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a b s t r a c t 

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 7 ( 6 P 7/2 ) → 4f 7 

( 8 S 7/2 ) emission line of Eu 2 + in the UV range due to pressure-induced configurational crossover between 

the excited 4f 6 5d 1 and 4f 7 energy levels in SrB 4 O 7 host. The peak centroid of the narrow 4f 7 → 4f 7 

transition exhibits a significant red-shift ( ∼ -12.84 cm 

−1 GPa −1 ; 0.17 nm GPa −1 ) with simultaneous tem- 

perature independence of the line position (4.8 ·10 −4 nm K 

−1 ). The pressure sensitivity of the proposed 

system is competitive to the so far well-established luminescent pressure sensors based on Al 2 O 3 :Cr 3 + 

(ruby) and SrB 4 O 7 :Sm 

2 + 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. 
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. Introduction 

In recent decades, the implementation of high pressure (HP) 

n scientific research in many laboratories worldwide led to the 

iscovery of new phenomena, e.g., phase transformations and for- 

ation of new materials, as well as an in-depth insight into the 

ntriguing and conclusive mechanisms that have generated great 

rogress in solid-state physics/chemistry, material science, and 
∗ Corresponding authors. 

E-mail addresses: runowski@amu.edu.pl , mrunowsk@ull.edu.es (M. Runowski), 

lavin@ull.edu.es (V. Lavín). 
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eophysics [1–3] . In response to external mechanical stimuli such 

s pressure, considerable changes occur in the material related to 

 change in the interatomic distances [4] , alteration of electronic 

rbitals [5] , etc [ 6 , 7 ]. These changes are usually accompanied by

lterations in the nature of the chemical bonds and coordination 

umbers thus leading to other structure types with different elec- 

ronic properties at HP [8–12] . In this context, the fast and precise 

onitoring of the locally present pressure is of utmost importance. 

In order to precisely monitor pressure values at HP conditions 

n laboratory and industrial processes, optical pressure gauges, 

ypically based on Cr 3 + (mostly ruby; Al 2 O 3 :Cr 3 + ) and various 

anthanide-doped (mostly Sm 

2 + ) materials, have gained great at- 

ention, mainly due to their low electronic noise, rapid and non- 

https://doi.org/10.1016/j.actamat.2022.117886
http://www.ScienceDirect.com
http://www.elsevier.com/locate/actamat
http://crossmark.crossref.org/dialog/?doi=10.1016/j.actamat.2022.117886&domain=pdf
mailto:runowski@amu.edu.pl
mailto:mrunowsk@ull.edu.es
mailto:vlavin@ull.edu.es
https://doi.org/10.1016/j.actamat.2022.117886
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nvasive detection and chemical durability [13–15] . Most of the es- 

ablished luminescent pressure sensors, including the two previ- 

us examples, emit in the red or near infrared range. However, 

here is still a bottleneck in experimental pressure-sensing tech- 

iques based on photoluminescence to significantly improve the 

ccuracy of pressure measurements and widen the pressure sens- 

ng range covered by these techniques. The bottleneck is the ubiq- 

itous and progressive compression-induced quenching of emis- 

ion of lanthanide (Ln 

3 + / 2 + ) and transition metal ions (including 

r 3 + in ruby) accommodated in a host lattice. To the best of our 

nowledge, this is a notoriously observed effect in all luminescence 

ressure sensors reported so far [ 4 , 16 , 17 ]. 

Among other Ln 

2 + ions, the divalent europium ion (Eu 

2 + ) 
s particularly attractive for its important role in light-emitting 

iodes (LED) and optical displays, due to its largely tunable, broad 

f 6 5d ↔ 4f 7 emission band leading to good color rendering proper- 

ies. The high sensitivity of the 5d orbitals to the nature of the 

hemical bond to the surrounding ligands in a host compound 

akes the photoluminescence of Eu 

2 + highly tunable [18–20] with 

nown examples for emission in the UV-violet [21] , blue [22] , red 

23] , and even NIR regions depending on the host matrix [23–27] .

side from that, the emission of Eu 

2 + associated with the alterna- 

ively possible intra-configurational 4f 7 ( 6 P 7/2 ) → 4f 7 ( 8 S 7/2 ) transi- 

ions characterized by several sharp, narrow ( ≈ 1-2 nm width in 

he wavelength domain) emission lines in the UV range at around 

60 nm is only occasionally reported and typically observed in 

ighly ionic host compounds [28–30] . Understanding the control 

echanisms of the appearance of this unusual type of lumines- 

ence of Eu 

2 + is not only relevant from a fundamental perspective 

ut also important for potential industrial applications [18–23] . 

Borates, which are naturally deposited in the sediments of an- 

ient lakes or in hydrothermal solutions in the products of the 

ervidero hotbed, play an irreplaceable role in industrial and sci- 

ntific fields [31] . Strontium tetraborate (SrB 4 O 7 ) is a well-known 

aterial in non-linear optics and luminescence pressure sensing. 

ts superiority lies mainly in its high non-linear optical coefficients, 

igh optical damage thresholds, neutron sensitivity, wide optical 

ransparency in the UV-vacuum range, with the fundamental ab- 

orption edge below 120 nm ( ∼83 333 cm 

−1 ), that extends towards 

3250 nm ( ∼ 3077 cm 

−1 ) in the IR range [32–35] . Due to the 

igid three-dimensional network of the corner-linked tetrahedral 

BO 4 ) 
5 − anion structure groups of the boron-oxygen framework, 

rB 4 O 7 shows excellent stabilization of the divalent lanthanide ions 

ven in air [21] . Huppertz et al. reported a HP β-CaB 4 O 7 phase,

hich crystallizes isotypically to SrB 4 O 7 in the space group Pnm 2 1 
no. 31) [36] . Upon doping of Eu 

2 + ions into the SrB 4 O 7 crystal

tructure, Machida et al. observed a very efficient broad lumines- 

ence band at around 367 nm at room temperature (RT), which 

s assigned to the 4f 6 5d → 4f 7 ( 8 S 7/2 ) transition of Eu 

2 + [37] . On

he other hand, Meijerink et al . observed sharp lines caused by 

he transitions within the 4f 7 ground configuration at low temper- 

tures [38] and showed that a configuration crossover between the 

f 7 and 4f 6 5d 

1 configuration of Eu 

2 + can be stimulated by temper- 

ture variation, which was confirmed by some of us recently [33] . 

owever, detailed HP studies of Eu 

2 + -doped SrB 4 O 7 have never 

een performed before and offer additional insights into this con- 

guration crossover and its potential use for remote sensing appli- 

ations. 

In this work, we regard the influence of high pressure on the 

hotoluminescence properties of Eu 

2 + in SrB 4 O 7 . Moreover, we 

onsider the potential of SrB 4 O 7 for applications at higher pres- 

ures by evaluation of the elastic and mechanical properties of 

his compound. For that purpose, we performed density functional 

heory (DFT) calculations under periodic boundary conditions and 

elated the computational results to vibrational spectra at vary- 

ng pressure. We observed a so far not reported pressure-induced 
2 
nhancement of the narrow 4f 7 ( 6 P 7/2 ) → 4f 7 ( 8 S 7/2 ) emission 

ines of Eu 

2 + , exhibiting a linear red-shift of ∼ -12.84 cm 

−1 GPa −1 

 ∼ 0.17 nm GPa −1 ) within the pressure range of ∼ 0 - 60 GPa. The

bserved pressure-induced enhancement of the emission is ben- 

ficial for applications as a pressure gauge, as the UV emission 

f Eu 

2 + doped into SrB 4 O 7 is robust towards quenching effects. 

oreover, it does not interfere with the luminescence of most 

onventional phosphors upon usage as an internal pressure sen- 

or. Overall, the investigation of the pressure-dependent lumines- 

ence properties of SrB 4 O 7 :Eu 

2 + could offer a first step towards the 

evelopment of an alternative concept in sensitive luminescence 

anometry. 

. Experimental 

.1. Synthesis and characterization at ambient condition 

Details of the synthesis protocol, structural and spectroscopic 

haracterization including X-ray diffraction (XRD) patterns, scan- 

ing electronic microscopy (SEM), energy dispersive X-ray (EDX) 

nalysis, as well as luminescence spectroscopy studies at ambient 

onditions of the SrB 4 O 7 : Eu 

2 + , Sm 

2 + samples can be found in our

revious work [39] . 

