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1. The objectives of the dissertation

Temperature and pressure, as important and fundamental physical variables, influence all
physicochemical processes in natural and engineered systems, ranging from macroscopic
environments, micron- and nano-sized spaces, to the interactions between molecular, ions and
atoms. Therefore, the precise determination of temperature and pressure is very important in not
only scientific research, but also for industrial manufacturers. The main aim of the dissertation was
to investigate whether the carefully designed SrB4O7 and BaTiOz host matrices combined with
selected lanthanide ions enable the design of a luminescent manometer and a nonlinear optical
thermometer with excellent sensing performances. The choice of the oxide matrix host is to ensure
high chemical stability of the composition structure in a given temperature and pressure range.

The idea of using the inter-configurational 5d-4f transition for optical thermometry and
manometry is related to the fact that the interaction of the crystal field with 5d-electrons is ~50
times more intense than with 4f electrons, resulting from the electrons in the 5d orbitals being
exposed directly to the external environment. In order to find a suitable host, we explore the
influence of the borate matrix on the PL properties, as well as the stabilization of Eu?*, in order to
find the best matrix host for Eu?*, which are presented in article Al. Moreover, | investigated the
energy transfer process in a Sm?*-Eu?* co-doped SrB4Oy7 system (host with the best stabilization
of Ln?*) and use the ET for enhancement of the Sm?* pressure sensing signal, as shown in article
A2. Subsequently, the HP-enhanced 4f-4f transition of Eu?* for use in high pressure sensing was
explored, as demonstrated in article A3. Finally, | successfully stabilized the Tm?* ion in SrB4Oy7
and used it as a bifunctional platform for both temperature and pressure sensing, as presented in
article A4.

Importantly, the idea of non-linear optical thermometry is inspired by the observation of the
SHG signal as well as the intense UCL in the BaTiO3 material doped with Er¥*-Yb3* or Ho®*-Yb®",
as presented in articles A5 and A6. SHG is a polarization-sensitive, instantaneous nonlinear optical
process that is very sensitive to the change in symmetry of materials (between centrosymmetric
and non-centrosymmetric structure). With increasing temperature, different phase transitions of
BaTiOg, especially cubic to tetragonal, lead to interesting spectroscopic changes in both SHG and
UCL, leading to the feasibility of nonlinear optical thermometry using the band intensity ratio of

SHG/UCL as a thermometric parameter.
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3. State of the art

3.1. Basic knowledge about Ln ions

In the past, nowadays, and probably in the future, rare-earth ions had been, are and will be an
important part in development of science and technology and our life, from material sciences,
medical/biological applications, advances in green technology, sustainable chemistry, to quantum
computing. Due to the unique features of the intra-configurational 4f-4f transitions, Ln®* ions (e.g.,
Er¥*, Tm3*, Ho®") have been applied as effective and irreplaceable dopants, endowing the host
matrices various optical, electronic, and magnetic properties.[* 8 Currently, Ln based luminescent
materials are used in various fields: I) lighting industry, that is the design and engineering of
phosphors, solid-state lighting, white light-emitting diode (LED), electroluminescent materials for
organic-LED; I1) solar cells, optoelectronic devices; 1l1) photocatalysis, green chemistry; V)
optical fibres for telecommunications; V) plant-growth lamp for agricultural purpose; VI)
biological assays and medical imaging purposes, e.g., bio-marker, photodynamic therapy; VII)
optical sensing techniques of temperature and pressure, other sensing techniques,
anticounterfeiting, etc (see Figure 1a). The assembly of the family of 17 almost-indistinguishable
lustrous silvery-white soft heavy metal elements, i.e., the 15 f-electron Ln elements from the sixth
period, from lanthanum to lutetium, along with transition metals scandium (Sc) and yttrium (),
are called rare-earth elements. And the name of “rare-earth” is originated from the rareness of
these minerals in nature. In particular, Y and Sc are considered to be rare-earth elements due to
the presence of the same ore deposits as Ln, moreover, they also show similar chemical features
(e.g., Y has the same ionic radius as Ho), but different electronic and magnetic properties.[’! In
general, enabled by the intra-configurational 4f-4f and inter-configurational 4f-5d transitions
within Ln ions, Ln doped materials shows different optical features depending on the emission

wavelength, emission/excitation band shape, luminescence lifetime, etc.

17


https://en.wikipedia.org/wiki/Heavy_metals
https://en.wikipedia.org/wiki/Ore
https://en.wikipedia.org/wiki/Magnetic_properties

Bio-markers/label, bio- E,
detection, photodynamic

® @== © @g,«g‘[‘
— ‘§

\
/\

Q Q

R 3

b < <

1~ —_0

§ M| s £

JHEECEEER L 5 5
BRERERRE K £f 3 T
S -, o [}

- -~ -~

£ £

©

Figure 1. (a) The various application fields of Ln-doped phosphors. (b) Schematic diagram
presenting four different categories of electronic transition in optically active inorganic compounds
based on Ln ions, i.e., inter-lanthanide transition, intra-lanthanide transition, interband transition

and charge transfer.

Luminescent materials based on Ln ions have been developed over decades and have
passed many millstones.[®! The word “luminescence” is invented by Eilhardt Wiedemann, a
German physicist, in order to characterize the emission of light that is not conditioned/influenced
by elevated temperature.[®] After that, the Ln doped materials begin to develop. The discovery of
the highly emissive Y20s:Eu®* material opens the gate of the Ln-based materials, which are the
crucial source of phosphors for cathode-ray tubes and fluorescent lamps, still intensively exploited.
Another breakthrough came with the discoveries of the neodymium YAG (Yttrium Aluminium
Garnet) lasers in 1964, which later become an important source of lasers. In 1987, the Er-doped
optical fibres were developed, which significantly accelerate the development of optical
telecommunications. In the mid-1970s, Finnish researchers developed Eu®* and Th** (later also
Sm* and Dy*') polyaminocarboxylates and p-diketonates as bio-probes in time-resolved
luminescent immunoassays, which had a huge impact at that time. This new technology was
further developed, largely promoting the development of the applications of Ln luminescent bio-
probes in many fields of biological systems. And nowadays, Ln-doped materials have found

applications in various fields, not only in many aspects of our daily life and industrial development.

In case of Ln series, the inner-shell (intra-configurational) 4f-4f transitions of the Ln* are

forbidden by the Laporte selection rules, resulting in long radiative lifetimes (in the range of micro-
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and milliseconds). Whereas, the sharp/narrow character of the absorption and emission lines of
Ln3* jons is due to the fact that the 4f electrons (orbitals) are shielded by the 5s and 5p® ones,
resulting in relatively low sensitivity to the crystal-field effects. Thus the emission characteristics
do not vary significantly in different chemical environments, in which the Ln®* ions are inserted. "]
Moreover, luminescence of Ln®* ions is also characterized by the appearance of emission lines in
the UV, visible and NIR ranges, excellent photo-stability of the materials containing Ln*" ions,

absence of background auto-fluorescence, etc.

There are four basic types of electronic transitions that occur in Ln doped inorganic
materials, i.e., inter-lanthanide transition, intra-lanthanide transition, interband transition and
charge transfer, as shown in Figure 1b. The inter-lanthanide transition is based on the electron
transfer between any dual Ln ions adjacently doped in the host matrices, while the intra-lanthanide
transition is a process by which an electron is excited from the Ln’s occupied 4f orbitals to its
unoccupied 4f or 5d orbitals. In addition, the interband transition is related to the process by which
an electron is excited from the top of the valence to an exciton state, i.e., transitions to the
conduction band and the photoionization effect. Charge transfer refers to transfer of electrons
between the dopant and the host, usually from O? (or from S%) to Ln** (or Ln**). Not all transitions
are allowed since they must obey the Laporte’s selection rule and others (see Table 1). The so-
called ‘‘forbidden’’ and ‘‘allowed’’ transitions are, as a matter of fact, not completely allowed or
forbidden, namely, a forbidden transition has a low probability and an allowed transition a high
probability of occurrence. This is due to that the selection rules for electron transitions are derived
based on several conditions and hypotheses, in the case of Ln ion doped materials, which are not
always completely fulfilled (the 4f wavefunctions are not totally pure, as there is some admixing
of the 5d states, the so called “J-J mixing”). When the Ln®" ions are doped into a chemical
environment, due to the crystal-field (ligand-field) effect, the (2J+1)-degenerate J-level are split
into Stark sub-levels. The number of the corresponding Stark sub-levels is related to the site
symmetry of the transition metal ion in the inorganic matrix host. The different spectroscopic
properties of the different Ln ions, the emission of which varies from the UV to NIR region, are
originated from their various ladder-like energy level structure. The typical PL emission spectra
of Ln complexes in liquid solution, showing the sharp emission bands based on Ln*" ions are

shown in Figure 2, obtained from the literature.[*
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Figure 2. Normalized emission spectra of luminescent Ln complexes in liquid solution, illustrating
the sharp emission bands and minimal overlap of Ln luminescence. The spectra are obtained from

the reference.!

Table 1. Selection rules for f-f and f-d transition. S, L and J are quantum numbers for the electron
transitions. Please note, a) L=0 <> L’=0 transitions are always forbidden; b) J=0 <> J’=0 transitions

are always forbidden; c) Spin-allowed transitions, spin-forbidden transitions are about 100 times

less intense.
Transition AS |AL| |A]] Oscillator Strength
ED (d-f) 0 <l <1 ~0.01-1

ForcedED (f-f) 0 <6(2,4,6ifLorL’=0) <6(2,4,6ifJor]’=0) ~10*-10°
Vibronic (ED, f-f) 0 <6(2,4,6ifLorL’=0) <6(2,4,6ifJor)’=0) ~107-10"°
MD (f-f) 0 0 0, +1 ~10°-10®
EQ (f-f) 0 0,+1,+2 0,+1,+2 ~10°10

Table 2. The electronic structure of Ln ions.

Ln®  Atom. Atom. Atom. Config. Config. of Config. of Ln  Emission
No.  weight  Radius of Ln** Ln?/Ln* colour of
Ln3+
La 57 138.9055 1.03  [Xe] - [Xe]5d'6s? Colourless
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Ce 58 140.12  1.01  [Xe]4ft Ce**: [Xe] [Xe]4f'5d'6s?>  Colourless

Pr 59 140.9077 0.99  [Xe]4f> Pr#: [Xe]4ft [Xe]4f36s? Green

Nd 60 14424 098  [Xe]4f® Nd*: [Xe]4f?; [Xe]4f‘6s? Violet
Nd?*: [Xe]4f

Pm 61 145 - [Xe]4f* - [Xe]4f°6s? Pink

Sm 62 150.36  0.96  [Xe]4f® Sm?*:[Xe]4f®  [Xe]4f®6s? Yellow

Eu 63 151.96  0.95  [Xe]4f® Eu®": [Xe]sf’ [Xe]4f'6s? Pale pink

Gd 64 157.25 094  [Xe]4f” - [Xe]4f'5d%6s?  Colourless

Tb 65 158.9254 0.92  [Xe]4f®  Tb*': [Xe]4f’ [Xe]4f%6s? Pale pink

Dy 66 16250 091  [Xe]4f® Dy*: [Xe]af®; [Xe]4fO6s? Yellow
Dy?*: [Xe]4f'©

Ho 67 16493 0.9 [Xe]4flo - [Xe]4fli6s? Pale yellow

Er 68  167.26 0.89  [Xe]4f! - [Xe]4f26s2  Pink

Tm 69 168.93  0.88  [Xe]4f? Tm?": [Xe]af®  [Xe]4f'36s? Pale green

Yb 70 173.04  0.87  [Xel4f® Yb*:[Xel4f*  [Xe]4fl*6s? Colourless

Lu 71 174967 0.86  [Xe]4f* - [Xe]4f*5dl6s?  Colourless

In comparison to the parity-forbidden 4f"—4f" transitions within the f-manifold of the
Ln?*3* the 4f"—4f"15d' transitions of the Ln?*** are allowed and show a very broad
excitation/emission band, high radiative emission probability, short emission lifetime (on the
nanosecond scale). In principle, the inter-configurational 4f"«>4f"15d transitions are ED, thus
their oscillator strengths are much bigger, leading to transitions with higher intensity in the spectra.
Importantly, 5d orbitals are not shielded by outer filled orbitals, thus they are more prone to the
effects of the local coordinating environment, unlike 4f orbitals. This is due to the fact that the
crystal field interaction with 5d-electrons is ~50 times more intense than with 4f electrons, and the
energies of the 5d-level strongly depend on the local crystal environment, resulting from that the
5d-orbital extends beyond the [Xe] core, contrary to the 4f ones.*?l The ED allowed for 4f"'5d <
4f" (n = 1-14) transitions of Ln®" ions vary from the UV range to NIR range, depending on the
particular ion and different host matrix. Due to the high sensitivity of the 5d orbitals to the nature
of chemical bonds to the surrounding ligands in the given host compound, the wide tunability of
the spectroscopic properties may realize under the contraction/expansion of the lattice volume, a
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change in site symmetry caused by different dopant concentration, temperature, or pressure

variation, etc.

3.2. Ln?* ions and 5d-4f emission

3.2.1. General remarks

Conventional luminescence based on Ln ions is a Stokes process, which emit lower-energy
photons under the higher-energy photon excitation. Thanks to their ladder-like energy level
structure, the Ln ions combined with different organic/inorganic host, can exhibit various
optical/spectroscopic properties. Thus, Ln?*** are widely utilized as activators in luminescent
materials for various applications. The characteristic sharp-line luminescence of the Ln ions
originates from the 4f—4f intra-configurational transitions. In general, the 4f—4f intra-
configurational transitions are well-studied and well-understood. Under the influence of the
excitation with high-energy photons, most of the Ln ions exhibit PL activity, usually from the
lowest 4f" excited states, but sometimes also from the higher 4f" excited states,[**l which is due to
relatively slow non-radiative relaxation from high to low excited states, according to the Kasha’s
rule.**] The broad-band luminescence arising from the inter-configurational 4f" < 4f*"! 5d* (f-d)
transitions is however not as well-understood. Importantly, there are still some mysteries regarding
nonradiative decay processes related to 4f" «<» 4f"! 5d* transitions. Only the emission from the
lowest excited 4f*! 50 state is typically observed, because excitation to the higher excited states
typically leads to a rapid non-radiative relaxation to the lowest excited state. To figure out the
answers to the questions remain open, except for the Ln®* jons, the divalent and Ln**, i.e., Eu%*,[*>

18] Sm2+,[19] Yb2+,[20’21] Tm2+,[22724] Nd2+,[25’26] Dy2+,[27'28] Ce4+,[29'3°] PI’4+,[31] Nd4+,[32] Tb4+ [33] and

Dy** 34 are attracting more and more attentions of the researchers.

3.2.2. Eu?ion

Divalent europium doped inorganic phosphors are particularly well known for their excellent
optical properties, e.g., high brightness (large quantum efficiency), large absorption band, broad
emission bands after excitation, tuneable emission wavelength, originating from the parity-allowed

electron transitions of 4f%5d* — 4f". Up to now, Eu?* is the most characterized ion in terms of its
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5d-4f luminescence properties, which have been compiled for over 300 compounds.[*®3%2 This is
related to several reasons. Eu?* has a relatively low reduction potential (-0.36 V compare to NHE,
normal hydrogen electrode)®! and good stability in different inorganic matrix host. Importantly,
due to its tuneable 4f55d <> 41" transitions, the emission band can be tuned from UV-violet,8-43
blue,! cyan, green,5461 yellow,“" orange,*"! red,[*®! to the NIR region,*® by varying the type
of host material. A detailed table showing the relationship between the emission range and the
matrix host can be found in references.[*>353¢1 This means that the appropriate emission band shape
or emission wavelengths can be strongly affected by the host lattice in which the Ln ion inserted
with regard to the length of the anionic-Eu?* bond, the coordination number of the corresponding
cation, the nephelauxetic effect and the local crystal field symmetry. This is related to the
covalence and the bond length between cation and ligands.!*®! The Eu?* is particularly attractive
for its important role in light-emitting diodes (LED) and optical displays, due to its largely tuneable,

broad 4f®5d«>4f" emission band leading to good colour rendering properties. 52

In case of Eu?*, the lowest 5d configuration may have a higher position than the excited 4f
configuration if the influence of the crystal field and the nephelauxetic effect is weak, thus, the
4F7(%P70)- 4F"(8S712) emission is possibly detected. A simplified diagram of the Eu?*energy levels
for SrB4O7 is shown in Figure 3a. A few cases are also reported about the sharp band emission
originated from 4f"-4f transition of Eu?*.5*551 For instance, upon doping of Eu?* ions into the
SrB4Oy7 crystal structure, Meijerink et al. observed sharp lines caused by the transitions within the
4f" ground configuration at low temperatures and demonstrated that the configuration crossover
between the 4f" and 4f85d* configuration of Eu?* can be stimulated by temperature variation.8l
The emission of Eu?* associated with the alternatively possible intra-configurational 4f" (°P72)—
4f" (8Sy71,) transitions characterized by several sharp, narrow (= 1-2 nm width in the wavelength
domain) emission lines in the UV range at around 360 nm are only occasionally reported and
typically observed in other highly ionic host compounds.3-%81 Understanding the mechanisms that
control the appearance of this unusual type of luminescence of Eu?* is important not only from a

fundamental perspective but also important for potential industrial applications.[6-61]

23



3.2.3. Sm?ion

As illustrated in Table 2, the Sm?* ion has a 4f° ground configuration isoelectronic to the Eu* ion.
The excited 4f°5d! levels and the spin-orbit coupling constant with lower energies of Sm?* are
related to the difference in the oxidation state and atomic number of Sm?*, compared to Eu®". A
simplified diagram of the energy levels of Sm?* (in the SrB4Oy host) is presented in Figure 3b. In
particular, the influence of crystal symmetry and local field strength on the splitting pattern of the
41541 transitions of Sm?* are like Eu®*. Due to the similarity between the two ions, the Sm?* ion
can be utilized as an experimental tool for studying the number of the site symmetry - in a similar
manner to the *Do—Fo transition of Eu®* ion.[%2¢% By analysing the asymmetric shape of the
emission line (the number of lines observed) of Sm?* originated from the transition of 4f°(°*Do) —
4f%("Fo) (0-0 transition), one can directly indicate the number of the occupied sites with a
crystallographic-difference in the structure. In the case of a single crystallographic site substituted
by the Sm?* ion in the structure, the 0-0 transition should not be split (asymmetric structure of the
band), due to the crystal field is (2J+1) =1. The phenomenon of any splitting of the band can be
identified as representative proof to verify that there are crystallographically different sites
occupied by Sm?* in the structure. For instance, Ellen et al. illustrated in their work that using the

Sm?* emission in BaMgAl10017 host as an optical probe for the number of luminescence sites of
Eu?*.[64

The 4f%-4£° and 4f°5d! « 4f° transitions of Sm?* are very sensitive to external stimuli.
When the state function of pressure or temperature varies, the spectroscopic features of Sm?*
change significantly because the excited state of the 4f°5d levels and the excited 4f° (°D;) levels
are energetically close to each other. Up to date, the Sm?* ion is mainly used in terms of the 4f° —
45 and 4°5d « 45 transitions as a function of external stimuli such as temperature or pressure,
which allows its application as optical sensors. Many Sm?* doped materials were applied for
sensing purpose of state function of temperature and pressure. In recent decades, many works
have been reported on the Sm?*-activated borate group materials. e.g., barium octaborate
(BaBg013),[%1 barium chloroborates (Ba2BsO4Cl),[%¢1 BaBPOs, 167881 BazBP3012,%% LiBaByO1s,["!
borophosphates,I’*! strontium borates.[®367.7273 This is due to the borated groups, which present
high ionicity, typically shift the excited 4f°5d configuration to higher energies (lower wavelengths),
so that the 4f°-4f° transitions are more dominant. Several papers have also reported that the same
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phenomenon can be observed in some materials from the fluoride group, e.g., SrMgF4,["4
BaMgF4," SrAIFs.[®] Besides the applications, Sm?* doped materials are also applied in photon-
gated spectral hole burning properties,[/""® X-ray storage phosphors,[®% halide-based

scintillators. [0

3.2.4. Tm?% ion.

It is known that Tm?* is less stable than Eu?*, Sm?* and Yb?*. In the case of the Tm?* ion, the 4f
orbital is filled with 13 electrons, i.e., has a 4f*3 ground configuration, isoelectronic to Yb3%"
Compared to the Ln?* ions mentioned above, the 5d configuration of Tm?* is located at a lower
energy, as shown in Figure 3c. Considering that the spin-orbit coupling is neglected, the lowest
excited states (4f'25d* configuration) of Tm?* have a higher spin multiplicity, in comparison to its
ground states, as predicted by Hund’s rules.®? In the case of the SrBsO; matrix host, it was
reported that the emission band attributed to the spin-forbidden 4f*25d (high spin) —4f® (?F71)
transition is located in the orange-red range (~600 nm, ~17210 cm™).[8 Moreover, the emission
related to three 4f"'5d* states is only observed in Tm?*, different from the other Ln dopants. In
the case of halidoperovskites (CsCaXs, X=ClI, Br, 1), it is reported that Tm?* shows several other
4f125d —4113 (°F4)) transitions all over the visible range, that is, there are three emissive transitions
between 10000 and 15000 cm™. The lowest energetic transition is the spin-forbidden
Af1250Y(HS)—4113(?F71) transition, and the second lowest one is spin-enabled 4f'25d! (LS) —
4f13(°F1,) transition. In emission, excitation and absorption spectra, these two transitions are not

always very well resolved.

It was reported that Tm?* has a characteristic narrow emission band in the NIR range
(~1100 nm) attributed to the 43 (°Fsj2) <> 413 (°F7)2) transition.[4&! Because of its 4f25d! « 4f3
transition which is located in the visible range and has an isoelectric structure to Yb®", it can works
as an up-conversion activator in inorganic compounds, showing interesting spectroscopic
properties. For instance, the up-conversion process, in the case of SrCl2:Tm?*, is highly efficient
so that it occurs even using a conventional Xe arc lamp as the excitation source.[®® This is related
to the second ED-allowed 4f*3 (?Fs2) — 412 (3He)5d" based excited state absorption process and
the final up-converted ED allowed nature of the emission at 13900 cm (red region). In principle,

such a process makes Tm?* an excellent up-conversion activator, showing a much higher up-

25



conversion efficiency than the commonly used Ln®" pairs (e.g., Er¥*-Yb%, Tm3*-Yb®" pairs).

Moreover, Tm?* doped materials are also used in excited state excitation spectroscopy.®]
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Figure 3. Energy level diagram of (a) Eu®*, (b) Sm?* and (c) Tm?* in the case of the SrB4O7 host

lattice.

3.3.Up-conversion luminescence of Ln%* ions

3.3.1. General remarks

Up-conversion luminescence, as a distinct anti-Stokes process, is a non-linear optical process
based on multiphoton absorption processes in which the emitted photons have a higher energy than
the photons from the excitation light. Ln** can serve as dopant ions in certain inorganic matrix
host to achieve unique up-conversion luminescent characteristics. The up-conversion
luminescence is a process that, in principle, the electrons in the ground state of the emitting centre
(activator ion) can be pumped into the excited state via the absorption of an excitation photon, or
via a corresponding energy transfer (ET) process from the adjacent sensitizer ion (usually Yb®").
Afterward, another photon from the excitation source will be absorbed by the emitter, or a
corresponding ET process from sensitizer to activator will take place to pump the electrons to the

excited state in the emitting centre. Emission will then be produced, attributing to the radiative
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transitions from this excited state to the ground state or that excited state to another lower-energy
state will take place. The metastable intermediate excited state is achieved by an up-conversion
luminescence process, which shows a significant difference compared to the two-photon process.
In order to keep a large population in an intermediate excited state prior the second excitation
energy, such a metastable intermediate excited state should have a relatively long lifetime. [
Noteworthy, the Yb®" ion is widely used as a sensitizer ion because it has the largest absorption

cross-section (~102° cm?), among the Ln activators. Moreover, the Yb3*: 2F7; — 2Fsy, transition

is resonant with many 4f—4f transitions within Ln®" ions, such as Er®*, Ho** and Tm®", thus
allowing efficient ET from Yb®* to the activator ions (emitting centre).[®% Thus, Yb3* is often
co-doped with Er®*, Tm** or Ho®" as a sensitizer to enhance up-conversion emission. In order to

match the 2F7, — 2Fsy, transition of Yb®", a continuous wave laser in the NIR range (usually ~980

nm) can applied as the excitation source. There are five basic mechanisms to achieve photon UC:
I) excited state absorption; Il) cooperative upconversion; IlI) ET up-conversion; 1V) energy

migration up-conversion; V) and photon avalanche.’]

Absolute quantum yield (QY) is usually used to describe the efficiency of luminescence in Ln
doped materials. QY is defined as the ratio of the number of emitted up-conversion photons to that
of absorbed photons. In general, the Ln doped should exhibit high luminescence efficiency, in
order to meet the requirements of practical and commercial applications. Researchers commonly
use the sensitizer ions, CT/ET effects, sensitization via allowed 4f-5d transitions (e.g., Ce®* and
Eu?*) or organic ligands for enhancing PL. Under excitation light, based on the recorded emission
spectra, the internal (IQE) and external quantum efficiency (EQE) of luminescent materials can be

determined using of the following expressions:*®!

__JLs

AE = LE2 s o 1009 )
JEr

EQE = AE X IQE 3

where Ls represent the emission spectrum of the sample, Es and Er denote the excitation light with and

without the sample in the integrating sphere, respectively; and AE is the absorption efficiency.

27



3.3.2. Er®*-Yb** and up-conversion emission.

Among the Ln®*" series, the Er®* ion has a 4f'! electronic arrangement. Er¥* is an effective
luminescent emitting ion used to generate up-conversion luminescence from NIR to visible UCL.
Importantly, the combination of a pair of dopants Er®*-Yb3* is often used to insert into an inorganic
matrix, as mentioned above, because Yb** can act as an NIR absorber, effectively sensitizing the
Er3* ion as an emitter (activator) through ET in materials. In the up-conversion system of Yb3*-
Er** co-doped materials, under NIR excitation, the green emission at ~525 nm and ~550 nm and
the red emission at ~675 nm are most commonly observed and studied (sometimes the emission at
~415 nm can also appear). Many works have shown that green and red emissions are often
generated in two-photon processes. The UC mechanisms in Er¥*-Yb®" co-doped BaTiOs system
are shown in Figure 4a. It is obvious that between the Yb*": 2F7,—2Fs, transition and the Er®*:
*11512—°l112 transition a superb resonance is presented, which offers highly efficient ET from Yb**
to Er®*. Under the influence of NIR laser irradiation, NIR photons are absorbed by Yb** via the
transition of 2F7,—2Fsp. Afterward, it transfers the energy resonantly to nearby Er®*, while in the
Yb®" ion, the electrons populated in the 2F7, ground state relax back to 2Fss.. The energy donated
by Yb3* promotes the Er®* ions to their excited state via *l1s—*l11/2. Afterward, a similar resonant
ET from the Yb®* sensitizer to Er®* activator via *l11o—*F7/2 or *l13—*Far2 process take place. The
electrons at *F7/, level relax non-radiatively to the 2Hi1/ and #Sgy. states. Then, the green emission
will be generated, respectively. Alternatively, after non-radiative relaxation to “Sz;, another non-
radiative transition from #Sa/, to *For2 take place, and finally radiatively relax to the *l1s,2 ground
state via the *Foo—*l15/2 transition, resulting in emissions in red region. Therefore, the emissions
in the green and red regions can be obtained simultaneously through two-photon UC processes.
Thus, for the Yb3*-Er¥* up-conversion system, the green emissions located around 525 and 550
nm are originated from the 2Hi1,» and #Ss» excited states to the *l1s2 ground state, respectively.
The emission bands centred at 675 nm in the red region can also be observed, for the transition
from the *For2 excited state to the ground state. In some cases, the system also produces weak blue

emissions located at ~450, ~470 and 495 nm, arising from the *Fs;z— *l1s/2, 2P3i2— *l11/2, and *F2
— 4115/, transitions, respectively. In addition, the emission bands at 390 and 410 nm in the blue

region can be observed at a high concentration of Yb3*, as a result of the four-photon process, with

a high excitation power density.[**l Er®* jon is widely used for the purpose of thermal sensing
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thanks to the thermally coupled energy levels of 2Hii2 and “Sar, as well as the very efficient up-
conversion luminescence in Er¥*-Yb3" materials. This is due to the energy gap between the
barycentre of these two energy levels of 2Hiiz and *Sz2 is ~700 cm™ and their comparative
populations are impacted by temperature, conforming to the Boltzmann distribution, which will

be discussed in the section of luminescent thermometry.

3.3.3. Ho®**-Yb?®* and up-conversion emission.

The Ho®*" ion, which has the 4f1° electron arrangement, is an excellent activator for NIR to short-
wavelength up-conversion emissions due to its favourable intra-atomic 4f energy level structure.
Moreover, the °I7 level can act as a population reservoir for UC processes, thanks to the rich
structure of energy levels from UV to NIR region. Importantly, the adjacent levels of °Ge/°F1 and
°F,3Kg in Ho*" are thermally coupled (AE=1300 cm™?), thus many Ho** doped materials are
targeted into Boltzmann thermometers. Yb®* ions are commonly co-doped as a sensitizer to Ho*
ions (activator) upon NIR excitation due to the large absorption cross-section in the NIR region as
well as the proper energy overlap between Yb®*" and Ho®" ions, resulting in an efficient ET from
Yb?*" to Ho®* ions and enhancing the UC emission performances of the Ho* ions. Similar function
can be applied to Tm®, Er®*, etc. Take as an example BaTiOs:Ho®*", Yb?**, as shown simplified
energy level diagram in Figure 4b, under 976 nm excitation, the °ls state of the Ho®* ion is
populated via the GSA of the NIR photon and the ET process of Yb3*-Ho®". Subsequently, the
excited electrons in the °lg state are again promoted to the °F4 and °S; levels via the excited state
absorption and the efficient ET process from Yb3* to Ho®". The electrons populated at °F4 and °S;
level relax non-radiatively to the °Fs level via multi-phonon relaxation, and then undergo radiative
relaxation to the ground state producing red emission at ~655 nm. Furthermore, the upper levels
are also populated by the three photon absorption processes and give emissions around 550 nm via
a series of non-radiation transitions and the 5Fs—?°lg transitions. Therefore, for Yb%*/Ho%*-co-
doped up-conversion materials, the green emissions located at the range of 510-570 nm are

attributed to the °F4, °S, — °lg transitions are observed, while the red emission centred at 655 nm

can be detected, which is attributed to the transition from the °Fs excited state to the ground state
®Is. It is worth noting that in some matrix hosts, blue up-conversion emission centred at ~486 nm

and NIR up-conversion emission at ~751 nm can be observed, which are ascribed to the *Fs — °lg
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transition and the °F4, 5S, — °I7 transition, respectively, which did not appear in the case of
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Figure 4. Energy level diagrams of (a) Er**-Yb®" and (b) Ho®**-Yb®* in case of BaTiOs; material.

3.4. Inorganic host matrices

3.4.1. Strontium tetraborate host matrix

Borates, which are naturally deposited in the sediments of ancient lakes or in hydrothermal
solutions in products of the hervidero hotbed,*°l play an irreplaceable role in industrial and
scientific fields. In general, Ln?* can be reduced from Ln®" and stabilized in the host matrix in a
reducing atmosphere, such as H, and H2/N3, using the common raw materials containing Ln** ions,
e.g., Eu203, Sm;0s, etc. Noteworthy, the reduction process from Ln®* to Ln?* jons can also take
place in some hosts even in the air.[:%>1%I Strontium tetraborates (SrB4O-) are considered to be the
most prominent Ln?*stabilizing matrices. SrB4Oy7 is a special case that has a huge potential to
stabilize Ln?*, e.g., Eu?*, Sm?*, Yb?", Tm?* and Nd?* in reduction atmosphere or even in the air.
This is due to the following reasons: 1) According to the Vegard’s rule,1%71 the difference in ionic
radii between the host ions and the dopant ion is less than 15%, e.g., Res>*=1.39 A; Rsm>*=1.41 A
and Rsm?>*=1.40 A. In such a case, the Ln?* dopant ions can isomorphically substitute the host ions
in the selected crystalline structures without significant distortion of the lattice. This phenomenon
are only observed in the case of strontium borate matrices.[*%1 11) Strontium tetraborate (SrB4O7)
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is a well-known luminescent host material, showing main advantages like high non-linear optical
coefficients, high optical damage thresholds, non-linear optical properties, high chemical and
physical stability neutron sensitivity, wide optical transparency in the UV-vacuum range, with the
fundamental absorption edge below 120 nm (~83333 cm™) that extends towards ~ 3250 nm (~
3077 cm) in the IR range.l*%:1%41 111) As shown in Figure 5a, due to the rigid three-dimensional
lattice of the corner-linked tetrahedral (BOa4)®> anion structure groups of the boron-oxygen

framework, SrB4O7 shows excellent stabilization of the Ln%* ions even in air.®!

Huppertz et al. described the HP 5-CaB4O7 phase, which crystallizes isotypically to SrB4O7
in the space group Pnm2; (no. 31).12%1 Upon doping of Eu?* ions into the SrB4Oy crystal structure,
Machida et al. observed a very efficient broad luminescence band at about 367 nm at room
temperature, which is assigned to the 4f%5d — 4f7(8S7,) transition of Eu?*.% On the other hand,
Meijerink et al. observed sharp lines caused by the transitions within the 4f” ground configuration
at low temperatures 8 and showed that the configuration crossover between the 4f” and 4f°5d*
configuration of Eu?* can be stimulated by temperature variation, as recently confirmed our group.
We also reported that the difference in the strontium borate structure (see Figure 5a-c) leads to a
difference in the reduction process of Ln®" to Ln?*, i.e., the host matrix of Sr3(BOs). (R3c space
group), SrB204 (Pbcn space group) and SrB4O7(Pmn2; space group), have a great influence on the
reduction process of Ln?* (SrB4O7> SrB204 > Sr3(B03)2).l

(a) SrB,O,




Figure 5. The crystal structure presentation of orthorhombic (a) SrB4O7, (b) SrB20O4 and (c)

Sr3(BOs). matrices. The cationic (Sr2* or B®*) coordination environment are also presented.

Combining with the thermal and chemical stability of SrB4O7, the spectroscopic properties
based on the narrow emission line (located at ~14599 cm, ~685 nm) of the °Do-Fo transition of
Sm?* can be applied as an optical probe of temperature and pressure. In the case of pressure sensing,
the spectroscopic features of the isolated, narrow (FWHM~0.13 nm) and intense 0-0 line, as well
as negligible temperature dependence and high-pressure shift, make it an excellent candidate for
pressure sensing application.[*36373111 However, with  increasing pressure, the optical
determination of the pressure values based on Sm?* in SrB4O7 materials is influenced by the signal
quenching effect under pressure, due to the solidification of the pressure transmitting medium in
diamond anvil cell, which will be discussed in the following paragraphs. On the other hand, the
SrB4O7 materials can also be applied in various fields. Zhongming Cao et al. reported multimode
temperature sensing based on SrB4O7:Sm?*, using the band intensity ratio of 585/685 nm and
lifetime as thermal sensing parameters. C.B. Palan et al. reported that SrB4O7 doped with Eu?* can
be used in radiation dosimetry applications, showing optically stimulated luminescence sensitivity

of 33%.1%%1 Sun Jiayue et al. reported that SrB4O7:Sm?* can be used as a light conversion agent.[%2]

3.4.2. Barium titanium matrix

Perovskite materials are initially a calcium titanium oxide mineral composed of calcium titanate
(CaTiO3). There are also several compounds showing the type of crystal structure as CaTiOs
(ABX3). In the ABX3 perovskite, the A-site ion located in the centre of the lattice, which is usually
an alkaline earth or rare-earth element, while the B-site ions are positioned on the corners of the
lattice, which are 3d, 4d, and 5d transition metal elements, and the X-site ions are ions (frequently
oxide) that bind to both ions (usually O?%). Perovskite materials show unique features that make
them promising candidates in various fields, such as solar cells, ferroelectric materials, solid-state
lasers, etc.!*12-118 Titanate perovskites have received extensive attention, especially thanks to their
excellent piezoelectric and emissive properties.[**%1201 Among them, barium titanate (BaTiO3) has
been extensively studied in recent decades.[t6-118121-1271 |y addition to the ferroelectric and

dielectric properties, the introduction of appropriate Ln®*" dopant ions into the host matrix can give
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BaTiOs the PL properties. To obtain an efficient up-conversion luminescence, the low phonon
energy of the host matrix is very important. For instance, in an Er®*-Yb*" up-conversion system,
low phonon energies can inhibit multi-phonon relaxation of the 4Ss, level to the *Fg/2 red-emitting
level located at lower energy, leading to more efficient green emission. BaTiO3 has a relatively
low phonon energy (~700 cm™), which favours superior up-conversion luminescence efficiency
and satisfactory optical temperature sensing performance.l!?®! Noteworthy, BaTiOs; adopts
different phases over a wide temperature range, from rhombohedral, orthorhombic, tetragonal to

cubic structure.l!?%1301 The change in structure from rhombohedral to cubic with increasing

temperature can be seen in Figure 6. In the case of cubic BaTiOs (Pm3m, No.221), the Ti** ions
are positioned in the centre of the 6-neighboring-oxygen-formed octahedron with On symmetry,
while for the tetragonal phase, the Ti*" ions have the symmetry of Cay, where the O% anion is
supposed to be slightly shifted towards the ¢ axis. When the temperature is cooled down to room
temperature, a non-centrosymmetric structure (tetragonal phase) is obtained, due to the fact that
the centre ion Ti** ion and the oxygen octahedron (O3 local symmetry) displace non-uniformly
with respect to the corner ion Ba?*.[30131 When the temperature decreases below ~278 K, BaTiOs3
shows an orthorhombic structure (Amm2). With further decreasing the temperature below ~183
K, a rhombohedral structure (space group R3c) can be obtained. As the temperature changes,
different regions of the material change their crystallographic orientations, altering the crystal
structure symmetry, and a phase transition (tetragonal to cubic) occurs, leading to huge variation
in the electric and spectroscopic features of the material.[*2°132 |mportantly, tetragonal crystals
transform into a cubic phase above the Curie temperature (Tc, ~393 K) in BaTiOs, as shown in
previous literature data, leading to a sharp and significant change in their dielectric and

ferroelectric properties, induced by an intrinsic change in crystal structure, [129.130133]
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Figure 6. Phase transformations in barium titanate from the rhombohedral, orthorhombic,

tetragonal systems to the cubic crystal system with increasing temperature.

