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Abstract: The article presents the results of measuring the luminescence spectra, luminescence
excitation spectra and luminescence spectra under high pressures for LaAlO3:Pr with concentration
of 1%. The materials were synthesized by solid phase synthesis. Diffraction pattern is fully relates
to LaAlO3 phase. The photoluminescence spectra show the main energy transitions. The change
in the position of the main bands under the hydrostatic pressure of 23, 55, 160 and 191 kBar was
demonstrated. The main band at 491 nm is slightly red-shifted, while the line at 605 nm is shifted to
the high-energy part of the spectrum. The intensity of all bands increases with increasing hydrostatic
pressure. The dynamics of changes in the intensities of maxima and emissions from different
transitions are analyzed. Studies of luminescence under high hydrostatic compression are important
in observing changes in the internal structure and electronic states of materials under the influence of
high pressure, studying internal processes such as recombination of electrons and holes, transitions
between energy levels and the release of photons. Understanding the changes that occur under
compression can help researchers develop new materials with unique properties.

Keywords: perovskites; photolumescence; photoluminescence excitation spectra; hydrostatic pressure

1. Introduction

Recently, the optical properties of perovskites have been intensively studied due to
the fact that, depending on the shape of the crystals, perovskites can exhibit anisotropy.
Scientists have discovered that, under certain conditions, perovskites have a record high
level of optical anisotropy for all known three-dimensional materials. This makes it possible
to use perovskites to create highly efficient waveguides and other devices that control
the movement of light, which is extremely important for creating optical analogues of
electronics [1]. Various properties of minerals, such as ferroelectricity, photoluminescence,
superconductivity, nonlinear optical properties and magnetoresistance of perovskites [2]
attract special attention, and interest in nanocrystalline systems of complex chemical
composition is also growing. Particular attention is paid to complex oxide compounds due
to their practical importance. Thus, perovskites, garnets, molybdates and borates of rare
earth elements (REE) have effective scintillator properties [3].

There are also studies where luminescent perovskites have important applications
in the fields of nonlinear optical properties, solar cells, scintillators, lighting devices,
photocatalysts [4], water splitting, generation and electronic devices (e.g., capacitors,
converters, drives).

The center of trivalent praseodium (Pr3+*) attracts attention as a luminescent center of
scintillators. It is somewhat more resistant to corrosion in air than europium, lanthanum or
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cerium, but readily forms a green oxide layer that flakes off in air. At 798 °C, hexagonal
a-Pr transforms into body-centered cubic 3-Pr.

Since Pr’*, like some rare earth elements, has a relatively short decay time and high radiation
efficiency, the greatest interest is in the development of Pr** doped scintillators with high sensitiv-
ity [5] to various types of ionizing radiation. It is assumed that the synthesized LaAlOs:Pr** can
be used for dosimetry of ionizing radiation using the thermoluminescence method.

Scientists have studied the photoluminescence spectra and luminescence excitation
spectra (PLE) of praseodymium [6]. Stokes photoluminescence spectra [7] at different
energies of exciting photons, as well as X-ray and cathodoluminescence spectra contain a
set of broad bands and lines corresponding to 97 radiative transitions in Pr’* ions, as well
as a luminescence band associated with a defect. All radiative transitions and electronic
states of Pr3* ions were determined using the Dicke energy diagram for the Pr** ion [8].

Thus, doping the material increases the emission centers and the transfer of energy
from the matrix to the luminescence centers [9]. Therefore, from an academic point of view,
the study of new Pr-doped materials is of great interest. Perovskites doped with Pr** ions
are of great interest as a phosphor for converting LED light into white light sources [10].

In current paper we consider the properties of luminecsence under the hydrostatic pres-
sure. Research on luminescence under high hydrostatic compression is of great importance in
various scientific and technical fields. Hydrostatic compression can create extreme conditions
that greatly change the properties of materials. Luminescence studies allow one to observe
changes in the internal structure and electronic states of materials under the influence of
high pressure [11]. In some cases, increasing hydrostatic pressure enhances the intensity
of luminescence. This phenomenon is known as positive pressure sensitivity. It is often
observed in materials that have a crystalline structure with well-defined energy levels and
can withstand pressure without damage. Under increased pressure, the energy levels in these
materials can shift, leading to an increase in the energy gap between electronic states. This
increased energy gap can result in more intense and higher-energy luminescence [12-14].