.2. DAC loading procedure 

For high-pressure measurements, we applied a typical Merrill- 

assett diamond anvil cell (DAC), equipped with high-purity IIas 

iamond anvils (for Raman and fluorescence spectroscopy), pur- 

hased from Almax easyLab. The pressure values inside the DAC 

hamber are adjusted with three metal screws. Stainless-steel 

heets (thickness: 250 μm) with an aperture of ∼150 μm (hole 

ize) were applied as gaskets, used for high-pressure experiments 

n DAC. Before loading the sample, the gaskets were pre-indented 

own to ∼80 μm (sample thickness). Using a stereo microscope, 

he sample and a single ruby ball ( ˂ 10 μm diameter) was loaded 

nto the DAC chamber, and, subsequently the pressure transmitting 

edium composed of a solvent system of methanol/ethanol/water 

at a volume ratio 16:3:1) was filled in the DAC chamber for 

aintaining hydrostatic and quasi-hydrostatic conditions during 

he compression process. 

.3. High-pressure Raman scattering characterization 

Raman spectra were recorded in backscattering geometry with 

 Renishaw InVia confocal micro-Raman system, using a grat- 

ng with 1800 grooves/mm and a power-controlled 785 nm laser 

iode. The laser beam was focused using an Olympus x20 SLMPlan 

 long working distance objective. 

.4. High-pressure Photoluminescence characterization 

The photoluminescence characterization at high pressure con- 

itions was performed by measuring the emission spectra (with a 

esolution of ≈0.1 nm) of the samples placed in the DAC chamber, 

sing an Andor Shamrock 500i spectrometer, equipped with a de- 

ector of iDus 420 CCD camera. The applied excitation light source 

as a 280 nm UV diode, which was focused on the sample in the 

asket hole of DAC. The photoluminescence signal was collected in 

n optimized configuration with 180 ° detection geometry (back il- 

uminated configuration). The pressure calibration of the system in 

he DAC chamber was based on the monitored shift of the ruby R 1 

uorescence line, using the standard ruby calibration curve from 

ttp://kantor.50webs.com/ruby.htm . 

http://kantor.50webs.com/ruby.htm
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.5. Low-temperature Photoluminescence characterization 

Low-temperature photoluminescence characterization was per- 

ormed using an FLS10 0 0 Fluorescence spectrometer (Edinburgh 

nstruments Ltd) with a 450-W xenon arc lamp (excitation light 

ource) and a Hamamatsu R928P high-gain photomultiplier (cooled 

20 °C). Emission spectra were collected in the temperature range 

f 11 – 300 K, with a 10 K step. The decay curves were recorded 

sing an EPLED285 (285 nm) picosecond pulsed light-emitting 

iode and the same FLS10 0 0 spectrometer. The sample for low- 

emperature measurements was mounted on a Cu-holder of a 

losed-cycle helium cryostat (Lake Shore Cryotronics, Inc.) using 

ilver Adhesive 503 (Electron Microscopy Sciences). 

. Overview of the calculations 

Ab initio simulations of bulk SrB 4 O 7 were performed within the 

ramework of DFT [40] , as implemented in the Vienna Simulation 

ackage (VASP) [41] . The projector-augmented wave pseudopo- 

ential (PAW) [42] was employed to describe the atomic species. 

ue to the presence of oxygen atoms, a plane-wave energy cut- 

ff of 540 eV was used to obtain accurate results. The exchange- 

orrelation energy was described within the generalized gradient 

pproximation (GGA) with the Perdew-Burke-Ernzenhof prescrip- 

ion for solids (PBEsol) [43] . Integrations over the Brillouin zone 

BZ) were carried out with (6 ×6 ×2) meshes of Monkhorst-Pack 

pecial k-points [44] . Thanks to this procedure, the convergence 

chieved in the energy was better than 1 meV per formula unit 

nd for a set of selected volumes, the cell parameters, and atomic 

ositions were fully optimized by calculating the forces on atoms 

nd the stress tensor. In the optimized configurations, the forces on 

toms were less than 0.002 eV/ Å and the deviation of stress ten- 

or components from the diagonal hydrostatic form - lower than 

.1 GPa. For completeness, electronic band structure calculations 

ere carried out along high-symmetry directions in the first Bril- 

ouin zone. 

The direct force-constant method was employed to study 

he lattice vibrations, which is available in http://wolf.ifj.edu.pl/ 

honon . Lattice dynamic calculations were carried out under pres- 

ure at the zone center ( � point) of the BZ. These calculations also 

llow identifying the symmetry and eigenvectors of the vibration 

odes of the considered structures at the � point. The supercell 

ethod was used to obtain the phonon dispersion and the pro- 

ected phonon density of states (DOS) using a (2 ×2 ×2) supercell. 

The elastic constants were evaluated by computing the macro- 

copic stress for a small strain applying the stress theorem [ 45 , 46 ],

s implemented in the VASP code [47] . The mechanical stability 

nd elastic properties of SrB 4 O 7 were also studied, since the elastic 

oduli can be obtained from the calculated elastic stiffness con- 

tants. 

. Results and discussion 

.1. Properties at ambient conditions 

.1.1. Structural properties 

All details about the conducted experiments are presented in 

he supporting information (SI) file. As shown in Fig. S1a-c in SI, 

he emission bands of both the 4f 6 5d ↔ 4f 7 and 4f 7 → 4f 7 transi-

ions of Eu 

2 + are clearly observed in the UV range of the emission 

pectra of SrB 4 O 7 :0.01Eu 

2 + (without Sm 

2 + ) and SrB 4 O 7 : x Eu 

2 + ,
.01Sm 

2 + ( x = 0.005, 0.01, 0.03, 0.05, 0.07 and 0.09) materials. The 

resence of a small amount of Sm 

2 + ions in the phosphors is 

elated to our previous work on the investigation of the pres- 

ure sensing performance of Sm 

2 + in these materials in the visible 

ange upon exploitation of an energy transfer from Eu 

2 + ones [39] . 
3 
he obtained samples are composed of microcrystalline SrB 4 O 7 

owder that can be synthesized reproducibly [39] . The morphology 

f the material was checked by SEM at various magnifications, as 

hown in Figure S2a-c, confirming the phosphor material is com- 

osed of micron-sized particles. First, an additional detailed struc- 

ural analysis of a representative powder sample SrB 4 O 7 : 0.03Eu 

2 + , 
.01Sm 

2 + was performed here, as this sample shows a strong 

mission signal. The structure of SrB 4 O 7 : 0.03Eu 

2 + , 0.01Sm 

2 + was 

efined with the Rietveld (whole profiled) method based on the 

xperimental powder X-ray diffraction pattern using the structural 

odel according to diffraction data from the ICDD (card. no. 071- 

191) as an input (see Fig. 1 a ) [48] . No traces of additional phases

re found. It crystallizes in an orthorhombic structure with the 

pace group Pmn2 1 (no. 31) and the Rietveld refinement allows 

btaining the following cell parameters and unit-cell volume val- 

es: a = 10.7148 Å, b = 4.4428 Å, c = 4.2362 Å, V = 201.00 Å 

3 ,

nd a density of 4.055 g • cm 

−3 , with ( R wp = 8.59%; R exp = 3.91%;

 p = 6.45%; g of = 2.2). The error for the determined unit cell pa-

ameters (a, b and c) is about ±0.0 0 01 Å. These values are compa-

able with those found for the bulk crystal ( a = 10.724 Å, b = 4.447
˚ , c = 4.239 Å, and V = 202.16 Å 

3 ) [49] and those obtained from

b initio calculations (see Table S1 in SI). The collected data are 

ven comparable to those found in the stoichiometric EuB 4 O 7 crys- 

al, i.e ., ( a = 10.731 Å, b = 4.435 Å, c = 4.240 Å, and V = 201.8 Å 

3 )

50] , which is considered due to the similar ionic radii between 

u 

2 + and Sr 2 + . Additionally, the indexed experimental XRD pat- 

ern, 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- 

ium tetraborate is not a random distribution of BO 4 tetrahedra. In- 

tead, these units are assembled to form well-defined, condensed 

B 4 O 7 ] tetraborate groups, building a rigid three-dimensional net- 

ork with channels parallel to the short crystallographic axes b 

nd c , which leads to the formation of large cavities. All these 

etrahedra are distorted and there are two kinds of borate units, 

B(1)O 4 ] and [B(2)O 4 ], with mean B-O distances of 1.478 Å and 

.486 Å, respectively. In this structure, four independent positions 

f the O atoms can be found and they can be divided into two 

roups: O(1), O(2), and O(3) are linked to two B atoms with shorter 

-O bonds ( < 1.47 Å), while O(4) is linked to three B atoms with

onger B-O bonds ( > 1.53 Å). The latter is an original motif within

he structure compared to other borates. Consequently, it is char- 

cterized by considerably elongated, much weaker bonds, i.e ., the 

verage B–O(4) distance is 1.55 Å, while the B–O distances for the 

emaining oxygen atoms range from 1.36 to 1.47 Å. 