3.5. Luminescence sensing techniques

3.5.1. HP experiments and optical manometry

The interest in the participation of variable volume in the study of materials by exerting pressure
arises from the fact that a large proportion of the matter known in the universe was formed under
extreme conditions of pressure, often accompanied by temperature changes. Pressure shapes
galaxies, stars and planets, crosses islands, continents, and oceans, and affects our lives. A clear
example is the earth, which can be considered a laboratory with all kinds of extreme conditions
due to the combination of high pressures and high temperatures with other processes such as strong
variations in pH, catalytic reactions, microbial activity, etc.[*3* The pressure also has a significant
influence on the physicochemical features of materials. The implementation of HP in scientific
research based on the compression of materials has found wide application in the study of pressure-
triggered variations in the structural, magnetic and spectroscopic properties of substances, phase
transformations and the formation of new materials under extreme conditions, as well as an in-
depth insight into the intriguing and conclusive mechanisms that have made great progress in solid-
state physics/chemistry, material science, and geophysics, spectroscopic and structural change of
the chemical compounds, etc.*>14% |n response to external mechanical stimuli such as pressure,

significant changes in the material occur through changes in interatomic distances, 4 alteration
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in electronic orbitals,*4 etc.[46147] These changes are usually accompanied by alterations in the
nature of the chemical bonds and coordination numbers, leading to other types of structures with
different electronic properties in HP.[18-1521 Therefore, it is extremely important to determine the

local occurring pressure in a quick, non-contact and precise manner.

For a static HP experiment under a hydrostatic pressure condition, a typical assemble of optical
pressure sensor, hydrostatic pressure transmitting medium (PTM) as well as a small amount of
targeted sample (~100-500 pm) are loaded into the diamond anvil cell (DAC) for further
characterization. The HP DAC is a typical setup to mimic HP conditions to perform spectroscopic
measurements under hydrostatic or quasi-hydrostatic conditions (a detailed scheme is shown in
Fig. 8, Chapter 4.2.5). Such a DAC chamber, consisting of a metal cover, closed with screws, a
metal gasket, two parallel diamonds and a pressure sensor, as well as a hydrostatic PTM, is used
to squeeze and compress the investigated materials on a laboratory scale. Due to the transparency
in the visible range and the ultrahigh hardness of diamonds (usually Ilac or llas diamonds), it is
possible to monitor the physicochemical alterations (mainly spectroscopic and structural) of the
compressed materials, depending on the applied pressure.’>®! In order to imitate and simulate
high-pressure conditions up to tens or even hundreds of GPa, a very high force acting per small
area is required, i.e., a small diamond culet size <500 um. It is worth noting that due to pressure-
induced solidification of the PTMs and subsequent loss of hydrostaticity in the sample’s
chamber,["1%4-1%1 the selection of PTM is also very crucial for obtaining HP values. PTM of
methanol/ethanol/water (16/3/1) are commonly used for achieve hydrostatic or quasihydrostatic
conditions that are hydrostatic up to ~ 10.5 GPa. However, silicon oil has hydrostaticity limits to
a few GPa, and in the category of liquid gas as PTM, the highest hydrostaticity limit of ~30 GPa
can be achieved using liquid helium. As a matter of fact, under nonhydrostatic conditions, the HP
measurements performed may sometimes not be perfectly repeatable and reproducible, e.g., the
pressure values of the phase transitions may slightly differ because different and nonhomogeneous

forces applied in different directions to the crystals in the DAC.

Optical pressure calibrators (noncontact pressure sensor) are based on spectroscopic variations
as a function of pressure in optically active materials doped with Ln ions or d-block ions. As shown
in Figure 7, the interesting spectroscopic effects of Ln?*3*, i.e., spectral shift, bandwidth variation,

intensity ratiometric change, shortening of PL lifetimes, as a function of pressure and temperature
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conditions, can be utilized for pressure and temperature determination in a non-invasive
approach.[23157-161 The pressure sensing materials should have the following ideal properties, as
reported by Barnett et al. and Troster:*62163 1) the emission spectrum measured of an optical
pressure sensor should consist of a single emission band. With increasing the pressure, the
emission band with no significant broadening or weakening is preferred; Il) large spectral shift of
the emission line with pressure (dA/dP); III) the line shift should be as temperature-independent as
possible (dA/dT); IV) the material of the pressure sensor should be structurally stabile under high
temperature and pressure conditions; V) the optically active ions (usually Ln or transition metal
ions) in the pressure sensor can be easily excited by low cost commercial lasers; VI) a smaller
linewidth I' (FHWM) of the emission band is preferred.
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Figure 7. Presentation of the concept of the luminescent manometry and thermometry, i.e., the

pressure- and temperature-induced luminescence properties of Ln?*3*-doped materials.

Currently, a common approach for optical pressure sensing is to use the calibration of the
line shift (usually red shift) of the emission band in the sensor material. The dependence of the line
shift as a function of pressure can be fitted to a linear function 3631641651 or to a polynomial
function.l?21 The main effects responsible for the commonly observed pressure-triggered red-shift
in luminescent materials are the most plausibly: 1) an amplified nephelauxetic effect induced by a

decrease of free-ion parameters with compression, leading to an increase in the covalent character
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of bonding (shorter bonds), and narrowing energy separation/gap between the ground and excited
states; (2243 and 11) improved splitting of the ground and excited configurations, which is triggered
by the enhanced crystal-field strength at HP, due to shorter interionic distances leading to stronger
interactions between ions. Overall, the observed shift towards lower energies (longer wavelengths)
is related to the overall contraction of the 4N ground configuration, resulting in a reduction of the
energy difference between the ground state and the excited state of the 25*1L; multiplet. This effect
originates from the reduction of the Coulomb and spin-orbit interactions under extreme condition

of pressure, leading to a spectral red-shift of the 5d multiplets or 4f levels.

A commonly used method for the pressure determination is based on the emission line of
Cr** ion located at 694 nm in ruby (Al.O3:Cr®"), showing the pressure-induced spectral shift of
di/dp = 0.35 nm/GPa.['6166-1681 However, due to the relatively broad (0.8 nm at ambient
condition) emission bands of ruby and the strong overlapping of the ruby peaks (R1 and R2) under
non-hydrostatic, high-pressure conditions, there is usually a large error in the ruby spectral data
for pressure-determination analysis, thanks to whereby the precision of the determination of
pressure is significantly reduced when very HP conditions (above ~10 GPa) are required. This is
usually due to the solidification of the commonly used PTMs (methanol/ethanol/water) triggered
by pressure as well as the resulting loss of hydrostaticity in the DAC chamber.["3154-151 |t js worth
noting that the ruby line depends on temperature and the shift is dA/dT=0.007 nm/K, which largely

limits the ability to measure pressure to a narrow temperature range..

Many works have suggested that the use of SrBsO7:Sm?*, i.e., the pressure-induced spectral
shift of the Sm?*: °>Do—'Fo emission band (0-0) at ~685 nm, may be as an excellent alternative to
ruby as a pressure sensor. This is due to several benefits: 1) HP -induced shift of dA/dP = 0.255
nm/GPa; 2) the emission band is isolated and narrow; 3) the temperature-dependence of the
pressure sensing parameter is relatively low. As with other pressure sensors based on Ln ions or
transition metal ions, the ubiquitous and progressive compression-induced quenching of emission
of the Sm?* luminescence under pressure, which is a notoriously observed effect,[127:144169 greatly
limits pressure sensing accuracy and range detected. It is still a bottleneck in experimental
pressure-sensing techniques based on PL to significantly improve the accuracy of pressure
measurements and broaden the pressure sensing range covered by these techniques. Moreover,

with the development of science and technique, the pursuit of better pressure sensing properties,
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including higher pressure sensitivity, lower temperature-dependence, faster response, etc., and the

discovery of novel pressure sensing materials are the trends in the field of pressure sensing.

3.5.2. Luminescence thermometry

Temperature is a central concept and variables in not only scientific research, especially
thermodynamics and statistical mechanics, but also industrial manufacturing and our daily life.
Temperature, as one of the most crucial physical parameters, from the atomic scale up to
macroscopic levels, influences the molecular dynamics, thermodynamics and the practical
viability of all natural and engineering systems.[>6170-1761 To date, common traditional
thermometers, such as thermoelectric couples, liquid-filled thermometers, and pyrometers are
based on the principle of liquid and metal expansion. However, they usually require physical
contact (invasive), thus in general, need conductive heat transfer and require to reach heat
equilibrium between the targeted object and the thermal sensor. Conventional thermometers are
no longer able to fulfil the increasing requirement for temperature determination, due to their low-
resolution, long-time response, relatively large dimensions, invasive character, etc. Moreover, they
are generally not suitable for some special environments such as submicron-sized objects, power
stations, living biological cells, etc.[!”"-181 Thus, it is necessary to develop novel thermometric

techniques.

System temperature determination can be effectively realized with an optical, noncontact
approach using organic fluorophores, metal complexes, gold nanorods, quantum and carbon dots,
materials based on Ln ions, etc., which can optically examine the temperature distribution in
submicron-sized objects/scale with outstanding benefits, including high sensitivity, high spatial
resolution, fast response, contactless approach, and so on.[*6%181-1861 More and more attention is
paid to Ln-doped materials due to their characteristic spectroscopic properties.[!87-181 Ag
mentioned above (see Figure 7), the temperature determination of the system based on
spectroscopic properties of the materials as a function of temperature, i.e., the shape of the
emission band, emission intensity changes, bandwidth (full width half maximum, FWHM),
spectral line shift, variation in luminescence rise or decay times, which can act as luminescence

thermometric parameters.
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In order to implement noncontact thermometry, the most common approach is to use the
FIR/LIR of dual energy levels, i.e., FIR/LIR technique, which applying various temperature
responses of FIR/LIR values of the emission bands originating from the TCLs of Ln ions.
Importantly, the FIR/LIR technique allows to avoid technical errors in spectroscopic
measurements arising from the difference in the dopant content in the luminescent material,
inhomogeneous distribution of the dopant in the synthesized particle, and fluctuations in the power
of the excitation sources, etc. By using the FIR/LIR technique, external disruptions may be
mitigated or removed to some degree, such as the effect of variation of the irradiation force,
variance in loss of communication in the optical pass and the photo-bleaching influence of organic
dyes, which is beneficial for the steadiness, precision, and dependability of thermal sensors. The
FIR/LIR technique based on the TCLs of Ln®*" ions has become a hot topic in recent decades. TCLs
have an appropriate energy separation between the thermalized states, usually meeting the
requirement of 200 < AE < 2000 cm to avoid intensive overlapping between the two emission
bands and to allow the upper level a minimum population of optically active Ln ions in the
measured temperature range. Such TCLs are fulfilled in the structures of the energy levels of many
Ln ions, such as Er¥*, Tm%, Nd3*,[187-18 etc. Due to the thermalization processes between the two
TCLs, with elevation of temperature, the relative population of the upper energy level (I2) and the
lower energy level (l1) are consistent with the Boltzmann distribution,[t7%1%°! which can be

described using the following equation:

=Lk _ —AE
FIR = L= A X exp (kBT) 4)

where A is a coefficient, which depends on the branching ratio of the transitions, related to the
rates of total spontaneous emission, degeneration of states and transitions angular frequencies,
etc.2691 Whereas k, AE and T refer to the Boltzmann constant, the energy gap between the two
TCLs, and the absolute temperature, respectively. The AE values can be obtained based on the PL
emission spectra or the alignment offset during the fitting process of the related FIR/LIR as a
function of temperature. In the case of experimental overlapping of the emission bands
corresponding to the different components of the crystal field, an additional coefficient B is

sometimes included in the formula, that is, using the following fitting equation:[*%2
__ CAE
FIR = %= A exp (kBT) +B (5)

It is worth noting that the above Equation 4 can also be tuned into a linear formula, i.e.,
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In(FIR) = A — kA,TET (6)

As mentioned above, the population of two TCLs are sensitive to the temperature change, due
to the thermal population — thermalization effects. The most commonly used Ln** for a
luminescent thermometer is Er®* with the TCLs *Hi1/2 and #Sgp2, between which the energy gap is
~750-850 cm L.[191%1 As predicted by the Boltzmann distribution, the greater the energy
separation of TCLs leads to a higher sensitivity of the thermal sensor. Thus, the challenge towards
higher sensitivity is limited due to the restriction of the energy separation between TCLs (200 cm”
1<AE<2000 cm™). As a result, more and more researchers are starting to design a new strategy to
improve detection sensitivity for temperature sensing. Recently, some researchers have been
focusing on the use of non-thermally coupled levels (non-TCLs), which may achieve an even
higher relative sensitivity theoretically unlimited, which, in fact does not depend on the energy
difference between the corresponding levels in this case, but related to thermal quenching rates
and the temperature-governed ET, etc. [17318%19L1%6] gince no suitable physical model has been
reported to describe the temperature-dependences of LIR values for non-TCLs of Ln®*", the means
of empirical functions, usually exponential or polynomial, are commonly applied. 317
The Population redistribution ability (PRA) as a function of temperature is often applied

for examining the rate of the population change between the TCLSs:

PRA = =
I+14 A+exp (AE/kgT)

()
Importantly, the most important and basic parameter describing the temperature detection

ability of the developed sensor are the absolute thermal sensitivity (Sa) and relative thermal

sensitivity (Sr), which can be calculated via the following equation:

S = 100% x 22 (8)
1 _ 8(FIR)
Sr:lOO%XmX(a_T (9)

In some cases, the FIR/LIR may not be well fitted using the functions. To remain an
independent form of the fitting constant and to avoid the strong dependence on the calibration

model and the adopted fitting parameters, the Sy value can be estimated by a more general method:
Sy (To)

Where To and T are the first and second measured temperature values, T1>To, FIR(T1) is the FIR

! FIR(T{)—FIR(Ty)
" FIR(Ty) T,-T,

(10)

value at T1 temperature, FIR(To) is the FIR value at To temperature. Additionally, more generally,
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for different measured parameters (MP) at elevated temperature,*%’] the S, and Sy values can also

be estimated by using the following functions:

1 oMP

Sr = 100% X P X |?| (11)
oMP

Sa = 100% x | =7 (12)

The unit of S is expressed as the change (percentage) in temperature per Kelvin (% K1) or per
Celsius (% °C™).[**2 Noteworthy, for quantitatively comparison of the thermometric performance
of different temperature sensors, a more reasonable way is to compare the S value, rather than S..
This is due to the independence of S; on the nature of the samples and the experimental setup
applied during the thermal measurement.

Importantly, it is also worth mentioning the temperature resolution or temperature uncertainty
(0T or AT). OT is the smallest detectable change of temperature in a given measurement and can

be generally defined ast**":

1 oMP
when the FIR is used, it can also be expressed as:
ST = L x 2FIR (14)
S FIR

where OFIR is the uncertainty of the determined LIR, which can be further estimated using the

following expression:

SLIR = LIR x \/ (&)2 + (fl)2 (15)

I, I,
here, 811 and 1> refer to the determination the uncertainty of the corresponding emission intensities
i.e., the noise-to-signal ratio, which can be estimated from the integrated intensity of the spectral
background noise divided by the integrated emission intensity of the emission band.

Importantly, the repeatability (R) of the measured parameter (MP) in an optical thermometer
is also a vital parameter for further test the validity of the developed optical thermometers. R can
be estimated using the following equation:

_ |MPY(T)—(MP(T))|

R (T) = 100% x |1 P

max (16)

where MP' is the measured parameter in the ith cycle, while (MP(T)) is the mean value of MP
over several heating and cooling cycles (5-10 cycles are usually required). Good repeatability in

the developed thermometer should not show signs of thermal hysteresis in cyclic plots.
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4. Experimental

4.1. Synthesis

A list of developed luminescent materials is as follows:

Sr2.97EU0.03(BO3)2, Sro.99EU0.01B204 and Sro.g9EU0.01B407;

SrB407:0.01 Sm?*, x Eu?* (where x=0, 0.005, 0.01, 0.03, 0.05, 0.07 and 0.09);

SrB4O7: 0.05 Eu?*, y Sm?* (where y=0.005, 0.01, 0.02, 0.03 and 0.05);

Sr1xB4O7: XTm?* (where x=0.001, 0.002, 0.005 and 0.01);

BaTiogsxO3: X Er**, 0.05 Yb®* (where x is the molar concentration of Er®*, i.e., 0.01, 0.05 and 0.09);

BaTiogsx03: 0.01 Ho®*, x Yb3* (where x is the molar concentration of Yb®, i.e., 0.01, 0.05 and
0.10).

4.1.1. Sr2.97EU0.03(BO3)2,Sro.99EuU0.01B204 and Sro.g9Eu0.01B4O7 micro-particles

Strontium borates doped with Eu ions, i.e., Srag7Eu003(BO3)2, SrogsEuUo01B204 and
Sro.99EU0.01B407 were synthesized via a well-known solid-state method at high temperature. High
purity HsBOs (Chempur, pure p.a.), SrCOs3 (Sigma-Aldrich, 99.9%) and Eu»Os (Alfa Aesar,
99.99%) were used as starting materials. According to the chemical formula, the stoichiometric
amounts of Eu203, H3BOs and SrCOs were weighted, well mixed and ground together in an agate
mortar for each component, respectively. Please note, that a 50 mol% excess of HzBOs was used
to synthesize the pure phase structure of Sro.g9EU0.00B4O7 compound, based on the experience of
previous experiments. The mixtures of the grounded power were then transferred into porcelain
crucibles covered with a porcelain lid, placed in an oven, and heat-treated at 700 °C for 5 h,
followed by sintering at 850 °C for 5 h. Subsequently, the sintered product was transferred to an
agate mortar and ground again for around 15 min, followed by a further heat-treatment at 850 °C
for another 5 h. It is worth noting that all grinding must take more than 15 minutes for the powder
to be evenly mixed. And covering the crucibles with a lid is very crucial to limit the amount of

oxygen from the air in the system and obtain a pure Eu?* phase structure.

4.1.2. SrB4O7: Sm?*, Eu?* micro-particles
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The SrB407:0.01 Sm?*, x Eu?* (x=0, 0.005, 0.01, 0.03, 0.05, 0.07 and 0.09) and SrB4O-: 0.05 Eu?*,
y Sm?* (y=0.005, 0.01, 0.02, 0.03 and 0.05) micro-particles were synthesized by means of a facile,
reproducible, and cheap method, i.e., the solid-state method in the air. The stoichiometric amounts
of Eu203, Sm203, H3BO3 and SrCO3 were weighted out and ground together in an agate mortar.
Please note, that for SrB4O7: Sm?*, Eu?" micro-particles, the excess amount of HsBOs is only 3
mol%, which leads to smaller crystallines. Then the subsequent sintering process in the oven is the

same as for Sro.99EU0.01B40O7.
4.1.3. SrB4O7: Tm?* micro-particles

SrCOsz (99.9%, Sigma-Aldrich), H3sBOs (pure p.a., Chempur Poland), and Tm2O3z (99.99%,
Stanford Materials) were used as the starting materials. A high-temperature solid-state method in
the air was exploited to synthesize the Sr1-«B4O7: XTm?* (x=0.001, 0.002, 0.005 and 0.01) materials.
The stoichiometric amounts of SrCOz, H3BOs, and Tm203 were ground for 20 min in an agate
mortar. The mixture then undergoes the same sintering process mentioned above. Such materials

were ground before measurements were executed.
4.1.4. BaTiOs: Ho*, Yb®* and BaTiOs: Er3*, Yb%* perovskite phosphors

Stoichiometric amounts of CH3COO):Ba (>99.9%), Er(NOs3); (99.9%), Ho(NOs)s (99.9%),
Yb(NO3)3z (99.9%), and Ti(OCsHo)s (97%), were selected and used as starting materials for both
the synthesis of BaTio.es5xOs: x Er®*, 0.05 Yb3* (x is the molar concentration of Er®*, i.e., 1%, 5%
and 9%), and BaTio.e5xO3: 1% Ho®*, x Yb®" (x is the molar concentration of Yb%*, i.e., 1%, 5%
and 10%). The appropriate amount of Ba(CH3COO). was dissolved in 20 mL acetic acid (denoted
as solution A). Subsequently, 2 mL of Ti(OC4Ho)s was diluted with 8 mL of acetylacetone (denoted
as solution B). Solution A was then added dropwise to solution B. This mixture was heated to 23
K on a hot plate for 2 h with continuous magnetic stirring, to form a solution containing titanium
and barium cations (denoted as solution C). Afterwards, 5 mL of an aqueous solution of Er(NO3)3
and Yb(NOz)s were added to solution C and heated to 373 K on a hot plate for 24 h, to evaporate
water and obtain a powder. Finally, the product obtained was ground in an agate mortar, placed in
an alumina crucible and annealed for 2 h at 1273 K in a muffle furnace, in air atmosphere, to obtain
the final product.

4.2. Physicochemical characterization of the investigated microparticles
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4.2.1. X-ray powder diffraction

The powder X-ray diffraction (XRD) patterns were recorded to identify the phase structure and
phase purity of the materials obtained, using a Bruker D8 Advance diffractometer, which is
equipped with a graphite monochromator operated at 40 kV and 30 mA, using CuKa radiation (A
=1.54057 A), in the 20 range of 10 - 60°.

4.2.2. Scanning electron microscopy (SEM) and energy-dispersive X-ray (EDX)

SEM and EDX spectra and mapping were recorded with the use of a FEI Quanta 250 FEG scanning
electron microscope with an EDAX detector.

4.2.3. Raman spectroscopy

To record the Raman spectra at room temperature, we applied a Renishaw research Ramanscope
1000 spectrometer equipped with a Peltier-cooled CCD detector and with Leica microscopes
(Aex=785 nm). Raman spectra at various temperature were recorded using a Horiba Jobin Yvon
LabRam HR800 spectrometer with a liquid nitrogen cooled CCD detector (He-Ne 632.82 nm laser,
power of 1.77 mW). The signal was recorded in the backscattering geometry and the laser beam
was focused using a x20 long working distance objective. The Si line at 520.7 cm™ was used to
calibrate the Raman Shift. A Linkam THMS 600 temperature-controlled system was applied to

modulate and monitor temperature for Raman spectra measurements.
4.2.4. Luminescence spectroscopy

A typical Hitachi F7000 spectrofluorometer was applied for the room-temperature luminescence
characterization (excitation and emission spectra, luminescence lifetime in microsecond scale) of
the materials synthesized. All spectra in the measurements were corrected for the response of the
instrument. A Photon Technology Int. Quanta Master TM 40 spectrophotometer equipped with an
Opotek Inc. Opolette 355LD UVDM tuneable laser with a repetition rate of 20 Hz as the excitation
source and a Hamamatsu R928 photomultiplier as a detector were used for the measurement of

luminescence decay curves of the targeted sample.
4.2.5. High pressure experiment

DAC loading procedure. For high-pressure measurements, we applied a typical Merrill-Bassett
diamond anvil cell (DAC), equipped with high-purity llas diamond anvils (for Raman and
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fluorescence spectroscopy), purchased from Almax easyLab. The pressure values inside the DAC
chamber are regulated by three metal screws on the outside of the DAC. Stainless-steel sheets
(thickness: 250 pm) with an aperture of ~150 um (hole size) were applied as gaskets, used for
high-pressure experiments in the DAC. Before loading the sample, the gaskets were pre-indented
down to ~80 um (sample thickness). Using a stereo microscope, a ruby ball (< 10 um diameter,
usually single), a very small amount of sample powder was loaded into the DAC chamber, after
which the PTM (usually a solvent system of methanol/ethanol/water with a volume ratio 16:3:1
was preferred) was fulfilled in the DAC chamber for maintaining hydrostatic and quasi-hydrostatic

conditions in the HP experiment (compression and decompression process).

HP Raman scattering characterization. Using a grating with 1800 grooves/mm and a power-
controlled 785 nm laser diode, Raman spectra were recorded in backscattering geometry with a
Renishaw InVia confocal micro-Raman system. The laser beam was well focused using an

Olympus x20 SLMPIan N long working distance objective.

HP PL characterization. The scheme of the experimental setup of high-pressure spectroscopy is
shown in Figure 8a.The PL characterization under high pressure conditions was performed by
measuring the emission spectra (with a resolution of =0.1 nm) of the samples placed in the DAC
chamber, using 1) an Andor Shamrock 500i spectrometer, equipped with a detector of iDus 420
CCD camera; 1) a Hitachi F7000 spectrofluorometer assembled with DAC holder and other HP
setup; 1) QuantaMasterTM 40 spectrophotometer (Photon Technology International) with R928
(200 - 900 nm), R5108 (400 - 1200 nm) and H10330C-75 (950 - 1700 nm) photomultipliers as
detectors (from Hamamatsu) and PIXIS:256E Digital CCD Camera equipped with SP-2156
Imaging Spectrograph (Princeton Instruments). These devices were used to measure the excitation
and emission spectra, as well as luminescence rise and decay curves in order to determine the
corresponding emission lifetimes, band intensity ratio, energy alterations of the radiative
transitions and luminescence intensity as variations in a function of increasing pressure. The UV,
Vis, NIR continuous wavelength and tuneable pulsed lasers and diodes at different visible
wavelength were applied, which was focused on the sample in the gasket hole of the DAC. The
PL signal was collected in an optimized configuration with 180° detection geometry (back
illuminated configuration). Pressure calibration of the system in the DAC chamber was based on
a monitored shift of the ruby R1 fluorescence line, using the standard ruby calibration curve from
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http://kantor.50webs.com/ruby.htm. Steady state and time-resolved luminescence spectroscopy
with high spectral resolution was used to analyse the spectroscopic properties of the synthesized

materials under high-pressure conditions (up to ~30 GPa).
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Figure 8. The scheme of experimental setup for (a) the HP PL measurements with a DAC
presentation (Merrill-Bassett type) and (b) high temperature PL measurements for luminescent

materials.

4.2.6. Thermal-dependent PL spectroscopy

High-temperature PL characterization. The scheme of the experimental setup of high-
temperature spectroscopy is shown in Figure 8b. An Andor Shamrock 500i spectrometer with an
iDus CCD camera as a detector was used to record UC emission spectra. The excitation source
applied was a continuous wave 975 nm, fiber-coupled, solid-state diode pumped (SSDP) laser FC-

975-2W (CNI), with an estimated spot size of = 0.5 mm. For the spectroscopic measurements

under changing temperature, a tube furnace with an integrated thermocouple was used, with an
additional K-type thermocouple placed in the centre of the working tube, close to the sample
(temperature accuracy + 0.1 K). Recorded emission/excitation spectra were corrected for the
apparatus response. Using high-spectral resolution, steady-state and time-resolved luminescence
spectroscopy, the excitation/emission spectra and luminescence decay profiles were measured, to
establish correlation of the measured spectroscopic parameters with temperature. The
luminescence thermal quenching effect and the complex relationship between thermal-sensitive

radiative or non-radiative transitions attributed to TCLs (according to Boltzmann distribution) and
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non-TCLs (non-Boltzmann type) in Ln?*®* jons in the obtained materials were analysed, in order

to understand the effects/mechanisms responsible for the observed spectroscopic effects.

Low-temperature PL characterization. Characterization of the low-temperature PL was
performed using an FLS1000 Fluorescence spectrometer (Edinburgh Instruments Ltd) with a 450-
W xenon arc lamp (excitation light source) and a Hamamatsu R928P high-gain photomultiplier
(cooled -20 °C). Emission spectra were collected in the temperature range 11 — 300 K, with a 10
K step. The decay curves were recorded using an EPLED285 (285 nm) picosecond pulsed light-
emitting diode and the same FLS1000 spectrometer. Using Silver Adhesive 503 (Electron
Microscopy Sciences), a sample for low-temperature spectroscopic measurements was mounted

on the Cu-holder of a closed-cycle helium cryostat (Lake Shore Cryotronics, Inc.).
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5. Physicochemical characterization of Ln?* doped SrB4O7 materials

5.1. Influence of matrix on the luminescence properties of Eu?*/Eu®* doped strontium borates:

SrB407, SrB204 and Sr3(BOs)2, exhibiting multicolor tunable emission
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0.8
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The result in this section were published in: Teng Zheng, Marcin Runowski, Przemystaw Wozny,
Stefan Lis, Influence of matrix on the luminescence properties of Eu?*/Eu®" doped strontium borates: SrB4Os,
SrB204 and Sr3(BOs),, exhibiting multicolor tunable emission, Journal of Alloys and Compounds, 2020,
822, 153511-153519 (9).

Abstract of the section: At the very beginning of his doctoral thesis, the Ph. D. candidate
synthesized three complex strontium borate matrices, i.e., Sr3(BOs)2, SrB204 and SrB4O7 doped
with Eu?*3* jons, via the high-temperature solid state reaction method in the air. The morphology
was characterized by X-ray and SEM analyses, confirming that all these samples are pure phase
micro-sized materials. The excitation and emission spectra, including the PL decay curves and the
determined lifetimes of the synthesized compounds were systematically investigated. Furthermore,
the impact of strontium borate matrices on the PL properties of the Eu?*** jons was analysed. The

intensity ratio of Eu?*/** emission varies significantly for different matrices.

Contribution of Ph.D. student in this work: Conceptualization, material synthesis, structural and
morphological characterization, conduction of the spectroscopic measurements, visualization, data

analysis and curation, formal analysis, writing original draft and writing review & editing.
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Three complex strontium borate matrices, i.e. Srz{BO3);, 51804 and 5r8407 doped with Eu®* (Eu? jons,
were prepared by the solid state reaction method in the air, X-ray and SEM analyses confirmed that all
these samples are pure phase micro-sized materials, The luminescence properties of the Eu®® and Eu®
doped compounds were investigated in detail, ie. excitation and emission spectra, including lumines-
cence decay curves and determined lifetimes. Furthermore, the effects of the strontium borate matrices
on the luminescence properties of the Eu®*JEu®" jons were discussed. The intensity ratio of Eu®" /Eu’
emission vares significantly in different matrices, The products obtained exhibited tunable multicolor
luminescence from violet-blue 1o orange-red. depending on the excitation wavelength applied and the
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1. Introduction

In recent years, the versatility of materials doped with trivalent
(e Eut, T, sm**, Er*Y, Tm*") and some divalent (eg. Eu®",
Sm*") rare-earth (RE} ions have attracted the attention of re-
searchers due to their efficient, tunable multicolor luminescence in
the UV—vis—NIR range, large emission shift in relation to absorp-
tion, absence of auto-fluorescence, long luminescence lifetimes and
sharp emission bands [1-4]. Such excellent luminescence proper-
ties are due to the forbidden 4f-4f transitions in trivalent and some
divalent RE ions, and the shielding of 4f electrons by 5s and 5p ones
[5-7]. Materials doped with RE**?* jons can be successfully used
as phosphors, optical storage devices, solid state lasers, light-
emitting diodes, optical sensors [3.8—14].

In order to stahilize the REX [REX = Fu®™, Sm**, Tm**, YR,
many inorganic matrices, e.g. fluorides, borates, silicates, vana-
dates, sulphides, phosphates and so on, were extensively studied
[15-23], In particular, interest in inorganic borates compounds, e.g,
CaB4ly, BaByOy, CdByOy, PhB4O4, and other more complexes ones, is
increasing due to their strong covalent bonds and large band gaps
[24-26]]. However, among all these borates, the strontium borate

* Corresponding author.
E-mail address: blis@amuedwpl (5 sy

hitps:ffdad.org! 100G jallcom. 2019.153511
0925-23386 2019 Elsevier BV, All rights reserved.

matrices are considered as the most promising candidates for sta-
bilization of the RE*" [27—30]. According to the Vegards rule [31].
the difference in ionic radii between the dopant (Rf; = 1.39 A,
RE; = 1.41 A) and the host ions (RE = 1.40 A) is significantly lower
than 15%, and thus $r* ' jons can be successfully substituted by the
Eu®* and Sm™" ions in these crystalline structures, Namely, the
RE** ions can be reduced to RE by electrons from vacancies
created by substitution of three 5 ions with two RE* jons, This
phenomenon occurred only in the case of strontium  borate
matrices |32 ). Furthermore, strontium borates are very commonly
used luminescent host materials due to their non-linear optical
properties, transparency in the UV region, and because their high
chemical and physical stability, extending their potential applica-
tions [33,34].

On the other hand, ameng these RE ions, the Ev?7* jons are
one of the most important activators because of their special
electronic shell configuration, ie[Xe] 4f for Eu®' and [¥e] 4% for
Eu’* [25,96], Eu?™ jons have a relatively lower reduction potential,
ie. —0.36V vs. NHE (normal hydrogen electrode) [ 37], than those of
other RE*' jons that adopt a stable trivalent state, and exhibit two
redox active states with characteristic emissions: divalent (Eu®)
and trivalent {Eu?" 1 [38]. Eu’" ions in solid state compounds can
generate green, blue or red emission ascribed to the transition of
450" 47 while the Eu®* jons show a series of narrow red
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emission bands corresponding to *Dg—"F (] = 0—4) transitions
[3940]. In addition, the allowed processes like charge transfer (CT:
0% — Eu*') observed in the oxygen-based host materials can in-
crease absorption of the excitation light and therefore enhance
luminescence intensity of the system [41].

In this article, we present the synthesis protocols of three pure
strontium borates, i.e. 5rB40y, SrB204 and Sry(B0y): doped with
Eu?' Eu*" ions, prepared by the solid-state method. Our aim was to
explore and study the photophysical properties of phosphors
exhibiting color-tunable luminescence depending on the excitation
wavelength and the host matrix used. Such materials exhibit a
bright, multicolor luminescence from violet-blue to orange-red as a
consequence of a different Eu? '{Euh emission intensity ratio. The
materials synthesized can be applied as advanced phosphors,
luminescence tracers, biomarkers, optical sensors, erc,

2, Methods
2.1. Materials synthesis

Srzg7Eungs(BOs)z SrtoesBung B20q and SrpecBugp BaOy were
synthesized by solid-state reactions. Compounds of high purity
SrC0y (Sigma-Aldrich, 99.9%), H3BOs (Chempur, pure p.a.) and
Euz0s (Alfa Aesar, 99.99%] were used as starting materials. On the
basis of the chemical formula, the stoichiometric amounts of EuzOs,
H3BOz and SrC0s were weighted and ground together in an agate
martar, respectively. However, in the case of SrogaFugpBaO5
compound, we had to use 50 mol® excess of H;BO3 to get the pure
phase structure. Afterwards, the mixtures were transferred to
porcelain crucibles covered with a lid, placed in an oven and pre-
calcined at 700 °C for 5 h and subsequently further heat-treated at
850 °C for 5 h. Then they were ground again in a mortar for 15 min,
and then heat-treated at 850 °C for another 5 h., Covering the
crucibles with a lid is crucial to limit the amount of oxygen from the
air in the system,

2.2, Characterization

X-ray diffraction patterns (XRD) were recorded using a Bruker
AXS DB Advance diffractometer in Bragg-Brentano geometry, with
Cu Kzl radiation (% = 1.5406 A) in the 20 range from 6 to 60°, with
0,057 step scan mode, The reference data were taken from (CDD
{Intermational Centre for Diffraction Data). Scanning electron mi-
croscopy (SEM) and energy-dispersive X-ray analysis (EDX) were
obtained with a scanning electron microscope FEI Quanta 250 FEG,
using an EDAX detector. The luminescence characteristics (excita-
tien and emission spectra) of the prepared materials was investi-
gared  wsing a  Hitachi F7000  spectrofluorometer. All - the
measurements were performed at room temperature and corrected
for the apparatus response, The luminescence decay curves of the
synthesized samples were measured on a Photon Technology ot
Quanta Master TM 40 spectrophotometer equipped with an Opotelk
Ine. Opolette 35500 UVDM tunable laser with a repetition rate of
20 Hz as an excitation source and a Hamamatsu R928 photo-
multiplier as a detector.

3. Results and discussion
3.1 Structure and morphology

The XRD patterns of the prepared samples were recorded and
compared to the ICDD standards database, It is well seen in Fiz. 1,
the XRD pattern of SragzEugoz(BOz)z sample fits well with the
reference pattern (089—-1606) of rhombohedral Eus(BOy). The
use of Eug(BOy): as reference is due to the absence of the XRD
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Fig. 1. XRD characterization of the SroeEuess(BOy),  SfosaEuen B0y and
SingaEln Byl phosphors. The line patterns correspond to the references from the
ICDD standards database.

pattern of Sr3(BO3); in the database and similar ionic radii of
Eu’*™ and sr** ions. The experimental XRD pattern of the
SrocaEug pBa0s can be well indexed to the orthorhombic SrBy04
structure  (084-2175).  Meanwhile, the XRED  pattern  of
SrnguEug o B4O7 sample can be well fitted with the orthorhombic
SrBy07 phase (071-2191). The detail of lattice information of the
prepared samyles are listed in Table 1. Clearly, due to the similar
ionic radii, Eu?+3 dopant ions have no obvious influence on the
structure of these three strontium borate hosts. Since there are
no additional reflexes observed in all XRD patterns, indicating the
high phase purity of all phosphors synthesized. The morphology
and structure of the synthesized products were checked by SEM
at various scales, as shown in Fig, 2, As disclosed, the materials
obtained are composed of irregular micro-particles with the
particle sizes ranging from approximately ~20-60 pm
[SrogeBunmBa0s), -1-3 pm (Srpa7BugpaBOs)z) and -0.5-1 pm
[5rpgsEuppmBa04). Grains of the compounds are aggregated,
nearly-spherical and inhomogeneous particles. For comparison, a
much larger particle size in SrpgaEupg B4O7 may be attributed (o
the excess of HsBOs that was added during the synthesis of the
S osEug p1By07 phosphor to obtain a pure phase structure. In
addition, as shown in Fig. 51,52 and 53 of supporting information
[51), EDX spectra show peaks corresponding to 5r, B, O and Eu in
each sample, further proving the formation of SrpgaEugg,BaOy,
SrogeEun o Ba0s and SraazEugoa{BOz)z compounds, Moreover,
elemental mapping of 5r, B, O and Eu illustrates that the chemical
elements presented were equally distributed in all micro-
particles (Fig. 51, 52 and 53). Inductively coupled plasma mass
spectrometry (ICP-MS) is performed and the result shows the
atomic ratio of Eu/Sr in three samples is 1.4 mol%, 1.0 mol® and
0.8 mols, respectively. These are close to theoretical value of
1 mol%, which further specifies that the doping concentrations in
three samples are as expected.

