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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 4F(5P7/2)»4f7
(8Sy,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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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,05:Cr3*) and various
lanthanide-doped (mostly Sm?*+) 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 [uminescence
pressure sensors reported so far [4,16,17].

Among other Ln%* ijons, the divalent europium ion (Eu2t)
is particularly attractive for its important role in light-emitting
diodes (LED) and optical displays, due to its largely tunable, broad
4f55d«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 Eu?+ 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?t associated with the alterna-
tively possible intra-configurational 4f7 (6P;;)— 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 Eut 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 (SrB407) 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 B-CaB40; phase,
which crystallizes isotypically to SrB4O- in the space group Pnm2,
(no. 31) [36]. Upon doping of Eu?* ions into the SrB,O; 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 4f7 ground configuration at low temper-
atures [38] and showed that a configuration crossover between the
4f7 and 4f%5d! configuration of Eu?* can be stimulated by temper-
ature variation, which was confirmed by some of us recently [33].
However, detailed HP studies of Eu?*-doped SrB,O; 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 SrB40,. 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 (°P;;;) — 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 SrB,O; 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 SrB407: 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 pm) 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 pm (sample thickness). Using a stereo 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 R,
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 (I" 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 4f85d<«»4f’ and 4f’—4f7 transi-
tions of Eu?* are clearly observed in the UV range of the emission
spectra of SrB407:0.01Eu2* (without Sm?+) and SrB4O;: xEu®t,
0.01Sm%* (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 Sm2* 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 SrB40;
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 SrB,407: 0.03Eu?*,
0.01Sm2* was performed here, as this sample shows a strong
emission signal. The structure of SrB,407: 0.03Eu?t, 0.01Sm2* 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 = 4.4428 A, ¢ = 4.2362 A, V=201.00 A3,
and a density of 4.055 gecm~3, with (Rwp = 8.59%; Rexp = 3.91%;
Rp = 6.45%; g, = 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 EuB40; crys-
tal, i.e., (a = 10.731 A, b = 4435 A, c = 4240 A, and V = 201.8 A3)
[50], which is considered due to the similar ionic radii between
Eu?t 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 BO,4 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)O4], with mean B-O distances of 1478 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), 0(2), and O(3) are linked to two B atoms with shorter
B-O bonds (< 1.47 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-O 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 [SrOg] capped cube
nonahedron with Cg local point symmetry. As mentioned above,
the real site symmetry on the Sr sites in SrB4O; is Cs. However,
for a luminescent ion with extended and diffuse 5d orbitals such
as Eu?*, usually the "experienced” site symmetry of the dopant
is somewhat higher. Upon regarding the nine-fold coordinated Sr
site in SrB407, 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 C4, 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 Eu?*, Sm2+ and Sr2+ (R(Sr?*) = 118 A;
R(Eu?t) = 117 A; R(Sm?*) = 117 A) [54], facilitate the incorpo-
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Fig. 1. a) Experimental (black) powder XRD pattern of SrB40;: 0.03Eu?t, 0.01Sm?* and corresponding theoretical (red) XRD pattern. b) Experimental Raman spectrum of the

SrB407: 0.03Eu?+, 0.01Sm2* sample measured at ambient conditions.

ration of the Eu?t and Sm?* into the network substituting SrZ+
ions in the nonahedron, without the need for charge compensation
[49,50]. Machida et al. suggest that the rigid 3D-network of tetra-
hedral [BO4]°~ ions isolates the Eu?t 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 SrB40; 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 SrB,0; 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. SrB4,O; 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 S3 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],
i.e., 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 SrB40; 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 (vip=
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~1) 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 SrB4O;, 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 [BO4]-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;N,4]:Eu+
(SLA:Eu?t) [20] and Sr[Li»Al;0,N5]:Eu2t (SALON:Eu2+) [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 A, + 17
B; + 19 B;), which are all Raman-active. Since Aq, 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~!,
ie., 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 Eu2+ in the SrB40; 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., 5P7p — 857 (left) and 6Ps;, — 8S;, (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 SrB40; 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 By mode. In fact, most of
the Raman modes of high (low) intensity can be ascribed to modes
transforming like A; (A;) [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, By, and B,
modes, respectively (see Table S4). In isostructural PbB,O;, 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 AMO4 compounds were discussed in terms of
internal and external modes of rigid [MO,] polyhedra [72,73]. Sim-
ilarly, AxB40; 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].

