host. Meanwhile, in another glass was placed 8.5¢10* ™! of Ti
(OC4Hg)4, which was stabilised with 2,4-pentanedione in a molar ratio
of 1:1. The resulting yellow, clear solution was mixed with the previ-
ously prepared citrate complexes. Subsequently, PEG-200 was added in
the molar ratio 1:1 with respect to the citric acid. The reaction mixture
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Fig. 2. Visualization of cubic structure of LMTO - a); XRD patterns of LMTO:x%Cr3* (x = 0.1-50) and zoom on angles ca. 42-45° - b); calculated cell unit volume as a
function of Cr** concentration — c); the representative TEM images of LMTO:10 %Cr>* — d); and corresponding histogram of nanoparticle size distribution obtained

from TEM images - e).

was stirred at 330 K for 2 h. After this time, the solution was dried for 5
days at 360 K in the air. The obtained LMTO resins with different Cr>*
concentrations (0.1-50 %) were annealed in a ceramic crucible at the
temperature range 673-1173 K in air for 2 h.

Stoichiometric amounts of chromium(IlI), magnesium(Il) and
lithium salts were dissolved in distilled water with a sixfold molar excess
(to all metals) of citric acid. The mass of the dopant (cr®*h) was calcu-
lated with respect to the stoichiometric amount of Mg?* ions in the host.
Meanwhile, in another glass Ti(OC4Hg)4, stabilized by mixing with 2, 4-
pentanedione, a complex is formed (1:1 M ratio) was placed The
resulting yellow, clear solution was mixed with the previously prepared
citrate complexes. Subsequently, PEG-200 was added in the molar ratio
1:1 with respect to the citric acid. The reaction mixture was stirred at
330 K for 2 h. After this time, the solution was dried for 5 days at 360 K
in the air. The obtained LMTO resins with different Cr°* concentrations
(0.1-50 %) were annealed in a ceramic crucible at the temperature
range 673-1173 K in air for 2 h.

3. Methods

Examination of the crystal structure by X-ray powder diffraction
(XRD) was carried out using a PANalytical X’Pert Pro diffractometer in
Bragg-Brentano geometry equipped with an Anton Paar TCU1000 N
Temperature Control Unit using Ni-filtered Cu K « radiation (V = 40 kV,
I =30 mA). Measurements were taken in the range 10-90°. Transmission
electron microscopy images were obtained using a Philips CM-20
SuperTwin TEM microscope (CCD FEI Eagle 2 K camera with a
HAADF detector, LaB6 cathode). Studies were performed with 160 kV
parallel beam electron energy. Samples were prepared by dispersing the
powders in methanol, then applying the resulting suspension to a copper
grid and drying under an IR lamp for 40 min. The prepared grid with
sample was purified in a plasma cleaner. Samples for EDS measurements
were prepared by putting a droplet of sample dispersion in methanol on
a carbon stub. Measurements were performed using EDAX Genesis XM4
spectrometer installed on FEI NovaNanoSEM 230 microscope.

The excitation spectra were measured with FLS1000 Fluorescence
Spectrometer from Edinburgh Instruments. The source of the excitation
was a 450 W Xenon lamp and R5509-72 photomultiplier tube from
Hamamatsu in nitrogen-flow cooled housing was used as the infrared

detector. The temperature and pressure-dependent emission spectra of
the synthesized phosphors and luminescence decay profiles were
measured with the aforementioned system, using a 445 nm laser diode
operating in a continuous and pulsed work regimes, respectively. The
temperature of the sample was controlled by a THMS 600 hea-
ting—cooling stage from Linkam (0.1 °C temperature stability and 0.1 °C
set point resolution). Measurements were performed with the 1 min
interval between measurements in order to obtain the thermal
equilibrium.

The Raman spectra were recorded in a backscattering geometry
using a Renishaw InVia confocal micro-Raman system with a power-
controlled 100 mW 532 nm laser diode. The laser beam was focused
using an Olympus x20 SLMPlan N long working distance objective.
Raman spectra of the sample compressed in a Daphne Oil 7575 (pressure
transmitting medium) were measured in a DAC equipped with the ultra-
low fluorescence (Ilas) diamond anvils.

The pressure-dependent emission spectra were measured using a gas
membrane driven diamond anvil cell Diacell pScopeDAC-RT(G) dia-
mond anvil cell (DAC) from Almax easyLab with 0.4 mm diamond cu-
lets. The sample was loaded into a 140 um hole drilled in a stainless steel
gasket (thickness 250 pum, diameter 10 mm). As the pressure trans-
mitting medium was used methanol-ethanol solution (V:V/4:1). Pres-
sure was controlled using a Druck PACE 5000 and ruby crystals were
chosen as the pressure indicator, the value of which was determined by
the spectral shift of Ry line [48].

4. Results and discussion

LMTO crystallizes in a cubic structure with Fm3m (225) space group
[43-46,49-54]. All cations (Li™, Mg2+ and Ti*") are in the Wyckoff
position coordinated by six oxygen ions in octahedral symmetry
(Fig. 2a). Therefore, LMTO is an especially interesting host material for
doping with Cr>" ions, which preferentially occupy octahedral sites.
Based on the value of the ionic radii of the metals (Rﬂ>R12w§>R%;r>Rff-i+),
Cr®* ion is expected to occupy preferentially the crystallographic posi-
tion of Ti*" ions, due to the smaller percentage difference in the value of
ionic radii (Dg) calculated from the formula [55]:

(Ru — Rp)

R, 100%

D = (@)
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Fig. 3. The room temperature Raman spectra of LMTO measured at ambient conditions-a); and measured as a function of pressure -b); the band centroid as a
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where Ry and Rp, are the ionic radii of the cations of the host material
and dopant, respectively. For Ti*" this difference is 1.65 %, while the
radius of Mg?* differs from that of Cr>* by c.a. 14.6 %. Additionally a
difference in the ionic charge occurs between substituted Ti** and Mg?*
ions and dopant ion Cr>*. However, as it is considered in the literature
the fact that Mg?" and Ti*" are neighboring sites it is expected that when
the two ions occupy both sites simultaneously the charge compensation
occurs [46]. The phase purity of LMTO:Cr>" powders was examined by

a)
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XRD technique. Due to the absence of the LMTO compound in the ICSD
database, a compound with a similar structure, LiMg3SnOg (JCPDS No.
390932), was used as a reference. The lack of additional reflection in the
XRD patterns confirms the complete reactions of the synthesis pre-
cursors and phase purity of the synthesized powders annealed in the
673-1173 K temperature range (Figure S1). However, diffractograms of
samples annealed below 973 K indicate the presence of an amorphous
phase, the amount of which decreases with increasing annealing
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Fig. 4. Configurational coordinate diagram for Cr>* ions substituted at Ti** and Mg?" crystallographic sites - a); the comparison of the emission (\eyc = 445 nm) - b);
and excitation (Aem = 718 nm for 0.1-2 % Cr>* and on Aem = 900 nm for 5 and 10 % Cr®")- ¢) spectra of LMTO:x%Cr>" powders for different concentration of Cr3*

ions (x = 0.1-10) measured at 123 K upon Aex. = 445 nm.
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temperature and saturates at 973 K. Moreover the residues of carbon,
formed during the high-temperature decomposition of the organic phase
(citric acid, PEG), are present in samples annealed at 873 K and lower
temperatures (Figure S2). The annealing temperature was too low for
oxidation of all carbon to carbon dioxide in 120 min. Moreover, the
decrease in the FWHM of the reflections with increasing annealing
temperature was observed, indicating enlargement of the particle size.
In view of the abovementioned observations, the temperature of 1073 K
was selected as an optical annealing temperature that provides a balance
between the high crystallinity of the sample and the small size of the
particles. The diffractograms of samples with different dopant concen-
tration (Fig. 2b) indicates that for up to 10 %Cr*, thereisa convergence
of the diffraction peaks with both the reference pattern and the LMTO
analyses reported previously. The detailed analysis reveals that, as the
cr®* doping increases, the XRD reflections initially shift towards smaller
angles, for concentrations of 0.1 and 0.5 %, indicating an increase in
crystallographic unit cell size followed by the opposite shift for higher
cr®* concentration (Fig. 2b). This suggests the substitution of Cr>* ions
with a smaller ionic radius, in this case, Ti** for low dopant concen-
tration and the larger ionic site (like Mg?™) for higher dopant concen-
tration. Since the R distance for Ti** and Mg?*' sites differ, the
luminescent properties of Cr’* will strongly depend on the type of the
crystallographic site which will be occupied by dopant ions. The unit cell
volume determined based on the Rietveld refinement method initially
increases up to 1 % of Cr>" and then decreases with increase of con-
centration (Fig. 2¢, Figure S3). The analysis of the TEM images reveals
that synthesized powders consist of aggregated particles of around 50
nm in diameter and the concentration of Cr>* does not significantly
affect the particle size (Fig. 2d, e). As confirmed by the EDS studies
(Figure S4) the dopant ions are uniformly distributed in the phosphor.
To understand the structural changes in the LMTO upon high
isostatic pressure the Raman spectra were measured for the undoped
sample. The measured Raman spectrum at ambient conditions reveals
three bands, associated with Raman active modes, centered around 380,
730 and 1090 cm ! (Fig. 3a). However, in the case of the experiments
performed under high-pressure conditions in a DAC, only the first two of
them were clearly recognizable, because at higher wavenumber values
the third band (at ~1090 cm 1) overlapped with some artificial peaks
originating mainly from the diamonds and pressure transmitting me-
dium of the DAC (mainly from the diamonds and pressure transmitting
medium) (Fig. 3b). Moreover, due to the typically observed deteriora-
tion of the Raman signal in the compressed materials, related to
increased strains and crystal defects under pressure leading to the lower
signal intensity, the signal-to-noise ratio decreased significantly with
pressure, making observations of the low-intensity Raman modes diffi-
cult. Together with the compression of the materials, i.e., with
increasing pressure values, the energy of the phonon modes increased,
which is manifested by the shift of the Raman bands toward higher
energy values (higher wavenumbers). This effect is due to the shortening
of the average distances between the ions, namely, the bonds shortening
in the compressed structure. The peak situated initially around 380
cm™, exhibits an estimated shift rate of ~2.9 cm™'/GPa, using a linear
fit of the band centroids, whereas the one located at around 730 cm™!
shifts with a rate of ~2.6 cm™1/GPa (Fig. 3c). Please note, that the low-
energy band at ~380 cm™! shifts linearly up to ~8 GPa. Above 8GP a
sudden change of the band centroid is observed. The origin of this
behaviour is not clear and it can be associated with the structural phase
transition of the material. However, this is just hypothesis and further
investigations are required to verify this. However this is not essential
from the perspective of this manuscript since the spectroscopic proper-
ties of this material will be analyzed in the 0-7.75 GPa pressure range.
The spectroscopic properties of the Cr®* ions depend significantly on
the crystal field strength [56,57]. Therefore, the change in the crystal-
lographic position occupied by the Cr®* ions in the LMTO with an in-
crease in the dopant concentration modifies their luminescence. To
understand the change in the luminescence spectra of LMTO:Cr*
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Table 1
Calculated crystal field parameters for LMTO:0.1 %Cr>" and 5 %Cr®* powders.
Position E(4A; - “T;)  Dgq EC*A, - *T)) x Dq/
(em™) (em™) (em™) B
Ccr’t @ Ti** site 16,574 1657.4 22,976 3.86 2.62
0.1 %Cr>")
et @ Mg site 15,296 1529.6 21,896 431 225

5 %Cr>")

induced either by dopant concentration or applied pressure the coor-
dination configurational diagrams of Cr®" at Ti*" and Mg?* sites are
presented in Fig. 4a. Short R distance at the Ti** site results in a strong
crystal field affecting Cr®* ions. Therefore the *T, state is localized
above the minimum of the 2E state and the dominant emission band
observed for the LMTO:0.1 %Cr>" is a narrow line associated with the
2E—“A, electronic transition. On the other hand, a much longer R dis-
tance for Cr>" at Mg?* results in the reduction of the energy of the *T,
state below the 2E ones. Hence the emission spectrum of LMTO:Cr>* for
Cr®* concentration above 5 %Cr>" is dominated by the broad *T,—*A,
emission band. The comparison of the emission spectra of LMTO:Cr3*
measured at 123 K reveals that the change in the dopant concentration
gradually changes the contribution ratio of the emission intensity from
Cr®* in Ti** to Mg?™ sites. Observed change can be also observed in the
comparison of the excitation spectra of LMTO:Cr>* (Fig. 4c). The change
in the energy of the excitation bands with Cr®* concentration indicates
modification of the crystal field strength. To quantify those changes the
Dq/B parameter was calculated as follows [40]:

E(*A,—*T.
Dg = % )
_E(*A,—*T)) — E(*A;~*T))
x= Dg 3
Dg _ 15(x—8)
B (x> —10x) “)

The results presented in Table 1 indicate that the crystal field
strength (Dq/B) parameter decreases from Dg/B = 2.62 for 0.1 %Cr>" to
Dq/B = 2.25 for 5 %Cr>". This is according to the expectations since the
due to the difference in the ionic radii between dopant and replaced ions
discussed above, lower crystal field strength is expected when Cr>* ions
occupy Ti*" site.

The analysis of the luminescence kinetics of emitting state of Cr>*
corresponds to the changes observed in the emission spectra and
shortens from 875.15 ps for 0.1 %Cr>* to the 47.85 ps for 10 %Cr>*
clearly indicating the change of the dominant emitting state from 2E to
4T2 state (Figure S3).

The isostatic pressure applied to the host material causes the
shrinkage of the crystallographic unit cell volume and thus the reduction
of the R value. Hence, it is expected that the crystal field strength
affecting Cr®* ions will increase with pressure. Therefore, in order to
develop a highly sensitive ratiometric luminescence manometer based
on the Cr®" luminescence a host material with a weak crystal field
affecting the Cr®" ions is desirable. Since, as shown in Fig. 4b, the broad
4T,—4A, emission band dominates in the emission spectrum of LMTO:
Cr** above 5 % of Cr>* ions and the increase of the dopant concentration
reduced the integral emission intensity, the LMTO:5%Cr>" was found to
be the optimal sample to be used in the further studies (the value of the
applied pressure was readout based on the spectral position of the
emission band of the pressure indicator Al,03:Cr>" microcrystal
Figure S4). As shown in Fig. 5a, the emission spectra of the analyzed
sample consist of a broad emission band the centroid of which undergoes
the spectral shift from 850 nm to 780 nm when the applied pressure
increases from ambient to 7.75 GPa. The sharp line observed at around
694.3 nm is related to the pressure indicator signal of Cr°* in ruby
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(A1203:Cr3+). Besides the spectral shift of the emission band, it can be
found that, for the pressure values above 4 GPa, the narrow emission
band starts to rise up, which can be assigned to the 2E—“A, transition.
The occurrence of this emission band results from the increase of the
crystal field strength and, since the 2E—*A, emission band of the Cr®*
ions localized at the Ti*" site as shown previously is localized around
720 nm, the band observed at high pressure can be assigned to the Cr3*
ions localized at the Mg?™ site.

When the shift of the band centroid is used as a manometric
parameter, the change of its value by around 70 nm can be observed in
the analyzed pressure range (Fig. 5b, see also data after Jacobian con-
version Figure S10). However, the most prominent changes in its value
are found in the relatively narrow range of pressures (3.1-5.0 GPa). The
broad nature of the emission band results in the high value of uncer-
tainty of the band centroid determination represented as error bars in
Fig. 5b (error bars were determined as a spectral range in which the Iy«

+ 5 %Ilmax was found, where Iqy represents the maximal emission in-
tensity for a given spectrum). Usually the relative sensitivity of lumi-
nescence sensors is determined to compare the sensing ability of given
sensor. However, in the case of the spectral shift-based luminescent
sensor, its usefulness is limited because the values obtained are largely
dependent on the spectral range in which the band is present, which
obviously does not carry practical information about sensing capabil-
ities. Therefore, to quantify observed changes the absolute pressure
sensitivity can be determined as follows:

A}vmax

S, =
A Ap

(5)

where AXN™® represents the change of band centroid corresponding
to the change of the pressure by Ap. As expected, the maximal value of
Sa was found at 4.51 GPa and equals Sy = 53.66 nm/GPa (Fig. 5c).

However, it should be noted here that below 3.3 GPa and above 5.5 GPa
the Sa is very low as for the broad emitting pressure-sensitive phosphors.
Moreover, low precision in the band centroid determination hinders the
practical application of LMTO:Cr** asa pressure sensor in this approach.
Therefore, the ratiometric approach is proposed, in which the
luminescence intensity ratio of the integral emission intensities, calcu-
lated in the marked in Fig. 5a spectral ranges, (Figure S5) is used as a
manometric parameter:
[ AT, > Ayd)

825nm

fllOQSnm 4T2—>4A2d/1

005nm

LIR = (6)

In the case of the LMTO:Cr®* the LIR increases monotonically from 5
to 7 (Fig. 5d), in the whole pressure range studied. An additional
advantage of this optical manometer is a linear trend of the LIR vs
pressure, which facilitates the interpolation of the pressure readouts in
the analyzed pressure range. The observed changes in the spectroscopic
properties of the LMTO:Cr3" are associated only with the shrinkage of
the R distance, and not with the decomposition of the material, which is
confirmed by the excellent reproduction of the pressure dependence of
LIR during the decompression process (Fig. 5d, Figure S6, Figure S11,
see also Figure S12 for LIR analysis withing 3 cycles of compression and
decompression). The relative sensitivity of LIR to pressure changes can
be determined using the following equation:

1 ALIR

Sg = —= ——100%

LIR Ap 2

As shown in Fig. 5e, the LMTO:5%Cr>" is characterized by the high
value of the Sy in the whole analyzed pressure range. The Sy decreases
linearly from Sg = 4.7 %/GPa at ambient pressure to 3.3 %/GPa at 7.5
GPa. This confirms the good sensing performance of the proposed
manometer. Additionally, the error in the determination of LIR is asso-
ciated with the emission intensity and is much lower comparing to the
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centroid shift approach. Another important manometric parameter is
the pressure determination uncertainty 8p, which can be determined
using eq. S1. As shown in Figure S13 for LMTO:5%Cr®* the 8p increases
at an elevated pressure which is expected since both emission signal and
Sr decreases at higher applied temperatures. Nevertheless, the &p re-
mains < 0.18 GPa is the analyzed 0-7.75 GPa pressure range.

The key aspect of the pressure-sensitive luminescent materials is to
provide a pressure readout that is independent of other experimental
conditions. Among them, the temperature may most significantly affect
the spectroscopic properties of the phosphor. Therefore in order to verify
the influence of the temperature on the spectroscopic properties of the
LMTO:5%Cr>", its emission spectra were measured at temperatures
changed in the 123-563 K range (Fig. 6a, Figure S7). It can be clearly
seen that the increase in temperature results in the gradual lowering of
the emission intensity, whereas the spectral position of the band maxima
remains almost unchanged. To verify the influence of temperature on
LIR the emission intensities integrated into exactly the same spectral
range as in the manometric part of the analysis (see eq. (6)) were
calculated and their ratio was plotted in a function of temperature
(Fig. 6b). It was found that the LIR changes its value by only 5 % when
the temperature was changed from 123 K to 563 K. This results in the
relative thermal sensitivity lower than Sg = 0.1 %/K and above 200 K Sg
< 0.05 %/K (Fig. 6¢). This confirms that using the ratiometric approach
for the LMTO:5%Cr>", the pressure readouts are almost not affected by
the temperature variations.

5. Conclusions

Spectral shift is one of the most widely used manometric parameters
in luminescence manometry. Therefore, to redout the pressure values
either narrow or broad band emitting luminescence manometer are
developed. In a response to the limitations of both of these approaches
related to low sensitivity in the former case and low precision of the later
one, a new approach is proposed in this work. It is based on the ratio-
metric readout of emission intensities integrated in two spectral regions
for the broad emission band 4Ts—*A, of Cr®* ions in LMTO. An increase
in the pressure causing a leads to the reduction in the Gr’*—0% distance
causing an enhancement in the strength of the crystal field affecting Cr>*
ions. Thus, the energy of the T, band changes and consequently the
position of the band associated with the depopulation of this level
spectrally shifts. As has been shown, in order to design such a manom-
eter, it is advantageous to exploit a high concentration of Cr** ions,
because in the case of low concentrations Cr>* ions occupy Ti** posi-
tions characterized by a strong crystal field. For high concentrations of
cr®" ions, the luminescence spectrum is dominated by the TymtAy
band coming from Cr’" ions occupying the position of Mg?" ions. As
shown, this approach allows monotonic LIR variation in the range of
0-7.75 GPa and Sg = 4.7 %/GPa sensitivity. In addition, the temperature

change in the range of 123-563 K hardly affects the readouts of pressure
values. Moreover, the fact that the LIR shows the same pressure
dependence during both compression and decompression cycles, sug-
gests the high application potential of this luminescent manometer.
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Figure S1. XRD patterns of LMTO:5%Cr3* powders annealed at different temperatures.
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Figure S4. The representative SEM image of LMTO:5%Cr3+ and the atom distribution maps
of Mg, Ti and Cr.
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Figure S5. Luminescence decay profiles of LMTO:x%Cr3* (x = 0.1-10) measured at 123K upon Aexc = 445 nm-a)
and corresponding Tav-b).
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Figure S6. Emission spectra of Al,O3:Cr3* (pressure indicator during LMTO measurement) as function of
pressure, measured UPON Aexc = 445 nm.
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Figure S7. Pressure dependence of the emission intensity of Cr3* integrated into two spectral ranges
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Figure S8. Emission spectra of LMTO:5%Cr3* nanoparticles measured as a function of pressure
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Figure S10. Barycenter of the emission band of LMTO:5%Cr®* as a function of applied pressure.
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The pressure determination uncertainty was calculated according to the methodology

commonly used in luminescence thermometry:

_ 1 6LIR
S, LIR (s1)

=08 .

S9

101



102

0.10+

0.05

1

0 1 2 3 4 5 6

7 8
(

pressure (GPa)

Figure S13. Pressure determination uncertainty determined using eq. S1 for LMTO:5%Cr3" as a function of

applied pressure.

S10




RESEARCH ARTICLE

M) Check for updates

www.lpr-journal.org

Highly Pressure-Sensitive, Temperature Independent
Luminescence Ratiometric Manometer Based on MgO:Cr>*

Nanoparticles

Maja Szymczak,* Marcin Runowski, Victor Lavin, and Lukasz Marciniak*

Reliable remote pressure readout is possible only if high sensitivity of the
measurement and independence from other physical factors are ensured.
Among the parameters most strongly affecting measurements, temperature
plays the most important role. In luminescence manometry, ratiometric
measurement facilitates rapid pressure measurement ensuring high
sensitivity of measurement while maintaining accuracy. Therefore, this paper
compares the manometric performance of two ratiometric approaches in the
material based on the luminescence of Cr** ions: using the intensity ratio of
ZE—*A, to “T,—*A, and a new approach based on the luminescence intensity
ratio of T, —*A, band recorded in two spectral ranges. Using the first
approach, a manometer with an unprecedented sensitivity of S, = 40%
GPa~' is developed. However, the second approach provides completely
temperature-invariant pressure measurement with a sensitivity of S, = 9.8%
GPa~'. The presented results indicate that the MgO:Cr3* nanoparticles are a
highly reliable and sensitive candidate for a new luminescent manometer.

lines offers high precision of the
readout.”13* However, a small change
in the value of manometric parameter
corresponding to the high change in
the pressure causes low sensitivity and
thus accuracy of pressure readout. On
the other hand, broad band emitting
manometers are often characterized by
a large high-pressure sensitivity, while
readout error of the band maxima limits
the precision of this approach.!*%1>-17]
Therefore, in order to provide a highly
precise and accurate pressure readout
the strategy in which spectral shift of
the broad emission band of Cr’* ions
was analyzed in the ratiometric ap-
proach is proposed. Although different
types of dopant ions can be used for

1. Introduction

Pressure, along with temperature, is one of the most impor-
tant physical parameters determining the dynamics and nature
of physical processes and chemical reactions.['-%] Therefore, its
accurate reading is of vital importance. Most of the currently
used luminescence-based pressure indicators exploit pressure-
induced spectral shift of the emission band as a manometric
parameter.’"12] Luminescence manometer of narrow emission
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luminescence manometry, the high sus-
ceptibility of the luminescence properties
of transition metal ions to the change in the crystallographic
environment (represented by the crystal field strength; Dq/B
parameter)!'81°] makes them perfect candidates for pressure
sensing. Actually, the most well-established pressure indicator is
also based on the Cr** emission (Al,0,:Cr**).l3] The shape of
the emission spectra of the octahedrally coordinated Cr** ions is
strongly dependent on the crystal field strength.!?"] The emission
spectrum is dominated by a narrow band corresponding to the
spin-forbidden 2E—*A, transition in a strong crystal field site or
broadband associated with the spin-allowed *T,—*A, transition
in a weak crystal field site. The coexistence of both bands can
be observed in the spectrum for the crystal field of intermediate
strength. Furthermore, the spectral positions of the “T,—»*A, and
2E—*A, emission bands alter with the change of the Dq/B value
(strong change in the band centroid is expected for the *T,—*A,
band comparing to the 2E—*A, one).["®! Since the strength of this
field is proportional to the 5th-power of the distance between Cr**
and ligand (R), namely (Dq/B~R~°), even a small change of the R
value (for instance by the applied pressure) is significantly man-
ifested in the luminescence spectra.?]

In general, the ratiometric pressure readouts using Cr**-doped
phosphors can be accomplished in two modes, in which lumines-
cence intensity ratio (LIR) integrated into two spectral ranges,
corresponding to the sidebands of the *T,—*A, emission band
(mode I, LIR, in Figure 1) or the LIR of 2E—*A, to the *T,—*A,
(mode II, LIR, in Figure 1),[*!) so both of them can be used as
manometric parameters (Figure 1). Although the mode II is more

© 2023 Wiley-VCH GmbH
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Figure 1. The conceptual image of the presented approach: two different modes were examinated for luminescence manometry. In the mode I, the
LIR integrated in two spectral ranges is used as a manometric parameter; whereas in mode Il the 2E—*A, to the #T,—*A, LIR is considered. The
disadvantage of mode Il approach is its higher sensitivity to temperature changes.

frequently used, its main limitation that affects the pressure read-
out reliability is its high sensitivity to temperature changes. This
thermal coupling between *T, and the 2E states, which is ex-
ploited in luminescence thermometry leads to the thermal de-
pendence of LIR according to the Boltzmann distribution. On
the other hand, when only the “T,—*A, emission band is consid-
ered, an increase in temperature affects only the intensity of the
band and not the spectral position. Hence the LIR; becomes in-
dependent of temperature variations. Therefore, the use of mode
I enables the development of a highly sensitive and temperature-
invariant luminescence manometer.

To verify this hypothesis, the luminescence properties of the
Cr** doped phosphor of the intermediate crystal field should
be analyzed. In order to do this the spectroscopic properties of
the MgO:Cr>" materials are analyzed as a function of tempera-
ture and pressure. Although the MgO:Cr** is a well-known phos-
phor of strong crystal field, as it will be shown the increase of
Cr?* significantly modifies the crystal field strength affecting the
Cr** ions. Because of the high symmetry and great structural
stability, magnesium oxide—MgO is a well-known internal (di-
rect) and primary (absolute) pressure standard/calibrant, allow-
ing pressure readouts by monitoring its density/volume with X-
ray powder diffraction (XRD) technique, alike for the diamond
anvil cell and large-volume press experiments.!??! Hence, its P-V-
T diagrams (equation of state) are carefully analyzed/investigated
by the researchers, and constructed up to very high pressure
(~800 GPa) and extreme temperature values (20 000 K).[2*]
The importance of understanding of fundamental properties of
MgO is related to the discovery of super-Earth planets (exoplan-
ets), and the possibility of using this material as sensors of ul-
trahigh pressures.[?2) MgO, which is isostructural with cubic
NaCl crystals at ambient conditions, under high-pressure con-
ditions (above ~400 GPa) transforms from the rocksalt struc-
ture (B1) to the caesium chloride-type structure (B2),/?2] which
has already been confirmed by XRD experiments and theoret-
ical calculations.?224] The increase of temperature leads to the

Laser Photonics Rev. 2023, 17, 2200801
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decreasing pressure value of the phase transition. However, even
at temperature as high as 8000 K, the mentioned phase transition
occurs above ~250 GPa. So the structure of MgO is very stable
under extreme conditions of high-pressure and temperature.[??!
Moreover, at ambient pressure, the solid phase of a bulk MgO
is stable up to ~3000 K, and at least up to #1000 K for the small
nanoparticles (%10 nm).12>2°] These features of the MgO makes it
excellent candidate as a host material for luminescence manom-
etry.

Al,0,:Cr** is undoubtedly the most widely used pressure in-
dicator, and its high application potential results from its high
luminescence intensity, chemical and mechanical stability, and
spectrally narrow emission line offering high measurement pre-
cision. The purpose of this work is not to search for a better
pressure indicator than Al,O;:Cr** but to propose an alternative-
ratiometric pressure readout. This is in many cases (especially
for 2D imaging of pressure changes) an approach that is easier
to implement than an approach based on spectral band centroid
shift.

2. Results and Discussion

MgO crystallizes in the cubic system and belongs to the space
group Fm3m (No. 225).1731] In this structure Mg?* ions are lo-
cated in the center of the octahedron coordinated with the six
oxygen ions, as shown in Figure 2a. The comparison of the
XRD patterns of synthesized nanocrystals with the standard XRD
data of MgO (ICSD No. 19755) reveals the doping of MgO with
Cr** ions up to 10% neither causes a deformation of the struc-
ture nor results in the formation of an additional phase (Fig-
ure 2b; and Figure S1, Supporting Information). In the case of
the MgO:20%Cr** additional reflection at 2theta = 36" was found.
This excludes this sample from further analysis. The increase of
dopant concentration results in a gradual shift of the diffraction
reflections toward higher angles, which usually corresponds to

© 2023 Wiley-VCH GmbH

85U8017 SUOWILLIOD @A 111D 3|qeo! dde 8Ly Aq peusenob e sappie YO ‘8sn JO Sa|n 10} ARIq1]8UIIUO AB]IM UO (SUOTPUOO-PUR-SWLBHL0D" A8 1M Afe.d|1|Bu[U0//:SANY) SUORIPUOD PUe Swie | 8u18eS *[5202/50/22] Uo ARiqiTauliuo A 1IM ‘ST TYINLONYLS ® dINTL MOTNOILNLILSNI Aq T08002202"10d|/200T 0T/10p/iod A 1M AIq Ul |uo//Sdny WOy pepeojumod 't ‘SZ0Z ‘6688698T


http://www.advancedsciencenews.com
http://www.lpr-journal.org

ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

www.lpr-journal.org

o @I DDDD

- —4.220
= I T
Sl S A A | ©
will e ol . 4218}
= A e »
e —
{5 S S| el e °
S 4216
4214 ]
|__1CSDjNo. 19755 @
20 40 60 80 0 5, 10
20(°) cr* (%)
g)§30
£20
=
Q
o |||
4 6 8 10 12
d (nm)

Figure 2. The visualization of the cubic structure of MgO and single octahedron of Mg?* ion coordinated by six oxygen ions (a). X-ray diffraction patterns
of the MgO: Cr** nanocrystals doped with different concentration of Cr3* ions (b). The calculated unit cell parameter a as a function of Cr3* concentration
(c). The HRTEM images of Mg0:0.1%Cr3* (d), and 10% Cr3* (e). The representative TEM image of Mg0:1%Cr** (f) and corresponding histogram of

nanoparticle size distribution calculated from TEM images (g).

the shrinkage of the unit cell. Indeed, a Rietveld refinement in-
dicates that the cell parameter decreases from 4.2192 A for the
sample with 0.1% of Cr** to 4.21 378 A for the one with 10% of
Cr**. As is known, changes in the elemental unit cell are usually
related to the difference in the ionic radii between the host and
dopant ions. In this case, Cr** ions have smaller ionic radii than
Mg (ry, " = 0.72 A, 1>t = 0.615 A). It should be mentioned
here that the difference in the ionic charge between substituted
and dopant ions occurs, which might lead to the occurrence of
the defect states, ionic pairs, or the decomposition of host mate-
rial. The analysis of the TEM images of MgO:Cr** reveals that the
synthesized powders consist of the well-crystallized and strongly
aggregated particles of around 10 nm in diameter (Figure 2d,e;
and Figure S2, Supporting Information). The increase of the Cr**
concentration results in a small reduction of the particle size,
from around 11 nm for the 0.1%Cr** sample to around 7 nm for
the 10%Cr*" one (Figure S3, Supporting Information). This ef-
fect is probably caused by the difference in the ionic radii between
Mg** and Cr** and thus shrinkage of the particle size. The par-
ticle size distribution of the MgO:Cr3* is relatively narrow for all
samples. For the representative sample—Mg0:1%Cr**, the par-
ticle size of 10 + 5 nm was determined (Figure 2f).

As is well-known, the emission spectrum of Cr** ions is
strongly dependent on the crystal field strength and this effect
can be explained by using a configurational coordinate diagram
(Figure 3a). When the Cr®* ions are affected by a weak crystal
field interaction, the bottom of the *T, state parabola is localized
below the bottom of the 2E parabola, resulting in a dominating
broadband emission associated with the “T, — “A, transition (see
Tanabe-Sugano diagram for 3d* electronic configuration!'®]). An
increase in the crystal field strength results in the increase of the
energy of the *T, state parabola, up to the situation when the 2E
one becomes a lower energetically state and thus 2E—*A, emis-
sion band starts to dominate in the spectrum.

Laser Photonics Rev. 2023, 17, 2200801
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The comparison of the emission spectra of the MgO:Cr?* sam-
ples (measured at 123 K; A, = 445) nm for different concentra-
tions of Cr** ions reveals a significant impact of dopant concen-
tration. In the case of the Mg0:0.1%Cr>*, the emission spectrum
consists of the ’E—*A, emission band characteristic of the strong
crystal field.['#2°] However, an increase in dopant concentration
results in a gradual increase of the contribution of the broad
“T,—*A, emission band up to the 10% of Cr**, for which the
narrow band 2E—*A, completely disappeared. Additionally, the
centroid of the broad emission band undergoes a redshift from
820 nm for the Mg0:0.5%Cr** to 905 nm for the MgO:10%Cr**.
This indicates the reduction of the energy between the ground
and excited state, which is in agreement with the reduction of
the crystal field strength. Further increase in the dopant amount
results in the occurrence of an additional broad band, centered at
around 1250 nm, associated with the Cr**—Cr** pair emission.>]
This emission was already observed in a several compounds and
is fully understandable since the growing amount of Cr** leads to
an increase in pair formation. The change of the shape of the Cr**
emission spectrum of MgO:Cr** with an increase of dopant con-
centration reveals that the crystallographic sites of lower crystal
field stats to be more favorable occupied for higher Cr** amount.
MgO is seemingly a compound with an uncomplicated struc-
ture, and the only site into which the Cr** ion can be incorpo-
rated is at the Mg?* one. However, due to the difference in charge
of these two ions, and the consequent charge compensation, ev-
ery three Mg?* ions are substituted by two Cr?* ions, and in ad-
dition a vacant site remains, leading to the structure deforma-
tions. Therefore, in fact, Cr’* ions can be located in three types
of crystallographic sites, i.e., in cubic, tetragonal, and rhombic
sites of MgO host.[1819:31.28.293233] Gince a very small energy gap
separates excited and ground states of Cr** in the tetragonal site,
its emission is not expected to be observed. Hence only cubic
and rhombic sites occupied by the Cr** will be considered in the

© 2023 Wiley-VCH GmbH
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Figure 3. Configurational coordinate diagrams for the Cr3* ions in octahedral symmetry, in a weak and strong crystal field (a). The comparison of

emission spectra of MgO:Cr3* with different concentration of dopant ions measured at 123 K upon 4

exc = 445 nm (b). The percentage contribution

of the integrated intensities of particular bands in the emission spectrum of MgO:Cr3* as a function of Cr3* concentration (c). Excitation spectra of
MgO:Cr3* measured at 123 K (d), and Dq value as a function of Cr3* concentration, determined from the excitation spectra for the 2E—*A, and 4T, —*A,

emission band (e).

further discussion. As can be seen in Figure 3b, for low concen-
tration (0.1%) only a narrow emission lines corresponding to the
2E — *A, transitions of Cr** in cubic sites are observed (centered
at ~#680-720 nm). The higher the Cr** concentration, the more
dominant becomes the broadband emission from the *T, level
of Cr*" in a rhombic site (maximum of emission from ~820-
900 nm).[%! Since the average Cr**—0%" distance is larger in the
rhombic site comparing to the cubic one an increase in the rhom-
bic site occupation is expected for higher Cr** ions concentra-
tion. The detailed analysis of the percentage contribution of emis-
sion intensity of a particular band (I;) to the total emission inten-
sity (ZI) reveals that the 2E—*A, emission rapidly decreases with
Cr’** concentration. On the contrary, contribution of the *T, —»*A,
transition increases to 80% for the MgO:2%Cr** sample, and
with further increase of Cr** concentration it slightly decreases
to 75%, due to the growing intensity of Cr** pairs emission (Fig-
ure 3c). Such a correlation may suggest that increasing amounts
of dopant ions cause greater distortion of the structure, or that
the pair states are located on the surface state of the nanoparti-
cle. The second hypothesis is supported by the correlation noted
earlier between Cr** ions concentration and nanoparticle size,
namely, the more Cr’* ions as a dopant, the smaller the nanopar-
ticle. As the size of the nanoparticle decreases, the surface-to-
volume ratio increases. The reduction of the crystal field strength
with dopant concentration is clearly manifested in the excitation
spectra of MgO:Cr**. When monitoring the 2E—*A, emission in-
tensity (4., = 718 nm) the spectral position of the *A,—~*T, and
*A,—*T, absorption bands for the samples containing 0.1-1%

Laser Photonics Rev. 2023, 17, 2200801
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of Cr** remains almost unchanged. On the contrary, when the
*T,—*A, emission intensity (A.,,~800 nm) appeared, the grad-
ual redshift of the *A,—*T, and *A,—*T, absorption bands was
found, as well. This is clearly reflected in the Dq trend as a func-
tion of Cr** concentration (calculation procedure is presented in
the Supporting Information, Figure 3e).

As stated in the introduction to develop a bi-modal (mode I
and mode II) luminescence-based pressure sensor the phosphors
of the intermediate crystal fields are required. Therefore, the
Mg0:1%Cr?** was selected for manometric studies (Figure 4a).
As stated above in the MgO, there is only one structural phase but
two dominant crystallographic sites occupied by the Cr** ions: cu-
bic and rhombic. The influence of the applied pressure on both
sites results in a very similar way: a pressure-induced shortening
of the metal-oxygen distance (R) results in an increase in the crys-
tal field strength. In the case of the strong crystal field affecting
the Cr** ions in the cubic site this change of R results in less spec-
tacular changes in the shape of the emission spectrum- only a
slight spectral shift of the 2E—*A,. On the other hand in the case
of the Cr** ions located in the rhombic site the strong spectral
shift of the *T,—>*A, emission band is found. The room tempera-
ture emission spectra measured as a function of the applied pres-
sure reveal two main effects: I) spectral blueshift of the *T,—*A,
centroid; and II) the change in the intensity of the *T,—*A, with
respect to the 2E—*A, band one.