The crystal structures of SrBy07, SrB204 and Sra(BOs)z are pre-
sented in Fig. 3. The insets in Fig. 3 show the corresponding cationic
coordination environment. [t can be seen that the coordination
numbers of 527 jon in SrB405, SrBa04 and Sr3(BO5); matrices are 7,
7 and &, respectively. Such a difference in crystal structures leads to
diverse stability of Eu’" in the SrBs0; SrBs0y and Sra(BOs)
structures [42,43],
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Table 1

Structural information for Srzo7Eu0.0(BO: ), StoasEuae B204 and SraooEuee B407 phosphors,

Sample composition Crystal system Space group Local point symmetry Lattice parameters Se?* site number
Stz2a7Eu0m(BOs3); rhombohedral R3¢ Dyg a-9069A, ¢~ 12542 AV ~ 893340 A’ 1
Sta.99Ev0,018204 orthorhombic Pben Dan a=12014A b =4339 A ¢ = 6586 A, V = 343,330 A® 1
Sra9oEue01B40; orthorhombic Pmn2, Cov a=4426A,b=10707 A c =4224 A, V = 200810 A* 1

.“ : .
e Bt 2 30 pm
g 5 L Pr—

2 pm

Fig. 2. SEM images of (a, b, ¢} SrpeabunniBsOy. (d, e, F) Sr;a7EUnm(BOs )L, and (g h, 1) Sty ssElgm B,04 phosphors.

3.2. Luminescence properties

In order to study the Eu®*' emission behavior in the synthe-
sized phosphors, excitation spectra were recorded, and the corre-
sponding results are demonstrated in Fig. 4. Excitation spectra of
the synthesized phosphors at hem 367 nm (position corre-
sponding to the Eu®*: 4%5d' -4 transition in the emission
spectra) are shown in Fig. 4{a}. In the case of SrggaEug g B407 two
overlapped broad peaks with maxima around 251 nm 298 nm are
observed, which correspond to splitting of 5d orbital in tz3 and e,
components, respectively [28,44]. This effect is the most pro-
nounced in the Srgg9EupgiB4O7 material because of the highest
content of Eu®".

Fig. 4 (b) shows excitation spectra at 4.y, = 615 nm (the position
of the most intense Eu**: *Dy—’F, transition in the emission
spectrum) in the range of 200-450 nm, It is indicated that the
dopant emission can be efficiently excited in the 0% — Eu’ charge
transfer (CT) band, with maxima at 220, 237 and 260 nm for the
Srogabug.01B4a07 SrogaFugoB204 and Srzge7Eupgs(BOz)z lumino-
phores, respectively. The energy of the CT: 0° —Eu®" transition can

be estimated using the following equation given by Jergensen [45]:

Ecr = [x{l) — x(m)}(3 x 10%) (1)

where Ecr denotes the position of the CT band (in cm '), x(1) and
x(m) are the optical electronegativities of the anion and the central
metal cation, respectively. However, for x(0) = 3.2 and y(Eu) = 1.75
[46], the calculated CT position should be around 43 500 cm '
(=230 nm), which is close to the measured positions of the CT
bands in the excitation spectra of SrpgeEugpB4O; and
SroasEupg1B204 compounds. The difference between the theoret-
ical and experimental values results from the fact that the CT en-
ergy position depends on several factors, i.e. the crystal field
symmetry, the strength of ions surrounding (0% ), the strength of
anion bonding, the size of the cation site, and the coordination
number [47]. Therefore, in this case the shift in the CT band might
be attributed to different effects of the crystal field and differences
in the symmetry of the local environment around Eu’* embedded
in various borate structures. Transition bands in the spectral range
of 280—300 nm are connected with energy transfer (ET) between
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Fig. 4. (a) Excitation spectra of the synthesized phosphors at (2) by = 367 nm and (b) ke, ~ 615 nm.

Eu®’-Eu’". In the range of 300—450 nm, the sharp excitation peaks
are assigned to the "Fg—°Hs "Fo—°Dy, "Fo—°L7 "Fg—°Ls and
7Fg—°D3 intra-configurational 4f-4f transitions of Eu®", respec-
tively. These sharp excitation bands are the consequence of the
shielding properties of the 4f electrons by the 5s and 5p ones
present in Eu”" ions. Because of these effects, the 4f-4f transitions
are relatively insensitive to the changes of host matrices [48].

For the purpose of investigating the photoluminescence prop-
erties of the synthesized samples, the emission spectra of
Sro.gaEugn1B4O7, Srogabugn B204 and Srzg7Eug,03(BO3)2 phosphors
depending on the excitation wavelength are shown in Fig. 5(a—c).
In Fig. 5(a), it is indicated that the violet/blue emission (Eu®*:
4°5d —4f7 transition) centered at 367 nm dominates in the
emission spectrum of Srg ogEup 01B407 . From the inset in Fig. 5(a), it
can be noticed that the emission intensity of Eu>* enhances as the
excitation wavelength increases from 240 to 300 nm, Meanwhile,
compared to Eu®", the Eu®* emission intensity is extremely low,
close to the level of noise (see the inset of Fig. 5(a)). This result is a
good proof of the efficient reduction process of Eu* to Eu?" in this
material. As presented in Fig. 5(b), the SrpagEuggiB204 phosphor

shows not only the characteristic 4f-4f transitions of Eu®" ions, but
also the 5d-4f emission of Eu’* ions of comparable intensity. The
violet emission centered at 367 nm is associated with the
4f55d —4f transitions of Eu?* ion, and the red emission bands
centered at 578, 593, 615, 654 and 705 nm are attributed to the
*Dg—"F; (J = 0,1,2.3,4) transitions of Eu®* ions, respectively. From
the inset in Fig. 5(b), it can be seen that the integrated intensity of
Eu** red emission increases with increasing excitation wavelength,
and achieves its optimal value at .y = 280 nm. Then it shows a
decline tendency with further increase of the excitation wave-
length, while the intensity of the violet/blue emission of Eu’’ is
constantly increasing.

As shown in Fig. 5(c), the red emission predominates in the
emission spectrum of Sry.q7Eup03(BO3)z, and the Eu?*?~ emission
intensities change in a similar way. In this compound, the emission
intensity of Eu’® is several times smaller compared to the
SrpgaEug p1B204 luminophore. In addition, the Eu?* [Eu®* integrated
intensity ratio at i = 300 nm is 22777, 0.307 and 0.033 for
SroggEun,01B407 Sro.saFug01B204 and Srz97Eungs(BO1); phosphors,
respectively, which further confirms they have decreasing
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Fig. 5. Emission spectra of the (a] 5rooEvg Baz (B] SraaE g BaOyg). (€] Srzsobuggs B0l phosphors at different excitation wavelengths, The insets illustrate the corresponding
integrated emission intensity of Eu®* and Eu®* as a function of excitation wavelength and magnified emission spectra in certain range, The emission spectra of the obtained samples
at (d) des = 393 nm., (e) 300 nm and [f] 254 nm are illustrated in Fiz. 5(d—FL. The insets in Fig. 5 (d) show magnified *Dy-"Fy peaks, while the insets in Fiz. 5 () show the cor-
respanding photegraphs of luminescence colors under UV light ircadiation (ke = 254 nm ). [For interpretanion of the references to color in this Agure legend, the reader is referred to

the Web versson ol this articke,]

effectiveness of reduction of Eu®" to Eu®", All calculated values of
Eu?*Eu?™ integrated intensity ratio for different excitation wave-
length are presented in Table 51 of SI. Please note that due to the
low energy of the excitation light source (xenon lamp) below
=260 nm, the wavelength dependent emission spectra of
SrpgaEug nBa0y and Srag9Eug gy BOy): recorded ar longer wave-
lengths (=270-300 nm) are more intense. despite the fact of
excitation at the edge of the CT band (see Fig. 4(bl). Apparently, at
certain excitation wavelengths, the presented phosphors can
generate in a controllable way the simultaneous luminescence of
bath Ev®* and Eu* ions or exclusively the emission of the Eu?" or
Eu’* ions, which can lead to color-tunable luminescence [48—51].
On the other hand, the emission intensities of different matrices
change under different excitation wavelengths, which will be dis-
cussed in detail in the next paragraph.

For the sake of getting a detailed insight into the influence of
matrix on emission behaviors of the synthesized samples, the
emission spectra at different excitation wavelengths, i.e. 393 nm
(Eu?"}, 300 nm (Eu®') and 254 nm (CT band) are illustrated in
Fiz. 5(d=f). When the phosphors are excited with UV light at
393 nm, the emission intensity of 5r2g07Eup g3 BO3): is = 10-times
stronger than that of SrgeaEupg ByOr and = 6-times stronger than
SrpgaEug o) B20y. On the contrary, under 300 nm UV light excitation,
the emission intensity of SrgeeEugnB407 is about two orders of
magnitude higher than the others, This is due to the highest con-
tent of Eu?t in the SrBy0s matrix, whose emission originates from
the allowed 4f°5d-4f° transition [19). Furthermore, when the

phosphors are excited with UV light at 254 nm, the emission in-
tensity of SrposEupg BaO7 is = 4-times stronger than that of
Sraa7Eupai{BOy): and =12-times stronger than SrgeeEugg B0y
sample (see the multiplication factors in Fiz, S(d—f}). The emission
spectra of all samples at b, = 393 nm (see Fig. 5(d)) consist of five
narrow, split bands corresponding to the *Dy—"F) (] = 0—4) tran-
sitions, which belong to the intra-configurational 4f-4f transitions
of Eu** jon. The most pronounced splitting of the Eu®* bands
observed in the SrpggBug 0 B40; sample is probably related to the
highest crystallinity of that sample (the largest particles). Whereas,
the spectra of other matrices are broadened because their particles
are more irregular and smaller [52].

It is well-known that the hypersensitive electric dipole *Dg— "Fz
transition is very sensitive to the site symmetry alterations around
Eu** ions, and becomes partially allowed when Eu** ions occupy
sites of low symmetry (without an inversion center) [53]. On the
contrary, the *Dp—"Fy band corresponds te the magnetic dipole
transition, insensitive to the symmetry alterations. Therefore, the
intensity {[) ratio between the integrated areas of the *Dg— "Fz and
0g—7F, bands is informative about the structural changes in the
Eu“-dnped host and symmetry of the surrounding local coordi-
nation environment. The intensity ratioc B is defined by the
fallowing equation:

Is e
= "D Fi) [2:|
I:‘Dn—FJFU
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The R values calculated for the SrggaFugn1B4O7, SrogaEugn1B204 the increasing R value indicates the covalence of the Eu®'-0% bond
and Srzq97Eug03(BO3); are 1.797, 1.897 and 2.670, respectively. All in the Srz97Eug,03(B03); compound is the strongest [54,55]. How-
the ratios are higher than 1, indicating that in all samples the Eu** ever, according to XRD analysis, the Eu®* ions in the synthesized
ions are situated at sites without inversion symmetry. Furthermore, SrpgoEugp1B407, SroaoEugpiB204 and SrparEupox(BO3); samples
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Fig. 7. Luminescence decay curves recorded for (a) the Eu®* (°Dy - °F; transition) and (b} the Eu’* (4°5d 4 transition) of the obtained samples doped with Eu**** jons,
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Table 2
Determined luminescence lifetimes for the Eu® (*0y — "F2) and Eu®* (4950 — 4§7) transitions in synthesized strontium borates,
Compounds Eu™ (*Dy—"Fa) £ {ms) Eu® (4f5d —af”)
) (s X Tz (M) Ed T (s}
SrpaaEug o Byly 0,148 = 0,001 al 0677 = 0,001 1% 0421 + 0001 2,430 « 0,005
STp aaEug 0Bl 0,140 + 0,001 G 0861 + 0,001 4 (LGESE + 0,001 2,230 + 0,001
512 urEtlml B 1.094 + 0,001 100 - - 1004 + 0001 1.945 + 0,002

occupy the sites with increasing symmeiry, i.e. Cuy Dap and Dag,
respectively, The inset in Fig. 5(F) shows the photographs of the
corresponding samples luminescence under UV lamp irradiation
[ Aoy = 254 nm). Furthermore, comparing Fiz. 4{b) with Fig. 5(f), it is
also easily seen that there are overlaps between the excitation
spectra of Eu*® jon (4f4f transitions of Eu® ion, from 340 to
420 nm, ie. peaks at 375, 380 and 393 nm) and the emission
spectra of Eu®' jon {5d-4f transition. from 350 to 380 nm. i.e. peak
centered at 367 nm), which provide a channel for energy transfer
from Eu®* to Eu®* ions in the obtained phosphers [56). It is worth
noting that in the case of the SrgsaEugn B4O7 and SrpaoBug g Bz0y4
samples, the band around 580 nm corresponding to the forbidden
5Dg- Fy transition can be deconvoluted inte two separate peaks (see
the insets in Fiz, 5(d)). As the total angular quantum momentum (f
number) for this rransition is equal to zero, this band does not split
into Stark sublevels. That is why, the number of “Dy-"Fp peaks
corresponds te the type of the Eu'' symmetry sites present in the
matrix. According to structural analysis, there is only one site for
Eu®*"** ipns in all matrices. Hence, the presence two different site
symmetries of Eu® ' { two peaks around 580 nm) is plausibly related
to the energy transfer between Eu®*-Eu®’ jons and the altered
symmetry of the local coordination environment in those systems.
In other words, part of the Eu®' ions is surrounded mostly by other
Euw’* ions, whereas another part is surrounded by Eu®* ones, This
reasoning is supported by the fact that the presence of two 5[}0-?1'-'0
peaks is clearly observed in the matrices with the highest content of
Fu?", 1.2, SrosaFugmBaly and SrgesFuno B20s compounds [57,58],

For a visual understanding of the color-tunable emission of the
synthesized SryagEug,pBsO7, SrosaEugm B0y and Sryg7Eug gs(BO1):
phosphors at different excitation wavelengths, one can refer to the
included chromaticity diagrams [(CIE 1964 10 deg observer), pre-
sented in Fig. Gla—c), respectively. Fiz. 6{d) illustrates the CIE dia-
gram of the synthesized phosphors at b, = 254 nm, i.e, comparison
of the emission color between different matrices. The presented
colors in this CIE diagram agree with the luminescence photo-
graphs in Fig. 5(f. Accordingly, the corresponding emission color
can change from orange-red to violet-blue depending on different
matrices used or applying different excitation wavelength.

Fhotoluminescence  decay  curves  of  the  as-prepared
SrogaBug,mBaOy, SrogaEunmBa0y4 and 5r; g7Eungz(BOs) phosphors
are depicted in Fig. 7(a, b). The luminescence decay curves of these
phosphor were obtained at hem = 615 nm for the Eu®" ion
[ng—l?Fz transition; Fig. 7{a)) after excitation at 393 nm, and at
hem = 367 nm for the Eu®' ions (4f5d —4f transition: Fiz. 7(b))
after excitation at 300 nm, The decay curves of the Eu®* emission in
the SrgosEupmBa0s and SrpocEupgB204 phosphors can be well
fitted to the bi-exponential function:

I = Ay exp(-afry) + Az exp{-x/tz) (3]

where [ is luminescence intensity at time x, A is the amplitude, 7 is
the emission lifetime, and the correlation coefficients (.'?2] for
SrpaaEug,m BaOy and SrgsqBugm B20y4 are both higher than 0.999, 1t
is indicated that there are at least two components (7 and 72 in the
recorded decay profiles, which is related to the presence of two

Eu’* symmetry sites in these two crystal structure. On the other
hand, the decay curve of SrygEugea(BOs)z can be well fitted
{R? = 0.999) to a single-exponential function as:

I = A expl-xt) {4)

It is indicated that in Sraa7Eupgs(BO); there is only one sym-
metry site of Eu®*. Such a result coincides well with the results
from the spectra of 0-0 transition of Eu®' in Fiz. 5 (d). The deter-
mined emission lifetime values of Eu®™ and Eu®" are presented in
Table 2. The determined luminescence lifetimes of Eu** are about
=04 and = 0.7 ms in the SrpacEupgBaOr and SrgeeEug g B0y
luminophores,  respectively,  and  abour 1.1 ms  in the
5raa7Eup i B0 )z one. In contrast, the emission lifetimes of Fu?+
are very similar in all samples, ranging from =2 to 2.4 ps The
shorter lifetime of Eu?™ in the SrpgaFug o Ba0y and SrgogFug g BaOy
luminophores can be attributed to the efficient non-radiative ET
pathway between Eu”'-Eu" ions in the systems, including inter-
and intra-configurational transitions. resulting from higher content
of Eu®™* in these two compounds. However, in order to fully confirm
the reason for the short, bi-exponential decay of Eu®" in the
SrpasEupg BaOy and SrgeaFug o Ba0y structures, further studies are
needed, which will be the subject of our future research.

4. Conclusions

In summary, three different complex matrices of strontium
borates Srs{BO: ), SrBz04 and SrBs0; doped with Eu®*/Eu™ jons
were successfully prepared by the solid state reaction method n
the air. According to the XRD and SEM analysis, each obtained
sample has a pure crystal structure, and the 5rpgsEug g Bs0s sample
consists of irregular particles [ =10—60 pm). much larger in size
than the other phosphors ( =053 pm). The phosphors exhibit a
color-tunable  luminescence from  violet-blue to orange-red
depending on the excitation wavelength and host matrix used, [t
results from the different content, ratio of the Eu®* (violet-Ilue)
and Eu** (red) emissions in the compounds studied. Under 300 nm
UV light excitation, emission ntensity of the SrgeeEupg BaOs
sample is two to three orders of magnitude higher than for others,
which is due to the most efficient reduction process of Eu™* to Eu??
in this material. Due to the abundant and excellent luminescence
properties, the as-prepared phosphors have potential applications
in the areas of pressureftemperature sensors, new light sources,
barcoding in forensics, labeling technigues, etc.
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Supporting information for
Influence of matrix on the luminescence properties of Eu**/Eu’" doped strontium borate:

SrB407, SrB204 and Sr3(BO3)2, exhibiting multicolor tunable emission

Srg.99Eug 01 B404

Fig. S1. Elemental mapping(a, b, ¢ and d) and EDX spectra of the Sro.99Eu0.01B407 phosphors.
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Fig. S2. Elemental mapping(a, b, ¢ and d) and EDX spectra of the Sro.99Eu0.01B204 phosphors.
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813 97E15,03(BO;3

Fig. S3. Elemental mapping(a, b, ¢ and d) and EDX spectra of the Sr2.97Eu0.03(BO3)2 phosphors.
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Table S1. The calculated Eu®>"/Eu’®” integrated intensity ratio values at different excitation

wavelength.

Compounds 240 nm  250nm  260nm  270nm  280nm 290 nm 300 nm

Sro.99Eu0.01B407 137.2 739.2 5553.0 10569.1 11426.7 22777.0 22014.9
Sro.99Eu0,01B204 4.02 0.54 0.17 0.11 0.11 0.19 0.30
Sr297Eu0.03(BO3)2  6.39 0.25 0.04 0.02 0.02 0.02 0.03
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5.2. Huge enhancement of Sm?* emission: via Eu®* energy transfer in a SrB4O7 pressure

sensor
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The result in this section were published in: Teng Zheng, Marcin Runowski, Przemystaw
Wozny, Stefan Lis, Victor Lavin, Huge enhancement of Sm?* emission via Eu?" energy transfer in
a SrB4O7 pressure sensor, Journal of Materials Chemistry C, 2020, 8, 4810-4817(8).

Abstract of the section: Based on the last section, the main aim of the work: “Huge enhancement
of Sm?* emission via Eu?* energy transfer in a SrB4O- pressure sensor” is, taking advantage of the
typical pressure-sensing performances of the Sm?* ion in the SrB4O7 crystal, to explore the
improvement of the emission intensity of Sm?* ions via the strategy of Eu?*-to-Sm?* ET process.
When Eu?* ions are also incorporated into the crystalline structure, an enormous enhancement of
about 60 times was observed in the °Do - "Fo emission line. The spectral position of the ultra-narrow
and most intense °Do - ‘Fo emission line in the material was correlated with pressure and was
successfully calibrated up to about 58 GPa. The developed sensor is characterized by favourable
pressure-sensing features, i.e., a pressure sensitivity of ~0.29 nmGPa?, excellent temperature
independence, sharp and single emission lines, and an intense luminescence signal. Depending on
the excitation wavelength used and the content of dopants in the matrix, the samples also exhibit
multicolour tuneable luminescence from orange-red to amaranth, and to warm-white light, which

allows their potential application in white light emitting diode devices.
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Contribution of Ph.D. student in this work: Conceptualization, material synthesis, structural and
morphological characterization, conduction of the spectroscopic measurements, visualization, data

analysis and curation, formal analysis, writing original draft and writing review & editing.
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Taking advantage of the excellent pressure-sensing properties of the Sm?* ion in the SrB,O; crystal, we
demonstrate an enormous enhancement of about 60 times in the emission intensity of Sm?* ions when
Eu®* ions are also incorporated into the crystalline structure. This enhancement is induced by the
energy transfer from Eu?" to Sm?* ions. The spectral position of the ultra-narrow and most intense
5Dy — "Fg emission line in the material was correlated with pressure and successfully calibrated up to

Received 27th January 2020, about 58 GPa. The material exhibits favorable pressure-sensing features, ie. di/dp ~ 0.29 nm GPa™?,

Accepted 29th February 2020 negligible temperature-dependent shift, narrow and well-separated emission lines, and a strong
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Introduction

Pressure shapes stars and planets, continents and oceans, and
affects all aspects of our lives." Pressure also has a crucial
influence on the physicochemical properties of materials.
Compression of materials under high-pressure conditions has
been widely utilized for the study of pressure-induced changes
of physicochemical characteristics of substances, formations of
new phases or materials under extreme conditions, spectroscopic
and structural variation of the chemical compounds, etc.>®
When trying to mimic these processes for scientific and industrial
purposes in the laboratory using a high pressure anvil cell, a quick
and precise determination of pressure is of paramount impor-
tance and, thanks to the transparency of diamonds and other
gems in the visible range, optical pressure calibrants are often
used. '

In the case of a static high pressure experiment, the combination
of a sample with a variety of hydrostatic pressure transmitting
media (PTM) is a typical assemblage for diamond anvil cell (DAC)
system, using the calibration of the line shift of the fluorescence
at around 694 nm of Cr*' ion in ruby, ie. di/dp ~ 0.35 nm GPa™",

“ Adam Mickiewicz University, Faculty of Chemistry, Uniwersytetu Poznanskiego 8,
61-614 Poznan, Poland. E-mail: runowski@amu.edu.pl; Tel: +48618291778
b Departamento de Fisica, MALTA Consolider Team and IUdEA,
Universidad de La Laguna, Apdo. Correos 456, E-38200 San Cristobal de La Laguna,
Santa Cruz de Tenerife, Spain
1 Electronic supplementary information (ESI) available: Experimental details;
XRD data; SEM images; EDX mapping and spectra; emission spectra; FWHM in
pressure; temperature shift; luminescence decay curves and luminescence life-
time; CIE diagram. See DOIL: 10.1039/d0tc00463d

4810 | J Mater. Chern. C, 2020, 8, 4810-4817

the matrix, allowing their potential application in white light emitting diode (LED) devices.

for the pressure determination.”” "> However, due to the pressure-

induced solidification of most of the commonly used PTMs and the
subsequent loss of hydrostaticity in the sample’s chamber,’**® a
large error occurs in the ruby spectral data analysis that signifi-
cantly reduces the accuracy of the pressure determination under
very high pressure conditions. This is because of the relatively
broad (~0.8 nm at ambient condition) emission bands of
ruby and the strong overlapping of the ruby peaks (R; and R,)
under non-hydrostatic, high-pressure conditions. Moreover,
the fluorescence line shift of ruby is strongly temperature-
dependent, ie. d/dT ~ 0.007 nm K, which limits its pressure-
sensing capability to the low-temperature range.

The SrB,0,:Sm>" compound has been reported in many
works as a splendid alternative to ruby as pressure gauge,'® '
thanks to its favorable features such as: (I) an isolated, narrow
(~0.2 nm) and intense *D, — F, emission band (0-0 line)
located at around 685 nm; (II) a large pressure-induced shift of
the 0-0 line (~0.25 nm GPa '), comparable to that of Cr’* in
ruby, (IIT) a negligible temperature coefficient (10" nm K '),
and (IV) excellent thermal, chemical and structural stabilities.
However, despite these benefits, and as it also happens to ruby,
the inevitable decrease of Sm®" luminescence intensity under
pressure may limit the measurable pressure range and also may
diminish the sensing accuracy.

The divalent lanthanide (Ln) ions are interesting luminescent
centers because of the smaller energy gap between the 4f” ground
and the first excited 4" '5d configurations compared to the Ln**
ions.?* 2 This smaller energy difference increases the mixing
of wavefunctions of the different configurations, i.e. increasing
the 5d state opposite parity character of the 4f wavefunctions,

This journal is © The Royal Society of Chemistry 2020
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that shorten the lifetime and increases the intensity of the
luminescence of Ln** ions.*® The divalent europium ion (Eu**)
has many advantages, such as intense broad excitation and
emission bands corresponding to the allowed 4f°5d «> 4f’
transitions, relatively low reduction potential, relatively high
stability, etc.>*** Thanks to the large absorption in the UV
region of Eu** in many host materials, this ion may exhibit
excellent sensitization effects to other lanthanide ions.**™*°
According to energy transfer (ET) mechanism,*'™* such a
process occurring from sensitizer (Eu*') to activator ions
can effectively enhance emission of the luminophore. A host
material based on the SrB,0O; crystal structure is a good choice
for effective combination of sensitizing properties of Eu*'
ions with the targeted Sm>" activator ions, to enhance lumines-
cence performance of the system. This is because SrB,0; host
reveals excellent stabilization of both Eu*" and Sm?', even at
high temperature in an oxidizing atmosphere. Moreover, the
similar ionic radii of the dopant and host ions (Rgy+ = 1.39 A,
Rsme+ = 1.41 A and Rgy2+ = 1.40 A) provide less lattice distortion of
the synthesized crystals.**™*’

Many works have focused on the synthesis of different
compounds doped with Sm** and other trivalent lanthanide
ions, ie. Ce’', Er*', Tm®', etc., and their use for pressure
sensing applications.?>***87>3 However, there are no reports
concerning signal enhancement of pressure sensors via the ET
processes from Eu®" to other Ln?"** ions, which may significantly

(a)
a .oz-
b}—uc SrB,0;: Sm?*, Euz* { B
@ s (Eu?, sm?)
(C) Aex=300 nm
8.0k 'i',- Eu?+ Sm2*
— o
s 1l &
B 6.0k1{"% 1
> N o o
-‘5 < o &~
S 4.0k 1} "T 1
;: B L8
2.0k - < 5
x
0.0- /——~2—-
350 400 650 700 750

Wavelength (nm)
Fig. 1

View Article Online

Journal of Materials Chemistry C

increase the emission intensity of various co-doped optical
sensors, working under high pressure conditions. Herein, we
report a huge enhancement of about 60 times in the emission
intensity of Sm** caused by the Eu** — Sm*" ET in the co-doped
SrB,0, compound synthesized by a simple solid-state method in
air, and its application as a well-calibrated and accurate optical
pressure sensor, which can work simultaneously under extreme
conditions of pressure and temperature. In addition, we also
demonstrate multi-color tunable emission from orange-red to
warm white, depending on the concentration of Sm** and Eu*"
ions in the host and the excitation wavelength used.

Results and discussions
Structural and morphological properties

Information concerning the raw material used, synthesis
and characterization are available in the ESL.f The powder
X-ray diffraction (XRD) patterns (Fig. S1 in ESIf) of the
SrB,0,:0.01Sm>" xEu>" (x = 0, 0.005, 0.01, 0.03, 0.05, 0.07 and
0.09) micro-particles fit well with the reference patterns (card
no. 071-2191) from the ICDD standards database: orthorhombic
SrB,0-, phase with space group Pmn2,. The graphical representa-
tion of crystal structure is shown in Fig. 1a, where it is indicated
that only one Sr** site exists in the structure of SrB,O, host
occupying a nonahedron (coordination number: 9) with local
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(a) Graphical representation of the crystal structure of orthorhombic SrB,O; matrix (Pmn2; space group). (b) The excitation spectra

monitoring the emission at 685 nm for Sm?* (top) and /em = 367 nm for Eu?* (bottom) and (c) the emission spectrum at e, = 300 nm of the

SrB40;:0.01Sm?*,0.03Eu?* compound. (d) Simplified energy level diagram
system with the possible Eu* — Sm?* ET process.
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point symmetry C,,, and the cell parameters are: a = 4.431(4) A,
b =10.707(10) A, ¢ = 4.237(4) A, V = 200.810 A,

The morphology of the synthesized products was inspected
by a scanning electron microscopy (SEM), and the representa-
tive SEM images of SrB,0-:0.01Sm*",xEu®* samples (x = 0, 0.01,
0.03, 0.05) are shown in Fig. S2 (ESIT). The synthesized products
are composed of irregular, nearly-spherical micro-particles
(typical of inorganic borates), whose sizes range from approxi-
mately ~0.2 to 2.0 um. With increasing content of Eu**, from
0 to 5 mol% (x = 0-0.05), the particle sizes vary slightly, which
can be attributed to the similar ionic radii between the host
and dopant ions.>*® In Fig. S2e-k (ESIf), the representative
elemental mapping results and the EDX spectrum of the
SrB;0,:0.01Sm>*,0.03Eu>" compound revealed that the
obtained phosphor consist of Sr, B, O, Eu and Sm, and these
elements are uniformly distributed in the prepared product
over the whole particle volume.

Optical properties at ambient conditions

The photoluminescence (PL) emission and excitation spectra,
as well as luminescence decay curves, of the samples obtained
were recorded under the same experimental conditions, and
were corrected for the apparatus response. In Fig. 1b, the
excitation spectra are given for the SrB40,:0.01Sm>",0.03Eu*"
compound recorded monitoring the emission at 685 nm for
Sm** (top) and 367 nm for Eu** (bottom). It was found that
the excitation spectra of both Sm** and Eu®" consist of two
overlapped broad peaks with maxima at around &~250 nm
and ~300 nm, which are due to the splitting of 5d orbital into
the t,, and e, components.”” Upon UV light excitation at 300 nm
(the highest peak in excitation spectra of Sm>" in Fig. 1b), the PL
emission spectrum of the SrB,0,:0.01Sm>",0.03Eu®>" compound
was examined. As shown in Fig. 1c, the emission spectrum
consists of UV-violet and red bands. In the UV-violet region,
the detected emission band can be deconvoluted into two
peaks, ie. the characteristic 4f°5d — 4f transition of Eu*'
centered at 367 nm (broad band) and the rarely observed
4f’-4f” line-type (narrow) transitions of Eu®>" centered at ~362.1
and ~362.7 nm.**®" On the other hand, the red emissions
of Sm*', located in the range of ~680-750 nm, correspond to

SrB,0;: 0.01Sm?, x Eu*

View Article Online
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°Dy — 'Fo (685.4 nm), °D, — ’F; (695.4, 698.6, 704.6 nm),
°Dy — ’F, (722.1, 724.2, 727.0 and 733.5 nm) and they are
associated with 4f°-4f® intra-configurational transitions of
Sm** ions. 1t is clearly seen that the °D, — ’F, transition of
Sm?** exhibits its characteristic isolated, narrow and intense
singlet band located at 685.4 nm. In the case of inevitable
broadening of emission peaks under high pressure conditions,
such a characteristic intensive, singlet and narrow 0-0 line of
Sm*" in a co-doped SrB,Oy, reveals its superiority for high-
pressure measurements, in comparison with the emissions
bands of other transition metal ions (e.g. Mn*', Ce*',
Er’").>*%>7¢* This is attributed to the fact that the lowest
emitting level and the ground state of the Sm** ion are singlets,
i.e. non-degenerated multiplets with a total angular quantum
momentum (J number) equal to zero. In addition, the °D, — "F,
band presents three sharp peaks, while the *D, — ’F, band
presents only four out of five peaks. Hence, all the observed
Sm>" bands are split in a maximum of 2/ + 1 Stark components,
which further confirms only one Sm*" local symmetry site (local
point symmetry C,,) existing in the SrB,O; structure.

To better comprehend the feasible ET process and the
luminescence mechanisms governing the generation of UV-violet
and red emissions, the simplified energy level diagram of Eu®>" and
Sm*" ions is illustrated in Fig. 1d. With the excitation of UV light
(from 210 to 360 nm), the Eu** ions can be excited from their
ground °S;,, level to the excited 4f°5d", as well as °Ps;, and °P;,
levels, and then radiatively relax to the ground state, accompanied
with a broad UV-violet emission (5d — 4f) overlapping with
line-type emission (4f” — 4f’) of Eu*". Meanwhile, the Sm** ions
populating the “F, ground state can be excited to the 4f°5d" first
excited configuration of Sm** when pumping at 7, = 250-550 nm.
Afterward, non-radiative (NR) decays occur, populating the lowest
excited level °D, finally leading to a series of radiative *D, — "F,
transitions, giving rise to the characteristic narrow bands of the
red emission of Sm>" ions. We assume that there is an energy
transfer (ET) process between the Eu** and Sm>" ions in the
SrB,O; host, which will be discussed in detail in the following
paragraphs.

In order to explore the influence of Eu*" ion concentration on
the emission properties of the synthesized samples, the emission
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Fig. 2 (a) Emission spectra of the SrB40,:0.01Sm?* xEu* (x = 0, 0.005, 0.01, 0.03, 0.05, 0.07 and 0.09) compounds, using /ex = 300 Nm at ambient
condition. (b) Magnified emission spectra showing the 0-0 line of Sm?* as a function of Eu?* content x. (c) Excitation spectra for Sm?* ions monitoring
the emission at 685 nm (solid lines) and their overlapping part (shaded area) with Eu®* emission (dashed lines) of the samples.
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spectra exciting at Zex = 300 nm of the samples as a function of
the Eu*" ion content are shown in Fig. 2a. It is clearly seen that
all the emission spectra consist of UV-violet emission bands of
Eu®’ ions and red emission lines from Sm>" ions, except of the
sample without Eu** ions (SrB;0,:0.01Sm”*) that only shows
Sm** emission lines. With increasing the Eu** ion content from
0.5 to 9 mol% (x = 0.05-0.9), the shape of emission peaks scarcely
varies, whereas the emission intensity and the Eu*/Sm®" band
intensity ratios are greatly dependent on the Eu®* doping content.
In the UV-violet region, the emission intensity of Eu>* maintains
an upward tendency with increasing the Eu** doping content
from 0 to 9 mol%. For detailed investigation of the sensitization
effect of Eu*" in the synthesized samples, the magnified emission
spectra of the Sm>": 0-0 line (in a narrow range) as a function of
the Eu** doping content are shown in Fig. 2b. As disclosed, the
Sm*" emission intensity of the samples is highly dependent on
the Eu*" concentration and the best enhancement occurs for
x = 0.03 (inset in Fig. 2b). Based on the integrated emission
intensity of Sm>" in the SrB,0,:0.01Sm**,xEu®" samples (see
Table S1 in ESIf), it is clearly seen that the addition of even
0.5 mol% of Eu®" results in the ~16-times enhancement in
emission intensity of Sm*" compared to the sample without
Eu®’ ions. As the Eu** content further increases, the enhance-
ment demonstrates an upward tendency, exhibiting its optimal
value, ie. about 60 times enhancement, with 3 mol% of Eu®".
Afterwards, the emission intensity of Sm>" ions starts to decrease
when the doping concentration is over 3 mol%, probably due to
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the concentration quenching effects. Such a large increase in the
intensity of Sm®" emission in this material may be attributed to
the ET phenomenon, occurring from Eu®* to Sm*>" ions.