4.14. Photoluminescence Properties

The optically active Eu?t ion is isoelectronic to Gd3>*+ and has
an 857/2 ground level arising from the 4f7 configuration. The main
difference between them is the lower charge of the Eu?t, which
makes it more covalent and, hence, leads to a smaller energy
gap between the first excited 4f65d' 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 6P},
61;, and °D; excited multiplets of the 4f7 ground configuration. The
4f7 — 4f7 emissions are characterized by typical decay times rang-
ing from hundreds of microseconds to several milliseconds [77,78].
The 4f55d! levels, often obscuring the excited levels of the 4f con-
figuration (because the lowest energy of the 4f®5d configuration in
Eu?* is usually lower than the energy of the P; levels), give rise
to 4f®5d" — 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 Eu2?* excitation spectra at RT typically consist of broad
bands associated to parity-allowed, inter-configurational electronic
transitions between the 857/2 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 4f°5d' — 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 4f55d! levels are highly sensitive to
the magnitude of the crystal-field interaction experienced by the
Eu?* jons 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 SrB407 [37,38] to e.g., 733 nm in CaO [83].

The excitation spectrum of Eu?* ions in SrB4O; 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~1) 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 SrB40-,
which leads to a splitting of the 5d orbitals into four components
(transforming like a;(z%) + bq(x>-y?) + by(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 4f7 — 4f’ emission
lines from the ®P;, [30,85-92], 6P, [30,88,93] and 17, [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?t, 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 4f5d 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; 07, BaBe,Si; 0, SrB407, and SrAl1;0q9 [38,96,97], also
show these characteristics. In the case of SrB40, 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 SrB405, 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 4f55d! — 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?t ions replace the Sr?t ones located in the large
cavities formed by the interconnected [BO4] 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 4f®5d 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(BOs),:Eu?* (emis-
sion at 590 nm) or the extreme case of SrO:Eu?* (emission at 625
nm), the 4f65d! — 4f7 transition of Eu?t systematically shifts to
lower energies in agreement with the expectation of a more cova-

Acta Materialia 231 (2022) 117886

lent Eu-O bond. Meijerink et al. found in Eu2t-doped SrB40; that
the lowest state of the 4f65d first excited configuration is only ~
130 cm~! above the lowest Stark state of the 6P7/2 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 ®P;,—8S;,
electronic transition of the Eu?* ijon 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 — 4f7 tran-
sition based on the large effective lifetime (75r =/t -1 dt/ fIdt),
of 711 ~ 3409 ps compared to the otherwise shorter decay
time of the 4f°5d! — 4f7(8S;,) broad-band emission of 7390 g
~ 16.66 y1s.

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 6P7/2 Stark states and the lowest levels of the 4f65d
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
(4f7 — 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, ie., the intense 4f55d! — 4f7(8S,,) 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(3S;),) 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(8S;),) 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~1), 3614 (~ 27670 cm™!), 361.8 (~ 27639 cm!),
362.1 (~ 27616 cm™!) and 362.7 nm (~ 27571 cm~!), labelled as
Py to P4, respectively. The Py peak corresponds to the zero-phonon
line of the broad band 4f55d! — 4f7(3S;,) inter-configurational
emission, whereas P; to P4 are associated with the transitions from
the four crystal-field (Stark) sublevels of the 6P7/2 multiplet to the
85,2 ground level. The total splitting is in the order of ~100 cm~!.
The 857/2 level only shows negligible crystal field splitting (< 1
cm~!) 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 Eu*+
in SrB40-, 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 4f55d configu-
ration of 130 cm~! [38]. They also determined a Stokes shift of
750 cm~! for the 4f65d! — 4f’transition. Another interpretation
could be that the Py_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~!, (P,-Py=)
69 cm~1, (P3-Pp=) 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(6P;;,)—4f7(8S;,,) 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 SrB40O7, 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 [B40;] 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 —-1db —-1dc
= wa TR T w M

Using equations (1), we obtained K,=2.15-10"3 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. 4c). 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 SrB4O; 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 (Cy). 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]:

Bii =Cii —P fori=1to6 (2)
Bij=Cj+P fori+# jandi, j=1to3 (3)
Bij =Cij fori # jandi,j: 4t06 (4)

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

Fig. 5a shows the pressure dependence of the elastic stiffness
coefficients, B;. They increase rapidly with pressure, except of Bss,
Bgg, and Byy. The coefficients Bss, and Bgg have similar values,
while By4 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, (By), is positive-definite [104]. Our study shows that
all the eigenvalues of the matrices Bj are positive; therefore the
orthorhombic SrB40; 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. 5bh-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
B/G = 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