The compression of the MgO:Cr*" structure results in the
shortening of the R distance between Cr** and O?~ ions. Hence,
the associated enhancement of the crystal field strength is
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Figure 4. The emission spectra of the MgO:1%Cr** nanomaterial measured as a function of pressure (0-8 GPa) upon A., = 445 nm excitation, with
the schematically marked spectral ranges used for LIR; and LIR, calculations (a). The LIR; as a function of pressure (b) and corresponding pressure
dependence of Si (c) for mode I; and LIR, values (d) and corresponding Sg (e) for mode 1.

reflected in the shape and position of the emission spectra of
MgO:1%Cr?**. To investigate whether the changes occurring in
the luminescence of MgO:Cr* are due to changes in the crystal
structure, luminescence measurements were performed during
decompression. As can be seen in Figure S4 (Supporting Infor-
mation), with decreasing pressure, the emission spectrum of the
sample returned to its original shape and position, confirming
that the pressure does not cause irreversible structural changes
(plastic deformations), and therefore, the material has a great
potential to be used as a highly sensitive luminescent manome-
ter. Instead of the analysis of the position of the *T,—*A, band
centroid, which could be as mentioned earlier of low precision,
the ratiometric representation was proposed. Therefore, the
LIR, was calculated as follows

850 nm

[ T, - *Ada
760 nm
940 nm

[ 4T, = *A,dA

877 nm

LIR, =

The LIR, monotonically increases with applied pressure from
ambient to around 6 GPa, above which some saturation of the
LIR, parameter was observed (Figure 4b; and Figure S5, Support-
ing Information). This dependence indicates that MgO:1%Cr**
can be applied in mode I as a pressure sensor in the 0-6 GPa
range. To quantify the observed changes, the relative pressure
sensitivity (Sy) was calculated according to the following equa-
tion

(2)

Laser Photonics Rev. 2023, 17, 2200801

2200801 (5 of 9)

As shown in Figure 4c, the Sy initially increases, reaching the
maximal value of 9.83% GPa~! at 1.15 GPa, followed by the low-
ering of S; up to ~6 GPa (Figure 4c). The obtained maximum Sy
value is significantly higher compared to the previously reported
for Cr** in ratiometric approach, i.e., Sy = 4.7% GPa™! for the
Li,Mg,TiO4:Cr** material.34

In the second mode, the 2E—*A, to the “T, —*A, luminescence
intensity ratio was calculated as follows

728 nm

[ 2E—*Adi

~ 940nm
[ 4T, > *A,da

877 nm

In this case, the monotonic change of LIR, parameter was ob-
served in the whole analyzed pressure range (0-8 GPa), which
is wider compared to mode I. Moreover, the corresponding Sy
reached significantly much higher values with maximal S; =
40% GPa~! at ambient pressure (Figure 4e). Currently this value
is the highest reported one in the literature for the ratiomet-
ric pressure sensing (compared to 8 and 13.8% GPa™! for Tm**
and Eu?*/Sm?* system, respectively),I>3®l making the developed
nano-manometer a leader in sensitivity among all other lumi-
nescent materials using such approach (Table 1). Additionally it
should be noticed that strong spectral overlap between 2E—*A,
and the *T,—>*A, emission bands occurs in this material. This
significantly affects the calculated 2E—*A, emission intensity.
These two signals can be separated by deconvolution. How-
ever, this procedure additionally complicates the pressure imag-
ing process and limits the applicative potential of the mode II
approach.
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Table 1. Comparison of the manometric performance of the ratiometric luminescence manometers.

Compound Dopant ions LIR Aexe [nM] Maximal Sg [% P @ Sg max Refs.
GPa™] [GPa]

SrB,O; Eu?t /Sm?* Eu?* (5d-4f)/ Sm** (°Dy — 7Fo) 280 13.8 40 [36]

Li,Mg;TiOg Crt Cri* (4T,—4A,) JCE* (4T, —*A,) 445 4.7 Ambient [34]

MgO Crt Crit (4T,—=4A,) JCE* (AT, —*A,) 445 9.83 1.15 This work

MgO Crit Cr* (2ZE=*A,) [C3F (*T,—4A,) 445 40 Ambient This work
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Figure 5. Emission spectra of the MgO:1%Cr** measured as a function of temperature (83-723 K, Ay = 445 nm), with the schematically marked
spectral ranges used for the LIR; and LIR, calculations (a). The LIR;(T) as a function of temperature (b), and the corresponding thermal dependence of
Sg(T) (c), for mode I; the LIR, (T) (d), and the corresponding Sg(T) (e) for mode Il as a function of temperature.

Since the spectroscopic properties of phosphors are usually
strongly affected by temperature change, it is crucial to inves-
tigate how temperature affect the determined spectroscopic pa-
rameters, because the thermally-invariant pressure readouts are
always favorable. Therefore, the thermal variability of LIR; in
mode I and LIR, in mode II were examined. In order to do this,
the emission spectra of MgO:1%Cr** were measured as a func-
tion of temperature, in the T-range of 83-723 K (Figure 5; and
Figure S6, Supporting Information). The analysis of the emis-
sion spectra for the MgO:1%Cr*" nanomaterial reveals that the
spectral position of the *T,—~*A, emission band remains almost
unchanged up to around 500 K, above which a gradual blueshift
was observed. This is associated with the thermalization of the
higher vibronic states of the *T, level and consequently an in-
crease in the energy of the emitted photons. Hence the LIR, value
is temperature invariant in the 83-450 K T-range, above which it
increases by around 25% of its initial value. This is reflected in
the low value of the relative thermal sensitivity—Sg - (calculated
using Equation (4)) that reaches the maximal value of only 0.1%
K-1 at 570 K (Figure 5c¢)

1 ALIR
= — 2 2100% 4
RTZ IR AT ’ (4)
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On the other hand, in the case of the change in the relative
emission intensities of 2E—*A, and the *T,—*A, bands more
significant changes were observed in the whole analyzed temper-
ature range (Figure 5a). This results from the thermal coupling
between the *T, and E states. Hence although the integral emis-
sion intensity decreases at elevated temperature, the *T,—>*A,
band is quenched faster compared to the 2E—*A, one. There-
fore, the LIR, value starts to increase already above 270 K and
reached 220% of its initial value at 700 K. The S ; reached 2.5
times higher values (Sg 1 = 0.25% K™' at 470 K) compared to the
one obtained using mode I. It should be also noted that in the
whole analyzed T-range the mode II is thermally more sensitive
than mode I. Additionally, in the 360-660 K T-range, the ther-
mal sensitivity of mode II exceeds the maximal value obtained
in mode I. The low thermal sensitivity (S +<0.2% K') of the lu-
minescence manometer is beneficial and guarantees a more reli-
able pressure readout. Hence although higher pressure sensitiv-
ities were achieved in mode II mode, it is recommended to use
the mode I as a manometric parameter for sensing, in order to
guarantee much more accurate, reliable and almost temperature-
independent pressure readouts. Additionally, what is important
for the 2D pressure changes imaging is the fact that the 2E—*A,
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Figure 6. The influence of the applied pressure on the spectral position of the 2E—*A, emission band for the MgO:1%Cr>* sample (A, = 445 nm) (a).
The comparison of the pressure induced changes in the spectral positions of the 2E—*A, emission bands for the MgQO:1%Cr** and ruby (Al,04:Cr3*)

(b); and corresponding changes in the energy of the emission lines (c).

emission line is relatively spectrally narrow. Since the readout
used in mode II relies on the spectral separation of the 2E—*A,
and *T,—*A, emission bands, the accuracy of pressure readout
in this approach is limited by the optical filters available. In the
case of the mode I, however, the spectrally wide ranges used for
analysis overlap well with commercially available bandpass fil-
ters.

Beside the spectral shift of the *T,—*A, band, a slight change
in the band centroid was also found in the case of the 2E—*A,
line (Figure 6a; and Figure S7, Supporting Information). Analo-
gously to the Al,0;:Cr?*, this luminescent feature of Cr** ions
in MgO:1%Cr** can be used for pressure sensing. When the
pressure increases from 0 to 7.9 GPa this emission line shifts
from 720 to 724 nm, whereas the emission line of Al,0,:Cr**
shifts from 694 to 696 nm (Figure 6b). Hence the correspond-
ing change in the energy of the 2E—*A, transition increases by
77 cm™! (0.504 nm GPa™!) compared to the 59 cm™ (0.36 nm
GPa™!) for Al,0,:Cr**. In both phosphors, monotonic spectral
shift with pressure was observed, however with different rates
(9.66 cm™! GPa™! for the Mg0:1%Cr**, and 7.45 cm™! GPa™!
for Al,0;:Cr*"). A higher slope observed for the MgO:1%Cr**
nanosensor is actually expected when the Tanabe Sugano dia-
gram for 3d° electronic configuration is analyzed.['*] The en-
ergy of the 2E state exhibits an almost parallel trend with re-
spect to the ground “A, state with an increase of Dq/B. There-
fore, for the phosphors with a strong crystal field, the further in-
crease of the strength induced with applied pressure affects only
barely the energy of the ?E state. On the other hand, in the case
of the phosphors of intermediate crystal field strength, the ap-
plied pressure meaningfully changes the position of the 2E—*A,
emission band. It should be also noted that in the pressure range
between 0 and 2 GPa the trend presented in Figure 6 is very
noisy and the band centroid strongly fluctuates. Nevertheless, it
should be noticed here that for Mg0:1%Cr** some variation of
the band centroid was observed which may result from the mor-
phology of this phosphor (nanoparticles) compared to microcrys-
tals of Al,0,:Cr** and the difference in the emission intensities
between those two phosphors.

Although Al,0,:Cr?* is an excellent pressure indicator com-
monly used in diamond chambers, it should be noted that it
is extremely difficult to use it for 2D pressure imaging. In
many applications, not only the local pressure reading but also
its surface distribution is important. Such a measurement us-
ing Al,0,:Cr** would require luminescence spectrum measure-
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ments at every point in the imaged area, which would require a
spectrally high-resolution detection system as well as being very
time-consuming. The approach presented in this manuscript
(mode I) not only allows to combine high precision and high sen-
sitivity, but above all extremely facilitates pressure imaging. The
ability to read pressure using intensity ratios measured in two
relatively broad spectral ranges that do not occur in close prox-
imity precludes the need to measure emission spectra. Addition-
ally, the detection system does not even need to be equipped with
a monochromator—it is enough to use the commercially avail-
able bandpass filters instead (decreasing the cost and simplifying
the system). 2D pressure imaging in this case will be possible by
dividing two images/intensity maps by each other.

3. Conclusions

In this work, we have developed a new optical manometer, al-
lowing temperature-independent pressure readout with unprece-
dentedly high sensitivity (Sg = 40% GPa~!), which makes it cur-
rently the most sensitive luminescent high-pressure sensor op-
erating in the ratiometric mode. The spectroscopic properties of
the MgO:Cr** nanoparticles were investigated as a function of
dopant concentration, applied pressure, and temperature, to de-
velop a highly sensitive and temperature invariant luminescence
manometer. The detailed spectroscopic studies revealed that the
increase of Cr** results in the change of the emission spectra
shape for the MgO:Cr** samples, from the narrow emission band
(*E—*A, transition) for the Mg0:0.1%Cr** through the spectrum
that consists of both 2E—*A, and *T,—*A, bands for a higher
(intermediate) concentration of dopants (>0.5%Cr>*), finally to
the broadband (*T,—*A,) luminescence for the MgO:10%Cr**.
Additionally, the spectral position of the *T,—*A, emission
band shifts toward longer wavelengths with increasing dopant
amount. Since two crystallographic sites are observed in the
structure, namely cubic and rhombic sites that can be occupied by
Cr** ions the observed changes are related to the growing num-
ber of Cr** in thombic site for higher dopant concentration. Due
to the weaker crystal field strength affecting the Cr** in this crys-
tallographic position the higher contribution of the broad emis-
sion band in the spectrum is observed. The investigations of the
spectroscopic studies of MgO:1%Cr** as a function of applied
pressure reveal i) strong the pressure-induced spectral blue shift
of the *T,—*A, band; ii) slight spectral blueshift of the 2E—*A,
band, and iii) change in the 2E—*A, to the *T,—*A, emission
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intensity ratio. Thus the two ratiometric modes were considered
to develop a highly sensitive ratiometric manometer. It was found
that although in the LIR of 2E—*A, to the *T,—*A, much higher
pressure relative sensitivity was found (Sy = 40%/GPa) com-
pared to (S = 9.83% GPa™!) for the LIR of two spectral ranges
of *T,—A, transition the much higher thermal variability of this
former approach reduces its applicative potential.

At least for this phosphor, it is evident that the spectral shift
of the “T,—*A, emission band represented as the ratio of inten-
sities integrated into two spectral ranges is, due to its thermal
invariability, more reliable manometric parameter comparing to
the LIR of the 2E—*A, to the *T,—*A, bands. Concluding the
MgO:1%Cr** nanoparticles are very promising luminescence-
based pressure probes that operate in the ratiometric approach.

4. Experimental Section

The nanocrystals of MgO (MO) doped with chromium(lll) ions
were synthesized using a modified Pechini method.38 Magnesium ni-
trate hydrate (Mg(NO;),exH,0, x ~ 6, 99.999% of purity, Alfa Aesar),
chromium(l11) nitrate nonahydrate (Cr(NO3)+9H, 0O, min, 99.99%, Alfa Ae-
sar), polyethylene glycol 200 (PEG, H(OCH,CH,),OH, n = 200, Alfa Ae-
sar), and citric acid (HOC(COOH) (CH,COOH),, >99.5%, Sigma-Aldrich)
were used as precursors for the synthesis. All reagents were used without
further purification.

Appropriate amounts of magnesium(l1) and chromium(l11) nitrate were
placed in a beaker with a sixfold molar excess of citric acid, dissolved in
distilled water and stirred for 2 h at 320 K. After this time, PEG (1:1 in
molar ratio respect to citric acid) was added and stirred again for 1 h at
320 K. The solutions were then dried for 3 days at 360 K in air. The resulting
resins of MgO:x%Cr3* (x = 0.1-20) were annealed in ceramic crucibles at
873 K for 4 h in air.

Structural studies by XRD were carried out using a PANalytical X'Pert
Pro diffractometer equipped with an Anton Paar TCU1000 N Temperature
Control Unit using Ni-filtered Cu Kaa radiation (V = 40 kV, | = 30 mA).
Measurements were taken in the range 10°-90°. Transmission electron
microscopy images were obtained using a Philips CM-20 SuperTwin TEM
microscope (CCD FEI Eagle 2K camera with a HAADF detector, LaB6 cath-
ode). Samples were prepared by dispersing the powders in methanol, then
applying the resulting suspension to a copper grid and drying under an
IR lamp for 40 min. The prepared grid with the sample was purified in a
plasma cleaner.

The excitation spectra were measured with FLS1000 Fluorescence Spec-
trometer from Edinburgh Instruments. The 450 W Xenon lamp was used
as a source of the excitation and R5509-72 photomultiplier tube from
Hamamatsu in nitrogen-flow cooled housing was used as the detector.
All the emission spectra were corrected to the detector response curve.
The temperature and pressure-dependent emission spectra of the synthe-
sized phosphors were measured with the aforementioned system, using
a 445 nm laser diode. The temperature of the sample was controlled by a
THMS 600 heating-cooling stage from Linkam (0.1 °C temperature stabil-
ity and 0.1 °C set point resolution). Measurements were performed with
an interval of 1 min between measurements to obtain the thermal equilib-
rium. The pressure-dependent emission spectra were measured using a
gas membrane driven diamond anvil cell Diacell pScopeDAC-RT(G) from
Almax easyLab with 0.4 mm diamond culets. The sample was loaded into
a 140 um hole drilled in a stainless steel gasket (thickness 250 um, diam-
eter 10 mm). As the pressure transmitting medium was used methanol-
ethanol solution (V:V/4:1). Pressure was controlled using a Druck PACE
5000. Ruby (Al,05:Cr**) crystals were chosen as the pressure indicator,
the value of which was determined by the spectral shift of R, line.[™4]
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Figure S2. Histograms of nanoparticle size distribution obtained from TEM images of
MgO:x%Cr** x = 0.1-a), 0.5-b), 5-c), 10-d).
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Figure S3. Average size (d) of nanoparticles obtained, determined from TEM images and
Rietveld analysis, of MgO nanoparticles as a function of Cr®* ions concentration.
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Figure S4. Pressure-dependent emission spectra of Al,O3:Cr**(pressure indicator)-a) and
MgO:1%Cr* nanoparticles-b), measured upon Aexc = 445 nm at RT.
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Crystal field strength parameter Dg/B was calculated with the use of following equations:
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B (x-10x)

where Dq is the magnitude of crystal field splitting, B is the Racah parameter and x could be

described as:
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years due to its capability to provide in situ pressure measurements in a remote

manner. Therefore, there is a growing need to identify phosphors with pressure- :
dependent spectroscopic properties that can be utilized to develop highly sensitive YR
pressure sensors operating over a wide pressure range. Hence, we present a novel e
temperature-invariant luminescent manometer based on Cr** ion emission in

pyroxene CaySry,MgSi,O4:Cr’*. We utilized two readout modes, including an
innovative luminescent pressure sensing ratiometric approach based on the broad

emission band associated with the 4T2g - 4A2g electronic transition of Cr** ions. This : \
approach provided an exceptionally high sensitivity of S = 50.7 + 0.5% GPa™' and ‘F ©
ensured temperature-independent pressure measurements, thus offering highly |
reliable readouts. Furthermore, the proposed readout mode, which leverages changes l
in luminescence kinetics, demonstrated high sensitivity at high pressure at around S
GPa (Sg ~ 8 + 0.2% GPa™') surpassing the performance of luminescence kinetics-based manometers reported to date.
Consequently, CaggSro,MgSi,O4:Cr** emerges as a highly promising phosphor with significant application potential for pressure
sensing across a broad pressure range.

ABSTRACT: Luminescent manometry has gained significant popularity in recent e

HIGHPRESSURE | ]

KEYWORDS: [luminescent manometer, optical pressure sensor, luminescence manometry, Cr?* luminescence, luminescence intensity ratio,
pressure-dependent luminescence kinetics, pressure-dependent spectral shift, temperature-independent pressure sensing

1. INTRODUCTION thermal expansion coefficient alters the covalency of the Cr**—

Since the 1960s, ruby (ALO,:Cr’)" known for its high 0% bond, leading to a thermal shift in the spectral bands.'®
. ’ y raos . & This may significantly affect the reliability of the pressure

chemical and thermal stability has been considered as an Y S8 4 P

) oo readout. Addressing one of these challenges, namely, low

irreplaceable, gold standard for pressure indication for o . 7

measurements in a diamond anvil cell (D AC).Z_S The widely sensitivity, involves leveraging the broad emission band of

used approach exploits analysis of the spectral position of the lanthanide and transition metal ions. The sensitivities achieved,

. . 2+ 17 . . 18
R; or R, spectral lines of Cr** for pressure determination. for instance, for BaCN,:Eu™, * S145i40,,Cyg microspheres, " or
Generally, the spectral-shift method stands as the most

Li;Sc,(PO,);:Cr**'? far surpassed those of mentioned ruby.'

o . . H thi h d a trade-off, namely, while th

renowned, traditional, and extensively researched technique owever, this approach posed a trade-ofl, namely, whte the
in pressure sensing based on the luminescence properties of

sensitivity of the pressure readouts is significantly improved,
phosphors.>® Consequently, in subsequent years, researchers

the precision decreased due to larger maximum determination
20 . .
. . . . error.” Consequently, alternative manometric approaches
predominantly focused on refining this method, endeavoring to . quenty, © apP
. . . . ) enabling the elimination of the presented limitations are
develop increasingly sensitive luminescent manometers using soucht
ifferen es of dopant ions.”” ~ Thus far, narrow emission N . . . .
different f dopant ions.”~'* Thus f &
: . g . ) A potential solution to the described issue is the recently
lines of lanthanide or transition metal ions have predominantly
been explored for pressure sensing.””'”'>'*'> While this

proposed ratiometric manometric approach based on broad-
method facilitates highly accurate and precise pressure

band phosphors doped with lanthanide ions (Ce**)*' or
readouts, due to the unequivocal determination of the position
of the narrow emission band, the sensitivity of pressure
readouts remains a persistent challenge. Moreover, a reliable
pressure reading imposes the necessity of insensitivity of the
manometric parameter to changes in other physical parameters
among which the most significant is temperature.”'”"> For
instance, in the case of ruby, the anisotropy of the material’s
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transition metals (Cr**).'"”**™>* In this approach, instead of
analyzing the position of the emission band maximum, the
luminescence intensity ratio (LIR), analyzed in two spectral
regions within the emission band of the phosphor, is
considered as a superior manometric parameter. In this case,
the change in the strength of the crystal field affecting the
luminescent ion, due to the compression of the material, is
altered modulating the energy of the emitting level.>~%” Thus,
the spectral position of the band can be shifted, inducing a
monotonic change in the LIR parameter. On the other hand,
using such a method, a change in temperature should not
induce a change in the strength of the crystal field. A
temperature increase, due to luminescence thermal quenching,
would lead to the parallel change of the intensity recorded in
both analyzed spectral ranges, making the LIR thermally
independent.”’~>>**

The applicative potential of the ratiometric LIR-based
approach has been showcased in few very recent publications,
predominantly employing Cr** ions as the optically active
ions.”””** Due to the unique spectroscopic features of Cr**
ions, their deliberate exploration in pressure sensing is highly
reasonable. In addition to their relatively high emission
intensity and numerous advantages derived from the 3d°
electronic configuration, the energy of the T, excited state
is strongly dependent on the strength of the crystal field, as
evidenced by the Tanabe—Sugano diagram.”® Exposure of the
Cr**-doped phosphor to high pressure alters the ion’s local
environment by modifying the distance between Cr’* and the
ligands. Consequently, significant spectral changes in the
emission band associated with the 4T2(g) - 4A2(g) transition
are expected. Despite the prevalence of studies focusing on the
behavior of the ZE 0 = 4A2(g) emission band under
pressure,' **3% it is the 4T2(g) - 4A2(g) electronic transition
that merits deeper exploration due to its significantly greater
sensitivity to pressure variations comparing to the 2E(g) state.

As previous studies have shown,®’ the two ratiometric
approaches that can be implemented for Cr**-doped
luminescence manometers take into account (i) LIR of the
’E — “A, band to the *T, — *A, band and (i) the ratio of
emission intensities recorded in two spectral ranges corre-
sponding to the *T, — *A, emission band. The performed
study of MgO/Cr®* showed that although the relative
sensitivity values for approach (ii) were significantly lower
[Sg ~ 40% GPa™" for (i) and Sg ~ 9.8% GPa™' for (ii)], its use
allows providing low sensitivity of the pressure readout to
temperature changes. Considering the high sensitivity of the
spectroscopic properties of materials doped with Cr** ions to
host material composition in this work, we show that by using
Cag3S10,MgSi,Og:Cr’*, the manometric relative sensitivity can
be significantly increased compared to the results obtained for
MgO/Cr***" Accordingly, we have studied the potential of
pyroxene Ca(erolegSiZO‘S:Cr3+ in pressure sensing utilizing
pressure-affected luminescence properties. Pyroxenes of the
ABC,0O4 type are generally regarded as ideal phosphor
materials owing to their six-coordinated B crystallographic
positions”>** suitable for Cr** incorporation and their high
structural tunability. Previous research has shown that the
partial substitution of Ca®* ions with Sr** ions positively
influences™® the properties of CaMgSi,O4. Furthermore, the
introduction of Sr’* ions influences the strength of the crystal
field that affects the Cr** ions. The larger ionic radii of Sr**
ions, compared to Ca** ions, result in weaker interactions
between ligands and Sr** ions in the Ca,_,Sr,MgSi,Og

structure. Consequently, this increases the Cr’*—O0*" dis-
tances, thereby weakening the crystal field that influences the
Cr’** ions. Prior studies on the utilization of Cr** for pressure
sensing indicate that sensors exhibiting the highest sensitivity
rely on the luminescence of Cr** ions affected by a weak crystal
field [9].

To assess the effectiveness of CaygSry,MgSi,O4:Cr’* in
pressure sensing, both its emission spectra and luminescence
kinetics were studied as a function of pressure. Based on the
obtained results, two readout modes were proposed: (I)
ratiometric and (II) luminescence kinetics approach (lifetime-
based). Within the ratiometric LIR-based approach, two
methods were explored: (1) utilizing the emission bands
associated with 2E(g) - 4A2(g) and 4T2(g) - 4Az(g) electronic
transitions of Cr>* and (2) an approach based solely on the
Ty — *Ay) emission band of Cr*. The studies revealed
that the second mentioned method provides a high sensitivity
of pressure readout (Sy = 50.7% GPa™'), while maintaining
temperature independence, as confirmed by the temperature-
invariant manometric factor (TIMF) value of 1558 K GPa™.
The results underscore the significant role of Cr** ions in
highly sensitive, precise, and accurate pressure sensing,
representing progress in increasing the application potential
of luminescence manometry.

2. EXPERIMENTAL SECTION

2.1. Materials. CaCO; (Aladdin, 99.00%), SrCO; (Aladdin,
99.00%), MgO (Aladdin, 99.00%), SiO, (Aladdin, 99.00%), and
Cr,0; (Aladdin, 99.99%) were used as the initial materials without
additional purification.

2.2. Synthesis. A series of CaysSry,MgSi,Og:xCr’*, where x = 0.5,
1, 2, 3, 5, and 6%, were prepared using the traditional high-
temperature solid-state synthesis. The stoichiometric amount of initial
materials with few drops of ethanol was mixed evenly in the agate
mortar and then was put into the alumina crucibles. The compounds
were sintered in a tubular furnace at 1275 °C for 4 h. The sintered
samples were naturally cooled and ground into powder for further
characterization.

2.3. Methods. The X-ray diffraction (XRD) patterns of the
synthesized powders were obtained by the use of an X-ray
diffractometer (D8 ADVANCE diffractometer, Bruker Corporation,
Germany) with Cu Ka (4 = 1.5406 A) at 40 kV and 40 mA. A
fluorescence spectrophotometer (F-4700, Hitachi, Japan) supplied
with a 450 W Xe lamp for monitoring room-temperature emission
and excitation spectra was applied in the experiment. A fluorescence
spectrometer (FSS, Edinburgh) was used for measuring the
luminescence decay curves of the samples under ambient conditions.
The morphology was characterized by a field-emission scanning
electron microscope (SEM, JSM-6701F, Hitachi, Japan) operated at
10 kV.

Scattering Raman spectra were recorded in the pressure range from
ambient pressure to 7.18 GPa in a backscattering geometry using a
Renishaw InVia confocal micro-Raman system with a 100 mW 532
nm diode laser and an optical system with an Olympus X20 SLMPlan
N long working distance objective to focus the laser beam on the
material. Raman spectra of the compressed sample were recorded in a
DAC equipped with the Ilas type, low fluorescence diamonds in
methanol/ethanol/water (16:3:1) solution as a pressure transmitting
medium (PTM).

The pressure- and temperature-dependent emission spectra and
luminescence decay profiles were measured using an FLS1000
fluorescence spectrometer (Edinburgh Instruments), equipped with
the 450 W xenon lamp and RS509-72 photomultiplier tube from
Hamamatsu in nitrogen-flow cooled housing as the detector. A
continuous/pulse laser diode with a wavelength of 445 nm was used
as the excitation source for measuring the emission spectra and
luminescence decay profiles, respectively. A THMS 600 heating—

https://doi.org/10.1021/acsami.4c12145
ACS Appl. Mater. Interfaces 2024, 16, 60491—60500


www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.4c12145?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Materials & Interfaces

Research Article

www.acsami.org

cooling stage from Linkam was used to set and control the
temperature during measurements with 0.1 K temperature stability
and 0.1 K set point resolution. To stabilize the temperature of the
measured sample, it was incubated at the set temperature for 2 min,
and the results were collected after this time. A Druck PACE 5000
was used to apply a pressure during pressure-dependent luminescence
studies. The high-pressure luminescence measurements were carried
out in a DAC purchased from Almax EasyLab Diacell yScopeDAC-
RT(G). The pressure in the DAC was applied through a nitrogen-fed
gas membrane. The DAC was equipped with ultralow fluorescence
Ilas type diamonds, with 0.4 mm culets. A 250 um stainless-steel
gasket with a diameter of 10 mm was placed between the diamonds. A
hole of 140 um in diameter was drilled centrally in the gasket, into
which an appropriate amount of pressure indicator, sample, and drop
of a PTM were placed. The mixture of methanol and ethanol in a
volume ratio of 4:1 was used as the PTM and a R, line of Cr** in
doped Al,O, (ruby) was used as a pressure indicator. Thermal and
pressure dependences of LIR and 7,,, were fitted using polynomial eqs
S$6—S10 given in the Supporting Information file.

3. RESULTS AND DISCUSSION

CaMgSi,O4 commonly known as diopside, is a naturally
occurrin§ mineral with good thermal and mechanical proper-
ties.”> ™7 CaMgSi,Oy is characterized by a monoclinic crystal
structure with the C12/c2 space group.”” *' Within this
structure, Ca®* jons are 8-fold-coordinated, while Mg2+ ions
form octahedra with six O® ligands (Figure la). Simulta-

Cag 55y ;MgSi,0,Cr™
’ JL J{ s

CaggSryMpSi;0;
Y B ST TT VRSN P

a) A

intensity (a.u) o
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Figure 1. Visualized crystal structure of CaggSry,MgSi,O4:Cr* (a);
comparison of powder X-ray diffractograms of Ca,gSr,,MgSi,O4 and
Cag§S1y,MgSi,O¢ doped with 2% Cr** ions, as well as undoped
sample and reference patterns (PDF#78-1390) (b); SEM images of
the CaggSry,MgSi,04:2%Cr** microcrystals (c).

neously, Si*' ions form (SiO,) tetrahedra, linking planes
composed of coordinated Ca** and Mg** polyhedra. The
incorporation of 20% of Sr** ions (in respect to Ca* ions) into
the CaMgSi,O4 structure does not disrupt its crystal
structure,”” as evidenced by the absence of any additional
reflections in the XRD patterns (Figure 1b). Moreover, no
reflections of the tetragonal crystal structure of StMgSi,O4 with
space group P421m were observed. Prior studies revealed that
doping the CaMgSi,Oy diopside structure with Sr** ions up to
30% ensures’” the formation of a diopside solid solution.
Hence, it can be concluded that the pure phase of
CaggSry,MgSi,Og was obtained. The influence of the Cr**
dopant on the Cag4Sr;,MgSi,Oy structure was also examined.
In Figure 1b, a powder diffractogram of the sample doped with
2 mol % of Cr’* is depicted. The mentioned sample was
selected for further analysis based on preliminary spectroscopic
studies, which will be described in detail in subsequent sections
(also see diffractograms for other samples with varying Cr’**
concentration in Figure S1). The reflexes of
Cag3S10,MgSi,04:2%Cr’" are in good agreement with the
reference pattern (PDF#78-1390), indicating that the doping

of Cr’* ions does not introduce any structural distortion or
additional impurities. Despite the charge difference between
the 6-fold-coordinated Mg®* and Cr’* ions, Mg** crystallo-
graphic positions will be plausibly occupied by Cr** ions, due
to the similar ionic radii (ng2+ =0.72 A and ro = 0.615 A)*
and preferential octahedral surroundings of the oxygen ligands.
This assumption is consistent with previously reported
results.**** In general, doping of Cr** ions up to 6% allows
the formation of a pure diopside phase, without any additional
impurities (see Figure S1). The substitution of Mg>" ions by
Cr’* ions is also proved by the unit cell size obtained from the
Rietveld refinement (see Figure S2 in Supporting Informa-
tion), which shows that as the concentration of Cr** ions
increases, the unit cell volume decreases from 440.782 to
440.480 A’ for undoped and 2% Cr’**-doped sample,
respectively (Table 1). This effect occurs due to the smaller
ionic radius of Cr** compared to that of substituted Mg>*.

Table 1. Lattice Parameters of Ca,4Sr,,MgSi,O4 Undoped
and Doped with 2% of Cr** Ions”

compound Cag4Sry,MgSi, O CaggSr,MgSi,04:2% Cr**
Sp.Gr. C2/c C2/c
a, A 9.749 + 0.02 9.747 + 0.03
b, A 8.951 + 0.02 8.94 + 0.03
¢ A 5252 + 0.02 5251 + 0.03
beta 105.896 + 1 105902 + 1
v, A3 440.782 + 3 440.480 + 3
26 interval, ° 5-120 5-120
RWP’ % 4.340% 3.692%
Rp, % 5.881% 4.861%
Ve 3.446 247

“Results obtained from the Rietveld refinement.

The microscopic analysis of SEM images of the
CagsS1o,MgSi,04:2% Cr* crystals revealed that the synthe-
sized powders consist of microcrystallites, with a size
distribution ranging from a few to tens of micrometers (Figure
lc). The agglomerated morphology with a wide size
distribution is a result of the solid-state synthesis method
employed.

The vibrational Raman spectra were recorded to analyze the
structural stability of the CaygSry,MgSi,Og:Cr’* material
under high pressure. The recorded Raman scattering spectrum
for the CaggSro,MgSi,Og:Cr** material at ambient conditions
presents four main intense Raman modes at around 320, 390,
670, and 1010 cm™! and a few less intense modes as a result of
the inelastic scattering of photons. Four mentioned modes
were chosen for further analysis. The relative intensity of the
Raman modes does not change drastically, and the formation
of new Raman modes was not observed in the compression
process, which is evidence of the structural stability of the
CagsS1y,MgSi,O4:Cr** material under pressure up to 7.18 GPa
(Figure 2a). The energies of the phonon modes increase under
the compression process, and the corresponding Raman mode
centroids shift linearly toward higher wavenumbers, as
presented in Figure 2b. The observed tendencies of the
Raman mode shifts are an effect of decreasing interatomic
distances (the bonds shortening) in the crystal structure under
high pressure. The calculated Raman mode shift rates (cm™
GPa™') are collected in Table 2 (see also Table S1). Observed
changes of the Raman spectra at around 1030 cm™} ie,
elevation and broadening, are results of artifacts of the Raman
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Figure 2. Normalized vibrational Raman spectra for the
Cag§S10,MgSi,Og:Cr’* material in a compression and decompression
cycle (a); calculated peak centroids of the four most intense Raman
modes as a function of high pressure (b); spheres indicate Raman
peaks in compression cycles, and empty ones indicate Raman peaks in
decompression cycles; the colored lines are fitted linear functions for
determination of the Raman mode shift rates under pressure.

Table 2. Approximated Peak Centroids of the Most Intense
Raman Modes around Starting Pressure Values and the
Corresponding Shift Rates of the Raman Modes for the
Ca()_z;SrO_ZMgSi,_OG:Crz’+ Material under Pressure

peak centroid (cm™) shift rate (cm™ GPa™!)

~320 3.04 £ 0.11
~390 3.62 + 0.08
~670 3.06 + 0.08
~1010 448 + 0.11

signal from diamonds in the DAC. In the decompression
process, the reverse tendency of the vibrational Raman mode
shift to the initial state was observed (empty spheres, Figure
2b). The same position of Raman modes in the decompression
process indicates reversibility of the structural changes caused
by the compression of the material under high pressure. The
fitting details and information about the centroid determi-
nation method are given in the Supporting Information.

To identify the CaygSry,MgSi,Og:Cr’* sample with the
highest potential for pressure sensing, the spectroscopic
properties under ambient conditions of samples with varying
concentration of Cr** ions (0.5—6%) were studied. The
emission spectra obtained upon 4., = 457 nm were recorded
(Figure 3a; see also Figure 3b for excitation spectra). The
emission spectra of all samples consist of a broad emission
band associated with the 4T2g — 4A2g electronic transitions of
Cr’*, which confirms that Cr** ions are located in the weak
crystal field in Ca,gSry,MgSi,O4 The maximum of each band
is at around 780 nm (12,818 cm™"), with the full-width at half-
maximum increasing from 184.6 nm (3076 cm™) to 211.6 nm
(3541 cm™) for 0.5% and 5% Cr*, respectively, and then
decreasing to 188.8 nm for the sample with the highest
concentration of 6% Cr**. Although reliable quantitative
comparison of luminescence intensity of phosphors is
challenging, measurements made for all CaysSr,MgSi,O4:Cr**
samples under comparable conditions allowed a rough
determination of the effect of Cr** ion concentration on
room-temperature emission intensity from
Cag3S10,MgSi,Og:Cr’". It can be found that the concentration

CaggSrq,MgSi,0,:xCri,
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Figure 3. Room-temperature luminescence characteristics: emission
(Aexe = 457 nm) (a) and excitation (4, = 780 nm) (b) spectra;
comparison of the intensity of emission (c) and calculated 7,,, of the
4T2(g) state of Cr** (d) of the CaggSry,MgSi,O4 powders doped with
various Cr** contents.

increases with Cr** concentration up to 2%, reaching a value
about twice higher than that of the sample with the lowest
dopant concentration (0.5% Cr**) (Figure 3c). Above 2% of
Cr’, the intensity gradually decreases due to the interionic
interactions. The recorded room-temperature excitation
spectra, obtained by monitoring an emission at 780 nm,
revealed two intense bands associated with the *A, — *T, and
*A, — *T, electronic transitions of Cr**, with maxima at about
454 + 3 nm (22,026 + 145 cm™") and 653 + 3 nm (15,314 +
70 cm™'), respectively (Figure 3b). Additionally, a low-
intensity band corresponding to the ‘A, — *T| (*P) transition
of Cr’* with a maximum at about 298 nm (33,560 cm™) is
also observed in the excitation spectra.

To analyze the influence of Cr’* ion concentration on
luminescence kinetics, room-temperature luminescence decay
profiles were recorded for all studied CagSry,MgSi,O4: Cr**
samples, monitoring an emission maximum at 780 nm upon
Aexe = 457 nm (Figure S3). Based on data obtained by fitting
curves with a double-exponential function (eq 1), the average
lifetimes of the 4T2g excited state were determined using eq 2

t t
I(t) =1, + A1~exp(——] + Az-exp[——]

] T (1)
_ AITI2 + AZTZZ

B A+ Ay, ()

avr

where I, is the initial intensity, A; and A, are the amplitudes,
and 7, and 7, are the decay time components. The
biexponential function was used due to the nonexponential
shape of the decay profiles of samples doped with higher Cr**
concentrations. The calculated average lifetimes are in the
microsecond range, which is characteristic of the kinetics of the
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“T, state of Cr** (Figure 3d). The 7,,, was observed to shorten
with increasing Cr’®" ion concentration in
CaSry,MgSi,06:Cr**, from 37.51 to 6.82 us for 0.5% and
6% of Cr*, respectively.