For the sake of studying the possible ET process from the
Eu®'-Sm** ions, the emission spectra recorded at /., = 300 nm
(Eu*") and the excitation spectra at A, = 685 (Sm>") of
SrB,0,:0.01Sm*" xEu** (x = 0-0.09) are shown in Fig. 2c,
emphasizing their overlapping parts. It can be clearly seen that
all the obtained samples have a very broad excitation band from
200 to over 400 nm, with the highest peak at around 300 nm,
associated with Sm>" ions that overlaps the Eu®>' emission
band, located in the range from 345 to 400 nm. In fact, Eu*"
begins to emit even at lower wavelengths, however, due to the
technical reasons, i.e. the necessity of using a long-pass
(350 nm) filter, this emission is partially cutoff. The over-
lapping area indicates the resonant channel for ET from Eu**
to Sm*" ions, which occurs in the Sm**~Eu*" co-doped SrB,0;
system, leading to the enhancement of Sm** emission.®

The Commission Internationale de I'Eclairage (CIE) chromati-
city diagram for the SrB,0,:0.01Sm*",xEu>* (x = 0-0.09) samples
and the corresponding photographs of the samples under irradia-
tion with a 254 nm UV lamp are shown in Fig. 3a. All the samples
obtained are white powders in daylight. The presented colors in
the CIE diagram (based on the emission spectra characteristics)
agree with the luminescence photographs. As disclosed, the
samples obtained exhibit multi-color tunable emission from
orange-red to warm white, depending on the Eu*" content in

(b)

s
T 1 T T {
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Wavelength (nm)
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Fig. 3 (a) CIE chromaticity diagram and luminescence images of the SrB407:0.015m?* XEu®* (x = 0-0.09) phosphors, excited at 254 nm, and (b) the
corresponding emission spectra. (c) CIE chromaticity diagram of SrB;0;7:0.01Sm?*,0.03Eu®* as a function of representative excitation wavelengths,

and (d) the corresponding emission spectra.
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the phosphor. The corresponding emission spectra excited at
254 nm are shown in Fig. 3b. Moreover, as shown in Fig. 3¢
and d, the emission color of the best-enhanced sample
(SrB;0,:0.01Sm>*,0.03Eu") can also be tuned depending on
the excitation wavelength used. Noteworthy, the determined
color coordinates of the Sm**~Eu** co-doped SrB,0- are very
close to the white illumination (0.310, 0.316), e.g. 0.322,
0.306 (9 mol% of Eu®*) and 0.330, 0.325 (3 mol% of Eu>"),
indicating that the phosphors obtained have potential application
in white LED. All determined color coordinates as a function of
the Eu*' doping concentration and the excitation wavelength used
are shown in Tables S2 and S3 in ESI,T respectively.

Optical properties at high pressure

To investigate the pressure-sensing abilities of Sm*" in the
Eu*" co-doped SrB,O; material, the best-enhanced sample,
ie. SrB;0;:0.01Sm>",0.03Eu®’, was used in high-pressure
measurements from ambient pressure up to about 58 GPa.
The experimental setup used for the measurements of high-
pressure luminescence is schematically presented in Fig. 4a.
Due to technical reasons (availability of a high-power, focusable
light source), the sample was excited at 280 nm, which is close
to the optimal excitation wavelength. Technical details concerning
measurements under high-pressure and sample preparation for
DAC are presented in ESL¥

The normalized emission spectra of the SrB,0,:0.01Sm**,0.03Eu>"
material under pressure are shown in Fig. 4b. It can be clearly
seen that, when the pressure increases, the red-shifts of the

Pure
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°Dy — 'Fy and °D, — “F; emission peaks are observed. These
shifts to lower energies under pressure are caused by an overall
contraction of the 4f" ground configuration leading to a
reduction in the energy difference between the ground state and
the excited state of the **'L, multiplets."">' This phenomenon is
related to decreasing coulomb and spin-orbit interactions under
pressure, and it is called nephelauxetic effect,®® which can be
accounted by a reduction of the free-ion parameters due to the
increasing covalent character of the lanthanide-oxygen bonds,
when interatomic distances decrease along with decreasing
volume. Superimposed on the reduction in multiplets splitting,
there is an increase in the splitting of the multiplets, ascribed
to an increase of the crystal field interaction between the 4f
electron of the lanthanide ion and the valence electrons of the
oxygen anions of the first coordination shell, when interatomic
distances decrease with pressure.'’ This can be clearly observed
in the splitting of the D, — “F, emission peaks that increases
from ~9.2 nm (188 cm ') at ambient pressure to ~11.8 nm
(~230 em ') at 58.07 GPa. The emission spectra for all
recorded pressure values are shown in Fig. S3(a—c) (ESI).

The calibration curve for the spectral position of the Sm**
0-0 line as a function of pressure, in the compression and
decompression cycles is presented in Fig. 4c. The peak centroid
reversibly shifts from about 685.4 nm at ambient pressure
to 702.3 nm at 58.07 GPa, which can be well fitted (R* = 0.998)
to a linear function. The calculated shift rate for this band
is dA/dT =~ 0.29 nm GPa ', which is close to the shifts of

the SrB,0,:Sm*" reported previously'®>'** and also to that
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(a) Schematic configuration of the setup used for high-pressure luminescence measurements. (b) The normalized emission spectra of the

SrE5407:O.OlSr‘n”,O.(ﬁEu2+ material as a function of pressure; ., = 280 nm. (c) Spectral positions (peak centroids) of the 5D0 — 7FO emission peak as a
function of pressure. The filled symbols represent the compression and the empty ones decompression data.
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Table 1 Determined decay times for the Eu®* 4f°5d"* — 4f’ transition in the SrB4O7:ySm?*,0.05Eu®" (y = 0.005, 0.01, 0.02, 0.03 and 0.05) compounds

synthesized

Eu®" (4f°5d" — 4f’)

Sample

(% Sm*") 71 (ps) Ay (%) 1, (us) A, (%) 7 (us) R

0.5 0.668 =+ 0.006 0.117 2.616 + 0.002 0.883 2.388 >0.999
1 0.570 =+ 0.006 0.142 2.500 + 0.004 0.858 2.226 >0.999
2 0.559 + 0.002 0.189 2.326 + 0.002 0.811 1.992 >0.999
3 0.461 + 0.002 0.249 2.227 + 0.002 0.751 1.787 >0.999
5 0.398 =+ 0.002 0.272 2.117 £ 0.003 0.728 1.649 >0.999

reported for ruby.''® All the exact dA/dP values, and the
initial and final spectral positions of the peak centroids
(°Dy - “Fy and *Dy, — “F, transitions) are presented in Table S4
in ESLt The 0-0 line of Sm?" in the SrB,0,:Eu®-Sm*" material is
almost temperature-independent showing a relatively low thermal-
quenching effect of dA/dT = —2.8 x 107" nm K™', as reported
for SrB,0-:Sm”>* in several papers,'® "> which we additionally
confirmed for our compound (see Fig. S4 in ESIT). The low
thermal-quenching effect presented, ie. x~75% of the initial
emission intensity at 420 K (working temperature of LED devices),
is beneficial not only for pressure sensing, but also for potential
use in lighting applications.®”®

The broadening of the D, — ’F, and °D, — ’F; band
profiles together with the increase in pressure (volume
reduction) is clearly seen in the presented emission spectra
(Fig. 4b). At ambient conditions, the 0-0 line is extremely
narrow, e the full width at half maximum I' ~ 0.23 nm.
It keeps an upward tendency with increasing pressure (see
Fig. $3d, ESI) and increases to ~1.81 nm at 26.42 GPa, which
is mainly due to the increasing non-hydrostaticity of the
pressure transmitting medium used. Then, this peak under-
takes a slower broadening, up to =2.27 nm at 58.07 GPa, with
an average d/'/dP ~ 14.5 x 107> nm GPa™ "

Confirmation of ET from Eu** to Sm*" in co-doped SrB,0-

In order to fully confirm the ET from Eu*" to Sm?", a series of
SrB,O; doped with a constant amount of Eu®' and varied
content of Sm*" were synthesized. As shown in Fig. S5a (ESIT),
the XRD patterns of the SrB;O5:ySm>*,0.05Eu*" (y = 0.005, 0.01,
0.02, 0.03 and 0.05) micro-particles indicated that all phos-
phors were successfully synthesized. In Fig. S5b (ESIt),
the emission spectra are shown for the excitation wavelength
Jdex = 254 nm, indicating a gradual increase in the sm>*
emission intensity and a deterioration of Eu>” emission, as
the Sm*" doping content increases. In the inset in Fig. S5(b)
(ESIY), the integrated emission intensity ratio of Sm*'/Eu’" as a
function of Sm*>" concentration shows an upward tendency. The
CIE diagram for the synthesized phosphors at i, = 254 nm,
i.e. the comparison of the emission color between different
doping content of Sm>" is shown in Fig. S5¢ (ESI}). The colors
presented in this CIE diagram agree with the luminescence
photographs. The corresponding color coordinates are listed in
Table S5 (ESIT). Accordingly, the corresponding emission color
can be tuned from orange-red to amaranth depending on the
Sm*' content in the SrB,O,:ySm*',0.05Eu*" samples.

This journal is © The Royal Society of Chemistry 2020

The photoluminescence decay curves of the as-prepared
SrB,0;:ySm”*,0.05Eu”" (y = 0.005-0.05) samples are presented
in Fig. S5d (ESIf). The luminescence decay curves of these
phosphors were recorded at ., = 367 nm for the Eu** ion after
the excitation at 300 nm. The decay curves of Eu*" emission
show a non-exponential character (due to the high doping
concentration). However, to analyze the tendency of lumines-
cence lifetimes as a function of Sm** content, and confirm the
Eu*" — Sm>" ET phenomenon, the decay profiles were fitted
(R* > 0.999) to the bi-exponential function:

I = Ay exp(—x/1,) + Ay exp(—x/15) (1)

where I is the luminescence intensity at time x, A is the
amplitude, and 7 is the emission lifetime. It is indicated that,
in the recorded decay profiles, there are at least two compo-
nents (7, and 7,), which are associated with the ET process from
Eu®' to Sm*' in the crystal lattice. The determined emission
lifetime values of Eu*' ion as a function of Sm*" content are
presented in Table 1. Clearly, the average lifetime (z) of Eu®'
decreases monotonically from 2.388 to 1.649 ps as the content
of Sm** increases, which further confirms the efficient ET from
Eu®" to Sm®" occurring in the Sm**~Eu®" co-doped SrB,O; system,
in which the Eu*" ions act as sensitizers and the Sm”' ions act as
activators. Additionally, the luminescence decay curves for all Stark
sublevels of D, — "F,, °D, — 'F; and °D, — ’F, transitions of
Sm®" ions, in the SrB,0;:0.01Sm>",0.03Eu”" system were measured
and analyzed (see Fig. $6 in the ESIt). As shown in Table S6 in
the ESIL+ all the determined luminescence lifetimes for Sm*" are
similar, ie. around 4 ms, because for all bands the emission
occurs from the same excited state (*Dy).

Conclusions

Incorporating Eu®" ions into the crystal structure of the com-
monly used optical pressure sensor SrB,0,:Sm*" (temperature-
independent gauge), we have demonstrated a huge enhancement
of about 60 times on the Sm*' emission, induced by energy
transfer processes from Eu®* to Sm>* in the co-doped material.
The samples obtained exhibit color-tunable luminescence from
orange-red to amaranth, and to warm white depending on the
Sm®" and Eu®' concentrations in the matrix and the excitation
wavelength. The most intense and extremely narrow (0.2 nm)
0-0 line of the Sm*" (around 685 nm) in the best-enhanced
sample (SrB;0;: 1 mol% Sm>*, 3 mol% Eu®') was correlated
with pressure and successfully calibrated up to about 58 GPa.
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The emission line used for pressure sensing exhibit a large
and linear red-shift under pressure, i.e. d2/dp ~ 0.29 nm GPa*,
a negligible temperature-induced band-shift and relatively low
thermal quenching of luminescence. The energy transfer pro-
cesses from Eu”* to Sm** ions were confirmed by luminescence
spectroscopy. Such favorable features can significantly extend the
measurable pressure range, along with very high accuracy of
pressure determination, even under high temperature conditions,
and the material can be applied in white light emitting diode
(LED) devices.
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Experimental Section

Materials

All chemicals were used as received without further purification. Strontium carbonate - SrC0s
(pure p.a.; 99.9%) was purchased from Sigma-Aldrich; boric acid - HiBOs (pure p.a) was
purchased from Chempur; europium oxide (EuzOs) (99.99%) and samarium oxide (Sm20s)

(99.99%) were purchased from Stanford Materials,

Synthesis

The SrBs07:0.01 Sm™*, x Eu®* (x=0, 0.003, 0.01, 0.03, 0,05, 0.07 and 0.09) and SrBsOs: 0,05 Eu™,
v Sm* (y=0.005, 0.01, 0.02, 0.03 and 0.05) micro-particles were synthesized by means of a facile,
reproducible and cheap method, i.e. a solid-state method in the air. Stoichiometric amounts of
EuzOx, Smp s, HiBO; and SrCOs were weighted and ground together in an agate mortar. Then the
mixtures were transferred to porcelain crucibles covered with a lid, then heat-treated at 700 “C for
5 h and then ground, subsequently further heat-treated at 850°C for 5 h. Then they were ground
again in a mortar, and then heat-treated at 850 "C for another 5 h. All grinding must last more than
15 minutes to ensure that the powder is evenly mixed. It is crucial to cover the crucibles with lids

to limit the amount of oxygen from the air in the system.

Characterization

X-ray diffraction patterns (XRD) were recorded using a Bruker AXS D& Advance diffractometer
in Bragg-Brentano geometry, with Cu Kul radiation (2=1.5406 A) in the 20 range from 6 to 60,
with 0,05 step scan mode. The reference data for XRD were taken from ICDD {International
Centre for Diffraction Data). Scanning electron microscopy (SEM) and energy-dispersive X-ray
analysis (EDX) were obtained with a scanning electron microscope FEI Quanta 250 FEG, using
an EDAX detector. The excitation spectra of the prepared samples were collected using a Hitachi
F-T000 spectrofluorometer, at ambient conditions, The studies of the emission properties in
ambient (in quartz holder) and under high-pressure conditions (in the DAC, with

methanol/ethanol/water medium) were carried out by using Andor Shamrock 3001 spectrograph
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with iDus CCD camera as a detector. The excitation source for high-pressure luminescence

measurements was a focusable, 280 nm LED device.

DAC loading procedure

High-pressure measurements were performed in a Merrill-Bassett diamond anvil cell (DAC),
modified by mounting the anvils directly on steel supporting plates. The pressure in DAC was
adjusted by the use of three metal screws. The gaskets used were made of stainless-steel sheets
250 pm thick, with the aperture of =150 pm (hole size). The gaskets were pre-indented to =70 pm
thick (sample thickness). The DAC chamber was loaded with sample (white powder), one small
ruby sphere (<10 pm diameter) and filled with methanol/ethanol/water (16:3:1 vol.) solvent system
(pressure transmitting medium), to provide hydrostatic or quasi-hydrostatic conditions, in the

whole range of measurements.

Pressure calibration

Pressure in the system was determined monitoring the ruby Ry fluorescence line shifti, using Andor
Shamrock 3001 spectrograph with iDus CCD camera as a detector, and a 100 mW 532 nm laser,
as an excitation source. The pressure values in DAC were determined using the standard ruby

calibration curve, available at: http:/kantor, 30webs com/ruby. htm.
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Figure S1 (a) XRD patterns of the SrB407:0.01 Sm**, x Eu®" (x=0, 0.005, 0.01, 0.03, 0.05, 0.07

and 0.09) micro-particles.

(b)

K

Figure S2. SEM images of SrB407:0.01 Sm?*, x Eu*" micro-particles obtained: (a) x =0, (b) x =
0.01, (¢) x =0.03 and (d) x = 0.05. (e)—(j) Elemental mappings and (k) EDX spectrum of the
SrB407:0.01 Sm?*, 0.03 Eu®" micro-particles.
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Figure S3. The emission spectra of SrB4O7: 0.01Sm*", 0.03Eu?" micro-particles at every measured
pressure (a) 0 - 16.56 GPa, (b) 19.40 - 36.86 GPa and (c) 38.97 - 58.07 GPa normalized at 0-0 line
of Sm?". (d) The linewidth ' (FWHM) of *Do—"Fy emission peaks as a function of pressure. The

filled symbols represent the compression and the empty ones decompression data.
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Figure S4 (a) non-normalized emission spectra of Sm** the SrB4O7: 0.03Eu**, 0.01Sm?" micro-
particles at high temperature. The inset of (a) shows the magnified emission spectra of 0-0 line at

various temperatures; (b) Peak centroid of 0-0 line of the sample as a function of temperature.
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Figure S5 (a) XRD patterns of the SrB4O7: y Sm**, 0.005 Eu** (y=0.005, 0.01, 0.02, 0.03 and 0.05)
micro-particles. (b)The emission spectra with excitation wavelength Ae=254 nm. The inset of (b)
shows the corresponding Sm**/Eu?" integrated intensity ratio as a function of Sm** content. (c)
CIE chromaticity diagram and luminescent images excited at 254 nm LED light. These samples
are white powders at daylight. (d) The luminescence decay curves recorded for the Eu** (4f°5d

—4f’ transition) of obtained samples.
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Figure S6. The luminescence decay curves recorded for the Sm** (°*Do—'Fo, *Do—"F1, *Do—F>

transitions) of obtained samples.

Table S1. The integrated emission intensity of Sm*" (Ism’") and Eu®" (Ir,?"), corresponding
multiples of the increase in Sm? emission at different Eu®" concentration and the integrated
intensity ratio of Eu?"/Sm*" (Ir>"/ Ism>") of the SrB407:0.01 Sm**, x Eu*" (x=0, 0.005, 0.01, 0.03,
0.05, 0.07 and 0.09) micro-particles.
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Eu?' content 0 0.005 0.01 0.03 0.05 0.07 0.09

Ie2t 0 60241.7 104373.6 140794.4 184633.8 192050.6 200760.0
Ism®" 119.5 18703 36945 72112  6502.0 64277  5808.9
Enhancement - 15.7 30.9 60.4 544 53.8 48.6
Te”"/ Tsm®" - 3.6 3.8 4.2 4.3 4.7 43

Table. S2. The determined color coordinates of the SrB407:0.01 Sm**, x Eu®>™ (x=0, 0.005, 0.01,
0.03, 0.05, 0.07 and 0.09) micro-particles under 254 nm excitation.

Eu** doping concentration Color coordinates (X,y)

0 (0.48158, 0.37176)
0.005 (0.32549, 0.30865)
0.01 (0.33005, 0.32013)
0.03 (0.32868, 0.31012)
0.05 (0.32469, 0.3051)
0.07 (0.32691, 0.31423)
0.09 (0.32218, 0.30554)

Table. S3. The determined color coordinates of the SrB407:0.01 Sm**, 0.03Eu®" micro-particles

under excitation wavelength from 250-350 nm.

excitation wavelength (nm) Color coordinates (X,Yy)
250 (0.33001, 0.32544)
280 (0.33547, 0.30388)
300 (0.33822, 0.30787)
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320 (0.35061, 0.29726)

340 (0.35453,0.31118)

Table S4. Calculated spectral positions (peak centroids) of the "Do—'Fy and *Dy—’F emission

peaks, and the corresponding pressure-induced wavelength shift rates.

Peak centroid (nm) Peak centroid (nm) dA/dP (nm/GPa)
ambient conditions at 58.07 GPa
*Do—"Fo 685.3784 702.3325 0.291959
695.4777 710.5647 0.259807
*Do—'F) 698.7308 716.3253 0.302988
704.6798 722.3945 0.305058

Table. S5. The determined color coordinates of the SrB4O7: y Sm?*, x Eu** (x=0.005, 0.01, 0.02,

0.03 and 0.05) micro-particles under 254 nm excitation.

Sm”* doping concentration Color coordinates (x,y)
0.005 (0.32933, 0.31220)
0.01 (0.33337,0.31083)
0.02 (0.33986, 0.30815)
0.03 (0.36112, 0.29559)
0.05 (0.35130, 0.31231)
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Table. S6. Determined luminescence lifetimes for the emission bands (Stark sublevels) of
Sm?":°Do—"Fo, °Do—'F1 and *Do—'F> transitions in the SrB4sO7: 0.01 Sm**, 0.03 Eu?" system,

obtained under Aex = 355 nm.

Aem (NM) Transitions 7 (ms) R?
685.4 SDp—"Fg 4.17 5+ 0.009 0.998
695.4 SDe—'F;  4.236+0.013 0.996
698.6 SDe—F;  4.243+0.013 0.995
704.6 SD—"F;  4.227+0.006 0.995
722.1 SDo—"F,  4.294 £ 0.006 0.996
724.2 SDo—'F»  4.342+0.005 0.997
727.0 ‘Dp—"F;  4.278 +0.006 0.996
733.5 SDo—"F2  4.286+0.004 0.998
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5.3. Pressure-driven configurational crossover between 4f’ and 4f°5d! States — Giant

enhancement of narrow Eu?* UV-Emission lines in SrBsO7 for luminescence manometry

Low pressure

High pressure

 MifE Max]|

Intensity (a.u.)

The result in this section were published in: Teng Zheng, Marcin Runowski, Placida Rodriguez-
Hernandez, Alfonso Mufioz, Francisco J. Manjon, Malgorzata Sojka, Markus Suta, Eugeniusz
Zych, Stefan Lis and Victor Lavin, Pressure-driven configurational crossover between 4f’ and
4f°5d! states — Giant enhancement of narrow Eu?* UV-Emission lines in SrBsO7 for luminescence
manometry, Acta Materialia, 231 (2022) 117886.

Abstract of the section: Accurate, fast, and non-invasive determination of pressure is very
important for scientific research concerning the physical and chemical behaviour of materials under
high pressure conditions. Luminescence manometry is a promising method for the remote operando
pressure determination. However, the limiting bottleneck for high-pressure sensing is the usually
occurring quenching of the emission signal of the luminescent sensor material upon compression.
In this section, the pressure-triggered intensity enhancement (by 3 orders of magnitude) of the 4f’

(®P712) —4f" (8S712) emission line of Eu?*, originated from the pressure-induced configurational

crossover between the excited 4f°5d* and 4f” energy levels in the SrB4O7 host, is shown for the first
time. Moreover, the developed pressure sensor shows many excellent pressure sensing
performances, i.e., a significant red-shift (~ -12.84 cm™GPa; 0.17 nm GPa) based on a narrow

4f" — 4f transition, great temperature independence of the line position (4.8 - 104 nm K1), This

novel pressure gauge may significantly increase the accuracy of non-invasive pressure
determination and open new horizons for materials science research in an even higher-pressure

range.
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ABSTRACT

Accurate, fast, and non-invasive methods for the determination of the local pressure magnitude are cru-
cial for the investigation of the physical and chemical behavior of materials at the extreme conditions of
high pressure. A promising method for remote operando pressure measurements is luminescence manom-
etry. However, a limiting bottleneck for high-pressure readout is the usually occurring quenching of the
emission signal of the luminescent sensor material upon compression. In this work, we reported for the
first time the pressure-induced intensity enhancement (by 3 orders of magnitude) of the 4f7(°P;,)—4f
(8S7)2) emission line of Eu?* in the UV range due to pressure-induced configurational crossover between
the excited 4f55d' and 4f7 energy levels in SrB4O; host. The peak centroid of the narrow 4f7 — 4f7
transition exhibits a significant red-shift (~ -12.84 cm~! GPa~'; 0.17 nm GPa~') with simultaneous tem-
perature independence of the line position (4.8-10~4 nm K-'). The pressure sensitivity of the proposed
system is competitive to the so far well-established luminescent pressure sensors based on Al,03:Cr3*
(ruby) and SrB;07:Sm?* with characteristic narrow line emission in the red range, and offers an alter-
native spectral range in parallel with an intensity enhancement at higher pressures. This novel pressure
gauge may significantly improve the accuracy of the remote pressure measurements and open up new
horizons for materials science research at even higher pressures.

© 2022 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

1. Introduction

geophysics [1-3]. In response to external mechanical stimuli such
as pressure, considerable changes occur in the material related to

In recent decades, the implementation of high pressure (HP)
in scientific research in many laboratories worldwide led to the
discovery of new phenomena, e.g., phase transformations and for-
mation of new materials, as well as an in-depth insight into the
intriguing and conclusive mechanisms that have generated great
progress in solid-state physics/chemistry, material science, and
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vlavin@ull.edu.es (V. Lavin).
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a change in the interatomic distances [4], alteration of electronic
orbitals [5], etc [6,7]. These changes are usually accompanied by
alterations in the nature of the chemical bonds and coordination
numbers thus leading to other structure types with different elec-
tronic properties at HP [8-12]. In this context, the fast and precise
monitoring of the locally present pressure is of utmost importance.

In order to precisely monitor pressure values at HP conditions
in laboratory and industrial processes, optical pressure gauges,
typically based on Cr3+ (mostly ruby; Al,03:Cr3*) and various
lanthanide-doped (mostly Sm2+) materials, have gained great at-
tention, mainly due to their low electronic noise, rapid and non-
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invasive detection and chemical durability [13-15]. Most of the es-
tablished luminescent pressure sensors, including the two previ-
ous examples, emit in the red or near infrared range. However,
there is still a bottleneck in experimental pressure-sensing tech-
niques based on photoluminescence to significantly improve the
accuracy of pressure measurements and widen the pressure sens-
ing range covered by these techniques. The bottleneck is the ubig-
uitous and progressive compression-induced quenching of emis-
sion of lanthanide (Ln3*/2*) and transition metal ions (including
Cr3* in ruby) accommodated in a host lattice. To the best of our
knowledge, this is a notoriously observed effect in all luminescence
pressure sensors reported so far [4,16,17].

Among other Ln?* ions, the divalent europium ion (Eu?*)
is particularly attractive for its important role in light-emitting
diodes (LED) and optical displays, due to its largely tunable, broad
4f85d<4f7 emission band leading to good color rendering proper-
ties. The high sensitivity of the 5d orbitals to the nature of the
chemical bond to the surrounding ligands in a host compound
makes the photoluminescence of EuZ* highly tunable [18-20] with
known examples for emission in the UV-violet [21], blue [22], red
[23], and even NIR regions depending on the host matrix [23-27].
Aside from that, the emission of Eu?+ associated with the alterna-
tively possible intra-configurational 4f7 (°P;,)— 4f7 (8S;),) transi-
tions characterized by several sharp, narrow (~ 1-2 nm width in
the wavelength domain) emission lines in the UV range at around
360 nm is only occasionally reported and typically observed in
highly ionic host compounds [28-30]. Understanding the control
mechanisms of the appearance of this unusual type of lumines-
cence of Eu?t is not only relevant from a fundamental perspective
but also important for potential industrial applications [18-23].

Borates, which are naturally deposited in the sediments of an-
cient lakes or in hydrothermal solutions in the products of the
hervidero hotbed, play an irreplaceable role in industrial and sci-
entific fields [31]. Strontium tetraborate (SrB405) is a well-known
material in non-linear optics and luminescence pressure sensing.
Its superiority lies mainly in its high non-linear optical coefficients,
high optical damage thresholds, neutron sensitivity, wide optical
transparency in the UV-vacuum range, with the fundamental ab-
sorption edge below 120 nm (~83 333 cm~!), that extends towards
~ 3250 nm (~ 3077 cm~!) in the IR range [32-35]. Due to the
rigid three-dimensional network of the corner-linked tetrahedral
(BO4)*~ anion structure groups of the boron-oxygen framework,
SrB407 shows excellent stabilization of the divalent lanthanide ions
even in air [21]. Huppertz et al. reported a HP 5-CaB40; phase,
which crystallizes isotypically to SrB4O- in the space group Pnm2,
(no. 31) [36]. Upon doping of Eu?t jons into the SrB4O; crystal
structure, Machida et al. observed a very efficient broad lumines-
cence band at around 367 nm at room temperature (RT), which
is assigned to the 4f55d — 4f7(8S;,) transition of Eu?* [37]. On
the other hand, Meijerink et al. observed sharp lines caused by
the transitions within the 4f” ground configuration at low temper-
atures [38] and showed that a configuration crossover between the
4f7 and 4f55d! configuration of Eu2* can be stimulated by temper-
ature variation, which was confirmed by some of us recently [33].
However, detailed HP studies of Eu?*-doped SrB4O; have never
been performed before and offer additional insights into this con-
figuration crossover and its potential use for remote sensing appli-
cations.

In this work, we regard the influence of high pressure on the
photoluminescence properties of Eu* in SrB,0;. Moreover, we
consider the potential of SrB40; for applications at higher pres-
sures by evaluation of the elastic and mechanical properties of
this compound. For that purpose, we performed density functional
theory (DFT) calculations under periodic boundary conditions and
related the computational results to vibrational spectra at vary-
ing pressure, We observed a so far not reported pressure-induced
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enhancement of the narrow 4f7 (8P;;) — 4f7 (8S;;) emission
lines of Eu?*, exhibiting a linear red-shift of ~ -12.84 cm~! GPa~!
(~ 0.17 nm GPa~!) within the pressure range of ~ 0 - 60 GPa. The
observed pressure-induced enhancement of the emission is ben-
eficial for applications as a pressure gauge, as the UV emission
of Eu** doped into SrB40O; is robust towards quenching effects.
Moreover, it does not interfere with the luminescence of most
conventional phosphors upon usage as an internal pressure sen-
sor. Overall, the investigation of the pressure-dependent lumines-
cence properties of SrB40;:Eu?* could offer a first step towards the
development of an alternative concept in sensitive luminescence
manometry.

2. Experimental
2.1. Synthesis and characterization at ambient condition

Details of the synthesis protocol, structural and spectroscopic
characterization including X-ray diffraction (XRD) patterns, scan-
ning electronic microscopy (SEM), energy dispersive X-ray (EDX)
analysis, as well as luminescence spectroscopy studies at ambient
conditions of the SrB;0;: Eu?*, Sm?* samples can be found in our
previous work [39].

2.2. DAC loading procedure

For high-pressure measurements, we applied a typical Merrill-
Bassett diamond anvil cell (DAC), equipped with high-purity Ilas
diamond anvils (for Raman and fluorescence spectroscopy), pur-
chased from Almax easyLab. The pressure values inside the DAC
chamber are adjusted with three metal screws. Stainless-steel
sheets (thickness: 250 pum) with an aperture of ~150 pm (hole
size) were applied as gaskets, used for high-pressure experiments
in DAC. Before loading the sample, the gaskets were pre-indented
down to ~80 pum (sample thickness). Using a stereoc microscope,
the sample and a single ruby ball (< 10 pm diameter) was loaded
into the DAC chamber, and, subsequently the pressure transmitting
medium composed of a solvent system of methanol/ethanol/water
(at a volume ratio 16:3:1) was filled in the DAC chamber for
maintaining hydrostatic and quasi-hydrostatic conditions during
the compression process.

2.3. High-pressure Raman scattering characterization

Raman spectra were recorded in backscattering geometry with
a Renishaw InVia confocal micro-Raman system, using a grat-
ing with 1800 grooves/mm and a power-controlled 785 nm laser
diode. The laser beam was focused using an Olympus x20 SLMPlan
N long working distance objective.

2.4. High-pressure Photoluminescence characterization

The photoluminescence characterization at high pressure con-
ditions was performed by measuring the emission spectra (with a
resolution of ~0.1 nm) of the samples placed in the DAC chamber,
using an Andor Shamrock 500i spectrometer, equipped with a de-
tector of iDus 420 CCD camera. The applied excitation light source
was a 280 nm UV diode, which was focused on the sample in the
gasket hole of DAC. The photoluminescence signal was collected in
an optimized configuration with 180° detection geometry (back il-
luminated configuration). The pressure calibration of the system in
the DAC chamber was based on the monitored shift of the ruby R4
fluorescence line, using the standard ruby calibration curve from
http://kantor.50webs.com/ruby.htm.
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2.5. Low-temperature Photoluminescence characterization

Low-temperature photoluminescence characterization was per-
formed using an FLS1000 Fluorescence spectrometer (Edinburgh
Instruments Ltd) with a 450-W xenon arc lamp (excitation light
source) and a Hamamatsu R928P high-gain photomultiplier (cooled
-20°C). Emission spectra were collected in the temperature range
of 11 - 300 K, with a 10 K step. The decay curves were recorded
using an EPLED285 (285 nm) picosecond pulsed light-emitting
diode and the same FLS1000 spectrometer. The sample for low-
temperature measurements was mounted on a Cu-holder of a
closed-cycle helium cryostat (Lake Shore Cryotronics, Inc.) using
Silver Adhesive 503 (Electron Microscopy Sciences).

3. Overview of the calculations

Ab initio simulations of bulk SrB40; were performed within the
framework of DFT [40], as implemented in the Vienna Simulation
package (VASP) [41]. The projector-augmented wave pseudopo-
tential (PAW) [42] was employed to describe the atomic species.
Due to the presence of oxygen atoms, a plane-wave energy cut-
off of 540 eV was used to obtain accurate results. The exchange-
correlation energy was described within the generalized gradient
approximation (GGA) with the Perdew-Burke-Ernzenhof prescrip-
tion for solids (PBEsol) [43]. Integrations over the Brillouin zone
(BZ) were carried out with (6x6x2) meshes of Monkhorst-Pack
special k-points [44]. Thanks to this procedure, the convergence
achieved in the energy was better than 1 meV per formula unit
and for a set of selected volumes, the cell parameters, and atomic
positions were fully optimized by calculating the forces on atoms
and the stress tensor. In the optimized configurations, the forces on
atoms were less than 0.002 eV A and the deviation of stress ten-
sor components from the diagonal hydrostatic form - lower than
0.1 GPa. For completeness, electronic band structure calculations
were carried out along high-symmetry directions in the first Bril-
louin zone.

The direct force-constant method was employed to study
the lattice vibrations, which is available in http://wolf.ifj.edu.pl/
phonon. Lattice dynamic calculations were carried out under pres-
sure at the zone center (" point) of the BZ. These calculations also
allow identifying the symmetry and eigenvectors of the vibration
modes of the considered structures at the I' point. The supercell
method was used to obtain the phonon dispersion and the pro-
jected phonon density of states (DOS) using a (2x2x2) supercell.

The elastic constants were evaluated by computing the macro-
scopic stress for a small strain applying the stress theorem [45,46],
as implemented in the VASP code [47]. The mechanical stability
and elastic properties of SrB40; were also studied, since the elastic
moduli can be obtained from the calculated elastic stiffness con-
stants.

4. Results and discussion
4.1. Properties at ambient conditions

4.1.1. Structural properties

All details about the conducted experiments are presented in
the supporting information (SI) file. As shown in Fig. S1a-c in SI,
the emission bands of both the 4f%5d«<4f” and 4f7—4f transi-
tions of Eu?t are clearly observed in the UV range of the emission
spectra of SrB407:0.01Eu?* (without Sm?*) and SrB40;: xEu?+,
0.01Sm2+ (x=0.005, 0.01, 0.03, 0.05, 0.07 and 0.09) materials. The
presence of a small amount of Sm?* ions in the phosphors is
related to our previous work on the investigation of the pres-
sure sensing performance of Sm?* in these materials in the visible
range upon exploitation of an energy transfer from Eu2* ones [39].
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The obtained samples are composed of microcrystalline SrB;0;
powder that can be synthesized reproducibly [39]. The morphology
of the material was checked by SEM at various magnifications, as
shown in Figure S2a-c, confirming the phosphor material is com-
posed of micron-sized particles. First, an additional detailed struc-
tural analysis of a representative powder sample SrB407: 0.03Eu?+,
0.01Sm2* was performed here, as this sample shows a strong
emission signal. The structure of SrB407: 0.03Eu?+, 0.01Sm?* was
refined with the Rietveld (whole profiled) method based on the
experimental powder X-ray diffraction pattern using the structural
model according to diffraction data from the ICDD (card. no. 071-
2191) as an input (see Fig. 1a) [48]. No traces of additional phases
are found. It crystallizes in an orthorhombic structure with the
space group Pmn2; (no. 31) and the Rietveld refinement allows
obtaining the following cell parameters and unit-cell volume val-
ues: a = 10.7148 A, b = 44428 A, ¢ = 42362 A, V=201.00 A3,
and a density of 4.055 gecm 3, with (Ryp = 8.59%; Rexp = 3.91%;
Ry = 6.45%; gor = 2.2). The error for the determined unit cell pa-
rameters (a, b and c) is about £0.0001 A. These values are compa-
rable with those found for the bulk crystal (a = 10.724 A, b = 4.447
A c=4239 A and V = 20216 A3) [49] and those obtained from
ab initio calculations (see Table S1 in SI). The collected data are
even comparable to those found in the stoichiometric EuB405 crys-
tal, ie, (a = 10731 A, b = 4.435 A, c = 4.240 A, and V = 201.8 A?)
[50], which is considered due to the similar ionic radii between
Eu?* and Sr?+. Additionally, the indexed experimental XRD pat-
tern, clearly showing the matching with the reference ICDD pattern
(071-2191), is given in Figure S2d.

According to the Krogh-Moe theory [51], the structure of stron-
tium tetraborate is not a random distribution of BOy4 tetrahedra. In-
stead, these units are assembled to form well-defined, condensed
[B407] tetraborate groups, building a rigid three-dimensional net-
work with channels parallel to the short crystallographic axes b
and ¢, which leads to the formation of large cavities. All these
tetrahedra are distorted and there are two kinds of borate units,
[B(1)04] and [B(2)04], with mean B-O distances of 1.478 A and
1.486 A, respectively. In this structure, four independent positions
of the O atoms can be found and they can be divided into two
groups: O(1), O(2), and O(3) are linked to two B atoms with shorter
B-O bonds (< 147 A), while O(4) is linked to three B atoms with
longer B-O bonds (> 1.53 A). The latter is an original motif within
the structure compared to other borates. Consequently, it is char-
acterized by considerably elongated, much weaker bonds, i.e., the
average B-0(4) distance is 1.55 A, while the B-0 distances for the
remaining oxygen atoms range from 1.36 to 1.47 A.

There are six-membered B-O rings in the borate network par-
allel to the b axis. The Sr?* cation occupies large cavities formed
by these channels and it has only one crystallographically indepen-
dent site coordinated by nine oxygen atoms, with distances varying
from ~ 2.54 A to ~ 2.83 A. This gives rise to a [StOq] capped cube
nonahedron with Cs local point symmetry. As mentioned above,
the real site symmetry on the Sr sites in SrB40; is Cs. However,
for a luminescent ion with extended and diffuse 5d orbitals such
as Eu?t, usually the "experienced” site symmetry of the dopant
is somewhat higher. Upon regarding the nine-fold coordinated Sr
site in SrB404, eight oxygen ligands form a slightly distorted cube,
while the other oxygen ligand is on the tip and lies on a four-fold
rotation axis. This allows an effective Cy, site symmetry as the ap-
proximation for the doped lanthanide ion [52].