Also, under the influence of high hydrostatic compression, materials can change
from one phase to another. The study of luminescence makes it possible to determine
the moments of phase transitions and associated changes in structure and properties. Un-
derstanding the changes that occur under compression can help researchers develop new
materials with unique properties. For example, the creation of new photoactive or optical
materials that can be used in various applications, including electronics, optics and pho-
tonics. Luminescence allows one to study internal processes such as the recombination of
electrons and holes, transitions between energy levels, and the release of photons. This can
lead to a better understanding of the fundamentals of electronics and optics. High-pressure
luminescence studies can have practical applications in various fields, such as geology (the
study of the properties of minerals under pressure), materials science (the development of
new materials) and high-pressure physics (the study of phase diagrams). Overall, studies of
luminescence under high hydrostatic compression expand our knowledge of the behavior
of materials under extreme conditions and may have important practical applications in
various fields of science and technology [15].

The purpose of the study is to study the photoluminescence spectra, photolumines-
cence excitation spectra in LaAlO3:Pr (1%) under the influence of hydrostatic compression
to determine the processes of energy transfer from luminescence centers to the original
matrix and analyze the luminescence intensities and bands.

2. Materials and Methods

LaAlOs3:Pr sample were synthesized using Pechini method at the Institute of Experi-
mental Physics of the University of Gdansk (Poland). Details of the synthesis procedure are
described in the work of A. Watras et al. [16]. The praseodymium ions (1% of moles) were
intentionally incorporated into the lanthanum sites in the matrix. To obtain the desired alu-
minate, the following reagents were used: La(NO3), x 6Hy0 (99.99%), AI(NO3)3 x 9H,0
(99.997%), Pr(NO3)s x 6HO (99.9%), citric acid and ethylene glycol. The reagents were
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purchased from Sigma-Aldrich. In the first step, the citric acid was dissolved in distilled
water and then the appropriate amount of ethylene glycol was added to the acid solution
to keep the acid/glycol molar ratio equal to 5:1. Next the lanthanum, aluminum and
praseodymium nitrates, previously dissolved in distilled water, were added to the obtained
acid-glycol solution. In the second step of synthesis the prepared mixture was heated for
1 h at 100 °C under reflux to perform an esterification process. Then, the prepared polyester
was dried at 80 °C for 24 h and then the prepared dry polyester was calcined at 1100 °C for
4 h under neutral atmosphere in a tubular furnace (Nabertherm, RHTH 120-600/18).

By X axis of XRD spectra is the 2 Theta (2Q), when Q—is the angle of reflection of
X-rays. The Y axis of an XRD pattern correspond to the intensity of signal and it is presented
in counts per acquisition step. In figure we specified the PDF Card number by which we
have identified the phases. Red lines correspond to the phase of LaAlOj3. So as wee see the
sample with 1% of praseodymium contains 100% LaAlO; phase.

The phase purity of the material were characterized by X-ray diffraction using BRUKER
D2PHASER equipment. D2 PHASER has a simple circuit consisting of an ultracompact
goniometer, an X-ray tube, a high-voltage generator, X-ray beam generation systems and
a high-speed semiconductor detector LYNXEYE. The standard X-ray tube uses 1/6 of its
nominal power, is equipped with a water-cooling cycle. The XRD patterns were collected
using a scanning step of 0.02° and a counting time of 0.4 s per step. The analysis of the
obtained results was carried out using a DIFFRAC.EVA V4.1 evaluating application from
the BRUKER. The XRD pattern recorded for the obtained product is presented in Figure 1.
It shows that the collected pattern matches very well to the desired phase of LaAlO;3 at-
tributed to the 04-006-0695 powder diffraction file. The main peak of the cubic LaAlOs3:Pr
structure is centered at 20 = 33.5°. The lattice constant is 3.78 A. Some other XRD diffraction
lines, located at 23.5°, 41.5°, 48°, 54.2°, 55.11°, 59.7° and others. The signal at 50.05° is the
instrumental artefact. Taking into account the obtained result it can be concluded that the
sample doped with 1% of mole of praseodymium contains 100% of LaAlO3 phase.