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
S7 in SI). The six observed Raman-active modes of SrB40O; 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 SrB40; 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 SrB4O; 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~1/GPa, respectively. These pressure coefficients are in good
agreement with those of the theoretical A;3, A;%, A5, A7, A8
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 SrB,O-;
based on dominant emission from the excited 4f55d! or 4f7 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 4f7 states to the
lowest states of the 4f65d 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 SrB40;:Eu* above 11 K (see Fig. S5a, b in SI) [101]; and II) 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, i.e., 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?*t, 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~1/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~1/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 SrB,0;
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 4f65d! — 4f’(8S;),) 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(°P7,)—~4f7(8S7),) 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. S5a, b in the SI. The emission intensities of the
4f7(°P7,)—4f7(8S7)) 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 4f"(°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?* 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 4f65d! — 4f7
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emissions of Eu?t 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+1L; multiplets, as shown in the simplified energy
level diagram in Fig. 7e. The peak centroid of the Eu?* transi-
tion Py, — 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
cm~!/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 5P7/2—>SS7/2 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 6P7/2 — 857/2 transition peak centroid, make the
Eu?t-doped SrB,O; 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?t 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?* 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 ®P;, — 8S;,-related peak and decrease in intensity of the
4f55d! — 4f’(8S;,) band. As depicted in Fig. 8b, the peak cen-
troid of the ®P;/, .8S;), transition continuously shifts to red with
increasing pressure at the same rate (0.17 nm/GPa) as in the case
of lower Eu?* doping concentrations. Hence, the dopant concen-
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(a)] Lens DAC Lens ; (b) S “.of s e 03,)\ = 5 (d)
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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 P, component of 4f7 — 4f7 transition of Eu?*. d) Non-normalized UV emission spectra measured at increasing pressure
values; the inset presents the integrated intensity of the 4f7(°P,,) — 4f7(8S;,) emission as a function of pressure. e) A simplified diagram of the energy levels for Eu?* in

the SrB40; matrix at low and high pressure conditions.
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Fig. 8. (a) Selected, normalized UV emission spectra of SrB4O7: 0.09 Eu?*, 0.01Sm?* measured at increasing pressure values and room temperature. (b) Spectral position
(peak centroid) of the P4 components of the 4f7(°Py,)- 4f7(8S;),) transition of Eu*. (c) Integrated intensity of the ®P;, — S, (4f” — 4f7) emission as a function of
pressure. (d) Magnified emission spectra, emphasizing the P;, — 8S;), 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
4f55d" — 4f’(8S;,) broad-band emission practically disappears,
and the 4f7(°P;;,) — 4f’(8S;,,) luminescence completely domi-
nates the luminescence spectrum. As shown in Fig. 8¢, the absolute
intensity of the P4 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. 8d, 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 4f55d'-4f7 emission
and enhancing the 4f7(°P;;,) — 4f’(8S;,,) luminescence. Due to
the fact that the Eu?t 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 4f85d!—4f7(8S;,) transition is es-
timated to be around -8.5 cm~!/GPa (0.11 nm/GPa), which is lower
compared to the shift of the 4f’(°P;,) — 4f7(8S;,) emission (-
12.84 cm~'/GPa; 0.17 nm/GPa). That is why the energy separation
of the excited 4f®5d configuration and the P;;, emitting levels
appears to change with pressure, leading to a decreasing inten-
sity of the 4f55d! — 4f7(8S;,,) 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(6P;5) — 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?*, which is signifi-
cantly enhanced with increasing pressure.

1

The centroid red-shift of the 6P;, — 8S;, 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 4f7 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?t ion, the energy of the higher excited 6P7/2 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 4f65d! state
must be smaller than in the 857/2 ground level. The concept is
demonstrated schematically in Fig. 9. It turns out that for a bond-
contracted 4f65d! 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 4f65d!
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 — 4f”-related luminescence is
thus a consequence of the reduced non-radiative thermal crossover
to the excited 4f65d! 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?t jon in the SrB4O; 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 4f55d' state relative to the 5P, 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 4f65d' state; while (c) and (d) show the pressure dependence if the

excited 4f°5d! state has higher equilibrium bond distances.

Since the pressure strongly reduces the volume of the [EuOg] 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 SrB4O; 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?* local environment [109,110].
The quantum efficiency of the emission from the 6P7/2 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 4f55d! 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 6P7/2 levels
and, thus, increasing the spontaneous emission probabilities of the
4f7(°P;,) — 4f7(8S7p) 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 Sm2*t 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(°P7)5) — 4f7(8S7),) 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

12

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;5) — 4f7(8S;),) emission intensity of Eu** was recorded in
SrB40; 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 SrB40,:Eu2* at varying pressure
and temperature. It could be established that the strong enhance-
ment of the intensity of the 4f7(°P;,) — 4f’(8S;,) emission
intensity is a pressure-induced configuration crossover between
the energetically close 4f7(5P;,) and 4f®5d! 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?t/Sm2t) luminescent material
SrB40 can be applied as a multi-mode, pressure-enhanced gauge,
which offers new perspectives for research under high-pressure
conditions.
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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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