It is noteworthy that the BO4 tetragonal units surround the
channel forming a cage that isolates the divalent lanthanide ions,
which is usually considered as the reason for the high stabil-
ity of the otherwise reactive divalent oxidation state of the lan-
thanides in this structure [53]. In addition, similar ionic radii val-
ues for coordination 6, of Eu2*, Sm?* and Sr2+ (R(Sr2t) = 1.18 A;
R(Eu*t) = 117 A; R(Sm2+) = 1.17 A) [54], facilitate the incorpo-
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Fig. 1. a) Experimental (black) powder XRD pattern of SrB,0-: 0.03Eu’*, 0.01Sm?* and corresponding theoretical (red) XRD pattern. b) Experimental Raman spectrum of the

SrB407: 0.03Eu?*, 0.01Sm?* sample measured at ambient conditions.

ration of the Eu?* and Sm2* into the network substituting Sr2+
ions in the nonahedron, without the need for charge compensation
[49,50]. Machida et al. suggest that the rigid 3D-network of tetra-
hedral [BO4J*~ ions isolates the Eu?* ions from one another, i.e.,
it acts as a shield of the Eu?*-Eu?* non-radiative energy transfer
processes, and is one of the reasons for the strong Eu?* lumines-
cence in the borate host matrices [37]. Moreover, the high emission
energy in the UV range makes non-radiative quenching highly im-
probable in favor of a high radiative transition probability. Besides,
the band gap in a very ionic compound like SrB,0; is expectedly
high, which also minimizes the probability for thermally assisted
delocalization of the excited 5d electron into the conduction band.

4.1.2. Elastic properties

The elastic properties of SrB40; were analyzed at ambient pres-
sure based on ab initio calculations in order to evaluate its poten-
tial as a host compound of luminescent ions for high-pressure ap-
plications. SrB405 crystallizes in an orthorhombic crystal system,
which gives rise to 9 independent elastic constants [55]. As pre-
sented in Table S2 in SI, the calculated values of the elastic con-
stants are in better agreement with the experimental values than
the calculations based on the non-empirical ionic-crystal model
[56,57]. The bulk modulus (B), shear modulus (G), Young mod-
ulus (E) and Poisson's ratio (v), which describe the main elastic
properties of a material, can be obtained by analytical expressions
from the reference [58] in the Voigt and Reuss approximations as-
suming uniform stress or strain throughout a polycrystalline com-
pound [59,60]. Hill indicated that the Voigt and Reuss approxima-
tions have limitations and pointed out that the actual elastic mod-
uli can be estimated by the arithmetic mean of the two bounds
[61]. The elastic moduli of the orthorhombic SrB40; at 0 GPa are
compiled in Table $3 in SI. The value of the Hill bulk modulus,
By = 149.33 GPa, agrees well with the value obtained from the
theoretical data with the Birch-Murnaghan equation of state [62],
ie., By = 150.17 GPa. This fact indicates a high reliability of the cal-
culated elastic constant values and the consistency of calculations.

The bulk modulus (B =149.33 GPa) can be considered as a mea-
sure of the resistance to volume changes and the shear modulus
(G = 123.22 GPa) - as a measure of resistance to reversible defor-
mations upon shear stress. Therefore, this material is more resis-
tant to compression than to shear stress. The B/G ratio introduced
by Pugh describes the relationship between the plastic properties
and the elastic moduli of materials [63]. If B/G > 1.75, the material
exhibits ductility. Otherwise, the material is classified as brittle. At
0 GPa, the B/G ratio of SrB4O; is around 1.2 and would thus, be
classified as brittle at ambient conditions. Poisson ratio provides

information about the characteristics of the bonding forces, and
the value of v = 0.25 is considered as the lower limit of the cen-
tral forces in the solid [62]. The investigated compound has a Pois-
son ratio of v = 0.176 that agrees with the previously described
brittle nature of the solid. It indicates a low degree of elasticity
of crystalline SrB407, which is a consequence of the very strong
ionic bonds and highly condensed network of [BO4]°~ tetrahedra
within the crystal structure. The elastic anisotropy is one of the
most important elastic properties of materials for both engineer-
ing and crystal physics, since it is related to the possibility of in-
ducing micro-cracks in materials [64]. This property is quantified
by the universal elastic anisotropy index Ay. The more this index
differs from 0, the more elastically anisotropic the structure is [65].
The Ay at 0 GPa is 0.071, further indicating that SrB407 is slightly
anisotropic, in agreement to the orthorhombic crystal system it
crystallizes in at ambient pressure.

To conclude this section, the average sound wave velocity (vm=
6110.63 m s~') within the Debye approximation was calculated.
From the shear modulus G and the bulk modulus B, longitudinal
(v; = 8851.89 m s~ ') and transverse (v = 5548.85 m s~!) elastic
wave velocities can be obtained [66]. The Debye temperature (6p),
a fundamental parameter that correlates with the mechanical and
thermodynamic properties of a solid such as specific heat capacity
and melting temperature, can be estimated from the average wave
velocity [67]. For SrB407, we find a value of 6 = 895.11 K, which
is perfectly well related to the previously indicated rigid struc-
ture with the highly condensed [BO,4]-based network. A high De-
bye temperature is a usually beneficial material property [68] for
a host compound for luminescent ions, as is e.g., demonstrated
by the thermally stable red-emitting phosphors Sr[LiAl;N4]:EuZ*
(SLA:Eu?*) [20] and Sr[Li,Al,0,N,]:Eu?+ (SALON:Eu?*) [19].

4.1.3. Vibrational properties

The unit cell of SrB40; gives rise to 72 normal vibrational
modes in the center of the Brillouin zone (19 A, + 17 Ay + 17
By + 19 B,), which are all Raman-active. Since Ay, By, and B, are
polar modes, they are also IR-active and can exhibit a transversal
optical - longitudinal optical (TO-LO) splitting of vibrational modes
in the Raman and IR spectra. Therefore, 69 TO modes and 52 LO
modes could potentially appear in the Raman spectrum. Fig. 1b
depicts the Raman spectrum at RT measured in backscattering ge-
ometry, and it mainly contains lines due to the A; and A, modes
by means of the Raman selection rules. It exhibits 13 Raman-
active modes in the lower-energy range, from 200 to 700 cm~!,
i.e, the modes at around 263, 283, 325, 364, 417, 431, 445, 491,
514, 536, 557, 580 and 635 cm~!. These modes agree well with
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Fig. 2. a) Photoluminescence excitation (dark green area) and emission (light green area) spectra of Eu?* in the SrB;0; matrix at ambient conditions. For comparison, the
emission spectrum (blue) measured at 11 K is also included. b) The magnified fine structure of the emission bands (at RT) attributed to the 4f7 — 4f7 transitions of Eu?*,
ie., 5Py — 85y, (left) and ®Ps;, — Sy, (right). ¢) Luminescence decay curves measured at 11 K and 300 K, at Aex = 300 nm, Aem = 362.4 nm. d) A simplified diagram of
the energy levels for Eu?* in the SrB4O; matrix, at low- and high-temperature conditions.

the A; and A, modes reported in ref. [69], except for the mode
at 445 cm~! that could be assigned to a B; mode. In fact, most of
the Raman modes of high (low) intensity can be ascribed to modes
transforming like A; (Ay) [57,69], with A, modes only allowed
for backscattering configuration with crossed polarization. How-
ever, taking into account our theoretical calculations, the modes
at 445, 514 and 557 cm~! may be correspondent to By, B;, and B,
modes, respectively (see Table S4). In isostructural PbB,O7, three
similar modes have been associated with the bending mode (v4)
of free tetrahedral [BO4] units, the stretching mode (vs) of metab-
orate ring groups, and the stretching mode (v;) of the [BO4] units
[70]. In addition, Raman spectra in the 1100-1750 cm~! range con-
sist of 5 broad bands centered at 1172, 1282, 1346, 1498, and 1651
cm~!, respectively. Only the first one is close to the A, mode re-
ported at 1167 cm~! in ref. [69], and this is attributed to the B-O
stretching vibration [71].

Fig. S3 in SI shows the calculated total one-phonon density of
states (1-PDOS) and the partial 1-PDOS for each atom. It can be
observed that low-frequency modes below 200 cm~! are domi-
nated by the movement of Sr atoms. Mid-frequency modes, be-
tween 200 and 800 cm~!, are dominated by the vibration of O
atoms with some contribution of B atoms above 500 cm~!. Finally,
the high-frequency modes above 800 cm~! are dominated by vi-
brations of B atoms, with some contribution of O atoms. The vi-
brational modes of AMO, compounds were discussed in terms of
internal and external modes of rigid [MO,] polyhedra [72,73]. Sim-
ilarly, AxB4O; borates could be discussed in terms of internal and
external modes of [B,05] units or in terms of the internal and ex-

ternal modes of [BO4] units, since [BO4] polyhedra constitute the
rigid units of these compounds [74-76].

4.1.4. Photoluminescence Properties

The optically active Eu?* ion is isoelectronic to Gd>* and has
an 357,2 ground level arising from the 4f7 configuration. The main
difference between them is the lower charge of the Eu?*, which
makes it more covalent and, hence, leads to a smaller energy
gap between the first excited 4f55d! and the 8S;;, ground level
than for the Gd3+ ion. The energy level diagram of the Eu?* is
quite simple, i.e., the 857,2 ground level with a large energy gap
of around 27000 cm~! to the lowest excited level, and the P,
61;, and 6D; excited multiplets of the 4f” ground configuration. The
4f7 — 4f7 emissions are characterized by typical decay times rang-
ing from hundreds of microseconds to several milliseconds [77,78].
The 4f65d! levels, often obscuring the excited levels of the 4f con-
figuration (because the lowest energy of the 4f5d configuration in
Eu?* is usually lower than the energy of the 6Pj levels), give rise
to 4f55d! — 4f7(8S;,) emission, which shows much faster decay
times in the order of 1 ps. A detailed discussion of the Eu?* en-
ergy level diagram can be found in ref. [79]

The Eu?* excitation spectra at RT typically consist of broad
bands associated to parity-allowed, inter-configurational electronic
transitions between the 8S;/, ground level of the 4f7 configuration
and the multiplets of the 4f65d! excited configuration [80,81]. In
the emission spectrum recorded at RT, a single broad band cor-
responding to the 4f85d! — 4f7(8S;,) transition is observed (see
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Fig. 2a) [21]. While energies of the 4f’ levels are hardly influenced
by the matrix, as these electrons are shielded by the 5s and 5p
electrons, the energies of the 4f65d! levels are highly sensitive to
the magnitude of the crystal-field interaction experienced by the
Eu?* ions in the host lattice and the degree of bond covalency
[82]. Thus, the emission energy associated with the parity-allowed
4f55d! — 4f7(8S;)) transitions may vary, for example, from 367
nm in SrB40; [37,38] to e.g., 733 nm in Ca0 [83].

The excitation spectrum of Eu?* ions in SrB,O; tetraborate is
presented in Fig. 2a. In the excitation spectrum, two components
can be distinguished as two intense, broad bands in the UV range,
starting from about 210 nm (~ 47619 cm~') to 355 nm (~ 28169
cm~!) and peaked at around 251 and 297 nm [37,38,84], in agree-
ment to the pioneering findings by Meijerink et al[38]. Given the
low approximate C4, site symmetry at the Sr sites in SrB407,
which leads to a splitting of the 5d orbitals into four components
(transforming like a;(z2) + by(x2-y?) + ba(xy) + e(xz, yz)), which
additionally couple to the six 4f electrons in the excited configura-
tion, the excited energy level landscape of Eu* in this compound
is very dense and does not readily allow unambiguous assignments
of the excitation bands.

Concerning the luminescence, if the lowest states of the excited
4f55d! configuration are at the higher energies than the excited
4f7 multiplets, narrow intra-configurational 4f” — 4f7 emission
lines from the ®P;; [30,85-92], 6P5p, [30,88,93] and 61y, [94] mul-
tiplets to the 857,2 ground state can be observed. According to
Blasse [87], such a situation can be easily found in host matri-
ces with hard anions giving rise to ionic Eu-ligand bonds, such as
fluorides. However, other conditions must also be fulfilled, ie., a
small crystal-field splitting of the 5d orbitals of Eu?+, and a small
Stokes shift of the broad band emission, associated with the slight
difference between the equilibrium positions of the 857,2 ground
state and the lowest 4f55d state in the configuration coordinate
model. In addition, Ryan et al. also considered the existence of a
small exchange interaction between the six 4f electrons and the
5d one of the excited configurations as another condition to be
taken into account [79]. As already mentioned, these conditions
usually occur in fluoride matrices [95], but some oxide hosts, such
as SrBe,Si; 04, BaBe,Si; 07, SrB407, and SrAly;049 [38,96,97], also
show these characteristics. n the case of SrB405, it is worth noting
that the formally trivalent B3+ ions located in the neighborhood of
the Eu?* ions, are small ions with a high charge density and, thus,
additionally withdraw electron density from the 02~ ligands. Due
to the high B:Sr ratio in SrB407, the Eu-O bond has an overall high
ionic character, which is connected to a small exchange interaction
between 4f and 5d electrons [38]. Moreover, the rigid network in
the crystal structure (also leading to the high Debye temperature)
renders the Stokes shift of the 4f65d! — 4f7(8S;,)-related emis-
sion small [87,98].

It is essential to mention that although these calculations give
values for the crystal-field strength and the splitting of the multi-
plets are more significant than those found in fluoride host matri-
ces, they are still lower than those typically found in oxide hosts.
Thus, the Eu?* jons replace the Sr’* ones located in the large
cavities formed by the interconnected [BOy4] tetrahedra, and the
crystal-field interaction by the lanthanide ion is weak given the
large coordination number of 9. This results in low splitting of the
multiplets of the 4f7 ground and the 4f55d excited configurations.
In addition, the highly condensed borate network in SrB40; and
the electron-withdrawing nature of the various B3* ions make the
oxygen ligands chemically hard and lead to a rather ionic Eu-O
bond. With decreasing Sr/B ratio such as in Sr3(BO3),:Eu* (emis-
sion at 590 nm) or the extreme case of SrO:Eu?t (emission at 625
nm), the 4f55d! — 4f7 transition of Eu?* systematically shifts to
lower energies in agreement with the expectation of a more cova-
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lent Eu-O bond. Meijerink et al. found in Eu?*-doped SrB,40; that
the lowest state of the 4f55d first excited configuration is only ~
130 cm~! above the lowest Stark state of the SP-,.Q level [38]. This
low value offers the possibility to investigate a stimuli-induced
configuration crossover.

The photoluminescence spectrum in the UV region from ~ 345
to ~ 410 nm upon the excitation at 300 nm is depicted in Fig. 2a,
b and supports the above argument. At 11 K, it consists of a sin-
gle sharp line at 362.4 nm (Fig. 2a; blue area), at a similar wave-
length reported by Meijerink et al., [38] and can be assigned to
the 4f7 — 4f7 intra-configurational transitions between the two
lowest Stark levels of the ®P;;, and 8S;; multiplets of the Eu?*
ions. In addition, this peak is accompanied by vibronic sidebands
on the low energy (long wavelength) side (see Fig. S4 in SI). These
bands simultaneously involve the emission of the 5P7,2—>SS-,;2
electronic transition of the Eu?* ion and vibronic replicas based
on coupling to vibrational modes of the host [99]. The lumines-
cence decay curve depicted in Fig. 2¢ additionally proves the ex-
pected forbidden nature of this sharp line for a 4f7 — 4{7 tran-
sition based on the large effective lifetime (z,;p = st -1 dt/ [Idt),
of 711 &~ 3409 ps compared to the otherwise shorter decay
time of the 4f85d! — 4f7(8S;,) broad-band emission of 730
~ 16.66 ps.

In order to better understand the mechanism of the Eu?* emis-
sion at RT, the normalized emission spectra with increasing tem-
perature values from 11 K to 200 K were acquired and are shown
in Fig. S5a in SI. The Eu?* emission spectrum changes strongly
with temperature. Just above 20 K, one can observe not only a
sharp peak at 362.4 nm, but also new sharp features at higher en-
ergies (shorter wavelengths) together with the underlying broad-
band peak at ~ 367 nm, due to the thermally induced population
of the upper GPM Stark states and the lowest levels of the 4f°5d
excited configuration, respectively, as shown in the simplified en-
ergy level diagram in Fig. 2d. The relative intensity of this broad
band dramatically increases with temperature, not only masking
the vibronic sidebands but also partially the other sharp peaks
(4f” — 4f7 emission lines). That is why the emission spectrum at
RT is the result of a convolution of Eu?*-related radiative transi-
tions of different nature, i.e., the intense 4f°5d' — 4f7(3S;,) inter-
configurational, broad-band emission, with a maximum at around
367 nm (~ 27248 cm~'), and a group of five superimposed nar-
row and weak 4f7(°P;;) — 4f7(8S;,) intra-configurational emis-
sion lines in the range from 360 to 363 nm. In addition, there
are emission peaks observed at around 357 nm, which are plau-
sibly related to the 4f7(5Ps;) — 4f7(3S;),) transition. The differ-
ence in energy between the vibronic bands and the sharp line
corresponds to the energy of one phonon and range from 200
to 1200 cm!, ie. they cover almost all vibrational modes ana-
lyzed in this matrix [38]. Fig. 2b presents the magnified A and B
area marked in Fig. 2a, and shows the detailed structure of this
emission represented by five sharp lines. They center at 360.9 nm
(~ 27708 cm™'), 3614 (~ 27670 cm™'), 3618 (~ 27639 cm™'),
362.1 (~ 27616 cm~!) and 362.7 nm (~ 27571 cm~1), labelled as
Py to P4, respectively. The Py peak corresponds to the zero-phonon
line of the broad band 4f85d! — 4f7(3S;,) inter-configurational
emission, whereas P to P, are associated with the transitions from
the four crystal-field (Stark) sublevels of the 5P7,2 multiplet to the
SSW ground level. The total splitting is in the order of ~100 cm~!.
The 357[2 level only shows negligible crystal field splitting (< 1
c¢cm~1) based on its single orbital degeneracy (2L + 1 = 1) and
the solely intermediate degree of spin-orbit coupling that makes
L still a well-defined quantum number [100]. Meijerink et al. have
presented a schematic configurational coordinate diagram for Eu2*
in SrB405, justifying the presence of emission peaks at low tem-
perature and showing the energy difference between the high-
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est 5P, Stark level and the ground state of the 4f65d configu-
ration of 130 cm~! [38]. They also determined a Stokes shift of
750 cm~! for the 4f55d! — 4f’transition. Another interpretation
could be that the Pg_4 lines are related to the one-phonon repeti-
tion of the zero-phonon line [90,92]. However, the theoretical cal-
culations of the lowest phonon energies showed only six Raman
and IR active phonon modes ranging from 95 to 150 cm~! (see Ta-
ble S5), which do not match well the (P;-Py=) 38 cm~1, (Py-Pp=)
69 cm™', (P3-Pg=) 92 cm™', and (P4-Py=) 137 cm~! energy differ-
ences found in the emission spectrum. Hence, this assignment is
doubtful.

As a conclusion, SrB40; tetraborate fulfills all the require-
ments formulated by Blasse to allow emitting both inter- and
intra-configurational electronic transitions [87]. At low tempera-
ture and under direct excitation, the 4f7(5P;;)—4f7(85;) emis-
sion peaks are dominant, while a broad-band emission due to the
4f55d! — 4f7 transition is observed at higher temperatures [38].
Furthermore, no emission from Eu3+ ions above 580 nm was ob-
served, but features related to the additionally present Sm2* ions
appeared above ~ 685 nm, which were already presented and dis-
cussed in our previous work [39].

4.2. Properties at high pressure

4.2.1. Structural and elastic properties

In order to definitively clarify the impact of high pressure on
the crystal structure, mechanical and vibrational properties of or-
thorhombic SrB40;, we have carried out ab initio calculations. In
this system, the strontium atoms are positioned in the nine-fold
coordinated polyhedron in a rigid three-dimensional [B4O+] net-
work of vertex-sharing [BO4] tetrahedra. The ab initio atomic co-
ordinates and cell parameters at 61 GPa pressure are compared to
the values at zero pressure in Table S1. The evolution of the unit
cell parameters and volume as a function of pressure in the Pmn2,
structure of SrB405 is displayed in Fig. 3a (top). All the cell param-
eters decrease with increasing pressure from 0 to 60 GPa, although
the a axis is more compressible than the other two axes, indicating
that compression of the structure is anisotropic under hydrostatic
pressure. The linear axial compressibility (K;) of the crystal axis can

be calculated using the following equations:

_-1da o -1db o 1de )
a_ﬂodp‘ b_bodp’ c_CodP

Using equations (1), we obtained K;=2.15103 GPa, K,
=1.77-10~3 GPa and K.=1.75-10"3 GPa. The evolution of the unit
cell volume and the polyhedral units under pressure is shown in
Fig. 3a (bottom). It was found that there is a decreasing tendency
and no volume discontinuity during compression. The compression
of the unit cell is dominated by the softer polyhedral unit, in this
case, the strontium nonahedron, which decreases its volume by
~ 28.3% in the studied pressure range. This is a consequence of
the continuous decrease of the bond lengths (B-O, Sr-O, and Sr-B)
upon compression (see Fig. 3b and c).

In addition, we investigated the evolution of the electronic
bandgap under pressure by DFT calculations. The ab initio calcu-
lated electronic band structures along the high symmetry direc-
tions in the first Brillouin zone at 0 GPa and 54 GPa are displayed
in Fig. 4a and 4b, respectively. The band structures show a typical
semiconductor-like distribution. The bands are very flat with little
dispersion, which agrees with the very ionic nature of the chemical
bonds in SrB40; that lead to highly localized and polarized states
in real space and consequently, no covalent and extended bond for-
mation within the periodic structure of the crystal. The edge of the
conduction band (CB) changes with pressure, while the one of the
valence band (VB) negligibly alters at the I point within the whole
pressure range studied.

At zero pressure, the VB maximum is located at the R point,
giving rise to a wide indirect band gap (R-I") of 7.16 eV. With in-
creasing pressure, this gap increases linearly until approximately
9 GPa (see Fig. 4¢). The maximum value of band gap, 7.49 eV,
is achieved at 26.2 GPa where the maximum VB is shifted to
the U point, and, then, it slowly decreases with increasing pres-
sure, Interestingly, the band structure becomes even less disper-
sive in reciprocal space at high pressures, which formally im-
plies an even more ionic nature of the chemical bonds in the
compound and perfectly agrees with the generally increasing
band gap.
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For the sake of completeness, we also analyzed the elastic prop-
erties of SrB4O7; under pressure. When a non-zero uniform stress
is applied to a crystal, the relevant magnitudes describing its elas-
tic properties are no longer the elastic constants (Cj). Instead, the
elastic stiffness coefficients (B;) should be used [101]. In the spe-
cial case of the hydrostatic pressure, P, applied to the orthorhom-
bic crystal, the elastic stiffness coefficients are related to the elastic
constants by the following expressions [101,102]:

Bi=Ci—P fori=1t06 (2)
Bij=Cj+P fori# jandi,j=1to3 (3)
Bij=C; fori# jandi,j=4to6 (4)

with C; being the elastic constants evaluated at the current
stressed state. It should be noted that for zero applied pressure,
the By values are reduced to the conventional constants Cj.

Fig. 5a shows the pressure dependence of the elastic stiffness
coefficients, Bj. They increase rapidly with pressure, except of Bss,
Bgs, and Byy. The coefficients Bss, and Bgg have similar values,
while Bs4 remains almost constant in the whole pressure range
studied. If the crystal is mechanically stable at zero pressure, the
Born stability criteria involving the elastic constants are fulfilled
[103]. However, if the crystal is subjected to hydrostatic pressure,
the previous criteria should be modified by means of the elastic
stiffness coefficients, which leads to a modification of the Born
stability criteria. A crystal at elevated pressures is considered me-
chanically stable if the representation matrix of the elastic stiff-
ness tensor, (Bj), is positive-definite [104]. Our study shows that
all the eigenvalues of the matrices B are positive; therefore the
orthorhombic SrB;0O; is mechanically stable up to the maximum
pressure (61 GPa) regarded in the present study.

The elastic stiffness constants allow to obtain the elastic prop-
erties of the material at any hydrostatic pressure. All the relation-
ships of the theory of elasticity employed at zero pressure can be
applied to a crystal subjected to high-pressure compression us-
ing the elastic stiffness coefficients Bj [105,106]. The pressure de-
pendences of the B, G, E elastic moduli, Poisson’s ratio v, and
the B/G ratio for SrB4O; are shown in Fig. 5b-d. The bulk mod-
ulus (B) increases rapidly with pressure, while the shear modu-
lus increases only slightly. The B/G ratios are all over 1 from 0
to 61 GPa, which indicates that strontium tetraborate is more re-
sistant to volume compression than to shear deformation. More-
over, the B/G ratio increases rapidly with pressure, At 30 GPa, it is
BIG = 1.77, and, therefore, the material becomes ductile. Poisson§
ratio (v) corroborates this behavior change. Around 24 GPa, it is
v = 0.25, which appears reasonable since successively higher pres-
sures enforce smaller distances between the different ions, which

2 _,/ - — —=

i
@ I % —Q— o1
Maximal Band gap
=7.49 eV at 26.2 GPa]

10 20 30 40 50 60
Pressure (GPa)

b) 54 GPa. c) Pressure evolutions of the electronic bandgap

is partially released by a successive release of strain in the direc-
tions orthogonal to the direction of compression. A higher Pois-
son ratio at elevated pressures indicates that a compound becomes
more elastic then, which agrees with the findings on the elastic
moduli.

4.2.2. Vibrational properties

We have carried out HP Raman scattering experiments up to ~
17 GPa, and the Raman spectra at selected pressures are shown
in Fig. S6a. The signal/noise ratio decreases as the pressure in-
creases, which is a commonly encountered phenomenon. We were
able to trace the experimental pressure dependence of the six
most intense Raman-active modes of A; symmetry during the
compression and decompression processes (see Figs. 6, S6b and
§7 in SI). The six observed Raman-active modes of SrB;0; shift
monotonously, suggesting no phase transition as the pressure in-
creases up to 16.6 GPa. This agrees with the emission spectra and
other reports on SrB407 under pressure [107,108]. Due to the bond
shortening caused by the compression, all the observed Raman
peaks show a shift towards the high wavenumbers. As shown in
the pressure dependences of the experimental (symbols) and the-
oretical (lines) Raman-active mode frequencies (see Fig. 6), the ex-
perimental data agrees with theoretical calculations up to 16 GPa,
i.e., show that all Raman modes have a positive frequency-pressure
coefficient (see Table S5). As shown in Fig. S7, the evolution of the
theoretical Raman-active mode frequencies in SrB;0; shows a sub-
linear pressure dependence up to 25 GPa, which is also confirmed
by our experiments up to 16 GPa. However, for the sake of sim-
plicity, in Table S5 we have included the theoretical zero-pressure
linear coefficients obtained from fits to 5 GPa. Similarly, the zero-
pressure linear coefficients of the experimental modes centered at
283, 364, 431, 491, 580 and 635 cm~! are 2.8, 2.2, 2.3, 2.3, 1.9 and
2.6 cm~!/GPa, respectively. These pressure coefficients are in good
agreement with those of the theoretical A;3, A;%, A5 A,7, A%
and A,? modes (see Table S5). It is observed that the modes with
smaller pressure coefficients are those with wavenumbers below
640 cm~!, and the modes with the largest pressure coefficients are
those with wavenumbers above 740 cm~1,

4.2.3. Photoluminescence properties and pressure sensing
performance

The appearance of the emission spectrum of Eu?* in SrB4O-
based on dominant emission from the excited 4f55d! or 4f’ con-
figurations depends on different stimuli. As for other divalent lan-
thanide ions, the most important ones are: I) a temperature-
induced excitation from the excited emitting 4f’ states to the
lowest states of the 4f55d configuration, which may lead to en-
hancement of the 4f55d! — 4f7 emission at the expense of the
4f7 — 4f7 luminescence, as already observed for the luminescence
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in SrB407:Eu?* above 11 K (see Fig. S5a, b in SI) [101]; and 1I) a
pressure-induced tuning of the energy separation between config-
urations and their respective levels.[109,110] Thus, pressure can in-
crease the mixing of 4f55d to 4f7 wave functions, with clear impact
on the emission probabilities and intensities. However, the spe-
cific response of the electronic state to pressure, ie., the changes
in its energy and the probability of absorption, emission, or non-
radiative relaxation, depends on the extension of the involved or-
bitals in the excited states and thus, also the magnitudes of the
crystal-field and covalency effects [110].

By focusing on the optical properties of Eu?*, as the pressure
increases, the different polyhedral volumes of the matrix decrease,
especially the [EuOg] and [SrOg] polyhedra that show the largest
compression rate, i.e., 28.3 % at 60 GPa with respect to the volume
at ambient pressure, as already mentioned. Consequently, the in-
teractions between the seven f-electrons, i.e., the free-ion interac-
tions, are affected by the valence electrons of the nine oxygen lig-
ands. In general, the major free-ion interactions, i.e., the Coulomb
interelectronic repulsion and the spin-orbit coupling decrease with
pressure due to a generally increasing covalency, while the magni-
tude of the crystal-field interaction increases, albeit with a lower
rate. Typical consequences are the decrease of the transition en-
ergy (red-shift), due to the overall contraction of the configura-
tions, and the simultaneous increase of the splitting of the multi-
plets. However, different rates of change are expected for the mul-
tiplets of the excited and ground configurations. This is because the
variations in the energies of the 4f multiplets are relatively small
[109,111], on the order of a few cm~!/GPa, whereas they can be
very large for the multiplets of the excited configuration involving
5d states. These may range from tens to hundreds of cm~!/GPa, as
shown in Table S6 in SI.

In order to investigate the effect of lattice compression on the
UV emissions of Eu* ions in the synthesized micron-sized SrB40-
material, high-pressure photoluminescence experiments were con-
ducted in a diamond anvil cell (DAC) up to ~ 58 GPa at RT.
The schematic configuration of the applied DAC and a simplified
scheme of the experimental setup used for high-pressure lumi-
nescence measurements are presented in Fig. 7a. The pressure-
induced variations of the relative luminescence intensities of the
inter- and intra-configurational transitions of Eu?+, upon the 280
nm light excitation are shown in Fig. 7b. The use of 280 nm exci-
tation light (close to the optimal excitation wavelength) is due to
the availability of a high-power, focusable light source. The inten-
sity of the broad emission band 4f°5d! — 4f7(3S;,) gradually de-
creases up to ~ 35 GPa, above which the band is no longer clearly
observed as its intensity is close to the noise level. Inversely, the
4f7(°P;5)—4f7(8S;5) intra-configurational emission starts to in-
crease in intensity, almost abruptly, above ~ 20 GPa and become
the only emissions above ~ 30 GPa, together with broad vibronic
bands, already observed in the normalized emission spectra at low
temperature in Fig. §5a, b in the SI. The emission intensities of the
4f7(6P75)—417(3S7),) peaks (P4 peak) were estimated by Gaussian
deconvolution (Gaussian fitting) using the integrated peak area of
the Gauss bands with abscissa of wavelength (in nm) as a measure
for that. Over the entire measured high-pressure range, the inten-
sity enhancement of the 4{7(°P;;,) — 4f7(8S;;) peak is estimated
to be about three orders of magnitude (~800 times), as depicted
in Fig. 7d and the histogram in the inset of Fig. 7d. In addition, as
shown in Fig. S8 in SI, the Eu?t emission band changes back to
its initial shape, and the 4f7 — 4f7 emission intensity also returns
to its initial intensity upon compression, confirming that the ten-
dency in the intensity change of both 4f7 — 4f7 and 4f55d! — 4f7



T. Zheng, M. Runowski, P. Rodriguez-Herndndez et al.

600

550-| Experimental - symbols
Simulation - lines

500 soee—*

450

400

Raman Peak centroid (cm™)

350

300

6 8 10 12 14 16
Pressure (GPa)

Fig. 6. Pressure dependences of the experimental (symbols) and theoretical (solid
lines) Raman-active mode wavenumbers.

Acta Materialia 231 (2022) 117886

emissions of Eu?* in the sample is reversible in compression and
decompression cycles.

The 4f7 — 4f7 emission peaks also show a fully reversible
red-shift under pressure (see Fig. 7c), due to the overall contrac-
tion of the 4f7 ground configuration, which results in a reduc-
tion of the energetic separation between the ground state and
the excited 25+![; multiplets, as shown in the simplified energy
level diagram in Fig. 7e. The peak centroid of the Eu?* transi-
tion 6P;, — 8S7, (P4) reversibly shifts from 362.1 nm at ambi-
ent conditions to ~372.4 nm at 58.7 GPa, with a rate of -12.84
c¢m~1/GPa (or 0.17 nm/GPa), being comparable to the pressure sen-
sitivity of the wavelength of the *Dy—’F; transition of Sm2* in
this matrix [39]. It is of great importance that the position of the
peak centroid of the 6P7/2—>857/2 transition as a function of tem-
perature (see Fig. S5¢) shows an extremely weak temperature de-
pendence, i.e., |[dA/dT| = 4.8x10~% nm K~ (~ -0.037 cm~'/K). The
combination of the huge pressure-induced intensity enhancement
accompanied by the significant red-shift of the Eu?*t 4f7 — 4f7
emission lines, and negligible temperature dependence of the
corresponding 6P;;, — 8S;,, transition peak centroid, make the
Eu?*-doped SrB40; material an excellent pressure gauge for high
pressures.

In order to examine the validity/reliability of the discussed sig-
nal enhancement and explore the influence of different Eu?+ con-
tents on the enhancement and red-shift of the P, peak, a se-
ries of high-pressure photoluminescence experiments were per-
formed using SrB4O; with a higher Eu?t content, ie. 0.09 Eu?t
(9 mol.%). As expected, the normalized emission spectra recorded
in the pressure range from ~ 1.3 to 34.6 GPa (see Fig. 8a) also
exhibit a pressure-induced increase in the relative intensity of
the 6P, — 8S;,-related peak and decrease in intensity of the
4f65d! — 4f7(8S,,) band. As depicted in Fig. 8b, the peak cen-
troid of the Py, ,8S;), transition continuously shifts to red with
increasing pressure at the same rate (0.17 nm/GPa) as in the case
of lower Eu?t doping concentrations. Hence, the dopant concen-
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Fig. 7. a) Schematic configuration of a diamond anvil cell (DAC) and the experimental setup used for high-pressure luminescence measurements. Filter I and II is the optical
short pass filter and long pass filter, respectively. b) Selected, normalized UV emission spectra of the SrB40;: 0.03Eu*, 0.01Sm?* material, measured with increasing pressure
values. c) Spectral position (peak centroid) of the P4 component of 4f” — 4f7 transition of Eu?*. d) Non-normalized UV emission spectra measured at increasing pressure
values; the inset presents the integrated intensity of the 4f”(°P;;,) — 4f7(S;,) emission as a function of pressure. e) A simplified diagram of the energy levels for Eu** in

the SrB4O; matrix at low and high pressure conditions.
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pressure. (d) Magnified emission spectra, emphasizing the ®P;, — ¥S;), transition, recorded during four different compression cycles.

tration has a negligible influence on the shift rate of this nar-
row emission band. If the pressure is higher than 20 GPa, the
4155d! — 4f7(8S;;,) broad-band emission practically disappears,
and the 4f7(°P7;) — 4f7(8S7p) luminescence completely domi-
nates the luminescence spectrum. As shown in Fig. 8c, the absolute
intensity of the P, peak of the 4f7(°P;;) — 4f7(8S;,) emission at
34,6 GPa is about 50 times higher than at 1.3 GPa. It is impor-
tant to mention that these effects were observed in four indepen-
dent compression-decompression experiments (cycles), as shown
in Fig. &d, confirming the reliability of our experiments and the
reversibility of the observed effects.

These results show that pressure acts inversely to tempera-
ture, ie., deteriorating the intensity of the 4f®5d!-4f’ emission
and enhancing the 4f7(°P;) — 4f7(8S;,) luminescence. Due to
the fact that the Eu?* emission intensity is higher in the sam-
ple with 9 mol% of Eu?* (see Fig. S1a), we calculated the pres-
sure shift rate of the 4f55d' — 4f7(8S;,) band for this sample. As
shown in Fig. S9 in the SI, the pressure-induced shift of the inter-
configurational, parity-allowed 4fS5d!—4f7(8S;,) transition is es-
timated to be around -8.5 cm~1/GPa (0.11 nm/GPa), which is lower
compared to the shift of the 4f7(5P7) — 4f7(8S;) emission (-
12.84 cm~!/GPa; 0.17 nm/GPa). That is why the energy separation
of the excited 4f55d configuration and the 6P;;, emitting levels
appears to change with pressure, leading to a decreasing inten-
sity of the 4f55d! — 4f7(85;,) broad band with increasing pres-
sure and complete quenching above = 35GPa. Phonon energies and
electron-phonon coupling increase with pressure, which can be ob-
served in the Raman spectra and the vibronic bands at the high en-
ergy side of the 4f7(5P;;,) — 4f7(8S;),) emission peaks. However,
these two effects do not have a dominant impact on the intensity
of the discussed 4f7 — 4f7 transitions of Eu?t, which is signifi-
cantly enhanced with increasing pressure.