— PDF 04-006-0695 LaAlO3 Lanthanum Aluminum Oxide
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Figure 1. X-ray diffraction spectra of LaAlO3:Pr.

The particle sizes are calculated using the Scherrer equation:
KA
~ Bcosd
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where d—average size of particles, K—Scherers constant (0.89), A—X ray wavelength,
p—Iline broadening at half the maximum intensity (FWHM), (in radians, 26); 6—is the
Bragg angle [17,18].

The results of calculations of particle size are presented in Table 1.

Table 1. The quantitave analysis of LaAlO3 samples doped with praseodymium.

% A 20 B d (mm)
1 1.5406 A 33.463 0.05 29

So, the average particle size of Pr doped LaAlOj3 is 29 nm.

Room temperature (RT) photoluminescence excitation (PLE) spectra of powder sam-
ples were measured with a FluoroMax-4P spectrofluorometer (Horiba, Kyoto, Japan)
equipped with a 150 W xenon lamp as an excitation source and a R928 Hamamatsu
photomultiplier as a detector which allows recording PL and PLE spectra in the spectral
range of 250-850 nm. At the PL measuring the excitation wavelength was 390 nm.

Photoluminescence emission spectra were measured using the excitation source of
He—Cd laser at 442 nm. Each sample was measured at the room temperature (295 K).
The room temperature excitation spectra were measured with a FluoroMax-4P (Horiba)
spectrofluorimeter equipped with a Hamamatsu R928 photomultiplier, 150 W ozone-free
xenon lamp, which allows to record spectrum in the range of 250-850 nm. Low temperature
spectra were measured using 0.75 m focal length Czerny-Turner grating spectrometer
Shamrock SR750 D1 with an iDus 420 CCD detector (Andor Technology, Belfast, UK).
For cryogenic temperature the samples were held in DE-202 closed cycle helium cryostat
(ARS Cryo, Macungie, PA, USA).

The experimental setup for creating high hydrostatic pressure consists of helium-
cadmium (He-Cd) lasers with a wavelength of 325 nm, a 150 mW xenon lamp for excitation
of luminescence, a PGS2 spectrometer operating as a monochromator, a Hamamatsu model
R943-2 photomultiplier operating in counting mode photons. Pressure is generated using a
miniature Merrill Basset-type diamond anvil (AD), which can generate high hydrostatic
pressures of up to 400 kbar. and can be loaded into a helium cryostat (Figure 1). The
device for loading AD consists of optical microscopes OYMPUSSZx10 and a micrometer
substrate Miltutoyo.

3. Results

Luminescence properties of LaAlOs3:Pr have been investigated in the 250-800 nm
region at room temperature. Figure 2 shows the luminescence excitation spectrum of
LaAlOs:Pr under ambient conditions. The monitored excitation wavelengths were carefully
chosen to achieve the best possible separation of the spectra related with different cation
sites and were set at 631 nm.

The excitation channels in the UV are hardly observable, while the optical transitions
from the ground state to the *Pj manifolds are clearly visible, with maxima localized at
448.5,470 and 489 nm. They correspond to optical transitions from the ground state to 3D;.
(3H4 —>3P] + 116)

Next figure demonstrates the photoluminescence spectra (PL) of crystal for excitation
at 449 nm (Figure 3).