There are six-membered B–O rings in the borate network par- 

llel to the b axis. The Sr 2 + cation occupies large cavities formed 

y these channels and it has only one crystallographically indepen- 

ent site coordinated by nine oxygen atoms, with distances varying 

rom ∼ 2.54 Å to ∼ 2.83 Å. This gives rise to a [SrO 9 ] capped cube

onahedron with C S local point symmetry. As mentioned above, 

he real site symmetry on the Sr sites in SrB 4 O 7 is C s . However,

or a luminescent ion with extended and diffuse 5d orbitals such 

s Eu 

2 + , usually the ”experienced” site symmetry of the dopant 

s somewhat higher. Upon regarding the nine-fold coordinated Sr 

ite in SrB 4 O 7 , eight oxygen ligands form a slightly distorted cube, 

hile the other oxygen ligand is on the tip and lies on a four-fold 

otation axis. This allows an effective C 4v site symmetry as the ap- 

roximation for the doped lanthanide ion [52] . 

It is noteworthy that the BO 4 tetragonal units surround the 

hannel forming a cage that isolates the divalent lanthanide ions, 

hich is usually considered as the reason for the high stabil- 

ty of the otherwise reactive divalent oxidation state of the lan- 

hanides in this structure [53] . In addition, similar ionic radii val- 

es for coordination 6, of Eu 

2 + , Sm 

2 + and Sr 2 + (R(Sr 2 + ) = 1.18 Å;

(Eu 

2 + ) = 1.17 Å; R(Sm 

2 + ) = 1.17 Å) [54] , facilitate the incorpo-

http://wolf.ifj.edu.pl/phonon
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Fig. 1. a) Experimental (black) powder XRD pattern of SrB 4 O 7 : 0.03Eu 2 + , 0.01Sm 

2 + and corresponding theoretical (red) XRD pattern. b) Experimental Raman spectrum of the 

SrB 4 O 7 : 0.03Eu 2 + , 0.01Sm 

2 + sample measured at ambient conditions. 
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ation of the Eu 

2 + and Sm 

2 + into the network substituting Sr 2 + 

ons in the nonahedron, without the need for charge compensation 

 49 , 50 ]. Machida et al . suggest that the rigid 3D-network of tetra-

edral [BO 4 ] 
5 − ions isolates the Eu 

2 + ions from one another, i.e ., 

t acts as a shield of the Eu 

2 + -Eu 

2 + non-radiative energy transfer 

rocesses, and is one of the reasons for the strong Eu 

2 + lumines- 

ence in the borate host matrices [37] . Moreover, the high emission 

nergy in the UV range makes non-radiative quenching highly im- 

robable in favor of a high radiative transition probability. Besides, 

he band gap in a very ionic compound like SrB 4 O 7 is expectedly 

igh, which also minimizes the probability for thermally assisted 

elocalization of the excited 5d electron into the conduction band. 

.1.2. Elastic properties 

The elastic properties of SrB 4 O 7 were analyzed at ambient pres- 

ure based on ab initio calculations in order to evaluate its poten- 

ial as a host compound of luminescent ions for high-pressure ap- 

lications. SrB 4 O 7 crystallizes in an orthorhombic crystal system, 

hich gives rise to 9 independent elastic constants [55] . As pre- 

ented in Table S2 in SI, the calculated values of the elastic con- 

tants are in better agreement with the experimental values than 

he calculations based on the non-empirical ionic-crystal model 

 56 , 57 ]. The bulk modulus ( B ), shear modulus ( G ), Young mod-

lus ( E ) and Poisson’s ratio ( ν), which describe the main elastic

roperties of a material, can be obtained by analytical expressions 

rom the reference [58] in the Voigt and Reuss approximations as- 

uming uniform stress or strain throughout a polycrystalline com- 

ound [ 59 , 60 ]. Hill indicated that the Voigt and Reuss approxima-

ions have limitations and pointed out that the actual elastic mod- 

li can be estimated by the arithmetic mean of the two bounds 

61] . The elastic moduli of the orthorhombic SrB 4 O 7 at 0 GPa are

ompiled in Table S3 in SI. The value of the Hill bulk modulus, 

 H = 149.33 GPa, agrees well with the value obtained from the 

heoretical data with the Birch-Murnaghan equation of state [62] , 

.e ., B 0 = 150.17 GPa. This fact indicates a high reliability of the cal-

ulated elastic constant values and the consistency of calculations. 

The bulk modulus ( B = 149.33 GPa) can be considered as a mea-

ure of the resistance to volume changes and the shear modulus 

 G = 123.22 GPa) - as a measure of resistance to reversible defor-

ations upon shear stress. Therefore, this material is more resis- 

ant to compression than to shear stress. The B / G ratio introduced 

y Pugh describes the relationship between the plastic properties 

nd the elastic moduli of materials [63] . If B / G > 1.75, the material

xhibits ductility. Otherwise, the material is classified as brittle. At 

 GPa, the B / G ratio of SrB 4 O 7 is around 1.2 and would thus, be

lassified as brittle at ambient conditions. Poisson ratio provides 
4 
nformation about the characteristics of the bonding forces, and 

he value of ν = 0.25 is considered as the lower limit of the cen- 

ral forces in the solid [62] . The investigated compound has a Pois- 

on ratio of ν = 0.176 that agrees with the previously described 

rittle nature of the solid. It indicates a low degree of elasticity 

f crystalline SrB 4 O 7 , which is a consequence of the very strong 

onic bonds and highly condensed network of [BO 4 ] 
5 − tetrahedra 

ithin the crystal structure. The elastic anisotropy is one of the 

ost important elastic properties of materials for both engineer- 

ng and crystal physics, since it is related to the possibility of in- 

ucing micro-cracks in materials [64] . This property is quantified 

y the universal elastic anisotropy index A U . The more this index 

iffers from 0, the more elastically anisotropic the structure is [65] . 

he A U at 0 GPa is 0.071, further indicating that SrB 4 O 7 is slightly

nisotropic, in agreement to the orthorhombic crystal system it 

rystallizes in at ambient pressure. 

To conclude this section, the average sound wave velocity ( v m 

= 

110.63 m s −1 ) within the Debye approximation was calculated. 

rom the shear modulus G and the bulk modulus B , longitudinal 

 v l = 8851.89 m s −1 ) and transverse ( v t = 5548.85 m s −1 ) elastic

ave velocities can be obtained [66] . The Debye temperature ( θD ), 

 fundamental parameter that correlates with the mechanical and 

hermodynamic properties of a solid such as specific heat capacity 

nd melting temperature, can be estimated from the average wave 

elocity [67] . For SrB 4 O 7 , we find a value of θD = 895.11 K, which

s perfectly well related to the previously indicated rigid struc- 

ure with the highly condensed [BO 4 ]-based network. A high De- 

ye temperature is a usually beneficial material property [68] for 

 host compound for luminescent ions, as is e.g., demonstrated 

y the thermally stable red-emitting phosphors Sr[LiAl 3 N 4 ]:Eu 

2 + 

SLA:Eu 

2 + ) [20] and Sr[Li 2 Al 2 O 2 N 2 ]:Eu 

2 + (SALON:Eu 

2 + ) [19] . 

.1.3. Vibrational properties 

The unit cell of SrB 4 O 7 gives rise to 72 normal vibrational 

odes in the center of the Brillouin zone (19 A 1 + 17 A 2 + 17

 1 + 19 B 2 ), which are all Raman-active. Since A 1 , B 1 , and B 2 are

olar modes, they are also IR-active and can exhibit a transversal 

ptical – longitudinal optical (TO-LO) splitting of vibrational modes 

n the Raman and IR spectra. Therefore, 69 TO modes and 52 LO 

odes could potentially appear in the Raman spectrum. Fig. 1 b 

epicts the Raman spectrum at RT measured in backscattering ge- 

metry, and it mainly contains lines due to the A 1 and A 2 modes 

y means of the Raman selection rules. It exhibits 13 Raman- 

ctive modes in the lower-energy range, from 200 to 700 cm 

−1 , 

.e., the modes at around 263, 283, 325, 364, 417, 431, 445, 491, 

14, 536, 557, 580 and 635 cm 

−1 . 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 2 + in the SrB 4 O 7 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 4f 7 → 4f 7 transitions of Eu 2 + , 
i.e ., 6 P 7/2 → 

8 S 7/2 (left) and 6 P 5/2 → 

8 S 7/2 (right). c) Luminescence decay curves measured at 11 K and 300 K, at λex = 300 nm, λem = 362.4 nm. d) A simplified diagram of 

the energy levels for Eu 2 + in the SrB 4 O 7 matrix, at low- and high-temperature conditions. 
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he A 1 and A 2 modes reported in ref. [69] , except for the mode

t 445 cm 

−1 that could be assigned to a B 1 mode. In fact, most of

he Raman modes of high (low) intensity can be ascribed to modes 

ransforming like A 1 (A 2 ) [ 57 , 69 ], with A 2 modes only allowed

or backscattering configuration with crossed polarization. How- 

ver, taking into account our theoretical calculations, the modes 

t 445, 514 and 557 cm 

−1 may be correspondent to B 1 , B 1 , and B 2 

odes, respectively (see Table S4 ). In isostructural PbB 4 O 7 , three 

imilar modes have been associated with the bending mode ( ν4 ) 

f free tetrahedral [BO 4 ] units, the stretching mode ( νs ) of metab- 

rate ring groups, and the stretching mode ( ν1 ) of the [BO 4 ] units

70] . In addition, Raman spectra in the 1100-1750 cm 

−1 range con- 

ist of 5 broad bands centered at 1172, 1282, 1346, 1498, and 1651 

m 

−1 , respectively. Only the first one is close to the A 2 mode re-

orted at 1167 cm 

−1 in ref. [69] , and this is attributed to the B-O

tretching vibration [71] . 