1

The centroid red-shift of the P;, — 387, can be addition-
ally explained by an increase in the nephelauxetic effect: the in-
terelectronic repulsion decreases as the shorter Eu-O bond lengths
also lead to a higher covalent nature of the bond. Correspond-
ingly, the Slater-Condon-Shortley parameters expectedly decrease,
which determine the energy of the excited 4f states relative to the
ground level in general. As the mutual electron repulsion among
the 4f electrons is reduced in the more extended, lower valent
Eu?* ion, the energy of the higher excited st levels is reduced.
Concerning the fact that the narrow 4f7 —4f”-related luminescence
becomes dominant at elevated pressures, it is actually an indi-
cation that the bond length in the lowest excited 4f55d! state
must be smaller than in the Ssm ground level. The concept is
demonstrated schematically in Fig. 9. It turns out that for a bond-
contracted 4f°5d! state, elevation of pressure will lead to a higher
thermal activation barrier to thermally populate the lowest excited
4f55d! state. Such a bond contraction in the lowest excited 4f55d’
level has been consistently proven for several trivalent and diva-
lent lanthanides [112-114]. In contrast, an elongated bond in the
excited 4f®5d! state would actually lead to an even more dominant
4f55d! — 4f7 broad-band emission at higher pressure. The signifi-
cant enhancement in the narrow 4f7 — 4f7-related luminescence is
thus a consequence of the reduced non-radiative thermal crossover
to the excited 4f55d! state (see Fig. 9a and b).

As shown in Figs. 7b and 8a, in the initial pressure stages,
the 4f7 — 4f7 emission lines broaden and overlap, and, at HP,
the splitting of the peaks increases with increasing pressure, in-
dicating a stronger magnitude of the crystal-field interaction act-
ing on the Eu?* ions when the volume of the [EuOg] polyhedron
decreases with pressure. However, as already indicated above, the
Eu?* ijon in the SrB4O5 structure is only prone to a rather weak
crystal field and very ionic bonds to the surrounding oxygen atoms.
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Fig. 9. (a) Impact of the position of the lowest excited 4f°5d! state relative to the SP;, level of Eu** in the configurational coordinate space on the appearance of the
respective luminescence spectrum; (b) shows the case of a bond contraction upon excitation into the 4f55d' state; while (c) and (d) show the pressure dependence if the

excited 4f55d! state has higher equilibrium bond distances.

Since the pressure strongly reduces the volume of the [EuQq] en-
tity, the crystal-field interaction should increase. Anyway, the large
volume changes of the [EuOg] polyhedron may be responsible for
relatively large changes in the red-shift of the luminescence. When
Eu?t is incorporated in the SrB,0; network, the contraction of en-
ergy differences between multiplets is more important than the in-
crease in individual splitting of each multiplet due to crystal-field
interaction, indicating the importance of pressure-induced changes
in the covalency nature of the Eu?t local environment [109,110].
The quantum efficiency of the emission from the GPT,Z multiplet is
practically 100% given the large gap to the ground multiplet that
makes multiphonon relaxation improbable. The proximity of the
6P, Stark levels and the lowest 4f°5d! multiplets of the excited
configuration and the increasing odd part of the crystal-field inter-
action with the pressure favor this mixing. This, in turn, gives rise
to an increase of the parity-allowed components of the GPW levels
and, thus, increasing the spontaneous emission probabilities of the
4f7(8P;;,) — 4f7(8S;,) transitions over the inter-configurational
emission. Since vibronic transitions involve electronic and phonon
states, they are also enhanced by pressure.

In Table S7, we summarize and compare the extraordinary
pressure sensing performance of the studied material with the
other optical pressure gauges reported. The Eu?* and Sm?* co-
doped SrB40; pressure sensor shows its superiority as a high-
accuracy and high-precision, reversible pressure gauge, operating
within a very wide pressure range. The spectral shift of the narrow
4f7(8P;5) — 4f7(8S;)) emission line can be applied as a manomet-
ric parameter, when experiments require compression under very
high pressure conditions (i.e., above ~ 30 GPa). This is due to the

great advantage of its pressure-enhanced signal intensity, narrow
emission line, and significant and reversible spectral shift, as well
as negligible temperature dependence.

5. Conclusions

A strong  pressure-induced  enhancement of  the
4f7(5P;) — 4f7(8S;1) emission intensity of Eu?* was recorded in
SrB405 for the first time. In order to investigate and support the
proposed mechanism underlying the pressure-dependent photolu-
minescence, a combination of theoretical and experimental studies
of the structural, vibrational, elastic, and luminescence properties
was systematically performed on SrB4O;:Eu?* at varying pressure
and temperature. It could be established that the strong enhance-
ment of the intensity of the 4f7(°P;;) — 4f7(3S;5) emission
intensity is a pressure-induced configuration crossover between
the energetically close 4f7(5P7f2] and 4f55d! excited configurations.
It turns out that elevated pressure has the opposite effect on the
appearance of the luminescence spectra to temperature and favors
the narrow line emission. In contrast to the currently applied
sensors, usually showing a significant luminescence quenching
(signal deterioration) under high-pressure conditions, the narrow
emission lines of Eu?* show a strong increase in the intensity
of the obtained material, as well as a significant spectral shift
(~ -12.84 cm~'/GPa) alongside with negligible temperature de-
pendence. Such a co-doped (Eu?*/Sm2t) luminescent material
SrB407 can be applied as a multi-mode, pressure-enhanced gauge,
which offers new perspectives for research under high-pressure
conditions.
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Data availability

The original data for this study are available from the corre-
sponding authors upon request.

Fourier transform infrared (FTIR) spectrpscopy of these catalysts
were conducted on a Thermo Scientific Nicolet Is5 spectrometer
using KBr pellet technique.
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I. Properties at ambient conditions
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Figure S1. (a) Emission spectra in the UV range (340 - 420 nm), of the synthesized SrB407:0.01Eu
(without Sm?") and SrB407:0.01Sm>*, x Eu’* (x = 0.005 - 0.09) samples at room temperature and
ambient pressure. (b) Magnified spectra in the “triangle” marked area, showing the °P72—%S:,

transitions. (¢) Magnified spectra in the “star” marked area, showing the *Ps» — ¥S7;, transitions.
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Figure S2. (a-¢) SEM images of the optimal luminescent sample, i.e., SrB407:0.01Sm?*, 0.03 Eu**
phosphors at three different scales. (d) The indexed experimental XRD pattern of the selected

sample. The line patterns correspond to the references from the ICDD standards database.
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Figure S3. The theoretical total one-phonon density of states in black and the partial atomic

contributions of Sr (green), O (red), and B (blue) to the one-phonon density of states in SrBsO7.
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Figure S4. The magnified vibronic sidebands of the emission spectra of the SrBs07:0.01Sm*",

0.03Eu*" sample, measured at 11 K and ambient pressure.

I1. Photoluminescence properties at low temperature
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Figure S5. (a) Normalized emission spectra of SrB;07:0.03Eu*', 0.01Sm>" at selected measured
temperatures and ambient pressure under 300 nm excitation. (b) The magnified normalized spectra,
emphasizing on the 4f’ - 4f7 transitions of the Eu?" emission in the sample. (c) Temperature

dependence of the peak centroid of P4 components of the °P7» — #S752 transition of Eu*.
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IT1. Vibrational and Photoluminescence properties at high pressure
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Figure S6. (a) Raman spectra of SrB4O7: 0.03Eu*, 0.01Sm?" at selected pressure values . (b) Pressure
dependence of the experimental Raman-active mode frequencies in compression (filled symbols) and

decompression (empty symbols); the continuous lines represent the applied linear fits.

T
8

E

A E ®
2
£
=
w
g
<
o 0o
200 e -
psTEasE e 9 ——
L] 10 15 20
Pressure (GPa)
(d)
1400 !,modeﬁsw e
E £
i |- &
E 1E
= | £
] I
S — | §
'4 A—— e I 4
400 1
200 e ———— e
] 5 10 15 20 5 0 s 10 5 20 25
Pressure (GPa Pressure (GPa)

Figure S7. Theoretical (lines) and experimental (symbols) Raman-active mode frequencies of bulk
SrB4O7 as a function of pressure.
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Figure S9. The spectral positions (peak centroid) of the 4{°5d' — 417(*S75) transition of Eu®*

in the StB4O7: 0.09 Eu**, 0.01Sm?" sample, determined up to around 10.5 GPa, at which the
Eu®'-related 41°5d" — 417 emission is well-observed.

IV.Tables

Table S1. Cell parameters (a, b, ¢), atomic coordinates (x, y, z) at pressure = 0 GPa and
61 GPa based on theoretical calculation, bulk modulus (Bo) and its pressure derivative (Bo”) of

the SrB4O7 (space group Pmn2, no. 31).

SrB407 (0 GPa) S1B40O7 (61 GPa)
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a(A) 10.7354 9.78803
b (A) 4.42930 4.11315
c(A) 4.23761 3.92452
V(AY) 201.500 158.000
Atomic species  Wyckoff
.. x y z x ¥ z

positions
Sr(1) 2a 0 0.78832 0.49833 0 0.80675 0.45212
o) 2a 0 0.22619 -0.08078 0 0.18259 -0.08400
0(2) 4b 0.64085 0.35629 0.45492 0.62968 0.34336 0.42879
0(3) 4b 0.63502 0.72709 0.86377 0.63021 0.69282 0.88502
0(4) 4b 0.77752 0.13263 0.85989 0.76271 0.15059 0.88189
B(1) 4b 0.87849 0.32558 0.02622 0.87940 0.32986 0.02492
B(2) 4b 0.74904 0.82231 0.00294 0.78054 0.81736 0.01182
Bo(GPa) at 26 GPa 150.165
By’ at 26 GPa 4.12726

Table S2. Theoretical elastic constants (in GPa) in SrB4O; at ambient pressure. The

experimental values taken from ref. [1] and the calculated values from ref. [2] have been also

included for comparison.

This work Ref. [1] Ref. [2]
Ci 2822 304 (4) 318
Cn 77.9 70 (35) 132
Cis 60.8 49 (29) 90
Cn 3287 268 (1) 370
Cas 49.4 55(33) 114
Ca 359.5 378 (3) 355
Caa 110.8 139 (2) 106
Css 127.8 120 (4) 87
Ces 120.8 133 (2) 124
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Table S3. Elastic moduli B, G and E (in 0 GPa), Poisson’s ratio (v)given in the Voigt, Reuss
and Hill approximations, labeled with subscripts V, R and H in SrB4O7 at ambient conditions.

Au denotes the elastic anisotropy index.

SrB4O; at 0 GPa
By, Br, Bu 149.62; 149.03; 149.33.
Fv, Eg, Fn 291.54; 288.29; 289.91.
Gv, Gr, Gu 124.03; 122.40; 123.22
Vv, VR, VH 0.175;0.178; 0.176
Bv/Gv, Br/Gr, Bu/Gu 1.206; 1.218; 1.212
Ay 0.071

Table S4. Theoretical and experimental Raman-active modes in SrB4O; (in black) at
ambient pressure. Values reported in ref. [3] (underlined) and ref. [4] (in brackets), which are
compatible with our theoretical calculations, are also reported. The pressure dependence of
the modes in bold font is shown in Figure Se and S4. All values are in cm™.

Sym.  The. Exp. Sym.  The. Exp. Sym.  The. Exp.

Al | 954 | 104, (102) A | 5205 | 536,535 Ast? 916.7 | 926

B, 110.1 | 117 B>* 536.8 | 557,555, (535) B, 919.3 | 928,930
B:? 130.1 | 142 A | 563.0 | 580,580 B." 940.8 | 948,938
A2 | 1414 | 151, (150) Bi® | 585.9 | 609, (581) B, 948.2 | 962

Al 147.3 | 156, (153) AF | 5946 | 616 B/" 960.4 | 969

B/ 150.6 | 160 By | 602.9 | 634, (633) Al 982.7 | 995,989, (988)
B2 159.4 A’ | 6143 | 635,634, (633) Al 989.9 | 997

A2 | 1743 | (192) A | 6329 | 641 B/'* | 1010.6 | 1012
B,} 250.9 | 242, (263) B/’ 634.2 | 650, (635) Al 1026.1 | 1046,1042
AP | 251.9 | 263,263, (262) B® | 646.4 B.'® | 1041.2 | 1055
B/ 271.2 | 282, (280) Ay 647.4 B\ 1050.9 | 1068
Ad | 271.4 | 283,282 A | 7057 | 706, 705, (703) A% | 10510

B:* | 2753 | (281) A0 | 713.2 | 720 B.'" | 1053.5
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AY | 2823 | 294, (292) B:'? | 715.1 | 730, (726) A% | 1085.0 | 1138
B’ 292.4 | 301 AP 745.2 | 741, (750) AV 1092.5 | 1100
Ax' | 311.8 | 325,324, (325) A | 7516 | 753 A | 11312 | 1148
A | 3484 | 364, 362, (361) B | 777.5 | 181 1167
A | 4025 | 417 B,'' | 7808 A7 | 11560 | 1169,1167
Ai® | 418.5 | 431,431, (430) A.? | 7848 | 799 1176
Bi* | 4304 | 445,444, (442) B0 | 7879 B/' | 11969

By® | 435.9 | 449, (439) AP | 789.8 | 809, 807, (815) 1285
Ay 473.8 | 491, 491, (490) B,"? 799.6 | 814, (818) B,'® 1315.1 | 1345
AP | 489.6 | 500, (490) B!l | 874.1 | 890 1374
B/’ 495.5 | 514,513, (514) A | 879.7 | 888, 885, (886) 1501
B, | 4988 | 517, (491) B:? | 886.1 | 893 1659

Table S5. Theoretical Raman-active zero-pressure mode frequencies and pressure coefficients

of SrB4O7 according to a linear fit up to 5 GPa.

Sym. | (cm™) do/dP Sym. | (cm™) dw/dP Sym. | (cm™) dw/dP
(cm™/GPa) (cm'/GPa) (cm!/GPa)
Ayl 954 22 A 520.5 2.0 Ay 916.7 3.1
B! 110.1 1.8 B>* 536.8 32 B, 919.3 3.8
B:? 130.1 34 At 563.0 2.0 B 940.8 4.1
A 141.4 32 B,* 585.9 22 B, 948.2 4.0
Ay 147.3 21 A 594.6 1.9 B 960.4 34
B! 150.6 2.5 B,’ 602.9 2.5 A3 982.7 3.6
B’ 159.4 2.0 Ay 614.3 2.8 A, 989.9 3.8
A 174.3 1.2 A0 632.9 3.0 B/ 1010.6 5.7
B:? 250.9 24 B/’ 634.2 1.9 Ayt 1026.1 4.9
A’ | 251.9 2.0 B/® 646.4 3.6 B! 1041.2 3.8
B/ 271.2 32 Ay’ 647.4 32 B/ 1050.9 33
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AP | 2714 23 AU 7057 4.0 A% | 1051.0 3.4
B | 2753 1.4 A0 | 7132 3.6 B> | 10535 3.9
Al | 2823 1.6 B,'" | 715.1 3.9 A0 | 1085.0 4.4
B | 2924 25 A2 | 7452 6.3 AT | 10925 4.4
At | 3118 1.4 A | 7516 6.5 A | 11312 3.6
A’ | 3484 24 B/’ 771.5 3.1 A7 | 1156.0 4.7
A | 4025 1.7 B, | 780.8 32 B¢ | 1196.9 3.7
A® | 4185 2.7 A | 784.8 3.9 B> | 1315.1 4.3
Bi* | 4304 2.0 B/ | 7879 6.5
B® | 4359 3.6 A 7898 33
Al | 4738 2.7 B:'? | 799.6 5.5
A | 489.6 23 Bi'' | 874.1 3.6
B,® | 495.5 23 A | 8797 4.5
B’ | 498.8 22 B,"* | 886.1 4.6

Table. S6. Red-shift of the 4/°5d'—4/ broad band in materials reported in literature.

Host matrix Energy Energy shift Pressure range Reference
(cm™) (em’'/GPa) (GPa)
BaCNa -384 0-5 [5]
SrALO, 18500 -375 0-4 (6]
CaAl0y4 22900 -290 0-10 [6]
BaBr; 24700 225 0-10 (7]
BaBr: 21200 -200 10-27 [7]
EuF, 30300 -175 0-8 (8]
StF; -174 0-5 [9]
CaBPOs 24800 -150 0-10 [6]
BaF; -139 2-7 [9]
Ba;Si0, 19600 -127 0-10 [6]
CasP»05 23300 -70 0-10 [6]
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SI’Ba 07

-8.5

0-10

this work

Table S7. Performance of the reported optical pressure sensors based on the materials

doped with Ln*"?" or Cr*', operating with different manometric parameters - MP (line shift,
FWHM, band ratio, lifetime). Some of the d(MP)/dP (cm™'/GPa) values are estimated from
spectra in the literature.

Active Host Transition MP d(MP)/dP d(MP)/dP FWHM T-shift s Ref.
ion (nm/GPa) (em™/GPa) (nm) (nm/K) (nm)
Eu®* SrB4O5 Pro—"Ssn line shift 0.17 -12.84 ~0.22 4.8x10* 362.7 | this
work

Sm* SrB40O7 ‘Do—"Fy line shift 0.255 -5.41 0.2 -1x10* 685 [10]

Sm** SrB.0y ‘Do—"Fo line shift 0.24 -5.11 0.15 -1 %104 685 [11]

Sm** SrFC1 ‘Do—"Fy line shift 1.1 ~22.8 0.15 -23 %107 | 690 [12]

Cr' AlLO; E—*A, line shift 0.365 ~7.6 0.75 6.8x107 694 [13]

Ccrit YAIO; E—*A; line shift 0.70 ~-13.4 ~11.5 7.6x10% | 723 [14]

Er* YFs *Fop—lisn | lineshift | 0.186 -4.18 - -3x10 665 | [15]
(Stark)

Er’* NaBiF, Map—*s2 | line shift -0.80 3.54 62 - 1503 | [16]
(Stark)

Er’* SrF» “Fon — Mis | lifetime 7.7% - - - 653 [17]
4830 — M5 | lifetime 6.4% - - - 538
2Hy2 — s | lifetime 6.2% - - - 516

Nd* YAIO; Fan—on line shift -0.13 3.15 - 1 x10° 875 [14]
(Stark)

Eu** Y3ALs0p; | Dyg—F) line shift 0.197 -5.7 ~0.5 =54 %10 | 591 [16]

Eu** BaLibAl, | 4f°5d-4f line shift 1.58 ~-53.32 ~60.5 - 532 [18]

SiaNg

Sm?*' Y3Al012 | *Gsp— ®Hap | line shift 0.30 ~-7.85 ~3.81 23x10" | 618 [19]
(Stark)

Tm** LaPQy 'Gs—'Hs line shift 0.1 ~4.43 14 -2 %107 475 [20]
Hs— Hg/ band ratio | 8% - - -
1G4 —3H,

Ce* YeBas(Si | 2Fi—Dy line width | 2.5% - 43 - 342 [21]

O4)6F2 (excitation)
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2Dy —F; line width | 1.5% - 124 - 466

(emission) line shift 0.63 -28.62 124 - 466
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5.4. Tm?* activated SrBsO7 bifunctional sensor of temperature and pressure—highly

sensitive, multi-parameter luminescence thermometry and manometry
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The result in this section were published in: Teng Zheng, Malgorzata Sojka, Marcin Runowski,
Przemystaw Wozny, Stefan Lis, and Eugeniusz Zych, Tm?* Activated SrB4O7 Bifunctional Sensor
of Temperature and Pressure — Highly Sensitive, Multi-Parameter Luminescence Thermometry
and Manometry, Advanced Optical Materials, 2021, 2101507

Abstract of the section: Based on formal research, we have found that using the 5d-4f transition
of Ln?* for pressure sensing purposes can provide good and unexpected performances in
manometry. Here, the Ph. D. candidate studied the Tm?*-doped SrBsO7 phosphor material as a
novel, contactless bifunctional and multimodal optical sensor for pressure and temperature
measurement. The Ph. D. candidate synthesized a series of Tm?* doped SrB4O7: samples using the
high-temperature solid-state method in the air. The spectroscopic properties of SrBsO7:Tm?" as a
function of high pressure (up to ~13 GPa) and temperature (from 10 to 400 K) were investigated
in detail. The 5d-4f emission band of Tm?* exhibits a significant spectral shift in the spectrum and
a broadening of the emission band with increment of both pressure and temperature. Such
performance is due to a significant change of the vibronic components of the Tm?* 4f125d«>4f3
zero-phonon line. Excellent sensitivities to pressure (up to ~23.17 cm™/GPa) have been obtained
using the emission bandwidth and its spectral position as pressure sensing parameters. Moreover,
for the first time, optical temperature sensing can be realized via four different pathways in the
synthesized material: bandwidth (3.85 cm™/K), band shift (1.44 cm™/K), band intensity ratio
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(1.48 %/K) and luminescence lifetime (4.16 %/K), allowing good sensitivity to be maintained over

a wide temperature range.

Contribution of Ph.D. student in this work: Conceptualization, material synthesis, structural and
morphological characterization, conduction of the spectroscopic measurements, visualization, data

analysis and curation, formal analysis, writing original draft and writing review & editing.
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Tm?* Activated SrB,O, Bifunctional Sensor of Temperature
and Pressure—Highly Sensitive, Multi-Parameter
Luminescence Thermometry and Manometry

Teng Zheng, Matgorzata Sdjka, Marcin Runowski,* Przemystaw Wozny, Stefan Lis,

and Eugeniusz Zych*

Noninvasive sensing of temperature and pressure offers new and exciting
opportunities to investigate and monitor the variation of physicochemical and
spectroscopic properties of materials under extreme conditions. In this work,
Tm?**-doped SrB,O, phosphor material—a novel, contactless bifunctional,

and multimodal optical sensor for pressure and temperature is reported.

A series of SrB,O;: xTm?* samples are synthesized via a high-temperature
solid-state method in air. The impact of high pressure (up to =13 GPa) and
temperature (from 10 to 400 K) on spectroscopic properties of SrB,0;:Tm?* is
investigated. The emission band of Tm?* demonstrates a significant spectral
shift and a band broadening as a function of both pressure and temperature.
Such a result is a consequence of a significant change of vibronic components
of the Tm?* 4f'25d < 4f"* zero-phonon line. The emission bandwidth and its
spectral position exhibit excellent sensitivities to pressure, that is, =23.17 and
=-11.85 cm™' GPa™, respectively. Furthermore, for the first time, it is shown
that temperature sensing can be realized via four different pathways in a single
material: i) bandwidth, ii) band shift, iii) band intensity ratio, and iv) lumi-
nescence lifetime, with maximal sensitivities of =3.85 cm™ K™, 1.44 cm™ K7,

1.48% K" and 4.16% K, respectively.

1. Introduction

Pressure and temperature, as two fundamental physical quan-
tities, affect all processes occurring in macroscopic environ-
ments, micron- and nano-sized areas, down to the interactions
between atoms. Thus, different effects on the physicochemical
characteristics of materials under extreme conditions of pres-
sure and/or temperature, such as phase transitions, changes
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of spectroscopic and magnetic properties,
as well as the formation of new materials,
have been found.["8 Therefore, in the case
of experiments carried out under extreme
conditions, fast, precise, and non-invasive
determination of temperature and/or
pressure is crucial, alike in fundamental
and technological research,” ™ as well
as for understanding the pressure- and/
or temperature-induced changes taking
place in materials and the corresponding
pressure-temperature interdependences.
Thus, in turn, it is important to precisely
design materials of desired, predictable,
and well-defined properties, which attract
considerable attention of scientists and
industrial manufacturers.

Compression of the materials may lead
to a whole variety of effects, that is, the
decrease of the unit cell volume, reduc-
tion of the crystal lattice constants, bonds
shortening, as well as defects forma-
tion, phase transition, or amorphization
causing alterations of the local environ-
ment symmetry, etc.'"'2 For a static high-pressure experiment
in scientific research, the use of a diamend anvil cell (DAC) with
an assemblage of a hydrostatic pressure transmitting media, an
optical pressure sensor, and a very small amount of the sample
(=100-500 pm size), can meet the demand of uniform distribu-
tion of forces/pressure. % Such a technique allows observa-
tion of various photophysical changes taking place in the exam-
ined materials." Currently, the most commonly used method
for pressure determination in a DAC chamber is based on
the fluorescence shift of Cr** R, line in ruby!®"l or Sm?* 0-0
(’D¢—"Fy) line in StB,0;,1%2% with the shift rates of =0.35 and
=0.25 nm GPa™', respectively.

On the other hand, the use of thermosensitive phosphors as
contactless temperature sensors offers fast, remote, high-sen-
sitivity measurements with (sub)micron-sized resolution, sur-
passing conventional thermometers and thermocouples.?'-l
Furthermore, promising results have also been reported for cry-
ogenic thermometry with the potential fields of applications in
aerospace, superconducting magnets, macromolecular crystal-
lography, and polar exploration.>-*] However, the design of an
effective contactless cryogenic thermometer with high thermal
sensitivity is still an encountered challenge.

(10f10) © 2021 Wiley-VCH GmbH
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In the case of temperature sensing, the most common
approach in optical thermometry is the use of luminescence/
fluorescence intensity ratio (LIR/FIR technique) of lanthanides
4f—4f transitions. This is due to the unique optical properties
of lanthanide ions, such as long emission lifetimes, narrow
absorption/emission lines, ladder-like electronic structure, pos-
sibility of excitation/emission in UV-vis—NIR spectral ranges,
etc.[222331 Despite the advantages of high repeatability, stability,
and wide operating range, a limited number of reports have
been published on Ln** doped thermometers exploiting the use
of spectral position (peak centroid) or bandwidth (full width at
half maximum, FWHM) of the emission band as thermometric
parameters.23233] The possible reasons may be that the tem-
perature-induced band shift or FWHM is usually small for 4f—4f
transitions, compared to semiconducting quantum dots, carbon
dots, gold clusters, etc.’23435] A powerful strategy to overcome
these limitations is to exploit the 4f15d! excited configura-
tion of the di- or tri-valent lanthanide ions (Ln?*, Ln**), which
is highly sensitive to the local coordination environment, and
consequently to the contraction/expansion of the lattice volume
caused by temperature or pressure changes.'3¢ Excellent
stabilization of Ln?* ions in strontium tetraborate (SrB,0,) host
lattice has been reported,*”38! demonstrating their high phys-
icochemical stability at extreme conditions of pressure and
temperature.'”)

In this work, we demonstrate Tm?*-doped SrB,0, material as
a novel, highly sensitive, bifunctional, and multimodal (multipa-
rameter) sensor for optical thermometry and manometry. We
have stabilized thulium ion at its unusual +2 oxidation state in the
synthesized materials, and used for the first time the lumines-
cence properties of Tm?" for either pressure sensing or temper-
ature sensing. This material shows superior pressure sensitivity
(d(FWHM)/dP = 23.17 cm™ GPa™, dA/dP ~ —11.85 cm™ GPa™l),
comparing to the most used pressure sensor materials. Fur-
thermore, to the best of our knowledge, SrB;0,Tm?" is the
first example which can realize temperature sensing in four
various pathways, that is, band shift, FWHM, decay time, and
LIR, with very high sensitivity (maximal relative sensitivity =
416% K7) in a single material. The multi-parameter ther-
mometry and manometry in Tm?*-doped SrB,O; material can
compensate the shortcomings of sensors operating with only
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single parameter, providing high sensitivity in wide range of
temperature or pressure. This multimodal sensor of tempera-
ture and pressure could be applied for monitoring either the
temperature or pressure values of construction facilities such as
bridges, buildings, and roads as a significant warning when the
pressure or temperature exceeds a suitable range to prevent the
occurrence of certain disasters.

2. Results and Discussion

2.1. Structural and Morphological Properties

In order to avoid phase segregation and minimize the concen-
tration of defects caused by difference in the size of ionic radii
(>11%) of Sr?* and Tm?",*?lwhich is induced by the ion substi-
tution, a maximum doping concentration of 1 mol% Tm?" was
preserved, that is, Sr;_,B,0,:xXTm?* (x = 0.001-0.01, Tm?*). The
description of the experimental part, including the synthesis
and characterization of the phosphor is presented in Sup-
porting Information file. Figure S1, Supporting Information,
shows the measured powder X-ray diffraction (XRD) patterns of
the SrB40,:Tm?* (0.1-1 mol%) materials. In the concentration
range of x = 0.001-0.01, no noticeable impurity phases were
detected, that is, the reflexes in the measured XRD patterns
can be well indexed to the reference pattern of orthorhombic
SrB,O; phase (space group Pmn2,), card no. 0712191, from the
International Centre for Diffraction Data database.l”) Figure 1a
shows a graphical representation of the orthorhombic SrB,O,
structure, depicting the coordination environment of ions
embedded in the crystal lattice. In this crystal structure there is
only one cationic site (point symmetry C,,), where the Tm?* ion
substitutes the Sr?* ion. Figure S2a-d, Supporting Information,
presents SEM images of the obtained materials for different
Tm?* concentrations together with elemental mapping. All
samples show similar morphology and size distribution of the
micron-sized particles. The elemental mapping (Figure S2e-h,
Supporting Information) and EDX spectra (Figure S2i, Sup-
porting Information) confirm the presence of all the expected
elements, Sr, B, O, and Tm, and their uniform distribution in
the particles.

Aom=600nm| (C) A= 488 nm 41254 — 4f13

B Daylight A, =254 nm
. 0.0%

x=0.010

x=0.005

juajuos Wl

|
' 0.001
600 650 700
Wavelength (nm)

Figure 1. a) Graphical representation of the orthorhombic SrB,O;:Tm?" crystal structure. b) Excitation spectra (A, =600 nm) and c) emission spectra
(Aex = 488 nm) of the Sry_,B,0;:xTm?* samples (x=0.001-0.01), and the corresponding luminescence photographs, taken in daylight and under 254 nm

excitation.
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2.2. Photoluminescence Properties at Ambient Conditions

The photoluminescence excitation (PLE) and emission spectra
for the SrB40,:Tm?* (0.1-1 mol%) materials at ambient condi-
tions are presented in Figure 1b,c. The PLE spectra (Figure 1b)
show a broad structured band in the range of =250-550 nm,
consisting of several peaks assigned to the Tm?* 41 — 4f125d
transitions,*!! whose intensities increase with the Tm?* concen-
tration. These peaks are due to the effect of crystal-field splitting
of the 5d levels.*>#] Under excitation at 488 nm, all samples
exhibit a single and broad emission band, centered =600 nm,
whose intensity increases along with the dopant concentration
(Figure 1c). This orange-red luminescence is attributed to the
allowed interconfigurational 4f25d — 4{'3 transition of Tm?*.1*ll
Detailed analysis of the Tm?" luminescence will be discussed
in the next paragraphs. The inset in Figure 1c presents a pho-
tograph of the sample taken in daylight under 254 nm excita-
tion, clearly depicting its color of luminescence. Due to the
most intense luminescence signal of the material containing
the highest dopant concentration, that is, SrB;0:0.01Tm?", it
was selected for further experiments performed under high-
pressure and temperature conditions.

In addition, the effect of the excitation wavelength (4.,) on
the luminescence properties of the sample SrB,0;:0.01Tm?2*
was investigated.?” The PL emission spectra, recorded at dif-
ferent A (see Figure S3, Supporting Information), reveal that
the spectral position of the emission band is independent of
the A, used. The highest emission intensity was found upon
488 nm excitation, despite the fact more intense excitation
bands are in the UV range. This is simply due to the greater
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intensity of the excitation light source (Xe-lamp) applied in the
visible range.

2.3. Pressure Sensing Properties

The location (energy) of the lowest emitting level of the 4f'?5d!
excited configuration of Tm?* is highly susceptible to alterations
in the local coordination environment of the ion, which in turn
can be affected by pressure and/or temperature changes.1044]
The experimental setup applied for high-pressure lumines-
cence measurements is schematically presented in Figure 2a.
The experimental details of the DAC loading are given in the
SI file. Normalized emission spectra of the sample SrB,0,:Tm?*
1 mol% recorded in a DAC, under high pressure conditions up
to 12.74 GPa, are shown in Figure 2b. As can be seen in the
spectra presented in Figure 2b, a trace of ruby emission was
found in the longer-wavelength band tail (=670 nm) of the Tm?*
emission band. Another feature is located at =550 nm and
appears when the pressure approaches 10 GPa. It corresponds
to the zero-phonon lines (ZPLs), and possibly, to some extent to
their vibronic components,*] which will be discussed in detail
in the next section.

Importantly, the 4f125d — 4f'> emission band of Tm?*" under-
goes a significant and monotonous, reversible redshift with the
material compression. In other words, under high-pressure
conditions, a decrease in the energy difference between the
emitting level and the ground state is observed. This is due
to the increased splitting of the 5d levels of Tm?', resulting
from the strengthened crystal field when pressure increases.
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Figure 2. a) Scheme of the experimental setup used for high-pressure measurements. b) Normalized emission spectra for the SrB,O;:Tm?" material,
measured at different pressure values, under 488 nm laser excitation. c) The band centroid and d) FWHM of the Tm?" emission band as a function of
pressure. The filled symbols represent compression and the empty one decompression—they are practically indistinguishable due to the great revers-

ibility. The inset of (c) and (d) is the corresponding determined sensitivity.
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The redshift also results from the amplified nephelauxetic
effect "% which is caused by the reduction of free-ion parame-
ters with compression, associated with the increase of the cova-
lent character of the Tm?*—0?" bonds.

On the other hand, the emission band also significantly
and reversibly broadens with pressure, which can be clearly
observed in Figure 2b. This effect is caused mainly by the I)
pressure-induced enhancement of the crystal-field strength
(improved band splitting); II) stronger electron—phonon cou-
pling; I11) increasing strains and distortions in the crystals.[**4%

The calibration curves for the determined manometric (pres-
sure sensitive) parameters, that is, band-shift and FWHM in
compression—decompression cycles, are presented in Figure 2c.
The band centroid of Tm?** shifts from 604.69 to 606.61 nm
(from 165374 to 16485.1 cm™) when the pressure increases
from 0.19 to 12.74 GPa. The dependence of the band centroid
as a function of pressure can be wellfitted (R? = 0.997) with
a 3rd-order polynomial function. The pressure sensitivity
expressed as dA/dP is presented in the inset of Figure 2c. The
value of dA/dP decreases with increasing pressure, and reaches
=—11.85 cm™! GPa™' at 0.19 GPa.

Furthermore, as mentioned above, a continuous broadening
of the Tm?* emission band was observed with increasing pres-
sure. The calculated FWHM value of this band increases from
=13070 cm™" (54.06 nm) at the lowest pressure up to 1460.4 cm™
(60.24 nm) at the highest pressure. The dependence of FWHM
on pressure was also successfully fitted using a 3rd-order poly-
nomial function (R?* = 0.996). The determined pressure sensi-
tivity, d(FWHM)/dP (see inset in Figure 2d) has the maximal
value of =23.17 cm™ GPa™! at 12.74 GPa. Noteworthy, after
decompression (see Figure 2c,d), when the pressure in DAC
is released gradually to the ambient condition, the calculated
band centroid (Figure 2c) and FWHM (Figure 2d) return to
the values of the compression route, which indicates the great
reversibility of both parameters under high pressure.

It is clear that the obtained shift-based sensitivity is higher,
compared to the commonly used ruby'®'"” and SrB,0;:Sm?*
sensors!'®20 in the pressure range from ambient condition to
12 GPa, and similar to the value estimated for Bi,Al,0q:Cr**,1°%
which classifies the developed luminescent manometer among
the most sensitive pressure sensors. This indicates that the
SrB4O; Tm?* material can be an excellent candidate for the
highly sensitive pressure gauge. The determined fitting coeffi-
cients for both manometric parameters as a function of pres-
sure, that is, band-shift and FWHM, are given in Table S1, Sup-
porting Information.

2.4, Temperature Sensing Properties

The PLE spectra of the SrB,0,:0.01Tm?* material were meas-
ured at 13, 100, 200, and 300 K and are presented in Figure 3a.
The normalized excitation spectra show a similar band shape
in the 13-300 K temperature range. Yet, at 13 K, numerous
narrow lines are observed at the lower-energy side of the band,
peaking at =480 nm. When the temperature increases to 100 K
or above, the vibronic components are no longer exposed. As
seen in Figure 3D, several narrow lines are clearly visible in the
higher-energy part of the emission band. These results are very
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Figure 3. a) The normalized excitation and b) emission spectra of
SrB4O;: Tm** material collected at 13, 100, 200, and 300 K.

similar to those reported by Schipper et al.,*!l where the authors
attributed those narrow lines to the vibronic progression asso-
ciated with a few ZPLs.l The vibronic component intensities
decrease with temperature elevation, and a significant broad-
ening and blue-shift of the Tm?* 4f25d'—4f"> emission band
is observed. Accordingly, such a significant band broadening
in the higher energy (shorter wavelength) part of the emission
band leads to a change in the bandwidth and its spectral posi-
tion. Both effects may be used as thermometric parameters for
temperature sensing purposes.

A simplified scheme of the experimental setup used for lumi-
nescence measurements under controlled temperature condi-
tions is presented in Figure 4a. The technical details about tem-
perature-dependent spectroscopic measurements are described
in the SI file. Here, besides pressure sensing of the material,
we investigated and used for the first time SrB,O;:Tm?" as an
optical thermometer, based on the temperature induced spec-
tral shift, broadening of the emission band, LIR and decay time
originating from the 4f25d'—»4f" transition of Tm?', For this
purpose, the emission spectra of SrB,05:Tm?* were measured
with high resolution, every 20 K, in the T-range of 13-380 K.
Systematically, with increasing temperature, the emission band
moves toward shorter wavelengths (especially the higher-energy
part of the band), which can be clearly observed in the spectra
in Figure 4b. As shown in the chromaticity diagram (CIE) in
Figure 4c, when the temperature increases from 13 to 380 K,
the luminescence color changes from red to orange-red.