As an excitation wavelength we choosed 449 nm because it is in short-wavelength
spectral range, that is characteristic for material under consideration. The emission spec-
trum, presented in Figure 3, has completely different characters, exhibiting the presence of
several narrow-band emission lines. In the case of praseodymium-doped sample, the main
emission band is near the excitation (if we compare 492 nm and 471 nm), therefore less
efficient excitation via 3P, level at 449 nm was used in the following measurements. The
sharp and narrow bands peaked at lower energies (over 450 nm) are directly associated
with the presence of the lanthanide ion Pr3*. The band at 491 dominates in PL spectra,
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which corresponds to the transition >Py—>Hy, which is complemented by minor maxima in
the green region at 529 nm and 545 nm, orange 605 nm and 612 nm, also 654 nm. The most
intense peak at 491 nm corresponds to the 4f; -4f5d transitions with the slight contribution
of the La®* [19]. The majority of bands corresponds to the transitions from 3Py, 492 nm-
3Py—3Hy, 529 nm and 545 nm —*Py—3Hs, 613 nm—Py—3Hs, 654 nm—Py—3F,. However
there is also observable a trace of emission from D, level—605 nm [20]. The 3P, —3Hy,
3Po—3Hy transitions showed higher intensity than the corresponding, whereas Py—3F,
from 1D, level exhibited the lower intensities.
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Figure 2. Photoluminescence excitation spectra of LaAlOs:Pr.
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Figure 3. Photoluminescence spectra of LaAlO3:Pr for excitation at 449 nm.

We investigate the PL spectra of crystals under the hydrostatic pressure (Figure 4).
The application of hydrostatic pressure is a unique tool to test some conditions, locations
of the bands, their redshift or blueshift, change in intensity, energy distributions between
different states.
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Figure 4. PL spectra of LaAlO3:Pr under the hydrostatic pressure.

The main emission peak at 491 nm do not change dramatically in bandwidth, but the
position changes slightly. From 23 to 191 kBar it changes from 491.8 nm to 492,66 nm, which
corresponds to pressure shift of —0.026 meV /kbar, i.e., energy reduces. The luminescence
band at abbient pressure appears at 528.5 nm, at 23 kBar—>528.5 nm, 55 kBar —529.4 nm,
160 kBar—530.3 nm, 191 Kbar—530.3 nm. The redshift is considered for this line. The
position of bands at 545 nm, 612 nm and 654 nm experiences slightly shift to the right,
but not permanently. For example, lines at at 545 nm and 612 nm from 23 kBar to 55 kBar
are shifted to red region, from 55 kBar to 160 kBar—blue region and stays constantly
at 190 kBar. The situation is different for the emission band at 605 nm, with pressure
increasing it moves to the high energy site of the spectra.

Low pressure coefficients were found indicating the involvement of highly localized
states in the process of radiative recombination. It can be seen that with increasing pressure
at 160 kBar, a band appears at 609 nm, the intensity of which becomes greater at 191 kBar.
The appearance of this band is explained by the redistribution of energy from transitions
from 3P, states to transitions from D, states.

Under normal conditions, the luminescence spectra consist of bands corresponding
to transitions from excited D, level, whereas luminescence from the higher excited level
5D3 Pr3+ ion is not observed. When the pressure reaches 160 kbar, additional luminescence
lines appear corresponding to the redistribution of energy from the !D; state.

We can connect this fact with pressure induced low-symmetry crystal-field effects.

The decrease in the energy difference between excited and ground state configurations
is normally caused by increasing interactions of the emitting ion with its local environment
due to decreasing interatomic distances under pressure [21]. Pressure (by reducing the
interionic distances) can change the relative contributions to the effective field, that in
specific cases can reduce the splitting of electronic configuration. As a result in specific
environments a blue or red shift of the emission band can be observed [22]. The change in
symmetry can influence the interband transition efficiency of praseodymium ion [23].

The energy of the zero-phonon line decreases with the increase in hydrostatic pressure,
which is typical for lanthanide ions. The pressure due to the reduce in interatomic distances
leads to an increase of the interaction of 4fn electrons with ligand electrons and diminishes
the quantities of Racah parameters and spin—orbit coupling. The crystal compression causes
an increase in crystal stiffness and phonon energies. Therefore the pressure shifts of phonon
repetition lines are smaller than the respective shift of zero-phonon line [24].
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From the plot we can observe, that intensities of all lines increases (Figure 5)
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Figure 5. Intensities of bands at different hydrostatic pressure values.

From the figure above we can observe, that pressure leads to the increase in intensity
of all lines. From 23 to 55 kBar the change in intensity is more than 1.5 times, from 55 kBar
to 160 kBar there are no sufficient increase. Further enhancement in luminescence is
insignificant in the case of 612 nm band. The intensity is nearly constant after p > 55 GPa,
but before from 23 kBar to 55 kBar it was experienced the significant growth. This effect is
related to the approaching of transition pressure. The width at half maximum, on the other
hand, increases continuously with P. According to the configuration coordinate model,
the pressure-induced variation of the width at half maximum is related to parameters
characterizing the electron-lattice coupling. The model predicts a linear increase of the
width with pressure.