Based on the structural and spectroscopic studies discussed
above, a sample CaySry,MgSi,O4 doped with 2% Cr** was
selected for investigating its potential for pressure sensing
applications. This choice was mainly due to the highest
emission intensity required to conduct high-resolution
luminescence measurements in a DAC. Therefore, the
emission spectra of the sample CaggSry,MgSi,O4:Cr’" were
measured upon 445 nm excitation, ranging from ambient
pressure up to 7.55 GPa during compression (Figure 4a;
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Figure 4. Pressure-dependent emission spectra (normalized to the
maximum of the *T,,) — *A,(,) emission band) (a); configuration
coordinate diagrams of Cr** ions affected by low and high pressure
(b); pressure-dependent emission intensity map (c); spectral position
of the 4T2(g) - 4A2(g) emission band as a function of pressure (d) and
corresponding S, (e) of CaygSro,MgSi,Os:Cr’* measured from
ambient pressure to 7.55 GPa.

normalized spectra are available in Supporting Information in
Figure S4a,b) and decompression of the material (see Figure
SS in the Supporting Information). As described earlier, a
broad emission band was observed at ambient conditions,
indicating the electron transitions from the 4T2(g) excited state
to the 4A2(g) ground state (Figure 4b) of Cr’ ions. At
approximately 2 GPa, a narrow emission band associated with
the 2E(g) - 4A2(g) electronic transition of Cr** becomes
discernible in the emission spectrum. The intensity of the
mentioned band gradually increases with an increasing
pressure and starts to dominate the emission spectrum above
5 GPa. This phenomenon results from the shortening in
distance R between Cr** and O*~ ligands associated with the
compression, which is inversely proportional to the crystal field
strength parameter Dq/B (Dq/B ~ R™%).*" Based on the
Tanabe—Sugano diagram for ions with 3d® electronic
configuration, with increasing crystal field strength, the energy
of the 4T2(g) state rises in respect to the energy of the 2E(g)

level, which remains almost constant. Beyond a value of Dq/B
approximately 2.2, the ZE(g) state becomes energetically lower
compared to the 4T2(g) state of Cr’*. Consequently, the
predominant emission is observed from the 2E(g) level,
manifested by domination of the emission spectrum by the
narrow band associated with the 2E(g) - 4A2(g) electronic
transition of Cr**. This effect is also clearly visible in the
pressure-dependent map of the emission intensity shown in
Figure 4c, whereas the two-dimensional (2D) pressure-
dependent emission spectra are depicted in Figure S6 in the
Supporting Information file. The described pressure-driven
change in the energy of the 4T2(g) state results in the high
sensitivity of the spectral position of the 4T2(g) - 4A2(g)
emission band to pressure (Figure 4d). The observed blue
shift of this band upon material compression demonstrates a
monotonic and nearly linear trend. From ambient pressure to
7.55 GPa, the maximum of this broad band shifts from 781.3 +
0.4 to 740.7 + 0.4 nm (from 12,799 to 13,500 cm™). Given a
significant shift in the 4T2(g) - 4A2(g) band, a readout mode
based on this spectral shift was proposed to determine absolute
sensitivity using the formula (eq 3)

< = Ad s
, = —max

Ap 3)
where A/, is the change of maximum of emission band

corresponding to the change of the pressure Ap. The maximal
Sy = 6.8 nm GPa™' (112.9 cm™ GPa™) was obtained at a
pressure of 0.57 GPa (Figure 4e) and is approximately 18
times greater than the commonly used ALO5:Cr'* (ruby)
pressure indicator.””~*" However, while achieving high
sensitivity to pressure variations, there is a trade-off with
readout precision due to ambiguity in determination of the
maximum of the broad emission band. Additionally, the
bandwidth of the 4T2(g) - 4A2(g) transitions narrows with the
applied pressure which may suggest that the curvature of the
#T) () parabola starts to be slightly modified. Furthermore, with
the CaygSro,MgSi,Og:Cr** compression, a subtle decrease in
the half-bandwidth of the *T, — *A, band can be observed
(from 2510 to 2412 cm™ and in wavelength units: from
158.34 to 138.97 nm at ambient pressure and at 7.55 GPa,
respectively). Several mechanisms could account for this
phenomenon.”® One potential explanation is the alteration in
the curvature of the *T, state parabola under applied pressure,
which affects the energy of the *T, level. Additionally, the
fwhm of the *T, — *A, band is influenced by the displacement
between the *A, and *T, state parabolas in the configurational
coordination diagram.”">* Consequently, the reduction in the
Cr**—0?" bond distance associated with material compression
may reduce this displacement, leading to a spectral narrowing
of the band. It is plausible that both mechanisms concurrently
contribute to the observed changes in CaygSr,,MgSi,O4:Cr".

As briefly mentioned earlier, due to the low precision in the
determination of the band maxima of the broad band emitting
phosphors, the analysis of its spectral position for pressure
determination has some drawbacks and limitations.”” There-
fore, for the CaggSry,MgSi,O4:Cr’ phosphor, a ratiometric
approach was adopted utilizing the LIR parameter as a
manometric parameter (Figure Sa). Given the presence of both
narrow and broad emission bands in the emission spectrum at
high pressures, corresponding to electronic transitions to *A,
the ground state from 2E(g) and 4T2(g> excited states of Cr*,
respectively, two approaches were compared in the context of
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Figure 5. Normalized emission spectra of CaysSr,MgSi,Og:Cr’* as a
function of pressure (spectral ranges used for LIR; and LIR,
determination are marked by the color bars) (a); comparison of
manometric performance of CaggSto,MgSi,O4:Cr’*, based on two
ratiometric pressure readout modes: (1) based on the 2E( ) = 4A2(g)
and 4T2(g) - 4A2(g) emission intensity ratios (b,d) and (23 based on
the 4T2(g) - 4A2(g) emission band (c,d); pressure dependence of LIR;
(b) and LIR, (c) and corresponding Sg, (d) and Sg, (e).

pressure sensing. The first approach utilizes both narrow and
broad emission bands, a method frequently employed in the
development of luminescent thermometers due to the thermal
coupling of ZE(g) and 4T2(g) levels of Cr**.>* Conversely, the
second approach utilizes the spectral ranges of only the 4T2(g)
- 4A2(g) broad emission band. Our previous work has
demonstrated the efficacy of this approach in developing
highly sensitive pressure sensors.”"*>** Consequently, the LIR
parameters were defined as follows and are schematically
marked in Figure Sa

688.5 nm
/ 1(Cr*™: %E - *A,) dA
LIRI — 678.5 nm

852 nm 3+ 4 4
L H(CE AT, - fA,) di )

720 nm
1(C*: *T,, — %A, ) dA
LIRZ — -/7‘00 nm g g

910 nm 3+, 4 4
/900nm I(CI' : ng d AZg) dA (6)

Both LIR; (eq S) and LIR, (eq 6) exhibit a monotonic
enhancement with increasing applied pressure across the entire
analyzed range of pressure, so at least up to 7.55 GPa (Figure
5b,c). Based on the obtained LIR values as a function of
pressure, a manometric performance of Cao_SSro.zMgSiZO():Cr%
was assessed by calculating the relative pressure sensitivity (Sg)
of the determined LIRs using the following formula (eq 7)

1 ALIR
——=100%
LIR Ap

R =

(7)

where ALIR represents the change of LIR for the Ap change in
pressure. Since the ’E, — 4A2(g) emission band can be
observed only above 1.8 GPa, the operating pressure range is
very limited. Moreover, the manometric sensitivity in this case
is reduced due to the spectral overlap between the 2E(g) -
Ay and *Ty) — *Ay) emission bands. Nevertheless, the
relative sensitivity decreases monotonically from 40 + 0.5%
GPa™' at 2 GPa to around 20 + 0.5% GPa™' at 7.85 GPa
(Figure 5d). On the other hand, the operating range of the
approach based on the 4T4(g) - 4A2(g) bands is much wider
and the maximal Sy = 50.7 + 0.5% GPa™' at ambient pressure
is achieved (Figure Se). However, the relative sensitivity above
2 GPa is lower compared to the LIR; approach and decreases
up to 11 + 0.5% GPa™' at 7.5 GPa. To fully explore the
potential of the proposed optical pressure sensor based on
emission associated with the *T, — *A, electronic transition of
Cr’" ions, several combinations of spectral ranges used to
define the LIR parameter were analyzed. The 700—720 nm
range, exhibiting significant changes in band shape and its
intensity, was selected as the numerator for LIR. For the
denominator, 10 nm-wide ranges from 730 to 960 nm of the
*T, emission band were examined. The corresponding
sensitivities, based on the LIR pressure dependencies, are
provided in Figures S7 and S8. To further illustrate the results,
the Sy, values obtained were presented in a 2D map, with the y
axis representing the spectral range used to define the LIR
denominator. The 900—910 nm range, selected as the LIR
denominator, did not yield the highest relative sensitivity, with
better results observed for spectral ranges above 900 nm,
where the relative sensitivity increased by up to 5% for the
monitored 950—960 nm range. However, the 900—910 nm
range was chosen as a compromise between sensor sensitivity
and measurement reliability. At 950 nm, the point intensity of
the band is below 10% of the maximum intensity of the *T,
band, while at 900 nm, this value approaches 20% at the
highest applied pressure of 7.55 GPa, leading to a lower signal-
to-noise ratio and reduced error in pressure values derived
from the calibration curve of the potential manometer.
Therefore, the 700—720 and 900—910 nm spectral ranges
were selected to define LIR, optimizing both sensitivity and
reliability of pressure readouts.

To date, research on utilizing spectroscopic properties for
pressure sensing has primarily focused on assessing their
potential based solely on the magnitude of parameter
variations induced by applied pressure. However, it is crucial
to acknowledge that very often, the same spectroscopic
properties are also significantly influenced by the temper-
ature.”” Therefore, when the sensing properties of a potential
luminescence manometer are evaluated, it is vital to investigate
the impact of temperature on the spectroscopic parameters
used for pressure sensing.

Consequently, emission spectra of the
Cag3S10,MgSi,Og:Cr’* material were studied as a function of
temperature within the range of 83—763 K upon 445 nm
excitation (Figure 6a). Throughout the entire temperature
range, only a broad emission band associated with the radiative
transition of electrons from the 4T2(g) excited state to the *A,
ground state of Cr’* was observed. Therefore, the LIR,
approach was excluded from further analysis. A characteristic
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Figure 6. Temperature characterization of the developed luminescent
manometer CaggSry,MgSi,Og:Cr’*: emission spectra as a function of
temperature (Ao = 445 nm) (a), thermal evolution of LIR, (b), and
corresponding Sy, (c); pressure dependence of TIMF (d).

thermal quenching of Cr** emission associated with the
nonradiative depopulation of the 4T2(g) state through the
intersection point between the 4T2<g) and 4A2(g) state parabolas
was observed. The thermal evolution of LIR, is illustrated in
Figure 6b. As can be clearly seen, the LIR, decreases from 1.86
at 83 K to 1.5 at around 300 K and oscillates around those
values during further increase of temperature. The results of
thermal relative sensitivities (determined analogous to eq 7, by
replacing pressure with temperature) presented in Figure 6¢

indicate that the maximal Sz = 0.18 + 0.03% K ™' at 83 K was
achieved, and its value decreases with temperature. In the
300—700 K temperature range, the Sy does not exceed 0.05%
+ 0.04% K™' (with Sy = 0.033% K' at room temperature).
According to the well-established standardization, thermal
sensitivity below 1% K" excludes the material from potential
thermal sensing applications,”* which in this particular case
confirms its thermal invariability. To further evaluate thermal
independence of pressure readout wusing
CagSro,MgSi,O4:Cr’*, the TIMF parameter’” proposed
previously was determined (eq 8)

S max
TIME = |20

(8)

where Sg pmax TEpresents the maximum pressure sensitivity and
SgT,(rT) is the temperature relative sensitivity achieved at room
temperature. TIMF’s value represents the change in the
temperature which is required to induce the change of LIR that
corresponds to its change observed for Ap = 1 GPa (Figure
6d). In the case of the CaySry,MgSi,O4:Cr’* material, TIMF
= 1558 K GPa™' was found. This guarantees high reliability of
pressure readouts obtained from the developed manometer.®
The influence of pressure on luminescence kinetics of
CaSry,MgSi,04:Cr** was also investigated. Luminescence
decay curves were thus recorded across the entire pressure
range, i.e,, from ambient to 7.55 GPa during the compression
(Figure 7a) and decompression (Figure S9) cycles. The sample
was measured upon A, = 445 nm and the maximum of the
4T2(g) - 4A2(g) emission band was monitored. Due to the
nonexponential character of the recorded decay profiles, the
luminescence decay curves were fitted using a biexponential
function, as described by eq 1, and the average lifetime of the
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4T2(g) excited state was calculated using eq 2. The 7,,, evidently
and reversibly prolongs from 31.0 + 2 us at ambient pressure
to 45.7 & 2 s at 7.55 GPa (Figure 7b, fitting results presented
in Figures S10—S15). Figure 7b also presents the results
obtained during the decompression. There is a strong
agreement with the values obtained during compression of
the material, which further confirms the results derived from
Raman spectroscopy, indicating that the observed spectral
changes are not attributed to permanent structural alterations
or the formation of structural defects.

Due to the overlap of the wave functions of the 4T2(g) and
2B, states, their spin—orbital coupling is expected.””*°

(® ) P pling p
Therefore, when the energy of the 4T2(g) state increases, the
coupling gradually becomes relaxed and thus the radiative
probability of the depopulation of the 4T2(g) increases.'”
Consequently, the 7,, is prolonged at elevated pressures.
Therefore, the manometric relative sensitivity Sy for the
lifetime-based approach was determined as follows (eq 9)

1 ATavr
Sp = ——21100%
T, Ap

avr

)

where A7, represents the change of the average 7 for the Ap
change of pressure. The maximal relative sensitivity equal to
7.95 + 0.2% GPa™' was obtained at S GPa (Figure 7c). As
previously mentioned, evaluating the influence of temperature
on the observed pressure-induced changes is also crucial;
hence, CaggSry,MgSi,O4:Cr®* was consequently studied
analogously as a function of temperature. Figure 7d illustrates
the temperature-dependent luminescence decay curves re-
corded over the T range from 83 to 763 K. The determined 7,
shortened from 45.6 + 2 ps at 83 K to 4.1 + 2 us at 763 K
(Figure 7e). Additionally, the relative thermal sensitivity Sy
(calculated based on eq 9) was determined, and the value
achieved at room temperature was 0.16% =+ 0.1 K™ (Figure
7f). To assess the impact of the temperature on pressure
readouts, the TIMF parameter was calculated using eq 8,
reaching a value of 48.5 K GPa™".

To date, the TIMF parameter has only been determined for
two luminescent manometers operating at lifetime-based
mode, namely, SrGdAIO,:Mn**® and Sr,A;40,sMn*",”" for
which the TIMF was equal to 134 and 187 K GPa™,
respectively. The value obtained for CaggSr,,MgSi,Og:Cr’" is
comparatively lower than those for the mentioned manom-
eters. However, the proposed manometer offers the advantage
of superior readout sensitivity in the higher pressure ranges,
specifically above 3 GPa, whereas the mentioned manometers
based on Mn** luminescence are most effective at pressures
below 3 GPa.

4. CONCLUSIONS

In this work, we conducted a detailed study to investigate the
manometric potential of pyroxene CajgSr;,MgSi,O4 doped
with Cr** ions. We analyzed the spectroscopic and structural
properties to identify the optimal concentration of the Cr**
dopant of the studied phosphors. A pressure-dependent study
of the spectroscopic properties of CaggSro,MgSi,0g:2%Cr**
revealed that from approximately 2 GPa, a narrow emission
band related to the 2Eg - 4A2g electronic transition of Cr**
appeared in the spectrum, indicating an increase in the crystal
field strength affecting Cr’* ions. The emergence of the 2Eg -
4A2g emission band, which is not visible at ambient pressure,
enabled the possibility of developing a luminescent manometer

60498

operating in ratiometric readout mode using two approaches:
the LIR defined by the ratio of the spectral ranges
corresponding to “E;, — *A, and *T,, — *A,, emission
bands and a relatively new approach for luminescence
manometry based on the LIR integrated into two spectral
ranges of the broad emission band associated with 4TZg - 4AZg
electronic transition of Cr’*. Using the first approach, we
achieved a remarkably high manometric sensitivity of 40 + 0.5
GPa™' at 2 GPa. However, due to thermal coupling between
the 2Eg and 4T2g levels of Cr**, and thermal variability of this
parameter, the second approach was analyzed in the further
part of the presented research. We demonstrated that the
second approach ensures a very high readout sensitivity of Sy =
50.7 + 0.5% GPa~' while providing a temperature-invariant
pressure readout, as evidenced by the unprecedented high
value of the TIMF over the entire pressure range tested—
decreasing from approximately 1550 K GPa™' at ambient
conditions to 300 K GPa™' at 7.55 GPa. Additionally, we
investigated the luminescence kinetics of the *T, state as a
function of applied pressure, allowing the proposal of an
alternative pressure reading mode with high sensitivity (Sg ~ 8
+ 0.2% GPa™') in the high-pressure range, around S GPa.
Based on the results obtained, it is evident that the developed
pressure sensor CagSry,MgSi,04:2%Cr’* is characterized by
innovation in a case of utilized approach and by high
application potential, providing high sensitivity in pressure
measurements that are independent of temperature variations,
which has been a significant challenge in the development of
reliable luminescent pressure sensors.
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Figure S1. XRD patterns of the CaggSry,MgSi,Os:xCr3", where x =0.5, 1, 2, 3, 5 and 6%.
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Figure S2. Rietveld refinement for the CaggSrg,MgSi,O¢ undoped -a) and doped wit 2% of Cr3* -b).

Fitting of the Raman spectra and centroid determination
In order to determine the centroid of the observed Raman bands we used a standard Lorentz fitting:

MO N — (S1)

where y; is the offset intensity, x. represents the peak centroid and w is the FWHM. The selected
fitting (integration) ranges differed for different pressures, due to the observed spectral shift for the

compressed material, i.e. shift to higher wavenumbers with pressure. Hence, we provide below

S2



(Table S1) the exact values of spectral ranges used for fitting at extreme pressures, i.e. at ambient

and 7.18 GPa.

Table S1. Raman peak centroids and the corresponding integration ranges at ambient pressure and 7.18 GPa.

Centroid (cm™) Spectral range used for fitting (cm!)
Ambient pressure - High pressure (7.18 GPa)
320 290 to 345 310 to 365
390 375 t0 410 400 to 435
670 640 to 695 660 to 715
1010 985 to 1030 1020 to 1065

Finally, we used the following formulas and fitting parameters to correlate the determine data
points (Raman peak centroids) with pressure values via simple linear fits, resulting in the shift

rates (in cm™! GPa!), discussed in the manuscript.

Centroid 320 cm™': y(p) =3.043 £0.113p + 323.736 + 0.462 (S2)

Centroid 390 cm™: y(p) =3.624 + 0.079p + 390.785 + 0.319 (S3)

Centroid 670 cm™': y(p) =3.062 = 0.081p + 665.875 + 0.330 (S4)

Centroid 1010 cm!: y(p) =4.479 +0.106p + 1011.646 £ 0.433 (S5)
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Figure S3. Luminescence decay curves of the CaggSry,MgSi,Og:xCr3*, where x = 0.5, 1, 2, 3, 5 and 6%.
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Figure S4. Normalized to *T, band -a) and to E band -b) emission spectra of the

CaggSt),MgSi,04:2%Cr*" measured as a function of pressure upon A= 445 nm.
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Figure S5. Pressure-dependent emission spectra of the Cag gSry,MgSi,06:2%Cr3" measured during

decompression upon Aey..= 445 nm
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Figure S6. Emission spectra of the CaggSry,MgSi,04:2%Cr*" measured as a function of pressure upon

Aexe.= 445 nm.
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Figure S7. Relative sensitivity as a function of monitored spectral range to define LIR parameter.
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Figure S8. 2D map of relative sensitivity as a function of monitored spectral range to define LIR

parameter.
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Thermal and pressure dependences of LIR and t,,, were fitted using polynominal equation as

follows:

Ty (T)=Ay+ AT+ A,T* + AT + AT* (S6)

where Ay=56.14, A;=-0.149, A,=3.55 104, A;=-5.089 107, A;=2.63 1010

Tor (D)= Ay + Ap+ A, p° + Ap* + A4, p*

(87)
where A=30.84, A;=-0.08, A,=0.23, A;=0.038, A,=-0.0045
lem(p)=A0+A1p+A2p2+A3p3+A4p4 (S7)
where Ay=781.32, A|=-8.23, Ay=1.55, A;=-0.26, A,=0.014
LIR(p)=A,+ Ap+A,p° +Ap’ +A,p° 9)
where Ap=-0.089, A;=0.49, A,=-0.13, A3=0.028, A;=-0.0157 for LIR 1
and Ap=2.09, A;=1.058, A,=-0.083, A;=0.0234, A,=-0.00155 for LIR 2
LIR(T)= Ay + AT + A,T? + AT’ + A,T* (510)

where for LIR 2 A;=2.36, A;=-0.00698, A,=2.004 105, A;=-2.54 108, A,=1.25 10-!!

E 1 p (GPa) -
- ——5.54
£ 3.98
: —1.95
E 0.1 —11 7
[ o

0.01 M

0.001

time (ms)

Figure S9. Luminescence decay profiles of the CaggSry,MgSi,06:2%Cr?*" measured as a function of

pressure during decompression and upon Aey..= 445 nm.
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Figure S10. Room temperature luminescence decay profile of CaggSry,MgSi;04:2%Cr?" under Aqy..= 445

nm (black points) and bi-exponential fitting curve (red line) with residuals measured as a function of

pressure at: ambient pressure-a); 0.5 GPa -b); 1.01 GPa -c); 1.14 GPa -d).
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Figure S11. Room temperature luminescence decay profile of CaggSro,MgSi;O4:2%Cr3* under A= 445
nm (black points) and bi-exponential fitting curve (red line) with residuals measured as a function of

pressure at: 1.32 GPa -a); 1.53 GPa -b); 1.8 GPa -c); 2.09 GPa -d).
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Figure S12. Room temperature luminescence decay profile of CaggSry,MgSi,06:2%Cr3" under A= 445
nm (black points) and bi-exponential fitting curve (red line) with residuals measured as a function of
pressure at: 2.43 GPa -a); 2.81 GPa -b); 3.19 GPa -c); 3.71 GPa -d).
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Figure S13. Room temperature luminescence decay profile of CaggSrg,MgSi,04:2%Cr*" under A= 445
nm (black points) and bi-exponential fitting curve (red line) with residuals measured as a function of

pressure at: 4.12 GPa -a); 4.47 GPa -b); 4.91 GPa -c); 5.57 GPa -d).

S11

141



142

- T T T
2
AR 1
= 55 T
= J
(1]
[ =
2
=
01}
. . . . . . .
000 005 010 015 020 025 030 035 040
time (ms)
-~ 003 ;
5
s
= ooz}
E
5 om}
g
000 [
0.01
0.0z - 4
Q.03 L L L 1 L I 1
0.00 0os 0.0 s 0zo 0.25 030 035 0.40
time (ms)

intensity (a.u.)

01

000 005 010 015 020 025 030 035 040
time (ms)
E o0z '
=
_E oo
0.00 |
0.00 |
00z
0.00 ] ID.’) D.‘ED D.;5 n.l;n D.IZS DiD D.‘.’!5 0.40
time (ms)

Figure S14. Room temperature luminescence decay profile of CaggSr,MgSi,04:2%Cr>" under A= 445

nm (black points) and bi-exponential fitting curve (red line) with residuals measured as a function of
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The remote pressure readout is of vital application importance as it will facilitate and in many cases enable rapid
diagnostics. For most of the luminescent manometers described to date, the sensitivity of the pressure readout is
limited by the relatively small pressure-induced spectral shift of the emission band. In response to this limitation,
in this work, we present a super-sensitive and temperature-invariant NIR emitting luminescent manometer based
on LiScGeO4:Cr3+. The 4T2—>4A2 emission band of Cr®" ions undergoes in this manometer a linear spectral shift
with a rate of dA/dp = 23.63 nm/GPa, which is the highest value reported in the literature to date. In addition, by
using a ratiometric approach, this manometer has a relative sensitivity exceeding 120%,/GPa. Importantly, the
developed optical manometer operates in the NIR spectral region, providing good light permeability in the non-
transparent systems, having high absorption in the visible range. Moreover, in the case of high-pressure lumi-
nescence experiments, the use of the developed sensor will eliminate spectral overlapping issues, as the vast
majority of the organic and inorganic phosphors emitting in the visible range.

1. Introduction

One of the most rapidly developing branches of the remote, optical
sensors are those based on luminescence [1-8]. The deliberative and
thoughtful design of such sensors allows for the development of lumi-
nescent materials with selective sensitivity to changes in a physical or
chemical parameter of the environment [9-17]. In addition, by taking
advantage of the luminescence phenomenon, the exclusionary sensing of
parameters only for an element of the interest (that exhibits lumines-
cence) is provided. This comprises a significant advantage over other
noncontact measurement methods. A vast majority of luminescent sen-
sors are luminescent thermometers [13,18-22]. However, besides tem-
perature, the other crucial physical parameter that affects physical and
biological processes and chemical reactions is pressure, which is rather
underestimated in the literature in the context of optical sensing
[23,24,33,25-32].

* Corresponding author.
E-mail address: 1. marciniak@intibs.pl (L. Marciniak).

https://doi.org/10.1016/j.cej.2023.143130

Among luminescent manometers, those based on the pressure
induced spectral band shifts are the most widely used
[23,24,33-42,25,43,44,26-32]. Amidst them, the supreme role is
played by Al,03:Cr®* (ruby), whose spectrally narrow R; emission line
associated with the 2Eg—>4A2g electronic transition monotonically shifts
with increasing pressure up to ~150 GPa [45]. Although this sensor
provides high measurement precision, its main limitation is relatively
low sensitivity to pressure changes (dA/dP = 0.365 nm/GPa)[25,37].
Moreover, the application potential of the approach based on band
maximum analysis in 2-dimensional or 3-dimensional pressure imaging
is relatively low due to the requirement to measure the spectrum at
every point in the analyzed area. Therefore, the ratiometric pressure
measurement approach has been intensively explored recently. While
promising results are reported for manometers based on lanthanide ions
(L") their high susceptibility to temperature changes limits the reli-
ability of the pressure measurements. Therefore, ratiometric
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luminescent manometers that involve pressure-induced spectral shift of
the broad 4T2g—>4A2g emission band of Cr®* ions have recently been
proposed [46,47]. In this approach, the manometric parameter is the
emission intensity ratio recorded in two spectral regions, which partially
overlap with the 4T2g—>4A2g emission band. Although this approach is
universal and can be applied to any broadband emitting luminescent
manometer [39,47-54], the cr®t ions possess unique features that
predestinate them for this kind of application. Optical properties of the
transition metal ions of 3d® electronic configuration, which include
cr®?, directly depend on the crystal field strength (Dgq/B), that changes
proportionally to the Cr¥"-0? distance (R) according to the relation Dg/
B ~ R. Hence, according to the Tanabe-Sugano diagram [55] the
applied isostatic pressure affects the R distance and causes the change in
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the energy of the T, state (Fig. 1). Thus, in the case of the Cr3*-doped
phosphors of weak crystal field strength, for which the emission spec-
trum is dominated by the 4Ty—*A, emission band, a change in the
applied pressure shifts the position of the emission band barycenter.
Since the spectral position of this band is almost independent of the
temperature changes, this approach provides temperature invariant
pressure readouts.

In order to develop a highly sensitive manometer operating in the
ratiometric approach, it is necessary to select a host material of a weak
crystal field that affects cr®t ions (Dg/B < 2.3). For any host material
meeting this criterion, it is expected that an increase in applied pressure
will result in a spectral shift of the 4T,—*A, band towards shorter
wavelengths. However, if the applied pressure leads to the increase in
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Fig. 1. Schematic representation of the proposed approach: as shown in the Tanabe-Sugano diagram the increase in the crystal field strength causes the increase of
the energy of the *T, state. Therefore, the applied pressure that causes the shortening of the Cr®*-0? distances in the LiScGeO4:Cr3" crystal structure, affects the
emission spectrum of the Cr* and thus leads to the blue-shift of the “T,—*A, emission band. Hence, the luminescence intensity ratio (LIR) of signals integrated into
two different spectral ranges can be used for ratiometric pressure readout. The pressure operating range of the such a luminescent manometer can be modified by the
spectral ranges used. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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the crystal field strength above 2.3, it is expected that an additional
2E—*A, emission line will appear in the emission spectrum, which due
to the overlapping of both bands will negatively affect the accuracy of
the pressure readouts. Therefore, in order to extend the useful pressure
range in which the luminescent manometer can be applied, it is bene-
ficial to select a host material of very low value of Dq/B. In addition,
previous studies suggest that the lower the crystal field strength inter-
acting with Cr®" ions, the higher the sensitivity of the ratiometric
manometer [46,47]. The above criteria motivated the selection of the
LiScGeO4 host material, for which a weak crystal field was reported in
the present studies [56-61]. As will be proved in this work, an additional
advantage of the ratiometric approach based on the ratio of emission
intensity integrated into two spectral gates for broadband emitting
phosphor, is the possibility to tune the manometric properties by opti-
mizing the choice of the spectral range analyzed. This unique feature
allow the development of both: a super-sensitive manometer operating
in the low/high pressure ranges and a highly sensitive manometer
operating in a wide pressure range using the same luminescent material.

In this work, the abovementioned hypothesis was verified and
evaluated on the LiScGeO4:Cr3* materials. It was shown that the
4T,—~*A, emission band undergoes huge pressure-induced blue-shift, i.
e., dA/dP = 23.63 nm/GPa (absolute sensitivity) in the 0-7 GPa p-range,
which is currently the largest spectral shift reported in the literature.
These unique features allow the development of a ratiometric lumines-
cent manometer of unprecedentedly high relative sensitivity, i.e., over
120%/GPa, classifying it as the most sensitive pressure gauge. In addi-
tion, crystal field calculations of the Cr>* energy levels in LiScGeOy4 were
performed to analyze the influence of the host structure on the impurity
ion’s optical properties.

2. Experimental section
2.1. Materials

All precursors for the synthesis were purchased from Alfa Aesar and
were used without further purification: Li;CO3 (99.998% of purity),
Sc203 (99.99% of purity), GeO3 (99.999% of purity) and Cr(NO3)e9H0
(min. 99.99% of purity).

2.2. Synthesis

The LiScGeO4:0-2 %Crt (LSGO) microcrystalline powders were
synthesized using a conventional high-temperature solid-state-reaction
method. All reagents, i.e. GeOz and Scy0s3, as well as LioCO3 and Cr
(NO3)e9H,0 in stoichiometric amounts, were meticulously ground in an
agate mortar. To increase the degree of homogeneity of precursors
throughout the mixture, n-hexane was used for the grinding process. The
mixed precursors were transferred to a corundum crucible and pre-
heated at 1073 K for 2 h, followed by a final annealing at 1423 Kfor 5h
(heating 10 K/min), in air. The cooled to room temperature in the air
powders were ground again in an agate mortar and left for subsequent
analysis.

2.3. Methods

X-ray powder diffraction (XRD) measurements were performed on a
PANalytical X'Pert Pro diffractometer equipped with an Anton Paar
TCU1000 N Temperature Control Unit using Ni-filtered Cu Kao radiation
(V=40KkV,I=30mA).

The morphology of obtained samples was studied using Transmission
Electron Microscopy (TEM) and Scanning Electron Microscopy (SEM),
measurements were carried out with FEI TECNAI G2 X-TWIN micro-
scope (300 keV parallel beam electron energy) equipped with an EDS
detector and with FEI Nova NanoSEM 230 equipped with an energy
dispersive spectrometer EDAX Genesis XM4, respectively. EDS maps
were obtained using the SEM system. The sample was prepared by
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grounding in an agate mortar, dispersing in a small amount of methanol
and then a drop of the obtained suspension was applied on the carbon
stub (SEM) or on a copper grid (TEM) and dried under an infrared lamp.

The Raman spectra were measured in the pressure range from ~0 to
10 GPa, in a backscattering geometry using a Renishaw InVia confocal
micro-Raman system with a power-controlled 100 mW 532 nm laser
diode. The laser beam was focused using an Olympus x20 SLMPlan N
long working distance objective. Raman spectra of the sample com-
pressed in a methanol/ethanol/water — 16/3/1 (pressure transmitting
medium) were measured in a DAC equipped with the ultra-low fluo-
rescence (Ilas) diamond anvils.

The excitation spectra were recorded using FLS1000 Fluorescence
Spectrometer (Edinburgh Instruments), equipped with the 450 W Xenon
lamp as a source of the excitation and R5509-72 photomultiplier tube
from Hamamatsu in nitrogen-flow cooled housing as the detector. The
temperature and pressure-dependent emission spectra and luminescence
decay profiles were measured using the aforementioned setup, and a
445 nm laser diode excitation. The temperature of the sample during
photoluminescence measurements was controlled by a THMS 600 hea-
ting—cooling stage from Linkam (0.1 °C temperature stability and 0.1 °C
set point resolution). To achieve a stable set temperature, intervals of 1
min were taken between measurements.

The high-pressure measurements were performed with a gas (nitro-
gen) membrane driven diamond anvil cell Diacell pScopeDAC-RT(G)
from Almax easyLab. The pressure was applied using a controller Druck
PACE 5000. Between the diamond anvils (ultra-low fluorescence; Ilas
type; 0.4 mm culets), a stainless steel gasket with a thickness of 250 um
was placed, in which a hole with a diameter of 140 um was previously
drilled (after preindentation). A sample was placed in the hole together
with a small crystal of ruby, which acted as a pressure indicator (pres-
sure readout based on the spectral shift of R; line [25,45]. As the pres-
sure transmitting medium was used methanol-ethanol solution (V:V/
4:1).

3. Results and discussion

3.1. Experimental spectroscopic measurements at ambient and elevated
pressure and temperature sensing

The LiScGeOy4 crystallizes in an orthorhombic crystal structure with a
Pnma (No. 62) space group [56-61]. Their structure consists of octa-
hedra formed by 6-fold coordinated Sc>* and Li™ sites and the (GeO4)*
tetrahedra (Fig. 2a). The Cr>* dopant ions preferentially occupy the Sc>*
sites, due to their octahedral coordination and the similarity in ionic
radii: R(LiY) = 0.76A > R(Sc*") = 0.745A > R(Cr*") = 0.615A > R
(Ge*") = 0.39A [62]. A relatively small difference in the ionic radii of
dopant ions and Sc3* results in the lack of the additional diffraction
reflexes in the XRD patterns of the LiScGeO4 powders with Cr®* con-
centrations up to 2%, and as shown in Fig. 2b all observed reflexes
correspond to the reference pattern of the pure host (ICSD 62481). The
analysis of the morphology of the synthesized phosphor reveals that
resulting powders consist of the particles with the average size of ~ 3 um
in diameter. However, some small fraction of the submicron-sized par-
ticles can be found as well. The wide distribution of the crystals size is
due to the applied solid state synthesis method. The uniform distribution
of the Sc, Ge and Cr elements was revealed by the EDS analysis, which
confirms the lack of clusterfication of the dopant ions in the LiScGeOg4:
Cr®* (EDS data can be found in Figure S1).

In order to study the effect of applied isostatic pressure on the
LiScGeOy4 structure, Raman spectra were measured as a function of
pressure for the undoped sample. The measured Raman spectra for the
LiScGeO4 sample at ambient pressure revealed several bands (Raman
active modes), and the most intense ones were initially centered at
~400, 450, 500, 660, 720 and 790 em™! (Fig. 3a). The compression of
the material, i.e., with increasing pressure values, results in the increase
of the energy of the phonon modes, which is manifested by the shift of
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different Cr®* ions concentration -b), representative TEM -c) -d) and SEM images -e) with EDS maps of Sc -f), Ge -g) and Cr -h) elements of LiScGe04:0.5 %Cr3t.
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the Raman bands toward higher energy values (higher wavenumbers)
(Fig. 3b). This effect is due to the shortening of the average distances
between the ions, namely, the bonds shortening in the compressed
structure. Around 3-4 GPa, there start to appear new band centered at
~570 cm™., as well as the most intense, high-energy band (~790 cm™!)
seems to “split” into two peaks, resulting in the appearance of the new
band centered at ~820 cm ™. Nevertheless, it is worth noting that other
Raman modes originating from the crystal structure of the LSGO mate-
rial neither change their shape/intensity nor the shift rate. However,
around ~7.5-8 GPa the Raman spectrum changes completely for the
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investigated compound, manifested in a form of the appearance of
several new peaks (e.g. at ~350 and 640 cm 1) and disappearance (e.g.
at ~500, 660 and 820 cm 1) or huge spectral shift of the initial Raman
modes (e.g. at ~#450 and 720 c¢m ™). The observed drastic changes in the
Raman spectra in the mentioned high-pressure region are most plausibly
associated with some phase transition of the compressed material.
Moreover, due to the typically observed deterioration of the Raman
signal in the compressed materials (increasing strains and crystal defects
under pressure, leading to the lower signal intensity), the signal-to-noise
ratio significantly decreased with pressure, hampering observations of
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the low-intensity Raman modes. Importantly, the postulated phase
transition is fully reversible, because during the decompression process
(pressure release) all of the peaks return to their initial positions/en-
ergies, showing very good agreement with the compression data, espe-
cially in the 0-7 GPa range. The reversibility of structural changes in the
compression-decompression cycles is crucial for the pressure sensing
applications, indicating the possibility of using the LiScGeO4 material as
an optical pressure sensor. The determined peak centroids both for
compression (filled symbols) and decompression (empty symbols) are
presented in Fig. 3b, and the Raman spectra recorded during decom-
pression cycle are given in Figure S2, whereas, the determined shift rates
(using linear fits) for the most intense Raman modes are listed in
Table S1.

The spectroscopic properties of Cr®* ions are strongly governed by
the strength of the crystal field of the host material as shown in the
Tanabe-Sugano diagram for transition metal ions with 3d® electron
configuration (Fig. 1). According to this diagram, depending on the
value of the Dq/B parameter, the lowest excited level is the *T5 level for
Dq/B < 2.2 (weak crystal field) or the %E level for Dq/B > 2.4 (strong
crystal field). This effect is manifested in a change in the shape of the
phosphor emission spectrum, from broadband emission associated with
the “T,—~*A, transition to narrowband emission assigned to the 2E-4A,
transition. For the intermediate crystal field approximation case, the
emission spectrum consists of both these bands. As shown in Fig. 4a, in
the case of the LiScGeO4:Cr>+ materials, for which a weak crystal field is
expected, the emitting state is the “Ty energy level. Hence, upon
photoexcitation, the resulting 4T5—*A, radiative transition in the LiSc-
GeO4Cr3* compound leads to a broad emission band, centered at about
1100 nm (Fig. 4c). The concentration of cr3* ions affects emission in-
tensity, which decreases with the dopant concertation above 0.5 %Cr>",
but it does not influence on the spectral position of this band. This
confirms that Cr>* ions, regardless of dopant concentration, consistently
substitute only one crystallographic position in the LiScGeO4 structure.
As shown in the excitation spectra of the LiScGeO4:Cr" (Fig. 4b),
broadband emission can be obtained upon excitation into any of the
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Fig. 4. Configurational coordinate diagram for the octahedrally coordinated
Cr®" ions in a weak crystal field -a); the comparison of room temperature
excitation spectra (Ae, = 1110 nm) -b), emission spectra (hexe = 445 nm) -c),
and T,y-d) of LiScGeO4 doped with different concentrations of Cr>* ions.
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three observed excitation bands at about 330 nm, 590 nm and 780 nm
corresponding to the 4A2—>4T1 (P), 4A2—>4T1(4F) and 4A2—>4T2 electron
transitions, respectively. The spectral position of these bands indicates
that the Cr>" ion is located in a weak crystal field. To verify this, Dq/B
calculations were performed according to a well-known procedure [63]:

E( *Ay> *Ty)

Dg=————= €

x:E( 4Az—) 4Tl) 7E( 4A2—> 4T2) (2)
Dq

Dg  15(x —8)

B (x> —10x) )

where Dq is the crystal field splitting energy and B is Racah parameter.
The obtained value of Dq/B = 1.44 is independent of dopant concen-
tration and is in a good agreement with the previously reported value
[56]. As expected, the luminescence of cr®t ions in LiScGeOQy is char-
acterized by fast kinetics (Fig. 4d, Figure S3). The average lifetimes (t4yr)
slightly shorten with increasing Cr>* concentration, from 8.59 ps for the
LiScGe04:0.1 %Cr3* to 7.7 us for the LiScGe04:2% Cr3". This effect is
probably related to the interionic interactions. Since the shape of the
emission spectrum is not affected by the dopant concentration and the
most intense luminescence was observed for LiScGe04:0.5 %Cr>" this
sample was selected for further studies.