To investigate the potential of the examined material as an
optical thermometer, first, its thermometric performance was
analyzed based on the bandwidth (FWHM) and spectral shift
(band centroid) of the 4f'25d — 4f'* emission band of Tm?*". It
is worth noting that above 300 K, the FWHM as well as the
band centroid change out of tendency with temperature due to
thermal quenching of the emission intensity, indicating that
the operating range of these sensing parameters of the ther-
mometer is limited to 13-300 K (see Figure S4a,b, Supporting
Information). Thus, we present in Figure 4d the dependence
of the FWHM on temperature in the T-range of 13-300 K. The
corresponding normalized spectra are shown in the inset. The
FWHM increases significantly from 1004 to 1403 ecm™ (from
39.45 to 52.66 nm), when the temperature increases from 13
to 300 K. Thanks to unilateral expansion of the emission band,

© 2021 Wiley-VCH GmbH
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Figure 4. a) Scheme of the experimental setup used for temperature measurements. b) Emission spectra of SrB,O;:Tm?* material measured in the
T-range of 13-380 K; the inset shows the corresponding normalized emission spectra. c) CIE diagram for SrB,O;:Tm?* as a function of temperature;
Zex =488 nm. d,e) The corresponding FWHM (d) and band centroid (e) of Tm?* emission band as a function of temperature; the insets show the cor-

responding sensitivities as a function of temperature.

the band centroid shows a significant blue-shift from 16351
to 16529 cm™ (from 611.6 to 605.0 nm), with increasing tem-
perature from 13 to 300 K, respectively. Both parameters, that
is, FWHM and band-shift were correlated with temperature,
and successfully fitted to the 2nd- and 3rd-order polynomial
functions, with R? = 0.993 and 0.998, respectively. The corre-
sponding fitting parameters are listed in Table S1, Supporting
Information. The determined temperature sensitivities for
bandwidth (d(FWHM)/dT) as a function of temperature are
presented in the inset of Figure 4d (red curve), revealing the
maximal rate of the band broadening is =3.85 cm™ K at 300 K.
The sensitivities for band-shift (d4/dT) were also calculated (the
blue curve in the inset of Figure 4e), showing the maximal shift
rate is 1.44 cm™ K at 300 K.

The possibility of comparing the sensitivity of the
SrB,0,:Tm?" sensor with other luminescent thermometers
using the emission band-shift or FWHM as thermometric
parameter, is limited due to insufficient literature data. Several
known examples are listed in Table 1. The performance of the
developed SrB,O;Tm?* thermometer based on band-shift is
comparable with the most sensitive Nay;Mgg 9450Mng30(WOy);
sensor material reported before, which is based on the d-block
metal ion, that is, Mn*.’Yl The performance of the other
reported lanthanide-based band-shift thermometers is sig-
nificantly inferior. Moreover, to the best of our knowledge, our
sensor material presents the highest sensitivity among the
reported lanthanide-based luminescent thermometers, when
using the FWHM as a thermometric parameter (see Table 1).

In addition, we have also analyzed the ratiometric tempera-
ture sensing properties using the vibronic components and the
broad band of Tm?" d—f emission. It is clear in Figure 5a that
the LIR of two vibronic components V; (located at =583.5 nm)
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and V, (at =586.1 nm), as well as the LIR of broad band emis-
sion (d—f; centered at =600 nm) to the most intense vibronic
component V,, significantly change with temperature. It
is worth noting that, so far, there are no other reports about
the use of vibronic components for temperature sensing pur-
poses. As shown in Figure 5b,c, the LIR of V;/V; and (d-f)/V,
in the temperature range of 13-180 K (where V; and V, are
observed) can be well fitted (R? > 0.997) to a 3rd- and 2nd-order
polynomial functions (see Table S1, Supporting Information),
respectively. The most reliable figure of merit for sensing based
on band intensity ratio (as well as for the emission lifetimes)
is relative sensitivity, S,, which is usually expressed in %, and
shows how the measured parameter changes per 1 K of abso-
lute temperature.’!l The corresponding S, values as a function
of temperature were calculated according to Equation (1):

1 |dLIR|_
,—ﬁ?‘XIOOA (1)

As it can be seen in Figure 5d, for both (d—f)/V; and V;/V,,
with increasing temperature, the S, values increase first, and
then decrease. The maximal S, = 1.48% K (at 82 K) and
0.86% K! (at 27 K) are achieved for the LIRs of (d-f)/V, and
V,/V,, respectively. Please note that for determining the spec-
troscopic parameters as a function of temperature or pressure,
the corresponding spectra were converted to the energy scale
using the Jacobian transformation, minimizing quantitative
error of the emission spectra analysis.?*>?]

Finally, we have measured the luminescence decay curves
as a function of temperature for the 4f25d—4f" transition of
Tm?', in order to compare the results with the data reported
by Solarz et al,l**l and to provide the missing theoretical model
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Table 1. Temperature sensing performances, including maximal sensitivities for different luminescent thermometers based on the band-shift, FWHM,
LIR, and emission lifetimes. Sensitivities marked with asterisks (*) are estimated from figures in the references.

Thermometers Measured parameter Maximal Sensitivity [x/K] TIK] T-range [K] Ref,
SrB,0;:Tm* band-shift 1.44 cm™ 300 13-300 this work
LaF;: Nd/LaF, band-shift 0.14cm™ 303-343 303-343 32]
LaPO,Tm>, Yb** band-shift 0.12 em™ 293-773 293-773 [48]
NagMg(WO,):Mn* band-shift =2.67 cm™'* 300 100-400 [51]
YAG:Ce®" band-shift -1.19em™ 298-458 298-458 [60]
YVO,Eu?* band-shift 0.22 cm™™ 700 250-700 [67]
SrB,Oy: Tm?* FWHM 3.85cm™ 300 13-300 this work
YAG:Ce** FWHM 145 cm™ 298-458 298-458 [60]
YVO, Dy** FWHM 0.11cm™ 250-700 250-700 [67]
YAIO;: N3 FWHM =0.21 cm ¥ 293-370 293-370 (62]
SrB4O7:Tm** LIR 1.48% 82 13-180 this work
LaPO, Tm*, Yb** LIR 3.0% 293 293-773 [48]
NaYF,: Er*t, Yb** LIR 1.2% 300 16-300 [63]
SrFy: Er?t, Yb3* LIR 1.17% 300 298-383 [64]
Fluorotellurite glass: Er** LIR =0.7% 550 83-863 [65]
o-NaYF;:Nd** LIR 0.96% 273 273-423 [66]
Lu,GeOg:Pr¥* LIR 112% 515 150-550 [55]
Lu,SiOg:Pr** LIR 3.54% 350 275-425 [55]
Sr;GeO4Pr* LIR 9.2% 65 25-275 [30]
-Ga,0y:Crit LIR 1.05% 300 270450 [67]
BGa,05:Cr* LIR 0.64% 300 210-450 [67]
BiAlOg:Cr** LIR 1.24% 290 100-600 [68]
ZnGa,0,Cr* LIR 2.8% 310 77-450 [69]
Bi,Ga,0q:Cr* LIR 0.70% 300 80-450 [70]
SrB,O;:Tm?* lifetime 4.16% 337 13400 this work
KLu(WO,),: Ho™, Yb* lifetime 0.39% 297 297-673 7
YVO,: Ho¥, Yb** lifetime 1.35% 300 12-300 [72)
La,0y: Er¥*, Tm*, Yb** lifetime ~0.67% 298-333 298-333 73
Gd3Al;0y:Mn?, Mn*t lifetime 2.08% 249 120-570 [74]
Lu(Geg5Sig 75) Os: Pr* lifetime 1.45% 280 275-425 [74]
Li(POy),: Pri* lifetime 0.62% 363 298-363 [75]
Na(POy)4: Pr¥* lifetime 0.59% 363 298-363 75]
K(PO3)s: Pr** lifetime 0.56% 363 298-363 751
PrPsOyy lifetime 0.46% 363 298-363 [75]
Bi,Ga,0a:Cr* lifetime 1.35% 500 10-500 [76]

for the experimental studies. Please note, that in the mentioned
paper only the determined temperature-dependent lifetimes of
Tm?* were reported, and the obtained data were neither fitted to
any function (which is crucial for temperature sensing), nor the
theoretical model was provided. The recorded emission decay
profiles show strong temperature dependence in the T-range
of 13—400 K (Figure 6a). Therefore, it is tempting to use also
this parameter for temperature detection. Figure 6b presents
the temperature dependence of the determined lifetime values,
derived from the single-exponential fits of the experimental
decay curves. The resulting data points (emission lifetime
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values) can be well fitted using the double-barrier model and
Equation (2):

1 1 ¢ AE,
=—=—+ ) B X -—
prm e -5 @

where p and 7 are the luminescence transition probability rate
(Pnr + pr) and decay time (1/(pyg + Pr)), respectively; 7, repre-
sents radiative decay time (1/pg) in the absence of luminescence
quenching at low temperature; B is a parameter corresponding
to the inverse of the nonradiative decay time at T—0 K; AE, is
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Figure 5. a) The emission spectra in temperature range of 13-180 K. The inset shows the magnified emission spectra focusing on the vibrational
structure. Two vibronic components in the emission spectra located at 583.5 and 586.1 nm are marked as V; and V,, respectively. b) The LIR between
V; and V, components and c) the LIR between d—f broad band emission and V, component. d) The corresponding relative sensitivities (S,) as a func-

tion of temperature.

the activation energy and kp stands for Boltzmann constant
(8.6177 x 1075 eV K7'). Table S2, Supporting Information, pre-
sents the derived fitting parameters.

The necessity of using two energy barriers results from
the shape of the curve fitted to the experimental data points
(Figure 6D). Yet, this is not a typical situation, as a single-
barrier dependence is usually observed.’*>% On the other
hand, one may easily find examples in the literature where
the single-barrier model is used, but the experimental points
showed a clear deviation from it.’”] Such behavior indicates

that two quenching processes operate to drain nonradiatively
the electron, which happens to reach the 5d emitting level.
The process controlled by lower activation energy is not effi-
cient enough, however, to quench the 4f'25d — 4f'* emission
completely and only when the E,, energy barrier is rendered
active at yet higher temperature the emission finally disap-
pears. The dependence of photoconductivity on the energy
of excitation photons can be of great help in dealing with
this effect further, and could shed more light on its possible
mechanism.%5
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Figure 6. a) Luminescence decay curves for the SrB,O;:Tm?" material (Tm?*: 5d—4f transition), recorded in the T-range of 13-400 K, under 485 nm
excitation. b) Temperature dependence of the determined luminescence lifetimes for Tm?*. c) The corresponding relative sensitivity, S, based on the
Tm?* emission lifetime.
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Figure 6c presents the relative thermal sensitivity calculated
according to the Equation (2) (where LIR is replaced with 7).
The relative thermal sensitivity increases with temperature,
until it reaches the maximal value of S, ., = 4.16% K ! at 337 K.
Afterward, S, decreases to 3.36% K at 400 K. As shown in
Table 1, compared to other thermometers based on lumines-
cence decay time, our material not only shows 4 parameters for
temperature determination, but also, in each category, is one of
the thermometers with the highest sensitivity within a relatively
wide operating T-range. It is worth noting that the number of
the reported optical thermometers in Table 1 are limited, due
to the limited numbers reported for lanthanide or other tran-
sition metal ions based optical thermometer based on band-
shiftl248516061 and FWHM.[0-%2 Please note that the devel-
oped sensor SrB,O;Tm?* is a very rare case among lumines-
cence thermometers, where the relative sensitivity based on the
decay time is higher than that obtained using the LIR. Thus,
applying the developed optical thermometer, it is possible to
measure temperature with very high sensitivity over the wide
T-range.

The presented multi-parameter thermometry can overcome
the disadvantages of a single temperature read-out approach,
ensuring satisfactory relative thermal sensitivity in the whole
temperature range studied. Summarizing performance of the
thermometric parameters presented in Figures 4-6 and in
Table 1, it seems that the concept of 4-paramter sensing allows
temperature detection over the whole measured T-range, with
good thermal sensitivity. In the cryogenic temperature range,
that is, from =13 to 180 K the preferential (most sensitive) ther-
mometric parameter is LIR, then from 100 to 300 K it is recom-
mended to use band-shift or FWHM, and finally at the highest
temperature range, that is, from 250 to 400 K (or higher) the
best sensing pathway is based on the emission lifetimes. Last
but not least, it should be mentioned that the SrB,0;:Tm?*" phos-
phor is not a perfect luminescence manometer or thermometer.
Despite the very good performance, we are aware that the broad-
band luminescence of Tm** in SrB,0;Tm?* is a drawback,
whose position, and consequently also shift, may be evaluated
with a higher inaccuracy, compared to narrow ones. In addition,
the high sensitivities are observed over narrow values of tem-
perature or pressure only, while beyond these ranges they may
fall to much lower values. This, however, is a quite common
problem of reported luminescence sensors and may well be one
of the important challenges to deal with in future.

3. Conclusions

We have developed a novel, very sensitive bifunctional and
multi-parameter optical sensor of pressure and temperature,
based on Tm?" luminescence, operating in the visible spectral
range (visual sensor). It was possible by the successful stabili-
zation of thulium ion at its unusual +2 oxidation state (Tm?)
in strontium tetraborate host matrices—SrB,O;, via a high-tem-
perature solid-state preparation method. Their photolumines-
cence properties demonstrate a strong dependence on the state
functions of pressure and temperature. An increase/decrease
of pressure or temperature in the system results in the change
of the spectral position (band centroid) of the 4f25d'—4f!*
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emission band, bandwidth (FWHM), its decay time (7), and
vibronic components. These phenomena are attributed to the
change of vibronic components of the ZPLs of Tm?* lumines-
cence, enhanced strength of the crystal-field, improved elec-
tron—phonon coupling, and so forth.

The mentioned spectroscopic parameters were success-
fully correlated with pressure or temperature. The resulting
sensing performances are remarkable, that is, d(FWHM)/dP =~
23.17 cm™! GPa™!, dA/dP = -11.85 cm™ GPa! (for manometry);
dA/dT = 1.44 cm™ K! and d(FWHM)/dT = 3.85 cm™ K~' (for
thermometry). In addition, the temperature dependence of the
luminescence lifetime of Tm?" 4{25d" — 4{} transition can
also be effectively used for temperature readouts, showing an
excellent thermal sensitivity of =4.2% K=\ Hence, the use of the
desired manometric or thermometric parameters allows very
sensitive monitoring of either pressure or temperature in the
system. This makes the SrB,0,;Tm?" materials as truly multi-
modal and bifunctional luminescent sensors of these funda-
mental state functions. This work largely expands the scope of
the applicability of Tm?" activated phosphors, in both lumines-
cence manometry and thermometry.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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Tm?" activated SrB,0; Bifunctional Sensor of Temperature and Pressure - Highly-sensitive, Multi-
parameter Luminescence Thermometry and Manometry

Teng Zheng, Matgorzata Sojka, Marcin Runowski,* Przemystaw WozZny, Stefan Lis, Eugeniusz Zych*

Experimental part

Materials and synthesis. SrCO; (99.9%, Sigma-Aldrich), H3BO; (pure p.a., Chempur Poland), and
Tm,0; (99.99%, Stanford Materials) were used as starting materials. A high-temperature solid-state
method in the air was exploited to synthesize the Sr;,B,07: xTm?* (x=0.001, 0.002, 0.005 and 0.01)
materials. Stoichiometric amounts of SrC0O;, H;BO;, and Tm,0; were ground for 20 min in an agate
mortar. Then the mixture was transferred to a porcelain crucible and covered with a lid.
Subsequently, a preliminary heat-treatment was performed at 700 °C for 5 h. Then, the sample was
ground and heated twice at 850 °C for 5 h. Such materials were ground before measurements were

executed.

Characterization at ambient condition. Structural characterization was performed by powder X-ray
diffraction (XRD) measurements with a Brucker AXS D8 Advance diffractometer, using Cu Ky
radiation (A=1.5406 A). The measurements were executed in the 10-60 degree range and the step of
0.05 degree. The morphological characterization and elemental mapping based on the energy-
dispersive X-ray (EDX) analysis, were made using an FEl Quanta 250 FEG scanning electron

microscope with an EDAX detector. The emission and excitation spectra at ambient condition were
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measured using a Hitachi F-7000 spectrofluorometer at ambient conditions, and the powder samples
were mounted in a quartz holder. The spectra were corrected for the apparatus response of the

system.

DAC loading procedure. A Merrill-Bassett diamond anvil cell (DAC) was applied for the high-pressure
measurements. The pressure inside DAC chamber was tuned using three metal screws. The metal
gasket used for DAC was made of stainless-steel sheet, with thickness of 250 um and a hole size of
=150 um. The gaskets were pre-indented to 80 um (sample thickness). The sample and a single
micron-sized ruby ball (< 10 pm in diameter) were loaded in the DAC chamber. Subsequently, the
pressure transmitting medium (solvent system of methanol/ethanol/water=16:3:1(vol.)) was then

filled in the DAC chamber, to maintain hydrostatic conditions during the compression process.

Photoluminescence measurements at high-pressure conditions. The high-pressure studies of
photoluminescence properties were performed using Andor Shamrock 500i Spectrograph equipped
with a detector of iDus (silicon) CCD camera. A focusable, 488 nm continuous wave laser was applied
as an excitation light source. The sample in the DAC was placed in an optimal configuration with 180°
detection geometry (back-illuminated configuration). The 488 nm laser light was focused on the
sample and the emission light was collected from the opposite side of the DAC. All spectra were

corrected for the apparatus response of the system.

Pressure Calibration. The shift of the ruby R, fluorescence line was monitored to determine the
pressure value in the system. The pressure values in DAC were determined based on the standard

ruby calibration curve, provided in http://kantor.50webs.com/ruby.htm.
Photoluminescence measurements at controlled temperature conditions.

The temperature-dependent measurements were performed using an FLS1000 Fluorescence

spectrometer (Edinburgh Instruments Ltd.) equipped with a 450W Xenon arc lamp as a continuous
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excitation source. The spectra were recorded in the 13 — 480 K temperature range with the 20 K step,
using a Hamamatsu R928P high-gain photomultiplier cooled to -22 °C with a Peltier plate. Emission
spectra were corrected for the wavelength dependence of the spectral response of the recording
system and excitation spectra were corrected for the incident light intensity. The luminescence decay
curves were measured using a 60 W Xenon flash lamp. A closed-cycle helium cryostat operating
under the control of a Model 336 temperature controller from Lake Shore Cryotronics, Inc. was used
to control the temperature. The sample was mounted on a Cu-holder using Silver Adhesive 503 from

Electron Microscopy Sciences.
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Figure S1. Powder XRD patterns of SrB,O7:XTm? samples (x=0.001, 0.002, 0.005 and 0.01) with

reference pattern (ICDD no. 01-071-2191).
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Figure S2. (a-d) SEM images of the SrB,0,:xTm?* samples (x=0.001-0.01). (e-h) Elemental mapping

and (i) EDX spectrum of the SrB,0,:0.01Tm*" sample.
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Figure $3. Emission spectra of the SrB,0,:0.01Tm*" sample at different excitation wavelengths.
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Figure S4. (a) The band centroid and (b) FWHM of Tm”* emission band in whole measured
temperature range. The shaded area marks the region in where the thermometric parameters
become relatively random due to the thermally-induced signal quenching (close to noise level),

indicating that optical thermometer being out of its operating range.

Table S1. Determined fitting parameters by using 2™ (y=B,+Bx+Bx’) or 3"-order
(y=B,+Bx+Bxx*+B3x’) polynomial functions, for pressure and temperature measurements. MP

represents the measured spectroscopic parameter.

State function MP B, B, B, B; R’

Pressure Acentroid 604.59 0.44 -0.03 7.94x10" 0.997
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FWHM 54.04 0.33 -7.44x10"  1.24x10° 0.996

Temperature Acentroid 611.57 8.37x10"  -4.46x10°  -1.00x107  0.998
FWHM 39.18  3.02x10°  1.45x10" - 0.996

LIR (V1/V5) 0.28  2.19x10°  1.94x10°  -7.91x10®  0.998

LIR (d-f/V,) 69.75 -0.39 1.47x10" - 0.997

Table S2. Fitting parameters obtained by means of double-barrier model function based on decays of

5d—4f luminescence.

To(s™) B, E,i (eV) B, E.>(eV) R

4765.88 4.49E11 0.47 8337.32 0.04 0.999
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6. physicochemical characterization and novel sensing strategies of non-linear optical
thermometry based Ln3* doped BaTiOs materials

6.1. Nonlinear optical thermometry—a novel temperature sensing strategy via second

harmonic generation (SHG) and upconversion luminescence in BaTiOs: Ho%, Yb®

perovskite
Second harmonic generation Upconversion emission
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The result in this section were published in: Teng Zheng, Marcin Runowski, Inocencio R.
Martin, Stefan Lis, Mauricio Vega, and Jaime Llanos, Nonlinear Optical Thermometry — A Novel
Temperature Sensing Strategy via Second Harmonic Generation (SHG) and Upconversion
Luminescence in BaTiOs: Ho®*, Yb®" Perovskite, Advanced Optical Materials, 2021, 9, 2100386.

Abstract of the section: The Ph. D. candidate had the opportunity to participate in preliminary
research on SHG related non-linear optical spectroscopy in the BaTiO3 host lattice. The study of
non-linear optical spectroscopy in the BaTiOz host lattice is motivated by the simultaneous
observation of SHG and UCL, as well as interesting phases adopted at the wide temperature of
BaTiOs. SHG is a powerful tool for sensing of various intrinsic properties related to the symmetry
change of materials. The Ph. D. candidate studied the feasibility of the optical temperature sensing
method via the simultaneous use of SHG and UCL processes in BaTiOz:Ho®*, Yb®*". Under NIR
laser excitation, the evolution of SHG and UCL band intensity ratio was correlated with

temperature and calibrated within the temperature range of 25 - 305 °C. The band intensity ratio

between SHG and UCL allows the detection of phase transitions from non-centrosymmetric to
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centrosymmetric systems, and vice versa. From the point of view of luminescent temperature
sensing, the study reported provides a novel and effective approach to optical temperature sensing

- non-linear optical thermometry, with high sensitivity of up to 2.78 % °C*.
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Nonlinear Optical Thermometry—A Novel Temperature
Sensing Strategy via Second Harmonic Generation (SHG)
and Upconversion Luminescence in BaTiO;:Ho**,Yb3*

Perovskite

Teng Zheng, Marcin Runowski,* Inocencio R. Martin, Stefan Lis, Mauricio Vega,

and Jaime Llanos

1. Introduction

Nonlinear optical spectroscopy may be a powerful tool for sensing of various

intrinsic properties of materials and different state functions of the system. This
is due to the strong dependence of nonlinear phenomena on numerous phys-
icochemical factors. The feasibility of simultaneously employing the second
harmonic generation (SHG) and upconversion luminescence (UCL) processes
in BaTiO3:Ho**,Yb*" for optical temperature sensing is demonstrated for the
first time. Under 976 nm laser excitation, the evolution of the SHG and UCL
band intensity ratio is correlated with temperature and calibrated within the
temperature range of 25-305 °C. The band intensity ratio between SHG and
UCL exhibits a sigmoidal dependence on temperature, and, hence, it can allow
the detection of phase transitions from non-centrosymmetric to centrosym-
metric systems, and vice versa. Most importantly, from the perspective of
optical temperature sensing, this work provides a novel and effective strategy
for nonlinear optical thermometry, with high sensitivity of up to 2.78% °C-".
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In the realm of nonlinear optics, second
harmonic generation (SHG) and upcon-
version luminescence (UCL) phenomena
emerge as very important and funda-
mental second-order nonlinear optical
processes. SHG is a polarization-sen-
sitive, instantaneous nonlinear optical
(NLO) process, in which the transforma-
tion of two photons of the frequency @
into a single photon with double the ini-
tial frequency (2w) can be realized. Tt
is associated with induced polarization,
which does not originate from the real
absorption, so it can greatly reduce the
probability of photobleaching or other
photodamage phenomena. It can be used
as a probe for determining the sponta-
neous polarization caused by the align-
ment of electric dipole moments in the case of ferroelectric
crystals.®l In addition, the symmetry variations in materials,
e.g., the few-layer MoS; and h-BN, can be probed via optical
SHG process.”#lOn the other hand, the UCL phenomenon is
based on the multiphoton absorption processes, resulting in
conversion of low-energy photons into higher-energy ones,
as well.’Bl The UCL phenomena occur usually in the inor-
ganic materials containing lanthanide ions (Ln**), thanks to
unique, ladderlike electronic structure of Ln**. Under the
NIR laser light excitation, the Ln**-doped materials can exhibit
UCL originating from their 4f—4f transitions (which are par-
tially forbidden by Laporte selection rules, and provide unique
luminescence features), enabling high variety of applications,
including temperature and pressure sensing, optical heating,
photocatalytic technique, bioimaging, drug-delivery, and so
forth.[#-21

Perovskite materials have unique features that make them
promising candidates in various fields, such as solar cells,
ferroelectric materials, solid-state lasers, etc.””?® Titanate
perovskites have received extensive attention, especially thanks
to their splendid piezoelectric and emissive properties.[**3
Barium titanate perovskite has a relatively low phonon energy
(=700 cm™), favoring high UCL efficiency.*!l Noteworthy, as the
high-temperature phase of ABO;-type perovskite BaTiO; (cubic;

© 2021 Wiley-VCH GmbH
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Pm3m, No.221) is cooled down from the high to room tempera-
ture, a non-centrosymmetric structure is obtained, due to the
fact that the center ion Ti*" and the oxygen octahedron (O3 local
symmetry) displace nonuniformly in respect to the corner ion
Ba?" 3233 With increasing temperature, different regions of the
material change their crystallographic orientations, altering the
crystal structure symmetry, and the phase transition (tetragonal
to cubic) occurs, leading to enormous variability in the electric
and spectroscopic features of the material.**3% Therefore, it is
of crucial importance to determine the crystal symmetry trans-
formation and the corresponding temperature in a noninvasive,
rapid and simple way.3>-38l

The research and strategy of simultaneous employment of
SHG and UCL for sensing purposes were motivated by dis-
parate spectroscopic behaviors of SHG and UCL processes
under controlled temperature conditions (25-305 °C), i.e.,
SHG is sensitive to the inversion symmetry breaking, while
UCL is thermally quenched in a monotonous way. To the best
of our knowledge, ratiometric thermometry utilizing both
the SHG and UCL bands has not been proposed before. In
this work, we successfully employed thermally induced spec-
troscopic changes (band intensity ratio) of two different NLO
processes in BaTiO;:Ho**, Yb** material for temperature
sensing purposes. Our findings also suggest that the NLO
thermometry may be a good tool to monitor phase transi-
tions between non-centrosymmetric and centrosymmetric
systems.

2. Results and Discussion

2.1. Optical Properties at Ambient Condition

Well-crystallized micrometer-sized tetragonal phase (space
group P4mm) BaTiO;:1% Ho*',1% Yb**, BaTiO;:1% Ho*',5%
Yb*, and BaTiO;1% Ho%,10% Yb?* perovskites were syn-
thesized by a facile solid-state reaction method. The detailed
crystal structure characterization of the synthesized samples,
including X-ray diffraction, scanning electronic microscopy,
energy dispersive X-ray analysis, as well as Raman and lumi-
nescence spectroscopy (including SHG) studies at ambient
conditions, can be found in our previous paper.**) Here, we
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focused on the interdependences between the observed non-
linear phenomena, i.e., UCL and SHG, and the corresponding
studies as a function of temperature. The emission spectra
of BaTiO; samples doped with 1% Ho** and x Yb* (x is the
molar concentration of Yb¥*, i.e., 1%, 5%, and 10%) presented
in Figure la, emphasize the impact of Yb*" content on the
UCL and SHG phenomena in BaTiO;:Ho*, Yb** phosphors
at room temperature. Under the 976 nm pulsed laser excita-
tion, the emission spectra consist of a sharp band associated
with the SHG process, centered at 488 nm (half of the excita-
tion light wavelength), and two broader UCL bands centered at
=550 and =650 nm, associated with the °S,, *F,—°Ig and °F5 —
’Ig transitions of Ho** ions, respectively. The sample with 1%
Yb* exhibits the most intense SHG band, whereas the one
with 10% Yb** shows the most intense UCL, which is due to
the improved energy transfer from Yb*" to Ho3" ions, resulting
from the higher concentration of Yb*". The reduction in SHG
intensity is plausibly caused by the efficient interception of
the excitation photons by Yb** ions, as well as by deterioration
of SHG activity in the highly-doped perovskite structure. The
emission intensity of the most intense band located at 550 nm
(Iycy) and the band located at 488 nm (Igyy) were calculated via
integrated peak area with abscissa of wavelength (in nm) used
to obtain the corresponding band intensity ratio (Isyg/luct)-
The possible luminescence processes along with the energy
level diagrams of SHG and UCL are shown in Figure 1b. In
the SHG process (left of Figure 1b), two photons of optical fre-
quency o from the 976 nm laser beam are converted into one
photon of 2 frequency, resulting in the emission band located
at 488 nm.’**! In the case of the UCL (right of Figure 1b) pro-
cess, thanks to the large absorption cross-section of Yb** and
the resonance between the energy levels of Ho*" and Yb*', the
energy transfer (ET) process from Yb*" to Ho’' takes place.
Yb** ions in the ground state absorb photons at 976 nm:
2Fy, + hv (976 nm) — “F ;. The energy is then transferred from
Yb** to the neighboring Ho®" ions via ET processes, such as
Yb* (*F5)5) + Ho?* (°lg) — Ho** (°I5) + Yb** (*F;5). Subsequently,
the electrons populating the °I5 level are promoted to the °F; 3
and 3Ky excited states of Ho*" via another ET from a neigh-
boring Yb*" ion. The three levels later decay down to °S,, °F,
and °F; levels, where the green and red UCL originate, respec-
tively. ET can also promote Ho® electrons from °I; to °S,, °F,

l ‘ R hw

hw

ju8uod AN

UCL: 58,,5F,—51;
5F5 — Slg

e ‘ 1%

Figure 1. a) Emission spectra of the BaTiO31% Ho* xYb** (x=1%, 5%, and 1
energy level diagrams showing the origin of SHG (left) and UCL processes (ri
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09) samples under excitation of 976 nm NIR (pulsed) laser. b) Simplified
ght) in the Ho*, Yb** codoped BaTiO; perovskite microparticles.
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levels, as well as °T, electrons to °Fs. The direct absorption of
the excitation photons by Ho*" in its ground state is possible in
principle, but the probability of such transitions is much lower
than the Yb** absorption, due to the forbidden nature of the
4f—4f transitions in Ho*".

The emission spectra recorded at different excitation wave-
lengths (see Figure S1 in the Supporting Information) were
measured, in order to confirm that the band located at 488 nm
is correctly assigned to the SHG process. When changing the
laser light source excitation wavelengths (A.,), the significant
spectral shifts in the SHG peak position were observed. With a
different A.,, the SHG bands are centered at /2, confirming
the fact that the sharp peak is due to the SHG process. It is
worth noting that when A, = 976 nm, the UCL bands show the
most intense emission, which coincided well with the absorp-
tion maximum of Yb**.14!

2.2. Optical Properties at High-Temperature Conditions

2.2.1. Temperature Dependent Nonlinear
Phenomena — SHG and UCL

The setup for the luminescence experiments at variable-temper-
ature (25-305 °C), used for the observation of the heat-driven
phase transition of the BaTiO; structure is schematically pre-
sented in Figure 2a. According to the literature data, the phase
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transition from tetragonal crystal structure (P4mm, No.99) to
cubic prototype phase (Pm3m, No.221) occurs around 150 °C,1*
depending on the crystal polarization and other quality fac-
tors.’53642-4] WWith the increasing temperature, the SHG inten-
sity (Isyg) is significantly influenced by the inversion symmetry
change of the system.>#] Simultaneously, the behavior of the
UCL process is affected by the thermal quenching effects and
energy-back transfer from Ho*" to Yb** ions.#I It is worth
noting, however, that a high concentration of Yb*" ions in the
structure can lead to the formation of irregularly distributed crys-
tallographic defects in the perovskite crystals. These defects may
influence the symmetry of the structure (and thus the probability
of SHG). In order to better understand the effects of temperature
and symmetry changes on the NLO processes, we selected the
sample with the lowest concentration of Yb*', namely BaTiO;:
1% Ho*', 1% Yb*". The variable-temperature emission spectra
of the selected sample were measured in the 25-305 °C range.
As shown in Figure 2b, under the NIR laser excitation, similarly,
the SHG and UCL bands in the emission spectra show a strong
dependence on temperature. In the temperature range studied,
Ispg exhibits a huge decrease up to =150 °C, and the rate of this
decrease is much higher compared to that of the UCL thermal
quenching (Figure 2b). When the temperature further increases,
the relative intensity of SHG exhibits a slower rate of decrease
(a plateau). Hence, this evident difference in the quenching rates
of those NLO processes will result in the high thermal sensitivity
of the proposed NLO ratiometric thermometer.

(b

(2.) 12

258

50 100 150 200
Temperature (°C)

Figure 2. a) Schematic representation of the experimental setup used for the temperature-dependent SHG and UCL measurements. b) Temperature
dependence of the emission spectra of the BaTiO3:1% Ho**,1% Yb*" sample. c) Is;yc/lyc. band intensity ratio as a function of temperature, and the cor-
responding fitting line (Equation (1)); d) Relative thermal sensitivity, S, and experimental temperature resolution, dT as a function of temperature (the
inset shows an exemplary histogram for the determined experimental temperature resolution, i.e., the standard deviation of determined temperature
via the band intensity ratios Isyc/lyc, obtained from the 100 repeatability measurements at 122 °C, for the material studied).
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From the perspective of the new ratiometric NLO ther-
mometer development, the crucial step is the analysis of the
variable-temperature spectra, i.e., the intensity ratio between
the SHG band and the °S,, °F,—°Tg UCL band (Is;c/Tuct)
as a function of temperature. As shown in Figure 2c, Igyg/
Iycy exhibits a sigmoidal dependence on the temperature in
the 25-305 °C range. As expected, above =150 °C, Isyg/TucL
undergoes the inflection point, i.e., the Isyc/lycr changes
the trend of rapid decline and begins to gradually display the
invariable trend as the temperature further increases. Such
a significant change in the band intensity ratio Isyg/Iycy is
due to the intrinsic phase transition of the randomly-oriented
(nonpolarized) perovskite crystals,*? from the broken inver-
sion symmetry to inversion symmetry, which is well con-
firmed for BaTiO; in different reports.?*364243:50-52 The rela-
tive change in the Iy /Iy ratio is associated with the SHG
process, which is forbidden in the cubic phase of BaTiO,
(centrosymmetric structure). However, the SHG signal does
not completely disappear (see Figure 2b), even at the highest
temperature measured. This is because, in reality, there
are always some crystallographic defects that are inevitably
induced by dopant ion substitution during high temperature
synthesis (e.g., different ionic radii and oxidation states of
Ti* versus Ho** / Yb*'). Most plausibly, such defects cause
a distortion of the structure from an ideal centrosymmetric
cubic phase. Thus, these two NLO processes, i.e., the evolu-
tion of Isyg/Iycr, can be used to qualitatively detect the trans-
formation from the non-centrosymmetric to centrosymmetric
structure, which, in some respects, is crucial in the study of
surfaces and domain walls in ferroelectrics, metal surface
melting, catalytic processes, liquid crystal, and biological sur-
face studies >3]

2.2.2. NLO Temperature Sensing Performance

In order to give an analytical expression to the observed depend-
ence of the Iy /Iy ratio on temperature, the following func-
tion was fitted to the experimental data

Isne _ A
Ivar =P ZL: elTTelm 1 0

where T is the temperature, A; is the amplitude, T, is the
“middle point” temperature, y, is the vertical offset, p is the fit-
ting parameter (which has the units of reciprocal temperature),
and i is the number of required components. The experimental
data fit well (R? = 0.999) to Equation (1) and the parameters
of yo, A1, Ty p1o Az Teas Poy Az, Toa, p3 are 0.3674, 1.9589, 72.4,
0.0291, 0.7144, 135.9, 0.0706, 0.1825, 1470, 0.3784, respectively.
Equation (1) provides a good analytical expression, useful, e.g.,
for luminescence thermometry calibration.

In order to quantitatively present the feasibility of tempera-
ture sensing of the developed NLO thermometer, the relative
temperature sensitivities, S, (% °C™) were calculated. In this
case, the value of S, is defined as

1 X d(ISHGJ’IUCL)

S, =100% x 2
T seflow)  dT 2)
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As demonstrated in Figure 2d, the S, values change dra-
matically with increasing temperature, and the maximum
relative temperature sensitivity (S, ,,,,) was found to be about
2.78% °C7" at 146 °C, i.e., within the temperature range of the
interest.

In order to better determine the validity of the developed
NLO thermometer, the repetitive measurements of 100 spectra
at a constant temperature were conducted, and this procedure
was repeated five times at the selected temperature values (24,
72, 122, 165, and 223 °C). Afterwards, based on the calculated
Isyc/Iucy ratios and the calibration curve (Equation (1)), we
determined and plotted the corresponding temperature values
(see the exemplary histogram in the inset of Figure 2d). The
determined temperature values were fitted to the Gauss func-
tion, and the experimental temperature resolutions, 0T were
determined (4T is equal to full width at half maximum of the
Gauss peak),l™™ ie., 8T = 4.1, 1.6, 0.85, 0.9, 4.7 °C at tempera-
ture values 24, 72, 122, 165, 223 °C, respectively. These results
further indicate that developed NLO thermometer shows excel-
lent temperature sensing performance, and it can monitor tem-
perature precisely and accurately over a relatively wide tempera-
ture range.

Nowadays, the most commonly applied, convenient and sen-
sitive technique of optical temperature sensing is based on the
use of fluorescence/luminescence intensity ratio (FIR/LIR),
which can provide high sensing accuracy and precision.>>3l
In order to compare our NLO thermometer based on the
Isye/Tycy ratio to inorganic Ln**-based optical thermometers
utilizing the FIR/LIR technique, we have summarized the per-
formance of optical thermometers operating in a similar tem-
perature range (up to about 300 °C) in Table 1. It is evident
that the developed NLO thermometer provides higher thermal
sensitivity than the commonly used FIR/LIR based thermom-
eters working in a similar temperature range. This highly-
sensitive NLO sensor exploits a new and effective pathway
for contactless temperature sensing—the NLO thermom-
etry, which is a promising alternative method to conventional
FIR/LIR thermometry.