Fig. S3 in SI shows the calculated total one-phonon density of 

tates (1-PDOS) and the partial 1-PDOS for each atom. It can be 

bserved that low-frequency modes below 200 cm 

−1 are domi- 

ated by the movement of Sr atoms. Mid-frequency modes, be- 

ween 200 and 800 cm 

−1 , are dominated by the vibration of O 

toms with some contribution of B atoms above 500 cm 

−1 . Finally, 

he high-frequency modes above 800 cm 

−1 are dominated by vi- 

rations of B atoms, with some contribution of O atoms. The vi- 

rational modes of AM O 4 compounds were discussed in terms of 

nternal and external modes of rigid [ M O n ] polyhedra [ 72 , 73 ]. Sim-

larly, A x B 4 O 7 borates could be discussed in terms of internal and 

xternal modes of [B 2 O 7 ] units or in terms of the internal and ex-
 r

5 
ernal modes of [BO 4 ] units, since [BO 4 ] polyhedra constitute the 

igid units of these compounds [74–76] . 

.1.4. Photoluminescence Properties 

The optically active Eu 

2 + ion is isoelectronic to Gd 

3 + and has 

n 

8 S 7/2 ground level arising from the 4f 7 configuration. The main 

ifference between them is the lower charge of the Eu 

2 + , which 

akes it more covalent and, hence, leads to a smaller energy 

ap between the first excited 4f 6 5d 

1 and the 8 S 7/2 ground level 

han for the Gd 

3 + ion. The energy level diagram of the Eu 

2 + is 

uite simple, i.e ., the 8 S 7/2 ground level with a large energy gap 

f around 270 0 0 cm 

−1 to the lowest excited level, and the 6 P J ,
 I J , and 

6 D J excited multiplets of the 4f 7 ground configuration. The 

f 7 → 4f 7 emissions are characterized by typical decay times rang- 

ng from hundreds of microseconds to several milliseconds [ 77 , 78 ]. 

he 4f 6 5d 

1 levels, often obscuring the excited levels of the 4f con- 

guration (because the lowest energy of the 4f 6 5d configuration in 

u 

2 + is usually lower than the energy of the 6 P J levels), give rise 

o 4f 6 5d 

1 → 4f 7 ( 8 S 7/2 ) emission, which shows much faster decay 

imes in the order of 1 μs. A detailed discussion of the Eu 

2 + en-

rgy level diagram can be found in ref. [79] . 

The Eu 

2 + excitation spectra at RT typically consist of broad 

ands associated to parity-allowed, inter-configurational electronic 

ransitions between the 8 S 7/2 ground level of the 4f 7 configuration 

nd the multiplets of the 4f 6 5d 

1 excited configuration [ 80 , 81 ]. In

he emission spectrum recorded at RT, a single broad band cor- 

esponding to the 4f 6 5d 

1 → 4f 7 ( 8 S 7/2 ) transition is observed (see 
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ig. 2 a ) [21] . While energies of the 4f 7 levels are hardly influenced

y the matrix, as these electrons are shielded by the 5s and 5p 

lectrons, the energies of the 4f 6 5d 

1 levels are highly sensitive to 

he magnitude of the crystal-field interaction experienced by the 

u 

2 + ions in the host lattice and the degree of bond covalency 

82] . Thus, the emission energy associated with the parity-allowed 

f 6 5d 

1 → 4f 7 ( 8 S 7/2 ) transitions may vary, for example, from 367 

m in SrB 4 O 7 [ 37 , 38 ] to e.g., 733 nm in CaO [83] . 

The excitation spectrum of Eu 

2 + ions in SrB 4 O 7 tetraborate is 

resented in Fig. 2 a . In the excitation spectrum, two components 

an be distinguished as two intense, broad bands in the UV range, 

tarting from about 210 nm ( ∼ 47619 cm 

−1 ) to 355 nm ( ∼ 28169

m 

−1 ) and peaked at around 251 and 297 nm [ 37 , 38 , 84 ], in agree-

ent to the pioneering findings by Meijerink et al. [38] . Given the 

ow approximate C 4 v site symmetry at the Sr sites in SrB 4 O 7 , 

hich leads to a splitting of the 5d orbitals into four components 

transforming like a 1 ( z 
2 ) + b 1 ( x 

2 - y 2 ) + b 2 ( xy ) + e ( xz, yz )), which

dditionally couple to the six 4f electrons in the excited configura- 

ion, the excited energy level landscape of Eu 

2 + in this compound 

s very dense and does not readily allow unambiguous assignments 

f the excitation bands. 

Concerning the luminescence, if the lowest states of the excited 

f 6 5d 

1 configuration are at the higher energies than the excited 

f 7 multiplets, narrow intra-configurational 4f 7 → 4f 7 emission 

ines from the 6 P 7/2 [ 30 , 85–92 ], 6 P 5/2 [ 30 , 88 , 93 ] and 

6 I 7/2 [94] mul-

iplets to the 8 S 7/2 ground state can be observed. According to 

lasse [87] , such a situation can be easily found in host matri- 

es with hard anions giving rise to ionic Eu-ligand bonds, such as 

uorides. However, other conditions must also be fulfilled, i.e ., a 

mall crystal-field splitting of the 5d orbitals of Eu 

2 + , and a small 

tokes shift of the broad band emission, associated with the slight 

ifference between the equilibrium positions of the 8 S 7/2 ground 

tate and the lowest 4f 6 5d state in the configuration coordinate 

odel. In addition, Ryan et al . also considered the existence of a 

mall exchange interaction between the six 4f electrons and the 

d one of the excited configurations as another condition to be 

aken into account [79] . As already mentioned, these conditions 

sually occur in fluoride matrices [95] , but some oxide hosts, such 

s SrBe 2 Si 2 O 7 , BaBe 2 Si 2 O 7 , SrB 4 O 7 , and SrAl 12 O 19 [ 38 , 96 , 97 ], also

how these characteristics. In the case of SrB 4 O 7 , it is worth noting

hat the formally trivalent B 

3 + ions located in the neighborhood of 

he Eu 

2 + ions, are small ions with a high charge density and, thus, 

dditionally withdraw electron density from the O 

2 − ligands. Due 

o the high B:Sr ratio in SrB 4 O 7 , the Eu-O bond has an overall high

onic character, which is connected to a small exchange interaction 

etween 4f and 5d electrons [38] . Moreover, the rigid network in 

he crystal structure (also leading to the high Debye temperature) 

enders the Stokes shift of the 4f 6 5d 

1 → 4f 7 ( 8 S 7/2 )-related emis- 

ion small [ 87 , 98 ]. 

It is essential to mention that although these calculations give 

alues for the crystal-field strength and the splitting of the multi- 

lets are more significant than those found in fluoride host matri- 

es, they are still lower than those typically found in oxide hosts. 

hus, the Eu 

2 + ions replace the Sr 2 + ones located in the large 

avities formed by the interconnected [BO 4 ] tetrahedra, and the 

rystal-field interaction by the lanthanide ion is weak given the 

arge coordination number of 9. This results in low splitting of the 

ultiplets of the 4f 7 ground and the 4f 6 5d excited configurations. 

n addition, the highly condensed borate network in SrB 4 O 7 and 

he electron-withdrawing nature of the various B 

3 + ions make the 

xygen ligands chemically hard and lead to a rather ionic Eu-O 

ond. With decreasing Sr/B ratio such as in Sr 3 (BO 3 ) 2 :Eu 

2 + (emis- 

ion at 590 nm) or the extreme case of SrO:Eu 

2 + (emission at 625 

m), the 4f 6 5d 

1 → 4f 7 transition of Eu 

2 + systematically shifts to 

ower energies in agreement with the expectation of a more cova- 
p

6 
ent Eu-O bond. Meijerink et al . found in Eu 

2 + -doped SrB 4 O 7 that

he lowest state of the 4f 6 5d first excited configuration is only ∼
30 cm 

−1 above the lowest Stark state of the 6 P 7/2 level [38] . This

ow value offers the possibility to investigate a stimuli-induced 

onfiguration crossover. 