To investigate the manometric properties of the LiScGeO4:Cr3™,
room temperature pressure-dependent emission spectra were measured
in the 0-7.87 GPa pressure range (Fig. 5a). The measurements during
compression (Fig. 5a) and decompression (Figure S4) were carried out in
a diamond anvil cell, upon Aexe = 445 nm. Additionally, low intensity
bands at around 800 nm are associated with the luminescence of Al;O3:
cr3t pressure indicator (ruby), which was used during measurements
(see Fig. S4a and S5). During the compression of the LiScGeO4:Cr*
material, the broad *T2—*A, emission band, initially centered at around
1100 nm undergoes a huge, linear blue-shift by ~170 nm in the analyzed
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Fig. 5. The pressure-dependent emission spectra (hexe = 445 nm) of LiSc-
Ge040.5 %Cr®*, with marked spectral ranges used to calculate LIR; and LIRy
parameters -a); normalized LIR; -b) and LIRy -c), pressure dependent Sy map
-d), Sgy -e) and Sgyy -f) as a function of pressure (0-7.87 GPa).
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pressure range, resulting in a shift rate di/dp = 23.63 nm/GPa (231
cm™/GPa - Figure S6). This is an unprecedentedly large spectral shift
among all luminescent materials reported in the literature. However,
beside analyzing only the change in the emission band centroid as a
manometric parameter the ratiometric approach is presented here. The
dynamics of the LIR changes as a function of pressure depend on the
considered spectral range used for LIR calculation. Therefore, to eval-
uate thoroughly this effect the LIR was calculated in 10 nm-width
spectral intervals as follows (Figure S7):

880nm
— 870nm
LIR, = f(x+10)nm

xnm

AT,—

4Ty —

4A2d/1
4A2d/1

4

where x = (1080-1580) nm. All of obtained pressure dependencies of
LIR are presented in Figure S8, whereas here two representative cases
will be considered (Fig. 5b and 5c¢):
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The LIR; is characterized by the highest slope as a function of pres-
sure and increases 200-times in the 0-7 GPa pressure range, while in the
case of LIRy less dynamic but gradual in the whole analyzed pressure
range enhancement of LIR was observed (verified also within additional
compression-decompression cycles Figure S9). LIR; and LIRy can be
fitted using empirical equations using eq. S1 and S2. Actually, as shown
in Figure S7 and Figure S8 the manometric parameters of this optical
pressure indicator can be tuned by the appropriate selection of the in-
tegrated spectral range used for the LIR determination. To quantify the
pressure induced changes in LIRy values of the relative manometric
sensitivity was calculated as follows:

1 ALIR,

Skpx LR, Ap 00% @

The obtained results presented in a form of a 2-dimensional map
(Fig. 5d) indicate that the selection of x significantly affects the maximal
sensitivity, usable pressure range and the pressure at which the Spmax
was obtained. For x ~ 1080 nm the developed manometer provides the
high sensitivity of pressure readout above 6 GPa, while for the x = 1450
nm the highest Sg was reached at pressure around 2.5 GPa. Actually, for
LIR; the maximal Sg reached 121.14 %/GPa at 2.55 GPa which is the
highest reported value of the sensitivity of the ratiometric luminescent
manometer of both transition metal ion based (S, = 4.7%/GPa for
LioMg3TiOg:Cr®" and Sg , = 40/9.83%/GPa for MgO:Cr®") and on ma-
terials doped with lanthanide ions (Sg , = 13.8%/GPa for SrB407:Eu2+/
Sm?h) up to date (Fig. 5e)[42,46,47]. It is also possible to obtain readout
mode that is highly sensitive at both low and high pressures (Sgp =
99.57%/GPa at 2.39 GPa and Sg , = 70.56% at 5.33 GPa) by using LIRy
(Fig. 51, see also Figure S10 and S11). On the other hand, when the x ~
1500 nm a high Sg ~ 50%/GPa can be obtained in the whole analyzed
pressure range. The presented tuning of the manometric properties re-
veals high versatility of the LiScGeO4:Cr’" material as an optical
manometer.

Despite, the extraordinary manometric properties of the developed
LiScGeO4Cr®t sensor, it is important to investigate how temperature
affects pressure readouts, i.e., determine the thermal dependence for the
spectroscopic (manometric) parameters used. This is critical for the
experiments performed simultaneously under changes in pressure and
temperature, where the applied pressure sensor should exhibit a negli-
gible or small and well-defined temperature dependence. Therefore, the
spectroscopic properties of the LiScGe04:0.5 %Cr>" were studied as a
function of temperature in the range of 83-443 K. As expected, an in-
crease in temperature causes a decrease in emission intensity, which is
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associated with the overcoming of the intersection point of “Ty and *A,
states by the electrons occupying *T; state (Fig. 4a). However, the po-
sition of the band maximum does not change significantly with
increasing temperature, which is illustrated by the small temperature
variation of LIR; and LIRy (only a 2-fold increase for LIR; and 5.5-fold for
LIRy) in the analyzed temperature range (Fig. 6b,c). This is an expected
result since Cr>* ions occupy only one crystallographic position in the
LiScGeO4 host, and therefore, no significant temperature-induced
changes in the spectral position (and shape) of the emission band are
expected (Fig. 6a, S12). The determined relative temperature sensitiv-
ities clearly indicate that the temperature changes of LIR are small. The
maximum Sg 7 reach about Sg tmax = 0.75 %/K at 363.7 K and 0.87 %/K
at 343.15 K for LIR; and LIRyj, respectively (Fig. 6e, f). Although from a
thermometric perspective, the obtained Sg T values are not very high,
they indicate that the LIR can be affected by temperature to some extent.
Nevertheless, the Sg p value exceeds the Sg + by more than two orders of
magnitude. In order to determine how much more sensitive is the LIR
parameter in the LiScGeO4:Cr®* to changes of pressure, with respect to
its temperature sensitivity, the Thermal Invariability Manometric Factor
(TIMF) was introduced according to the equation:

Skp

TIMF =
Sk

(8

This is a very important parameter that can designate the range of
applications for a given luminescent manometer. In the case of appli-
cations for which the temperature changes of the system are not ex-
pected during the measurement (e.g. materials compression
experiments at ambient temperature), the selection of a suitable
manometer can be based predominantly on the criterion of high relative
sensitivity. However, if there is a risk of temperature changes during the
measurement, the TIMF value should also be considered. It can be
assumed that for a reliable luminescent manometer should TIMF > 100.
This value is adopted arbitrarily but fully justified because it determines,
that changes in pressure will cause two orders of magnitude higher
changes than temperature changes. At room temperature, for
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Fig. 6. Thermal evolution of emission spectra (hexc = 445 nm) of LiScGeO4:0.5
%Cr>*, with marked spectral ranges used to define LIR; and LIRy -a); normal-
ized LIR; -b) and LIRy -c), Sg;r map -d), Sg; -e) and Sgy -f) as a function of
temperature (83-443 K).
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LiScGe04:0.5 %Cr3* the value of TIMFp g = 241.1 and TIMFy Ry =
128.4. In both cases, the criterion of TIMF > 100 is met, but as can be
seen from a comparison of the TIMF parameter for other ratiometric
manometers based on the 4T2—>4A2 band shift, this is not the highest
value (Table 1).

As indicated above, ratiometric pressure readout in many cases fa-
cilitates multidimensional imaging of pressure changes in the objects
under study. However, the spectral band shift approach is currently
commonly used for pressure sensing. Therefore, the pressure-induced
band shift observed in the LiScGeO4Cr>* was analyzed. As can be
seen, the band centroid monotonically decreases by ~170 nm, from
around 1100 to 930 nm, with the shift rate ~23.6 nm/GPa in the 0-7
GPa pressure range. This slope of the emission band maxima (which is
also equal to 231 cm_l/GPa) can be used for modeling the positions of
other energy levels of Cr** in LiScGeOy, assuming (as the first approx-
imation) that the Stokes shift between the excitation and emission band
maxima and Racah parameters are pressure independent, at least, for the
values of pressure close to the ambient one. Comparing the absolute
sensitivity Sp in both the wavelength domain (nm), as well as the
wavenumbers domain (cm’l), it is clear that the developed LiScGeO4:
Cr®* sensor material can work as an optical manometer with the highest
rate of change among all reports described in the literature to date
[39,48-52,54] (see Fig. 7)

3.2. Crystal field calculations and comparison with the experimental
spectra

A deeper insight into the spectroscopic properties of impurity ions in
solids can be gained by applying crystal field theory to the analysis of the
energy levels splitting. In the present work, we used the exchange charge
model (ECM)[65] of the crystal field to calculate the crystal field pa-
rameters (CFP) and energy level scheme of the Cr®" ions in LiScGeO,.
Detailed description of the ECM foundations, along with all equations,
can be easily found in the literature [66-68], they will not be repeated
here again for the sake of brevity. The main advantages of the ECM can
be just underlined:

i) possibility to calculate directly the CFP values from the real
crystal structure data without making any a priori assumptions on
the point symmetry of the impurity ion site;

ii) calculations of the complete energy level scheme of the impurity
ion using the obtained CFP values;

iii) a small number of fitting parameters (which is only one in the
simplest case). Its introduction is related to the fact that the pure
atomic (ionic) wave functions are used to calculate the overlap
integrals between the wave functions of an impurity ion and li-
gands. The value of this fitting parameter is evaluated from the
position of the first (lowest in energy) absorption maximum. The
ECM has been successfully applied to various combinations of
dopants and host matrices to yield good agreement between the

Table 1

Comparison of the manometric parameter of different ratiometric luminescent
manometers based on the pressure induced spectral shift of the “T,—*A, emis-
sion band.

Manometer Sg,p Max p @ Sy, SrT @ TIMF Ref.
[%/GPa] Pmax 300K
[GPa] [%/K]
Li,MgsTiOg:Cr®™  4.63 ambient 0.034 136.2  [47]
MgO: Cr’" mode 9.8 1.16 0.0056 1750 [46]
I
MgO:Cr Cr** 40 ambient 0.056 714.3 [46]
mode II
LiScGeO‘.:Cr?’Jr 121.14 2.55 0.502 241.3 This
LIRI work
LiScGeO4:Cr’ 99.57 2.39 0.775 128.5  This
LIRIL work
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calculated impurity ions’ energy level schemes and experimental
spectroscopic data (an extensive list of corresponding references
can be found in Ref.[68]

The Cr®" ions substitute for the 6-fold coordinated Sc ions. To take
into account the influence of ions in remote coordination spheres and
ensure proper convergence of the crystal lattice sums needed for cal-
culations of the CFP, a large cluster consisting of 80,170 ions around a
Cr®* ion was constructed using the VESTA software [69]. The calculated
values of the non-zero CFP (Stevens normalization, in em™ ) are as
follows: B = —2189; B} = 6521; B2 = 291; B = —2344; B} = —5014; B3
= —1944; B3 = 73695; Bj= 5412. Diagonalization of the crystal field
Hamiltonian with these CFPs and Racah parameters B = 500 em Y, C=
3600 cm ! allowed to calculate all energy levels of Cr®* ions in LiSc-
GeO4 shown by vertical lines in Fig. 8.

Comparison of the calculated results with the experimental excita-
tion spectrum yields good agreement, as is evidenced by Fig. 8a. All
orbital triplet states are split into three singlet levels each (two upper
levels from the “T, state are close to each other, so they seem to merge in
Fig. 8a) and each orbital doublet is split into two singlet states, which
indicates complete removal of degeneracy in low-symmetry crystal field.
A conclusion about low symmetry of crystal field in this particular case
can be also drawn from the structure of the crystal field Hamiltonian
with above-listed non-zero CFPs. The width of both broad excitation
bands that correspond to the transition from the *A; ground state of the
cr®* ions to the Ty and *T; triplets (all arising from the ground *F term
of a free ion) correlates with large crystal field splitting of these triplet
states induced by the low-symmetry component of crystal field. We note
that the dip at the “T5 excitation band at about 14500 cm ™! corresponds
to the 2E state of the Cr®* ions, which was also detected as a Fano anti-
resonance by Sharonov at al at about 14540 cm ! in the same host [58].
Another mechanism that is responsible for the broadening of the spectral
bands of transition metal ions is the electron-vibrational interaction
(EVI), which manifests itself not only in the appearance of broad spectral
bands but also in the shift of the first emission band maxima in respect to
the corresponding excitation band (the so called Stokes shift). Using
well-known relations [70] between the full width at half maximum
(FWHM) of the emission band I', Stokes shift AE (2418 cm ! and 4295
em™!, respectively, according to the experimental data) and effective
phonon energy Aw, we found the following values of Huang-Rhys factor
S =9.08 and effective phonon energyfw = 250 cm ™" (this value cannot
be directly compared with the Raman or vibrational spectroscopic data,
because it is determined in the framework of the single configurational
coordinate model and represents the result of the interaction of the
impurity ion’s electronic states with all normal modes at the same time).
The validity of the obtained in this way parameters can be checked by
plotting the emission band with the help of the following equation. The
intensity I of the emission band at energy E can be approximated by the
following expression [70]:

B e sSSP (1 +Sze—ha)/kT> _ E() _E

I=
p! p+1 ho ©

where Ej is the zero phonon line (ZPL) energy, which is located in the
vicinity of the point of intersection of the excitation and emission
spectra, and p is the number of the effective phonons with the energy 7o
involved into the emission transition. With the above given values of S
and Ao and the position of the ZPL at 11050 cm ™!, the shape of the Ty —
4A, emission band can be modeled. Fig. 8b shows good agreement be-
tween the experimental and fitted (by means of Eq. (9)) emission band
shapes in terms of the position of their maxima and overall appearance.
The width of the calculated band shape is smaller than the experimental
one, it often happens when Eq. (9) is used, because of simplified as-
sumptions made for its derivation.
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4. Conclusions

In summary, this paper describes the development and spectroscopic
properties of a new luminescent manometer with unprecedentedly high
sensitivity in the ratiometric readout mode and the absolute sensitivity
in the spectral shift mode of di/dP = 23.63 nm/GPa, which is the
highest shift rate reported elsewhere. Cr" ions incorporated in the
LiScGeO4 crystal structure are characterized by broadband emission
associated with the *T,—*A, electron transition. Increasing pressure,
this emission band, initially centered at about 1100 nm, undergoes a
linear spectral blue-shift by ~170 nm in the 0-7 GPa range. Therefore,
the developed ratiometric luminescent manometer based on this emis-
sion is characterized by a record relative sensitivity of Sg = 121.14
%/GPa. In addition, as demonstrated by the appropriate selection of the
integrated spectral ranges considered in the LIR calculations, it is
possible to develop a ratiometric manometer with super-sensitivity
either in low or high-pressure range, or a wide-range sensor with
sensitivity exceeding 50%/GPa. Beneficially, the spectral shift of the
band and the derivated LIR parameters have low sensitivity to temper-
ature changes, indicating the possibility of using the developed sensor
for the experiments under extreme conditions (simultaneous compres-
sion and heating/cooling of the material studied). Importantly, the
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developed sensor material LiScGeO4:Cr>" exhibits record sensitivity in
both ratiometric and spectral shift based approaches. The ability to tune
the manometric properties of the luminescent manometer together with
unprecedented high relative sensitivity and a TIMF parameter exceeding
240 make LiScGeO4Cr®" an excellent candidate for remote, super-
sensitive optical pressure readouts and multi-dimensional imaging.
Importantly, the developed sensor works in the NIR range of the spec-
trum, which is available for monitoring both by the silicon and InGaAs
detectors, ensuring no overlapping with emission of the luminescent
materials studied. Thanks to the NIR operating range of the sensor, it
provides great penetrability of light in the systems/surroundings which
are opaque, i.e., highly absorbing in the visible but are transparent in the
NIR region. Crystal field calculations of the Cr>" energy levels and
analysis of the electron-vibrational interaction were also performed to
gain a deeper insight into the influence of crystal structure and local
symmetry on the optical properties of the studied material.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.



M. Szymczak et al.

Data availability

Data will be made available on request.

Acknowledgements

This work was supported by the National Science Center (NCN)

Poland under project no. DEC-UMO- 2020/37/B/ST5/00164. M.R. ac-
knowledges support from Fondo Social Europeo and Agencia Estatal de
Investigacién (RYC2020-028778-1/AEI/10.13039/501100011033). M.
G.B. appreciates support from the Program for the Foreign Experts
(Grant No. W2017011) offered by Chongqing University of Posts and
Telecommunications, the National Foreign Experts Program for “Belt
and Road Initiative” Innovative Talent Exchange (Grant No.
DL2021035001L), and NCN project 2018/31/B/ST4/00924.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.

org/10.1016/j.cej.2023.143130.

References

[1]

[2]

[3]

[4]
[5]
[6]
[7]

[8]

[91
[10]
[11]
[12]

[13]

[14]

[15]
[16]
[17]
[18]
[19]

[20]

[21]
[22]

[23]

X. Liu, A. Skripka, Y. Lai, C. Jiang, J. Liu, F. Vetrone, J. Liang, Fast wide-field
upconversion luminescence lifetime thermometry enabled by single-shot
compressed ultrahigh-speed imaging, Nat. Commun. 12 (2021) 6401.

R. An, Y. Liang, R. Deng, P. Lei, H. Zhang, Hollow nanoparticles synthesized via
Ostwald ripening and their upconversion luminescence-mediated Boltzmann
thermometry over a wide temperature range, Light Sci. Appl. 11 (2022) 217.

E. Ximendes, R. Marin, L.D. Carlos, D. Jaque, Less is more: dimensionality
reduction as a general strategy for more precise luminescence thermometry, Light
Sci. Appl. 11 (2022) 237.

Z. Hu, B.J. Deibert, J. Li, Luminescent metal-organic frameworks for chemical
sensing and explosive detection, Chem. Soc. Rev. 43 (16) (2014) 5815-5840.
S.V. Eliseeva, J.-C. Biinzli, Lanthanide luminescence for functional materials and
bio-sciences, Chem. Soc. Rev. 39 (1) (2010) 189-227.

Y. Yang, Q. Zhao, W. Feng, F. Li, Luminescent Chemodosimeters for Bioimaging,
Chem. Rev. 113 (1) (2013) 192-270.

J. Rocha, L.D. Carlos, F.A.A. Paz, D. Ananias, Luminescent multifunctional
lanthanides-based metal-organic frameworks, Chem. Soc. Rev. 40 (2) (2011)
926-940.

M.D. Dramicanin, . Marciniak, S. Kuzman, W. Piotrowski, Z. Risti¢, J. Perisa,

L. Evans, J. Mitri¢, V. Pordevié, N. Roméevi¢, M.G. Brik, C.G. Ma, Mn®*-activated
CagBa(P0O4)40 near-infrared phosphor and its application in luminescence
thermometry, Light Sci. Appl. 11 (2022) 279.

C. Hoera, A. Kiontke, M. Pahl, D. Belder, A chip-integrated optical microfluidic
pressure sensor, Sensors Actuators B Chem. 255 (2018) 2407-2415.

0.S. Wolfbeis, Fiber-Optic Chemical Sensors and Biosensors, Anal. Chem. 78 (12)
(2006) 3859-3874.

M.D. Dramicanin, Trends in luminescence thermometry, J. Appl. Phys. 128 (2020)
40902.

K. Kniec, L. Marciniak, A ratiometric luminescence pH sensor based on YAG:V3*, VS
+ nanoparticles, New J. Chem. 46 (2022) 11562-11569.

L. Marciniak, K. Kniec, K. Elzbieciak-Piecka, K. Trejgis, J. Stefanska,

M. Dramicanin, Luminescence thermometry with transition metal ions. A review,
Coord. Chem. Rev. 469 (2022), 214671.

0.S. Wolfbeis, Optical Technology until the Year 2000: An Historical Overview BT -
Optical Sensors: Industrial Environmental and Diagnostic Applications, in:

R. Narayanaswamy, O.S. Wolfbeis (Eds.), Springer, Berlin Heidelberg, Berlin,
Heidelberg, 2004, pp. 1-34.

D. Parker, Luminescent lanthanide sensors for pH, pO5 and selected anions, Coord.
Chem. Rev. 205 (2000) 109-130.

X. Jia, J. Li, E. Wang, One-pot green synthesis of optically pH-sensitive carbon dots
with upconversion luminescence, Nanoscale. 4 (2012) 5572-5575.

X.D. Wang, O.S. Wolfbeis, R.J. Meier, Luminescent probes and sensors for
temperature, Chem. Soc. Rev. 42 (2013) 7834-7869.

X. Wang, Q. Liu, Y. Bu, C.-S. Liu, T. Liu, X. Yan, Optical temperature sensing of
rare-earth ion doped phosphors, RSC Adv. 5 (105) (2015) 86219-86236.

L.H. Fischer, G.S. Harms, O.S. Wolfbeis, Upconverting nanoparticles for nanoscale
thermometry, Angew. Chemie - Int. Ed. 50 (20) (2011) 4546-4551.

Q. Wang, M. Liao, Q. Lin, M. Xiong, Z. Mu, F. Wu, A review on fluorescence
intensity ratio thermometer based on rare-earth and transition metal ions doped
inorganic luminescent materials, J. Alloys Compd. 850 (2021), 156744.

D. Jaque, F. Vetrone, Luminescence nanothermometry, Nanoscale. 4 (2012)
4301-4326.

C.D.S. Brites, S. Balabhadra, L.D. Carlos, Lanthanide-Based Thermometers: At the
Cutting-Edge of Luminescence Thermometry, Adv. Opt. Mater. 7 (2019) 1801239.
B.R. Jovani¢, J.P. Andreeta, GdA1O3:Cr3+ as a New Pressure Sensor, Phys. Scr. 59
(1999) 274-276.

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

Chemical Engineering Journal 466 (2023) 143130

M. Runowski, A. Shyichuk, A. Tyminski, T. Grzyb, V. Lavin, S. Lis, Multifunctional
Optical Sensors for Nanomanometry and Nanothermometry: High-Pressure and
High-Temperature Upconversion Luminescence of Lanthanide-Doped Phosphates -
LaPO4/YPO,:Yb**-Tm®*, ACS Appl. Mater. Interfaces. 10 (2018) 17269-17279.
H.K. Mao, J. Xu, P.M. Bell, Calibration of the ruby pressure gauge to 800 kbar
under quasi-hydrostatic conditions, J. Geophys. Res. 91 (1986) 4673.

M. Back, J. Ueda, H. Hua, S. Tanabe, Predicting the Optical Pressure Sensitivity of
2E —*A, Spin-Flip Transition in Cr®*-Doped Crystals, Chem. Mater. 33 (9) (2021)
3379-3385.

U.R. Rodriguez-Mendoza, S.F. Ledn-Luis, J.E. Munoz-Santiuste, D. Jaque, V. Lavin,
Nd**-doped Ca3GayGes012 garnet: A new optical pressure sensor, J. Appl. Phys.
113 (2013), 213517.

J. Barzowska, T. Lesniewski, S. Mahlik, H.J. Seo, M. Grinberg, KMgFg:EuzJr as a
new fluorescence-based pressure sensor for diamond anvil cell experiments, Opt.
Mater. (Amst) 84 (2018) 99-102.

F. Datchi, R. LeToullec, P. Loubeyre, Improved calibration of the SrB407:Sm**
optical pressure gauge: Advantages at very high pressures and high temperatures,
J. Appl. Phys. 81 (1997) 3333-3339.

N.J. Hess, G.J. Exarhos, Temperature and Pressure Dependence of Laser Induced
Fluorescence in Sm: Yag “A New Pressure Calibrant, High Press. Res. 2 (1) (1989)
57-64.

C. Hernandez, S.K. Gupta, J.P. Zuniga, J. Vidal, R. Galvan, M. Martinez,

H. Guzman, L. Chavez, Y. Mao, K. Lozano, Performance evaluation of Ce>* doped
flexible PVDF fibers for efficient optical pressure sensors, Sensors Actuators, A
Phys. 298 (2019), 111595.

H. Arashi, M. Ishigame, Diamond Anvil Pressure Cell and Pressure Sensor for High-
Temperature Use, Jpn. J. Appl. Phys. 21 (1982) 1647.

M. Runowski, P. Wozny, I.R. Martin, Optical pressure sensing in vacuum and high-
pressure ranges using lanthanide-based luminescent thermometer-manometer,

J. Mater. Chem. C. 9 (13) (2021) 4643-4651.

M. Runowski, J. Marciniak, T. Grzyb, D. Przybylska, A. Shyichuk, B. Barszcz,

A. Katrusiak, S. Lis, Lifetime nanomanometry-high-pressure luminescence of up-
converting lanthanide nanocrystals-Ser:Yb3 " E'3+, Nanoscale. 9 (41) (2017)
16030-16037.

M. Runowski, P. Wozny, N. Stopikowska, Q. Guo, S. Lis, Optical Pressure Sensor
Based on the Emission and Excitation Band Width (fwhm) and Luminescence Shift
of Ce>*-Doped Fluorapatite - High-Pressure Sensing, ACS Appl. Mater. Interfaces.
11 (4) (2019) 4131-4138.

S.F. Le6n-Luis, J.E. Munoz-Santiuste, V. Lavin, U.R. Rodriguez-Mendoza, Optical
pressure and temperature sensor based on the luminescence properties of Nd** ion
in a gadolinium scandium gallium garnet crystal, Opt. Express. 20 (2012)
10393-10398.

H.K. Mao, P.M. Bell, J.W. Shaner, D.J. Steinberg, Specific volume measurements of
Cu, Mo, Pd, and Ag and calibration of the ruby R1 fluorescence pressure gauge
from 0.06 to 1 Mbar, J. Appl. Phys. 49 (6) (1978) 3276-3283.

Q. Lv, C. Wang, S. Chen, H. Zheng, E. Dong, G. Zhu, Ultrasensitive Pressure-
Induced Optical Materials: Europium-Doped Hafnium Silicates with a Khibinskite
Structure for Optical Pressure Sensors and WLEDs, Inorg. Chem. 61 (2022)
3212-3222.

D. Zhang, B. Zheng, Z. Zheng, L. Li, Q. Yang, Y. Song, B. Zou, H. Zou,
Multifunctional CagNaan_‘/ng(PO4)7:Eu2Jr phosphor for full-spectrum lighting,
optical thermometry and pressure sensor applications, Chem. Eng. J. 431 (2022),
133805.

B. Zheng, X. Zhang, D. Zhang, F. Wang, Z. Zheng, X. Yang, Q. Yang, Y. Song, B. Zou,
H. Zou, Ultra-wideband phosphor Mngds(SiO4)602:Ce3+, M4 Energy transfer
and pressure-driven color tuning for potential applications in LEDs and pressure
sensors, Chem. Eng. J. 427 (2022), 131897.

T. Zheng, M. Sdjka, M. Runowski, P. Wozny, S. Lis, E. Zych, Tm?t Activated SrB40O7
Bifunctional Sensor of Temperature and Pressure—Highly Sensitive, Multi-
Parameter Luminescence Thermometry and Manometry, Adv. Opt. Mater. 9 (2021)
2101507.

T. Zheng, M. Sdjka, P. Wozny, I.R. Martin, V. Lavin, E. Zych, S. Lis, P. Du, L. Luo,
M. Runowski, Supersensitive Ratiometric Thermometry and Manometry Based on
Dual-Emitting Centers in Eu?*/Sm*"-Doped Strontium Tetraborate Phosphors,
Adv. Opt. Mater. 10 (2022) 2201055.

M.A. Antoniak, S.J. Zelewski, R. Oliva, A. Zak, R. Kudrawiec, M. Nyk, Combined
Temperature and Pressure Sensing Using Luminescent NaBiF4:Yb, Er
Nanoparticles, ACS Appl. Nano Mater. 3 (5) (2020) 4209-4217.

M. Séjka, M. Runowski, P. Wozny, L.D. Carlos, E. Zych, S. Lis, Y5(Ge, Si)o5: Pr
phosphors: multimodal temperature and pressure sensors shaped by bandgap
management, J. Mater. Chem. C. 9 (2021) 13818-13831.

G. Shen, Y. Wang, A. Dewaele, C. Wu, D.E. Fratanduono, J. Eggert, S. Klotz, K.F.
Dziubek, P. Loubeyre, O. V. Fat’yanov, P.D. Asimow, T. Mashimo, R.M.M.
Wentzcovitch, Toward an international practical pressure scale: A proposal for an
IPPS ruby gauge (IPPS-Ruby2020), High Press. Res. (2020) 299-314.

M. Szymczak, M. Runowski, V. Lavin, L. Marciniak, Highly pressure-sensitive,
temperature independent luminescence ratiometric manometer based on MgO:Cr®
- nanoparticles, Laser Photonics Rev. 17 (4) (2023).

M. Szymczak, P. Wozny, M. Runowski, M. Pieprz, V. Lavin, L. Marciniak,
Temperature invariant ratiometric luminescence manometer based on Cr®* ions
emission, Chem. Eng. J. 453 (2023), 139632.

Y. Masubuchi, S. Nishitani, S. Miyazaki, H. Hua, J. Ueda, M. Higuchi, S. Tanabe,
Large red-shift of luminescence from BaCN:Eu?" red phosphor under high
pressure, Appl. Phys. Express. 13 (2020) 42009.

T. Zheng, L. Luo, P. Du, S. Lis, U.R. Rodriguez-Mendoza, V. Lavin, L.R. Martin,
M. Runowski, Pressure-triggered enormous redshift and enhanced emission in

153


https://doi.org/10.1016/j.cej.2023.143130
https://doi.org/10.1016/j.cej.2023.143130
http://refhub.elsevier.com/S1385-8947(23)01861-2/h0005
http://refhub.elsevier.com/S1385-8947(23)01861-2/h0005
http://refhub.elsevier.com/S1385-8947(23)01861-2/h0005
http://refhub.elsevier.com/S1385-8947(23)01861-2/h0010
http://refhub.elsevier.com/S1385-8947(23)01861-2/h0010
http://refhub.elsevier.com/S1385-8947(23)01861-2/h0010
http://refhub.elsevier.com/S1385-8947(23)01861-2/h0015
http://refhub.elsevier.com/S1385-8947(23)01861-2/h0015
http://refhub.elsevier.com/S1385-8947(23)01861-2/h0015
http://refhub.elsevier.com/S1385-8947(23)01861-2/h0020
http://refhub.elsevier.com/S1385-8947(23)01861-2/h0020
http://refhub.elsevier.com/S1385-8947(23)01861-2/h0025
http://refhub.elsevier.com/S1385-8947(23)01861-2/h0025
http://refhub.elsevier.com/S1385-8947(23)01861-2/h0030
http://refhub.elsevier.com/S1385-8947(23)01861-2/h0030
http://refhub.elsevier.com/S1385-8947(23)01861-2/h0035
http://refhub.elsevier.com/S1385-8947(23)01861-2/h0035
http://refhub.elsevier.com/S1385-8947(23)01861-2/h0035
http://refhub.elsevier.com/S1385-8947(23)01861-2/h0040
http://refhub.elsevier.com/S1385-8947(23)01861-2/h0040
http://refhub.elsevier.com/S1385-8947(23)01861-2/h0040
http://refhub.elsevier.com/S1385-8947(23)01861-2/h0040
http://refhub.elsevier.com/S1385-8947(23)01861-2/h0045
http://refhub.elsevier.com/S1385-8947(23)01861-2/h0045
http://refhub.elsevier.com/S1385-8947(23)01861-2/h0050
http://refhub.elsevier.com/S1385-8947(23)01861-2/h0050
http://refhub.elsevier.com/S1385-8947(23)01861-2/h0055
http://refhub.elsevier.com/S1385-8947(23)01861-2/h0055
http://refhub.elsevier.com/S1385-8947(23)01861-2/h0060
http://refhub.elsevier.com/S1385-8947(23)01861-2/h0060
http://refhub.elsevier.com/S1385-8947(23)01861-2/h0065
http://refhub.elsevier.com/S1385-8947(23)01861-2/h0065
http://refhub.elsevier.com/S1385-8947(23)01861-2/h0065
http://refhub.elsevier.com/S1385-8947(23)01861-2/h0070
http://refhub.elsevier.com/S1385-8947(23)01861-2/h0070
http://refhub.elsevier.com/S1385-8947(23)01861-2/h0070
http://refhub.elsevier.com/S1385-8947(23)01861-2/h0070
http://refhub.elsevier.com/S1385-8947(23)01861-2/h0075
http://refhub.elsevier.com/S1385-8947(23)01861-2/h0075
http://refhub.elsevier.com/S1385-8947(23)01861-2/h0080
http://refhub.elsevier.com/S1385-8947(23)01861-2/h0080
http://refhub.elsevier.com/S1385-8947(23)01861-2/h0085
http://refhub.elsevier.com/S1385-8947(23)01861-2/h0085
http://refhub.elsevier.com/S1385-8947(23)01861-2/h0090
http://refhub.elsevier.com/S1385-8947(23)01861-2/h0090
http://refhub.elsevier.com/S1385-8947(23)01861-2/h0095
http://refhub.elsevier.com/S1385-8947(23)01861-2/h0095
http://refhub.elsevier.com/S1385-8947(23)01861-2/h0100
http://refhub.elsevier.com/S1385-8947(23)01861-2/h0100
http://refhub.elsevier.com/S1385-8947(23)01861-2/h0100
http://refhub.elsevier.com/S1385-8947(23)01861-2/h0105
http://refhub.elsevier.com/S1385-8947(23)01861-2/h0105
http://refhub.elsevier.com/S1385-8947(23)01861-2/h0110
http://refhub.elsevier.com/S1385-8947(23)01861-2/h0110
http://refhub.elsevier.com/S1385-8947(23)01861-2/h0115
http://refhub.elsevier.com/S1385-8947(23)01861-2/h0115
http://refhub.elsevier.com/S1385-8947(23)01861-2/h0120
http://refhub.elsevier.com/S1385-8947(23)01861-2/h0120
http://refhub.elsevier.com/S1385-8947(23)01861-2/h0120
http://refhub.elsevier.com/S1385-8947(23)01861-2/h0120
http://refhub.elsevier.com/S1385-8947(23)01861-2/h0125
http://refhub.elsevier.com/S1385-8947(23)01861-2/h0125
http://refhub.elsevier.com/S1385-8947(23)01861-2/h0130
http://refhub.elsevier.com/S1385-8947(23)01861-2/h0130
http://refhub.elsevier.com/S1385-8947(23)01861-2/h0130
http://refhub.elsevier.com/S1385-8947(23)01861-2/h0135
http://refhub.elsevier.com/S1385-8947(23)01861-2/h0135
http://refhub.elsevier.com/S1385-8947(23)01861-2/h0135
http://refhub.elsevier.com/S1385-8947(23)01861-2/h0140
http://refhub.elsevier.com/S1385-8947(23)01861-2/h0140
http://refhub.elsevier.com/S1385-8947(23)01861-2/h0140
http://refhub.elsevier.com/S1385-8947(23)01861-2/h0145
http://refhub.elsevier.com/S1385-8947(23)01861-2/h0145
http://refhub.elsevier.com/S1385-8947(23)01861-2/h0145
http://refhub.elsevier.com/S1385-8947(23)01861-2/h0150
http://refhub.elsevier.com/S1385-8947(23)01861-2/h0150
http://refhub.elsevier.com/S1385-8947(23)01861-2/h0150
http://refhub.elsevier.com/S1385-8947(23)01861-2/h0155
http://refhub.elsevier.com/S1385-8947(23)01861-2/h0155
http://refhub.elsevier.com/S1385-8947(23)01861-2/h0155
http://refhub.elsevier.com/S1385-8947(23)01861-2/h0155
http://refhub.elsevier.com/S1385-8947(23)01861-2/h0160
http://refhub.elsevier.com/S1385-8947(23)01861-2/h0160
http://refhub.elsevier.com/S1385-8947(23)01861-2/h0165
http://refhub.elsevier.com/S1385-8947(23)01861-2/h0165
http://refhub.elsevier.com/S1385-8947(23)01861-2/h0165
http://refhub.elsevier.com/S1385-8947(23)01861-2/h0170
http://refhub.elsevier.com/S1385-8947(23)01861-2/h0170
http://refhub.elsevier.com/S1385-8947(23)01861-2/h0170
http://refhub.elsevier.com/S1385-8947(23)01861-2/h0170
http://refhub.elsevier.com/S1385-8947(23)01861-2/h0175
http://refhub.elsevier.com/S1385-8947(23)01861-2/h0175
http://refhub.elsevier.com/S1385-8947(23)01861-2/h0175
http://refhub.elsevier.com/S1385-8947(23)01861-2/h0175
http://refhub.elsevier.com/S1385-8947(23)01861-2/h0180
http://refhub.elsevier.com/S1385-8947(23)01861-2/h0180
http://refhub.elsevier.com/S1385-8947(23)01861-2/h0180
http://refhub.elsevier.com/S1385-8947(23)01861-2/h0180
http://refhub.elsevier.com/S1385-8947(23)01861-2/h0185
http://refhub.elsevier.com/S1385-8947(23)01861-2/h0185
http://refhub.elsevier.com/S1385-8947(23)01861-2/h0185
http://refhub.elsevier.com/S1385-8947(23)01861-2/h0190
http://refhub.elsevier.com/S1385-8947(23)01861-2/h0190
http://refhub.elsevier.com/S1385-8947(23)01861-2/h0190
http://refhub.elsevier.com/S1385-8947(23)01861-2/h0190
http://refhub.elsevier.com/S1385-8947(23)01861-2/h0195
http://refhub.elsevier.com/S1385-8947(23)01861-2/h0195
http://refhub.elsevier.com/S1385-8947(23)01861-2/h0195
http://refhub.elsevier.com/S1385-8947(23)01861-2/h0195
http://refhub.elsevier.com/S1385-8947(23)01861-2/h0200
http://refhub.elsevier.com/S1385-8947(23)01861-2/h0200
http://refhub.elsevier.com/S1385-8947(23)01861-2/h0200
http://refhub.elsevier.com/S1385-8947(23)01861-2/h0200
http://refhub.elsevier.com/S1385-8947(23)01861-2/h0205
http://refhub.elsevier.com/S1385-8947(23)01861-2/h0205
http://refhub.elsevier.com/S1385-8947(23)01861-2/h0205
http://refhub.elsevier.com/S1385-8947(23)01861-2/h0205
http://refhub.elsevier.com/S1385-8947(23)01861-2/h0210
http://refhub.elsevier.com/S1385-8947(23)01861-2/h0210
http://refhub.elsevier.com/S1385-8947(23)01861-2/h0210
http://refhub.elsevier.com/S1385-8947(23)01861-2/h0210
http://refhub.elsevier.com/S1385-8947(23)01861-2/h0215
http://refhub.elsevier.com/S1385-8947(23)01861-2/h0215
http://refhub.elsevier.com/S1385-8947(23)01861-2/h0215
http://refhub.elsevier.com/S1385-8947(23)01861-2/h0220
http://refhub.elsevier.com/S1385-8947(23)01861-2/h0220
http://refhub.elsevier.com/S1385-8947(23)01861-2/h0220
http://refhub.elsevier.com/S1385-8947(23)01861-2/h0230
http://refhub.elsevier.com/S1385-8947(23)01861-2/h0230
http://refhub.elsevier.com/S1385-8947(23)01861-2/h0230
http://refhub.elsevier.com/S1385-8947(23)01861-2/h0235
http://refhub.elsevier.com/S1385-8947(23)01861-2/h0235
http://refhub.elsevier.com/S1385-8947(23)01861-2/h0235
http://refhub.elsevier.com/S1385-8947(23)01861-2/h0240
http://refhub.elsevier.com/S1385-8947(23)01861-2/h0240
http://refhub.elsevier.com/S1385-8947(23)01861-2/h0240
http://refhub.elsevier.com/S1385-8947(23)01861-2/h0245
http://refhub.elsevier.com/S1385-8947(23)01861-2/h0245

M. Szymczak et al.

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

154

CayGdgSigOa6:Ce>" phosphors: Ultrasensitive, thermally-stable and ultrafast
response pressure monitoring, Chem. Eng. J. 443 (2022), 136414.