For all pressure the dominating spectral lines correspond to the transition from the 3P
state to the *H,, 3Hs and 2F; states. Initially, the emission from the 1D, state is weaker. It
can be noticed that the relative intensity of the 'D,—>H, emission increases with increasing
pressure and is related to increase of non-radiative 3Py—!D, transition that leads to the
redistribution of energies between 3Py and 1D, state.

This effect is seen in Figure 6, where relative intensity of the emission from the 3P
(491 nm) to the intensity of emission from ' D, state (605 nm) versus pressure is presented [25].

It is clearly observable the relative quenching of the emission from 491 nm and
enhancing of the emission from 605 nm band.

It can be noticed that with increasing pressure, the band at 605 nm, which corresponds
to the transition from the 1D, state, shifts to shorter wavelengths site (Table 2).

Table 2. The shift of the emission 605 nm with pressure.

P, kBar 23 55 160 191
Wavelengh, nm 605.62 605.62 604.33 603.03
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Figure 6. The dependence of relation of the intensity from 3P state to 1D, state.

If we calculated bandshift with pressure in wavenumbers it exceeds about 0.33 cm ! /kBar
from 55 to 160 kBar and 1.16 cm ! /kBar from 160 kBar to 191 kBar. For comparison in pa-
per [13] shift is around 0.8 cm~1/KkBar, in [26]—0.26 cm ™! /kBar, in [27]—0.4 cm ™! /kBar.
Pressure shifts of the emission lines related to the lanthanides transitions are usually not
greater than a single cm ! /kbar. This uncommon behavior can be linked to pressure induced
phase transition occurring in LaAlO3 around 136 kbar [26].

4. Conclusions

Materials are used in the research were prepared by solid state synthesis method, for
the recovery atmosphere the graphite tigles are used. As you see by the diffraction analysis
pattern the sample contains 100% of LaAlOj3 phase.

From the photoluminescence excitation spectra we see optical transitions from the
ground state to 3Pj—maxima at 448.5, 470 and 489 nm.

In emission spectra for LaAlO;: Pr’*the transitions from 3 P; manifolds entirely
dominate the spectra. In spectra of photoluminescence of LaAlO3:Pr samples there are
6 main bands- at 491 nm, 529 nm, 545 nm, 605nm, 612 nm and 654 nm are registered. They
correspond to the transitions from 3P state. Only band at 607 nm—from 'D; level.

The main peak at 491 nm experiences redshift under hydrostatic. From 23 to 191 kBar it
changes from 491.8 nm to 49,266 nm, which corresponds to pressure shift of —0.026 meV /kbar.
The appearance of emission band at 609 nm is explained with pressure induced low-symmetry
crystal-field effects. Hydrostatic pressure influence leads to the enhancing in luminescence intensity.

However, the line at 605 nm tends to change position to high energy site which can be
linked to pressure induced phase transition occurring in LaAlO3.

The emission from 3Py state quenches and emission from 'D, state magnifies with
increase in pressure. The calculated relation of the intensity of 491 nm band to 605 band
demonstrates the weakening of emission from *Pj with hydrostatic pressure increase. The
nonradiative relaxation becomes more effective.

Studies of luminescence under high hydrostatic compression are important in observ-
ing changes in the internal structure and electronic states of materials under the influence
of high pressure, studying internal processes such as recombination of electrons and holes,
transitions between energy levels and the release of photons.

The results from the study of LaAlOs:Pr subjected to hydrostatic compression may
have several important applications and benefits. Changing optical transparency, energy
levels, and spectral characteristics is important when creating materials for optical and
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photonic applications. LaAlOs:Pr can be used as a pressure-sensing sensor material, that is,
to develop sensors that measure pressure in various applications. LaAlOs5:Pr is a potentially
efficient material in solar cells and other energy devices. The results of studying changes
in luminescence under hydrostatic pressure can lead to improved efficiency of energy
conversion processes.
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