3. Conclusions

In summary, the temperature dependences of the SHG and
UCL phenomena in the optically active BaTiOyHo, Yb3*
perovskite material were investigated in the temperature
range of 25-305 °C. The band intensity ratio Igyg/Iyc for
BaTiO;:Ho*, Yb* undergoes a significant inflection point
during the gradual tetragonal-to-cubic phase transition, which
confirms that it is a powerful new tool for detecting the sym-
metry change of the crystals. Most advantageously, the inten-
sity ratio of these NLO processes, i.e., SHG to UCL, can also
be used as a new thermometric parameter, which provides an
excellent relative sensitivity of 2.78% °C~!. This highly sensitive,
novel NLO temperature sensor opens new horizons in optical
thermometry, showing the possibility of applying various
NLO effects for sensing purposes. Moreover, the appropriately
designed materials, exhibiting the combination of SHG and
UCL processes, could be potentially used in the photodynamic
therapy (PDT) applications.

© 2021 Wiley-VCH GmbH
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Table 1. Maximal relative temperature sensitivity (S, ., at a given T value), temperature range (T-range) of the most used LIR/FIR based Ln*" doped
inorganic luminescent thermometers (operating in a similar T-range), along with our NLO thermometer.

Compound Dopant ion Transition Semax [% °C7] T[°C] T-range [°C] Ref.
Y,04 Ho, Yb** Fyf°5,—°lg 071 290 27-327 [57]
CaMoO, Ho*, Yb* Ky /oF3—°lg 0.66 80 30-270 [58]
Ca;LagSigOys Ho*, Yb** SF5/5Fy, 5,—°l 015 20 30-230 [59]
BiPO, Ho*, Yb* SFsy/ Fs—°ls 1.05 150 40-300 [60]
Zr0, Ho*, Yb* Fg/°Fy, 55,—°lg 0.40 67 2-2717 [61]
SIWO, Er*, Yb* My 2/*S5 2> s 1.50 245 27-245 [62]
Y,Si0s Er¥*, Yb** Hy /'S5 s 0.70 327 27-327 [63]
Na;La,Ti;Oy Pt Dy /2Py—*H, 1.96 270 30-270 [64]
YAG Pt D,f3Py —*Hy 0.25 320 20-320 [65)
YAIO; Nd* Hapz s/ 3 1.83 20 20-338 [66)
NaEuF, Eu* 5D,/°D—"F; 0.43 - 25-250 67
B-NaYg sGdpoFs Eu’t-Dy* Fgp 2°Hi3/°Do—Fy 0.23 30 30-290 [68]
EuTb* Dy—Fs/°Dy—"F, 0.76 30 30-290 [68]
Tb*-Dy** 5Dy —F5/*Fep— Hysp 0.50 30 30-290 [68]
Y503 Eu¥-Nd* #Fgp, =g/ Dy—"Fy 2.58 107 27-237 [69]
YF;@Ga;0; Yb-ErCri* Mg [Sy—"hsp 0.25 243 30-290 [70]
(glass ceramics)
Y503 Er’, Yb, Eu®* Hy2/4S5 5= s 2 1.03 320 30-320 7]
NaluF, Tm®, Yb¥, Gd¥* 5Py 2/ %7z =S5z 0.29 25 25-250 [72]
BaTiO; (NLO sensor) Ho¥", Yb* Isc/ (lucuFa, °S3—°1g) 2.78 146 25-305 this work
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Experimental part

The synthesis part of our material can be found in our previous work [S1]. A tunable
EKSPLA/NT342/3/ UVE 10 ns pulsed laser with optical parametric oscillator (OPO)
operating at 10 Hz repetition rate was used as the excitation source to record the emission
spectra. A CCD spectrometer (Andor Shamrock 303i) was used to receive the emitted light
signal, which was focused on the entrance slit. The variable-temperature spectroscopic
measurements at 25 - 305 °C, were carried out in a tubular electric furnace (Gero RES-E
230/3). A type K thermocouple in contact with the sample was used to control and monitor

the temperature.
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Figure S1. Emission spectra of BaTiO;:1%Ho®*, 5%Yb®" phosphor as a function of excitation

wavelength.
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6.2. Boltzmann vs. non-Boltzmann (non-linear) thermometry - Yb3*-Er3* activated dual-

mode thermometer and phase transition sensor via second harmonic generation
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The result in this section were published in: Teng Zheng, Marcin Runowski, Przemystaw
Wozny, Bolestaw Barszcz, Stefan Lis, Mauricio Vega, Jaime Llanos, Kevin Soler-Carracedo and
Inocencio R. Martin, Boltzmann vs. non-Boltzmann (non-linear) thermometry - Yb3*-Er**
activated dual-mode thermometer and phase transition sensor via second harmonic generation,

Journal of Alloys and Compounds, Journal of Alloys and Compounds, 2022, 906, 164329

Abstract of the section: Based on formal studies, with the concept of a non-linear optical process,
a detailed comparison of thermometric performance between conventional Boltzmann-type
thermometry and nonlinear optical thermometry should be presented. Therefore, in the process of
chemical engineering, a series of optically active BaTiOs doped with Er®*, Yb®" perovskite
materials was obtained to characterize temperature-dependent of NLO responses as well as
thermometric performances. Upon 976 nm laser excitation, as expected, the samples show
simultaneously intense UCL and SHG effects. The thermometric features were compared, i.e.,
Boltzmann luminescence thermometry (typical thermally-coupled levels of Er®"), and NLO
thermometry (SHG/UCL intensity ratio). The work demonstrates that the NLO thermometry
approach shows better thermal sensitivity (= 4 %/K, at ~400 K) and smaller temperature resolution
(6T =0.07 K). Moreover, NLO spectroscopy based on SHG and UCL allows rapid, more precise
and clearer detection of phase transitions. Our work presents that some non-Boltzmann, non-linear

154



thermometers can provide much more effective temperature sensing (compared to the commonly
studied Boltzmann thermometers), while also working as accurate, rapid and non-invasive phase

transition sensors.

Contribution of Ph.D. student in this work: Conceptualization, structural and morphological
characterization, conduction of the spectroscopic measurements, visualization, data analysis and

curation, formal analysis, writing original draft and writing review & editing.
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ABSTRACT

Second harmonic generation [SHG) and upconversion luminescence (UCL), as second-order nonlinear op-
tical {NLO) effects, are crucial in modern optics and optoelectranics. Here, through the chemical engineering
process we obtained a series of optically active BaTiOs: Er*, Yb** perovskite materials, exhibiting tem-
perature-dependent NLO responses. Upon 976 nm laser light irradiation, the micron-sized, polycrystalline
samples show simultaneously intense UCL and SHG effects. Comparison of the thermometric features based
on luminescence thermometry, i.. band intensity ratic based on thermally-coupled levels of Er®*, and NLD
thermametry, Le., SHG/UCL intensity ratio, shows that the superior thermal sensitivity (= 42K, at -400 K)
and excellent temperature resclution (8T=0.07K) is achieved for the MNLO thermometry approach.
Furthermore, the combination of NLO spectroscopy with UCL allows rapid, more precise and clear phase
transition detection (from tetragonal to cubic phase at around 386 K), compared to conventional structural
methods, such as X-ray diffraction and Raman spectroscopy, Our work suggests that some non-Boltzmann,
non-linear thermometers can provide much more effective temperature readouts [compared to the com-
maonly studied Boltzmann thermometers), simultaneously working as accurate, rapid and non-invasive

phase transition sensors,

1. Introduction

Second harmonic generation [SHG), third harmonic generation
(THG), sum frequency generation (SFG) and four-wave mixing
(FWM) are considered as typical nonlinear optical (NLO) phenomena
[1.2]. SHG, also called frequency doubling, is a process of conversion
of two identical “input” photons at the fundamental frequency into a
single “output™ photon at the double-harmonic frequency [2-5]. 1t is
highly sensitive to symmetry change (forbidden in materials with
inversion symmetry) in crystal structure or interfaces of the mate-
rials [3,6-9], which does not actually involve any real absorprions.
The intensity of SHG in materials can be influenced by several
quality factors: 1) second-order nonlinear coefficient, which differs

* Corresponding author at: Adam Mickiewicz University, Faculty of Chemistry,
Uniwersytetu Poznaiskiego 8, 61-614 Poznar, Poland.
E-mail eddress: runowski@amu.edupl (M. Runowski).

https:/ doi.org) 10,1006/)jallcom, 2022164329
(925-3388 )@ 2022 Elsevier BY, All rights reserved,

i 2022 Elsevier B.V. All rights reserved.

depending on the particular material; 1) the orvientation of the
crystal axes in respect to the excitation beam direction [phase
match), which is indirectly related to the efficiency of the SHG: and
111} polarization [ 10], In contrast to single crystals, the polycrystalline
materials consist of plenty of grains (small crystallites) showing
random orientation, allowing observation of the averaged SHG signal
without a phase-match in each crystal, in respect to the excitation
beam optical path (geometry) [5]. SHG active materials are widely
used as sensitive probes of material surfaces and interfaces, ferro-
electric domains, biclogical surfaces, erc., mainly due to their un-
precedentedly high sensitivity to symmetry changes in various
systems [11-14],

Lanthanide {Ln*") activated upconverting luminescent [UCL)
materials have been widely applied in various felds, such as lu-
minescence thermometry, bio-imaging, optical devices, photo-
dynamic therapy (PDT), etc [15-19] It is mainly due to their
superior spectroscopic properties, eg., sharp emission bands,
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absence of strong auto-fluorescence, high penetration depth in
biological system, etc [1820-29], UCL is a non-linear process,
which is based on absorption of two or more lower-energy pho-
tons [usually from the NIR region), followed by the anti-Stokes
emission of one higher energy photon [30-32]. For generation of
intense UCL, the combination of Er** activator and Yb** sensitizer
ions, embedded in inorganic host matrix is commonly chosen. This
is mainly due to the large absorption cross-section in the near-
infrared region of Yb**, as well as the energy overlap between Er'*
and ¥b** jons, leading to highly efficient energy transfer (ET) up-
conversion processes [33-35],

Barium titanate [BaTiOs), one of the family of the perovskite
materials [26-43], has drawn wide attention due to its unique
ferroelectric, photocatalytic and electro-optic properties 44,45/,
Besides, when introducing suitable Ln** dopant ions in the host
matrix, it is possible to endow the material with luminescence
properties. Moreover, thanks to a relatively low cutoff photon
energy (~700cm™') of the titanate crystal lattice [46], it is possible
to achieve good up-conversion luminescence efficiency and sa-
tisfying thermometric performance [5.47]. BaTiOs adopts various
phases over a wide temperature range, i.e., rhombohedral, or-
thorhombic, tetragonal and cubic (4549, Importantly, according
to literature data, the tetragonal crystals transform to cubic phase
above the Curie temperature (Tz, =393 K) in BaTiOs, leading to a
sharp change in their dielectric and ferroelectric properties, in-
duced by intrinsic structure change [48-50]. In case of cubic
BaTiOs, the Ti"" ions are supposed to be located in the center of an
G-neighboring-oxygen-formed octahedron with O symmetry,
while, for tetragonal phase, the Ti*" ions possess the symmetry of
Cay, Where one oxygen anion (0% is slightly displaced in the di-
rection of the ¢ axis.

Temperature is a fundamental and important parameter not
only in thermodynamics and statistical mechanics, but also in
various industrial and scientific fields. Ln®'-activated luminescent
thermometers show advantages of non-invasive, fast, contactless
and sensitive determination of temperature with high spatial re-
solution, where conventional thermometers are ineffective
[15,16,51-54], The dominant and most sensitive pathway in lu-
minescence thermometry is to apply the luminescence/fluores-
cence intensity ratio (LIR/FIR) technique based on thermally-
coupled levels [TCLs) of Ln®*. Recently, a new and effective ther-
mometric strategy was developed, i.e., the non-linear optical (NLO)
thermometry using SHG and UCL, exhibiting superior sensitivity
and thermal resolutions. For instance, da Silva et al. reported that
based on Tm** doped NaMbO; nanocrystals, and using the intensity
ratio between SHG and UCL, the relative thermal sensitivity of
~12%[K can be achieved. In our previous paper. we reported that
based on the NLO thermometry in the Ho''/Yb™" doped system, it
is possible to obtain excellent thermal resolution of 0.85K and
satisfactory relative sensitivity of 2.78%K. |5.55] However, there is
very limited data reported about NLO thermometry and a detailed
performance comparison (experimental studies) between the
classical luminescence thermometry and NLO thermometry in
optically active materials is still missing.

Here, we present the NLO spectroscopy as a powerful tool for
both temperature and phase transition sensing, exemplified on
BaTiOs: Er?', ¥b*' perovskite. For the first time, two optical ther-
mometric pathways are realized simultaneously in a single mate-
rial, i.e., luminescence thermometry utilizing TCLs of EF" and NLO
thermometry based on SHGJUCL band intensity ratios, The ad-
vantage of the NLO thermometry, ie. higher relative thermal
sensitivity (5,) of =4%/K vs. = 1.2%/K for the luminescence ther-
mometry was demonstrated. Furthermore, we introduced the
SHG/UCL band intensity ratio as a parameter for phase transition
detection, from tetragonal to cubic phase in the synthesized
materials.

Jourmal of Alloys and Compounds 96 [(2022] 164329
2. Experimental
2.1. Synthesis of BaTi0; perovskite microparticles

Stoichiometric amounts of Ti{OC4Hqg )y (97%), Er{NO5 ), (99.9%), ¥Yb
[NOy)s (99.9%), and CHyCOO)Ba (= 99.9%) were used to synthesize
the BaTipes—Qs: & Er*', 0.05 Yb'* (x is the molar concentration of
Er*, ie, 1%, 5% and 9%) as starting materials. Proper amount of Ba
[CH3CO0): was dissolved in 20 mL acetic acid (denoted as a solution
A). Subsequently, 2mL of Ti{OC4Hg)s was diluted with 8 mL of
acetylacetone (denoted as a solution B). Then, the solution A was
added dropwise to the solution B. This mixture was heated to 23K
on a hot plate for 2 h under continuous magnetic stirring, to form the
solution containing titanium and barium cations (denoted as a so-
lution C), Afterwards, 5 mL of the aqueous solution of Er{NO4}; and
¥b(M03); was added to the solution C and heated to 373 K on a hot
plate for 24 h, to evaporate water and obtain powder. Finally, the
product obtained was ground in an agate mortar, placed in an alu-
mina crucible and annealed for 2 h at 1273 K in a muffle furnace, in
air atmosphere, to obtain the final product.

2.2, Characterization

To identify the phase purity of the synthesized sample, the
powder X-ray diffraction (XRD) patterns were recorded by using a
Bruker D8 Advance diffractometer equipped with a graphite mono-
chromator operated at 40kV and 30mA, using CuKe radiation
(#=154057 A), in the 20 range of 10-60°. A Renishaw research
Ramanscope 1000 spectrometer equipped with a Peltier-cooled CCD
detector and with Leica microscopes (excitation line: 785 nm) was
used to measure Raman spectra at room temperature, The tem-
perature-dependent Raman spectra were recorded by using the
Haoriba Jobin ¥von LabRam HRS00 spectrometer with liquid nitrogen
cooled CCD detector [He-Me 632.82 nm laser, power of 1.77 mW).
The laser beam was focused using a x20 long working distance ob-
jective, and the signal was recorded in backscattering geometry. For
calibration of the Raman Shift the 5i line at 520.7 em ™' was used. The
temperature for Raman spectra measurements was modulated by
utilizing a Linkam THMS 600 temperature controlled system.
Scanning electron microscopy (SEM) and energy-dispersive X-ray
[EDX) spectra and mapping were recorded using a FEI Quanta 250
FEG scanning electron microscope with an EDAX detector. A tune-
able, 10 ns pulsed optical parametric oscillator OPO [EKSPLA/NT342/
3/UVE) laser was used as excitation light for recording the SHG and
UCL emission spectra. The SHG and UCL signals were focused onto
an optical fibre, coupled to a 0.303 m grating single Andor Shamrock
SR-303i-A spectrometer and detected with a cooled, silicon CCD
camera (Newton). The emission spectra were obtained using an
excitation energy of the pulse laser of about 0.13 m], by focusing the
laser beam onto a spherical spot of =50pm in diameter, thus the
energy density is = 6600 m]/cm?. Considering that the repetition rate
of the OPD laser is 10 Hz, the power used for acquisition of the
emission spectra was = 66 Wjcm?®, This relatively low intensity of the
excitation source prevents the laser-induced heating of the sample.
The spectra were corrected for the equipment response. The tem-
perature dependent spectroscopy measurements from room tem-
perature to 575 K were carried out in a tubular electric furnace {Gero
RES-E 230)3), using a type K thermocouple in contact with the
sample to control the temperature.

3. Results and discussion
3.1. Properties at ambient condition

As shown in Fig l1a, the experimental powder XRD patterns of
the BaTiO4: xEr”, 0.05 Yb*" {x = 0.01, 0.05 and 0.09) fit well with the
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Fig. 1. (a) Powder XRD patterns and (b) Raman spectra of the BaTiOy: XEr*", 0.05Yb** (x = 0.01, 0.05 and 0.09) materials. The marked (h, k, I} indices correspond to the lattice planes
of tetragonal BaTiO, phase, (c) Emission spectra of the Ln*"-doped BaTiO; samples as a function of Er’* content, recorded at i, = 976 nm; (d) emission spectra as a function of 7..,;

(e) signal decay curves for UCL of Er’** (53 — %52 transition) and SHG process,

reference pattern of tetragonal phase BaTiO; (a=b=3.999(9) A,
c=4.017(0) A, V=64.269 A%, space group P4mm; card no. 96-150-
7757), from Crystallography Open Database (COD). However, it is
clearly seen that the reference pattern of the cubic phase
(a=b=c=4.007(3) A, V=64.351 A%, space group Pm-3 m; card no. 96-
210-0863) is very similar to the tetragonal one [56.57]. Hence, in
order to try to distinguish the crystal structure of the synthesized
materials, the Raman spectra were measured and shown in Fig. 1b.
All samples show typical indicative peaks of tetragonal BaTiO;
structure: ~304cm™' [By; E(TO+LO)], ~515cm™' [A,; E(TO)],
~720cm”" [A;; E(LO)], confirming the desired structure of the syn-
thesized materials at room temperature [56]. With increasing
doping concentration, the intensity of the band at -719c¢cm™ is
slightly enhanced, which is attributed to the presence of more de-
fects in the structure caused by the incorporation of the higher
content of the Er** into the host matrix [58]. However, it is worth
noting here that in this case, the Raman analysis may also not allow
unambiguous distinction between the tetragonal and cubic phases
(see the detailed discussion in the further part of the article, con-
cerning temperature-dependent Raman spectra). This is because the
Raman modes of the tetragonal and cubic phases are very similar are
hard to distinguish, which can lead to undetected presence of the
second phase in the sample [47].

The morphology of the selected sample, i.e., BaTiOs: 0.05 Er**,
0.05 Yb** was characterized by SEM technique, and the acquired
microscopy images are shown in Fig. S1a-c. As shown, the materials
obtained are composed of irregular micron-sized particles (~
10-30 pm). Moreover, the EDX spectra and elemental mapping of the
corresponding sample (shown in Fig. S1d-;) demonstrate that all
elements (Ba, Ti, O, Er and Yb) are distributed evenly in the grains of

the product, indicating the successful synthesis of the lanthanide-
doped materials.

As presented in Fig. Ic, the UC emission spectra of the BaTiO;:
XEr**, 0.05Yb** (x=0.01, 0.05 and 0.09) samples show the influence
of Er** content on the UCL and SHG phenomena in the synthesized
materials, at room temperature. Under NIR excitation with 976 nm
laser, the emission spectra consist of several bands located in a
visible spectral range, i.e.,, a sharp line originated from SHG pro-
cesses, centered at a half of the excitation wavelength, i.e., 488 nm;
green UCL emission bands located at -525 and -550 nm, originated
from *Hyy 2 — *ly512, *S32 = “ly5p2 transitions of Er**, respectively, and
red UCL band located at ~660 nm, originated from ‘Fgp; — *lisp
transition of Er*'. With increasing Er** content, the most intense
SHG band was found for the sample containing 5 mol.% of Er**. The
intensity of UCL decreases with increasing Er*' content, which is due
to concentration quenching effects (Er*"-Er* cross-relaxation pro-
cesses) [59-61], as shown Fig. 1c. In order to confirm the band lo-
cated at 488 nm is correctly assigned to the SHG process, the
emission spectra recorded at different excitation wavelengths (i)
are shown in Fig. 1d. Tuning the excitation wavelength from 905 to
1025 nm, leads to the red-shift of the SHG peak, accordingly with
rex/2 dependence, further confirming the sharp band is associated
with SHG process. As shown in Fig. e, the estimated effective life-
time from the luminescence decay curve recorded at iy =550 nm
[‘S;,z — *l,s2 transition of Er**) is about -2 ps. Whereas, at hem
=488 nm the very fast decay (-5 ns) is related to the temporal limit,
i.e., delay of the detection system (instrumental response), because
the SHG is an immediate process and occurs with the speed of light,
further indicating the correct interpretation of the discussed phe-
nomenon. Importantly, the dependence of the excitation power of
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Fig. 2. {a) Variable-temperature emission spectra of the BaTios:5% B, 5% ¥B*° sample, (b) Schematic representation of the experimental setup used for the measurements of
NLO thermometry. (€] bpc/lazs and [d) loafTesn band intensity ratios as a function of temperature, and the corresponding fitting lines (Eq. | for LoeTss and Eg. 2 for loageo)

the UCL {at 550nm) and SHG (at 488 nm, half of the excitation
wavelength) are plotted in Fig. 52 in the 51 data. As shown, the de-
termined slope for both SHG and UCL are about 1.8, clearly indicating
the same quadratic dependence of the SHG and UCL intensities vs.
the excitation power (2nd order non-linear optical processes) [5,55].

3.2, Optical properties al high-temperature conditions

3.2.1. Luminescence thermometry and NLO thermometry

The temperature dependence of the emission spectra showing
both SHG and UCL in BaTiOy:Er*, Yb** material are shown in Fig. 2a,
and the corresponding experimental setup for monitoring the be-
havior of SHG and UCL, at variable-temperature (330-575 K) con-
ditions and the scheme of the SHG process in the synthesized
sample are presented in Fig. 2b. The sample with most intense SHG
signal, i.e., BaTiOs: 5% Er', 5% Yb*", was selected for the measure-
ments to investigate the effects of temperature on the NLO pro-
cesses, as well as to explore and compare the performance of
luminescence thermometry and MLO temperature sensing approach.
The selection of the sample with most intense SHG signal is due to
the expected giant deterioration of the SHG signal with increasing
temperature (especially above phase transition temperature), as the
intensity of UCL usually shows slower decreasing tendency with
increasing temperature [5,55). As shown in Fig. 2a, under MIR laser
excitation, borh intensities of SHG and UCL show a decreasing ten-
dency with increasing temperature values, In comparison with UCL,
the SHG shows a higher rate of signal decrease below ~-400 K, and
then exhibits a slower rate of change {a plateau). This is because the
symmetry of BaTiO; crystals changes above that temperature,
namely, the reversible phase transition from tetragonal crystal
structure (P4mm) to cubic prototype phase (Pm3m) occurs [62-64],
and the SHG process is forbidden in a centrosymmetric structure,
MNoteworthy, the SHG signal is not totally quenched even above the
phase transition point [49.50,65]. This is plausibly due to (1) the
crystal defects formed during the high-temperature synthesis, which
are randomly distributed in the materials; (1) some crystals are still
in the tetragonal phase, while most of the crystals have undergone a

phase transition. On the other hand, the signal from UCL of Er**
decreases monotonously with a significantly slower rate, compared
to SHG process, due to the thermal quenching processes, i.e, mainly
enhanced multi-phonon  relaxation and energy back transfer
|G6-G8]. In order to explore the possibility of simultaneous em-
ployment of ratiometric luminescence and MLO thermometry (bi-
modal sensing), the emission intensities of the UCL bands located at
525 (Is25) and 550 nm (lssq), and the SHG band (ls:) were calculated
via integration of their peak areas. The determined intensity ratio
between the SHG peak and UCL band at 525 nm (Jge/Tszs ), and the
intensity ratio between the thermally-coupled UCL emission bands
at 525 and 550 nm (I5z5/l554) are shown in Fig. 2c and d, respectively.
The lsyqflszs exhibits a sigmoidal dependence as a function of tem-
perature, while the [5250557 shows a monotonic increasing tendency,
typical of thermalized levels, A following analytical function can be
well fitted (R* =0.999) to the corresponding experimental data:

o _
’525 B+ E ell- T,, :-cpr + 1 [])

Where T is the temperature, y, is the vertical offset, 4; is the am-
plitude, T, is the "middle point” temperature and p is the fitting
parameter. The ftting parameters of vg, Ap, T Po, Az, Toz, pa, Az, T
and p; are 0.5736, 0.1850, 3876, 0.1151, -0.5579, 336.0, - 0.0269,
0.0500, 147.0 and 0.3800, respectively. On the other hand, the values
of luminescence intensity ratios attributed to the TCLs of Er®, ie.,
*Hyyz and %S4, were correlated with temperature and firted
[R*=0.998) to the following equation, based on the Boltzmann dis-
tribution theory:

!525

=B —_
oo Exp( ]

(2]

where B is a constant related to branching ratio of the transitions
associated to the ground state, the rates of total spontaneous
emission, states degeneracies and transitions angular frequencies
[G9]. AE is the energy difference between the TCLs of Er** and k is the
Boltzmann constant. Based on Ec.2, the fitting parameters B
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resolution, Le, the standard deviation of determined temperature via (€] logsaSlszs and (d) lazs/lzse obtained from the 100 repeatability measurements at 293 K,

T were

=6.5943, and the estimated energy difference AF=494cm”
determined.

In order to get a deeper insight into the optical thermometric
performances of the prepared materials and compare the NLO
thermometry with conventional luminescence thermometry, the
absolute sensitivity (5,) and relative temperature sensitivities (5,

were evaluated by using the following equation:

dah,
5= |[—2
7T (3)
1 |dM;
=— |—-| x« 100%
=M, ar|” (4)

where M, is the sensing parameter, i.e., lgfsas OF Iiog/lssp. Based on
Frs. () and (4) and the fitting results, the 5, and 5. values as a
function of temperature for the NLO and luminescence thermometry
were calculated and presented in Fig. 53 in 81 and Fig. 3a, respec-
tively. As shown, both the 5, and 5, values are strongly dependent on
temperature, The maximal 5, using Lsyg/Tszs oF ls25/1550 are 0008 K
at 386K and 0003 K" at 514K, respectively, indicating the NLO
thermometry exhibits higher thermal sensitivity, The §. based on
Tspyls2s parameter improves when temperature increases from 293
to 396 K, achieving its maxima of about 3.97%/K at 396 K. Then it
shows a reflection point, decreasing with further temperature ele-
vation. This sharp change in 5, is related to the phase transition from
tetragonal to cubic BaTiOy, which will be further discussed in the
next paragraph. On the other hand, the 5; based on lsas/lssp Shows a

monotonic decreasing tendency with temperature, and the highest
value was 1.21%/K at 293 K. In comparison, the 5 values based on
MNLO thermometry are much higher {~3.3 times) than the ones based
on the conventional UCL thermometry, further indicating the NLO
thermometry is more sensitive approach for optical temperature
detection. However, it is worth noting here that this NLO sensing
approach works most effectively in the case of the systems with
reversible phase transitions. allowing sensing repeatability and
monitoring alike increasing and decreasing temperature values.
Furthermore, the theoretical temperature resolutions (31, ie.,
the uncertainties of temperature determination of the synthesized
material, were calculated based on the following equation:

_ 1 EMP

TS MP (4)
where AMP is the uncertainty of determination of the band intensity
ratio values, related to signal-to-noise ratio. As shown in Fig. 3b, the
minimum values of the 47 obtained based on lgyglses (<007 K at
396 K) are about 5 times lower than the ones based on lszsflssg
[~035K at 293 K), indicating the MNLO thermometry has higher
precision than conventional luminescence thermometry. In order to
confirm validity of the theoretical 8T, the repetitive measurements
of 100 spectra at room temperature were conducted, On the basis of
the corresponding band intensity ratios and the fitting curves for
temperature calibration, the determined temperature values from
the repetitive measurements for lspg/lszs o 15251555 were presented
respectively in the Fig 3¢ and d. The experimental values of 8T for
lsieTs2s and Isz251s5p (equal to the full width at half maximum of the
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Fig. 4. (a) Scheme of the proposed energy mechanisms for UCL (b) Scheme of phase transitions at T (left) and the simplified energy level diagram for SHG (right). {c) The

derivative values by temperature for the lsc/lua for phase transition determination,

Gauss peak) obtained from the repetitive measurements are 0.74
and 0.36 K, which agree well with the theoretical 3T, i.e.,, 0.71 and
0.35K for Isyc/lszs or Iszqflsse, further confirming reliability of the
determined thermal resolutions.

3.2.2. Mechanism and phase transition detection

In order to clarify the influence of temperature on the UCL and
SHG mechanisms in the BaTiOs: 0.05Er**, 0.05Yb*" micron-sized
particles, the corresponding energy levels scheme for UCL and SHG
phenomena, including the major energy transfer (ET) process, ra-
diative and non-radiative processes, etc., are shown in Fig. 4a and b,
respectively, As shown in Iig. 4a, under 976 nm laser excitation, the
electrons initially populated at *F;; ground state are pumped into
2Fs; excited state in Yb**, Then the incident energy is absorbed and
transferred towards a neighboring Er** ions, ie., Fsp + *hisjz = 2Fop
+1, 2 (ET) process. Afterwards, the second ET process takes place,
ie. 2Fsp + ) 2 = *Fa2 + *F72. Thus, the electrons populating the
42 State are pumped to the “Fy, state of Er*” ions. Afterwards, the
non-radiative (NR) decay occurs (marked with black dashed lines),
leading to the population of Er*" TCLs, namely “Hyy 2 and S5, ex-
cited states. With increasing temperature, the population of Er**
TCLs (band intensity ratio 525/550 nm) follows the Boltzmann dis-
tribution, as discussed in the previous paragraph. Moreover, the
energy back transfer (EBT) and multi-phonon relaxation processes
are responsible for the overall decrease of UCL intensity as a function

of temperature [/0-72]. On the other hand, via a SHG process (see
Fig. 4b,), the materials synthesized absorb two low-energy photons
(hw) and produce one photon with higher energy (2hw). However,
the signal of SHG can be highly weakened, when the phase trans-
forms from the non-centrosymmetric towards centrosymmetric
system,

Many works have reported the temperature value (Curie point,
Tc) of the phase transition (from tetragonal to cubic) in BaTiO; as
~393 K [49.50,65,73-75]. One effective pathway for determining T is
based on electric properties in BaTiO; ferroelectrics, i.e., by sig-
nificant difference in ferroelectric hysteresis loop (ferroelectric to
paraelectric phase) or the sharp change of dielectric constant as a
function of temperature [49,50,65]. However, such measurements of
ferroelectric properties and dielectric constant are difficult and time-
consuming for polycrystalline materials, because in such a case they
can be performed only for the ceramics or film materials. Moreover,
there are some other experimental factors hampering the mentioned
measurements, such as the difficulties in implementation of electric
polarization process and the necessity of using sophisticated ex-
perimental setup. That is why, in order to monitor the phase tran-
sition, the temperature dependent Raman spectra of the BaTiO;:
0.05Er**, 0.05Yb** sample were measured and shown in Fig. 54 in
the Supporting Information (SI) file. Unfortunately, it turned out that
using this approach one cannot unambiguously determine the phase
transition between tetragonal phase and cubic phase (similarly to
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other reports about temperature-dependent Raman spectroscopy for
BaTiOs) [56,76-79]. This is because, the Raman modes for both
phases are apparently quite similar, and neither the existing peaks
disappear, nor the new ones appear above the T- value, hampering
the clear distinction of cubic and tetragonal phase structures
[56,76-79]. Here, we demonstrate that using the developed NLO
method, combining the SHG and UCL phenomena, ie., lyoflsas, it is
possible to identify the phase transition temperature point (T¢)
precisely, rapidly and in a non-invasive way (which was hardly ac-
cessible by other optical methods, for such class of materials so far).
The analysis of derivative of the measured spectroscopic parameter,
ie., dllsyals25)/dT as a function of temperature (shown in Fig e,
allows observation of the sharp change in its thermal evolution,
clearly indicating the phase transition remperature in the material
studied. Noteworthy, the d{laug/lszs)/dT shows a clear reflection
point at the phase transition temperature ~386 K, which is very close
to the reported T values (~393 K) [49,50,65.73-75]. Such a strategy
is a new and very effective approach for phase transition detection
(and T- determination), from broken inversion symmetric structure
to centrosymmetric structure and vice versa.

It is worth noting, that in principle the SHG process is usually
much less efficient than UCL one, That is why, in order to achieve
comparable intensities of the UCL and SHG, either the UC emission
efficiency should be relatively low, or the SHG process should be
very efficient. Hence, despite of the good temperature sensing per-
formance, the necessity of using high-energy (and high-cost) pulsed
lasers for SHG, combined with relatively low UCL efficiency of dif-
ferent samples, may be a drawback for development of such NLO
thermometers for some real applications. Importantly, the use of
SHG for optical thermometry applications require the use of nano-
second (or sharter) pulse laser sources, which might create some
technical difficulties in their utilization for temperature sensing of
different systems in various conditions/environments.

4, Conclusions

Here we have shown that the NLO spectroscopy, i.., combination
of SHG and UCL effects in a suitable, optically active material may be
a new and powerful tool for optical thermometry and detection of
phase transitions from broken inversion symmetric to centrosym-
metric structure and vice versa. The developed optical probe based
on the synthesized, polycrystalline (micron-sized) BaTiO5: Er?’, Yb'
material exhibits dual-mode temperature readouts, ie., using tradi-
tional luminescence thermometry based on TCLs of Er®*" and NLO
thermometry based on SHG and UCL intensity ratios. In comparison
to conventional luminescence thermometry, the advantages of su-
perior thermal sensitivity (maximal 5§, = 4%/K at around 400 K and
excellent temperature resolution (&7=007 K at =400K) are con-
firmed for the NLO thermometry approach. Furthermore, the NLO
spectroscopy allows precise, rapid and unambiguous phase transi-
tion detection from tetragonal to cubic phase at = 386 K, compared to
conventional pathways based on structural methods (such as Raman
spectroscopy and XED). In summary, our work shows that the NLO
spectroscopy can not only be an accurate and highly sensitive, re-
mote temperature sensing approach, but also a novel and effective
detection tool in the structural studies of phase transitions and
symmetry alterations in various systerms.
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7. Abstract

The doctoral dissertation is devoted to the investigation of the structural, morphological and PL
performances of selected inorganic oxide host matrices, i.e., SrB4O7 and BaTiOs, doped with Ln?*
or Ln3*. The main goal of the work was to develop and characterize thoroughly new strategies for

the optical manometer and thermometer.

For the implementation of the tasks, several series of luminescent materials based on
SrB4O7:Eu?*, SrB204:Eu?**, Sr3(BOs)2: Eu?*®*, SrB4O7:Eu?*, Sm?*, SrB4O7: Tm?*, BaTiOs:Er®*-
Yb®*" and BaTiOs:Ho*"-Yb®*" phosphors were synthesized. For pressure sensing, we applied the
inter-configurational 5d-4f transitions, which are very sensitive to the external crystalline
environment, in the case of novel pressure sensors with high sensitivity, excellent pressure sensing

luminescence signal (thus wider pressure sensing range), etc.

First, several candidates of borate matrices, i.e., SrB4O7, SrB20O4 and Sr3(BOs)., were
selected and characterized for stabilization of Ln?* (using Eu®* as an example). The influence of
the matrix on the structural, morphological and PL properties has been systematically investigated
and analysed. Subsequently, several strategies of optical pressure sensing were proposed: 1) the
strategy of luminescent signal enhancement (~ 60 times) of Sm?*: Dy— ‘Fo peak through the
Eu**—Sm?" ET process in the co-doped SrB4O- pressure sensor; The developed sensor also
exhibits good pressure shift, excellent temperature independence and a wide pressure sensing
range. I1) The strategy to use the pressure-enhanced (enhancement by 3 orders magnitude) 4f-4f
emission of Eu?* in SrB4O- for the optical pressure detection towards the higher-pressure range
(~60 GPa). A systematic experimental and computational analysis was performed to reveal the
reason of the enhancement, i.e., the electrons transfer from 5d—4f levels and the pressure-driven
Configurational Crossover between 4f” and 4f°5d* States. I11) For the first time, the 5d-4f emission
of Tm?* in the same matrix has been applied as a bifunctional platform, which can provide
satisfactory sensing performance for luminescent pressure and temperature sensing over a wide

pressure/temperature range.

On the other hand, SHG and UCL were observed simultaneously in the well-established
BaTiO3 matrix doped with Ln®". SHG is a polarization-sensitive, instantaneous nonlinear optical
process, which is sensitive to changes in the symmetry of materials (between centrosymmetric and

non-centrosymmetric structure). Thus, novel temperature sensing strategy was developed — non-
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linear optical thermometry based on symmetry-sensitive SHG and thermal-sensitive UCL
processes in the well-established BaTiOs matrix doped with Ho®*-Yb3*. Moreover, the PL and
thermometric analysis in the Er¥*-Yb3* co-doped BaTiO3 system allows for a detailed comparison
of conventional Boltzmann thermometry (based on TCLs of Er**) and non-linear optical
thermometry, which indicates superior thermometric performances of the later. The research
presented in the doctoral dissertation is an innovative and very successful contribution to the
development of materials science, especially in the field of optical pressure and temperature

sensing.
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