T. Kobayashi, T. Sekine, K. Takemura, T. Dykhne, Emission Spectroscopy of Eu-
Doped CaF; under Static and Dynamic High Pressures, Jpn. J. Appl. Phys. 46
(2007) 6696.

T. Wu, H. Hua, J. Ueda, S. Tanabe, S. Matsuishi, Pressure-dependent
photoluminescence of Eu-activated aluminate hydride Srs_xA AlO4H:Eu?t (A =
Ca, Ba; x = 0, 1): Application of advanced U-determination technique for
luminescence wavelength prediction, J. Appl. Phys. 132 (2022) 83104.

Y. Wang, T. Seto, K. Ishigaki, Y. Uwatoko, G. Xiao, B. Zou, G. Li, Z. Tang, Z. Li,
Y. Wang, Pressure-Driven Eu2+-Doped BaLiAl5SioNg: A New Color Tunable
Narrow-Band Emission Phosphor for Spectroscopy and Pressure Sensor
Applications, Adv. Funct. Mater. 30 (2020) 2001384.

A. Baran, S. Mahlik, M. Grinberg, E. Zych, High pressure and time-resolved
luminescence spectra of CagY5(SiO4)3 doped with Eu?" and Eu®*, J. Phys. Condens.
Matter. 25 (2013) 25603.

W. Chen, G. Li, J.-O. Malm, Y. Huang, R. Wallenberg, H. Han, Z. Wang, J.-O. Bovin,
Pressure dependence of Mn?* fluorescence in ZnS:Mn?* nanoparticles, J. Lumin.
91 (2000) 139-145.

M.D. Seltzer, Interpretation of the Emission Spectra of Trivalent Chromium-Doped
Garnet Crystals Using Tanabe-Sugano Diagrams, J. Chem. Educ. 72 (1995) 886.
S. Miao, Y. Liang, Y. Zhang, D. Chen, X.-J. Wang, Broadband Short-Wave Infrared
Light-Emitting Diodes Based on Cr’*-Doped LiScGeO4 Phosphor, ACS Appl. Mater.
Interfaces. 13 (30) (2021) 36011-36019.

Z.Ye, Z. Wang, Q. Wy, X. Huo, H. Yang, Y. Wang, D. Wang, J. Zhao, H. Suo, P. Li,
A single luminescence center ultra-broadband near-infrared LiScGeO4: Cr phosphor
for biological tissue penetration, Dalt. Trans. 50 (2021) 10092-10101.

M.Y. Sharonov, A.B. Bykov, P. Rojas, V. Petricevic, R.R. Alfano, Spectroscopy of
chromium centers in LiScGeO4 and LilnGeOy4 single crystals, Phys. Rev. B. 72
(2005), 115111.

10

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]
[69]

[70]

Chemical Engineering Journal 466 (2023) 143130

A.A. Galeev, N.M. Khasanova, C. Rudowicz, G.S. Shakurov, A.B. Bykov, G.R. Bulka,
N.M. Nizamutdinov, V.M. Vinokurov, Multifrequency EPR study of Cr®" ions in
LiScGeOy, J. Phys. Condens. Matter. 12 (2000) 4465.

M. Sharonov, V. Petricevic, A. Bykov, R.R. Alfano, Ultra-wideband near-infrared
laser operation of Cr3* centers in chromium doped Li(In,Sc)GeOy4 olivines, in: Conf.
Lasers Electro-Optics/Quantum Electron. Laser Sci. Photonic Appl. Syst. Technol.,
Optica Publishing Group, Baltimore, Maryland, 2005: p. CTuAl.

Z. Zhou, P. Xiong, H. Liu, M. Peng, Ultraviolet-A Persistent Luminescence of a Bi®*-
Activated LiScGeO4 Material, Inorg. Chem. 59 (17) (2020) 12920-12927.

R.D. Shannon, Revised effective ionic radii and systematic studies of interatomic
distances in halides and chalcogenides, Acta Crystallogr. Sect. A. 32 (5) (1976)
751-767.

M. Casalboni, A. Luci, U.M. Grassano, B.V. Mill, A.A. Kaminskii, Optical
spectroscopy of LazGasSiO14:Cr’" crystals, Phys. Rev. B. 49 (1994) 3781-3790.
H. Chen, T. Seto, Y. Wang, An efficient blue phosphor with high thermal stability
for lighting and optical pressure sensor applications, Inorg. Chem. Front. 9 (8)
(2022) 1644-1654.

B.Z. MALKIN, CHAPTER 2 - Crystal field and Electron-Phonon Interaction in Rare-
Earth Ionic Paramagnets, in: A.A. KAPLYANSKII, R.M.B.T.-M.P. in C.M.S.
MACFARLANE (Eds.), Spectrosc. Solids Contain. Rare Earth Ions, Elsevier, 1987:
pp. 13-50.

C. Jousseaume, D. Vivien, A. Kahn-Harari, B.Z. Malkin, Long-lifetime fluorescence
and crystal field calculation in Cr4+-doped Li;MSiO4, M=Mg, Zn, Opt. Mater.
(Amst) 24 (1-2) (2003) 143-150.

X.-K. Hu, B. Wy, Y. Yang, Y.Y. Yeung, C.-G. Ma, M.G. Brik, An old system revisited:
Aly05:Ti%" - Microscopic crystal field effects explored by the crystal field and first-
principles calculations, J. Alloys Compd. 847 (2020), 156459.

M.G. Brik, C.-G. Ma, Theoretical Spectroscopy of Transition Metal and Rare Earth
Tons, 2019.

K. Momma, F. Izumi, VESTA 3 for three-dimensional visualization of crystal,
volumetric and morphology data, J. Appl. Crystallogr. 44 (2011) 1272-1276.

B. Henderson, G.F. Imbusch, Optical spectroscopy of inorganic solids, in (1989).


http://refhub.elsevier.com/S1385-8947(23)01861-2/h0245
http://refhub.elsevier.com/S1385-8947(23)01861-2/h0245
http://refhub.elsevier.com/S1385-8947(23)01861-2/h0250
http://refhub.elsevier.com/S1385-8947(23)01861-2/h0250
http://refhub.elsevier.com/S1385-8947(23)01861-2/h0250
http://refhub.elsevier.com/S1385-8947(23)01861-2/h0255
http://refhub.elsevier.com/S1385-8947(23)01861-2/h0255
http://refhub.elsevier.com/S1385-8947(23)01861-2/h0255
http://refhub.elsevier.com/S1385-8947(23)01861-2/h0255
http://refhub.elsevier.com/S1385-8947(23)01861-2/h0260
http://refhub.elsevier.com/S1385-8947(23)01861-2/h0260
http://refhub.elsevier.com/S1385-8947(23)01861-2/h0260
http://refhub.elsevier.com/S1385-8947(23)01861-2/h0260
http://refhub.elsevier.com/S1385-8947(23)01861-2/h0265
http://refhub.elsevier.com/S1385-8947(23)01861-2/h0265
http://refhub.elsevier.com/S1385-8947(23)01861-2/h0265
http://refhub.elsevier.com/S1385-8947(23)01861-2/h0270
http://refhub.elsevier.com/S1385-8947(23)01861-2/h0270
http://refhub.elsevier.com/S1385-8947(23)01861-2/h0270
http://refhub.elsevier.com/S1385-8947(23)01861-2/h0275
http://refhub.elsevier.com/S1385-8947(23)01861-2/h0275
http://refhub.elsevier.com/S1385-8947(23)01861-2/h0280
http://refhub.elsevier.com/S1385-8947(23)01861-2/h0280
http://refhub.elsevier.com/S1385-8947(23)01861-2/h0280
http://refhub.elsevier.com/S1385-8947(23)01861-2/h0285
http://refhub.elsevier.com/S1385-8947(23)01861-2/h0285
http://refhub.elsevier.com/S1385-8947(23)01861-2/h0285
http://refhub.elsevier.com/S1385-8947(23)01861-2/h0290
http://refhub.elsevier.com/S1385-8947(23)01861-2/h0290
http://refhub.elsevier.com/S1385-8947(23)01861-2/h0290
http://refhub.elsevier.com/S1385-8947(23)01861-2/h0295
http://refhub.elsevier.com/S1385-8947(23)01861-2/h0295
http://refhub.elsevier.com/S1385-8947(23)01861-2/h0295
http://refhub.elsevier.com/S1385-8947(23)01861-2/h0305
http://refhub.elsevier.com/S1385-8947(23)01861-2/h0305
http://refhub.elsevier.com/S1385-8947(23)01861-2/h0310
http://refhub.elsevier.com/S1385-8947(23)01861-2/h0310
http://refhub.elsevier.com/S1385-8947(23)01861-2/h0310
http://refhub.elsevier.com/S1385-8947(23)01861-2/h0315
http://refhub.elsevier.com/S1385-8947(23)01861-2/h0315
http://refhub.elsevier.com/S1385-8947(23)01861-2/h0320
http://refhub.elsevier.com/S1385-8947(23)01861-2/h0320
http://refhub.elsevier.com/S1385-8947(23)01861-2/h0320
http://refhub.elsevier.com/S1385-8947(23)01861-2/h0330
http://refhub.elsevier.com/S1385-8947(23)01861-2/h0330
http://refhub.elsevier.com/S1385-8947(23)01861-2/h0330
http://refhub.elsevier.com/S1385-8947(23)01861-2/h0335
http://refhub.elsevier.com/S1385-8947(23)01861-2/h0335
http://refhub.elsevier.com/S1385-8947(23)01861-2/h0335
http://refhub.elsevier.com/S1385-8947(23)01861-2/h0345
http://refhub.elsevier.com/S1385-8947(23)01861-2/h0345
http://refhub.elsevier.com/S1385-8947(23)01861-2/h0350

Supporting Information

Multimodal, super-sensitive luminescent manometer based on giant

pressure-induced spectral shift of Cr3* in the NIR range

M. Szymczak?, M.Runowski?®, M.G. Brik**®78 L. Marciniak'*

YInstitute of Low Temperature and Structure Research, Polish Academy of Sciences,
Okolna 2, 50-422 Wroctaw, Poland

2 Adam Mickiewicz University, Faculty of Chemistry, Uniwersytetu Poznanskiego 8,
61-614 Poznan, Poland
3 Departamento de Fisica, IUdEA and MALTA-Consilider Team, Universidad de La Laguna, Apartado de

Correos 456, E-38200 San Cristobal de La Laguna, Santa Cruz de Tenerife, Spain

4 College of Sciences & CQUPT-BUL Innovation Institute, Chongging University of Posts and
Telecommunications, Chongqing 400065, People’s Republic of China

5 Institute of Physics, University of Tartu, W. Ostwald Str. 1, Tartu 50411, Estonia

6 Centre of Excellence for Photoconversion, Vinéa Institute of Nuclear Sciences - National Institute of the
Republic of Serbia, University of Belgrade, Belgrade, Serbia

7 Faculty of Science and Technology, Jan Dtugosz University, 42200 Czestochowa, Poland
8 Academy of Romanian Scientists, 050044 Bucharest, Romania

* corresponding author: l.marciniak@intibs.pl

155


mailto:l.marciniak@intibs.pl

2.9 o4 GelLa

ScKa

2.3 —

1.7 -

KCnt

1 7 oka

GeKa
0.6 —

CrKa

I I I T I
2.00 4.00 6.00 8.00 1000 12,00 1400 16.00 13.00 20
Energy - keV

0.0 —

Figure S1. EDS analysis of the LSGO:2%Cr3*,
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Figure S2. Normalized Raman spectra for the LSGO material measured for different pressure values, during the

decompression cycle.
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Table S1. Approximated energies (peak centroids) of the main Raman modes at ambient pressure, and the

corresponding pressure shift rates of the corresponding bands.

Peak centroid at ambient pressure (cm) Shift rate (cmY/GPa)
~350 4.42+0.61
~400 4.86=+0.17
~450 4.82 +0.08
=500 4.19+0.1
=570 444 +0.15
~640 435+1.3
~660 291 £ 0.07
=720 297 +0.11
~790 3.51+0.08
~820 5.49 +£0.35
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Figure S3. Room temperature luminescence decay profiles of LSGO:0.1-2%Cr3* measured upon exc = 445 nm.
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Figure S4. Emission spectra of pressure indicator Al;03:Cr®* (a) and LSGO:0.5 Cr®* (b) (Aexc = 445 nm) as a
function of pressure during decompression.

intensity (a.u.)

690 695 700
wavelength (nm)

Figure S5. Emission spectra of pressure indicator Al,O3:Cr3* used during pressure-dependent emission
measurement of LSGO: Cr¥* (Aexc = 445 nm).
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Figure S6. The position of the peak centroid of LSGO:2%Cr** as a function of pressure in wavenumbers.
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Figure S7. The integral intensities used to count LIRy, as a function of pressure.
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Figure S8. The LIRy as a function of pressure.

Pressure dependence of LIR, and LIR;,; can be empirically determined using the following equations:

LIR, (p)=6.11247-31.077 p+38.8777 p® —-16.099 p® +2.80368 p* —0.16135p° (S1)

LIR, ( p)=5.29989 — 24.29349 p + 28.38403 p? ~11.02392 p° +1.79884 p* —0.09811p° (S2)
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Figure S9: The LIRy parameter and the centroid of the *T>—*A, emission band as a function of pressure during
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Figure S10. The Sgx as a function of pressure.
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Figure S12. Temperature-dependent emission spectra of LSGO:xCr3* powders, x=0.1%Cr3*-a), 0.2%Cr3*-b);
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Highly-Sensitive, Tri-Modal Luminescent Manometer
Utilizing Band-Shift, Ratiometric and Lifetime-Based

Sensing Parameters
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and Lukasz Marciniak*

In addressing the broad spectrum of applications for optical pressure sensors,
their predominant drawback lies in their limited sensitivity to pressure
fluctuations. To overcome these constraints, this study introduces a
luminescent manometer harnessing the emission properties of Cr** ions in
Li;Sc, (PO,);, operational in three distinct reading modes: spectral shift,
ratiometric, and lifetime-based. Notably, the conducted research establishes
this luminescent manometer as the most sensitive reported to date in both
spectra shift (A/dp = 23.9 nm/GPa) and lifetime-based (Sp = 93.56%/GPa)
modes. A departure from conventional lifetime-based luminescent pressure
gauges, Li,Sc,(PO,);:Cr’* exhibits a prolongation of lifetime of the *T, state
correlated with increasing pressure. The advantages extend beyond
sensitivity, encompassing a three-fold surge in emission intensity with
pressure escalation from ambient to 3 GPa, coupled with minimal
susceptibility to temperature-induced fluctuations. Unquestionably,
Li;Sc,(PO,);:Cr** showcases remarkable manometric performance, validating
its significant application potential in diverse scenarios within the realm of

optical pressure sensors.
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1. Introduction

As illustrated by the largest marine oil spill
in world history — the Deepwater Hori-
zon oil spill in 2010, an uncontrolled pres-
sure increase can lead to catastrophic con-
sequences. The explosion on the Deepwa-
ter Horizon platform in the Gulf of Mex-
ico was caused by a methane leak un-
der tremendous pressure. This accident
brought devastating consequences for the
environment and the economy. At the same
time, it showed the importance of accu-
rate and continuous pressure monitoring,
but also demonstrated the need to imple-
ment effective pressure control methods to
prevent potential disasters. Accurate pres-
sure control holds significance across var-
ious industries. In biomedicine, ensuring
a precise regulation of gas flow within res-
piratory systems is crucial for maintain-
ing patient health.?] Pressure variations
can serve as symptomatic indicators for a
diverse range of diseases, with cardiovascular system disease and
Alzheimer’s disease ranking among the most severe.’! In the
food industry, meticulous pressure control is essential for facil-
itating an optimal packaging process, thereby ensuring the ex-
tended shelf life of products.l*! Additionally, the imperative to re-
motely monitor pressure in mechanical systems and gas tanks
has been a driving force behind the development of pressure-
sensitive paints.Il Therefore, many scientists are focusing their
attention on designing new pressure sensors that would provide
the ability to control pressure in real-time, with sufficient read-
out precision and at a low cost of its production.[*1%1 A class of
sensors that meets all these requirements are luminescent pres-
sure sensors, whose pressure readout is based on changes in
spectroscopic properties of phosphors under the influence of ap-
plied pressure. Most of the luminescent manometers reported
up to date exploit a change in the spectral position of the emis-
sion band,[%%1 lifetimel'12] of excited state, and luminescence in-
tensity ratio (LIR)[1>*%%] parameter. The effectiveness of the ap-
proaches mentioned above hinges on the choice of phosphor con-
sidered as the pressure sensor. The pressure sensing based on
the spectral shift approach is advantageous in exploiting phos-
phors with a narrow emission band. It ensures high precision
in pressure value determination, but it falls short in terms of

© 2024 Wiley-VCH GmbH
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sensitivity to pressure variations due to the limited band shift
with applied pressure. On the other hand, for broadband-
emitting phosphors, the sensitivity to pressure changes is sig-
nificantly higher; however, the precision is limited.l"®! Accord-
ingly, achieving high sensitivity and precision in pressure sens-
ing becomes challenging. Additionally, the pressure readout pro-
vided by the luminescence manometer should be temperature-
invariant. To meet all these requirements a ratiometric approach
was introduced, in which the ratio of luminescence intensities
of broad *T,—*A, emission band of the Cr** integrated into two
spectral gates is a manometric figure of merit. It has been proved
that this approach ensures high sensitivity and temperature-
invariant pressure readouts.1%1417]

On the other hand, in most the lifetime-based luminescence
manometers reported up to date, the increase of the pressure
results in the shortening of the lifetime of the excited state.']
However, a similar effect corresponds to the change in temper-
ature, which affects the reliability of pressure readout and lim-
its its applicative potential. However, as shown recently in the
case of the transition metal ions, the change in the covalency
of the metal-oxygen distance affects the probability of the ra-
diative transitions, thus causing the elongation of the lifetime
of the excited state.'2% This was demonstrated for the Mn**
based manometry but never proposed for the Cr** luminescence
manometers.['112]

Therefore, in this work, an undeniably highly applicable multi-
modal luminescence manometer based on the emission of Cr*
ions embedded in Li,Sc,(PO,); host has been successfully de-
veloped. The multimodality of the proposed manometer involves
a ratiometric approach, a lifetime-based approach and a spec-
tral shift of the emission band. The selection of the Li;Sc,(PO,),
host lattice was intentional, aimed at ensuring a weak crystal field
for the incorporated Cr?* ions, which leads to a broad emission
band associated with the “T,—*A, transition of Cr** ions.?!l Tt
should be highlighted that the demonstrated pressure sensor ex-
hibits the highest sensitivity (dA/dp = 23.9 nm/GPa) in the spec-
tral shift and (Sg = 93.56%/GPa) in the lifetime-based modes re-
ported so far.

2. Experimental Section

2.1. Materials

All precursors for the synthesis were used without additional pu-
rification: Li,CO; (Alfa Aesar, 99.998% of purity), Sc,0; (Alfa Ae-
sar, 99.99% of purity), NH,H,PO, (POL-AURA, 99% of purity),
and Cr(NO,)s9H, 0 (Alfa Aesar, min. 99.99% of purity).

2.2. Synthesis

The Li;Sc,(PO,); doped with Cr** ions (0.1-10 molar %) mate-
rials in the form of micron-sized crystals were obtained using
the solid-state method. All the above-mentioned reactants were
thoroughly grinded in an agate mortar. In addition, hexane was
used in the grounding process to obtain a highly homogeneous
mixture. The resulting powders were transferred to ceramic cru-
cibles and annealed in air at 1273 K for 6 h, with a heating rate
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of 10 K min. After the annealing process, the powders were natu-
rally cooled down and ground again in a mortar. The as-prepared
samples were subjected to further analysis.

2.3. Methods

To assess phase purity and examine sample structure, the pow-
der X-ray diffraction (PXRD) measurements were carried out
by the use of a Panalytical X'Pert Pro diffractometer equipped
with an Anton Paar TCU1000 N Temperature Control Unit, us-
ing Ni-filtered Cu Ka radiation (V = 40 kV, I = 30 mA). In
turn, the morphology of the obtained powders and the distribu-
tion of elements (energy dispersive spectroscopy (EDS) maps) in
microparticles were monitored with the help of scanning elec-
tron microscopy (SEM), which was carried out with FEI Nova
NanoSEM 230 equipped with an energy dispersive spectrometer
EDAX Genesis XM4. A standard procedure was used to prepare
the sample for measurements — dispersing in a small amount of
methanol, and then a drop of the obtained suspension was placed
on the carbon stub and dried under an infrared lamp. The Ra-
man spectra were measured under high-pressure conditions, up
to ~#9 GPa, in a backscattering geometry using a Renishaw InVia
confocal micro-Raman system with a power-controlled 100 mW
532 nm laser diode. The laser beam was focused using an Olym-
pus x20 SLMPlan N long working distance objective. Raman
spectra of the sample compressed in a methanol/ethanol/water
—16/3/1 (pressure transmitting medium) were measured in a
diamond anvil cell (DAC) equipped with ultra-low fluorescence
(ITas) diamond anvils. The excitation/emission spectra and lu-
minescence decay profiles were recorded using FLS1000 Fluo-
rescence Spectrometer (Edinburgh Instruments), equipped with
the 450 W Xenon lamp (used only for excitation spectra) and
R5509-72 photomultiplier tube from Hamamatsu in nitrogen-
flow cooled housing as the detector. For measurements of the
temperature- and pressure-dependent emission spectra and lu-
minescence decay profiles, a 445 nm laser diode was used as an
excitation source.

The temperature of the samples during the temperature-
dependent emission and decay profile measurements was con-
trolled by a THMS 600 heating-cooling stage from Linkam (0.1°C
temperature stability and 0.1°C set point resolution). Before
each measurement, temperature stabilization was carried out for
2 min. Heating/cooling rate was established as 20 °C min~!. Lu-
minescence signal was collected from the heating-cooling stage
located outside the FLS 1000 spectrometer to the detection sys-
tem via a bifurcated fiber bundle provided by Edinburgh in-
struments. The high-pressure emission spectra measurements
were carried out in a gas (nitrogen) membrane driven diamond
anvil cell, i.e., Diacell uScopeDAC-RT(G) from Almax easyLab
(Figure S1, Supporting Information). The pressure was con-
trolled and applied by a controller Druck PACE 5000. The ultra-
low fluorescence Ilas type diamonds, with 0.4 mm culets were
used, and a stainless-steel gasket with a thickness of 250 pm
was placed between diamond anvils. In a gasket’s drilled hole
with a diameter of 140 um, the sample with pressure indicator
(A1,05:Cr**) were placed. The applied pressure inside the DAC
chamber was determined based on the spectral position of the
R1 line of Cr** in a doped Al,O; (ruby) crystal. The following
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Figure 1. The visualization of the crystal structure of the Li;Sc, (PO,); with marked unit cell a); the local coordination environment of two types of Sc3*
sites and schematically depicted incorporation of Cr3* ions in (ScOg)~® octahedra b) PXRD patterns c) and unit cell volume d) for the Li;Sc, (PO,);
doped with various Cr3* concentration from 0.1-10%; representative SEM image and EDS maps of Sc, P, O, and Cr elements for the Li;Sc, (PO,);:1%

Crt,

pressure dependence of the R, line of the 2E—~*A, emission band
of Al,0,:Cr** was used as a calibration curve:

1+ 5.63(+0.03) - (%)]

p[GPa] = 1.87(+0.01) - 10° - <%> .
0

0

1)

where A, = 694.25 nm.[?2] A methanol-ethanol solution (V:V/4:1)
was used as a pressure transmitting medium during the mea-
surements. Pressure-dependent emission, excitation and lu-
minescence decay time were measured within 3 cycles of
compression-decompression to verify the stability of the system
and reproducibility of the pressure measurements. Lumines-
cence signal was collected from the DAC located outside the FLS
1000 spectrometer to the detection system via a bifurcated fiber
bundle provided by Edinburgh instruments.

3. Results and Discussion

The Li;Sc,(PO,); material can crystallize in three distinct crys-
tal phases as a consequence of temperature-induced reversible
phase transitions. The a-phase, featuring a monoclinic structure,
exists at temperatures below 187 °C. The #-phase also has a mon-
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oclinic structure but with different unit cell parameters than the
a-phase and emerges between 187 °C and 245 °C. Finally, the
y-phase, with an orthorhombic structure, is formed at a tempera-
ture exceeding 245 °C.[2*] This research primarily focuses on the
a-phase with a monoclinic structure, with a space group P2,/c
(No. 14), aligning with the subsequent research direction.

The a-phase Li;Sc,(PO,); structure consists of three types
of differently coordinated inequivalent Li* ions, three inequiv-
alent P>* ions forming (PO,)’~ tetrahedra, and two types of
(ScO¢)°~ distorted octahedrons, differentiated by bond lengths
between Sc** and O% ions, as shown in Figure 1a.21243] The
crystallographic positions of Sc** ions are the most significant
from the perspective of the incorporation of Cr** ions into the
Li,Sc,(PO,), structure. Considering Cr** ions’ preference to oc-
cupy six-fold-coordinated crystallographic positions, matching
ionic charge and similar ionic radii — r (the difference of 17.45%
— 1%t = 0.615 A and r >t = 0.745 A)1?°)), it becomes evident
that the (ScO;)°~ octahedrons are the preferable positions for the
Cr** ion incorporation, as visually illustrated in Figure 1b. The
synthesized Li;Sc,(PO,), samples, varying in Cr** ions concen-
tration (0-10%), were examined by PXRD to assess phase purity
and the impact of dopant ions on the structural properties of
the host lattice. As depicted in Figure 1c, the diffractograms re-
veal an absence of additional crystallographic phases beyond the

(3 0f12) © 2024 Wiley-VCH GmbH
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Figure 2. Normalized Raman spectra for the Li;Sc, (PO,); material measured for different pressure values during the compression cycle a). Determined

energies (peak centroids) of the most intense phonon modes as a function
represent decompression data.

desired monoclinic Li;Sc,(PO,); phase, as confirmed by com-
parison with reference patterns (ICSD-86457). However, for
10% of Cr**, the distortion of some XRPD reflections can
be observed, which may indicate the presence of some addi-
tional peaks (see Figure S2, Supporting Information). There-
fore, this sample was excluded from further spectroscopic
studies.

Based on the diffractograms, a Rietveld refinement was per-
formed to investigate the effect of Cr’* incorporation on the
unit cell parameters. The relationship between the unit cell vol-
ume and the Cr** content in the Li;Sc,(PO,); host, as shown in
Figure 2d, validates the earlier hypothesis that Cr** ions are re-
placing Sc** ions. Evidently, as the concentration of Cr** ions in-
creases, there is a noticeable reduction in the volume of the unit
cell, aligning with expectations based on the differing sizes of
Cr** and Sc** ionic radii. The smaller Cr** ions increasingly oc-
cupy the Sc** ion crystallographic sites, resulting in a reduction
of the unit cell volume from 958.53 A® for a sample with 0.1%
of Cr’** to 952.26 A® for 1i,Sc,(PO,);:10% Cr**. To investigate
the morphology of the Li;Sc,(PO,);:Cr** powders, the SEM tech-
nique was employed. Figure 2e displays a representative SEM im-
age of the Li;Sc,(PO,);:1%Cr*" crystals, and additional images
at various scales can be found in Figure S3 (Supporting Infor-
mation). The obtained images reveal that the Li,Sc,(PO,); ma-
terials, synthesized via the solid-state method, form aggregated
microcrystals with an undefined shape. To assess the elemental
distribution in the Li;Sc, (PO,);:1%Cr** sample, elemental maps
based on the EDS technique were determined for Sc, O, P, and
Cr elements. As shown in Figure 2f, the distribution of the men-
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of pressure b); filled symbols represent compression data, and empty ones

tioned elements remains consistent throughout the surface of the
crystals, indicating the uniform incorporation of Cr** ions, which
is of particular significance from the perspective of luminescence
studies.

To verify the mechanical stability of the analyzed system upon
applied pressure, the Raman spectra of the undoped (to avoid the
luminescence background from the activator ions) sample were
measured. The recorded Raman spectra for the Li,Sc,(PO,); ma-
terial at initial pressure values have several Raman active modes,
at 240, 340 cm™' corresponding to the external (lattice) vibrations,
at 450 (v, (PO,)*7), 610 cm™! (v; (PO,)?") corresponding to the
deformation vibrations and at 1020 (v, (PO,)*") and 1100 cm™
(v1 (PO,)*") corresponding to the vibrations of the valency bonds
of PO, tetrahedra at (Figure 2a).?”] The most intense, broad
and split band ranges from approx. 1000 to 1200 cm™!. Together
with increasing pressure values, i.e., material compression, the
energies of the phonon modes increase, leading to the shift of the
Raman peaks toward higher wavenumbers (higher energy val-
ues), as can be observed in Figure 2b. The observed phenomenon
is related to the shortening of the average distances between the
atoms, i.e., the shortening of the bonds in the compressed mate-
rial. Notably, above 3 GPa, the shape of all bands starts to change
clearly, and ~4.5 GPa all bands are significantly altered and
broadened, as shown in Figure 2a. Moreover, analyzing the plot-
ted centroids of the most intense Raman bands, the evident bias,
i.e., sudden change in the initial shift tendencies, can be noticed
~4 GPa. These observations indicate the occurrence of some
phase transition of the compressed material structure in the
mentioned pressure range, i.e., from ~3 to 4.5 GPa, as indicated
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Figure 3. Configurational coordinate diagram of Cr** in Li;Sc, (PO,4); host. The dashed curves represent excited states at pressure 2.6 GPa a); excitation
spectra (Aem = 980 nm) and emission spectra (A, = 445 nm) measured at 183 K for the Li;Sc, (PO4);:x%Cr**, where x = 0.1-5%.

in Figure 2a. It is worth noting that the observed phase transition
is reversible, as the shape of the bands is recovered with pressure
release during the decompression process, as seen in Figure S4
(Supporting Information). However, in a decompression cycle,
both the spectra and determined energies of the Raman modes
come back to the initial shape and positions at lower pressure
values (below 2 GPa) compared to the compression run. Such
hysteresis is frequently observed during high-pressure experi-
ments performed in compression-decompression cycles, where
the reversible phase transitions occur.!?®!

One notable advantage of Cr** ions as luminescent dopants is
their tunable luminescence adjusted by the strength of the crys-
tal field of the host material, which is prominently illustrated in
the Tanabe-Sugano diagram for 3d* electronic configuration.?’!
Modulating the crystal field’s strength enables it to achieve Cr*
ions emission in a wide spectral range, extending from the visi-
ble range (deep-red emission) to even the NIR-II (near-infrared
range; 1000-1700 nm)(3°-321 Accordingly, when a strong crystal
field (Dg/B>2.2) affects Cr’** ions, it results in emission from
the 2E level, manifested by a narrow emission band in the deep-
red spectral range. On the other hand, when the strength of the
crystal field is weak (Dg/B<2.2), the energy of the bottom of
the *T, parabola is lower than the E parabola (Figure 3a). This
leads to the domination of the emission spectra by a broad band
associated with the *T,—*A, electronic transition of Cr** ions.
The band associated with the emission from the “T, state is par-
ticularly noteworthy in the context of developing highly sensi-
tive luminescent pressure sensors. As evident from the Tanabe-
Sugano diagram, the energy of the *T, level is markedly af-
fected by the strength of the crystal field 10Dq, in contrast to
the weekly dependent energy of the 2E level.**] Therefore, to de-
velop a highly sensitive luminescent pressure sensor, it is cru-
cial to exploit the emission band associated with the *T,—~*A,
transition of Cr** ions.'**17] The Li,Sc,(PO,);:Cr** is an ex-
ample of a phosphor, showcasing a broad emission band asso-
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ciated with the *T,—*A,.I!l In order to identify the most suit-
able sample for subsequent studies of spectroscopic properties
under applied pressure, thereby determining the manometric
characteristic of the Li;Sc,(PO,),:Cr’*, excitation and emission
spectra were measured for the samples with varying concentra-
tions of Cr* ions (0.1-5%). The spectra were measured at 183 K,
as the emission intensity of Li,Sc,(PO,); doped with the lowest
concentration of Cr** ions (0.1%) was relatively weak at room
temperature. The excitation spectra (4,,, = 980 nm) for samples
doped with 0.1-5% of Cr** (Figure 3b) reveal no significant differ-
ences regarding the shape and position of the band (maximum
at ~510 nm) associated with the *A,—*T, transition of Cr** ions.
Only slight band broadening was observed — full width at half
maximum (FWHM) increased from x90.5 to 98 nm when the
concentration of dopants rose from 0.1 to 5% of Cr**, respec-
tively. On the other hand, the emission spectra (4., = 445 nm)
of the Li;Sc,(PO,);:Cr** phosphors consist of a broad emission
band associated with the “T,—*A, transition of Cr** ions, the
shape of which was independent of dopant concentration (each
band’s maximum remaining at 980 + 5 nm). In the spectral range
from =630 to 850 nm, artefacts stemming from the measure-
ment setup are noticeable for Li;Sc,(PO,); samples containing
0.1 and 0.5% of Cr** due to their relatively low emission inten-
sity.

In a previously reported study of the Li,Sc,(PO,);:Cr3* (2]
the incorporation of Cr** ions in two inequivalent Sc** crys-
tallographic positions was proved. In this study, any sig-
nificant variation in the shape of emission spectra of the
Li;Sc, (PO,);:1%Cr* under different A, was not observed. How-
ever, the di-exponential nature of the luminescence decays con-
firms this assumption (as presented in the further part of the
manuscript). In this case, it should be assumed that the two
Cr** centers have such a slight difference in crystal fields that
the emission and excitation spectra obtained from them overlap
entirely.

© 2024 Wiley-VCH GmbH
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Therefore, due to the lack of any influence of dopant con-
centration on spectroscopic properties of Li;Sc,(PO,);:Cr3*
and weak emission intensity of 0.1% and 0.5%Cr** the
Li;Sc,(PO,);:19%Cr** was used for further analysis. This selec-
tion was driven by the requirement of sufficient emission inten-
sity to conduct measurements in a DAC. Although Li,Sc, (PO,),
samples doped with a Cr** concentration higher than 1% exhib-
ited slightly higher emission intensity, the high number of lu-
minescence centers and the probability of nonradiative depopu-
lation of excited states may lead to the self-heating of the Cr**-
doped sample upon excitation, and consequently, in unreliable
pressure-dependent spectroscopic properties.

To explore the manometric properties of the Cr’*-doped
Li;Sc,(PO,); material and its potential for non-contact pres-
sure sensing applications, the influence of applied pressure on
the spectroscopic properties of the Li;Sc,(PO,);:1%Cr*" was ex-
amined. As an initial step, pressure-dependent emission spec-
tra, from ambient pressure to 3.79 GPa (4, = 445 nm), were
measured (before phase transition; see Figure 2). As illustrated
in Figure 4a, the broad emission band associated with the
#T,g—*A,, transition of Cr’* shifts toward shorter wavelengths
with increasing pressure. The observed effect stems from the
pressure-induced increase of the crystal field strength, attributed

Adv. Funct. Mater. 2024, 34, 2314068
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to the reduction in the Cr3*-O?~ distances R due to the applied
pressure (10Dg~R~>, where 10Dq is the crystal field splitting en-
ergy). Consequently, the increase of the energy of the *T, state
causes an enhancement of the energy distance between the *T,
and ground “A, states, manifested by an observed pressure-
induced blue shift of the emission band. This substantial spec-
tral shift paved the way for the utilization of a ratiometric ap-
proach in developing the highly-sensitive manometer in which
the luminescence intensity ratio (LIR) integrated into two spec-
tral gates is a figure of merit. To facilitate broader applications of
the Li;Sc, (PO,);:Cr** material as an optical manometer in poten-
tial pressure imaging, the emission bands were integrated within
a narrow 10 nm spectral ranges. The pressure-dependent inte-
gral intensities, obtained within the 880-1200 nm range, are pre-
sented in Figure S5 (Supporting Information). The most promis-
ing results were obtained for the following spectral ranges:

890nm
sso/ I(Crt 4T, — *A,,) da
LIR= —/= )
1170nm
[ I(Cri+ 4Ty, — A, ) da

1160nm

© 2024 Wiley-VCH GmbH

A5UBD SUOWILLIOD BAIER1D 3(ed!(dde au) Aq pauienob ake Sao1Le WO (38N JO SaIN. 1o Areiq 13Ul UO 4|1 UO (SUONIPUOD-PUE-SWLS)W0D" A3 1A 1[BU UO//SANY) SUONIPUOD pLe SULIB | 3} 39S *[S202/50/2Z] Uo Akeiqiauliuo A8IM 'S TVHNLONYLS 2 dW3L MO NOILNLILSNI Ad 890KTEZ0Z WiPe/Z00T OT/I0p/W0d A8 | 1M A iq 1 BUI |UO"PaOUEADE// SNy WOJJ POPeO|UMOQ ‘ZZ ‘Y202 ‘820E9TIT


http://www.advancedsciencenews.com
http://www.afm-journal.de

ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

www.afm-journal.de

= ; rm o 20 ™ : — 500 2000 —~
5 = .
K a) 203 W403 “Jz‘u_ ) 1-1 1 & d) g
> heye = 445 nm ] ] © 400 1600 e
5 18} O E & ; w
o 252000000y T < 300 5 2 & {1200 =
£ ~ 16— -. = g g g =
L 0.4}c) "1 200 g8 % 1800
E‘:'_; e - | |
0.2} 1 100 400
w
n i i 0'0- L L P— U
600 800 1000 1200 1400 200 300 400 luminescence manometer

wavelength (nm)

temperature (K)

Figure 5. Temperature-dependent emission spectra (A, = 445 nm) a), thermal evolution of LIR b), and corresponding Si c) in T-range from 203 to

403 K for the Li;Sc, (PO,)5:1%Cr**; comparison of TIMF and Sg,p for selected ratiometric luminescent manometers d)

The evolution of the LIR as a function of pressure is illus-
trated in Figure 4b, where orange dots represent the results ob-
tained during compression, while crosses denote data from the
decompression cycle. As pressure rises to ~2.6 GPa, a mono-
tonic seven-fold increase in LIR is evident. Beyond applied pres-
sure equal to 2.6 GPa, there is a distinct and sharp increase in
LIR, which may be attributed to a reorganization of the struc-
ture preceding the pressure-induced phase transition, which was
suggested by the analysis of Raman spectra as a function of
pressure (Figure 2), and discussed above. Therefore, to prevent
unreliable pressure readouts linked to the possible hysteresis
of the LIR values during!®**! compression and decompression
of the material, as a result of the phase transition, the operat-
ing range of the Li;Sc,(PO,);:Cr** manometer was established
from ambient pressure to 2.6 GPa, as schematically indicated in
Figure 4b. Furthermore, within this pressure range, the acquired
LIR values exhibit excellent repeatability, as demonstrated dur-
ing the decompression cycle (Figure 4b, black crosses) and over
the three cycles of pressure-dependent emission spectra mea-
surements (Figure 4c; pressure-dependent emission spectra are
on Figures S6 and S7, Supporting Information). As a result, the
Li;Sc, (PO,);:Cr** sensor offers reliable pressure readouts, which
holds significant relevance in terms of gauge design.