The photoluminescence spectrum in the UV region from ∼ 345 

o ∼ 410 nm upon the excitation at 300 nm is depicted in Fig. 2 a,

 and supports the above argument. At 11 K, it consists of a sin- 

le sharp line at 362.4 nm ( Fig. 2 a ; blue area), at a similar wave-

ength reported by Meijerink et al ., [38] and can be assigned to 

he 4f 7 → 4f 7 intra-configurational transitions between the two 

owest Stark levels of the 6 P 7/2 and 

8 S 7/2 multiplets of the Eu 

2 + 

ons. In addition, this peak is accompanied by vibronic sidebands 

n the low energy (long wavelength) side (see Fig. S4 in SI). These 

ands simultaneously involve the emission of the 6 P 7/2 → 

8 S 7/2 

lectronic transition of the Eu 

2 + ion and vibronic replicas based 

n coupling to vibrational modes of the host [99] . The lumines- 

ence decay curve depicted in Fig. 2 c additionally proves the ex- 

ected forbidden nature of this sharp line for a 4f 7 → 4f 7 tran- 

ition based on the large effective lifetime ( τe f f = ∫ t · I d t/ ∫ Id t) ,
f τ 11 K ≈ 340.9 μs compared to the otherwise shorter decay 

ime of the 4f 6 5d 

1 → 4f 7 ( 8 S 7/2 ) broad-band emission of τ 300 K 

16.66 μs. 

In order to better understand the mechanism of the Eu 

2 + emis- 

ion at RT, the normalized emission spectra with increasing tem- 

erature values from 11 K to 200 K were acquired and are shown 

n Fig. S5a in SI. The Eu 

2 + emission spectrum changes strongly 

ith temperature. Just above 20 K, one can observe not only a 

harp peak at 362.4 nm, but also new sharp features at higher en- 

rgies (shorter wavelengths) together with the underlying broad- 

and peak at ∼ 367 nm, due to the thermally induced population 

f the upper 6 P 7/2 Stark states and the lowest levels of the 4f 6 5d

xcited configuration, respectively, as shown in the simplified en- 

rgy level diagram in Fig. 2 d . The relative intensity of this broad

and dramatically increases with temperature, not only masking 

he vibronic sidebands but also partially the other sharp peaks 

4f 7 → 4f 7 emission lines). That is why the emission spectrum at 

T is the result of a convolution of Eu 

2 + -related radiative transi- 

ions of different nature, i.e ., the intense 4f 6 5d 

1 → 4f 7 ( 8 S 7/2 ) inter-

onfigurational, broad-band emission, with a maximum at around 

67 nm ( ∼ 27248 cm 

−1 ), and a group of five superimposed nar- 

ow and weak 4f 7 ( 6 P 7/2 ) → 4f 7 ( 8 S 7/2 ) intra-configurational emis- 

ion lines in the range from 360 to 363 nm. In addition, there 

re emission peaks observed at around 357 nm, which are plau- 

ibly related to the 4f 7 ( 6 P 5/2 ) → 4f 7 ( 8 S 7/2 ) transition. The differ-

nce in energy between the vibronic bands and the sharp line 

orresponds to the energy of one phonon and range from 200 

o 1200 cm 

−1 , i.e . they cover almost all vibrational modes ana- 

yzed in this matrix [38] . Fig. 2 b presents the magnified A and B

rea marked in Fig. 2 a , and shows the detailed structure of this 

mission represented by five sharp lines. They center at 360.9 nm 

 ∼ 27708 cm 

−1 ), 361.4 ( ∼ 27670 cm 

−1 ), 361.8 ( ∼ 27639 cm 

−1 ), 

62.1 ( ∼ 27616 cm 

−1 ) and 362.7 nm ( ∼ 27571 cm 

−1 ), labelled as

 0 to P 4, respectively. The P 0 peak corresponds to the zero-phonon 

ine of the broad band 4f 6 5d 

1 → 4f 7 ( 8 S 7/2 ) inter-configurational 

mission, whereas P 1 to P 4 are associated with the transitions from 

he four crystal-field (Stark) sublevels of the 6 P 7/2 multiplet to the 
 S 7/2 ground level. The total splitting is in the order of ∼100 cm 

−1 .

he 8 S 7/2 level only shows negligible crystal field splitting ( < 1 

m 

−1 ) based on its single orbital degeneracy (2 L + 1 = 1) and

he solely intermediate degree of spin-orbit coupling that makes 

 still a well-defined quantum number [100] . Meijerink et al . have 

resented a schematic configurational coordinate diagram for Eu 

2 + 

n SrB 4 O 7 , justifying the presence of emission peaks at low tem- 

erature and showing the energy difference between the high- 
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Fig. 3. Pressure dependence of a) cell parameters (top); unit cell volume, [SrO 9 ] polyhedron and [BO 4 ] tetrahedra (bottom) of SrB 4 O 7 based on ab initio calculations. b, c) 

Evolution of atomic bonds in the polyhedral units based on ab initio calculations. The [SrO 9 ] coordination unit is displayed as an inset at the top of c). 
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st 6 P 7/2 Stark level and the ground state of the 4f 6 5d configu- 

ation of 130 cm 

−1 [38] . They also determined a Stokes shift of 

50 cm 

−1 for the 4f 6 5d 

1 → 4f 7 transition. Another interpretation 

ould be that the P 0-4 lines are related to the one-phonon repeti- 

ion of the zero-phonon line [ 90 , 92 ]. However, the theoretical cal-

ulations of the lowest phonon energies showed only six Raman 

nd IR active phonon modes ranging from 95 to 150 cm 

−1 (see Ta- 

le S5 ), which do not match well the (P 1 -P 0 = ) 38 cm 

−1 , (P 2 -P 0 = )

9 cm 

−1 , (P 3 -P 0 = ) 92 cm 

−1 , and (P 4 -P 0 = ) 137 cm 

−1 energy differ-

nces found in the emission spectrum. Hence, this assignment is 

oubtful. 

As a conclusion, SrB 4 O 7 tetraborate fulfills all the require- 

ents formulated by Blasse to allow emitting both inter- and 

ntra-configurational electronic transitions [87] . At low tempera- 

ure and under direct excitation, the 4f 7 ( 6 P 7/2 ) → 4f 7 ( 8 S 7/2 ) emis-

ion peaks are dominant, while a broad-band emission due to the 

f 6 5d 

1 → 4f 7 transition is observed at higher temperatures [38] . 

urthermore, no emission from Eu 

3 + ions above 580 nm was ob- 

erved, but features related to the additionally present Sm 

2 + ions 

ppeared above ∼ 685 nm, which were already presented and dis- 

ussed in our previous work [39] . 

.2. Properties at high pressure 

.2.1. Structural and elastic properties 

In order to definitively clarify the impact of high pressure on 

he crystal structure, mechanical and vibrational properties of or- 

horhombic SrB 4 O 7 , we have carried out ab initio calculations. In 

his system, the strontium atoms are positioned in the nine-fold 

oordinated polyhedron in a rigid three-dimensional [B 4 O 7 ] net- 

ork of vertex-sharing [BO 4 ] tetrahedra. The ab initio atomic co- 

rdinates and cell parameters at 61 GPa pressure are compared to 

he values at zero pressure in Table S1 . The evolution of the unit 

ell parameters and volume as a function of pressure in the Pmn 2 1 
tructure of SrB 4 O 7 is displayed in Fig. 3 a (top) . All the cell param-

ters decrease with increasing pressure from 0 to 60 GPa, although 

he a axis is more compressible than the other two axes, indicating 

hat compression of the structure is anisotropic under hydrostatic 

ressure. The linear axial compressibility ( K ) of the crystal axis can 
i 

7 
e calculated using the following equations: 

 a = 

−1 

a 0 

d a 

d p 
; K b = 

−1 

b 0 

d b 

d p 
; K c = 

−1 

c 0 

d c 

d p 
(1) 

Using equations (1), we obtained K a = 2.15 ·10 −3 GPa, K b 

 1.77 ·10 −3 GPa and K c = 1.75 ·10 −3 GPa. The evolution of the unit

ell volume and the polyhedral units under pressure is shown in 

ig. 3 a (bottom) . It was found that there is a decreasing tendency 

nd no volume discontinuity during compression. The compression 

f the unit cell is dominated by the softer polyhedral unit, in this 

ase, the strontium nonahedron, which decreases its volume by 

28.3% in the studied pressure range. This is a consequence of 

he continuous decrease of the bond lengths (B-O, Sr-O, and Sr-B) 

pon compression (see Fig. 3 b and c ). 