To determine the relative sensitivity (Sg) of this ratiometric lu-
minescence manometer the following equation was used:

R = Lwloo% 3)
LIR Ap

where ALIR is the change of the LIR, which corresponds to the
pressure change by Ap. The Sy obtained for the Li; Sc, (PO,),;:Cr**
manometer reached 56.86% GPa~! at 0.02 GPa and monotoni-
cally decreases with the compression process. It is also impor-
tant to mention that in the whole operating pressure range the
developed Li;Sc,(PO,);:Cr** manometer ensures highly sensi-
tive pressure readouts, as the lowest sensitivity achieved was 38%
GPa7! at 2.61 GPa. Up to date, only few ratiometric lumines-
cence manometers operating in this mode have been reported
so far, but Li;Sc,(PO,); is one of the most sensitive to pressure
variations.[11:12:35-37]

Adv. Funct. Mater. 2024, 34, 2314068
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[11,17,39,40]

Apart from the manometer’s response to variations in pres-
sure, it is equally crucial to investigate the impact of tempera-
ture on the spectroscopic properties of the proposed manometer.
Temperature, beyond pressure, also strongly influences the lu-
minescence characteristic of phosphors. Therefore, to assess the
influence of temperature on the pressure-dependent measure-
ments and thus ensure the reliability of pressure readouts, emis-
sion spectra of the Li;Sc,(PO,);:Cr** 1% were recorded over a
temperature range from 203 to 403 K (Figure 5a). Below 183 K
change in the shape of the emission spectra and the results of the
DSC analysis indicate the structural phase transition, which is
not the subject of this work. Therefore, spectroscopic properties
of the Li; Sc, (PO,);:Cr** material were analyzed at higher temper-
ature values. The recorded emission spectra reveal a temperature-
induced quenching effect of the broadband associated with the
#T,—*A, electronic transition of Cr** ions. Generally, no signifi-
cant changes in the shape of the emission spectra with increasing
temperature were observed. Consequently, a similar analysis was
conducted for the aforementioned pressure-dependent emission
studies. The temperature-dependent LIR parameter was deter-
mined (Figure 5b), utilizing the same spectral ranges as used for
evaluating the Li;Sc,(PO,),:Cr** manometer’s response to pres-
sure, based on Equation (2). The obtained dependence exhibits
negligible variation in the LIR parameter up to ~#310 K. Based
on the thermal evolution of the LIR values, the relative sensitiv-
ity S; was determined using Equation (3), but concerning tem-
perature change AT, instead of Ap. At room temperature, S, of
0.041% K~! was achieved (Figure 5b). Although this value is rel-
atively low,*®] it does not indicate temperature’s impact on the
manometric properties of the developed sensor. Hence, the tem-
perature invariant manometric factor (TIMF) expressed by Equa-
tion (4):(14

SR,p,max

TIMF =

)

RT,(RT)

was used, where Sp, max is the maximum pressure relative
sensitivity and Sy is the temperature sensitivity achieved at
room temperature. The TIMF parameter quantifies the sensi-
tivity of a manometer to pressure variations (GPa) in respect to
sensitivity to temperature changes (K). For the Li;Sc, (PO,);:Cr**
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avr

and corresponding Sg €) as a function of temperature for the Li;Sc, (PO,)3:1% Cr3*; the comparison of the highest S for different lifetime based

luminescence manometers f).

manometer, the TIMF value equals 1386.8 K GPa~!. In general, to
ensure the high application potential of the developed manome-
ter, the TIMF value should exceed ~100 K GPa~'.[""] This value
indicates the independence of the pressure readout from tem-
perature. The obtained value was compared with other ratiomet-
ric luminescence manometers for which TIMF values have been
determined, as depicted in Figure 5c, in which the Sy, , values are
also included. It is evident that the Li;Sc, (PO,);:Cr** manometer
achieves one of the highest TIMF values reported so far, all while
maintaining an unquestionably high sensitivity to pressure vari-
ations.

In light of the substantial changes in emission spectra induced
by applied pressure, the luminescence kinetics as a function of
pressure was also investigated for the Li;Sc,(PO,);:1%Cr** sam-
ple. Luminescence decay curves were measured over the pres-
sure range from ambient to 3.79 GPa, upon A, = 445 nm, while
monitoring the maximum of the emission band determined at
the given pressure. The recorded luminescence decay curves
(Figure 6a; Figure S9, Supporting Information) were well-fitted
using a double exponential function (Equation 5), proving that
both Cr* centers are optically active.

[()) = I, +A, - exp (—l)+Az.exp <—i> (5)

7 7]
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The average lifetimes 7, of the Cr** luminescence (during
the compression and decompression cycle) were calculated as fol-
lows (Equation 6):

Atl + ATl
Tor = T (6)
AT+ AT,

where: 7, and 7, represent the luminescence decay time compo-
nents and A, A, are amplitudes obtained from double exponen-
tial function parameters and I, is the initial emission intensity.
A remarkable prolongation of the z,, was observed, increasing
from 2.42 to 10.65 ps when the applied pressure increases from
ambient to 2.6 GPa (Figure 6b). The prolongation of lifetime is a
consequence of the pressure-induced reduction in Cr*+-0?~ dis-
tances, which, in turn, alters the covalency of the bonds and the
change in the activation energy of the *T, state. Consequently,
the probability of radiative and nonradiative transitions changes.
However, when the applied pressure is higher than 2.6 GPa, a
rapid shortening of the r,, becomes evident, reaching 3.62 ps
at 3.6 GPa. This effect, i.e., an abrupt drop/bias in the mono-
tonicity of changes of the lifetime values as a function of pres-
sure, clearly confirms the postulated phase transition ~3 GPa.
The pressure driven change in the probability of the radiative and
nonradiative transitions was already reported for the Mn** doped

© 2024 Wiley-VCH GmbH
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phosphors.111241:42] The significant and reversible change in av-
erage lifetimes of the excited state as a function of applied pres-
sure has enabled the possibility of developing a manometer op-
erating with lifetime-based readout mode. Based on the obtained
dependence of 7, as a function of pressure, the S, was deter-
mined using the formula:

1 Aruw

Sp = — —21100% (7)
TﬂV?’ Ap

where Ar,, represents the change of the 7,,, which corre-

sponds to the change of pressure by Ap. The highest S, value
was achieved at ambient pressure, reaching 93.56% GPa™!
(Figure 6¢). Nevertheless, the manometer exhibits significant
sensitivity across its entire operating range — at the Sy is equal to
63.75% GPa~! and 37.86% GPa~! at 1 and 2 GPa, respectively. The
achieved Sy equal to 93.56% GPa™! is nearly three-times higher
than the Sy of the most sensitive lifetime-based manometer re-
ported so far — Sr,Al;,0,:Mn** (S; = 33.6% GPa™!),[!!] and over
ten-times more sensitive than the second most sensitive lifetime-
based manometer SrGdAlO,:Mn** (7.85% GPa™!).["2]

As previously mentioned, to ensure reliable pressure read-
outs, the developed manometer must exhibit insensitivity to
temperature fluctuations. Consequently, a study of lumines-
cence kinetics as a function of temperature (183-403 K) for the
Li;Sc,(PO,);:1%Cr** was conducted (see Figure S10, Supporting
Information). The increase in temperature from 183 to 403 K
results in the monotonic shortening of the z,,, from 12.56 to
0.97 ps, respectively (Figure 6d). This effect is associated with the
increase in the probability of the nonradiative depopulation of
the *T, state. The calculated (by the analogy to Equation 7, when
change in the temperature is considered instead of pressure)
thermal sensitivity Sy of the 7, for the Li, Sc, (PO,);:1% Cr** sen-
sor reached the maximal value of 1.5%/K at 200 K, while at room
temperature (temperature at which pressure dependent studies
were performed) the Sy = 0.83% K™' was obtained (Figure 6e).
It should be underlined that both stimuli (pressure and tem-
perature) affect the 7, in the opposite way, which is the ad-
vantage of the system. Additionally, for the pressure-dependent
measurements performed at room temperature, the increase in
pressure leads to more nonexponential decays, in contrast to the
temperature effect. This is a highly desirable and unique fea-
ture of lifetime-based luminescent manometers, which are made
of phosphor materials doped with transition metal ions. To as-
sess the impact of temperature on pressure readouts and evalu-
ate the manometer’s application potential, the TIMF parameter
was calculated, following Equation (4). For the Li,Sc, (PO,);:Cr**
1%, the TIMF value is equal to 112.72 K GPa™1, which indi-
cates temperature-invariant pressure readouts. For comparison,
the TIMF for the Sr,Al;,O,s:Mn** manometer is 187 K GPa~1,[11]
while the SrGdAIO,:Mn** achieves a TIMF of 134 K GPa~1.["?l
The comparison of the highest S of different lifetime-based lu-
minescence manometers reported so far clearly indicates the ex-
traordinary manometric performance of Li;Sc,(PO,);:Cr** 1%
(Figure 6f). Although the thermal sensitivity of the 7, is not
negligible, the relatively high value of the TIMF parameter for
Li;Sc, (PO,);:Cr*" 1% indicates that the 7, can be successfully
used after pressure readings. However, it will be particularly ben-
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eficial to use this parameter for conditions of small temperature
changes.

Another significant feature of the Li;Sc,(PO,);:Cr** material,
that distinguishes this phosphor from many other luminescent
manometers, is the notable enhancement of emission intensity
with applied pressure, as depicted in Figure 7a and Figure S8
(Supporting Information). The pressure-induced enhancement
of the integrated emission intensity (I,) to the intensity obtained
at ambient pressure (I,) is very significant (over three times), re-
sulting in the monotonically increasing ratio I,/I, with pressure,
reaching 3.3 at 2.6 GPa. This behavior is crucial from the ap-
plicative perspective since, in most phosphors, the applied pres-
sure leads to a quenching of emission intensity, complicating
and hampering the measurement and the whole sensing pro-
cess. So far, this phenomenon has been reported for several phos-
phors in the context of luminescent manometers. For instance,
Zheng et al.*’] developed a luminescent manometer based on
Ca,GdgSig0,,:Cet powder, in which the emission intensity in-
creased more than twice at 9.5 GPa compared to 0.62 GPa.[**] In
the case of the Li;Sc,(PO,);:Cr’** material, two possible mech-
anisms can be responsible for this emission intensity increase:
I) the more efficient absorption of the excitation wavelength as-
sociated with the pressure-induced blue-shift of the Cr** exci-
tation bands); or 2) the change in the probability of the radia-
tive and nonradiative depopulation of the emitting state, asso-
ciated with the change in the activation energy. As indicated by
the analysis of the kinetics of the *T, state as a function of pres-
sure, the 7,,, increases over three times in this pressure range.
This correlated exactly with the enhancement factor of the emis-
sion intensity. However, beyond ~2.6 GPa, a notable reduction
in emission intensity is observed. This decrease is plausibly as-
sociated with the following factors: I) phase transition occurring
~3 GPa, where the resulting phase can ensure an unfavorable
local environment for Cr** ions in terms of luminescence prop-
erties; II) above a pressure of 2.6 GPa, the excitation band max-
imum is located at less than 445 nm and continues to grad-
ually shift toward shorter wavelengths, thus resulting in a re-
duction of the excitation efficiency. The significant quenching
of emission may result from the cumulative effects mentioned
above, which elucidate its more rapid change in I, /I, values, com-
pared to change observed during the increase in intensity up
to 2.6 GPa.

It is worth noting the remarkable spectral shift of the emission
band associated with the *T,—*A, electron transition of Cr**
in the doped structure of Li;Sc,(PO,);. A linear dependence
between the maximum band and the applied pressure, spanning
from ambient pressure to 2.6 GPa, was observed with the spec-
tral shift rate of dA/dp = 23.9 nm GPa~!, as shown in Figure 8a.
Furthermore, as also depicted in Figure 8a, the full reversibility
of the emission band centroid during the decompression cycle
has been demonstrated, signifying that the spectral shift of the
emission band is not caused by irreversible structure defects.
The achieved rate of spectral shift is the highest value reported
so far among high-pressure luminescence manometers, as illus-
trated in Figure 8b, where it is compared to the most sensitive
luminescence manometers with a spectral shift rate exceeding
1 nm GPa~'. The ruby sensor, i.e., Al,0,:Cr*" was also included
in the comparison in Figure 8b due to its crucial significance
and common use in high-pressure experiments. It is worth
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Figure 7. Pressure-dependent emission spectra map with marked spectral range of the emission of the pressure indicator Al,05:Cr3* a) and the Ip/lo

intensity ratio as a function of pressure b) for the Li;Sc, (PO,)3:1%Cr3*.

noting that the Al,O,:Cr** pressure indicator demonstrates a
sensitivity nearly 80 times lower than the developed sensor
Li;Sc,(PO,);:Cr3*.[*] The relevant manometric performance
of Li;Sc,(PO,);:Cr** can be also underlined when the di/dp
versus dA/dT plot for different luminescence manometers based
on the spectral shift is analyzed (Figure 8c). This concludes
the considerable potential of the Li,Sc,(PO,);:Cr** for use as a
luminescent manometer. Of course, it should be recalled that
the high-pressure spectroscopy measurements were performed
in DAC in a methanol-ethanol solution (V:V/4:1). Although
Li;Sc,(PO,);:1% Cr** has a high chemical stability in real ap-
plication, if other solvents or reactive gases are used, it would

p]

be necessary to verify their effect on the emission intensity and
calibration curves of the manometric parameters.

In conjunction with the indisputable advantages of
Li;Sc,(PO,);:1% Cr’tas a pressure sensor, it is imperative
to acknowledge certain limitations that temper the broad appli-
cability of the described techniques. The most important is the
constrained range of pressures within which Li;Sc,(PO,);:1%
Cr?* can be used for pressure readout. The discernible changes
in Raman spectra of Li;Sc, (PO, ); above 4 GPa indicate a critical
threshold beyond which the utility of Li;Sc,(PO,);:1% Cr** as a
pressure sensor diminishes. Moreover, the broadband nature of
the emission introduces a potential source of imprecision when
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Figure 8. Pressure-dependent maximum of the emission band associated with the “T,,—*A,, transition of Cr3* ions in doped Li;Sc, (PO,); (1% Cr*+),
with the pressure range defined as the operating range, where a linear dependence of the band centroid as a function of pressure was obtained a);
A summary of the most sensitive luminescence manometers in terms of pressure-induced spectral shift rate of the emission band (>1 nm GPa™')
b)[6:8.14.37.43-56] and a dA/dp versus dA/dT plot for representative luminescence manometers based on the spectral shift-c).
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determining the band maximum, distinguishing it unfavorably
from the narrowband emission characteristics observed in
materials such as ruby. The observed reduction in emission
intensity with increasing pressure above 3 GPa further compli-
cates the accurate measurement of pressures above this value.
Additionally, attention should also be paid to the morphology of
the obtained powder. As shown in the SEM images, the obtained
powder consists of aggregated crystallites, which may hinder
its applicability. Therefore, before the final use of the described
material, it would be beneficial to further optimize/modify the
synthesis conditions to obtain a monodisperse powder and/or,
depending on the requirements of the application, particles
of smaller size. Consequently, future investigations should be
directed toward identifying host materials with higher stability
under high pressures, where the emission intensity remains less
susceptible to significant quenching effects caused by increasing
pressure.

4, Conclusion

In this work, the structural and spectroscopic studies of
Li;Sc,(PO,),:Cr?** as a function of pressure and temperature
were analyzed in order to evaluate its manometric performance.
It was found that the Li;Sc,(PO,);:Cr** reveals structural sta-
bility up to 3 GPa, above which a phase transition was ob-
served. According to the predictions, the compression of the
system leads to the increase of the crystal field strength affect-
ing Cr** ions, and causing an increase in the energy of the *T,
state. Consequently, the broad emission band associated with the
“T,—*A, electronic transitions undergoes a blue shift with pres-
sure. The performed analysis indicates that Li;Sc,(PO,);:Cr**
can be used for pressure sensing with three different modes:
I) spectral shift of the emission band; II) ratiometric and III)
lifetime-based approach. Importantly, the position of the maxima
of the *T,—*A, reveals the highest up to date shift rate reaching
dA/dp = 23.9 nm GPa™!, from ambient to 2.6 GPa. In the ratio-
metric approach, the S, is as high as 56.86% GPa~! at 0.02 GPa,
which together with full reversibility of the readout and the high
TIMF factor (TIMF = 1386.83 K GPa™'), indicates the high ap-
plicative potential of this sensor. Additionally, the kinetics of the
“T, state reveal high sensitivity to pressure changes. The 7, in-
creases linearly from 2.42 to 10.65 ps in the ambient to 2.6 GPa
pressure range, thus resulting in the highest up to date sensitivity
value for the lifetime-based phosphor S = 93.56% GPa~!. Impor-
tantly, in contrast to the temperature, the pressure increase leads
to the rarely observed prolongation of the 7, and the increase in
the exponential character of the luminescence kinetics.
Moreover, the pressure-driven enhancement in the emission
intensity was observed for the Li;Sc, (PO,);:Cr**, which is highly
beneficial for optical sensing, and it is a consequence of the co-
existence of change in the nonradiative depopulation rate of the
T, state and the spectral shift of the absorption band of Cr**
ions with pressure. All of the above observations indicate that
the developed optical manometer Li,Sc,(PO,);:Cr** shows high
potential as an ultra-sensitive and multimode luminescent pres-
sure gauge, operating at relatively low-pressure values, where,
e.g. most of the interesting physicochemical effects and phase
transformations occur in the case of soft, organic materials. It
should be noticed that the advantage of employing luminescent
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manometry for pressure measurement lies in its electrically pas-
sive nature, eliminating the need for an external electrical power
supply to the sensor. Additionally, pressure-sensitive phosphors
can be integrated with paints or varnishes, enabling their appli-
cation onto surfaces exposed to elevated pressure conditions.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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Figure S1. Schematic presentation of the experimental setup used for high-pressure measurements of luminescence

properties of LisSca(PO4)3:x% Cr3* (laser diode operating in a continuous work and pulsed work modes).
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Figure S3. Representative SEM images of the LizSc2(PQO4)3:1% Cré*.
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Figure S8. Pressure-dependent emission spectra for the LisSca(PO4)3:1% Cr3* measured upon Aexc.= 445

nm.
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Figure S9. Pressure-dependent luminescence decay profiles measured during compression -a) and
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ABSTRACT: Pressure dependence of spectral positions of the E — *A, and *T, — *A, bands

Cr¥*-pair

of Cr*" ions, resulting from changes in Cr*—0* covalency and variations in crystal field cre P p

strength, respectively, is commonly utilized in luminescence manometry. However, as _
demonstrated in this paper, the luminescence of Cr’**—Cr®" pairs shows insensitivity to pressure *?Ina, ) &
changes, making this signal suitable as a luminescence reference. The significant difference in the 4 \ ?

thermal and pressure dependences of luminescence with Cr’* occupying different crystallo-
graphic positions in CaAl;,0,4:Cr** enables the development of a dual-function luminescence
thermometer that operates in both ratiometric and lifetime-based readout modes. The presented
first demonstration on utilization of Cr**—Cr*" pairs luminescence for sensing applications may
rekindle interest in Cr’*—Cr®" pairs for the development of optical sensors for physical

quantities.
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1. INTRODUCTION

The spectroscopic characteristics of phosphors are susceptible
to external factors such as temperature and pressure, making
them viable candidates for luminescence-based remote sensing
of physical parameters.' > This measurement technique offers
several advantages, including remote readout, rapid response
times, real-time analysis without disrupting the observed
system, as well as reduced electrical and magnetic interfer-
ences.”®”” Additionally, by coating the investigated object with
a layer of phosphor, both point measurements and two-
dimensional (2D) imaging of physical quantities become
feasible.' """

Although luminescence thermometry and manometry
techniques have demonstrated their effectiveness in many
experiments over the years, one of the most significant
limitations affecting the precision and reliability of the
measurement is the cross-interdependence of the analyzed
spectroscopic parameter on both pressure and temperature.
Therefore, many of the luminescent thermometers and
manometers described in the literature can be used only
under constant pressure or temperature conditions."* ™" Yet,
in real-world scenarios, changes in temperature often coincide
with alterations in pressure and vice versa, as seen, for instance,
in the temperature—pressure relationship of gases during
compression/decompression cycles.'®"”

Hence, efforts are underway to address this challenge by
either (1) developing selective sensors of a single state
function, which remain unaffected by changes in other
parameters > or (2) creating multifunctional materials

© 2024 American Chemical Society
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capable of simultaneous temperature and pressure read-
ings.”' ~>> While approach (1) holds significant importance,
it limits the amount of information obtained during measure-
ments, which, for certain applications, may limit functionality.
Therefore, the second approach has been gaining popularity
recently. However, it is extremely difficult to develop a sensor
that provides such independent readouts of both physical
quantities.

One of the most popular groups of phosphors used in sensor
applications are inorganic materials doped with transition-
metal ions, among which those with a 3d*® electronic
configuration, such as Cr** and Mn*" predominate.”*™** This
is attributed to the unusual sensitivity of their spectroscopic
properties to changes in pressure and temperature, as well as
the chemical composition of the material resulting from the
electron configuration.””*”*° The intersection point between
the parabolas of the excited and ground levels facilitates
nonradiative depopulation of the excited states upon supplying
the required thermal energy, a phenomenon commonly
utilized in luminescence thermometry. On the other hand,
the applied pressure causes a dual modification of the emission
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Figure 1. Schematic presentation of the main concept of the work.
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spectrum of Cr’* ions. For narrow-band emission associated
with the E — *A, electron transition, due to a change in the
covalency of the Cr**—0%" bond, the emission maximum is
slightly spectrally shifted.'”'**'™** Meanwhile, broadband
emission associated with the *T, — *A, electronic transition,
observed in materials with intermediate and weak crystal fields,
undergoes a spectral shift with material compression, driven by
increased crystal field strength affecting the energy of the *T,
level. ¥°7%¢

However, in this work we present an alternative approach for
simultaneous and independent pressure and temperature
readouts using a single phosphor material. This approach is
based on the unique structural properties of the hibonite-type
CaAl;,0,5:Cr** crystals™™* facilitating Cr**—Cr’* pairs
creation even for low dopant concentration.

In this material, there are 3 inequivalent octahedral
crystallographic positions of AP’* ions (denoted here as A, B,
and C) that can be occupied by Cr** ions (Figure 1). Due to
the shortest bond lengths of Cr**—0>" and the highest
symmetry of the C site, the ’E — *A, emission band can be
observed for this site.”” The luminescence of the C site reveals
typical pressure dependence, resulting in a red spectral shift of
the °E — *A, emission bands associated with the change in the
covalency of the Cr**—0> bond. At elevated temperature, the
thermalization of the *T, state results in the gradual
enhancement of the *T, — *A, emission intensity with respect
to the E — *A, one. However, the close vicinity of the A sites
of AP* facilitates the formation of the Cr**—Cr’** ionic pairs,
the emission intensity of which dominates the luminescence
spectrum of CaAl;,0,,:Cr*". Hence, the independence of the
spectral position of the *A,*T, — *A,*A, emission band on
the applied pressure and strong thermal quenching of its
luminescence is one of the available but previously unexplored
approaches, which allows for the development of unique,
bifunctional luminescence-based thermo-manometers.

2. EXPERIMENTAL SECTION

2.1. Materials. The CaAl;, 4O,4:Cr** samples were synthesized by
the solid-state reaction method. Stoichiometric amounts of CaCO,

(99.95%), ALO;5 (99.9%), and Cr,05 (99.97%) were ground in an
agate mortar for 20 min with acetone as a mixing medium. The
highest integral emission intensity of Cr*" ions was obtained for 0.83%
Cr**. Therefore, this dopant concentration was used for further
analysis (Figure S1). The obtained homogeneous mixture was
pelletized using a uniaxial hydraulic press, placed on a Pt foil, and
heat treated at 1500 °C for 12 h with heating and cooling rate of S °C
min~'. After cooling, the ceramic sample was ground into a fine
powder for further characterization.

2.2. Methods. The X-ray diffraction (XRD) patterns of the
synthesized powders were obtained by the use of X-ray
diffractometers (D8 Advance diffractometer, Bruker Corporation,
Germany and X'Pert Pro diffractometer, PANalytical, Netherlands)
with Cu Ka (4 = 1.5406 A) at 40 kV and 40 mA. The fluorescence
spectrophotometer (F-4700, Hitachi, Japan) supplied with a 450 W
Xe-lamp for monitoring room-temperature emission and excitation
spectra were applied in the experiment. A fluorescence spectrometer
(FSS, Edinburgh) was used for measuring the luminescence decay
curves of the samples under ambient conditions. The morphology and
chemical composition of the samples were determined by a field
emission scanning electron microscopy (FE-SEM) FEI Nova
NanoSEM 230 instrument (FEI Company as a part of Thermo
Fisher Scientific, USA). Before SEM-EDS measurements, samples
were mounted on metal stubs by using a sticky carbon disc, which
increases conductivity. Finally, the SEM images were recorded at 5.0
kV in beam deceleration mode in order to show more detailed
features of the examined samples. In the case of EDS elemental
mapping measurements, the samples were scanned at 20.0 kV using
an EDAX Apollo X Silicon Drift Detector (SDD) along with EDAX
Genesis Software.

Electron paramagnetic resonance (EPR) spectra were measured at
room temperature by using the Bruker ELEXSYS-II E500 CW-EPR
system. The spectra were recorded at an X-band (9.83 GHz)
microwave frequency using a 10 mW radiation power. Magnetic field
modulation parameters were set at a 100 kHz frequency and 0.4 mT
amplitude.

Scattering Raman spectra were recorded in the pressure range from
ambient pressure to 7.18 GPa in a backscattering geometry using a
Renishaw InVia confocal micro-Raman system with a 100 mW 532
nm diode laser and an optical system with Olympus X20 SLMPlan N
long working distance objective to focus the laser beam on the
material. Raman spectra of the compressed sample were recorded in a
diamond anvil cell (DAC) equipped with the Ilas type, low
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Figure 2. Visualization of the structure of CaAl;,0,, (a); XRD patterns of CaAl;,0;4:Cr*" with different concentrations of Cr** ions (b) and
representative TEM images for CaAl;,0,,:0.83% Cr** (c); Tanabe—Sugano diagram for 3d* electronic configuration (d); simplified configurational
coordination diagrams for Cr** in AI** (C) site and for the Cr**-Cr*" ionic pairs in AI**(A) sites (e) and the room-temperature emission spectra of
CaAl};0,,:0.83% Cr** (f); representative SEM image (g) and corresponding EDS elemental maps of Ca (h); Al (i); O (j); and Cr (k) in

CaAl;,0,,:0.83% Cr**.

fluorescence diamonds in methanol/ethanol/water (16:3:1) solution
as a pressure transmitting medium.

The pressure- and temperature-dependent emission spectra and
luminescence decay profiles were measured using an FLS1000
fluorescence spectrometer (Edinburgh Instruments), equipped with
a 450 W xenon lamp and a R5509—72 photomultiplier tube from
Hamamatsu in a nitrogen-flow cooled housing as the detector. A
continuous/pulse laser diode with a wavelength of 445 nm was used
as the excitation source for measuring emission spectra and
luminescence decay profiles, respectively. A THMS 600 heating—
cooling stage from Linkam was used to set and control temperature
during measurements with 0.1 °C temperature stability and 0.1 °C set
point resolution. To stabilize the temperature of the measured sample,
it was incubated at the set temperature for 2 min, and the results were
collected after this time. A Druck PACE 5000 was used to apply
pressure during pressure-dependent luminescence studies. The high-
pressure luminescence measurements were carried out in a DAC
purchased from Almax easyLab Diacell yScopeDAC-RT(G). The
pressure in the DAC was applied through a nitrogen-fed gas
membrane. The DAC was equipped with ultralow fluorescence Ilas
type diamonds, with 0.4 mm culets. A 250 um stainless-steel gasket
with a diameter of 10 mm was placed between the diamonds. A hole
of 140 ym diameter was drilled centrally in the gasket, into which an

64978

appropriate amount of pressure indicator, sample, and drop of a
pressure transmitting medium (PTM) were placed. The mixture of
methanol/ethanol/water (16:3:1) was used as PTM, and an Ry-line of
Cr** in doped ALO; (ruby) was used as a pressure indicator.

3. RESULTS AND DISCUSSION

Hibonite CaAl,;0,9, with a magnetoplumbite-type structure,
crystallizes in a hexagonal crystal system with a P6;/mmc space
grou]‘;).sg_‘”’“_46 In the structure of CaAl,O,, as shown in its
visualization in Figure 2a, there are 12-fold coordinated Ca* ions, as
well as AI** ions occupying five different crystallographic positions.
There are three types of 6-fold coordinated AI** ions: two of them
form distorted octahedra [face-sharing—AI**(A) and edge-sharing—
AI**(B)] and third type of AI** forming a trigonal antiprism AI’*(C).
Additionally, there are also AI’* ions which form tetrahedra AI**(D)
and trigonal bipyramids AI**(E). Generally, the structure of CaAl;,04
can be described as layered, consisting of blocks alternating along the
c-axis—the spinel layer (S-layer) is arranged alternately with the
trigonal bipyramidal BP-layer.

The recorded diffractogram of the CaAl;,0,4:Cr** powder (Figure
2b, see also Figure S2) indicates a high phase purity referring to the
reference pattern (PDF 00—038—4070). Additionally, the diffracto-
gram shows that the proposed concentration of the Cr**-dopant was
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successfully incorporated into the structure, as evidenced by the
absence of additional reflections originating from possible Cr-
containing phases. As a result of doping the CaAl,,0,y structure
with Cr** ions, they are incorporated in positions of AI** ions due to
their similar ionic radii and identical ionic charge. Specifically, Cr**
ions may occupy the crystallographic positions of AI**(A), AP*(B),
and AI**(C), providing a 6-fold coordinated environment. However,
as will be presented later, the luminescence of Cr** ions only from
AP*(A) and APP*(C) was observed in the spectra of CaAl;,0,,:Cr*.
The incorporation of Cr** ions into the crystallographic positions of
the AI** ions is further supported by a shift in the reflections toward
smaller angles relative to the reference pattern, indicating an
expansion of the unit cell. Cr** ions in a 6-fold coordination have
an ionic radius of 0.615 A, while AI** ions in the same coordination
are characterized by an ionic radius equal to 0.535 A. This difference
explains the substitution-induced expansion of the unit cell.

As shown in Figure 2¢, CaAl};,0,,:Cr’* powders exhibit a broad
crystallite size distribution, with particles ranging from a few hundred
nanometers to a few micrometers. The particles also vary in shape.
The morphology of CaAlj;,0,,:Cr** particles is typical for powders
obtained by a solid-state reaction method. To understand the
spectroscopic properties of Cr** ions, the Tanabe—Sugano diagram
for the 3d* electronic configuration should be analyzed*®*’ (Figure
2d). Depending on the value of the crystal field (CF) strength, we can
distinguish three regions of weak, intermediate, and strong CFs. Each
of these approximations is characterized by different spectroscopic
properties of Cr** ions. In the case of strong CF, the E level is the
excited state of the lowest energy; hence the luminescence spectrum is
dominated by the sharp emission band associated with the 2E — *A,
electronic transition (Figure 2e). In the case of weak CF, the situation
is reversed and it is the *T, level that is the emitting level, and the
emission spectrum consists of a broad band associated with the *T, —
*A, transition. When the energy difference between °E and *T, states
is low at elevated temperatures, the *T, state can be thermalized,
leading to the occurrence of the *T, — *A, emission band. For the
intermediate situation, both bands are present in the emission
spectrum. However, the classification of Cr’* dopants interaction
between neighboring Cr** ions may lead to the formation of the
Cr**—Cr* pairs for which the broad emission band associated with
*A,,*T, — *A,,*A, transition can be observed (Figure 2e).°%°! While
high concentrations of dopant ions typically promote the formation of
ion pairs, clustering has been observed in certain materials even at low
dopant ion levels. The interaction mechanisms between ion pairs that
result in luminescence are generally explained in the literature through
intervalence charge transfer”> or magnetic exchange coupling.”>*
Luminescence kinetics is commonly used to identify which
mechanism is dominant. For intervalence charge transfer, the
luminescence lifetime of the emitting state is expected to be longer
compared with that of the isolated ion. In contrast, magnetic
interactions between ions relax the selection rules, leading to a shorter
excited-state lifetime.”® The presence of ionic pairs is often indicated
by the appearance of an additional emission band, a phenomenon
increasingly utilized in recent years for the development of near-
infrared light sources.”>~>’

Analysis of the room-temperature emission spectrum of CaA-
1,,0,5:Cr** shows that it consists of 3 bands: one narrow band
associated with the E — *A, transition (maximum at 686 nm) and
two broad bands associated at 760 and 800 nm (Figure 2f). The
emission band at 760 nm can be attributed to the *“T, — *A,
luminescence of the Cr** (C) due to its close spectral vicinity to the
’E —> *A, and their relative thermal dependence described in the
further part of the article. However, the assignment of the broad
emission band at 800 nm requires closer examination. Although the
shape of the Cr**—Cr*" pairs’ emission spectrum is very similar to the
*T, — *A, band, there are certain unique properties of the Cr**—Cr**
pairs’ luminescence that allow them to be distinguished from the *T,
radiative depopulation. In the case of magnetic coupling between
Cr¥*—Cr** pairs, the lifetime of the excited level of the pair is much
longer (ms range) relative to that observed for the *T, state (tens of

us).>%%%% In addition, if the strength of the crystal field interacting
with Cr*" ions is reduced by increasing the average Cr**—0>"
distance, it should result in a red shift of the *T, — *A, emission
band. However, for Cr**—Cr** pairs, such a distancing of the
interacting ions should result in a slight blue shift of the emission
band of Cr**—Cr®" pairs. In the case of CaAl;,0,,:Cr**, luminescence
kinetics measurements reveal very long luminescence decay times at
around 800 nm (7 = 1.79 ms) and slightly longer times at 686 nm (7
= 2.57 ms) (Figure S4). The difference in the values of these two
lifetimes indicates that they are related to the depopulation of
different excited states, and the large values for luminescence at 800
nm unequivocally exclude the association of the observed band with
*T, — *A, electronic transition. In addition, when AI** was gradually
substituted with Ga®* ions (causing, due to the difference in ionic
radii, an elongation in the Cr**—0?" distance), a slight blue shift of
the broad emission band was observed (Figure SS). The described
results clearly indicate that the observed luminescence is associated
with Cr**—Cr** ionic pairs. In addition, the possibility of forming
Cr**—Cr*" pairs in CaAl;,0,,:Cr*" was confirmed by EPR studies also
for low concentrations of dopant ions.”’ The assignment of Cr**—
Cr*" pairs to the A A" site is associated with the shortest interion
distance for these ions of 2.7 A.

The X-band EPR spectrum shown in Figure S6 reveals the
incorporation of Cr** in several isolated sites and hints at the potential
formation of Cr**—Cr’* pairs within CaAl;;0;. The powder
spectrum features multiple signals in the 0—870 mT range, which
originate from Cr**-related paramagnetic centers in different site
symmetries. Based on the simulation results of multifrequency EPR
data,% the signals observed at 190, 570, and 650 mT are assigned to
axial symmetry AIP*(A) sites, whereas the resonances at 164, 208, 618,
and 713 mT can be attributed to the highly distorted AI**(B) sites.
The interpretation of the symmetrically intensive line at 355 mT is
ambiguous. On one hand, such Cr** signals are prevalent in cubic
hosts,®" and the CaAl,,0,, lattice has the high-symmetry AI**(C)
position. However, in a study of the isostructural
SrAl}; g5_Ga,O15:Cr’* compound, a similar signal was linked to the
interaction within Cr**—Cr®* pairs.”® Conversely, the two satellite
lines flanking the 355 mT signal (marked with asterisks in the inset of
Figure S6) could additionally indicate the presence of chromium pairs
in CaAl;,0,,. A study of Cr**-doped LaMgAl,,0,, single crystals has
analyzed the angular dependence of these small satellites, providing
evidence for the occurrence of Cr’*—Cr** pairs in these types of
materials.®* In summary, Cr** ions substitute the available octahedral
Al sites in CaAl},Os, resulting in the formation of both isolated Cr**
centers and pairs. However, further EPR studies of single-crystalline
samples are necessary to gain more definitive conclusions. The EDS
analysis of CaAl;;0,5:0.83% Cr*" revealed a homogeneous distribu-
tion of the elemental composition of obtained powders (Figure 2g—
k).

To verify the structural stability of the synthesized material, Raman
spectra for the studied material were measured as a function of the
pressure. The obtained Raman spectrum for the CaAl,0;4:Cr’*
material at ambient pressure has four bands, which are initially
located at ~332, 395, 618, and 771 cm™, as displayed in Figure 3a,b.
In general, it is worth noting that the main bands in the Raman
spectra of hibonite-type structures, such as the investigated CaAl},0
material, are associated with the Al—O vibrations within (AlO,)>~
groups.”> The character of the Raman spectra may depend on the
crystal orientation relative to laser beam polarization;®* however, this
effect is of minor importance in the case of the small-sized
polycrystalline materials. The Raman mode at around 332 cm™
corresponds to the bending vibrations (v,) within the (AlO,)%”
groups; the one at 395 cm™ is assigned to the stretching vibrations
(v) of Al-O—Al in Al,0,'* groups; on the other hand, the band at
618 cm™' originates from symmetric stretching vibrations (v;) in
(AlOg)°™ groups; whereas the last peak, centered around 771 cm™" is
associated both with symmetric (v,) and asymmetric (v;) vibrations
within (AlO,)%~ groups.64

With pressure elevation (compression), the energies of the phonon
modes increase, and the corresponding Raman bands shift toward
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Figure 3. Normalized Raman spectra for the CaAl;,0,4:Cr** material
measured for different pressure values, during the compression cycle
(a). Determined energies (peak centroids) of the most intense
phonon modes as a function of pressure (b); filled symbols represent
compression data, and empty ones represent decompression data; the
continuous lines are the linear fits applied for determination of the
pressure shift rates of the corresponding Raman modes.

higher wavenumbers, as presented in Figure 3b. The observed
phenomenon originates from the bond shortening, namely, decrease
of the interatomic distances in the compressed structures. It is worth
noting that the determined spectral shifts are monotonous and linear,
and the overall shape of the spectra does not significantly change,
ensuring good structural stability of the examined material. Moreover,
there are no effects of vanishing or appearing new peaks (Raman
modes), which additionally confirms the phase stability of this crystal
structure in the analyzed pressure range. It is worth noting that the
peak around 332 cm™' negligibly shifts with pressure, resulting in
improved splitting/separation from the second band centered initially
at around 394 cm™ during the compression process. The calculated
shift rates (cm™" GPa™') for the observed Raman peaks are given in
Table S1 in the Supporting Information data. Noteworthy, the
observed deterioration of the Raman signal with pressure (lowering
signal-to-noise ratio) is associated with the increasing strains and

crystal defects in the compressed crystal structures, which is a typical
effect in Raman studies. Importantly, on releasing the pressure
(decompression), spectral positions and shapes of all Raman bands
return to the initial state (see Figures 3b and S6). The good
agreement of the compression—decompression data indicates the
reversibility of the high-pressure experiments, which is fundamental
for optical sensing applications, i.e., development of new luminescent
manometers.

High-pressure spectroscopic studies of Cr’*-based phosphors
provide essential insights into dopant properties. Therefore, for
CaAl},0,,:Cr*, investigations were conducted at room temperature
across a pressure range from ambient to 6.76 GPa (Figure 4a). An
increase in pressure results in a slight reduction of the CaAl;,0,:Cr**
emission intensity, which is a common outcome for such kinds of
compression experiments, due to the generation of strains and
structural defects acting as quenching centers. Notably, this intensity
change was fully reversible upon decompression, without any
observed plastic deformations of the structure. Additionally, a slight
red shift in the emission maximum of the 2Eg - 4A2g (Cr** (C)) band
was detected as expected, being attributed to the increased covalency
of the Cr**~0* bonds under compression, leading to the reduction
of the energy between the corresponding ground and excited
(emitting) state.' #0596

Conversely, no spectral shift in the *A,, *T, — *A,, *A, emission
band was detected with increasing pressure in the case of the Cr’*(A)
site (Figure 4b). When the broad emission band observed in the
emission spectrum of CaAl;,0,:Cr** was associated with the *T, —
*A, electronic transition of Cr** ions, the absence of shift would be
unexpected, given the high sensitivity of the 4T2g level energy to
changes in crystal field strength according to the Tanabe—Sugano
diagram for the 3d* electronic configuration, which would typically
result in a significant blue shift upon compression of a given
material.'#*%***7%% The unusual behavior of the observed band is
additional confirmation that it is related to the Cr**—Cr’* pair
luminescence. The simultaneous spectral shift of the 2Eg - 4Azg band
for the Cr**(C) site in the same material corroborates the
compression of CaAl;,0,,:Cr>* by applied pressure. Two effects
may contribute to the insensitivity of the spectral position of the
Cr’*—Cr* band under compression. The first effect may be related to
the fact that compression induces similar changes in the energy of
both the ground “A,, *A, and the excited states *A,, *T,, thereby
preserving the energy difference between them. The second effect
may be associated with the small distance between interacting ions
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forming pairs, such that material compression does not cause a
significant change in the magnetic coupling, which leads to the
formation of the excited state *A,, *T,. Regardless of the fact which of
these effects dominates, this unusual phenomenon suggests high
potential in sensing applications (Figure 4c).

On the other hand, temperature variations significantly alter the
CaAl;,0,,:Cr** emission spectrum, not only by changing the ratio of
the ’E, = *Ay Cr'*(C) to *A,, *T, — *A,, *A, Cr’*(A) band
intensities but also by spectrally shifting the *A,, *T, — *A,, *A, band.
At 83 K, the spectrum is dominated by the *A,, *T, — *A,, *A,
(Cr**(A)) band, with a clear visibility of the 2Eg - 4A2g emission line
associated with Cr** (C) (Figure 4d). An increase in temperature
leads to the quenching of both Cr**(C) and Cr**-Cr**(A)
luminescence through nonradiative depopulation of emitting levels.
However, the thermal quenching of Cr’**—Cr**(A) is more rapid than
that of Cr**(C), clearly indicating a lower activation energy for Cr**—
Cr**(A). Above approximately 400 K, the luminescence intensity of
*T, = *A,, Cr**(C) begins to predominate, suggesting thermalization
of the *T, state with respect to the ’E Cr** (C) ions (Figure 4e). This
hypothesis is supported by the analysis of thermal variation of the
integral emission intensity, associated with different Cr* sites,
revealing a noticeable increase in the *T, — *A, Cr¥*(C)
luminescence intensity, corresponding to the range of dynamic
quenching in Cr**(C) luminescence intensity. The apparent low
thermal sensitivity of the 2E — *A, Cr**(C) luminescence intensity, as
illustrated in Figure 4f, results from the spectral overlap of signals
from *T, — *A, and *E — *A,, affecting the measured values.

The pronounced changes in the shape of the emission spectrum
under temperature indicate the high potential of the CaAl;,0,,:Cr**
material for temperature sensing purposes. The clear difference in the
thermal dependence of luminescence intensities associated with
different crystallographic positions of Cr’* ions enables a ratiometric
approach for temperature readout (Figure Sa). The effect of
temperature on the observed changes in the shape of emission
spectra and thus the thermometric performance of CaAl;,0;4:Cr**
can be analyzed by (1) deconvolution of emission spectra or (2)
luminescence intensity analysis integrated in two spectral ranges.
Deconvolution of the emission spectra clearly indicates that an
increase in temperature alters the relative emission intensity of *A,,
*T, - *A,, *A, Cr*-Cr’*(A) with respect to *T, — *A, Cr**(C)
(Figure S7). On the other hand, to implement the second approach of
the analysis of the emission spectra of CaAl;,0,:Cr**, luminescence
intensities were integrated in the 680—692 nm, 732—750 nm, and
840—860 nm ranges, corresponding to 2E = *A, Cr¥*(C), ‘T, = *A,
Cr**(C), and *A, *T, — *A, *A, Cr*-Cr’*(A), respectively.
Although this method of intensity analysis, unlike band deconvolu-
tion, limits the sensitivity of the readout due to partial overlap of
emission bands, its main advantage is simplicity of application,
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requiring no additional analytical procedures. In order to obtain a
high relative sensitivity of the ratiometric luminescent thermometer, it
is desirable to select spectral bands used for analysis that enable the
opposite thermal monotonicity of the signals. Since thermal
quenching of the luminescence with enhancement in the correspond-
ing thermal range for Cr**(C) and Cr’*(A) was observed, the
following two luminescence intensity ratios were proposed

750nm
f 4T, = *A,[C(C)1dA
Cr3+(C) 732nm
LIR, = crH(C) = T692mm
[ E - *A,[Crt(C)1dA
680nm (1)
3+
LIR2 = QT(Q
Cri(A)
750nm
[ 4T, = *A P (C)1dA
_ 732nm
~ 860nm
[Ty A, = A, ACrF(A) - CrY(A)1dA
840nm (2)

In order to verify if the appearing at elevated temperature of the
4T2g - 4A2g band results from thermalization of the *T, state in Cr**
(C) site, the thermal dependence of the LIR; parameter was
presented in the form of In(LIR;) vs. 1000/ T plot (Figure Sb). The
almost linear In(LIR;) relationship in the 2.0—4.1 1000/T range
(243—500 K) may, according to Boltzmann distribution,® suggest
thermal coupling between these levels. Some deviations from linear
trend above 1000/T = 4.1 result from the low emission intensity of
the E — *A, and spectral overlapping of the signal with the *T, —
*A, band. The presented trend indicates a change in the monotonicity
of the In(LIR,;) waveform for temperatures around 400 K (In(LIR,) =
2), and this is related to a significant thermal enhancement of the
luminescence intensity of T, — *A, Cr**(C) whose emission band
overlaps spectrally with that of Cr’*—Cr**(A), disturbing the
temperature reading. In general, change in the monotonicity of the
thermal dependence of luminescence intensity ratio (LIR) prevents
reliable temperature readout. Therefore, it is important to note that
the operational temperature range of the LIR;-based luminescence
thermometer is restricted to 83—500 K. Thermal dependence of both
LIR, and LIR, can be fitted using empirical polynomial curves (see eq
S1 and Figure S8). Quantification of the observed thermal variation of
LIR, can be done by determining the relative temperature sensitivity
according to the equation
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where ALIR is the temperature change corresponding to a change in
temperature by AT (Figure Sc). Although many works on
luminescence thermometry analyze the absolute value of relative
sensitivity, information about the change in monotonicity of the LIR
is lost in this way. However, the monotonicity of LIR (or any other
thermometric parameter) is very important information because it
directly determines the useful temperature range of the luminescence
thermometer. A reliable temperature readout imposes the require-
ment that a given LIR value must correspond to only one temperature
value. The change in monotonicity of the LIR is reflected in the
change in the sign of the relative sensitivity. Therefore, in this work,
the real values of Sy are analyzed. The initially positive values of
relative sensitivity for LIR; successively decrease with temperature
elevation, i.e., from ca. 1% K™, reaching negative values above 400 K,
which is due to the mentioned effect of the change in monotonicity in
the case of LIR;. On the other hand, the described apparent spectral
shift of the broadband luminescence associated with thermal
enhancement of *T, — *A, Cr®*(C) emission allows the use of
LIR, for temperature sensing (Figure Sd). LIR, successively increased
over the entire analyzed temperature range. Therefore, the useful
temperature range of this luminescence thermometer is much wider
than that of LIR,, and it covers 83—763 K. The obtained sensitivities
drop from 1.2% K" for 83 K and rank at about 0.45% K™' in the
300—550 K range (Figure Se). It is worth noticing that when the ratio
of the emission intensities of *A,, *T, — *A,, *A, Cr’*-Cr**(A) to *T,
— *A, Cr’*(C) bands obtained from deconvolution of the emission
spectra is used for temperature sensing, a higher Sy = 1.4% K" at 650
K can be reached (Figure S9).

To assess the manometric performance of CaAl;,0,4:Cr**, both
sensor parameters, namely LIR; and LIR,, were analyzed as a function
of pressure during compression and decompression cycles (Figure
S4). The results clearly show a monotonic, more than 2-fold decrease
in the value of LIR, over the analyzed pressure range (Figure 6a). The
complete reversibility of the observed course obtained within the
framework of material decompression excludes the presence of plastic
deformation of the material, confirming the reliability of the obtained
readout. Pressure dependence of LIR; and LIR, can be fitted using
experimental polynomial curves (see eq S2 and Figure S11). The
relatively high change in the LIR, value, especially observed in the low
pressure range (below 0.5 GPa), is reflected in the values of relative
pressure sensitivity (determined by analogy with eq 3, substituting Ap
for AT). The maximum sensitivity value of 70% GPa™' obtained at
ambient conditions decreases gradually with increasing pressure, and
above 1 GPa displays a slight increase, maintaining values exceeding

10% GPa™' throughout the analyzed pressure range (Figure 6b).
Importantly, the obtained relative sensitivity values for LIR; should be
compared to the relative thermal sensitivity of this parameter. For this
purpose, the thermal invariability manometric factor (TIMF) was
determined according to the following equation”®

S
TIMF = —2

Se,r 4)

where Sy, and Sy represent manometric and thermometric relative
sensitivities, respectively (the room-temperature Sp@T = 293 K was
used for TIMF calculations in this work). The value of this parameter
defines the temperature change (in K) required to induce LIR
changes corresponding to a pressure change of 1 GPa. The obtained
relatively high values of this parameter (TIMF = 150 K GPa™')
indicate good reliability of this manometric parameter (Figure 6¢).
While some ratiometric luminescence manometers reported”"”"”* to
date exhibit significantly higher TIMF values than those of
CaAl;,0,,:Cr*, it is important to recognize that the suitability of
TIMF values depends on the specific application requirements for
achieving a thermally invariant pressure readout. In general, higher
TIMF values are preferred; however, in cases where only small
temperature fluctuations are expected within the system (on the order
of a few degrees or tens of degrees), TIMF values exceeding 100 K
GPa™! are sufficient to ensure reliable pressure measurement. A close
analysis of the thermal variation thermometric relative sensitivity
values for LIR; (Figure Sc) may suggest that a further increase in
temperature, leading to a decrease in the thermal Sy, will allow
additional amplification of the TIMF parameter, increasing the
accuracy of the pressure reading. However, in order to ultimately
verify the validity of such a hypothesis, it is necessary to perform
experiments allowing for simultaneous changes in pressure and
temperature, which are beyond our experimental capabilities. On the
other hand, LIR, shows only small changes in the analyzed pressure
range, which is related to the insensitivity of the spectral position of
the *A,, *T, — *A,, *A, (Cr’*(A)) band to pressure changes described
above (Figure 6d). Hence, the resulting Sy values are very small,
decreasing from 4.5% GPa™' at 0.1 GPa to 2.6% GPa™' at 6.76 GPa
(Figure 6e). The small TIMF values for LIR, (TIMF <11 K GPa™")
confirm two main aspects, i.e, (1) LIR, is extremely sensitive to
changes in temperature and (2) high pressure changes are required to
bring out changes in LIR,, confirming its low manometric sensitivity
(Figure 6f). Comparison of thermal and pressure variation analysis of
LIR; and LIR, indicate that LIR; can be successfully used to read
pressure with little thermal sensitivity, while LIR, shows good thermal
sensing performance, insensitive to pressure changes.
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state Cr**(C) measured as a function of applied pressure (a) and the corresponding 7,y as a

function of pressure (b) and temperature (c); relative pressure (d) and thermal (e) sensitivities of the lifetime-based sensor and the influence of
pressure on the TIMF parameter for lifetime-based luminescence manometer based on CaAl;,0,5:Cr** (f).

An additional benefit of using the CaAl;,0,5:Cr** material for
sensing applications lies in the balanced spectral distance between the
analyzed areas used for LIR; and LIR, determination. As is well-
known, too high proximity of the spectral windows analyzed in the
LIR technique can impede an optical readout by making it difficult to
select suitable optical filters. However, as demonstrated by Jaque et
al,” the dispersive dependence of light absorption and scattering by
the medium present in the optical path between the detector and the
phosphor can significantly modify the shape of the emission spectrum
and thus the reliability of the readout. From this perspective, it is
desirable to implement a ratiometric readout for spectral ranges with
low relative separation allowing reduction of the described adverse
effects. From this perspective, the distance between the first and last
windows used to determine LIR, and LIR, for CaAl;;0;4:Cr** of 180
nm seems favorable. A comparison of the sensing performance of
ratiometric manometers described in the literature makes it possible
to conclude that the manometric relative sensitivities of CaA-
1,,0,5:Cr** for LIR, are significantly higher than those obtained for
most luminescent manometers based on the luminescence of Ln**
ions”* such as Spp = 2.09% GPa™! for NaBiF,Yb** Er®*> Spp =
3.86% GPa™" for NaErF,;Tm@NaLuF ;:Er**,° Sg , = 18.5% GPa™" for
CaLu ¢9Ybg 55Erg osF@CaLuF,”” Sy, = 40% GPa™' for
NaY, 49Yby ,5Erg o3 F4@NaYF,;”” and Sp, = 13.8% GPa™' for
SrB,0,:Sm*"Eu*""® and significantly higher than those reported for
other materials doped with Cr** ions such as Spp = 4.7% GPa™ for
Li,Mg;TiOg:Cr*,” Srp = 9-83% GPa for MgO/Cr*,”" and Sep =
57% GPa for LiySc,(PO,);:Cr**.*” On the other hand, reports of
significantly higher relative sensitivity values, such as Sy , = 120% GPa
for LiScGeO,:Cr*,”* can be found in the literature. The comparison
performed allows us to conclude that CaAl,04:Cr’* presents
extremely favorable manometric performance in a ratiometric
approach.

In the case of the luminescence kinetics of phosphors doped with
Cr*, the lifetime of the 2Eg excited level is expected to be longer than
that for 4ng due to the spin-forbidden transition (Figure 7a, fitting
curves presented in Figures S12—23). As is well-known, the
compression of material not only alters the emission spectrum but
also impacts luminescence kinetics. In the case of Cr’* ions, the
coupling between the *E, and *T,, levels modifies the probability of
radiative depopulation of the emitting level, shortening the lifetime of
the 2Eg level. Therefore, according to the Tanabe—Sugano diagram,
the increase in the strength of the crystal field for Cr** (C) associated
with the compression of the material causes an increase in the energy
of the 4T2g level. Thus, the coupling strength between these levels is
reduced, leading to an elongation of the luminescence kinetics.
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Consequently, for CaAl;,0,,:Cr’* an increase in pressure results in
the elongation of 7,,, from 2.3 ms at ambient pressure to 5.1 ms at
6.76 GPa (Figure 7b). Pressure dependence of 7,,, can be fitted by a
polynomial function as presented in Figure S24. This notable increase
in lifetime can be used in luminescent manometers. The determined
values of relative sensitivity to pressure changes indicate that it
decreases from 16% GPa™' at around ambient pressure, down to 7%
GPa™! at 6.76 GPa (Figure 7c). On the other hand, an increase in
temperature leads to an increase in the probability of nonradiative
depopulation of emitting levels through the intersection point
between the 4A2g and 2Eg parabolas. Therefore, 7,,, shortens with
temperature from 5.1 ms at 83 K to 0.3 ms at 633 K (Figures 7d, S25,
fitting of thermal dependence of 7, using polynomial function is
presented in Figure S26). The fastest rate of 7, shortening is
observed in the 200—350 K range, which results in maximal thermal
sensitivities of 0.75% K™' at 325 K (Figure 7e).

Analysis of the TIMF values for the lifetime-based manometer
indicates that as the pressure increases, its value decreases from about
24 K GPa™! to about 10 K GPa™ at 6.76 GPa (Figure 7f). A
sensitivity comparison of the values obtained for other lifetime-based
luminescence manometers indicates that the values obtained for
CaAl;,0,:Cr** exceed those obtained for lanthanide-doped phos-
phors (7.7% GPa™ for SrFy:Er*,Yb*)®' and some Mn*-based
phosphors (7.85% GPa™' for SrGaAlO,;:Mn*** and 12% GPa™' for
K,Ge,Og:Mn*?"). However, they are lower than those obtained for
Sr,AlL,O,:Mn* (35% GPa~!)® and LiySc,(PO,); (93.56%
GPa™!),* which places the manometric performance of CaA-
1,0,0:Cr** in a high position among lifetime-based luminescent
manometers. Furthermore, it is noteworthy that while TIMF values
are not exceptionally high, the relatively low thermal sensitivities in
the 400—500 K range suggest the potential for higher thermal
invariability, in this temperature range, for the lifetime-based
luminescence manometer.

4. CONCLUSIONS

In this work, spectroscopic properties of the hibonite-type
crystals, i.e., CaAl;,0,4:Cr’*, were investigated as a function of
pressure and temperature in order to develop a unique,
bifunctional luminescent sensor (optical thermometer-man-
ometer). The performed studies reveal that the Cr’* ions
luminescence can be observed from two distinct octahedral
A" sites in the synthesized CaAl;,0,4:Cr** crystals. Due to
the variation in the average Cr**—0?* distances at these sites,
the narrowband luminescence associated with the *E — *A,
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transition for Cr**(C) and broadband emission associated with
the *T, — *A, transition for Cr**(C) and *A,, *T, — *A,, and
*A, of Cr’* (A)—Cr’*(A) pairs can be observed simulta-
neously. High-pressure studies revealed the unusual behavior
of Cr*" ions. It was found that the spectral position for the *A,,
*T, — *A,, *A, band of Cr**—Cr®* pairs remains insensitive to
pressure changes up to 7 GPa. Conversely, the °E — *A, line of
Cr** (C) ions undergoes a monotonic spectral shift with
increasing pressure due to changes in Cr*—0%" bond
covalency. Therefore, the ratio of luminescence intensities in
the two proposed spectral ranges varies monotonically with
pressure changes, achieving a maximum relative sensitivity of
70% GPa™' at 0.05 GPa. Notably, this proposed luminescence
intensity ratio (LIR) does not exhibit high sensitivity to
temperature changes with a temperature invariant manometric
factor (TIMF) of 150 K GPa™'. Additionally, the thermal
population of the *T, level for Cr**(C) results in a successive
increase in the intensity of this band with increasing
temperature. The inverse thermal monotonicity of this
band’s intensity relative to the *E — *A, band of Cr**(C)
enables the development of a ratiometric luminescence
thermometer with a sensitivity of 1% K™' at 180 K
Importantly, the pressure-induced change in spin—orbit
coupling between the “E and *T, states prolongs the lifetime
of the *T, level, facilitating remote pressure readings based on
luminescence kinetics. Our study demonstrates that the
unusual pressure behavior of the Cr**—Cr®* pairs luminescence
site allows for the development of a unique, remote, and
bifunctional luminescent manometer-thermometer, based on
the optically active CaAl;,0,4:Cr** material.
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Figure S1. Integral room temperature emission intensity of CaAl;,O;9 :Cr?* as a function of Cr3* concentration.
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Results of the Rietveld refinement of the XRD pattern of CaAl{,0;9:Cr3":

Global Parameters

Number of used phases:
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Zero shift/ °2Theta:

Specimen displacement/ mm :

Profile function:
Background:

R (expected)/ %:
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R (weighted profile)/ %:
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U standard:

V standard:

W standard:

U Left:

V Left:

W Left:

U Right:

V Right:

W Right:
Asymmetry Type:
Asymmetry 1:
Asymmetry 2:
Shape Type:
Shape 1 Left:
Shape 2 Left:
Shape 3 Left:
Shape 1 Right:

1

27

2

0.000000
-0.0800(8)
Pseudo Voigt
Polynomial
2.03446
5.04889
7.13386
12.29565
0.86388
0.000000
0.000000
0.010000
0.000000
0.000000
0.010000
0.000000
0.000000
0.010000

No Asymmetry Function
0.000000
0.000000
Shape Individual
0.600000
0.000000
0.000000
0.600000



Shape 2 Right:

Shape 3 Right:

K al/a2 intensity ratio:

K alpha/beta intensity ratio:
Crystal Shape Factor K:
Instrumental FWHM Curve Type:
Instr. Gauss Curve Coefficient A:
Instr. Gauss Curve Coefficient B:
Instr. Gauss Curve Coefficient C:
Instr. Lorentz Curve Coefficient A:
Instr. Lorentz Curve Coefficient B:
Instr. Lorentz Curve Coefficient C:

0.000000
0.000000
0.500000
0.000000
1.0000
Caglioti function
0.0045(5)
-0.0032(9)
0.0046(3)
0.0062(7)
-0.004(1)
0.0064(5)

Relevant parameters of Calcium Aluminium Oxide (1/12/19)

Structure and profile data:
Formula sum:

Formula mass/ g/mol:

Density (calculated)/ g/cm3
F(000):
Weight fraction/ %:
Space group (No.):
Lattice parameters:
al A:
b/ A:
c/ A:
alpha/ °:
beta/ °:
gamma/ °:
v/ 106 pm3
Overall displacement parameter:
Extinction:
Flat Plate Absorption Correction:
Porosity:
Roughness:
Fitting mode:
U Left:
V Left:
W Left:
Preferred orientation direction/ hkl:
Preferred orientation parameter:
Asymmetry parameter 1:
Asymmetry parameter 2:
Peak shape:
parameter 1 Left:
parameter 2 Left:
parameter 3 Left:
R (Bragg)/ %:

033.00A124.00C22.00
1335.6930

3.7805

656.0000
100.000000

P 63/m m c (194)

5.56079(5)
5.56079(5)
21.9048(3)
)

90

120

586.60210
0.000000
0.000000
0.000000
0.000000
0.000000
Structure Fit
0.015(2)
0.000(2)
0.0087(5)
0.00 0.00 1.00
1.000000
0.000000
0.000000

0.717(9)
0.000000
0.000000
4.98400

Atom Wyck s.o.f. X v z B/ 10"4 pm"2
o1 12k 1.000000 0.503250 0.006500 0.149120 0.500000
02 12k 1.000000 0.155050 0.310100 0.052130 0.500000
03 6h 1.000000 0.181070 0.362140 0.250000 0.500000
04 4f 1.000000 0.333333 0.666667 0.554610 0.500000
05 de 1.000000 0.000000 0.000000 0.149070 0.500000
ALl 12k 1.000000 0.1694 (2) 0.3388(4) 0.60950(6) 0.64(3)
AL2 4f 1.000000 0.333333 0.666667 0.1905 (1) 0.57(6)
AL3 4f 1.000000 0.333333 0.666667 0.0288 (1) 0.53(7)
AL4 2b 1.000000 0.000000 0.000000 0.250000 2.4(1)
ALS 2a 1.000000 0.000000 0.000000 0.000000 1.1(1)
cal 2d 1.000000 0.333333 0.666667 0.750000 1.73(7)
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Figure S2. Rietveld refinement of the XRD pattern of CaAl;,0,9:Cr>".
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Figure S3. EPR spectrum of CaAl;,0,,:Cr**; inset: a magnified section of the spectrum in the 300-400 mT

range.
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Figure S4. The comparison of room temperature luminescence decay profiles measured at A, = 688 nm and Acy,

0

=780 nm of CaAl;,0,9 :Cr3*.
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Figure S6. Normalized Raman spectra for the CaAl;; 90;9:0.1Cr>" material measured for different pressure

values, during the decompression cycle.

Table S1. Estimated energies (peak centroids) of the main Raman modes at low pressure, and the corresponding

pressure shift rates of the corresponding bands for the CAO material.

Peak centroid at ambient pressure (cm™) Shift rate (cm™'/GPa)
=771 9.71 £0.57
~618 9.96 £0.90
~395 6.21 £0.61
~332 -0.01 £0.13
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Figure S7. The deconvolution of the representative emission spectrum of CaAl;;0;9:Cr¥*measured at 723 K-a)
and the influence of the temperature on the emission intensities of the emission bands obtained from the
deconvolution of the emission spectra of CaAl;,0,9:Cr3*-b).

Thermal dependence of LIR can be fitted using empirical function, i.e. 5™-order polynomial

given below:

LIR(T)= Ay + AT + AT + AT + AT* + 4)T° (S1)

where for LIR;

Ap=1.25896; A;=-0.02702; A,=2.51136:-10%; A3=-9.43614-107; A, = 1.76486-107; As= -
1.27904 1012

and for LIR,

A¢=0.06659; A= -0.00106; A,= 1.87064-10; A;=-6.42395-10"%; A, = 1.04503-1010; As=-
5.78433 -10-14
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Figure S8. Fitting of the thermal dependence of LIR;-a) and LIR,-b) using the fitting curves presented above.

Based on the results of the deconvolution of the emission spectra of CaAl;;,0;:Cr3*
presented above the LIR; was calculated as a ratio of deconvolution peak (1) - %A,, 4T,—>%A,,

4A, Cr3*-Cr¥*(A) to the deconvolution peak (2) - 4T,—*A, Cr3*(C).
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Figure S9. The thermal dependence of LIR; -a) and the corresponding thermal relative sensitivities-b) of
CaAllzolg:Cr3+.
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Figure S10. Pressure-dependent room temperature emission spectra (e, = 445 nm) of CaAl;; 9019:0.1Cr3*
measured during decompression.
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Pressure dependence of LIR can be fitted using empirical function, i.e. 5"-order polynomial

given below:

LIR(p) =4y + A4 p+ A4 p* + Ap’ + A p* + 4,p’ (S2)

where for LIR;
Ay=0.87477; A= -0.23866; A,=0.12035; A3=-0.03659; A, = 0.00504; As=-2.56502 -10-*
and for LIR,

A¢=0.47019; A= -0.02335; A,=0.00636; As=-0.00227; Ay =3.62334-10*; As=-2.02296
103
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— & Piot 1naz
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Figure S11. Fitting of the pressure dependence of LIR;-a) and LIR,-b) using the fitting curves presented above.
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Figure S12. Fitting of luminescence decay profile of CaAl;; ¢019:0.1Cr3" (Aex. = 445 nm) measured at: ambient
pressure -a); 0.1856 GPa -b).
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Figure S13. Fitting of luminescence decay profile of CaAlj; ¢019:0.1Cr3* (Aex. = 445 nm) measured at: 0.2035
GPa -a); 0.326 GPa -b).
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Figure S14. Fitting of luminescence decay profile of CaAlj; ¢019:0.1Cr3* (Aey. = 445 nm) measured at: 0.4788
GPa -a); 0.69982 GPa -b).
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Figure S15. Fitting of luminescence decay profile of CaAl;; 9019:0.1Cr3* (Aeye = 445 nm) measured at: 0.933

GPa -a); 1.245 GPa -b).
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Figure S16. Fitting of luminescence decay profile of CaAlj; 9019:0.1Cr3* (Aex. = 445 nm) measured at: 1.5635

GPa -a); 1.904 GPa -b).
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Figure S17. Fitting of luminescence decay profile of CaAlj; 9019:0.1Cr3" (Aex. = 445 nm) measured at: 2.38 GPa

-a); 2.687 GPa -b).
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Figure S18. Fitting of luminescence decay profile of CaAlj; ¢019:0.1Cr3" (Aex. = 445 nm) measured at: 3.0465
GPa -a); 3.4317 GPa -b).
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Figure S19. Fitting of luminescence decay profile of CaAlj; 9019:0.1Cr3* (Aeye = 445 nm) measured at: 3.7786
GPa -a); 4.036 GPa -b).
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Figure S20. Fitting of luminescence decay profile of CaAlj; 9019:0.1Cr3" (Aex. = 445 nm) measured at: 4.254
GPa -a); 4.607 GPa -b).

S-12

208



intensity (a.u.)

intensity (a.u.)

(TN ]
" mE-
0.01 | e —— 0.0 HENE E——
- . — - - EEmaE .-
NN — EE e
--j - .
1 1 ]
0 20 0 20
time (ms) time (ms)

Figure S21. Fitting of luminescence decay profile of CaAlj; ¢019:0.1Cr3* (Aex. = 445 nm) measured at: 5.0465
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Figure S22. Fitting of luminescence decay profile of CaAl;; 90;9:0.1Cr3" (Aeye = 445 nm) measured at: 5.8699
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Figure S23. Fitting of luminescence decay profile of CaAl;; 9019:0.1Cr3" (Aeye = 445 nm) measured at 6.757
GPa.

Pressure dependence of 1,,, can be fitted using experimental poly 5 curves as follows:
T (P)= 4+ 4P+ A" + A4 p* + 40" + 47 (S3)

where

Ap=2.61168; A;=0.3741; Ay=0.21823; A3=-0.13169; A4, =0.02646; As=-0.00173
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Figure S24. Fitting of pressure dependence of 1,,, of CaAl;; 90;9:0.1Cr3*.
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Figure S25. Temperature-dependent luminescence decay curves (Aex. = 445 nm) of CaAl;; 9O;9:0.1Cr3".
Thermal dependence of t,,, can be fitted using experimental poly 5 curves as follows:

7 (T)= Ay + AT+ AT + AT + AT* + A T? 54
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Figure S26. Fitting of thermal dependence of 1,,, of CaAl;; 9019:0.1Cr?".
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1. Introduction

Highly sensitive ratiometric luminescence
manometers based on the multisite emission
of Crity

M. Szymczak,® W. M. Piotrowski, 2% U. R. Rodriguez-Mendoza,” P. Wozny, {2 °
M. Runowski 2 and L. Marciniak =) *®

Luminescent materials have been extensively utilized for remote pressure measurement via lumines-
cence manometry for a few decades. However, the drive to enhance the precision of these
measurements, while maintaining high sensitivity to pressure changes, necessitates the exploration of
new strategies and materials that meet these requirements. A ratiometric pressure readout based on the
broadband Cr®* emission, associated with the T, — #A, electronic transition, addresses these needs by
enabling both the accurate readout and imaging of pressure changes with extremely low thermal
susceptibility. This paper demonstrates, for the first time, that employing a material with two
crystallographic sites occupied by Cr®* ions in MgGeOsz:Cr** allows for multimodal pressure readings
that can be tailored to different measurement conditions. The simultaneous blueshift of both “T, — %A,
emission bands of Cr®" ions with increasing pressure results in changes in the spectral position and
shape of the emission band of MgGeO3:Cr3+. The intensity ratio of these two bands can be employed
for ratiometric readout with a relative sensitivity (Sg ) reaching ca. 22% GPaL. Furthermore, as we have
shown, utilizing the ratio of emission intensities within the defined spectral ranges not only significantly
increases the relative manometric sensitivity to Sg, = 62% GPa™?, but also simplifies the measurement
methodology. Additionally, by carefully selecting the luminescence intensity ratio, it is possible to
achieve high insensitivity to temperature changes, with the thermal invariability manometric factor (TIMF)
reaching 600 K GPa~l. The conducted studies clearly indicate the high application potential of the
MgGeOs:Cr* material in luminescence manometry and confirm that the approach based on the ratio of
the relevant spectral ranges offers more favorable manometric performance compared to the approach
based on deconvolution of the emission spectra.

enables noninvasive and electrically passive sensing (without
electromagnetic interference). This is critical for many appli-

The ability to exploit luminescence for sensing and imaging
physical and chemical quantities offered by luminescence sensors
is of significant importance from an application standpoint."”
The sensitivity of the spectroscopic properties of phosphors to
changes in physical (e.g., temperature or pressure)®*’ or
chemical (e.g., pH, particle, or ion concentrations)'®>* stimuli,
coupled with the ability to remotely detect these changes,
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cations.>*” Although a wide range of spectroscopic para-
meters revealed sensitivity to changes in the analyzed stimuli,
many studies have consistently shown that two parameters
offer the highest measurement precision, ie. (I) the lumines-
cence intensity ratio (LIR) of two bands and (II) luminescence
kinetics.®%'?%73% Wwhile the ratiometric approach has been
extensively explored for temperature measurements in lumi-
nescence thermometry, it still remains underexplored in lumi-
nescence manometry.

In the case of pressure measurements in diamond anvil cells
(DACs), the most common method involves using pressure-
induced spectral band shifts."®'”?**> A notable example
here is the spectral shift of the *E — “A, band of Cr’" in
ruby.'®?*37% While this technique is highly effective for
pressures up to 150 GPa, it has several limitations.** One
significant limitation is ruby’s low sensitivity to pressure

This journal is © The Royal Society of Chemistry 2025213
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changes. Additionally, its spectral band position is also sensi-
tive to temperature variations, which can hamper a reliable
pressure readout. Moreover, from the perspective of imaging
of the pressure changes beyond the DAC chamber, relying on
spectral band shifts requires a point-by-point measurement of
the emission spectrum across the area of interest. This process
is extremely time-consuming and requires a detection system
with high spatial resolution. Consequently, the ratiometric
approach has gained increasing popularity in recent years, as
confirmed by various studies.'” Although these sensors exhibit
high sensitivity to pressure changes, the sensitivity of the LIR
to temperature variations limits the temperature-invariant
manometry. To address these limitations, a solution based on
the ratiometric readout of changes in the emission spectra of
broadband phosphors, such as ‘T, — ®A, transition of Cr**
ions**™” or 5d-4f interconfigurational transition of Ce**
doped*® inorganic materials, has been recently proposed.
In this case, the high sensitivity of the emission bands to
environmental changes, leading to their spectral shift, has
enabled the development of optical manometers with record
relative sensitivities. Furthermore, the implementation of the
ratiometric approach, in contrary to band maximum analysis,
allows for fast imaging of pressure changes. This approach is
particularly well-illustrated in the case of Cr** doped phos-
phors, where material compression leads to a change in the
strength of the crystal field acting on Cr** ions, resulting in an
increase in the energy of the “T, level.**™*” Importantly, the
absence of analogous changes in the crystal field strength
due to temperature variations enables the thermally invariant
pressure readout. The high application potential of this approach
has spurred research into high-pressure gauges. Traditionally, this
method has been applied almost exclusively to materials where
the Cr’" ion occupies only one crystallographic position in the
host material. In contrast, in the present work, we explore the
application potential of a system where Cr** ions can occupy two
non-equivalent Mg”* positions in the MgGeO;:Cr’** compound.
The superposition of changes in the crystallographic environment
of Cr*" ions in both positions can lead to significant changes in
the luminescence intensity ratio, thereby achieving high relative
sensitivity.

2. Experimental section

Synthesis

The powders of the MgGeO;:x% Cr** (x=0.1, 0.2, 0.5, 1, 2, 5, 10)
microcrystals were synthesized using the solid-state method.
Mg(CH;CO00),-4H,0 (99.9% purity, Chempur), GeO, (99.999%
purity, Thermo Scientific Chemicals), and Cr(NO3);-9H,0
(99.99% purity, Alfa Aesar) were used as starting materials
without further purification. The stoichiometric amounts of
compounds were mixed in n-hexane and ground well in an
agate mortar three times until the n-hexane evaporated. Next,
the powders with x% molar Cr** concentration with respect
to Mg>" ions were annealed in corundum crucibles in air at
1523 K for 10 h (3 K min~* heating rate).

214Th\5 journal is © The Royal Society of Chemistry 2025
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Methods

The X-ray diffraction (XRD) patterns of the synthesized powders
were obtained using the X-ray diffractometer (D8 Advance
diffractometer, Bruker Corporation, Germany) with Cu Ko
(% = 1.5406 A) at 40 kV and 40 mA.

The morphology of the synthesized particles and the dis-
tribution of elements were examined by scanning electron
microscopy (SEM) and by energy dispersive spectroscopy
(EDS). Measurements were carried out with FEI NOVA Nano-
SEM 230 equipped with an energy-dispersive spectrometer
EDAX Genesis XM4. The powder was dispersed in a few drops
of methanol, and then a drop of the obtained suspension was
placed on the carbon stub and dried under an infrared lamp.

Scattering Raman spectra were recorded in the pressure
range from ambient pressure to 7.18 GPa in a backscattering
geometry using a Renishaw InVia confocal micro-Raman sys-
tem with a 100 mW 532 nm diode laser and an optical system
with an Olympus x20 SLMPlan N long working distance objec-
tive to focus the laser beam on the material. Raman spectra of
the compressed sample were recorded in a Diamond anvil cell
(DAC) equipped with the Ilas type, low fluorescence diamonds
in a methanol : ethanol : water (16 : 3 : 1) solution as the pressure
transmitting medium.

The pressure- and temperature-dependent emission spectra,
excitation spectra and luminescence decay profiles were mea-
sured using an FLS1000 fluorescence spectrometer (Edinburgh
Instruments), equipped with the 450 W Xenon lamp and R5509-
72 photomultiplier tube from Hamamatsu in nitrogen-flow
cooled housing as the detector. A continuous/pulse laser diode
with a wavelength of 445 nm was used as the excitation source
for measuring emission spectra and luminescence decay pro-
files, respectively. The luminescence decay profiles were fitted
using a biexponential function:

y=yo+A-exp (*}) +A4;- eXp<*tf) (1)
1

2
and the average lifetime was calculated using eqn (5):

At 4 A )
T+ Ay @
where 7, and 7, represent the luminescence decay time com-
ponents and 4; and 4, are amplitudes obtained based on the
parameters of the biexponential function.

A THMS 600 heating-cooling stage from Linkam was used to
set and control a temperature during measurements with 0.1 K
temperature stability and 0.1 K set point resolution. To stabilize
the temperature of the measured sample, it was incubated at
the set temperature for 2 min and the results were collected
after this time. A Druck PACE 5000 was used to apply pressure,
during pressure-dependent luminescence studies. The high-
pressure luminescence measurements were carried out in a
diamond anvil cell (DAC) purchased from Almax easyLab -
Diacell uScopeDAC-RT(G). The pressure in the DAC was applied
through a nitrogen-fed gas membrane. The DAC was equipped with
ultra-low fluorescence Ilas type diamonds, with 0.4 mm culets.
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A 250 um stainless-steel gasket with a diameter of 10 mm was
placed between the diamonds. A hole of 140 pm in diameter
was drilled centrally in the gasket, into which an appropriate
amount of pressure indicator, a sample and a drop of a
pressure transmitting medium (PTM) were placed. The mixture
of methanol : ethanol (4:1) was used as PTM and SrB,0,:Sm>*
was used as a pressure indicator.*’

3. Results and discussion

MgGeO; crystallizes in an orthorhombic crystal system of
the Phca (61) space group.”™* Its orthopyroxene-type structure
(a = 18.8099(12), b = 8.9484(8), ¢ = 5.3451(4) A) consists of
parallel chains of (GeO,)*” tetrahedra surrounded by Mg>*
cations (Fig. 1(a)).>*° Therefore, the Ge*" ions are located in
two inequivalent tetrahedral sites, while Mg”>* ions are sur-
rounded by six O~ ions, forming two inequivalent octahedral
sites. For Ge*'(1), Ge*(2), Mg**(1) and Mg>*(2), all metal-
oxygen distances are inequivalent, but their ranges and average
values differ slightly (Table 1). When introducing chromium
ions as dopants into MgGeO;, several possibilities for their
stabilization should be considered. The most energetically
stable oxidation state of Cr ions is 3", which is only considered

View Article Online
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Table 1 Comparison of metal—oxygen distances of crystallographic sites

in MgGeO3

Coordination Ge'"-0*"/Mg*>"-0*" Average
Atom number distance range (A) distance (A)
Ge, 4 1.704-1.787 1.744
Ge, 4 1.707-1.798 1.760
Mg, 6 2.005-2.160 2.088
Mg, 6 2.010-2.286 2.129

in octahedral sites. Therefore, Cr’* is expected to locate in the
crystallographic positions of six-fold coordinated Mg>* ions
(Fig. 1(b)). This is further justified by the smaller differences
between the Shannon effective ionic radii of Cr** (6-fold coor-
dinated, R = 61.5 pm) and Mg>* (6-fold coordinated, R =
72.0 pm) in respect to those of Cr’*and Ge*" (R = 39.0 pm),
for which the misfit parameter equals (Rmg2+viy — Rers(vn)/
RMgl"(VI) = 17.1% and (RCr3"(VI) — RGe‘”(IV))/RGe‘”(IV) = 36.6%,
respectively.®® Consideration should be also given to the stabili-
zation of Cr*", which can be located in both octahedral and
tetrahedral positions. Since the effective ionic radius decreases
with increasing oxidation state, Cr*" is not expected to occupy
the Mg>"positions, for which the misfit parameter will be even
greater than for Cr’". In addition, Cr*" ions in the octahedral

b)

S Moo

c)
3 , : : .
I MgGe0,:5% Cr*
s
= 2% Cr**
E 1% Cr*
o .
c “ ‘ ‘ 0.5% Cr**

N i -

0.1% Cr’*

I Il I . | ICSD 35533

20 40 60 BIﬂ
d) 20 ()

Fig. 1 3D-visualization of the MgGeQOs crystal structure (a) with schematically shown incorporation of Cr** ions into Mg?*-octahedra (b), XRD patterns
(c) of the MgGeOs doped with various concentrations of Cr** ions. SEM image and EDS maps for Mg, Ge, O and Cr elements forming the structure of

MgGeOsz:1%Cr** material (d).
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site do not reveal luminescence either, so they do not affect the
spectroscopic properties of the material.**®® In contrast, Cr**
ions with R = 41.0 pm are well matched to (GeO,)" tetrahedra,
for which the misfit parameter is 4.9%. However, as presented
later in this article, the broad emission band of Cr** in the near
infrared (NIR) range was not observed, suggesting that their
potential effect on the luminescence of Cr** ions is negligible.