In addition, we investigated the evolution of the electronic 

andgap under pressure by DFT calculations. The ab initio calcu- 

ated electronic band structures along the high symmetry direc- 

ions in the first Brillouin zone at 0 GPa and 54 GPa are displayed

n Fig. 4 a and 4 b , respectively. The band structures show a typical

emiconductor-like distribution. The bands are very flat with little 

ispersion, which agrees with the very ionic nature of the chemical 

onds in SrB 4 O 7 that lead to highly localized and polarized states 

n real space and consequently, no covalent and extended bond for- 

ation within the periodic structure of the crystal. The edge of the 

onduction band (CB) changes with pressure, while the one of the 

alence band (VB) negligibly alters at the � point within the whole 

ressure range studied. 

At zero pressure, the VB maximum is located at the R point, 

iving rise to a wide indirect band gap (R- �) of 7.16 eV. With in-

reasing pressure, this gap increases linearly until approximately 

 GPa (see Fig. 4 c ). The maximum value of band gap, 7.49 eV,

s achieved at 26.2 GPa where the maximum VB is shifted to 

he U point, and, then, it slowly decreases with increasing pres- 

ure. Interestingly, the band structure becomes even less disper- 

ive in reciprocal space at high pressures, which formally im- 

lies an even more ionic nature of the chemical bonds in the 

ompound and perfectly agrees with the generally increasing 

and gap. 
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Fig. 4. Electronic band structure of SrB 4 O 7 at a) 0 GPa and b) 54 GPa. c) Pressure evolutions of the electronic bandgap 
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For the sake of completeness, we also analyzed the elastic prop- 

rties of SrB 4 O 7 under pressure. When a non-zero uniform stress 

s applied to a crystal, the relevant magnitudes describing its elas- 

ic properties are no longer the elastic constants ( C ij ). Instead, the 

lastic stiffness coefficients ( B ij ) should be used [101] . In the spe-

ial case of the hydrostatic pressure, P , applied to the orthorhom- 

ic crystal, the elastic stiffness coefficients are related to the elastic 

onstants by the following expressions [ 101 , 102 ]: 

 ii = C ii − P for i = 1 to 6 (2) 

 i j = C i j + P for i � = j and i, j = 1 to 3 (3) 

 i j = C i j for i � = j and i , j = 4 to 6 (4) 

ith C ii being the elastic constants evaluated at the current 

tressed state. It should be noted that for zero applied pressure, 

he B ij values are reduced to the conventional constants C ij . 

Fig. 5 a shows the pressure dependence of the elastic stiffness 

oefficients, B ij . They increase rapidly with pressure, except of B 55 , 

 66 , and B 44 . The coefficients B 55 , and B 66 have similar values,

hile B 44 remains almost constant in the whole pressure range 

tudied. If the crystal is mechanically stable at zero pressure, the 

orn stability criteria involving the elastic constants are fulfilled 

103] . However, if the crystal is subjected to hydrostatic pressure, 

he previous criteria should be modified by means of the elastic 

tiffness coefficients, which leads to a modification of the Born 

tability criteria. A crystal at elevated pressures is considered me- 

hanically stable if the representation matrix of the elastic stiff- 

ess tensor, ( B ij ), is positive-definite [104] . Our study shows that 

ll the eigenvalues of the matrices B ij are positive; therefore the 

rthorhombic SrB 4 O 7 is mechanically stable up to the maximum 

ressure (61 GPa) regarded in the present study. 

The elastic stiffness constants allow to obtain the elastic prop- 

rties of the material at any hydrostatic pressure. All the relation- 

hips of the theory of elasticity employed at zero pressure can be 

pplied to a crystal subjected to high-pressure compression us- 

ng the elastic stiffness coefficients B ij [ 105 , 106 ]. The pressure de-

endences of the B, G, E elastic moduli, Poisson’s ratio ν , and 

he B / G ratio for SrB 4 O 7 are shown in Fig. 5 b-d . The bulk mod-

lus (B) increases rapidly with pressure, while the shear modu- 

us increases only slightly. The B / G ratios are all over 1 from 0

o 61 GPa, which indicates that strontium tetraborate is more re- 

istant to volume compression than to shear deformation. More- 

ver, the B / G ratio increases rapidly with pressure. At 30 GPa, it is

 / G = 1.77, and, therefore, the material becomes ductile. Poisson ́s 

atio ( ν) corroborates this behavior change. Around 24 GPa, it is 

= 0.25, which appears reasonable since successively higher pres- 

ures enforce smaller distances between the different ions, which 
8 
s partially released by a successive release of strain in the direc- 

ions orthogonal to the direction of compression. A higher Pois- 

on ratio at elevated pressures indicates that a compound becomes 

ore elastic then, which agrees with the findings on the elastic 

oduli. 

.2.2. Vibrational properties 

We have carried out HP Raman scattering experiments up to ∼
7 GPa, and the Raman spectra at selected pressures are shown 

n Fig. S6a . The signal/noise ratio decreases as the pressure in- 

reases, which is a commonly encountered phenomenon. We were 

ble to trace the experimental pressure dependence of the six 

ost intense Raman-active modes of A 1 symmetry during the 

ompression and decompression processes (see Figs. 6 , S6b and 

7 in SI). The six observed Raman-active modes of SrB 4 O 7 shift 

onotonously, suggesting no phase transition as the pressure in- 

reases up to 16.6 GPa. This agrees with the emission spectra and 

ther reports on SrB 4 O 7 under pressure [ 107 , 108 ]. Due to the bond

hortening caused by the compression, all the observed Raman 

eaks show a shift towards the high wavenumbers. As shown in 

he pressure dependences of the experimental (symbols) and the- 

retical (lines) Raman-active mode frequencies (see Fig. 6 ), the ex- 

erimental data agrees with theoretical calculations up to 16 GPa, 

.e ., show that all Raman modes have a positive frequency-pressure 

oefficient (see Table S5 ). As shown in Fig. S7 , the evolution of the

heoretical Raman-active mode frequencies in SrB 4 O 7 shows a sub- 

inear pressure dependence up to 25 GPa, which is also confirmed 

y our experiments up to 16 GPa. However, for the sake of sim- 

licity, in Table S5 we have included the theoretical zero-pressure 

inear coefficients obtained from fits to 5 GPa. Similarly, the zero- 

ressure linear coefficients of the experimental modes centered at 

83, 364, 431, 491, 580 and 635 cm 

−1 are 2.8, 2.2, 2.3, 2.3, 1.9 and

.6 cm 

−1 /GPa, respectively. These pressure coefficients are in good 

greement with those of the theoretical A 1 
3 , A 1 

5 , A 1 
6 , A 1 

7 , A 1 
8 

nd A 1 
9 modes (see Table S5 ). It is observed that the modes with 

maller pressure coefficients are those with wavenumbers below 

40 cm 

−1 , and the modes with the largest pressure coefficients are 

hose with wavenumbers above 740 cm 

−1 . 

.2.3. Photoluminescence properties and pressure sensing 

erformance 

The appearance of the emission spectrum of Eu 

2 + in SrB 4 O 7 

ased on dominant emission from the excited 4f 6 5d 

1 or 4f 7 con- 

gurations depends on different stimuli. As for other divalent lan- 

hanide ions, the most important ones are: I) a temperature- 

nduced excitation from the excited emitting 4f 7 states to the 

owest states of the 4f 6 5d configuration, which may lead to en- 

ancement of the 4f 6 5d 

1 → 4f 7 emission at the expense of the 

f 7 → 4f 7 luminescence, as already observed for the luminescence 
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Fig. 5. a) elastic stiffness coefficients ( B ij ) in SrB 4 O 7 . b-d) Pressure dependences of B, E, G (b), ν (c), and B / G (d) parameters in SrB 4 O 7 according to ab initio calculations. 
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n SrB 4 O 7 :Eu 

2 + above 11 K (see Fig. S5a, b in SI) [101] ; and II) a

ressure-induced tuning of the energy separation between config- 

rations and their respective levels.[ 109 , 110 ] Thus, pressure can in- 

rease the mixing of 4f 6 5d to 4f 7 wave functions, with clear impact 

n the emission probabilities and intensities. However, the spe- 

ific response of the electronic state to pressure, i.e ., the changes 

n its energy and the probability of absorption, emission, or non- 

adiative relaxation, depends on the extension of the involved or- 

itals in the excited states and thus, also the magnitudes of the 

rystal-field and covalency effects [110] . 