The purity of the synthesized MgGeO; powders doped with
various concentrations of Cr’* was confirmed through XRD
analysis, comparing with a reference pattern (no. 35533) from
the Inorganic Crystal Structure Database (ICSD), as shown in
Fig. 1(c) (see also Fig. S1-S5 (ESIT) for the results of the Rietveld
refinement of the XRD patterns). The absence of additional
peaks further verifies the successful incorporation of Cr** ions
into the crystal structure of MgGeOs;. The morphology of the
MgGeO3:1%Cr** sample was examined using SEM. As can be
seen in Fig. 1, MgGeO; powders are characterized by micro-
sized crystals, forming agglomerates. The elemental maps
obtained based on the EDS analysis may indicate a uniform
distribution of all elements in the crystals at the resolution
offered using the microscope (Fig. 1(d)). However, to defini-
tively confirm the homogeneous distribution of elements at the
microscale, higher-resolution imaging is required.

The Raman scattering spectra of MgGeO; were measured to
analyze the structural stability of the investigated host material
under high-pressure conditions. The recorded Raman spectrum
for the MgGeO; material under ambient conditions presents
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several intense Raman peaks. For further analysis, we selected
six bands initially located around =340, 360, 570, 710, 860 and
880 cm " (Fig. 2(a) and (b)). In the compression process in the
system the energies of the phonon modes increase, and the
corresponding Raman mode centroids shift linearly toward
higher wavenumbers, as shown in Fig. 2(b). The observed
tendency is an effect of the bonds shortening, i.e., a decrease
of the interatomic distances in the structures under compres-
sion. During the high-pressure compression process, when the
pressure was around 5 GPa we observed the vanishing and
forming new Raman modes in recorded spectra. Disappearing
of the Raman modes at 340, 360, 710 and 800 nm and
formation of new Raman modes at 400 and 960 cm ™" is a clear
evidence of phase transformation of the synthesized MgGeOj3
material to the new high-pressure phase. The observed phase
transition is a result of transforming the orthorhombic
MgGeO; (Pbcn) crystal structure (isostructural to orthopyroxene
MgSiO;) to the monoclinic MgGeO; phase (C2/c).** Intense
Raman modes at 860-880 cm " result from the antisymmetric
(Ag) stretching while weak scattering results from symmetric
stretching (By) of the O-Ge-O bonds in the orthorhombic
phase. However, the intense vibrational Raman modes around
600 cm ™' correspond to the Ge-O stretching of the bridging
oxygen atoms (A,). Finally, the intense Raman modes (A;) at low
frequencies around 400 cm ™" originate from the Mg-O bond
stretching.®® After the phase transition to the monoclinic phase,
only intense (A;) modes were observed. The Raman modes of the

Fig. 2 Normalized Raman spectra for the MgGeOs material in compression and decompression cycles (a). Calculated peak centroids of the most
intense Raman modes as a function of pressure (b); full spheres indicate peak centroid in the compression cycle, and empty ones indicate peak centroids
in the decompression cycle; the color lines are the linear functions fitted to estimate the pressure shift rates of the Raman modes.
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high-pressure phase of the MgGeO; material also exhibit a linear
shift towards higher energies with further pressure elevation. The
calculated shift rates (in cm™" GPa™ ') for the observed Raman
modes are collected in Table S1 in the ESI{ data. The observed
decreasing signal-to-noise ratio of Raman spectra is related to the
increasing strains and formation of crystal defects in the crystal
structures under high-pressure compression. In the decompres-
sion cycle, the reverse tendency of the Raman modes spectral shift
to the initial state was observed (Fig. 2(b)). Hence, the observed
formation of the new high-pressure phase of the MgGeO; material
was reversible in the decompression cycle (elastic process). The
similar position of Raman modes and the same shape of the
spectra at ambient conditions after pressure release (compared to
the initial spectrum of the uncompressed sample), suggests
complete reversibility of the structural changes caused by com-
pression of the material under high-pressure. However, a full
reversibility of the high-pressure phase transition of MgGeO; can
be observed when pressure is released below =2 GPa in a
decompression cycle, indicating some hysteresis in the compres-
sion-decompression process, which in fact is typically observed
for such kind of experiments.

The spectroscopic properties of Cr** ions are highly sensitive
to changes in chemical features (such as variations in the host
material composition) and physical parameters (such as tem-
perature or pressure).®®®® To fully understand this behavior,
it is essential to refer to the Tanabe-Sugano diagram®® for
transition metal ions with a 3d* electronic configuration, as
well as the simplified configurational coordination diagram
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shown in Fig. 3(a). Given that the luminescence spectrum
primarily results from the radiative depopulation of the excited
state of the lowest energy, changes in the crystal field strength
acting on Cr*" ions significantly influence the shape of the
emission spectrum. In a host material of weak crystal field, “T,
is the excited state of the lowest energy, and the T, — ‘A,
electronic transitions results in a broad emission band. The
energy of the “T, level is sensitive to changes in crystal field
strength, increasing as the field strength is enhanced. At the
values of Dq/B approximately 2.1 the energy of T, is compar-
able with that of the *E level.”” Therefore in the emission
spectra of such phosphor co-existence of both broad and
narrow (corresponding to the E — A, electronic transitions)
emission bands can be observed. A further increase in the
crystal field strength elevates the energy of the T, level well
above the ’E level, leading to the observation of only a spectrally
narrow band in the Cr** emission spectrum. In the case of the
MgGeO;:Cr** compound, only broadband emission is observed,
and the shape of the emission spectrum exhibits an inhomo-
geneous broadening, suggesting the presence of more than one
emission center (Fig. 3(b)). Deconvolution of the MgGeQ;:Cr**
emission band reveals the presence of two components, con-
sistent with the previously described two positions of Mg>" ions
that can be occupied by Cr’* ions. The shape of these two
observed components indicates that a weak crystal field affects
both Mg>" sites, resulting in *T, — “A, bands with maxima
at approximately 11271 cm ™" and 12528 cm ™', which can be
attributed to Mg”*(2) and Mg>*(1), respectively. Excitation spectra
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Fig. 3 Simplified configurational coordination diagram for Cr¥* ions in Mg2*(1) and Mg?*(2) (a); room temperature emission spectra of MgGeO5:5%Cr>*
(Jexc = 445 nm) with the deconvolution of the band (b); excitation spectra of Cr** ions located in the Mg?*(1) and Mg?*(2) sites of the MgGeOz:5%Cr>*,
recorded at Jem = 750 Nm and Jem = 1000 nm, respectively (c); 7.y of Cr** in MgGeO3:5%Cr* measured as a function of emission wavelength (d);
comparison of normalized emission spectra of MgGeOz:Cr®* (e) and 1, (f) as a function of Cr®* concentration.
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measurements for each of these sites reveal bands associated with
the “A, — “T; (450 nm) and “A, — T, (~650 nm) electronic
transitions (Fig. 3(c), excitation spectra measured monitoring
various Aen, are in Fig. S6, ESIT). However, the significant differ-
ences in the positions of these band maxima indicate a variation
in crystal field strength at each site. Based on the presented
spectra, the crystal field strength parameters (Dg/B) were deter-
mined using the following equations:

E(*Ay — *Ty)

py= AT ®)
L E(*As —'T)) — E(*As — *T5)
x= D 4)
Dg  15(x—8)
B (2 —10x) 5)

where Dgq is the crystal field splitting energy and B is the Racah
parameter. The values obtained were Dg/B = 1.97 and 1.9 for
Mg”*(1) and Mg**(2), respectively. The weak crystal field affecting
the Cr*" ions at these positions results from both the length of the
Cr*-0”" bonds and the distortion of the (MgQg)'°~ octahedra.
Although for an ideal octahedron, the crystal field strength should
be inversely proportional to R® (where R represents Cr*'-0*~
distance), in this system, small differences in Dg/B values would
be expected. However, octahedral distortion significantly affects
the energies of the “T, levels for individual Mg>" sites, leading
to larger-than-expected (under Oy, symmetry) differences in the
Dg/B values. The larger Cr*"-0>~ distances for Mg>*(2) result in a
lower crystal field strength affecting the Cr*" ions. It is noteworthy
that, the dominant contribution to the emission spectrum of
MgGeO;:Cr’* comes from luminescence of Cr** ions located in
the Mg>'(1) sites, which may be related either to a higher
occupancy of the Mg?*(1) site compared to Mg>*(2), or to more
effective non-radiative depopulation of the *T, level of Cr*" at
Mg>(2) due to the lower activation energy (Fig. 3(a)). However,
temperature-dependent emission spectra measurements (Fig. 6(a)
and Fig. S7, ESIf) indicate that while luminescence intensity
gradually decreases with increasing temperature, the shape of
the emission spectrum remains largely unchanged, suggesting
similar rates of thermal quenching for both Cr*" sites. Analyzing
luminescence kinetics in the presence of two Cr’* sites is complex,
due to the contribution of the T, excited state lifetimes of both
ions in the luminescence decay profile. Nevertheless, measure-
ments of luminescence decay curves as a function of emission
wavelength clearly show that at 4., ~ 720 nm, exponential decay
is observed, which shortens and deviates from exponentiality as
the emission wavelength increases (Fig. 3(d) and Fig. S8, ESIt). On
the other hand, for emission wavelengths above Ze;, = 930 nm,
exponential decay is again observed but with a shorter decay
constant. For comparative analysis, the average lifetime of Cr**
ions (ta,) was determined according to the procedure described
in the Experimental section. The results show that as the detection
wavelength increases from 720 to 930 nm, the average lifetime
shortens from approximately 42 ps to 17 ps (Fig. 3(d)). Since these
extreme T,, values correspond to emission wavelengths

218Th\5 journal is © The Royal Society of Chemistry 2025
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dominated by contributions from Mg>'(1) and Mg”*(2), respec-
tively, the obtained values of 7,,, can be directly attributed to the
T, state of Cr*" in these sites. Significantly, an increase in the
concentration of Cr*" ions has only a slight effect on the position
of the band maximum, which shifts from 796 nm for 0.1% Cr*" to
803 nm for 5% Cr’* (Fig. 3(e)). The observed changes result from a
slight broadening of the emission band on the longer-wavelength
side of the spectrum, which may indicate that an increase in Cr**
ion concentration leads to a successive increase in occupancy of
the Mg?*(2) site by Cr*" ions with respect to Mg>*(1). However, this
difference is marginal. Additionally, an increase in the Cr’*
concentration results in a slight shortening of the t,, from
52 ps for the sample with 0.1% of Cr*" to 42 ps for 5% of Cr*",
which is associated with an increased contribution of the short-
lived component of Cr** ions in Mg>*(2) with respect to the Cr*" in
Mg>*(1) (Fig. 3(f) and Fig. S9, ESIf). The fact that broadband
emission of Cr** ions is observed for both Mg>" sites is extremely
advantageous from a manometric perspective.

As described above, changes in the strength of the crystal
field acting on Cr*" ions affect the energy of the *T, level. This
change can be induced not only by altering the chemical
composition of the host material but also by varying the applied
pressure. Compression of the material typically leads to a
reduction in the Cr**-0®" distance, resulting in an increase
in the crystal field strength. Consequently, for broadband
phosphors based on Cr** ion emission, an increase in the T,
level energy is expected with increasing pressure, leading to a
blueshift in the emission band. The increase in pressure
significantly modifies the shape of the Cr’" ion emission
spectrum of MgGeO;:Cr’* (Fig. 4(a)). As clearly shown in
Fig. 4(a), a successive shift of the emission band towards higher
energies is observed, and the band associated with the T, —
A, transition of Cr*" in the Mg”*(2) site, in respect to the
Mg>*(1) site becomes more prominent, resulting in a distinct
distortion of the emission spectrum compared to that mea-
sured at ambient pressure. Deconvolution of the obtained
emission bands of the MgGeO;:Cr*" enables qualitative analy-
sis of pressure-induced changes. Each of the “T, — *A, bands
of Cr** ions undergoes a shift toward higher energies; however,
analysis of the energy corresponding to the band maxima
indicates that greater changes occur for Cr*" in the Mg>*(1)
site (shift from 12 527 cm™ " at ambient pressure to 13 887 cm ™"
at 7.5 GPa) than for the Mg>*(2) site (shift from 11320 cm ™' to
12088 cm ™' at 7.5 GPa) (Fig. 4(b)). This difference is particu-
larly evident when the change in energy of the band maximum
(AE) is plotted as a function of the applied pressure (Fig. 4(c)).
A monotonic change of nearly 1400 cm ' is observed for
Mg>*(1), compared to a change of about 600 cm™* for Mg**
(2) in the analyzed pressure range. This result indicates that
compression has a greater effect on the Cr*" environment in
Mg>*(1) with respect to Mg>*(2). However, in the 4-5 GPa
pressure range some small deviation can be observed which
is most probably related to the described above reversible phase
transition. The absence of significant changes in the rate of
shift of the emission band maximum with increasing pressure,
suggests that compression of MgGeO;:Cr** within the analyzed
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Fig. 4 Normalized emission spectra of MgGeO3z:5%Cr’* measured at room temperature as a function of pressure with the deconvolution (a); energy of
the maxima of the emission bands of Cr** at the Mg?*(1) and Mg?*(2) sites as a function of pressure (b) and corresponding change in its energy AE (c);
Sa as a function of pressure (d); change in the emission intensity of Cr* at the Mg®*(1) and Mg2*(2) sites as a function of pressure (e); pressure

dependence of LIR; (f) and the corresponding relative sensitivity Sg (g).

pressure range does not induce irreversible structural changes.
Importantly, upon decompression, the emission spectra of
MgGeO;:Cr*" return to their original shape. The rate of these
band maximum shifts is often quantified by determining the
absolute sensitivity (S,), which is calculated as follows:

AE AL
SA,p:A—p or Ap (6)

For MgGeO5;:Cr**, the monotonic variation of the Cr*" ion band
maximum for both sites results in relatively constant S, values,
changing from 105 cm™" GPa™ ' to 197 cm™ ' GPa™ ' from Mg>*(2)
to Mg>*(1), respectively (Fig. 4(d)). The obtained S, values are
consistent with expectations and do not significantly differ from

4230 | J Mater. Chem. C, 2025,13, 4224-4235

those obtained for other Cr**-doped materials."” As previously
noted, the compression of the MgGeO5:Cr** structure also leads to
changes in the relative intensity of the emission bands corres-
ponding to Cr*" ions at different sites. Deconvolution of the
emission bands of MgGeOs;:Cr’* indicates that as pressure
increases, the emission intensity of Cr** ions in Mg>*(2) increases
across the entire analyzed range of pressures (Fig. 4(e)). However,
between 4 and 5 GPa, a slight decrease in the growth rate is
observed, with the total increase in intensity nearly doubling. The
opposite effect is observed in the case of Mg”**(1), where the
emission intensity decreases slightly, and a flattening of the curve
is observed between 4 and 5 GPa. The observed effects agree well
with Raman data, and they are associated with the discussed
reversible phase transition of magnesium germanate, from the

This journal is © The Royal Society of Chemistry 2025219
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orthorhombic phase to the monoclinic phase. The difference in
the monotonicity of the observed changes in the luminescence
intensities of Cr’* ions at different sites with varying pressure
enables the development of a ratiometric luminescence man-
ometer. In this case, the luminescence intensity ratio (LIR) of
Cr’" in Mg?*(2) to Mg>*(1) serves as the manometric parameter,
defined as:

LIR, = S @Mg™ (2) )

Crit@Mg2t (1)
In this scenario, LIR; increases from 0.6 at ambient pressure to
approximately 1.4 at 6.93 GPa (Fig. 4(f)). The mentioned flattening
in intensity changes observed between 4 and 5 GPa for both Cr**
sites results in minimal LIR; changes within this pressure range.
A quantitative description of the rate of LIR change can be
obtained by determining the relative manometric sensitivity
(Swr,p), defined as:

1 ALIR

— 2R 100 g
Re =TIR ap ~ 100% (8)

El)lf |

2 |3 I:.
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The determined Sk, values indicate that the maximum
relative sensitivity of 22% GPa ' is obtained at around 1.5
GPa (Fig. 4(g)). Significantly, this relative sensitivity does not
fall below 4% GPa™ ' across the entire analyzed pressure range.

As demonstrated, the deconvolution of emission spectra can
be effectively employed for ratiometric pressure readout. However,
the deconvolution process can complicate the pressure readouts
and generate challenges. Moreover, it is based on the entire
emission spectrum analysis, which can significantly impede the
surface imaging of pressure changes by requiring point-by-point
emission spectra measurements across the analyzed region.
To overcome these difficulties, a recently proposed ratiometric
approach leverages spectral shifts in the emission band by
analyzing the ratio of integrated intensities within two spectral
regions. This method allows for the development of rapid pres-
sure distribution maps by simply obtaining the quotient of
luminescence images collected using appropriate bandpass fil-
ters. To evaluate the efficacy of this approach for the MgGeO,:Cr**
system, we analyzed the pressure-induced changes in emission
intensity across four spectral ranges highlighted in Fig. 5(a).
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Fig. 5 Normalized emission spectra of MgGeO3:5%Cr** as a function of applied pressure (a), pressure dependence of emission intensities integrated in
the spectral regions marked in (a) (b); and pressure dependencies of LIR,, LIRs and LIR4 (c) with corresponding Sk values as a function of pressure (d).
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The spectral width of these ranges, set at 10 nm, was selected to
correspond with the typical ranges used for optical bandpass
filters. The previously described blueshift of the Cr*" emission
band with increasing pressure results in an increase in emis-
sion intensity in the I; and I, regions and a decrease in the
intensity in the I; region. The smallest pressure-induced
changes are observed in the I, spectral range. A detailed
analysis of emission intensities in these ranges revealed that
in the I; range, the intensity increases monotonically by up to
14 times, in respect to the value recorded at ambient pressure,
while the I, range exhibits only a 5-fold increase in the
corresponding pressure range (see Fig. 5(b)). Conversely, the
intensity in the I; range decreases to 75% of its ambient
pressure value, and the I, intensity remains relatively stable
across the entire pressure range analyzed. The differences in
the monotonicity of emission intensities across these ranges as
a function of applied pressure enable ratiometric pressure
measurement. Therefore, the following LIRs were proposed:

680nm
LIRz __ J670nm (4T2 —_ 41A2)d)L
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~ 820nm
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720nm
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T 920nm 4 4 ,
910nm( T2 - Az)dﬂ

(11)

In the case of all proposed LIRs, an increase in value is
observed across the entire range of pressures analyzed
(Fig. 5(c)). The largest changes are observed for LIR,, which
increases by more than 18 times, compared to a 7-fold increase
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for LIR; and a 5-fold increase for LIR,. The monotonic changes
of all LIR parameters across the entire pressure range confirm
the viability of using each of these parameters for pressure
measurement. The difference in the rate of the pressure
induced change in LIRs is reflected in their relative manometric
sensitivities (Fig. 5(d)). The highest sensitivities across almost
the entire pressure range studied are observed for LIR,,
with Sg pmax = 62% GPa ' at 4.8 GPa. For LIR;, the maximum
Swr,p value of 40% GPa ' is obtained at 1.5 GPa, while for LIR,,
it reaches 43% GPa™'. Notably, for LIR,, the Sg, values from
ambient pressure to 6.2 GPa exceed the maximum value of LIR,
(based on deconvolution). Although only a few luminescent
manometers revealed higher sensitivity to pressure changes”"”>
than that observed for MgGeO;:5%Cr>*, they emit in the NIR
range above 900 nm. Therefore, their usage for pressure readout
imposes the requirement for the use of NIR detectors whose cost
is significantly higher compared to detectors operating in the Vis.
Hence, MgGe0;:5%Cr’" with an emission overlapping the detec-
tion range of conventional CCDs is an extremely interesting
alternative for reducing the cost of temperature readings.

To ensure that pressure can be accurately measured using
luminescence manometry, it is crucial to ensure that the
manometric parameter is minimally sensitive to changes in
other factors, with temperature being the most significant.
To assess the effect of temperature on the manometric proper-
ties of MgGeO;:5%Cr’”, its emission spectra were measured as
a function of temperature in the range of 83-673 K (Fig. 6(a),
temperature-dependent emission spectra for MgGeO; doped
with various Cr*" content are shown in Fig. S7, ESIT). As expected,
an increase in temperature leads to a progressive decrease in
emission intensity, an effect resulting from the thermal crossing
of the intersection point between the “T, and “A, parabolas by
electrons, the probability of which increases with the thermal
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Fig. 6 Emission spectra of MgGeOz:5%Cr* measured as a function of temperature (a); and thermal dependence of integral emission intensity of Cr*
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energy supplied. Importantly, a comparison of the normalized
emission spectra measured at 83 K and 653 K clearly shows that
the shape of the MgGeO;:5%Cr*>" emission spectrum remains
unchanged. This is a direct evidence that the rate of thermal
depopulation of the *T, levels of Cr** ions in the Mg®'(1) and
Mg>*(2) sites is very similar. To determine the activation energy,
the thermal variation of the integral emission intensity of Cr**
ions in MgGeO,:Cr’* was analyzed (Fig. 6(b)). The activation
energy value (E, equals 594 cm ™" below 430 K, and 1820 cm '
at higher temperatures) is typical for materials doped with Cr**
ions in a weak crystal field. Based on the obtained emission
spectra, the thermal dependencies of LIR,, LIR;, and LIR, were
determined, all showing a similar trend (Fig. 6(c)). An increase in
temperature from 83 K to approximately 513 K results in a slight
(about 15%) monotonic increase in LIR; values. However, above
this temperature, the LIR; values begin to increase more rapidly.
This effect may suggest that at very high temperatures, a differ-
ence in the rate of thermal quenching between Cr** ions located
at Mg**(1) and Mg?*(2) sites becomes apparent or that thermally
induced energy transfer occurs between them. Based on the
thermal dependence of LIR;, relative thermal sensitivities were
determined according to the following equation:

1 ALIR

SR.T
For all LIR, the relative sensitivities obtained remain below
0.5% K ' in the range of 83 to 513 K (Fig. 6(d)). Above this
temperature, Sk v values increase, reaching a maximum of around
613 K. However, clear differences in Sgr values are observed
among the different LIR;. The highest Sk values were observed
for LIR,, with Sgr = 0.41% K" at 300 K and Sg rmax = 0.75% K.
In the case of LIR; and LIR,, thermal sensitivities reached
0.17% K ' and 0.08% K " at 300 K, with Sgrmax = 0.33% K"
and 0.27% K ', respectively. According to standards set for
luminescence thermometry, these Sg,r values for the ratiometric
approach are relatively low, making it challenging to use such
material for remote temperature sensing, which is beneficial for
temperature-invariant pressure determination. To quantify this
thermal dependence, the thermal invariability manometric factor
(TIMF) was determined as follows:”*

Srp

TIMF = (13)

RT
The value of this parameter indicates the number of degrees by
which the system’s temperature must change to produce LIR
changes equivalent to a pressure change of 1 GPa. A high TIMF
value suggests low thermal sensitivity of the luminescence man-
ometer, which is desirable from an application perspective. Low
thermal relative sensitivity values for the LIR, result in the highest
TIMF values throughout most of the analyzed pressure range
(up to 5.5 GPa), with a maximum of 577 K GPa ' at 0.66 GPa
(Fig. 6(e)). For the LIR;, the TIMF value reveals a slight variation
up to 5.5 GPa, oscillating around 200 K GPa*, while for LIR,, the
TIMF oscillates around 100 K GPa™'. The comparison of the
obtained results with TIMF = 52 for ruby clearly confirms that
MgGeO;:5%Cr*" reveals promising manometric performance.

222Th\5 journal is © The Royal Society of Chemistry 2025
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This comparison indicates that although the highest mano-
metric relative sensitivity was obtained for LIR,, using LIR, as a
manometric parameter is more advantageous for achieving
high insensitivity to temperature changes. Of course, in applica-
tions where the system’s temperature is strictly controlled, the
thermal variability of LIR; is less critical, and in such cases, using
LIR, is most advantageous. However, it is important to consider
that in luminescence-based measurements, the optical heating of
the phosphor can lead to a local increase in the temperature of the
luminescence manometer. For this reason, low optical excitation
power densities are recommended for pressure sensing.

4. Conclusions

In this study, the spectroscopic properties of Cr’" ions in
MgGeO;:Cr*" were investigated as functions of pressure and
temperature to evaluate the performance of a lifetime-based
and ratiometric luminescence manometer. In the MgGeO; host
material, Cr** ions occupy two non-equivalent crystallographic
sites of Mg®" ions, each contributing distinct optical responses.
As demonstrated, the emission spectrum of MgGeO5:Cr’" is a
superposition of bands arising from the *T, — *A, electronic
transitions of Cr** ions located at the Mg®*(1) and Mg>*(2) sites.
The difference in the rates of energy change of the *T, level of
Cr’" ions under compression at these crystallographic positions
results in notable variations in both the spectral position and
shape of the MgGeO;:Cr’" emission spectrum. At ambient
pressure, the emission spectrum is predominantly influenced
by Cr** ions at the Mg?*(1) site, which exhibit a greater rate of
spectral position change under compression compared to
those at the Mg”*(2) site (105 cm™* GPa ' for Mg>*(2) and
197 ecm ™' GPa " for Mg**(1)). Consequently, the ratio of lumines-
cence intensities of these Cr** ion emission bands, derived from
deconvolution, enables the development of a ratiometric lumines-
cence manometer with a maximum sensitivity of 22% GPa .
However, the requirement for deconvolution in this readout mode
can complicate pressure measurements. Therefore, the present
work proposes an alternative approach using luminescence inten-
sity ratios (LIRs) in two spectral ranges of the MgGeO,:Cr**
emission spectrum. Depending on the spectral range employed,
manometric sensitivity values range from 62% GPa " at 4.8 GPa
for LIR, to 40% GPa ' for LIR,. Despite the lower manometric
relative sensitivity, LIR, demonstrates reduced thermal variability,
yielding TIMF values of 577 K GPa™" at 0.66 GPa compared to
100 K GPa™' for LIR,. Notably, this study introduces the first
ratiometric luminescence manometer exhibiting multisite lumi-
nescence of Cr’* ions. Unlike previously reported luminescence
manometers exploiting this approach, the MgGeO3:Cr*" emission
range overlaps with the detection range of CCD detectors.
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Table S1. Estimated peak centroids of the main Raman modes at pressure values when start to be visible,

and the corresponding pressure shift rates of the Raman modes for the MgGeO; material.

Peak centroid (cm™) Shift rate (cm''/GPa)
~340 3.80+0.12
~360 2.67 £0.09
~400 3.77+£0.25
=570 494 £0.16
=710 331+0.11
~860 446 +£0.23
~880 477 £0.19
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~960

4.10+0.24

MgGeO;:0.1%Cr**

Global Parameters

Number of used phases:

Number of variables:

Number of constraints:

Zero shift/ °2Theta:

Specimen displacement/ mm :
Profile function:

Background:

R (expected)/ %:

R (profile)/ %:

R (weighted profile)/ %:

GOF:

d-statistic:

U standard:

V standard:

W standard:

U Left:

V Left:

W Left:

U Right:

V Right:

W Right:

Asymmetry Type:

Asymmetry 1:

Asymmetry 2:

Shape Type:

Shape 1 Left:

Shape 2 Left:

Shape 3 Left:

Shape 1 Right:

Shape 2 Right:

Shape 3 Right:

K al/a2 intensity ratio:

K alpha/beta intensity ratio:
Crystal Shape Factor K:
Instrumental FWHM Curve Type:
Instr. Gauss Curve Coefficient A:
Instr. Gauss Curve Coefficient B:
Instr. Gauss Curve Coefficient C:
Instr. Lorentz Curve Coefficient A:
Instr. Lorentz Curve Coefficient B:
Instr. Lorentz Curve Coefficient C:

1

14

0

0,000000
-0,157(1)
Pseudo Voigt
Polynomial
0,19313
1,87123
3,21522
277,16500
0,65523
0,000000
0,000000
0,010000
0,000000
0,000000
0,010000
0,000000
0,000000
0,010000
No Asymmetry Function
0,000000
0,000000
Shape Individual
0,600000
0,000000
0,000000
0,600000
0,000000
0,000000
0,500000
0,000000
1,0000
Caglioti function
0,0045(5)
-0,0032(9)
0,0046(3)
0,0062(7)
-0,004(1)
0,0064(5)

Relevant parameters of 35533-1CSD, MgGeO3, Pbca

Structure and profile data:
Formula sum:

Formula mass/ g/mol:

Density (calculated)/ g/cm3
F(000):
Weight fraction/ %:
Space group (No.):
Lattice parameters:
al A:
b/ A:
c/ A:
alpha/ °:
beta/ °:
gamma/ °:
V/ 106 pm3
Overall displacement parameter:
Extinction:
Flat Plate Absorption Correction:
Porosity:

Mg 6:000¢16:00048-00
2318,2910

42745

1088,0000

100,000000
Pbca(6l)

18,8091(5)
8,9588(2)
5,3438(1)
90

90

90

900,47090
0,000000
0,000000
0,000000
0,000000



Roughness:
Fitting mode:
U Left:
V Left:
W Left:
Preferred orientation direction/ hkl:
Preferred orientation parameter:
Asymmetry parameter 1:
Asymmetry parameter 2:
Peak shape:
parameter 1 Left:
parameter 2 Left:
parameter 3 Left:
R (Bragg)/ %:

0,000000
Structure Fit
0,034(7)
-0,010(6)
0,014(1)

0,00 0,00 1,00
1,000000
0,000000
0,000000

0,65(1)
0,000000
0,000000
2,27669

Occupancy, atomic fract. coordinates and Biso for 35533-1CSD, MgGeO3, Pbca

Atom Wyck. s.o.f.  x y

z B/ 10" pm"2

Mgl 8c 1,000000 0,123360

0,656530 0,851890 0,000000
0,488820 0,343520 0,000000

Mg2 8c 1,000000 0,122190

Gel 8&c 1,000000 0,027800 0,339590 0,805350 0,000000
Ge2 8&c 1,000000 0,229070 0,345090 0,041410 0,000000
O1 8c 1,000000 0,935450 0,338430 0,814780 0,000000
02 8c 1,000000 0,069360 0,488810 0,670450 0,000000
O3 8c 1,000000 0,055450 0,319810 0,125190 0,000000
04 8c 1,000000 0,320480 0,340070 0,021910 0,000000
05 8&c 1,000000 0,187680 0,514400 0,033320 0,000000
06 8&c 1,000000 0,193260 0,289580 0,336850 0,000000
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Figure S1. Rietveld refinement of XRD pattern of MgGeO;:0.1%Cr3".
MgGe03:0.5%Cr3"
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Global Parameters

Number of used phases:

Number of variables:

Number of constraints:

Zero shift/ °2Theta:

Specimen displacement/ mm :
Profile function:

Background:

R (expected)/ %:

R (profile)/ %:

R (weighted profile)/ %:

GOF:

d-statistic:

U standard:

V standard:

W standard:

U Left:

V Left:

W Left:

U Right:

V Right:

W Right:

Asymmetry Type:

Asymmetry 1:

Asymmetry 2:

Shape Type:

Shape 1 Left:

Shape 2 Left:

Shape 3 Left:

Shape 1 Right:

Shape 2 Right:

Shape 3 Right:

K al/a2 intensity ratio:

K alpha/beta intensity ratio:
Crystal Shape Factor K:
Instrumental FWHM Curve Type:
Instr. Gauss Curve Coefficient A:
Instr. Gauss Curve Coefficient B:
Instr. Gauss Curve Coefficient C:

Instr. Lorentz Curve Coefficient A:
Instr. Lorentz Curve Coefficient B:
Instr. Lorentz Curve Coefficient C:

1

14

0

0,000000
-0,098(1)
Pseudo Voigt
Polynomial
0,19064
1,96927
3,36953
312,39200
0,66770
0,000000
0,000000
0,010000
0,000000
0,000000
0,010000
0,000000
0,000000
0,010000
No Asymmetry Function
0,000000
0,000000
Shape Individual
0,600000
0,000000
0,000000
0,600000
0,000000
0,000000
0,500000
0,000000
1,0000
Caglioti function
0,0045(5)
-0,0032(9)
0,0046(3)
0,0062(7)
-0,004(1)
0,0064(5)

Relevant parameters of 35533-1CSD, MgGeO3, Pbca

Structure and profile data:
Formula sum:

Formula mass/ g/mol:

Density (calculated)/ g/cm3
F(000):
Weight fraction/ %:
Space group (No.):
Lattice parameters:
al A:
b/ A:
c/ A:
alpha/ °:
beta/ °:
gamma/ °:
V/ 106 pm3
Overall displacement parameter:
Extinction:
Flat Plate Absorption Correction:
Porosity:
Roughness:
Fitting mode:
U Left:
V Left:
W Left:

Preferred orientation direction/ hkl:

Preferred orientation parameter:
Asymmetry parameter 1:

Mg 6:000¢16:00048:00
2318,2910

4,2746

1088,0000

100,000000
Pbca(6l)

18,8114(5)
8,9575(2)
5,3439(1)
90

90

90

900,45860
0,000000
0,000000
0,000000
0,000000
0,000000
Structure Fit
0,034(8)
-0,010(6)
0,014(1)
0,00 0,00 1,00
1,000000
0,000000



Asymmetry parameter 2:
Peak shape:

parameter 1 Left:
parameter 2 Left:
parameter 3 Left:

R (Bragg)/ %:

0,000000

0,66(1)
0,000000
0,000000
2,53705

Occupancy, atomic fract. coordinates and Biso for 35533-1CSD, MgGeO3, Pbca

Atom Wyck. s.o.f.

X y

z B/ 104 pm”2

Mgl 8c 1,000000
Mg2 8c 1,000000
Gel 8&c 1,000000

Ge2 8 1,000000
01 8&c 1,000000
02 8&c 1,000000
03 8&c 1,000000
04 8c 1,000000
05 8c 1,000000
06 8c 1,000000

{

Counts |

0,123360
0,122190
0,027800
0,229070
0,935450
0,069360
0,055450

0,320480

0,187680

0,193260
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0,338430 0,814780 0,000000
0,488810 0,670450 0,000000
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Figure S2. Rietveld refinement of XRD pattern of MgGeO;:0.5%Cr3".
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Specimen displacement/ mm :
Profile function:
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Occupancy, atomic fract. coordinates and Biso for 35533-1CSD, MgGeO3, Pbca
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Figure S3. Rietveld refinement of XRD pattern of MgGeO;:1%Cr3".
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Number of variables:
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R (profile)/ %: 2,05567

R (weighted profile)/ %: 3,66397
GOF: 351,04610
d-statistic: 0,56927

U standard: 0,000000
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K al/a2 intensity ratio: 0,500000
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Crystal Shape Factor K: 1,0000
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Instr. Gauss Curve Coefficient A: 0,0045(5)
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Density (calculated)/ g/cm3 42742
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Atom Wyck. s.0o.f. x y z B/ 10" pm”2
Mgl 8c 1,000000 0,123360 0,656530 0,851890 0,000000

232



Mg2 8c
Gel 8c
Ge2 8c

01
02
03
04
05
06

8c
8c
8c
8c
8c
8c

Counts

1500000 _|MGO=_2_10-90-‘Ih
1000000 |

500000 —

200000

100000 Lh ;

8] —m‘.mﬂ-\'&.*-'"—'l—"-d - F'
-100000 | G R
-200000 |

1,000000 0,122190

1,000000 0,027800 0,339590
1,000000 0,229070 0,345090
1,000000 0,935450 0,338430
1,000000 0,069360 0,488810
1,000000 0,055450 0,319810
1,000000 0,320480 0,340070
1,000000 0,187680 0,514400
1,000000 0,193260 0,289580

Y "'7‘?” f WWVWYYW'@H?..W i
| I HEE BRI BE ;:;:':‘{:‘; R

0,488820 0,3

43520 0,000000

0,805350 0,000000
0,041410 0,000000
0,814780 0,000000
0,670450  0,000000
0,125190 0,000000
0,021910 0,000000
0,033320  0,000000
0,336850  0,000000

.35533—ICSD, MgGeQO3, R

bca|100,0 %

! JWMLMJ\LMMMLM

L B e T B B S L B
40 50 60 70 80

Position [2Theta] (Copper (Cu))

AT TR TR TR TR TR BT A AT AT Clahad 2l

Figure S4. Rietveld refinement of XRD pattern of MgGeO;:2%Cr3".
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U Left: 0,000000

V Left: 0,000000

W Left: 0,010000

U Right: 0,000000

V Right: 0,000000

W Right: 0,010000
Asymmetry Type: No Asymmetry Function
Asymmetry 1: 0,000000
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Crystal Shape Factor K: 1,0000
Instrumental FWHM Curve Type: Caglioti function
Instr. Gauss Curve Coefficient A: 0,0045(5)

Instr. Gauss Curve Coefficient B: -0,0032(9)
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Instr. Lorentz Curve Coefficient A: 0,0062(7)

Instr. Lorentz Curve Coefficient B: -0,004(1)

Instr. Lorentz Curve Coefficient C: 0,0064(5)

Relevant parameters of 35533-ICSD, MgGeO3, Pbca

Structure and profile data:

Formula sum: Mg, 6,OOGe1 6’00048’00
Formula mass/ g/mol: 2318,2910
Density (calculated)/ g/cm? 42735
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Weight fraction/ %: 100,000000
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beta/ °: 90
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U Left: 0,04(1)
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Asymmetry parameter 1: 0,000000
Asymmetry parameter 2: 0,000000
Peak shape:
parameter 1 Left: 0,63(2)
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parameter 3 Left: 0,000000
R (Bragg)/ %: 2,83244
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Figure S6. Room-temperature excitation spectra as a function of A, for the MgGeO;:5%Cr** (Aexe =

445 nm).
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Figure S5. Rietveld refinement of XRD pattern of MgGeO;:5%Cr3".
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Figure S7. Temperature-dependent emission spectra for the MgGeO; doped with various Cr3*
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