By focusing on the optical properties of Eu 

2 + , as the pressure 

ncreases, the different polyhedral volumes of the matrix decrease, 

specially the [EuO 9 ] and [SrO 9 ] polyhedra that show the largest 

ompression rate, i.e ., 28.3 % at 60 GPa with respect to the volume 

t ambient pressure, as already mentioned. Consequently, the in- 

eractions between the seven f -electrons, i.e ., the free-ion interac- 

ions, are affected by the valence electrons of the nine oxygen lig- 

nds. In general, the major free-ion interactions, i.e ., the Coulomb 

nterelectronic repulsion and the spin-orbit coupling decrease with 

ressure due to a generally increasing covalency, while the magni- 

ude of the crystal-field interaction increases, albeit with a lower 

ate. Typical consequences are the decrease of the transition en- 

rgy (red-shift), due to the overall contraction of the configura- 

ions, and the simultaneous increase of the splitting of the multi- 

lets. However, different rates of change are expected for the mul- 

iplets of the excited and ground configurations. This is because the 

ariations 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

ery large for the multiplets of the excited configuration involving 

d states. These may range from tens to hundreds of cm 

−1 /GPa, as 
hown in Table S6 in SI. 

9 
In order to investigate the effect of lattice compression on the 

V emissions of Eu 

2 + ions in the synthesized micron-sized SrB 4 O 7 

aterial, high-pressure photoluminescence experiments were con- 

ucted in a diamond anvil cell (DAC) up to ∼ 58 GPa at RT. 

he schematic configuration of the applied DAC and a simplified 

cheme of the experimental setup used for high-pressure lumi- 

escence measurements are presented in Fig. 7 a . The pressure- 

nduced variations of the relative luminescence intensities of the 

nter- and intra-configurational transitions of Eu 

2 + , upon the 280 

m light excitation are shown in Fig. 7 b . The use of 280 nm exci-

ation light (close to the optimal excitation wavelength) is due to 

he availability of a high-power, focusable light source. The inten- 

ity of the broad emission band 4f 6 5d 

1 → 4f 7 ( 8 S 7/2 ) gradually de- 

reases up to ∼ 35 GPa, above which the band is no longer clearly 

bserved as its intensity is close to the noise level. Inversely, the 

f 7 ( 6 P 7/2 ) → 4f 7 ( 8 S 7/2 ) intra-configurational emission starts to in- 

rease in intensity, almost abruptly, above ∼ 20 GPa and become 

he only emissions above ∼ 30 GPa, together with broad vibronic 

ands, already observed in the normalized emission spectra at low 

emperature in Fig. S5a, b in the SI. The emission intensities of the 

f 7 ( 6 P 7/2 ) → 4f 7 ( 8 S 7/2 ) peaks (P 4 peak) were estimated by Gaussian

econvolution (Gaussian fitting) using the integrated peak area of 

he Gauss bands with abscissa of wavelength (in nm) as a measure 

or that. Over the entire measured high-pressure range, the inten- 

ity enhancement of the 4f 7 ( 6 P 7/2 ) → 4f 7 ( 8 S 7/2 ) peak is estimated

o be about three orders of magnitude ( ∼800 times), as depicted 

n Fig. 7 d and the histogram in the inset of Fig. 7 d . In addition, as

hown in Fig. S8 in SI, the Eu 

2 + emission band changes back to 

ts initial shape, and the 4f 7 → 4f 7 emission intensity also returns 

o its initial intensity upon compression, confirming that the ten- 

ency in the intensity change of both 4f 7 → 4f 7 and 4f 6 5d 

1 → 4f 7 
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Fig. 6. Pressure dependences of the experimental (symbols) and theoretical (solid 

lines) Raman-active mode wavenumbers. 
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Fig. 7. a) Schematic configuration of a diamond anvil cell (DAC) and the experimental set

short pass filter and long pass filter, respectively. b) Selected, normalized UV emission spe

values. c) Spectral position (peak centroid) of the P 4 component of 4f 7 → 4f 7 transition 

values; the inset presents the integrated intensity of the 4f 7 ( 6 P 7/2 ) → 4f 7 ( 8 S 7/2 ) emission

the SrB 4 O 7 matrix at low and high pressure conditions. 

10 
missions of Eu 

2 + in the sample is reversible in compression and 

ecompression cycles. 

The 4f 7 → 4f 7 emission peaks also show a fully reversible 

ed-shift under pressure (see Fig. 7 c ), due to the overall contrac- 

ion of the 4f 7 ground configuration, which results in a reduc- 

ion of the energetic separation between the ground state and 

he excited 

2 S + 1 L J multiplets, as shown in the simplified energy 

evel diagram in Fig. 7 e . The peak centroid of the Eu 

2 + transi-

ion 

6 P 7/2 → 

8 S 7/2 (P 4 ) reversibly shifts from 362.1 nm at ambi- 

nt conditions to ∼372.4 nm at 58.7 GPa, with a rate of -12.84 

m 

−1 /GPa (or 0.17 nm/GPa), being comparable to the pressure sen- 

itivity of the wavelength of the 5 D 0 → 

7 F 0 transition of Sm 

2 + in 

his matrix [39] . It is of great importance that the position of the 

eak centroid of the 6 P 7/2 → 

8 S 7/2 transition as a function of tem- 

erature (see Fig. S5c ) shows an extremely weak temperature de- 

endence, i.e ., |d λ/d T | = 4.8 ×10 −4 nm K 

−1 ( ∼ -0.037 cm 

−1 /K). The

ombination of the huge pressure-induced intensity enhancement 

ccompanied by the significant red-shift of the Eu 

2 + 4f 7 → 4f 7 

mission lines, and negligible temperature dependence of the 

orresponding 6 P 7/2 → 

8 S 7/2 transition peak centroid, make the 

u 

2 + -doped SrB 4 O 7 material an excellent pressure gauge for high 

ressures. 

In order to examine the validity/reliability of the discussed sig- 

al enhancement and explore the influence of different Eu 

2 + con- 

ents on the enhancement and red-shift of the P 4 peak, a se- 

ies of high-pressure photoluminescence experiments were per- 

ormed using SrB 4 O 7 with a higher Eu 

2 + content, i.e . 0.09 Eu 

2 + 

9 mol.%). As expected, the normalized emission spectra recorded 

n the pressure range from ∼ 1.3 to 34.6 GPa (see Fig. 8 a ) also

xhibit a pressure-induced increase in the relative intensity of 

he 6 P 7/2 → 

8 S 7/2 -related peak and decrease in intensity of the 

f 6 5d 

1 → 4f 7 ( 8 S 7/2 ) band. As depicted in Fig. 8 b, the peak cen-

roid of the 6 P 7/2 → 

8 S 7/2 transition continuously shifts to red with 

ncreasing pressure at the same rate (0.17 nm/GPa) as in the case 

f lower Eu 

2 + doping concentrations. Hence, the dopant concen- 
up used for high-pressure luminescence measurements. Filter I and II is the optical 

ctra of the SrB 4 O 7 : 0.03Eu 2 + , 0.01Sm 

2 + material, measured with increasing pressure 

of Eu 2 + . d) Non-normalized UV emission spectra measured at increasing pressure 

 as a function of pressure. e) A simplified diagram of the energy levels for Eu 2 + in 
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Fig. 8. (a) Selected, normalized UV emission spectra of SrB 4 O 7 : 0.09 Eu 2 + , 0.01Sm 

2 + measured at increasing pressure values and room temperature. (b) Spectral position 

(peak centroid) of the P 4 components of the 4f 7 ( 6 P 7/2 )- 4f 7 ( 8 S 7/2 ) transition of Eu 2 + . (c) Integrated intensity of the 6 P 7/2 → 

8 S 7/2 (4f 7 → 4f 7 ) emission as a function of 

pressure. (d) Magnified emission spectra, emphasizing the 6 P 7/2 → 

8 S 7/2 transition, recorded during four different compression cycles. 
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ration has a negligible influence on the shift rate of this nar- 

ow emission band. If the pressure is higher than 20 GPa, the 

f 6 5d 

1 → 4f 7 ( 8 S 7/2 ) broad-band emission practically disappears, 

nd the 4f 7 ( 6 P 7/2 ) → 4f 7 ( 8 S 7/2 ) luminescence completely domi- 

ates the luminescence spectrum. As shown in Fig. 8 c , the absolute 

ntensity of the P 4 peak of the 4f 7 ( 6 P 7/2 ) → 4f 7 ( 8 S 7/2 ) emission at

4.6 GPa is about 50 times higher than at 1.3 GPa. It is impor-

ant to mention that these effects were observed in four indepen- 

ent compression-decompression experiments (cycles), as shown 

n Fig. 8 d , confirming the reliability of our experiments and the 

eversibility of the observed effects. 

These results show that pressure acts inversely to tempera- 

ure, i.e ., deteriorating the intensity of the 4f 6 5d 

1 -4f 7 emission 

nd enhancing the 4f 7 ( 6 P 7/2 ) → 4f 7 ( 8 S 7/2 ) luminescence. Due to

he fact that the Eu 

2 + emission intensity is higher in the sam- 

le with 9 mol% of Eu 

2 + (see Fig. S1a), we calculated the pres- 

ure shift rate of the 4f 6 5d 

1 → 4f 7 ( 8 S 7/2 ) band for this sample. As

hown in Fig. S9 in the SI, the pressure-induced shift of the inter- 

onfigurational, parity-allowed 4f 6 5d 

1 → 4f 7 ( 8 S 7/2 ) transition is es- 

imated to be around -8.5 cm 

−1 /GPa (0.11 nm/GPa), which is lower 

ompared to the shift of the 4f 7 ( 6 P 7/2 ) → 4f 7 ( 8 S 7/2 ) emission (-

2.84 cm 

−1 /GPa; 0.17 nm/GPa). That is why the energy separation 

f the excited 4f 6 5d configuration and the 6 P 7/2 emitting levels 

ppears to change with pressure, leading to a decreasing inten- 

ity of the 4f 6 5d 

1 → 4f 7 ( 8 S 7/2 ) broad band with increasing pres-

ure and complete quenching above ≈ 35GPa. Phonon energies and 

lectron-phonon coupling increase with pressure, which can be ob- 

erved in the Raman spectra and the vibronic bands at the high en- 

rgy side of the 4f 7 ( 6 P 7/2 ) → 4f 7 ( 8 S 7/2 ) emission peaks. However,

hese two effects do not have a dominant impact on the intensity 

f the discussed 4f 7 → 4f 7 transitions of Eu 

2 + , which is signifi- 

antly enhanced with increasing pressure. 
11 
The centroid red-shift of the 6 P 7/2 → 

8 S 7/2 can be addition- 

lly explained by an increase in the nephelauxetic effect: the in- 

erelectronic repulsion decreases as the shorter Eu-O bond lengths 

lso lead to a higher covalent nature of the bond. Correspond- 

ngly, the Slater-Condon-Shortley parameters expectedly decrease, 

hich determine the energy of the excited 4f 7 states relative to the 

round level in general. As the mutual electron repulsion among 

he 4f electrons is reduced in the more extended, lower valent 

u 

2 + ion, the energy of the higher excited 

6 P 7/2 levels is reduced. 

oncerning the fact that the narrow 4f 7 → 4f 7 -related luminescence 

ecomes dominant at elevated pressures, it is actually an indi- 

ation that the bond length in the lowest excited 4f 6 5d 

1 state 

ust be smaller than in the 8 S 7/2 ground level. The concept is 

emonstrated schematically in Fig. 9 . It turns out that for a bond- 

ontracted 4f 6 5d 

1 state, elevation of pressure will lead to a higher 

hermal activation barrier to thermally populate the lowest excited 

f 6 5d 

1 state. Such a bond contraction in the lowest excited 4f 6 5d 

1 

evel has been consistently proven for several trivalent and diva- 

ent lanthanides [112–114] . In contrast, an elongated bond in the 

xcited 4f 6 5d 

1 state would actually lead to an even more dominant 

f 6 5d 

1 → 4f 7 broad-band emission at higher pressure. The signifi- 

ant enhancement in the narrow 4f 7 → 4f 7 -related luminescence is 

hus a consequence of the reduced non-radiative thermal crossover 

o the excited 4f 6 5d 

1 state (see Fig. 9 a and b ). 

As shown in Figs. 7 b and 8 a , in the initial pressure stages,

he 4f 7 → 4f 7 emission lines broaden and overlap, and, at HP, 

he splitting of the peaks increases with increasing pressure, in- 

icating a stronger magnitude of the crystal-field interaction act- 

ng on the Eu 

2 + ions when the volume of the [EuO 9 ] polyhedron 

ecreases with pressure. However, as already indicated above, the 

u 

2 + ion in the SrB 4 O 7 structure is only prone to a rather weak 

rystal 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 6 5d 1 state relative to the 6 P 7/2 level of Eu 2 + 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 4f 6 5d 1 state; while (c) and (d) show the pressure dependence if the 

excited 4f 6 5d 1 state has higher equilibrium bond distances. 
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ince the pressure strongly reduces the volume of the [EuO 9 ] en- 

ity, the crystal-field interaction should increase. Anyway, the large 

olume changes of the [EuO 9 ] polyhedron may be responsible for 

elatively large changes in the red-shift of the luminescence. When 

u 

2 + is incorporated in the SrB 4 O 7 network, the contraction of en- 

rgy differences between multiplets is more important than the in- 

rease in individual splitting of each multiplet due to crystal-field 

nteraction, indicating the importance of pressure-induced changes 

n the covalency nature of the Eu 

2 + local environment [ 109 , 110 ].

he quantum efficiency of the emission from the 6 P 7/2 multiplet is 

ractically 100% given the large gap to the ground multiplet that 

akes multiphonon relaxation improbable. The proximity of the 
 P 7/2 Stark levels and the lowest 4f 6 5d 

1 multiplets of the excited 

onfiguration and the increasing odd part of the crystal-field inter- 

ction with the pressure favor this mixing. This, in turn, gives rise 

o an increase of the parity-allowed components of the 6 P 7/2 levels 

nd, thus, increasing the spontaneous emission probabilities of the 

f 7 ( 6 P 7/2 ) → 4f 7 ( 8 S 7/2 ) transitions over the inter-configurational 

mission. Since vibronic transitions involve electronic and phonon 

tates, they are also enhanced by pressure. 

In Table S7, we summarize and compare the extraordinary 

ressure sensing performance of the studied material with the 

ther optical pressure gauges reported. The Eu 

2 + and Sm 

2 + co- 

oped SrB 4 O 7 pressure sensor shows its superiority as a high- 

ccuracy and high-precision, reversible pressure gauge, operating 

ithin a very wide pressure range. The spectral shift of the narrow 

f 7 ( 6 P 7/2 ) → 4f 7 ( 8 S 7/2 ) emission line can be applied as a manomet-

ic parameter, when experiments require compression under very 

igh pressure conditions ( i.e ., above ≈ 30 GPa). This is due to the 
12 
reat advantage of its pressure-enhanced signal intensity, narrow 

mission line, and significant and reversible spectral shift, as well 

s negligible temperature dependence. 

. Conclusions 

A strong pressure-induced enhancement of the 

f 7 ( 6 P 7/2 ) → 4f 7 ( 8 S 7/2 ) emission intensity of Eu 

2 + was recorded in

rB 4 O 7 for the first time. In order to investigate and support the 

roposed mechanism underlying the pressure-dependent photolu- 

inescence, a combination of theoretical and experimental studies 

f the structural, vibrational, elastic, and luminescence properties 

as systematically performed on SrB 4 O 7 :Eu 

2 + at varying pressure 

nd temperature. It could be established that the strong enhance- 

ent of the intensity of the 4f 7 ( 6 P 7/2 ) → 4f 7 ( 8 S 7/2 ) emission

ntensity is a pressure-induced configuration crossover between 

he energetically close 4f 7 ( 6 P 7/2 ) and 4f 6 5d 

1 excited configurations. 

t turns out that elevated pressure has the opposite effect on the 

ppearance of the luminescence spectra to temperature and favors 

he narrow line emission. In contrast to the currently applied 

ensors, usually showing a significant luminescence quenching 

signal deterioration) under high-pressure conditions, the narrow 

mission lines of Eu 

2 + show a strong increase in the intensity 

f the obtained material, as well as a significant spectral shift 

 ∼ -12.84 cm 

−1 /GPa) alongside with negligible temperature de- 

endence. Such a co-doped (Eu 

2 + /Sm 

2 + ) luminescent material 

rB 4 O 7 can be applied as a multi-mode, pressure-enhanced gauge, 

hich offers new perspectives for research under high-pressure 

onditions. 
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Fourier transform infrared (FTIR) spectrpscopy of these catalysts 

ere conducted on a Thermo Scientific Nicolet Is5 spectrometer 
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